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Largely based on the lectures given by F. Tecker at the Graduate Accelerator Physics Course —
John Adamis Institute for Accelerator Science (Oxford), March 2025.

Linear Colliders

R. Corsini
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Outline of the lectures

 Introduction:
« The basics
« A bit of history: from SLC to the present LC projects

« Luminosity & parameters optimization
* Intfroduction to linear collider proposals, ILC & CLIC

« Subsystems:
« Sources

Damping Ring

Bunch Compressors

Main linac

Beam Dynamics, wake-fields and alignment
RF System

Beam Delivery System

» The superconducting solution: ILC
* The Two-Beam solution: CLIC
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Ea Colliders: Choice of Particles @)
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* Hadron collisions (p, ions):

— Compound particles (mix of quarks, anti-quarks and gluons) P , P
— Parton energy spread, energy available < E., ’ .‘ > < " ‘
— Can only use Py conservation
— QCD processes produce large background
. Lepton collisions(e-, e+, muons): e+ e-

— Elementary particles = all energy available _ ® N ® _

— Well defined inifial state

— Momentum conservation eases decay produce analysis
— Less background

— Polarization

« Photons also possible
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WA The path to higher energies &)
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« History:

10 TeV
Pt oo « Energy constantly increasing with time
e €% Colliders u  Hadron Colliders
LHC .

1Tev = (CERN) _| at the energy frontier
5 TEVATRON * Lepton Colliders
2 (Bemmien) — for precision physics
4
2 100 GeV |- ERN - . .
5 e TR,S‘CERN’  LHC has found the Higgs with my; = 126 GeV/c?2
ﬁg (KEK)
2 e — 5%
e CESR (Cornell) . .
Z ocevl  CERW S _| * A future Lepton Collider (Higgs factory) would
s y i complement LHC physics = precision

( 1)
SPEAR __ DORIS _ VEPPIIl . T
o EERIE SR Sl measurements of the Higgs boson characteristics
(Italy)
1Ge¥ PRIN-STAN _ VEPPIl __ ACO B
(Stanford) (Novosibirsk) (France) .
« Recommended in the 2020 Update of the European
| | | | H H
196 0 197 0 198 0 199 0 2000 2010 STrOTegy for POrTICle PhyS|CS
Year of First Physics
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Accelerates beam over many furns accelerating cavities
Can use beam many times in collision ay

However, charged particles emit synchrotron radiation
in a magnetic field

4 ., B ,
AE,,, = 5” (mocz)z ,0 FdyA N

For light particles synchrotron radiation can be large
« At LEP lost 2.75GeV/turn for E= 105 GeV

damping ring

,
source main linac

Almost no radiation in a linac = No energy loss!

Beam has to achieve final energy in single pass
Must achieve luminosity with single beam collision
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v Scaling of a lepton ring collider to high energies cEun)Y
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Need a larger lepton storage ring to compensate for synchrotron radiation losses.
LEP had already a L = 27 km, for E.,= 200 GeV

« Synchrotron radiation:

: 2 E* .
« Emitted power P=- et = scales with E4 I
3 (mo cz) p
4 r, E*
« Energy loss/turn AE =-—=1 3 ust be replaced
w3 (me?) P b the RF system
* RF costs: €xr o< AEjym < E4/p
 Linear costs (magnets, tunnel, etc.) €, X O
= Optimum when €nX & = pxE?

Must increase radius quadratically with energy
= The size and the optimized cost scale as £2 as well as the energy loss per turn (was already ~3% at LEP)
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A scaling of alepton linear collider to high energies D)
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damping ring

source main linac

* NO bending magnets = NO synchrotron radiation

« Accelerating structures are used only once for each colliding beam

= need lofs of them !
10

= Cost and size scaling linearly with E

Cost [arb.u.]

o N A O ©
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WA The first linear Collider, SLC ©)
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« Built to study the Z-boson 7,
(and to demonstrate the feasibility
of alinear collider)

» In order to reduce cost, used a
single linac for both e* and e,
followed by a long double arc

SLAC Linear Collider

Linac length = 3 km

Energy 92 GeV 0 A 5 NATIONAL
Luminosity 1 x 1030 Fham AN 5 oRATORY

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders 8



WA The Large Electron Positron (LEP) collider ring D)
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« Operated initially at the 7, energy, later
upgraded with superconducting cavities

e = ST IS

g \ to allow for W bosons production
= Gy Eneray  92GeV =209 Gev
) Luminosity 1 x 1032

