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Course Content

Lecture:
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10.
11.
12.

Introduction and overview (Carlo Pagani, Milano University & INFN)
Sources & bunch compressors (Masao Kuriki, Hiroshima University )
Damping Rings (Mark Palmer, Cornell University )

Linac (Toshiyasu Higo, KEK)

Low-Level and High-Power RF (Stefan Simrock, DESY)

Beam Delivery and Beam-Beam (Deepa Angal-Kalinin. Daresbury)
Superconducting RF & ILC (Nikolay Solyak, Fermilab)

Room temperature RF & CLIC (Frank Tecker, CERN)
Instrumentation and Controls (Toshiyuki Okugi (KEK)

Muon collider (Bob Palmer, BNL)

Operations (Tom Himel, SLAC)

Physics and Detectors (Rolf Heuer, DESY/CERN)

special How the Fermilab accel. complex works (Roger Dixon (Fermilab)
special Hands-on training (Bob Mau (Fermilab)
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Summary of this Lecture

Why LC

What is ILC

Layout of the ILC

Parameter choices & optimization
Overview of accelerator issues

Other future lepton colliders: CLIC and muon collider
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Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model is a nudmum theory that s our current

FERMIONS ™atter constituents
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*Sea the noulning paragraph bakow.

Spin is the intrinsic angular momentum of particies. Spin is given in units of h, which is the quantum
unit of angular momentum where h = hizn = 6.58x10° 2% GeV s =1.05x107* J 5

Electric charges are given in units of the proton’s charge. In S units the electic charge of the proton
is 1.60x10""® coulombs.

The energy unit of particle physics i5 the electronvoll (eV), the energy gained by one
alectron in crossing a polential difference of one volt. Masses are given in GeVic®
(remember E = mc?) where 1 GeV = 107 aV =1.60%10" "7 joule. The mass of

the proton is 0.938 GeVic? = 1.67x107%" kg

Neutrinos

Neutrinos are in the sun, supt . reactors,

collisions, and many other procasses. Any produced neutrino can be
described as one of three neutrino flavor states Vg, ¥y, or Vr, labelled by the
typa of charged lepton associated with its production. Each is a defined
quantum mixture of the three definite mass neufrinos ¥, ¥, and ¥y for
which cumrently allowed mass ranges are shown in the lable. Further
exploration of the properties of neutrinos may yield powerful clues to puzzies
about matter and antimatier and (he evolution of stars and galaxy structures

Acts on:

Particles experiencing
Matter and Antimatter aliy
For svery particle type thera is a comesponding antipariicle type, denoted by Galidesmeckig:
a bar over the particle symbol (unless + or — charge is shown), Particle and 107 m
antiparticie have identical mass and spin but opposite charges. Some Strength at {
elecirically neutral bosons (e.g., Z°, 7, and 1), = ¢& but not K" = d&) are their \

own antiparticles.

Particle Processes

are an artist's Blue-grean shaded areas represent the cloud of gluons,

3x1077 m
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Size =
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All Quarks, Leptons

Graviton
(not yot cbserved)

of the physics of fundamental panicles and

Structure within
the Atom

Quark

Size < 10-"9m

Electron
Size < 107 m

If the proton and neutrons in this picture ware
10 em across, then the quarks and elecirons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across.

Properties of the Interactions

Tha strangths of tha interactions (forces) are shown relative lo the strength of the electromagnetic forca for two u quarks separated by the specified distances.
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by forces and by decay rates of unstable paricles).
force carriers

BOSONS spin=10, 1, 2.
Unified Electroweak spin = 1

Mass
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Strong (color} spm =1

Electric
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Color Charge

Only quarks and gluons carry *strong charge”
{also called "coler charge™) and can have strong
Iinteractions. Each quark carries three types of
color charge. These charges have nothing to do
with the colors of visible lighl. Just as electrically-
charged particles interact by exchanging photons,
in strong interactions, color-charged particles
interact by exchanging gluons.

80.39

W basons

2

bason

91.188

Quarks Confined in Mesons and Baryons
Quarks and gluons cannot be [solatad — they are confined in color-neutral particles called

. This cx results from multiple exchanges of gluons among the
color-charged conslituants. As color-charged particles (quarks and gluons) move apart, the
energy In the color-h field b them . This energy eventually is converted into
additional quark-antiquark pairs. The quarks and antiguarks then combine into hadrens: these
are the particles seen lo emerge.

Two types of hadrons have bean observed in nature mesons qJ and baryons qgqq. Among the
many types of baryons cbserved are the proton (uud), antipraton (00d), neutron (udd), lambda A
{uds), and omega £¥ (sss). Quark charges add in such a way as to
make the proton have charge 1 and the neutron charge 0. Among
the many types of mesans are the pion = {ud), kaon K~ (sG),

BY {db), and n (cE). Their charges are +1, —1, 0, 0 respectively.

Visit tha award-winning web leature The Particle Adveniure al

ParticleAdventure.org

hart has been made possible by the ganerous su|
U.S. Department of Energy
U.S. National Science Foundation

Gluons Lawrence Berkeley National Laboratory

25 f t :
60 CPEPweb.org

Unsolved Mysteries

Driven by new puzzies in our understanding of the physical world, particle physicists are following paths to new wonders and
startling discoveries. Experiments may aven find extra dimensions of space, mini-black holes, andlor evidence of siring theory.

e*te” — BOBO

Afree neutron (udd) decays to a prolon
{uud], an electron, and an antineutring

via a virtual {(mediating) W boson. This

is neutron |} (beta) decay.

An electron and positron
(antielectron) colliding at high

bason or a virtual photo..

&

&

The expansion of the universe appears to be
accelerating, I this due to Einstein's Cosmo-
logical Constant? If nol, will axpesiments

reveal a new fo

(hidden) dimensions of space?

( Universe Accelerating? ' Why No Antimatter?

4 "-'.z
i
~
Matter and antimatter were created in the Big
Bang. Why do we now see only matter except

for the tiny amounts of antimatter that we make
in the lab and observe in cosmic rays?

V

of nature or even extra

Dark Matter? ' Origin of Mass? ‘

T

-

Invisible forms of m1|-e| make up

ma bserved in xies and clu

galaxies. Does this dark matter consist of new
types of partcies that interact very weakly
with ordinary matier?

In the Standard Model, for fundamental particles
1o have masses, there must exist a particle
callad the Higgs boson. Will it ba discoversd
soon? Is suparsymmetry theory comrect in
ting more than one type of Higgs?

S

http://particleadventure.org
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Glossary

* Units of Energy : eV (Electron Volt)
MeV ; Mega Electron Volt : 10° eV

GeV ; Giga Electron Volt : 10° eV
TeV ; Tera Electron Volt : 1012 eV
 Particle Masses
Electron : 0.5 MeV/c?, Proton : 938 MeV/c?
* Cross section: ¢
nb: 1033 cm?, pb: 1036 cm?, fb: 10-3%cm?
* Luminosity : L
Number of Particle collisions per unit time per unit area
e.g. : the KEKB recorded L = 1.6 x103* cm~?sec’
 Integrated Luminosity : fL
Luminosity integrated over some time interval,
e.g. : the KEKB recorded |Z = 103%cm2= fb! in a day.

ISLCO8 - Lecture 1
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Path to the Standard Model of Particles

Kobayashi, Maskawa
Glashow, Salam, Weinberg

Higgs, Nambu

Gell-Man

Feynman, Schwinger, Tomonaga
Lee, Yang
Yukawa
Dirac

Schroedinger

Einstein

Great

. Maxwell
Theories

Hewton

Galilei

Aristotle

Carlo Pagani

Neutrino mixing
T-quark

W/Z boson

B-meson

t-lepton
D-meson P

u-Neutrino
Kaon

Pion Muon

Proton Electron

Great Discoveries
by particle accelerators
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Elementary particles

In the Standard Model

- 3 families of quarks
- 3 families of leptons

* 4 kinds of force carriers

Carlo Pagani ISLCO8 - Lecture 1
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Fermions and Bosons

matter constituents
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If the proton and neutrons in this picture were
10 cm across, then the quarks and electrons
would be less than 0.1 mm in size and the
entire atom would be about 10 km across
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Interactions and Mysteries

Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational Weak_ Electromagnetic Strong
Property Interaction Interactlon(Electroweak) Interaction Interaction
Acts on: Mass — Energy Flavor Electric Charg_e Color Charge

Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons

Particles mediating: (not?;a:tggze 3 wt w- 2Z0 Y Gluons

107"%m 10=41 | 0.8 1 25
3x107"" m 10— 41 10— 4 60

Strength at {

Unsolved Mysteries

Driven by new puzzles in our understanding of the physical world, particle physicists are following paths to new wonders and
startling discoveries. Experiments may even find extra dimensions of space, mini-black holes, and/or evidence of string theory.

Universe Accelerating? Why No Antimatter? Dark Matter? Origin of Mass?

& ¥ “ {ﬁ

The expansion of the universe appears to be Matter and antimatter were created in the Big Invisible forms of matter make up much of the In the Standard Model, for fundamental particles
accelerating. Is this due to Einstein's Cosmo- Bang. Why do we now see only matter except mass observed in galaxies and clusters of to have masses, there must exist a particle
logical Constant? If not, will experiments for the tiny amounts of antimatter that we make galaxies. Does this dark matter consist of new called the Higgs boson. Will it be discovered
reveal a new force of nature or even extra in the lab and observe in cosmic rays? types of particles that interact very weakly soon? |s supersymmetry theory correct in
(hidden) dimensions of space? with ordinary matter? predicting more than one type of Higgs?

. ISLCO8 - Lecture 1
Carlo Pagani Oak Brook, October 20, 2008



Higgs Particles and Higgs Field

Higgs Particles
* also called: God Particles and Holy Grail of Particle Physics
¢ They are spin=0 Bosons
* The Higgs is neither matter nor force
* The Higgs is its own antiparticle
» The Higgs is just different
* This would be the first fundamental scalar ever discovered

Higgs Field
* Neutral scalar field that fills the entire universe

* Particles traveling through the universe interact with this field & become
massive

* Importantly, the W and Z bosons receive mass but not the photon in the
Standard Model

» The Higgs field is thought to fill the entire universe.
» Could give a handle on dark energy (scalar field) ?

