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@ Preface

© Complex topic --- but: DON’T PANIC!
© Approach:

© Explain the fundamental layout of a linear collider and
the specific designs based on SuperConducting (SC)
and normal conducting (NC) technology

© | will not go much into technical details
© Tryto avoid formulae as much as possible

© Goal: You understand
& Basic principles
© Some driving forces and limitations in linear collider design
© The basic building blocks of CLIC

® Ask questions at any time! Any comment is useful! (e-mail: tecker@cern.ch)
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Linear Colliders
_ecture 1:

Introduction and Overview

Frank Tecker — CERN

< Path to higher energy
< Cost scaling

© Luminosity

© Generic LC layout

© ILC/CLIC
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Path to higher energy @]

= THE ENEI;Z_HG‘I' FRONTIER © History:
8 (Discoveries) © Energy constantly increasing
Hadron Colliders Wlth t|me

(top quark)  Tevatron © Hadron Colliders
(W= Z bosons)  SppS

100 B GG LEP  (Nued) at the energy frontier

L er o © Lepton Colliders
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ﬁﬁﬁgg;ﬂﬂ e ey < LHC has found the Higgs
ete- Colliders with m,, = 126 GeV/c?
© A future Lepton Collider would
1960 1970 1980 1990 2000 complement LHC physics

Year of First Physics
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Lepton vs. Hadron Collisions  [@)]

LHC: H—>ZZ — 4pn

(+30 minimum bias events)

© Hadron Collider (p, ions):

A . G

© Composite nature of protons

All charged tracks with pt> 2 GeV

Reconstructed tracks with pt> 26 GeV ; . o A‘ : 0 Can Only Use pt ConservatiOr]
© Huge QCD background

© Lepton Collider:

e+ e-
/7 RUN NR 284802 | 5,
e W ) o v o (um
“’—*_\_’,

lon event © Elementary particles
© Well defined initial state
© Beam polarization
© produces particles democratically
LEP event: © Momentum conservation eases decay
Z0 — 3 jets product analysis

Frank Tecker Slide 5 John Adams Institute



(101 TeV e+e- physics

&

&

L)

Higgs physics

©® LHC has discovered the Higgs particle
© LC explore its properties in detail Nl
Supersymmetry e S ———

CERN-EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

© LC will complement the
LHC particle spectrum

Extra spatial dimensions PHYSICS AT THE CLIC MULTI-TeV

LINEAR COLLIDER

New strong interactions

=> a lot of new territory to discover
beyond the standard model

“Physics at the CLIC Multi-TeV Linear Collider” &
CERN-2004-005

fHE INTERNATIONAL LINEAR COLLIDER

T D— A WAL St

“CLIC Conceptual Desi%n Report— Vol.2”
http://lcd.web.cern.ch/LCD/CDR/CDR.html

\ -
“ILC Technical Design Report — VVol.2 — Physics at the ILC” V
www.linearcollider.org/ILC/Publications/Technical-Design-Report /
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(101 The next lepton collider @]

£ 8

£ 9

Larger lepton storage ring? LEP-3?? (LEP L =27 km, E_,= 200 GeV)
Remember: Synchrotron radiation
2 rgc E?
& Emitted power: 3 (moczf 0’ scales with E4 1!
4 r E*
© Energy loss/turn: U, == [—3 must be replaced
(moc2 p by the RF system !!
RF costs: € < U, < E4p
Linear costs (magnets, tunnel, etc.) : €, X p
=> Optimum when: €, X€x = pxE?

Increase radius quadratically with energy

=> The size and the optimized cost scale as E?
as well as the energy loss per turn (was already 3% at LEP)
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@ The solution: a Linear Collider

© NO bending magnets = NO synchrotron radiation

© but: A lot of accelerating structures !!!