LEP Il superconducting cavity

i

Ring length = 27 km

LEP — the largest electron-positron accelerator ever built — was dismantled in 2000
Its 27-kilometre tunnel now hosts the LHC
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WA Linear Collider Projects, ~ 1990 to now
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Linear Colliders: Overall and Final Focus Parameters — 500 GeV (c.m.) DRIVE BEAM INJECTOR
TESLA* SBLC JLC (S) JLC (C) JLC (X) NLC VLEPP CLIC
Initial energy (c.of .m.) (GeV) 500 500 500 500 500 500 500 500
RF frequency of main linac (GHz) 1.8 3 2.8 5.7 114 11.4 14 30
Nominal Luminosity (10% ¢cm~2s~2)t 2.6 2:2 5.2 7.3 5.1 5.3 12.3 0.7-3.4
Actual luminosity (103 cm=2s~2)! 6.1 3.75 43 6.1 5.2 7.1 9.3 1.07-4.8 DRIVE BEAM LOOPS,
Linac repetition rate (Hz) 10 50 50 100 150 180 300 2530-1210
No. of particles/bunch at IP (10'°) ' 5.15 2.9 1.44 1.0 .63 .65 20 8
No. of bunches/pulse 800 125 50 72 85 90 1 1-10 ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
Bunch separation (nsec) ) 1000 16.0 5.6 2.8 14 14 - .67 CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
Beam power/beam (MW) 165 7.26 1.3 2.9 32 42 24 839
Damping ring energy (GeV) 4.0 3.15 2.0 2.0 2.0 2.0 3.0 2.15
Main linac gradient, unloaded/loaded!t(MV/m) 25/25 21/17  31/- 40/32 73/58 50/37  100/91  80/78
Total two-linac length (km) 29 33 22.1 18.8 104 15.6 7 8.8 TUAN AROIND
Total beam delivery length (km) 3 3 3.6 3.6 3.6 44 3 2.4
Yez/vey (m-rad x 10-8) 2000/100 1000/50 330/4.8  330/4.8  330/48  500/5  2000/7.5 300/15
B2/B; (mm) 25/2 22/0.8  10/0.1  10/0.1 10/0.1 10/0.1  100/0.1  10/0.18
o%/a; (nm) before pinch 1000/64  670/28 260/3.0  260/3.0  260/3.0  320/3.2 2000/4  247/7.4 C Ll C
o} (pm) 1000 500 120 120 90 100 750 200 [+ ]
Crossing Angle at IP (mrad) 0 3 6.4 6.0 6.1 20 6 1
Disruptions D, /D, 056/8.7 .36/85 .20/25  20/18  .096/83  07/7.3 .4/215  0.29/9.8 Compact
Hp 2.3 18 1.6 14 14 1.34 2.0 1.42 Lin r lli r
Upsilon sub-zero .02 .037 .20 .14 12 .089 .059 0.07 €a CO de
Upsilon effective .03 .042 22 144 12 .090 .074 .075
55 (%) 33 32 12.7 6.5 35 24 13.3 36
ny (no. of y’s per e) 2.7 1.9 2.2 1.5 .94 .8 5.0 1.35
Npairs (P7=20 MeV/c,0nn=0.15) 19.0 8.8 31.6 10.3 2.9 2.0 1700 3.0 THE COMPACT LINEAR COLLIDER (CLIC)
Nhadrons/crossing 0.17 0.10 0.98 0.23 0.05 0.03 459 0.05 . READINESS REPORT
Njets X 1072 (pF*=3.2 GeV /c) 0.16 0.14 34 0.66 0.14 008 564 0.10
From the 1995 International Linear Collider (ILC) Technical Review Committee
(TRC) Report (FERMILAB-PUB-95-438) ILC
International e
Linear Collider
< Facility length: ~3.3 km T nd | »
o N a urn-arout Ioops
Positron Damping rings +/dri
source (3 GeV) Driver source, X (A1GeV.ascivars)
ion point RF linac (5 GeV) 531 GR:Vh"al:! _— Electron
(250 GeV c.o.m.) ;. o) L tddoly source
= 93330 3 -m\ )3333333 3 ¥3333 » ¥>3333 e
s HALHF
. RF linac
Beam-delivery system Posi;r;n aosio e = v (1o e s o 5 CeV €) - )
with tumn-around loop e’ v
A aciad —— Hybrid, Asymmetric,

Linear Higgs Factory
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P4 | uminosity 2
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« The performance of particle colliders is usually quantified by the center of mass beam
energy E.,, and the luminosity L

« The luminosity is the quantity that measures the ability of a particle accelerator to produce
the required number of useful interactions.
In particular, it is the proportionality factor between the number of events per second
dR/df and the cross section o,:

dR/df=1L" O'p The unit of the luminosity is cm2s™!
. o | . n,N°f
« A Collider luminosity is approximately given by [ = b rep H
_ D
where: 472-0)60)/
Nk = bunches / train
N = particles per bunch
frep = repetition frequency
Ox.y = fransverse beam size at IP
Hp = beam-beam enhancement factor (linear collider: typical value ~2)
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WA | uminosity: linear vs. circular colliders
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« LHC ring frep = 11 kHz dro o
. LC frep = fEeW-100 Hz (power limited)
= factor ~100-1000 in L already lost for the LC!