If discovered, the Higgs is a very powerful probe of new physics

ISLCO8 - Lecture 1
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SM Higgs mass from LEP2 & Tevatron
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Particle Data Group, LBNL, © 2000.

Accelerat
expansion

Slowing
expansion

Time
(=15 billion years)

8
E:pan}]i'n'-'vi universe
Are cosmological cousins of the
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About Orders of Magnitude

Carlo Pagani

Linear Sizes in the Universe

* Quark

* Proton & Neutron
¢ Atoms

» Cells

e Human being

» Earth

® Sun

e Solar System

» Milky Way

¢ Univers

13

10 19
10 -15
10-10
10-8-10-3
100
107
10 9
1013
1021
10 26

3 3 3 3 3 3 3 3 3 3
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Just for fun

Linear Ratio between the sizes of
the universe and the quark

Luiverse 10% __, 45 digits
0

quark

60 digits are used for encrypting codes !

. ISLCO8 - Lecture 1
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The Large Instruments for Physics

Particle Accelerators
* To study what is extremely small

 Particles are created from energy and analyzed
* Nuclei are excited and their behavior observed
« Short wavelength photons and neutrons are indirectly
generated to observe the invisible world
* As intense particle sources for applications
 cancer therapy and radio-isotope production
* nuclear waste transmutation to reduce toxicity

* intense photon beams for: micro-lithography, food,
catalysis, etc.

Large Telescopes

* To study what is extremely big
 Viewing far in space and time
« Observing large phenomena at their extreme conditions

. ISLCO8 - Lecture 1
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What is a Particle Accelerator ?

Carlo Pagani 16

A particle Accelerator is a machine designed to transfer energy to a
charged particle beam. In most cases the particle beam extracts
energy from an electromagnetic field that is stored or traveling in low
losses structures, called cavities.

E[J]=q[C]-V[Volt] or E [eV]=gq [e] -V [Volt]

Particles are taking energy from the electric field, E, and are guided by
the magnetic field, B, according to the Lorentz equation:

F=g((E+vxDB)

The charged accelerated particles can be:
e electrons (& positrons) [i.e. leptons: “elementary” particles]
e protons (& antiprotons) [i.e. hadrons, “composite” particles]
e heavy ions (i.e. ionized atoms)

An intense primary beam can be used to produce a secondary beam
that could not be accelerated: photons, neutrons, neutrinos, etc.

ISLCO8 - Lecture 1
Oak Brook, October 20, 2008



Guiding Forces from Magnetic Field

Expanding the magnetic component of the Lorentz force we have

ik
F’mag :q(ﬁxﬁ)zq v, v, v,
B. B, B.

The 3 magnetic field
components, properly
combined with the 3 beam
velocity components are
used to produce the forces
required to guide the beam
In a stable orbit

Carlo Pagani

=iq(v,B.—v.B,)+ jq(v.B,—v,B.)+kq(v,B,—v,B,)

F™ = q(v

B.-v.B,)

y

Fymag — q(vZBX o V.X'BZ)

F™ = q(vay — vyBx)

17
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Energy and Mass

_ — 2
Mass iz just a m = ym, EO —m,cC

form of energy! y = (]_IB 2)-1/2 IB = v/c

_ 2
E=mc
Momentum pPp=mV=~=m,yC
Kinetic energy K=E-E,=(y-1)mc?
Speed of light: ¢ = 2.99792458 - 108 ms- Electron rest energy: E,= 0.511 MeV
Energy unit: 1 eV = 1.6021 - 10-1° J Proton rest energy: E,= 938 MeV

ISLCO08 - Lecture 1

Carlo Pagani 18 Oak Brook, October 20, 2008



Colliding Beams for High Energy

W = Energy available in center-of-mass for making new particles

For fixed target ™

E;nfEJanEB J_—cﬂ}

... and we rapidly run out of money trying to gain a factor 10in c.m. energy

But a storage ring , colliding two beams, gives:

—_

N T o O e
Ec.m. =2 EB

e+ O —
Problem: Smaller probability that accelerated particles collide .... "Luminosity” of a collider
1 pc
29 34 2 a1
L=NN,— ~107...10%em s © E.J.N. Wilson
A227xR

ISLCO8 - Lecture 1
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The First Collider: ADA @ Frascati

ISLCO08 - Lecture 1
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Energy Frontier and Accelerator Tech.

| ' Superconducting Dipoles
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Aerial view of the CERN area

Wian Doninck Gollisions Narmur 2244520041

ISLCO08 - Lecture 1

Carlo Pagani 22 Oak Brook, October 20, 2008



LEP @ LHC in the CERN area

Wian Doninck Gollisions Narmur 2244520041

ISLCO08 - Lecture 1
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The LEP Accelerator Complex @ CERN

ALEPH ¢ LEP .’ OPAL
£
é"/
-
SPS
L3
\ DELPHI
Aerial view of the CERN s1'e with an indication of the circular LEP tunnel 7
‘lVest Area
e Linacs and synchrotrons were used to inject 4
in the 28 km synchrotron where both electron =
and positrons were accelerated up to 100
GeV to collide with a centre of mass energy of electrons
200 Gev —— POSilTONS

protons
antiprotons
Pb ions

e LHC now in commissioning is making use of
most of the LEP injection accelerator complex

ISLCO8 - Lecture 1
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From LEP to LHC

The Large Hadron Collider (LHC) Collisions at LHC
ATLAS c Proton-Proton {2835 x 2835 bunches)
ALICE —y Protons/bunch 10"
e Beam energy 7 TeV (7x10'2eV)
[ ) - Luminosity 10 cm2 s
Bunch -
%-ﬁ' .ﬁéé Crossing rate 40 MHz
Proton
o o Collisions = 107 -10°Hz
Superconducting
magnets r
Parton

4 {quark, gluon) w
LHC-B ' 7 rinl

Higgs
Compact Muon Solenoid

i Beams Energy Luminosity . et suUsY. ..
LEP e+ e- 200 GeV TR Em s
34
LHc P P 14 TeV 10

PbPb 1312 TeV 1077 Selection of 1 in 10,000,000,000,000

ISLCO08 - Lecture 1
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LHC General Parameters (protons)

Carlo Pagani

’ LHC General Parameters

[Energy at collision 7 | Tev
[Energy at injection 450 |  GeVv
Dipolefield at 7 TeV 833 | T
Coil inner diameter | 56 | mm
IDistance between aperture axes (1L.9K) | 194 |  mm
'Luminosity ' 1 |E34cm-2st
'Beam beam parameter 36 | E3
'DC beam current 1056 | A
]Bunch spacing \ 7.48 \ m
'Bunch separation 2495 | ns
'Number of particles per bunch 11 | En
Normalized transverse emittance (r.m.s.) |3.75 | Hm
Total crossing angle 1300 | prad
'Luminosity lifetime 10 | h
[Energy loss per turn 7 | kev
Critical photon energy 441 | eV
Total radiated power per beam 138 | kw
]Stored energy per beam \ 350 ] MJ
Filling time per ring 43 | min

26
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The LHC Detectors

Carlo Pagani

Barrel Toroid

Muon Detectors Electramagnetic Calorimeters
4"
AN \

Forward Calorimeters

Solenoid

End Cap Toroid

Inner Detector ' Shielding

ISLCO8 - Lecture 1
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Simulations of Higgs events at CMS

Vb 4
N repd
)
o VR §
\‘\\
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\

'¢ /v/: S

0

CERN-EX-9710002_05 CERN-EX-9710002_10
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LHC cold under beam commissionig

A THE-BOK - JOK LSRR SN
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RF acceleration: Synchrotron
The LEP Example

Cyclotron: constant B Synchrotron: constant p my p
Bp =
. qg 4

THE PRINCIPAL MAG | ficeleratng CAVITY | .
OF THE LEP ACCEL ' Accelerating cycle

o s Fl0r B /
o ...::==: e x = ]
E‘-—
o time

Strong focusing concept

lacuum CHAMEER | Gsﬂ
fl| fz

For VR ¢ — E [GeV] =03 B [T] p[m] ~ FF&™
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No Circular ete- Collider after LEP

Synchrotron Radiation: Energy loss dramatic for electrons

charged particle in a magnetic field:
U, [GeV]=6-10‘21-7/4-%[km]

Yproton / Yelectron © 2000

Impractical scaling of LEP Il to
E.,=500GeVandL=2"103%

s 170 km around
¢ 13 GeV/turn lost

¢ 1 A current/beam

+ 26 GW RF power

+ Plug power request > Germany

Energy loss replaced by RF power
cost scaling $ «< E_, 2

ISLCO8 - Lecture 1
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Origin of the Linear Collider Idea

M. Tigner,
Nuovo Cimento 37 (1965) 1228

A Possible Apparatus for Electron-Clashing Experiments (*).

M. Tigner
Laboratory of Nuclear Studies. Cornell University - Ithaca, N.Y.

“While the storage ring concept for providing clashing-
beam experiments (1) is very elegant in concept it seems
worth-while at the present juncture to investigate other
methods which, while less elegant and superficially more
complex may prove more tractable.”

ISLCO8 - Lecture 1
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Linear Collider Conceptual Scheme

Final Focus — ‘ { \
Demagnify and

| collide beams Main Linac
<|<— Bunch Compressor Accelerate beam to IP <|
| Reduce o, to eliminate energy without spoiling

z DR emittance

= hourglass effect at IP

Damping Ring
Reduce transverse phase

space (emittance) so smaller
transverse |IP size achievable

Positron Target — @

Use electrons to pair- _I
produce positrons

h\ Electron Gun

Deliver stable beam
current

. ISLCO8 - Lecture 1
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Fighting for Luminosity

N2 |P
e
L oc—&— ) : «a@o m»a@m [, oC n, X rep
0.0
Xy 0] y

L = Luminosity P N n, = # of bunches per pulse
N, = # of electrons per bunch L o b X e Jrep = PUIse repetition rate
o,,= beam sizes at IP E o0 P, = beam power
IP = interaction point c.m. X7y E_,,= center of mass energy

Parameters to play with
l Reduce beam emittance (¢, ‘¢, ) for smaller beam size (,'0,,)

1 Increase bunch population N,

T Increase beam power B oc N, xn, X rep

1 Increase beam to-plug power efficiency for cost

ISLCO8 - Lecture 1
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Why we insist for leptons ?