© Cost scaling linear with E

damping ring

source

© Storage rings:

& accelerate +
collide every turn

® ‘re-use’ RF +
‘re-use’ particles

© => efficient

main linac

beam delivery

<€ Linear Collider:

© one-pass acceleration + collision
=> need

< high gradient
© small beam size ¢ and emittance

to reach high luminosity L (event rate)

© much less limited by beam-beam effect

Frank Tecker
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@ Luminosity: LC vs Storage Ring

© Collider luminosity L (cm=s?) is n N2f
approximately given by | = _° P H
D
where: Ao WO y
n, = bunches/ train
N = particles per bunch
fep = repetition frequency
o,y = transverse beam size at IP
H, = beam-beam enhancement factor (linear collider: typical value ~2)

© LHCring f,=11kHz
e LC frep = few-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 10° gain! needed ,
to obtain high luminosity LEP: 0,0,~ 130 X6 um

of a few 1034 cm-2s1
LC: ©6,06,~(60-550) x (1-5) nm?
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@ Luminosity: RF power &

< Introduce centre-of-mass Energy E_,

nNf_E_ =P

rep—cm beams

— 77RF —heam PRF

® /o is RF to beam power efficiency

2
_ NN,
dro,0o,
n N
L — ( ]prep cm) HD
4psxsy

© Luminosity is proportional to the RF power and efficiency for a given E_,

© Some numbers: E., =500 GeV
N =10
n, =100
fo =100 Hz

rep

© Need to include efficiencies:

| — e Pee N H.,
dro.o E,,

RF—beam: range 20-60%
Wall plug—REF: range 28-40%

® AC power: afew hundred MW to accelerate beams for a high luminosity

«© this limits the practically achievable energy and luminosity

Frank Tecker
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Luminosity: IP effects @

1 N «© choice of technology
L = IE (77RF P ) ——H, (NC vs SC):
7t Eem OxOy © efficiency
© available power

© Strong focusing needed for small beam size
© optical aberrations
» stability issues and tolerances

© Beam-Beam effects:

» strong self focusing (pinch effect) = Increases Luminosity

© beamstrahlung = photon emission

< dilutes Luminosity spectrum
< creates detector background
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(101 Beam-Beam effects: pinch @]

3$000 ———————————————

© Strong electromagnetic field
of the opposing bunch:

2000 ¢

—
(o]
o
o

« deflects the particles

“beam-beam kick”

E, (MV/em)

© focuses the bunches

“pinch effect” 2000
_ ) e -4 -2 0 2 4 6
© Luminosity enhancement ylo,
factor Hy

Beam envelope
with beam-beam
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(101 Collision Simulation

SO T
'‘BlLOu1z
o000 -
105 « | e ||.r". r ..'
' R :_ e
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. ; *-F"Efr :
; LA "I::-!_|_-.-:l-_a-'|;'_ |
TR IS S
4, Rda, 10T
000 - .  ak
]
-0 -
2000 ' - ' - ' +
N=E -0 -2 i 20 40 (= K] D.SChUIte

© beams strongly focused during collision = Luminosity!
«© large divergence after collision = beam extraction difficult
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@ Beamstrahlung @]

® ‘“‘synchrotron radiation” in the field of the opposing bunch

e’ 1 2 T T T T
- -
= |
. . [ 3 ey —— - ]
© smears out luminosity - 5TeV —
spectrum s Ot
_ 3
® Creates e*e pairs S .
background in detector 3 o1t
7‘_{.{ 0.001 ' ' '
0.8 0.85 0.9 0.95 1
E/EOD
© quantified by 5 - 2rNo,
%
Disruption parameter VGx,y(Gx +Gy)
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(101 Beamstrahlung: energy loss @]

© RMS relative energy loss [ E, N?
beamstrahlung energy loss Ogs ~0.80 2 2
2m,c”\ o, J(o, +0o,)
© We want
© o, and o, small for high luminosity

© (o,+0c,) large forsmall 655 (=> better luminosity spectrum)

© use flat beams with o, > o, E \N2
5 o ( on ] 2
o, |O

z

X

< Can increase luminosity by small o,

and minimise oge by big o,
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@ Limit on beam size: Hour-glass effect

© p-function at the interaction point follows

5 ng}ﬁ‘;
* S
B(s) = B o \“ﬁj}

S~ beta function at the IP

hour-glass effect

© Luminosity has to be calculated in slices

< desirable to have 6, <, = short bunch length for high luminosity

S,=Py

3
2
1
(0]

>

o P N w

1 [k

2 2

(13 E
2

3

N.Walker
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@ Luminosity: more scaling ... @]

. E _\N° . 1 N
© substitute o, oc ( = j ~ Into L= (75e Pee )(— H Dj
o, ) O, Ar E,, 0,0,
O O
oweget |L o IR SF;F =
m Gy
gn
© NOW use ay:\/ 2
/4

© then LOCURFPRF OgsV |0, Nre Pre [ Ogs

GZ

P\ ey B En e\ B
\_Y_I

~1 (hour glass effect)
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@  Thefinal’ scalingfor LC [6]