* Must push very hard on beam cross-section at collision:

factor of 104 gain! needed
to obtain high luminosity LEP: 0,0,~130X6 nm?2
of a few 1034 cmZs-!

LC: 0,0, (60-550) X (1-5) nm?
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WA Luminosity and RF power i)
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Intfroduce centre-of-mass Energy E., 7= nszfrep H = - ( bNﬁepEcm)N H,
Ao o /4%0 o E
X2y
Beam
m |/ = URFPRFN [—]D power
4ro.0 E,,

* Ngr is the RF-to-beam power efficiency

« Luminosity L is proportional to the RF power Pgr and efficiency ngs for a given E,,

« Some numbers: Ecrm =500 GeV
N = 1010
Ny, =100
frep =100 Hz
* Need to include efficiencies:
RF—beam range 20-60%
Walll plug—RF range 28-40%

AC power: a few hundred MW to accelerate beams for a high luminosity
= This limits the practically achievable energy and luminosity

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders 13



P4 Luminosity: effects at the interaction point @)
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1 N
L= (e Ps)| ——H,
Ar E_ 0.0
y
« Choice of acceleration technology  Strong focusing needed for small
(NC vs SCJ: beam size
« Efficiency « Optical aberrations
« Available power » Issues with stability and tolerances

« Beam-Beam effects:
Strong self focusing (pinch effect) =
* increases Luminosity
Photon emission (Beamstrahlung) =
* dilutes Luminosity spectrum

» creates detector background
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P4 Limit on beam size: Hourglass effect @
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» RB-function at the interaction point follows

) 4
* S
Pp(s) =0 + 7
* : . . ﬂr.yem,y
f  beta function at the IP NB.: Oy = - hour-glass effect

 Desirable to have o, <, = shorf bunch length for high luminosity

0~ IBY 0.~ 3 IBy

3 3
. . w
1 1
> 0 > 0
-1 -1
-2 -2
.3 .3 N.Walker
-2 -1 (0] 1 2 -
V4
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WA Beam-beam effects: pinch )
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3000

« Strong electromagnetic field of the opposing bunch:

2000

1000

« Deflects the particles
“beam-beam kick”

- 1000

E, [MV/cm]

- 2000

 Focuses the bunches

- 3000
-6

“pinch effect” 4 202 46
y/oy
* Luminosity enhancement factor Hy
p/o
3
B s
1 f
Beam envelope / J
T - - - s/o

w/0 beam-beam 1 o " \ 2
Beam envelope — R
with beam-beam sk
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v Beamstrahlung
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« “Synchrotron radiation” in the field of the
opposing bunch (beamstrahlung)

AT

= energy loss

« Smears out luminosity spectrum

« Creates e*e pairs background in detector

7;7*—{{

« Quantified by Disruption parameter

1
s 05TeV — M
1TeV — i
3TeV - u
5TeV —
£ 0.1
Q L
@
Q.
o L
-
3001
0.001 .
0.8 0.85 0.9 0.95 1
E/EO
D - 2r,No,
X,y

]/Gx,y(Gx +0y)

R. Corsini — Linear Colliders
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WA Beamstrahlung: minimizing the energy loss
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« RMS relative energy loss by beamstrahlung

3 2
v E N
Ops = 0.86——| = :
2myc”\ o, J(o,+0,)
- We want
- o,and o, small for high luminosity
« (ot 0y) large forsmall &g = better luminosity spectrum

- Use flaf beams with o, »> o,

: L )
increase luminosity by small o, 5 o E_\N

BS 02
and minimise &g by (relatively) large o, z X

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders
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Beam-beam Effect
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Intense beams to reach
high luminosity

N
L X ——

040y

a0 |

Y direction [nm]

Beam-beam force switched off

20

20 }

o o
o
Eh 8 & oo

g ®

o [=]

o

-500 0 500

Z direction [um]

D. Schulte
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Beam-beam Effect
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Beam focus each other

N

040y

L x

Y direction [nm]

40

20

-20

Beam-beam force off

° . D. Schulte

o
O ;o oo
(=)

-500 0 500 1000 1500

Beam-beam force on

[=]

-500 o 500 1000 1500

Z direction [pum]
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va Beam-beam Effect )
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Beam-beam force off