Leptons (e, e*, u, u*) are Fermions, i.e. matter constituents

0—*—0

react beam

Hadrons (p, P, ions) are complex composite particles

6?0 * 00
. P

P
E <<2E Gluon-Gluon Collision
react. beam

K/
ISLCO8 - Lecture 1

Ereact cannot be controlled and it is unknown
Oak Brook, October 20, 2008
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Higgs event Simulation Comparison

e"e” - ZH B
Z-ete ,H-bb

ISLCO8 - Lecture 1
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Relation of LHC and ILC

Since the ILC will start after the start of LHC, it must add significant
amount of information. This is the case!

Neither LC nor HC’s can draw the whole picture alone. ILC will add
new discoveries and precision of ILC will be essential for a better
understanding of the underlying physics.

There are probably pieces which can only be explored by the LHC due to
the higher mass reach. Joint interpretation of the results will improve
the overall picture

In the Higgs Boson Scenario
LHC will make the discovery

ILC will behave as a Higgs Boson factory to precisely determine its
properties and the consequences for physics beyond the standard model

ISLCO8 - Lecture 1
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Competing technologies for the ILC

Evolution from: SLAC & SLC

1.3 GHz - Cold

Evolution from: CEBAF & LEPII
+ TRISTAN, HERA, etc.

11.4 GHz - Warm

| 12 GHz - Warm

Carlo Pagani 38
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Technology Choice:
NLC/JLC or TESLA

The International Linear Collider Steering Committee (ILCSC)
selected the twelve members of the International Technology
Recommendation Panel (ITRP) at the end of 2003:

Asia: Europe: North America:
G.S. Lee J-E Augustin J. Bagger

A. Masaike G. Bellettini B. Barish (Chair)
K. Oide G. Kalmus P. Grannis

H. Sugawara V. Soergel N. Holtkamp

Mission: one technology by end 2004

The 3 Project Leaders were asked to follow the ITRP process as “Technology
Experts”. Dave Burke (NLC), Kaoru Yokoya (GLC) & Carlo Pagani (TESLA)

Result: recommendation on 19 August 2004

Cold thatis TESLA like
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From the ILC Birthday

The Recommendation

+ Were linear collider be based on
superconducting rf technolog m Exec. Summary)

— This recommendation is made with the understanding that we
are recommending a technology, not a design. We expect the
final design to be developed by a team drawn from the
combined warm and cold linear collider communities, taking
full advantage of the experience and expertise of both (from
the Executive Summary).

— We submit the Executive Summary today to ILCSC & ICFA

— Details of the assessment will be presented in the body of the
ITRP report to be published around mid September

— The superconducting technology has features that tipped the
balance in its favor. They follow in part from the low rf
frequency.

19-Aug-04 ITRP - LC Technology Recommendation 13
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Basic parameters for the ILC

E_., adjustable from 200 — 500 GeV
Luminosity = [Ldt =500 fb" in 4 years
Ability to scan between 200 and 500 GeV

Energy stability and precision below 0.1%

Electron polarization of at least 80%

Machine upgradeable to 1 TeV
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Beam Sizes: Pictorial View

© M. Tigner

20 vertical beam size ([ESLA)

S/

—

10 nm a '?-7.' NLCE
I ‘ . it"

A%
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The TESLA Collaboration Mission

Develop SRF for the future TeV Linear Collider

Basic goals

* Increase gradient by a factor of 5 (Physical limit for Nb at ~ 50 MV/m)
* Reduce cost per MV by a factor 20 (New cryomodule concept and Industrialization)

 Make possible pulsed operation (Combine SRF and mechanical engineering)

Major advantages vs NC Technology

* Higher conversion efficiency: more beam power for less plug power consumption
* Lower RF frequency: relaxed tolerances and smaller emittance dilution

PROCEEDINGS OF 1990

The First International
TESLA Workshop
CORMELL

—$96688888— —Collaboration

e asEnkO92
- Yeravan Physics Institute I I BN Lagpubre

HEP, Bcademia Sinica, Bailing
Tainghus-University, Baifing

+ Inssitute of Physics, Helsink
CEADSM (DAPNIA, CE Saclay)
INZP3 (IPN Orsay + LAL Orsay)

RWTH Ast b

]
i
i

|
g
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§
;i

*
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i
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TESLA Coll. Milestones before 08/2004

Infrastructure < =

February 1992 — 1° TESLA Collaboration Board © DESY in Hdll 3 1;
Meeting @ DESY "

March 1993 - “A Proposal to Construct and Test
Prototype Superconducting RF Structures for Linear
Colliders”

April 1995 — 25 MV/m in multi-cell cavity

May 1996 — First beam at TTF

March 2001 — First SASE-FEL Saturation at TTF
March 2001 — TESLA Technical Design Report

February 2003 —TESLA X-FEL proposed as an
European Facility,
50% funding from Germany

March 2004 — TTF II/FLASH Commissioning start
April 2004 - 35 MV/m with beam
August 2004 — TESLA Technology chosen for ILC

August 2005 - ILC-GDE Formed for design and
costing

June 2007 — European XFEL Project Starts
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Great Impulse from TESLA Results

High Energy Physics: Leptons and Hadrons ILC
* ILC is growing cold > .
¢ [FMIF for ITER :
¢ Project X @ Fermilab -
e SPL for CERN: neutrinos and LHC upgrade o dtocor o
* Electron coolers cryogenic ha
Nuclear Physics: lons and Electrons N
° Splral 2 POSITRON linac -
* RIA
Eurisol

[ ] i
* Spes

s CEBAF Upgrade /

. llllll

Applied Physics: Electrons and Neutrons
e Spallation Neutron Sources: SNS, ESS
e 4th Generation Light Sources: European X-FEL Acoelerator Pyrochemical
¢ Storage Rings
¢ Energy Recovery Linacs: 4GLS in Europe and many others

Subcritical
Burner

ADS for Nuclear Waste Transmutation —p miieame A

Liquid Lead
Nuclear

e EuroTrans
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Schematic of the ILC (RDR Feb. 2007)

* 11km SC linacs operating at 31.5 MV/m for 500 GeV

» Centralized injector
« Circular damping rings for electrons and positrons
« Undulator-based positron source

* Single IR with 14 mrad crossing angle
» Dual tunnel configuration for safety and availability

< 31 km

€
e-/e+ DR ~6.7 Km

RTML RTML

—_—

% —— T
30m radius 1 ‘—-—-______1_‘_‘_‘*_ K/ﬁ ] 30m radius
T S — R T e
e- Linac UNDULATOR Beamiine —_— Boaming o+ 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
- 500 GeV Machine [ ==
General Elevation View
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The ILC Footprint

damping
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ILC Design Evolution

=
w0
=2
@
TESLA 28
- @O
S8
= o
¥ 23
ow %8
e x B ga o
[~% o - w = = o
o [ i~ = @ = o o
= o = x 9 ]
3 R e |3 o 3
k=1 S 3 @ao o =
5 3 =0 fL A1 E)
=] < 8 5= o6 a
3 Ew E 28 = =3
=) a3 o =0 =] 3
r w J o o L] w 3 = = I/P‘ w
M; = : -—
- o M %
linear linear accelerator
—
Iz accelerator
%n
=
=]
=] ﬁ‘ﬂ
ﬂ..m a
?;‘D -
35 -
< g ]
o w @
g
-
33 km
~31 Km
ILC in 2006
e-Linac e+ Linac

e-

2Tmr
Source

Carlo Pagani

10Km +~1.2 K
e

m

General Layout Plan 500 GeV

48

DR ~6.6 Km
~5 GeV

e+

ISLCO8 - Lecture 1
Oak Brook, October 20, 2008



Lessons from SLC : the 1st Linear Collider

SLC = SLAC Linear Collider

| 1992 - 1998 SLD Luminosity|

0000 - 250000
—=— SLD Z tatal J—
g_ 10000 4 o %:
) 53'}\5 100000 :
5000 - 22\% \._‘
$I3 RE% 33R3333323%38834
i992 - 199‘“3 - ——1;94———?—1;95 ‘ 1996 ———199‘:!————:1998——-
IP Beam Size vs Time
New Territory in Accelerator Design and Operation T T
 Sophisticated on-line modeling of non-linear o s R ’
beam physics. o
« Correction techniques (trajectory and £ Poeou :
emittance), from hands-on by operators to E =92 GeV R RN N 3
fully automated control. cm | 1

® SIOW/faSt feedbaCk theory and practlce L - 3' 1030 Cm'ZS'l ’ 1985 1990 1991 1992 1993 1994 1996 1998 ’

Year
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Luminosity: Beam Size & Beam Power

2
. nbN f;ep H
= 2 b
To,0,
Jrep - 11, tends to be low in a linear collider
L [cm2s-1] frep [s7] n, N [101] oy, [um] oy [um]
ILC 21034 5 3000 2 0.5 0.005
SLC 2-10830 120 1 4 1.5 0.5
LEP Il 51031 10,000 8 30 240 4
PEP I 1-1034 140,000 1700 6 155 4

The beam-beam tune shift limit is much looser in a linear collider than a storage
rings > achieve luminosity with spot size and bunch charge

* Small spots mean small emittances, &, , and small Sfunctions, ﬂxy

O-x,y = \/ﬂx,y . gx,y
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Phase Space