LOCURFPRF Ogs H
D
e, 2,

< we want high RF-beam conversion efficiency / pr

b »s
y z

© need high RF power Py
< small normalised vertical emittance 2, ,
© strong focusing at IP (small g, and hence small ¢,)

< could also allow higher beamstrahlung oz¢ If willing to live with
the consequences (Luminosity spread and background)

© Above result is for the low beamstrahlung regime where 0gg ~ few %
© Slightly different result for high beamstrahlung regime
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@ Generic Linear Collider @]

C.Pagani

7
Main Linac .
Accelerate beam to IP _

Final Focus —

energy without spoiling DR Collimation
Demagnify and collide >

emittance System

> B hC Clean off-energy and P€ams >

——_|«— Bunch Compressor g oy particles — |

< Reduce o, to eliminate
hourglass effect at IP

T

Damping Ring

Reduce transverse phase space
(emittance) so smaller transverse
IP size achievable

I;\ Electron Gun Positron Target _— @
Deliver stable beam Use electrons to
current pair-produce positrons _I

© will see the different elements 1n the following...
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(101 The real designs: JLC/NLC

© NLC (Next Linear Collider)

© JLC (Japanese Linear Collider): oo 3 o
© 500 — 1000 GeV ok P

Flactron Man Lisac
240-490 GeV (X) \

© Normal conducting RF s\

©11.4 GHz o
© 65 MV/m gradient Adm e B
< not followed up any more S
« technology decision in Aug 2004 for -
R @ P

superconducting technology

123G eV (L)
Compreasor

Pre-Lisao
& GoV/ (S)
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© TESLA:

® Superconducting cavities
© 1.3 GHz

© 35 MV/m gradient

© 500 — 800 GeV

@ The real designs: TESLA -> ILC

© ILC (Internat. Linear Collider):

« Superconducting cavities

«© 31.5 MV/m gradient

© 500 GeV

« Upgrade to 1000 GeV possible

~35 km total length

Electrons Detectors Electron source Positrons
Undulator
' r 4 } >
Beam delivery system
I I | | I
Main Linac Damping Rings Main Linac

Frank Tecker
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ILC Global Design Effort )

~700 contributors
from 84 institutes
In the RDR

© WebD site:
www.linearcollider.org

Infernalional linear collider

ILC-REPORT-2007-01
AALPUB-2007.002

CHEP AT 001 (CHEP/KNU) FOR FoR FOR FOR

L osraded g COLLABORATORS | THE PRESS | COMMUNICATORS | STUDENTS AND EDUCATORS SEARCH |:|

DESY 07-046

FERMILAB-TM-2382-AD-CD-DO-E-FESS- TD

JAL2007.001

JING D £9.2007.39 What is the ILC?
JUAB R-2007.01 R T T R T
KEX Report 2007-1
LNF-07 /HNT) Global Design Effort
SLAC-R-857
Selected Talks
INTERNATIONAL LINEAR COLLIDER Reports and Statements A cryomodule's view inside the cave during the construction of Fermilab's ILC Test Area

2007 ILC in the News From Daily Herald 31 July 2007 ILC MewsLing 2 August 2007

Images & Graphics Gatting paopke to understand, support Fermiab's effort

A quest to bring a multibilion-doliar high-enargy physics kb to
Batavia could pump milions of dollars into the localand state
aconomy as wellas pave the way for new manufacturing and
technology jobs across tha country. But few paople realize that...” High gradas for HiGrada

APRIL, 2007
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@ ILC Schematic 9]

e-/e+ DR ~6.7 Km

RTML RTML

® — e
30m radius I —— Z__—//’//’)‘ 30m radius
e- Linac eamine e+ Linac
~1.33 Km 11.3 Km + ~1.25 Km ~4.45 Km 11.3 Km ~1.33 Km

Schematic Layout of the 500 GeV Machine

© Two 250 Gev linacs arranged to produce nearly head on e+e- collisions
© Single IR with 14 mrad crossing angle

© Centralized injector |
© Circular 6.5 km/ 3.2 km penetrations
damping rings
© Undulator-based
positron source

<« Dual tunnel configuration
for safety and availability
(Single tunnel recently)
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ILC Super-conducting technology [