1
L x Hp Nnyf, — e ' ' o =

oy a0 | 85 ®" @ o ® 1 D.Schulfe
[r— lﬁéj ;
E 20}, i |
L,
s °f
P .
U (=]
8 20 | .
_ e : o
Emit beamstrahlung e % o |
o 9 "o e .D \ \ , , ) ,
-1500 -1000 -500 0 500 1000 1500
N Beam-beam force on
O-IO.y 40
20
n, o« By o ——— :
Oy + Oy
-20
-40
-15‘00 -‘I0.00 —5(.)0 0 SC.JO 10.00 15‘00
Z direction [pum]
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4 Beam-beam Effect
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Develop luminosity

spectrum
N
L ox —
040y
N
Ty X E, o« —
: Oy + Oy
Oy 2> Oy

Oy T 0y R Oy

L [m2GeV 'bx ]

9e+32 ' ' T r ' '
8e+32 |
7e+32 |
6e+32 |
5e+32 |
4e+32 |
3e+32 |
2e+32 |
1e+32 |

0 : . . . . .

2900 2920 2940 2960 2980 3000 3020 3040

E.m [GeV]

Beam-beam force on

40

20

-20 F}

-1500 -1000 -500 0] 500 1000 1500

Z direction [pum]

D. Schulte
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P4 Luminosity: more scaling ... D)
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E_\N° 1 N
. Substitut O.. oc| - int L=—— P —H
ubstitute 5 - (75 INto 472_Ecm(77RF RF) o0, D

=

®
Q

)
c~
S

3/2
L, o,
E
« Now use o = XY
y
4
 Then L o URFPRF §BS7/ O, o nRFPRF 5BS O,

~1 (hourglass effect)
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P4 The ‘final scaling for LC Luminosity N
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We want high RF-beam conversion efficiency negr

Need high RF power Pgr

Small normalised vertical emittance ¢, ,

Strong focusing at IP is implied (i.e., small , and hence small 0,)

Could also allow higher beamstrahlung &g; if willing to live with the consequences
(luminosity spread and background)

« Above result is for the low beamstrahlung regime where &g ~ few %
« Slightly different result for high beamstrahlung regime
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v What matters in a linear collider 2 iy
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Energy reach E., = Li.G,. . High gradient

1
nN°f P, 04 2
. b By y€x
Lminosity | L = P % H,, o o . 4 SRS [

47[0' o— E_ !

* Acceleration efficiency Superconducting RF (ILC) or Two-beam scheme (CLIC)

. » Generation of small emittance Damping rings
» Conservation of small emittance Wake-fields, alignment, stability
* Extremely small beam spot at IP Beam delivery system, stability
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VT/\
\AYS

Standing wave cavity:

Superconducting Normail
(Niobium) Conducting
(Copper)

bunch sees field: Travelling wave structure:

E
£ < need phase velocity = ¢
E. =E, sin(wi+)sin(kz) \ / \ / \ (disk-loaded structure)
=FE, sin(kz+@)sin(kz) \ / \/ / \ > 7

bunch sees constant field:

EZ:EO COS((P)

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders 26



ILC Cavities @)
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Superconducting cavity (Ni at 2 K)
RF frequency is 1.3 GHz, 23 cm wavelength

Lengthis 9 cells = 4.5 wavelengths = 1 m

klystron RF out damping

RFin

Standing wave structure

rr 1 1rrrrr1rrrT

Gradientis 31.5 MV/m

w

Need about 16000 cavifies

L1 i 1 1 1 J 1 1 1
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s Infernational Linear Collider - ILC )
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Ring to Main Linac (RTML)
(including
bunch compressors)

Damping Rings Polarised electron
source

e+ Main Linac

e+ source

Parameters Value

C.M. Energy 500 GeV
e- Main Linac Peak luminosity 1.8 x10%* cm2s?t
) ] Beam power 10.5 MW
Interaction Point
Detector Cavern Beam Rep. rate 5 Hz
E gradient 31.5 MV/m +/-20%

ILC Scheme | © www.form-one.de

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders 28



4 CLIC accelerating structure )
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12 GHz, 23 cm long, normal conducting
Loaded gradient T00MV/m

= Allows to reach higher energies
= 140,000 structures at 3TeV

losses in the walls and in the load

= 50 RF bursts per second
= 240 ns, 60 MW, 312 bunches
= Power during pulse 8.5 x 10¢ MW (3000 x ILC)

RFin RF out
Power flow

- 1/3lost in cavity walls I l I I
- 1/3infilling the structure and into load
E = —>

- 1/3into the beam

Average RF power about 3kW/m

About TkW/m info beam Travelling wave barticles “surf” the

electromagnetic wave
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i The Compact Linear Collider - CLIC
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DRIVE BEAM INJECTOR