Beta function 3 characterize optics

-

Emittance € is phase
space volume of the O =¥00 =VF | — —
beam — optics analogy

Is the wavelength / |
' - X

Tilt is parameterized with o / x5 =
Beam size: (¢ B)!2
Divergence: (& /B)1/2 g2 = <x2><x'2>—<xx'>2

Squeeze on beam size = increase angular divergence
Beam emittance is not conserved during acceleration -
normalized emittance should be ye
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The Luminosity Issue: Aiming for 2x1034

2
Collider luminosity [cm2s-] is nbN ﬁ
approximately given by L —

where: A

= H
D

n, =bunches /train

N = particles per bunch

fep = repetition frequency

A = Dbeam cross-section at IP

H, = beam-beam enhancement factor

For a Gaussian beam distribution L
luminosity is usually written

2
. nbN ﬁep H
— 4 D
o .0,
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LC Parameter Evolution (1)

status at first LC-TRC

End 1995 E...=500 GeV

TESLA | SBLC | JLC-S | JLC-C | JLC-X | NLC | VLEPP | CLIC
f [GHz] 1.3 | 3.0 | 28 57 | 11.4 | 114 | 140 | 30.0
Lx1033 [cm2s] 6 4 4 9 5 7 9 1-5
Poearn  [MW] 165 | 7.3 | 1.3 4.3 32 | 42 | 24 | 14
Pic  MW] 164 | 139 | 118 | 209 | 114 | 103 | 57 | 100
ye, [x10¢m] | 100 | 50 4.8 4.8 4.8 5 7.5 15
c,*  [nm] 64 28 3 3 3 3.2 4 7.4

Carlo Pagani
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LC Parameter Evolution (2)
status at second LC-TRC

January 2003 E.,=500 GeV

TESLA JLC-C | JLC-X/NLC CLIC
f [GHz] 1.3 5.7 11.4 30.0
Lx1033 [cm2s-1] 34 14 20 21
Ppeam [MW] 11.3 5.8 6.9 4.9
Pre MW 140 233 195 175
Ye,  [x10°m] 3 4 4 1
c,*  [nm] 5 4 3 1.2

Carlo Pagani
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LC Parameter Evolution (3)

second to first LC-TRC comparison

2003 vs. E..,=500 GeV
TESLA | TESLA | JLC/INLC | <JLC/NLC> | CLIC CLIC
2003 1994 2003 1994 2003 1994

f [GHZ] 1.3 1.3 11.4 11.4 30.0

Lx1033 [cm2s] 34 6 20 6 21

Ppeam [MW] 11.3 16.5 6.9 3.7 4.9

Py MW 140 164 195 110 175

e, [x10-8m] 3 100 4 5 1

G,*  [nm] 5 64 3 3 1.2
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ILC Parameters

Carlo Pagani

nominal low N High L

N x1010 2 1 2

n, 2820 5640 2820
€y um - nm 9.6 - 40 10 - 30 10 - 30
B cm - mm 2-04 1.2-0.2 1-0.2

X,y

Oy nm 543 - 5.7 495 - 3.5 452 - 3.5
D, 18.5 10 22

o

§BS Yo 2.2 1.8 7

o, um 300 150 150
Poarn MW 11 11 11

Parameter range established to allow for operational optimization
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The Luminosity Issue: RF Power

Introducing the
J (E cm n b N]Frep )N
centre of mass energy, £ L = H,
dro.o E,,
n bNﬁepE em — L beam
— 77RF—>beamPRF
77RF Is the RF to beam Power Efficienc
d 7 — N Err N H
4 E 7
7Z'Ux0y cm

i.e. for a given Ecm

Luminosity is proportional to the RF Power
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The Luminosity Issue: RF Power

Using some rough ILC numbers 7 — (Ecmnberep )N o
B . 4droo E P

E.. =500 GeV Xy T cm

N =2x 10"

P ~2x10 MW

n,  =3000 [ beam™2X

Jrep  =5Hz )
Taking into account conversion efficiencies

77RF—>beam ~60% (SCRF)

Ji PlugPower—RF ~ ~ 90%

It turns out that ~70 MW of average AC Power are required to
accelerate the 2 beams to 250 GeV, achieving Luminosity
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The Luminosity Issue: LEP vs ILC

LEP =44 kHz
frep (E cm n b Nﬁep )N
ILCf,,, =5Hz L = H,
(power limited) 472.O-xo-yEcm

— factor 8800 in L already lost!

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

LEP: o0, ~ 130x6 pm?
ILC: g0, =~ 500x(3-5) nm?

factor of 106 gain!
Needed to obtain high luminosity of a few 1034 cm-2s-"
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Luminosity Issue: intense beams at IP

1 N
L:4 5 (URFPRF) HD
7L cm O'xGy
choice of linac technology: Beam-Beam effects:
- efficiency * beamstrahlung
- available power * disruption
Strong focusing

Beam size comparison at the Interaction Point ° optical aberrations
LEP o0.0,~130x6 um? » stability issues and

Xy tolerances

ILC 0,0, ~ (200-500)x(3-5) nm?2
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Luminosity Issue: Beam-Beam - 1

e strong mutual focusing of
beams (pinch) gives rise to
luminosity enhancement H,

e As e * pass through intense
field of opposing beam, they
radiate hard photons
[beamstrahlung] and loose
energy —> Flat Beam

E, (MV/cm)

s Interaction of beamstrahlung
photons with intense field
causes copious e e ~ pair
production [background]

ISLCO8 - Lecture 1
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Luminosity Issue: Beam-Beam - 2

beam-beam characterised by Disruption Parameter:

2]" NCT O' (o) = bunch length,

z

X,y (0 +0, ) fbeam Jream = focal length of beam-lens

for storage rings,  fieew >> 0, and D, <<1

foralLC, D, 6 ~10+20 hence Jbean <O

Enhancement factor (typically Hy ~ 1.5 + 2) is given by:

HDx,y—1+Di,’{ = J{In( +1)+2In(08'8 ﬂ
1+ D;
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The Luminosity Issue: Beam-Beam - 3

Larger Enhancement
© o

/ =High Luminosity
Disruption

Parameter
Dy
\ Unstable collisions
@ (kink instability)
=tight tolerances on
collision
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The Luminosity Issue: Beamstrahlung - 1

®
e hard ys radiated by
— > intense electric field
= Beamstrahlung

Gives rise to
» average energy loss

« increase in RMS energy spread
in the beams

E, (MV/cm)
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The Luminosity Issue: Beamstrahlung - 2

AL/L

1 ]
0.1} Emission of high-
; energy photons causes
a degradation in the
001F  Egm=800Gev Luminosity spectrum
0.001 | \ o
i Characteristic long low-
| Fom = 500 GeV energy tail
0.0001 - ! .
0.80 0.85 0.90 0.95 1.00

Relative centre of mass energy

Example taken from the TESLA Technical Design Report
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The Luminosity Issue: Beamstrahlung - 3

_ 0,; =0.86 = —*
induced by Beamstrahlung 2myc

rms relative energy loss er’ (E j N?
(o,

2
O, -I—Gy)

we would like to make (o, ay) small to maximise luminosity

and keep (0, +0y) large to reduce dgp

2
y o o

z X

_ . Ecm N2
Trick: use “flat beams” with &, >> ¢ Ops €

Rule:
« make o; large to limit o5 ¢ to few % for background

¢ make O, as small as possible to achieve high luminosity.

For ILC, 558 ~ 2.4%
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The Luminosity Issue: Beamstrahlung - 4

Returning to our L scaling law, and ignoring H,,

LOCURFPRF N |1

L o, )o,
N 5BSGZ
From flat-beam beamstrahlung — oC
Gx ECI’I’I
hence L oc 77RFPRF 53502
E3/2 o

Carlo Pagani 67
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Luminosity Issue: story so far

I o D 53502
3/2
E o

For high Luminosity we need: y

* high RF-beam conversion efficiency 77,

* high RF power P,

* small vertical beam size Oy

* large bunch length o, (will come back to this one)

* could also allow higher beamstrahlung 0, if willing to live with
the consequences

Next question: how to make a small oy, — Damping Rings
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Luminosity Issue: A final scaling law?

I o N rrPrr 050, _ &
E3/2 o y 7/

y

where &, | is the normalised vertical emittance, and £ is the vertical [3-
function at the IP. Substituting:

LOCURFPRF OpsV 0.  MNppbrp |05 |O.

oC

E 1\ & p, E &, \ B,

n,y cm n,y
T

hour glass constraint

,By is the same ‘depth of focus’ [ for hour-glass effect. Hence
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Luminosity Issue: A final scaling law?

I o Neebre | Oss H
E &

cm n,y

D IByzGZ

¢ high RF-beam conversion efficiency 7x¢
» high RF power P

 small normalised vertical emittance &, ,

¢ strong focusing at IP (small ,By and hence small o)

e could also allow higher beamstrahlung oy if willing to live
with the consequences

Above result is for the low beamstrahlung regime where ogs ~ few %
Slightly different result for high beamstrahlung regime
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Luminosity as a function of g,

L (cm—2s-1)

4”103 |
3" 10% |
2" 103 |

17 10%

5 10% —

' 0,=100um

200

400

Carlo Pagani
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Pair Production (1)

The beamstrahlung photons can create e*e- pairs

* Incoherent pair production — arises from photons
scattering off of beam particles
« Multiple channels but typically relatively few pairs ~10°

* Coherent pair production — arises from photon scattering

off collective fields of
the beam %ﬂ 105 ALL Incoherently produced pairs a
E B ethe-H aitler
%a 10° j
® Wlth Y ~ 1, as E 1ood B reit-Wf igner
many pairs as £
beam particles i
E 1 ——— / pT>2D M ew , Theta=150 mrad
E , | | |
Z 0.1 L L e P—— L

—

a n.z 0.4 0.6 0.4

Upsilon (6, =01 mm)
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Pair Production (2)

Pairs are a significant
source of background

* Relatively low energy
particles are given
large transverse
deflections by the
beam fields

* Can be partly controlled
with strong solenoidal
field at the IP but need
to be careful with
detector design to
constrain the particles
and secondary
Interactions

-
-

. Vertex Detector.