The core technology for the ILC is 1.3GHz superconducting RF cavity intensely developed in the
TESLA collaboration, and recommended for the ILC by the ITRP on 2004 August.
The cavities are installed in a long cryostat cooled at 2K, and operated at gradient 31.5MV/m.

r ]

14560 cavities

= = MY @ g -
1680 modules e - @ suppor
s - 1.
» ' ./ el
lamping - g
l ”'2” i j—_ﬁ:E:ﬁ”_—r 2.2 K forward
= b
Klystron 2 K return T T
e YR - L 5 K forward

linac
module \.- : 20 K refurn 40 K forward

B \ transportation 1

2 svstem .

beam transter 8 K return 1
lines
cool down/ | 2 K 2-phase
- wave.. = warmup
R.l,u\ i\ch\: : HV pulse
= cables
cavity
coupler
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(101 ILC Main Linac RF Unit

560 RF units each one composed of:

1 Bouncer type modulator

* 1 Multibeam klystron (10 MW, 1.6 ms)
* 3 Cryostats (9+8+9 = 26 cavities)

* 1 Quadrupole at the center

Total of 1680 cryomodules and 14 560 SC RF cavitles
—EI [ \\lﬁ] %thmm% == // ﬁomn cmnl%i:m / lﬁl 'Fb
\ E—

A
Linear RF Power distribution ki 5{ k( M tpm{w \ \drculuor Py / pemp
with circulator & stub or EH tuner for every stub tuner cryemosds
cavity input

Bouncer Modulator )
Front end electronics

Frank Tecker Slide 25 John Adams Institute

10MW Multi-beam
Klystron,
socket assembly

1:12 Pulse Trans




ILC Main Linac RF distribution

© Either many small klystrons in the tunnel

surface rf power cluster building

© or few clusters of higher power klystrons

© O(10TW) instantaneous power

surface

accelerator tunnel

WAVEGUIDE |

WAVEGUIDE WAVEGUIDE =
DISTRIBUTION DISTRIBUTION DISTRIBUTION
SYSTEM SYSTEM SYSTEM
TAP-OlFFS TAP-OlFFS
1 9 CAVITIES H 4 CAVITIES QUAD 4 CAVITIES H 9 CAVITIES b 9 CAVITIES H 4 CAVITIES QUAD 4 CAVITIES H 9 CAVITIES I' '+ 9 CAVITIES H 4CAVITIES QUAD -
3 CRYOMODULES 3 CRYOMODULES 3 CRYOMODUI
s ! E )

37956 m 37956 m 37856 m
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CLIC — overall layout - 3 TeV [€]

© CLIC (Compact Linear Collider): only multi-TeV de3|gn
3 TeV, 100 MV/m, warm technology, 12 GHz, two beam scheme

797 klystrons

) 797 klystrons
15 MW, 139 ps | | | circumferences | | | 15 MW, 139 us
; delay loop 73.0 m
drive beam accelerator CR1292.2m drive beam accelerator
S = 114 T 1 2 S — CR24383m . 238GeV,10GHz

A

2.5 km 2.5 km ~
| Drive Beam ' _
BC%
BDS

BC2
BDS /
2.75 km 2.75 km
TA e~ main linac, 12 GHz, 100 MV/m, 21.02 km e* main linac TA

< [

48.3 km g
CR combiner ring | Main Beam '
TA turnaround

DR damping ring

ggR l'; redamping ring I booster linac, 6.14 GeV
unch compressor

BDS beam delivery system

IP  interaction point

B dump

e~ injector,

et injector,
2.86 GeV

2.86 GeV
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(101 CLIC two beam scheme @

<« High charge Drive Beam (low energy)
© Low charge Main Beam (high collision energy)
© => Simple tunnel, no active elements

CLIC TUNNEL
CROSS-SECTION

© => Modular, easy energy upgrade in stages

Drive beam - 101 A, 240 ns
quadrupole from 2.4 GeV to 240 MeV

Quadrupole

eg "er-extraction ang
struc ture ( P ETS )

Main beam -1 A, 156 ns
from 9 GeV to 1.5 TeV Bpy, T~

5.6 m diameter
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@ CLiCtwo-beamscheme  [§]

© RF power is produced by )
ofe[r]afe]e] [I o[e[r]ofe]e]

drive beam s
100 A current, 2.4 GeV ve D a | II

< Main beam:
<«——Module type 4——»<«———Module type 1——» «——Module type 0——»<«——Module type 0——»