DRIVE BEAM LOOPS
MAIN BEAM INJECTOR

DAMPING RINGS

DRIVE BEAM DUMPS

quadrupole
quadrupole power—extractiona d
n
transfer Structyre (PETS)

TURN AROUND

L=6x103cm?2s!at 3TeV By
Beam power 30 MW at 3 TeV

BB 380 GeV - 11.4 km (CLIC380)
P 1.5 TeV - 29.0 km (CLIC1500)
[ 3.0TeV-50.1 km (CLIC3000)

CLIC can be built in stages of increasing
collision energy: starting from 380 GeV, then ~
1-2TeV, and up to a final energy of 3 TeV.

To limit the collider length, the accelerating
gradient must be very high - CLIC aims at
100 MV/m, 20 times higher than the LHC.

CLIC is based on a ftwo-beam acceleration
scheme, in which a high current e- beam (the
drive beam) is decelerated in special
structures (PETS), and the generated RF power
is used to accelerate the main beam.

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025
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v ILC and CLIC Main Parameters i)

UNIVERSITAT N 7%
L T [ S

Centre of mass energy  E.,, [GeV] 3000
Luminosity L [103*cm™2s] 0.0003 1.8 1.5 6
Luminosity in peak Loo; [10%*cm™2s1]  0.0003 1 0.9 2
Gradient G [MV/m] 20 31.5 72 100
Particles per bunch N [107] 37 20 5.2 3.72
Bunch length o, [um] 1000 300 70 44
Collision beam size Oy [nm/nm] 1700/600 474/5.9 143/2.9 40/1
Vertical emittance Eyy [NM] 3000 35 30 20"
Bunches per pulse Ny 1 1312 352 312
Bunch distance Az [mm] - 554 0.5 0.5
Repetition rate f. [Hz] 120 5 50 50
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End part |
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~_®A  Generic Linear Collider
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BDS |
Beam Delivery System C. Pagani
A

Main Linac

Accelerate beam to IP .

energy without spoiling D Collimation Final FOCUS .
»emlttance System Eee;nr:gnlfy and collide RTML
< Clean off-energy and Ring To

off-orbit particles Main Linac

—~=il]l Bunch Compressor
» Reduce o, to eliminate

hourglass effect at IP

— Damping Ring
Reduce transverse phase space
(emittance) so smaller transverse

IP size achievable /
Positron Target
L\ Electron Gun 9

: Use electrons to
Deliver stable beam pair-produce positrons
current

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025
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We need large number of bunches of (polarized) elecirons — *standard” solution:

 |laser-driven DC photo injector
 circularly polarized photons
on GaAs cathode (incompatible with RF gun)

&, ~50 umrad ftoo large by:
factor ~10 in x plane
factor ~500 in y plane

« dominated by space charge

= need a damping ring

NC tune-up dump (11.3 kW)

* Laser + RF bunching system generate
and capfure the bunch structure I HER - Rl s
adapted to the linac for further it

0 (50 -84 MeV)

acceleration :

DC Gun

32nC

| 120 keV ~xMeV I 84 MeV 84 MeV - 5.5 GeV

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025
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P8 <+ source - conventional &)
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Basic mechanism: pair production in target material

« Standard method: ‘thick’ target o
primary e- generate photons ot
these convert into pairs e” N

» Hybrid source:

Limitation: energy
deposition in target

Crystal thickness
1.4 mm

 Crystal + o
Amorphous target ‘ bending

magnet

’ Enhonced phOTon ﬂUX oriented crystallin.e tungsten
by channeling effect photon radiator

amorphous tungsten
target-converter

22m

» Positrons are captured in accelerating structure inside solenoids and accelerated

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders 35



WA e+ source — undulator (ILC, alternative) o)
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Undulator source:
high energy e produce photons in undulator magnet
+ thin conversion target

250GeV e to IP

e+e- pairs

. ] [N][s|N[sN[STN]s[N]S]
« ~0.4rad. length = much less energy deposifion o linag
in the target (5 kW compared to 20 kW) sIn[sIn[s|n[sIN[SIN
= no parallel targets needed undulator (~100m)

0.4X target
« Smaller emittance due to less coulomb scattering (factor ~2)
but stillmuch bigger than needed ¢, ~ 10.000 um rad

« Could produce polarised e* by helical undulator

« But: need very high initial electron energy > 150 GeV |

* Use primary e beam

« Consequences for the commissioning and operation!
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CE/RW
\

NGl

« e and particularly e* from the source have a much too high transverse ¢,
= we have to reduce it (cooling)