1m,

-
. N . ‘
| B
\ .
g
. .
1
'
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Single Bunch Kink (1)

Single bunch kink is a two-stream instability
* Small offsets are amplified by very strong beam-beam forces

Potential limitation at high disruption parameters
* Why high disruption?
* Luminosity expression can be re-written in terms of D,

3
D
| o Pbeam y HD 58 oC D§G§ l
Ecms P 0,
D - o, 2Nr, o,

Yot rog,(ot0o))

» If there is a practical limit on the maximum disruption = luminosity can be
increased by shortening the bunch

* Hard to avoid larger beamstrahlung
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Single Bunch Kink (2)

Single bunch kink due to 1% initial offset between beams

- 50 : . . . . . . S0
. : H : : : H
A0 S P AP 40
30k T 30
o} 0
1o} 10
£ —
S of £
= - y
ok -0
20f -20
T -30
40 : : : : ! : -40
i i ! i i i | -50 ! i i . i i i i 50 i i | i i i i |
B0 -4B0 200 0 200400 800 800 <G00 00 200 g 00 400 BOO 0D go0 600 -a00 200 0 0 s00 60D g00
z, micron 2, micron 2 micron
. S0 50
ol sl
30l st
20l 20p
ol 10b
£
-0 “0F y 4
-20f 20f
a0f
Ll 40}
&0 i ; | i H i i ; 50 ; : : : ; i ; ; 50 i i i i i
‘800 500 400 -200 0 200 400 600 800 n ey o0 200 7 00 a0 &0 80 00 800 400 -200 0 200 s00 600 800
Z, micron Z, micron
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Transverse Wakes: The Emittance Killer!

Alignment tolerance oY, determines the emittance grow

Low frequency is preferred: For a given A¢, oYy Scales as

.I: -3 E cavities _
éY oC acc et tail !?Iet[forms
RMS un f\ f.\ /-\ /\ oscillation
NV B f\f/\f\f\ VYV A
- = | ™ N G
: RN e “head
< % 3 o o N r h Aail
\ N N N r k J U U \ / \ N N Fa r
\VAVAVAY/ \VAVAUAY/
Wake Fields in a TW structure 0 km 5 km 10 km

¢ Bunch current also generates transverse deflecting modes when
bunches are not on cavity axis

¢ Fields build up resonantly: latter bunches are kicked transversely

¢ = multi- and single-bunch beam breakup (MBBU, SBBU)
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Beam Parameters

Requirements:
* High luminosity — set by physics needs
* Low backgrounds (small IP effects)
* Forced to high beam power and small vertical spots

Details of technology determine other limitations
* RF cavities and power sources - 10 mA beam current
* Damping rings > beam emittances and number of bunches
* Bunch compressors - IP bunch length
* Cryogenic systems - duty cycle
» Extensive cost optimization is required to balance systems

Linear collider will push many technological and beam-
physics limits
* Need to have operational flexibility to overcome unexpected problems
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I[P Parameters

IP parameters determine basic beam structure
* Charge per bunch
* Beam power
* |P spot sizes
* All parameters are linked

Luminosity Parameters }

{OI‘IE or two IRs

for 500 GeV
for 1 TeV

RF Gradient

Laser-straight or terrain
following linac

Cavity Shape }

{single tunnel

Main linac tunnel

[two tunnel with access Damping ring location }

configuration
[two tunnel no access
{cnnvenﬁanal Damping ring concept

undulator

positron source 17 km 'dogbone’ }

compton

need for e+ pre-DR }
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Linear Collider Parameters

Model for linear collider design!

Multi-bunch
Wake

Bob Palmer
1990

380
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ILC Parameters for L =2 x 1032 [cm™2 s-1]

nominal low N High L
x1010 2 1 2
2820 5640 2820
um - nm 9.6 - 40 10-30 10 - 30
cm - mm 2-04 1.2-0.2 1-0.2
nm 943 - 5.7 495 - 3.5 452 - 3.5
18.5 10 22
% 2.2 1.8 7
o, um 300 150 150
Pbeam MW 11 11 11

Parameter range established to allow for operational optimization
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ILC Parameter List as in the RDR

Nominal Low N Large Y Low P

Repetition rate frep (Hz) 5 5 5 5
Number of particles per bunch N (1019 2 1 2 2
Number of bunches per pulse ny 2625 5120 2625 1320
Bunch interval in the main linac ty (ns) 369.2 189.2 369.2 480.0
in units of RF buckets 480 246 480 624
Average current in the main linac Tyve (MA) 9.0 9.0 9.0 6.8
Normalized emittance at IP ~ver (mim-rad) 10 10 12 10
Normalized emittance at IP Y€y (mm-rad) 0.04 0.03 0.08 0.035
Beta function at IP 3 (mm) 20 11 11 11
Beta function at IP 3, (mm) 0.4 0.2 0.6 0.2
R.m.s. beam size at TP oy (nm) 639 474 474 474
R.m.s. beam size at 1P o, (nm) 5.7 3.5 9.9 3.8
R.m.s. bunch length o, (pm) 300 200 500 200
Disruption parameter D, 0.17 0.11 0.52 0.21
Disruption parameter D, 19.4 14.6 24.9 26.1
Beamstrahlung parameter T pve 0.048 0.050 0.038 0.097
Energy loss by beamstrahlung 0Bs 0.024 0.017 0.027 0.055
Number of beamstrahlung photons Ty 1.32 0.91 1.77 1.72
Luminosity enhancement factor Hp 1.71 1.48 2.18 1.64
Geometric luminosity Lgeo 1031 /em? /s 1.20 1.35 0.94 1.21
Luminosity £ 10%**/cm? /s 2 2 2 2

Carlo Pagani 81 ISLCO8 - Lecture 1

Oak Brook, October 20, 2008



Superconducting RF Linac Technology

SCREF Linac
Technology

coupler
coaxial coupler
cavity#$1 ——
—E
— -
LLRF . % E
- HOMs
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SRF before TESLA /ILC

:

Saclay

Argonne Upgrade

Florida State
U Washington

Stony Brook

Argonne

/

Karlsruhe

)

11:!60 1965 1970 1975 1980 1985 1990 1995 20¢(

Year
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The TESLA Mission

Develop SRF Technology for the future Linear Collider
Basic goals on SRF Technology

* Increase gradient by a factor of 5: from 5 to 25 MV/m (Physical magnetic field limit for
Nb is ~ 180 mT)
» Push cavity performances close to the physical limit, understanding practical limits
» Set all the required quality control for reproducibility and industrial production
* Make possible pulsed operation: Lorentz force detuning
« Combine SRF and mechanical engineering in cavity design
» Develop efficient Modulators and Klystrons
» Develop slow and fast tuners

» Develop appropriate couplers
* Reduce cost per MV by a factor 20: to make the LC feasible
* New cryomodule concept for cryolosses, cost and filling factor (for real estate gradient)
» All subsystems designed for large scale production
* Reliability and quality control as a general guide line

Basic goals on Machine Design
* Design a Linear Collider based on the Cold Linac peculiarities
 Maximize Luminosity and optimize cost for a given plug power
* Design and quote major subsystems: DR, Positron Source, BDS, etc.
* Put all together in a consistent TDR, including cost estimation

ISLCO8 - Lecture 1
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Optimized Cavity Design and Rules

Major contributions from: CERN, Cornell, DESY, CEA-Saclay & INFN-LASA

Bulk Nb, 9-cell, 1.3 GHz

&t P!!.

FOM ':upler

\H’T\ ’“ \%‘;' rx KT\ q
.

i
ALALALALALA L“’#{Lp Preparation Sequence

Eddy-current scanning system for niobium sheets Cleanroom handling of niobium cavities

T 1<l

HON, cnupler ‘

pawer coupler - Niobium sheets (RRR=300) are scanned by eddy-currents to detect avoid foreign
material inclusions like tantalum and iron
- Industrial production of full nine-cell cavities:
TESLA cavity parameters - Deep-drawing of subunits (half-cells, etc. ) from niobium sheets
- Chemical preparation for welding, cleanroom preparation
R/IQ 1036 \Y; - Electron-beam welding according to detailed specification
- 800 °C high temperature heat treatment to stress anneal the Nb
Epea/Eace 2.0 and to remove hydrogen from the Nb
- 1400 °C high temperature heat treatment with titanium getter layer
peak/Eacc 4.26 mT/(MV/m) to increase the thermal conductivity (RRR=500)
AfIAI 315 kHz/mm - Cleanroom handling:
- Chemical etching to remove damage layer and titanium getter layer
K orentz ~-1 Hz/(MV/m)? - High pressure water rinsing as final treatment to avoid particle
contamination
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TTF infrastructure at DESY

125 m

Lompressors

Mechanical
Workshap

He-Purifier ~10'm

TTF as operated for SASE FEL
& baam
bunch

& beam
diagnostios RF gun

diagnostics

undulator comprassor

photon beam superconducting accslerator modules pre-

dlagnostics accelerator
250 120 16 4
MeV MeV MeV MeY

ISLCO8 - Lecture 1
86 Oak Brook, October 20, 2008

Carlo Pagani



Chemistry, HPR and String Assembly
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The ILC Linac Technology: Cavity

The TESLA resonator
* Nb 9-cell, operated at 2 K temperature
* 1.3 GHz frequency, TM,,, EM mode
* Typical nominal Q, 2 1010
* E.__of 31.5 MV/m for ILC, 35 MV/m

acc

for qualification tests
* Q_ of 10° and Afcyyym ©f 370 Hz with

ampl.