1 A, 1500 Gev Same configuration as the CLEX modules

©® Drive beam:

A. Samoshkin ACC. STRUCTURE

VAC. MANIFOLD (BRAZED DISKS) & " VAC ION PUMP

RF LOAD

= e e

= N

4T \g,\ . e
L A /? “
‘ W ' ® RF Power per structure ~ 65MW

w_ N8
i B >

CARTRIDGE
PUMP

S5

J = © No of structures ~140,000

- ® Total instantaneous power
~9.1PW

@i

= |\
COOLING VACUUM PETS ON-OFF

DB QUADRUPOLE DB BPM CIRCUIT GIRDER RESERVOIR MECHANISM

PETS ( OCTANTS,
MINI-TANK )

CRADLE
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Frank Tecker

/- o
rc Bending

e |
agnets  particle Detector \
(A/ N Q‘\'\\..

First LC: SLC

o
” Positron
’4 Return Line ~$\

5 53
7 \ Electrons A¥

Positrons

- —‘-_/

e

Final Focusina

\35 ..gnets ’)
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Built to study the Z°
and demonstrate
linear collider
teasibility

Energy = 92 GeV
Luminosity = 2e30

Has all the features
of'a 2nd gen. LC
except both e+
and e- used the
same linac

A 10% prototype!

-T.Raubenheimer

John Adams Institute



Parameter comparison

9]

SLC | TESLA - JINLC -

Technology NC Supercond. | Supercond.

Gradient [MeV/m] 20 25 31.5 50 100
CMS Energy E [GeV] 92 500-800 500-1000 500-1000 | 500-3000
RF frequency f [GHZz] 2.8 1.3 1.3 11.4 12.0
Luminosity L [10% cm2s?] 0.003 34 20 20 23
Beam power P, [MW] 0.035 11.3 10.8 6.9 4.9
Grid power P,. [MW] 140 230 195 270
Bunch length (,* [mm] ~1 0.3 0.3 0.11 0.07
Vert. emittance €), [108m] 300 3 4 4 2.5
Vert. beta function &* [mm] ~1.5 0.4 0.4 0.11 0.1
Vert. beam size (,* [nm] 650 5 5.7 3 2.3

Frank Tecker

Parameters (except SLC) at 500 GeV
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@ Documentation about ILC/CLIC

6 & & & & & & & & &

Linear Collider Collaboration

General documentation about the ILC:

General documentation about the CLIC study:

Int. Linear Collider Workshop 2014 (most actual info)
CLIC Workshop 2015

International school for Linear Colliders:

Linear Collider Detector:

CLIC conceptual design report:

CLIC scheme description:

CERN Bulletin
article:

© CLIC Test Facility: CTF3
© CLIC technological challenges (CERN Academic Training)

€ CLIC project meetings
© CLIC notes

Frank Tecker Slide 32

John Adams Institute


http://linearcollider.org
http://linearcollider.org
http://linearcollider.org/ILC
http://linearcollider.org/ILC
http://linearcollider.org/ILC
http://cern.ch/clic-study
http://cern.ch/clic-study
http://cern.ch/clic-study
http://cern.ch/clic-study
http://lcws14.vinca.rs
http://indico.cern.ch/event/336335
http://indico.cern.ch/event/336335
http://indico.cern.ch/event/336335
http://linearcollider.org/school
http://linearcollider.org/school
http://linearcollider.org/school
http://cern.ch/lcd
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://clic-study.web.cern.ch/content/conceptual-design-report
http://preprints.cern.ch/yellowrep/2000/2000-008/p1.pdf
http://preprints.cern.ch/yellowrep/2000/2000-008/p1.pdf
http://preprints.cern.ch/yellowrep/2000/2000-008/p1.pdf
http://preprints.cern.ch/yellowrep/2000/2000-008/p1.pdf
http://cdsweb.cern.ch/journal/article?issue=28/2009&name=CERNBulletin&category=News Articles&number=1&ln=en
http://cdsweb.cern.ch/journal/article?issue=28/2009&name=CERNBulletin&category=News Articles&number=1&ln=en
http://ctf3.home.cern.ch/ctf3/CTFindex.htm
http://indico.cern.ch/conferenceDisplay.py?confId=a057972
http://indico.cern.ch/category/3589/
http://indico.cern.ch/category/3589/
http://cdsweb.cern.ch/collection/CLIC Notes