« Solution: use synchrotron radiation in a damping ring

injection extraction

wigglers

RF cavity
/N

\ quadrupoles ——
‘ — dipoles h
\ wigglers /

\ tuftnfNn

IRV ZRIE 2RI 17

RF cavities

Layout of essential damping ring

Mechanism of radiation damping

* vy emission with transverse component radiation

dampingl!l

« Acceleration only in longitudinal direction

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025

R. Corsini — Linear Colliders 37
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. . initial emittance
Exponential damping (~0.01 m rad for e*)
to equilibrium emittance: l

. 2T /7ty
/<§f =g, (& —¢,)e N
final emittance \ / damping time
equilibrium
emittance

For e* we need emittance reduction by few 10°

~7/- 8 damping times required

2F 2 r, . c E4 ,02
b = F== 2\ 2 Tp %3
P 3 (moc) P E

Damping time:

P - emitted radiation power

LEP: E ~ 90 GeV, P ~ 15000 GeV/s, 75~ 12 ms
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WA Damping rings o)

2
T, oC % suggests high-energy for a small ring. But
£
. required RF power: Py oc —xn, N
Jo,
2
« equilibrium emittance: gn . oC —— limit E and p in practice
Toop

DR example:

 Take E=2 GeV

« o=50m

« Py=27GeV/s [28 kV/turn]

* hence ;= 150 ms - we need 7-8 1 !l = store time too long !!!

Increase damping and P using wiggler magnets
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WA Damping Wigglers o)

UNIVERSITAT

7/
\ N T ST T /

my my my

/ wigglers / \
\ guadrupoles ——
‘ — dipoles h

wigglers /

Insert wigglers in straight sections
in the damping ring

« Average power radiated per electron ~___ _
with wiggler straight sections RF cavities
AE. .. energy loss in wiggler
AE wiggler + AE arcs ! )
P=c AE_ . energy loss in the arcs
Lwiggler + 272',0 arcs L, total length of wiggler

* Energy loss in wiggler:

K
~ 2—;E2<B2>L

wiggler

with Ky ~8-10°GeV 'Tesla“m™’

wiggler

<B?> is the field square averaged over the wiggler length
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WA Damping ring: emittance limits &)

UNIVERSITAT

10000.0
* Horizontal emittance ¢, -
. H — MAXIII
defined by lattice E 10000 ¢ ¢
« Theoretical vertical 9 PETRAIII (3GeV) KA
. . . } [
emiftance ¢, limited by E 100.0 AL.S :AP.SU WK S
- ®
‘e CESRTA .
5 PEPX SLSIl NsLsil PETRAIN® BESSYI
— 100 * = spring-g1i JorsottiLn 3 ING
« Space charge S o popr LG SQELY SOLgiL + o SPEARI
. B ® tUSR * ESR
+ Intra-beam scattering (IBS) £ . ' PO e o MA):(\:/C_E;(H)IflAMA(I)_ilD
. Photon emission opening angle > 7 AP*ﬁR’lus / P
FCC Australian LS
0.1
0.001 0.01 0.1 1 10 100
. o ) Horizontal emittance [nm]
- In pracfice, ¢, limited by magnet alignment errors
[cross plane coupling by tilted magnets]
« typical vertical alignment tolerance: Ay = 30 um
= requires beam-based alignment techniques!
* DR emittance for LC in the range of
existing/planned light sources
R. Corsini — Linear Colliders 4]
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P4 Bunch compression &)

UNIVERSITAT SZA

« Bunch length o, from damping ring: ~ few mm
« Required at IP: ~ few 100 um or shorter
» Solution: infroduce energy/time correlation and compress with magnetic chicane:

AE/E AE/E AE/E AE/E AE/E

A
longitudinal
phase —alllE > - >z >z > 7 >z
space

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders 42



WA The linear bunch compressor 2

Initial (uncorrelated) momentum spread S0 0, + <l
Initial bunch length 070 0. 9
Compression ratio Fe=0,0/ O,
Beam energy E
RF induced (correlated) momentum spread Oc Oc
RF voltage Vre
RF wavelength IrrF = 27 [ kgr
Longitudinal dispersion (transfer matrix element) Rse
O-Z
conservation of longitudinal \/562 +0° -
emittance (0. 0 = const) m [= 5 &0, =0, 1
u
fixed by DR
k,. V..o Eo
RF cavity o, = REZRF 720 ey Ve = ¢ :@ /Fc2_1
) kRF 0.0 kRF

compress at low energy
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WA Note: The linear bunch compressor S