~— fjl| —|+—— flat-top —————

accelerating voltage

\ incident power \
beam pulse

beam and coupler

Pulsed operations
* 5 Hz repetition rate, 1.6 ms pulse length
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cavity detuning
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The Existing FLASH at DESY

collimator undulators

FEL
compressor compressor experimental

4 MeV 150 MeV 450 MeV 1000 MeV S
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TTF-FLASH Cryomodule Performances

35
mra
ILC |
30 o g =
— *
£ u
S 25 — * »
2 XFEL—& S
f=
% 20 L
© | M Cavity average
o . .
E 15 # Operational in FLASH
h=.
®
210
o
5
0

Oct-95 Mar-97 Jul-98 Dec-99 Apr-01 Sep-02 Jan-04 May-05 Oct-06 Feb-08

A more flexible RF Distribution System will allow higher operation gradient
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RF to transfer Energy to the Beam

To give energy to a charged particle beam, apart from “details”, you need
to let him move across a region in which an electric field exists and is
directed as the particle motion.

AEparticle :j F:Lorentz -ds = q j E v dt

In the accelerator world RF takes care of all the variety of items that are
required to accomplish this task of creating a region filled of
electromagnetic energy that can be sucked by the beam while crossing it.

An “RF power source” is used to fill, via a “coupler”, the “RF cavity”, or
resonator that is the e.m. energy container from which the beam is taking
Its energy.

What we ask to a good cavity?

High Q for losses: U Small R, for high Q: G

e U = stored energy = * R, = surface resistance Q — R

s P, = dissipated power s » G = cavity geometrical factor S

ISLCO8 - Lecture 1

Carlo Pagani 91 Oak Brook, October 20, 2008



Cavity lumped circuit model and Rq

® A cavity at the fundamental mode has an equivalent resonant lumped circuit

® O determines the
frequency band 4f

Jo

Af =
fQ

1 w, = 27,
AT JLC p2
Pdiss e
I 2R
4
— ® R proportional to Q
|3dB determines P, RocQ
® R depends inversely 1
from the cavity R, R oc—
T through a geometrical R,
;fo Af 7 factor

® |In practice, for a given geometry and a given accelerating field the surface R

resistance R plays the crucial role of determining the dissipated power,
that is the power required to sustain the field

Carlo Pagani
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Acceleration inside an ILC Cavity

¢ An electromagnetic field is resonating inside the “cavity”. The electric field inverts
its direction according to the frequency determined by the cavity resonator shape.

¢ If the charged particle beam has the proper synchronism, moving from one cell to
the other it sees always the field in the right direction and gains energy: E_.;, = qxV

Electric Field

plck up

11
|

gain —

HOM coupler

NTVTVTY

Particle

- v
: 111
-

=) BT ¢
= |
— | =
= Rl G

115, 4mm

> i<
>

AL
(pmic?)

) g (s,) s s

103 6mm

1256mm
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Maxwell Equations and Waves

Electromagnetic fields are
described by N
Maxwell Equations VX E=—"2
that in empty space are: Ot

From Maxwell Equation we obtain the Wave
Equations for Electric and Magnetic Fields

= -

E| 10 |E 1
V2<_,>— > az<_>>:0 where: ¢ =

\BJ c” Ot \B) \ Hoéo
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Planar Wave: Pictorial View

Planar wave in empty space: no acceleration is possible

The energy transport per unit area is
described by the Poynting vector S

Flectromegnetic weves transport !
enangy through emply space, sioned st -1 - -
In the propagating eleciis and 3;-! S=—FExB
magnetic fiekis. -
/ ILIO
<
" Blec e cm— | 8y fﬂmn:izﬁmmi;
3§ & et variation o Enply Mo =memeRepemmestiny
Megnietic fisd A (i
m“'uil';w RE Menatic The Phase velocity V,,, is
v ashertnies ik, 1 H et wariation the velocity of an observer
o sitting at constant phase
[ A7
Group velocity Vgr is the
/i 4 singlefrequency electromagnelic velocity of the energy
«-""/ wave exhibiis a mesEedal varaion propagation
/ of elecinc and magnelc flelds n
SOA0E, = =
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Bounded Solution, Perfect Conductor -1

Apply some kind of boundaries in x and y, so that non-zero x and y
derivatives of the electric field can cancel z derivative (i.e. permits non-

zero E, _ while still obeying Maxwell).

Try a conducting pipe of radius b, L
oriented along z axis:

— . ~_i(wt—kz) _> 17 i(wt—kz)
E=Ee = H e
ik e k?
This time vectors E, and H, are functions of Oz B ' 072 B
transverse coordinates x and y (or r and 6) but not z P Y.
or t. Thus we can simplify some derivatives: — =+, —5 = —
ot t
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Perfect Conductor Solution - 2

Using cylindrical coordinates we have,

=]

!
Il

o

* at the boundary, i.e. at r=b, the normal component of B and the tangential
component of E are continuous.

* if the conductor is perfect, then within the conductor the electric and magnetic
field are identically zero. Thus at 7=b, H, E_ and E,= 0.

* since E,=0, the 6 component of the magnetic curl equation must go to zero.

OH

or

-l
X
my
I
o

In total E,=FE =H = =0

With some algebra and canceling the common complex -1 8 - .

. VZE _ = E i(ot—kz)
component (time dependence) we get from the wave = —8t2 0€
equation the longitudinal electric field: ¢

Where: J, are the Bessel functions

E,, = Zaan (k,r)cos(nf+6,)

2
n=0 kc

2
& 2
( 2 —k )
C
n must be is an integer
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Perfect Conductor Solution - 3

Because: £_=0 @ r=b, ty '16-!
X

We can set: k.b =z, , where z, is the p’ zero of J,.
As aresult: k. > 0

E,, = Z Z a,,J, (kc'npr) cos(nd + an)

p=1n=0
2 .
P Zwp a)——kz k? > (0 because k must be real for propagation VZE:ia_ZE o)
o h c2 and for k=0 we have the cutoff frequency: ot
Z o > o, Traveling wave: propagation
W =C— =0 Cutoff frequency
c,n C ’
P b o < w,. Evanescent wave: can’t propagate

But we also get the phase and the group velocities:

2 2
® , @ 0w \/a) — .
vph:;: C -|—k2 >C Vgl’:_ﬁk =C- LcC
@
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TM and TE Modes

A similar solution is available for the magnetic field vector B

In general a wave with a given phase and group velocity cannot have both a longitudinal
electric field and a longitudinal magnetic field!

Waves with H,,, = 0 are called TM (transverse magnetic) modes; waves with £,

= 0 are called TE (transverse electric) modes. Usually the modes are referred to
with their index numbers, TE, or TM

TMO1 mode has nonzero £, E,, H, components only

Table 3 Mode Patterns in Circular Waveguide.
Wave Type TMp, Mg

Field distributions
i eross-sectional
plane, at plane of
maimum trars-
varse fields

ri o Distributons
bedcw along

R HWER K
Fiad distnbutions :E\t.k_‘ J' =
along guide J' — ":T_'I_.:“
LGS
Field comporerts
presgrﬁ EZ- Er= H¢
793

83B8AZ13
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Real Accelerating Structures: Cavities

Imposing boundary condition in the longitudinal direction, z, we have for each mode
(for example the TM,,) two waves: rightward-propagating (+z) wave and a leftward-
propagating wave The combination can give a wave with phase velocity v, = C

Traveling wave structure

%

P

,~Cand Vg<c

Carlo Pagani

Standing wave structure
Vph =(0and Vg =10

YA SIS LIS S 2SS S5
Electric field
——— Maghnetic field

LTSS LIS LSS LSS A, 22

Yz,
]
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The ILC technology choice

Standing wave: Vyp = Oand v, =0 Remembering that the power dissipated on
the cavity walls to sustain a field is:

R
P = " j H zdS standing wave case

2 S

a pulsed operation is required to reduce the
time in which the maximum allowable field is
produced to accelerate the particles

forILC: f =1.3GHz

The power is deposited at the operating
temperature of few K

We need to guarantee and preserve the 2 K 1.0E-03
environment L omon
® Cavity is sensitive to pressure variations, /

only viable environment is sub- HOE05 / —K

atmospheric vapor saturated He Il bath 1.0E-06 - / —a2K
We need a thermal “machine” that performs T
work at room temperature to extract the heat 1.0E-08
deposited at cold

® We can’t beat Carnot efficiency!

Ratio between Nb and Cu Rs

0 500 1000 1500 2000 2500 3000
f [MHz]

» Cryogenics and cryomodules
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ILC Positron Capture Cavity Prototype

Power with 5 MW, 1 msec pulses
to produce 15 MV/m gradient
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Linear Colliders are pulsed

All LCs are pulsed machines to improve efficiency. As a result:
e duty factors are small
* pulse peak powers can be very large

0.2 pys+1ms
li

<10-200 ms——» RF Pulse

l

< 100 m - 300 km > .
Bunch Train
...... 33— <1+300 nsec—>_ D

gradient

<— with further input .
Beam Loading

\ <+ without input

accelerating field pulse:

|H_J
filling loading
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How iIs spent the cold advantage?