UNIVERSITAT SZA

Chicane (dispersive section) linear part 2, = Z, + R565

Minimum bunch length for upright ellipse
= correlation

(z6) =0 <Z5>f = (26) + R6" =0

Initial correlation \
<25>Z_ _ M 2 -5 o,

T E GZ,O — 0.0,
« With ¢° = 9,7 + 6.7 we get R 5602’0
Y52 +67
C u
. . . O.,
» For high compression ratio (d,.> 4,) R56 ~ 2
o
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WA Bunch compressor - Example

UNIVERSITAT

NGl

O, ,=2mm N

6 =0.1% S =2%

0, =100um = F, =20 > Ver =318 MV
fop =3GHz =k, =628 m™! R, =0.1m

E =2GeV /

« Remark: we get a large energy spread after compression

= large chromatic effects in the linac

= Use a two-stage compression with acceleration in between
to reduce relative energy spread along the line

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025 R. Corsini — Linear Colliders
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A The Main Linac

UNIVERSITAT

CE/RW
\

NGl

* Now we got small, short bunches
we "only” have to accelerate them to collision energy

 Reminder, accelerating cavities:

travelling wave structure:

L, c
need phase velocity = ¢
\ \ /\ \ (disk-loaded structure)

\ Sz bunch sees constant field:
WA

ct— —
‘ standing wave cavity:
| / ; / \ bunch sees field:
E. =E, sin(ot+)sin(kz)
\/\/ =E sin(kz+¢)sin(kz)

Advanced Accelerator Physics SoSe 2025, Bonn, 29-30 Sept 2025
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WA single bunch effects: longitudinal @)

UNIVERSITAT SZA

Beam absorbs RF power = decreasing RF field in cavities

» Single bunch beam loading = single bunch longitudinal wake field

« Particles within a bunch see

a decreasing field 02l
i Longitudinal
= energy gain different _04 | E field
within a bunch [
§ 06 | Bunch
E 3
_ charge
-08 density
-1 |
12|
-4 -2 0 2 4
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P4 Beam-loading compensation (single-bunch) )

UNIVERSITAT SZA

« Run off-crest and use RF curvature to compensate single bunch beam-loading

« Reduces the effective gradient

51 F ; ' ===

P 1 ¢ =155°
L - .
el ~ ~ — -1 wakefield
a chorge
£ | density
=
E o
438 B
3 \\\ D
a7 |
46 L . . . .
-4 -2 0 2 4
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v Beam-loading compensation (single bunch) )

UNIVERSITAT

* Minimize momentum spread

50, F - - . - - — 0.8
_ RMS AE/E
48. } 0.6
&
£ w
= 46 0.4 W
= i
=
o
44+ / 0.2
. ’ T
7
| /
|/ O pin = 15.5° !
42, L - - - - - 00
-30. -25. -20. -185. -10. -5 0.

RF PHASE (Degree)
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W8 Traveling Wave Cavity: Beam Loading (multi bunch) D)

UNIVERSITAT SZA

Beam absorbs RF power

= gradient reduced along TW cavity for steady state

80 —
d_P — _E22 I E 7”; unloaded
dz 7 b e
a0 - ————————————————————————
r, shunt impedence = - av. loadea
I, peak beam current Yol oaded
20 -
0} field along the cavity
-Ellll.0f2‘I.UT4.IIU..EII.UT8.II1I
zZjL
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WA TW Cavity: Beam Loading (multi bunch) <)

UNIVERSITAT SZA

» Transient beam loading (multi bunch effect):

 First bunches see the full unloaded field, energy gain different from steady
state

* In the LC design, long bunch trains achieve steady state quickly,
and previous results very good approximation.

« However, transient over first bunches needs to be compensated
« ‘Delayed filing’ of the structure

V oy
@) nommmemeeeemmmmeeeemiieieeeciieeeeao unloaded
o
o
o o
000000006 v loaded
> [
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A sw Cavity: Beam Loading (multi bunch) )

UNIVERSITAT SZA

With superconducting standing wave (SW) cavities:

* Very small losses to cavity walls

* You can afford long RF pulse with
* Many bunches

« Large time between the bunches

« RF feed-back to compensate beam-loading before the next bunch arrives

= long bunch trains in SC linear collider design
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A Linac: emittance dilution %))

UNIVERSITAT S

Linac must preserve the small beam sizes (and therefore the emittances),
in particular in vertical plane y

* Possible sources for emittance dilutions are:

« Dispersive errors, chromaticity: (AE — X, )

» Transverse wakefields: (z—> X, y)

« Betatron coupling: (x - y) and (y — X)
« Jitter: (t — X, y)

« All these can increase the beam size at the IP

* Preserve beam size is fundamental to preserve the luminosity
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WA Linac: fransverse wakefields )