The gain in RF power dissipation with respect to a normalconducting
structure is spent in different ways
. . . Wzgn_n
Paying the price of supplying coolant at 2K T

* This include ideal Carnot cycle efficiency ’

¢ Mechanical efficiency of compressors and refrigeration items

* Cryo-losses for supplying and transport of cryogenics coolants

e Static losses to maintain the linac cold

Increasing of the duty cycle (percentage of RF field on)
® Longer beam pulses, larger bunch separation, but also
e Larger and more challenging Damping Rings

Increasing the beam power (for the same plug power)
e Good for Luminosity
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Cryogenics and Cryomodules

Cryomodaule (it contains several SC Cavities)

It's the building block of all SC accelerators: ILC but also LHC

The cryomodule provides:
* cryogenic environment for the SC active elements
* thermal shielding to mitigate static losses
* structural support

Cryogenics

Refrigeration Plants:

* Transform plug power into cooling power at cryogenics temperatures
« from MW to kW
« from 300 K to few K
« from water to Helium

Distribution and Recovery of cryogenics coolants

ISLCO8 - Lecture 1
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“Cartoon” view of Cryogenic system

To He production
and distribution
system

suoddnsg

All “spurious” sources of _
heat losses to the 2 K Cold mass Penetrations
circuits need to be properly
managed

and intercepted at higher
temperatures

(e.g. conduction from
penetration and supports,
thermal radiation)
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TTF Type 3, the ILC Reference Cryomodule

3'd generation of improvements
Many years of successful operation
Baseline for XFEL and ILC
Reference for others (Project X, etc)
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From the ILC Cryomodule drawings

Vis View Professional - [COMPLETE_ASSEMBLY _T4CM_9 D00000000602203 2. jt]




One ILC Linac RF Unit

Cavity : TESLA shape cryomodule : 3 cryomodules/ RF unit,

31.5MV/m @Q0=1E10 Q-magnet + X&Y correctors 9(B) cavities / cryomodule

(Blade tuner), Piezo tuner, supportpost  + BPM, ( total 26 cavities / RF unit )

TTF3 coupler _incenter of cryomodule, /

% - Q-magnet in every 3 cryomodules /
“'-. : j s .-"#
\-\“- cryomodule connection \\ x'rf cryomodule connection I-“’ff FHEH. Shesriaps
[ \’t\ | | | fimy | i T | 4 | [ | [ ] . l\

Linear RF Power distribution g“w Hine |>( S ﬂPIimr \. cireulator mi"f'x
with circulator & stub or EH tuner for every i stub tuner cqrnehic
cavity input

Bouncer Modulator
Front end electronics

10MW Multi-beam
Klystron,
socket assembly

1:12 Pulse Trans
RF power system limits 33MV/m operation.

RDR configuration
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Standard ILC RF Unit

1 klystron for 3 accelerating modules, 9-8-9 nine-cell cavities each

vector
modulator g Kiystron

N
_l.‘_ _Lr
N < <
\\\l— y

0 b

Mechanical tuner

@ @ (frequency adj.)
stub tuner (phase & Qext) . .
Low and piezo-electric tuner
Lorentz force compensation
Level JL coaxial coupler JL ( P )
RF N\
System — o A
-+ - - 9seee- - --
cavity #1 = cavity #8 —
(
pickup signal
vector sum {
» accelerator module 1 of 3
vector
demodulator
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Some Context for ILC Re-planning

Building close collaboration with XFEL. It will provide all
SCRF development, except high gradient and ILC scale mass
production, including a full systems test in 2013,
Industrialization, etc.

We plan to take advantage of alignments and synergies
where they will exist with US generic SCRF program, Project
X development, etc.

Undertaking steps to integrate linear collider (ILC and CLIC)
R&D efforts, where beneficial to both efforts (meeting on 8-
Feb, 13-May). Examples — sources, beam delivery,
conventional facilities, detectors, costing, .....

© Barry Barish
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SCRF Global Cavity Program

US FY06 US FYOT TDP-1
Americas (actual) (actual) USFY0S USFY09 USFY10| Totals® |US FY11 US FY12
Cavity orders 22 12 10 10 he 10 10
Total 'process and test' cycles 41 f 45 A0 113 Al A0
JFY06  JFYOY
Asia (actual) (actual) JFYDS  JFY09  JFY10 JFY1  JFY2
Cavity orders A I A 24 14 44 34 34
Total 'process and test’ cycles 21 40 fis 45 147 117 117
cYoe  CYOF
Eurnpe (actual) (actual) CY0E CY09 CY10 cYd CY12
Cavity orders ik : 834 ]
Total 'process and test' cycles 14 18 20 A0 {3 380 406
Global totals
Global totals - cavity fabrication| 90 2 i 869 25 103 49 49
Global totals - cavity tests 15 b4 1% 175 | 333 | a1 501

Carlo Pagani
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Plug Compatibility Concept

Proposed in the specification

S
Helium “Yessel Body KEK-STF-EBL KEK-STF-LL \FN [ =T4CM DE=Y—#FEL
Helium Jacket|Material Ti sug|| =— Li Ti
Slot length, mm 1337 1337 1326.7 15682 Typed)
Distance between beam pipe flanges, m 12586 12945 12474 12834
Distance between bellows flanges, mm 724 222 50.49 {cold)
Outer diameter, mm 242 236] \ 2401 J 240
Beam Fipe Flange|hMaterial MhaTi Ti FhTi FRTi
Outer diameter, mm 130 140 140 140
Inner diameter, mm 54 20 a2.8 [apaa]
Thickness, mm 14 175 17.5 175
PCD, holts $113, 16-49 $120, 16-¢9 12, W8 55 studs| 12, WB 55 studs
Sealing \_ Helicoflex kA0 ceal Al Hex Seals| Hexagonal Al ring
Distances betwaen the connection
surface and input coupler axs g2, -1186.6 a1, -12139|| | &06 -11868] | A0A 12225
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ILC-XFEL Plug Compatible Cavity

Cavity with Helium Tank, Tuner and pipe connections
* Plug Compatible with the 3 Regional Infrastructures
* Plug Compatible with the FLASH and XFEL Cryomodules
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Sources of dynamic detuning

The Lorentz force detuning, LFD

* LF on cavity walls shielding currents induced
by EM fields

* um level complex deformation of the cavity

shape
* Scaling as E__ 2

* Depends on both cavity stiffness and on
external stiffness

* Time-varying for pulsed operations
* Repetitive, synchronous to RF pulses

Microphonics, MP

» Stochastic, strongly correlated to He bath
pressure fluctuations

* Low amplitude, about 30 Hz rms

Carlo Pagani 115

Repulsive
magneatic
forces

Attractive
glectrlc
forces

1 2 2
Pr = Z(UUIHI — £ |E|®)
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Slow and Fast cavity tuning

amplitude [a.u]

amplitude [a.u

Open Loop Response

Gradlent
26 MVim
200 KW
X BO kW
v N\\ Ineldent Wave
& [dewning
[ [ ] { o
) 0.5 1.0 e Ime [ms]
Closed Leoop Response
. Gradient
+200Hz e myeniiag, 26 {1/
| LT - ."_,..n“" =
eemen \
BO kW
Ineldent Vave
0]
N\
Af {detuning !
| [ ] |

1Y 08 .0 T8

Carlo Pagani

1
Po=Vacclp [1+ 7 (

2
Afacc)
f1/2

* Biquadratic dependence of RF power overhead

from cavity E_.
* 10 % maximum RF power

overhead (ILC RDR)

to limit the cost of the RF system

RF power overhead w/o ¢

ompensation

ILC pulse, RDR K,’, 31.5 MV/m

+32%

ILC pulse, ACC6 K,’, 31.5 MV/m

+42 %

A fast detuning compen

sation required

500

delta f[Hz]

35 MV/m

500 1000 1500 2000

Time [us]

@ Piezoelectric
M actuators
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10 MW Multi Beam Klystrons

Peak Power Output 10 MW (min)
Ave. Power Output 150 kW (min) 2 65% DC to RF Efficiency
RF Pulse Duration: 1.5 ms (min)

TH1801 by Thales VKL-8301 by CPI E3736 MBK by Toshiba
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ete— Sources

Requirements:

* Produce a huge number of
particles/second

* produce long bunch trains of
high charge bunches

e with small emittances

* and spin polarisation (needed for
physics)

Remember L scaling:

Carlo Pagani 118

~1074 e* and e per second

~3000 bunches of few nC

@ 5 Hz
Enxy ~ 10°,10° m

mandatory for e, nice for e*

2
n, N

.

L oc
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e- Source: Laser driven DC Gun

* laser-driven photo injector

e circularly polarised photons on
GaAs cathode
— long. polarised e~

A =840 nm

electrons

* laser pulse modulated to give o0 mm|
required time structure v

* very ultra high vacuum
requirements for GaAs (<101 ‘
mbar) 120 kv

* beam quality is dominated by
space charge

(note v ~ 0.2+0.4 ¢)
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e- Source: pre-acceleration

E=12 MeV E =76 MeV

to DR inector linac

® SHB = sub-harmonic buncher. Typical bunch length from gun is ~ns (too long
for electron linac with f~ 1.3 GHz, need tens of ps)

® High-brightness RF guns as used in light sources would be significantly better,
but vacuum conditions are generally to poor for polarised gun (cathodes)

® SC RF is an option — but remains an R&D project
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ILC Electron Source

SHB  Buncher |---- RT Pre-Accelerator----| Lljiz:e;\ligt?cusrrls%ction)
. . _ 12 MeV / m 9
Laser \ X XI X X X Diagnostics

XX
P ¥ IR s
X X X[X|X

o0 00O 00

Laser ?}ggggg
XX __/ s
"’i’ A M{rﬂ =N

X XXX KX

120 keV 12 MeV 71 MeV

‘Klystron 10 MW Q Spare Klystron 10 MW
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et Source: undulator-based

Beam further accelerated
to 250GeV

e+e- pairs

N|s|N[s Nis|Ns|N/s
ENENEEERERE —3VeV photons

Undulator (~100m)

150GeV e-
from Main Linac

0.4X rotating target
* SR radiation from undulator generates photons (~ 30 MeV)

* no need for ‘thick’ target to generate shower

* thin target reduces multiple-Coulomb scattering: hence better emittance
(but still much bigger than needed, ~ 10-2 m)

* |ess power deposited in target (no need for mult. systems), ~ 5 kW
* Achilles heel: needs initial electron energy > 150 GeV!