UNIVERSITAT SZA

Charged particles induce electromagnetic fields in the cavities

= |later particles are perturbed by these fields

particle’s frame lab frame

Bunches passing off-centre excite transverse higher order modes (HOM)
Fields can build up resonantly

Later bunches are kicked transversely
= mulfi-bunch and single-bunch beam break-up (MBBU, SBBU)

Emittance growthlll
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P8 Transverse wakefields &)

UNIVERSITAT

« Effect depends on a/A (a iris aperture) and structure design details

o i 3
Transverse wakefields roughly scale as Wi o f Long range wake of a dipole mode

 Less important for lower frequency: spread over 2 different frequencies

Superconducting (SW) cavities suffer less ﬂ [
« Long-range minimised by structure design

= Dipole mode detuning

6 different frequencies
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WA Damping and detuning

CE/RW
\

UNIVERSITAT <72
 Slight detuning between cells makes HOMs decohere quickly
* Willrecohere later: for long trains need to be damped (HOM dampers)
. . Dipole Mode Density
Wakefield Damping and  —— . . —
Detuning oo A ;
100 P i St , - =~ ]
\\ Ohmic Loss _O_nl.;; e ”]HHIII_IIHHII[HH
g 14.5 15.0 15.5 ISI.O
-g 10 } \ Frequency (GHz)
Q — Measurements Detuning Only o 1l
§ # Y yv-'ul :h,\‘u Iifll.l'ililflll ;u“' it SLAC (NLC)
% W W f:|| ¢ r.u .I iy l .'I"L o !n&” |<| i rr
=] 1 '!1 1|| ! .".i ' "“"n‘f“l':'l; frh'l“ 'r"'"
= ! \ M '?‘:H"'f"',. II:{:U‘” '{“ un:\':-
G, T
é 0.1 ] I
fg"’ —I\r.lier?tfgrmch
¢ C. Adolphsen
o 1 10 25 50 100 200
Time After Bunch (ns)
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150

Transverse wakefield [V/(pC m mm)]

-300

P4 HOM damping - CLIC D)

Each cell damped by 4 radial WGs
Terminated by SiC RF loads
HOM enter WG

Long-range wake
efficiently damped

100 -
50 -

50
-100 -
-150 -
-200 -
-250 -

Silicon Carbide
load ‘

Damping

Gdfidl simulations ?102_ Gdfidl simulations||  CERN (CLIC)
--+-- Measurements € © Measurements Measured aft
(_E) FACET (SLAC)
=10’
2.
°
2 o
_ g ]
[ : "
_‘I o 0
% P
%‘/ 10"} :
- 7]
2 A. Lati
. - 81a 0.15 0.16 Pl L le - tafina
0 0.05 o1 0.15 10° 107 10™ 10° 10'
bunch spacing [m] bunch spacing [m]
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UNIVERSITAT

Single bunch (transverse) wakefields

« Head particle wakefields deflect tail particles

CE/RW
\

NGl

« Particle perform coherent betatron oscillations
« => head resonantly drives the tail

o] " Tail particle
tatl = % Equation of motion:
2| P 2
/#F\\\ ‘ ‘\ head l',J "\' d yt
/\ VAT /\ L 2 +k1yt_f(WJ_)yh
R o N ds
2t Driven Oscillator !
2
. d”y(2)
More explicit: 5

;’7\’7' ¥
—+(1-0)K,y(2) = o J.dz'p(z')y(z')Wi (z'=2)
ds” Y 3
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W8 BNS damping D)

UNIVERSITAT SZA

« Counteract effective defocusing of tail by wakefield by increased focusing on tail
BNS = Balakin, Novokhatski, and Smirnov

Done by decreasing tail energy with respect to head

Obtained by longitudinally correlated energy spread
(less off-crest than longitudinal wakefield compensation)

= Transverse wakefields balanced by lattice chromaticity

2 particle model.

17, ( 20 ) or q, fractional 3 tune advance per cell
8 sin? ( ﬂqﬂ) L., FODO cell length

W1 non-linear

Good compensation achievable at the price of larger energy spread
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P4 Random misalignments D)

UNIVERSITAT SZA

* BNS damping does not cure random cavity misalignment

— a
- o L B[ E
« Emittance growth: Ag ~OY? [7[5 NrW (20 )] el A .
RMS 0 e 1 z ZO(G E
i
L, . structure length
B initial average beta function
o scaling of the focusing lattice (~ 0.5)
G  accelerating gradient
E; , initial and final energy
: : : 1 G 1 |G
« For given (maximum allowed) Ag, it scales as ) — oC —

W AVARAY

» Higher frequency requires better structure alignment &Y,
» Partially compensated by: higher G, lower 3, lower N
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UNIVERSITAT SZA

End part |l
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