* Other possibilities to generate high-energy photons: Compton scattering
of laser beams
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Damping Ring Emittances (1)

Detalls in Lecture 3

* See also M. Sand, “Physics of Electron Storage Rings,” SLAC-121 (1972).Two
competing processes: radiation damping and quantum excitation

Radiation damping:

* Longitudinal phase space

« Higher energy particles radiate more energy than low energy particles in
the bends

» Transverse phase space

« Radiation is emitted in a narrow cone centered on the instantaneous
direction of motion
— Transverse momentum is radiated away
« Energy is restored by the RF cavities longitudinally

« Combined effect of radiation and RF is a loss in transverse momentum
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Damping Ring Emittances (2)

Quantum excitation
* Radiation is emitted in discrete quanta

* Number and energy distribution etc. of photons obey
statistical laws

* Radiation process can be modeled as a series of “kicks” that excite
longitudinal and transverse oscillations

Start to oscillate
about nominal
trajectory

Low E

Nominal Trajectory
Trajectory AE=0
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Damping Ring Emittances (3)

Quantum excitation occurs in the horizontal plane

Two effects determine the vertical emittance:

* Opening angle of the SR — typically limits at about 10% of design
emittance

* Alignment errors which couple the horizontal to the vertical
« Vertical bending due to orbit errors

« Skew quadrupole fields due to quadrupole rotations or vertical sextupole
misalignments

» Tolerances are very tight — frequently a few microns

Combined effect of radiation damping and excitation:

&inj = Injected emittance
Eequ — €quilibrium emittance
T = radiation damping time

(2]‘: =g e—2t/r equ (1 e 2t/r)
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Issues in the Damping Rings

Emittance tuning and error correction

* Orbit correction and component stabilization
Injection/extraction of individual bunches

» Kicker rise/fall time — very large rings to store 3000 bunches
Dynamic aperture

* Long wigglers needed if the ring is too big
Single-bunch intensity

¢ Tune shift by self-Coulomb force (space charge)
Instabilities (mainly average current)

* Electron cloud instability

* Fast ion instability

» Classical collective instabilities

Rings operate in a new regime with fast damping and very small beam
emittances
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Layout of the positron Damping Ring

e+ Arc 2 (818 m)

wiggler
short straight A (249 m)

wigagler

short straight B (2429 m)
‘shafﬂlarge cavern A

8 RF cavities

Arc 1 (818 m) Arc 3 (818 m)

injection long straight 1 (400 m) long straight 2 (400 m) extraciion
=y —_— o
small cavern 1

small cavern 2

Arc 4 (818 m)

10 RF cavities

short straight D (249 m) shaft/large cavern C’

short straight C (249 m)
wiggler

wiggler

Arc 5 (818 m)
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Bunch Compressors

Bunch lengths in damping rings are ~1cm
* Seen that for high luminosity, would like short bunches at the IP

Compress bunches in magnetic bunch compressors after the damping
rngs
* Three problems:

« Magnetic bunch compressors operate by bending the beam - synchrotron radiation
can dilute the beam emittances

— Normalized emittance growth scales as y° in transport line

« Longitudinal phase space is conserved - shortening the bunch length will increase
the energy spread

— Large energy spread in the linacs makes preserving the beam emittance more
difficult Ae ~ (AE/E)?

« Longitudinal nonlinearities make compressing by more than 10~20x difficult in any
single stage
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Magnetic bunch compression

AEE AEE AEE
| Over-

|‘7 20}04’|

-

Under-

sion compression

compression

V="Vysin(w) Az = R AEVE
RF Accelerating Path Length-Energy
Voltage Dependent Beamline
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ILC BC Solution

Want capability of compressing from 6mm - 150 um

Factor of 40 too large for a simple single-stage system

* Dual stage system:
« Compress just after damping ring at 5 GeV by ~6x
« Compress again at ~15 GeV point by another factor of ~8x

+ Provides large operating range while limiting the energy spread in the linacs - less
emittance dilution than in a single-stage

Bunch compressor system also includes:
* Transverse and longitudinal collimation
* Spin rotation

» Skew correction to correct errors from damping ring or in the spin rotation
system

* Extensive diagnostics before launching the beam into the linac
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Linac Beam Dynamics

Main issues in the linac are:
¢ Short-range wakefields

* Dispersive emittance dilutions

Superconducting linac has relatively loose tolerances for wakefield
dilutions

» Cavity alignment at the 300 um level

Need to be careful on alignment at the low energy ends of the linac due to
the dispersive dilutions

* Must align the quadrupoles at the 25 um level to avoid dispersive dilutions: Ag
~ (AE/E)?

* Requires beam-based alignment
techniques
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Beam Delivery System
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Linac Parameter Trades

Linac
(relaxed within limits)

Damping Ring IR (IP)
(sources) Beam extraction

© Nick Walker, Showmass 2005
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RDR Design Parameters

Max. Center-of-mass energy 500 GeV
Peak Luminosity ~2x1034 1/cm?2s
Beam Current 9.0 mA
Repetition rate 5 Hz
Average accelerating gradient 31.5 MV/m
Beam pulse length 0.95 ms
Total Site Length 31 km
Total AC Power Consumption ~230 MW
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ILC Value — by Area Systems
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The Main Linac

Subdivision Length (m) Number
Cavities (9 cells + ends) 1.326 14,560
Cryomodule (9 cavities or 8 cavities + quad) 12.652 1,680
RF unit (3 cryomodules) 37.956 560
Cryo-string of 4 RF units (3 RF units) 154.3 (116.4) 71 (6)
Cryogenic unit with 10 to 16 strings 1,546 to 2,472 10
Electron (positron) linac 10,917 (10,770) 1 (1)

Costs have been estimated regionally and can be compared.

¢ Understanding differences requires detail comparisons — industrial
experience, differences in design or technical specifications, labor

rates, assumptions regarding quantity discounts, etc.

Important experience is expected from the European XFEL that is a
1/10 scale prototype of each of the two ILC Linacs
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ILC Facility Overview

i =

Lmear 00lllder Faclllty e

- e
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Mam Research Center
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Two tunnels
+ accelerator units
« other for services - RF power
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The ILC Linac in a Double Tunnel

penetrations

* Three RF/cable penetrations every rf unit
» Safety crossovers every 500 m
» 34 kV power distribution
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Summary of Conventional Facilities

72.5 km tunnels ~ 100-150 meters underground
13 major shafts > 9 meter diameter

443,000 m3. underground excavation: caverns,
alcoves, halls

92 surface “buildings”, 52,000 m?
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ILC — Global Design Phase

2005 2006 2007 2008 2009 2010

Global Design Effort Project >
| | |

‘ Baseline configuration
‘ Reference DeS|gn

Engineering Design

— ILC R&D Program

© Barry Barish Expression of Interest to Host

30 May 2007 .
> - International Mgmt
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ILC site power: ~ 230MW

Main Linacs Sub-Systems
140 MW 90 MW

RF
Injectors

Cryogenics: Damping rings

40 MW
BDS
Auxiliaries
60%
. ._a Beam Power

22 MW
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TeV Scale Lepton Collider Strategies

Carlo Pagani 142

The LHC Ereact.<< 2Ebeam i Gluon-Gluon Collision
* will lead the way and has large reach

* gluon-gluon, quark-quark and quark-gluon collisions at 0.5 - 5 TeV
* Broadband initial state

Complementary lepton collider for precision measurements

The ILC is the choice based of the expected LHC physics discovery
* A second view with high precision
* Electron-positron collisions with fixed energies, adjustable between 0.1

and 1.0 TeV O > * < ®

* Well defined initial state © £ - =26, ©

react. ~ —c.m.

If LHC physics demands a > 1 TeV machine, a different lepton collider is
required and 2 are the options presently under development

* CLIC that may be the answer with a longer time scale, depending on “feasibility”
study (ILC + 5+10 years for E_, < 3 TeV)

* Muon Collider that is also a long term possibility, if “FEASIBLE” (ILC + 15 years for
for E.,,, <4 TeV)
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Aim of the CLIC study

develop technology for e-/e+ linear collider with the requirements:

® E.., should cover range from ILC to LHC maximum reach and beyond =
E.m = 0.5-3 TeV, (some physicists keep saying that 5 TeV would be better)

® [ >few 103 cm-2with acceptable background and energy spread
® Ecyand L to be reviewed once LHC physics results are available
® Design compatible with maximum length ~ 50 km

¢ Affordable

® Total power consumption < 500 MW

Physics motivation:

"Physics at the CLIC Multi-TeV Linear Collider: report of the CLIC Physics
Working Group”, CERN report 2004-5

Present goal.

Demonstrate all key feasibility issues and document in a CDR by 2010
(possibly TDR by 2015)
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CLIC Two-Beam scheme

Drive beam - 95 A, 300 ns
from 2.4 GeV to 240 MeV

POWER EXTRACTION
STRUCTURE

CLIC TUNNEL
CROSS-SECTION

ACCELERATING > 12 GHz - 140 MW

STRUCTURES

Main beam -1 A, 200 ns BPM
from 9 GeV to 1.5 TeV

© R. Corsini

4.5 m diameter
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RF injection in combiner ring
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The combiner Ring of CTF3
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ILC/CLIC Cost comparison

This pictorial graph want to show that, above a certain Centre of mass
Energy, the CLIC Technology should be less costly than the ILC one. At the
few TeV scale this possible advantage could became the decision driver

=

/ cLic
E—
—

Cost (arbitrary scale

Energy (arbitrary scale)
© J.-P Delahaye
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Muon Collider

Some properties of the muon, |
* s an elementary particle: a fermion (matter constituent) of the lepton family
* has negative electric charge and spin 2, as the electron
* has a mass of 105.7 MeV/c2, which is 206.7 times the electron mass.
* |s not stable, having a mean life time of 2.2 us

Some of the Muon Collider Issues |
Produce th ired | ¢ AecElEr-
* Froauce e required large amoun .
. J Helical ation
of muons
Cooler

* Cool them at the necessary small

. ) Bunch Ring 2
emittance (value less stringent but Merger [~Cooler Collider IN
DR concept not applicable) O g

* Accelerate them very fast to have a Li Lens
longer life time in the lab frame Pre Accel [| Cooler
* and finally let them collide in a ring -erator '

for at least a thousand of turns g
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Summary

The Physics Case must be proven by the LHC

Basic beam parameters are determined from the luminosity
requirements

* |LC design then follows trying to meet those requirements

* CLIC and Muon Collider are also trying to do the same

Constrains arise from:
* |P physics (luminosity, beamstrahlung, disruption, depth of focus)
* Damping rings, bunch compressor and positron source
» Superconducting RF Linac Technology for ILC

* The complex of new sophisticated technologies for CLIC and Muon
Colliders
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