,Egy az Isten (CERN) és LHC az O préfétaja.”

ACCELERATORS

G. Vesztergombi

HTP2007, Geneva
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Build your own Accelerator

;T Ekin= 1.5eV =

2 615 596 km/h

Even the longest journey is started by the step (e\V)Mum

14 TeV = 10 000 000 * 1 000 000 * 1.4 eV



CERN gyorsitdo komplexuma
4
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SCIENCE between WAR and PEACE

Mar a gorogok......... Archimedes died in of Syracus

Galilei...”"On 8 August 1609, he invited the Venetian Senate to examine his
spy-glass from the tower of St. Marco, with spectacular success: three days
later, he made a present of it to the Senate, accompanied by a letter in which
he explained that the instrument, which magnified objects nine times would
prove of utmost importance in war. It made it possible to see ‘sails and
shipping that were so far of that it was two hours before they were seen with
the naked eye, steering full-sail into the harbour’ thus being invaluable against

. ... The grateful Senate of Venice promptly doubled Galilelo’s
salary ... and made his professorship at Padua a lifelong one.

It was not the first and not the last time that , that starved
cur, snapped up a bone from the warlord’s banquet.” A. Koestler: The
SLEEPWALKERS p.369.

L. Szilard, A. Einstein, Oppenheimer, E. Teller....



SPEECH DELIVERED BY PROTESSOR NIELS BOHR
OF THE OCCASTON OF [HT INAUGURATIUN OF THED CERN PROTON SYNCHROTRON

0N 5 FEBRUARY, 1960 FPresa Relesae PR/G56
12 February, 1960

I+ may perhaps seem odd that apparatus as big and as

complex &3 our gilgantic oroton ﬁyaghgﬁyzgﬂ iz needed for the
investigation of the ggallest obiecte we kpow gbout, However,

Just =8 the wave features of light prepagation make huge telescopeas
necesrary for the measurament of small angles betwsen rays from
distant stara, ao the rery character of the laws governing the
properties of the many e W wiioh have been
discovered in recent years, and es peaially their tranemutations iwn

vlaﬁert collisions, oan ﬂFlj be studied by using a;gm;g_ni;ﬁlglgﬁ

L& immen . 5, Antually we are here confronted
with most challenging probleme at the border of physical knowledge,
the exploration of which promizes to give us a deeper understanding

of the laws resEcnsible for the Very gxistonce and stahilitz af

metter.

All the ingredients are there: we need high energy particles
produced by large accelerators to study the matter constituents and

their interactions laws.

Small detail... Bohr was not completely right, the “new” elementary
particles are not elementary but mesons, namely formed by quarks



http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/debrog2.html

A convenient form for the DeBroglie wavelength expression is

=— pe = 2+ KE* mye*

where hc = 1239.84 eV nm and pc is expressed in electron volts.

This is particularly appropriate for comparison with

photon wavelengths since for the photon,

pc=E and a 1 eV photon is seen immediately to have

a wavelength of 1240 nm. For massive particles with kinetic
energy KE which is much less than their rest mass energies:

For an electron with KE = 1 eV and rest mass energy 0.511 MeV,

the associated DeBroglie wavelength is 1.23 nm, about a thousand

times smaller than a 1 eV photon. (This is why the limiting resolution

of an electron microscope is much higher than that of an optical microscope.)



DeBroslie
Wl unglh

_h
A=

Doas this relatiohship apply to all particles? Consider a pitched

baseball:
10710

@ — ¥ = 40 m/s = 90 mi/hr Atomic
dHamneter

— -H B
m=0.15kg o _ h - 6626x10°Js _ 11410 m 1414

my (0.15 kg)(40 m/s) NucTear

[Hamatsr

For an electron accelerated through 100 Yolts: v=30.9 3 10% m/s

A= 6626x 1034 =1.2x 100 = 0.12 nm
(9.11 % 107 kg)(5.9 x 10° m/s)

This 15 on the order of atomic dimensions and 1s much shorter than the
shortest visible light wavelength of about 399 nm.




The Compton wavelength * of a particle is given by

h h
A= — = 21—
e e

where j is the Planck constant, m is the particle's mass, ¢ is the speed of light.

The CODATA 2002 value for the Compton wavelength
of the electron is 2.4263102175x10-12 meter with a standard uncertainty
of 0.0000000033x%10-12 m.['l Other particles have different Compton wavelengths.

The Compton wavelength can be thought of as a fundamental limitation

on measuring the position of a particle, taking guantum mechanics and
special relativity into account.

This depends on the mass ™ of the particle. To see this, note that we can
measure the position of a particle by bouncing light off it - but measuring
the position accurately requires light of short wavelength. Light with a

short wavelength consists of pt}otons of high energy. If the energy

of these photons exceeds ™ | when one hits the particle whose position
is being measured the collision may have enough energy to create a

new particle of the same type. This renders moot the question of the
original particle's location.

This argument also shows that the Compton wavelength is the cutoff

below which quantum field theory— which can describe particle creation

and annihilation — becomes important.




We can make the above argument a bit more precise as follows. Suppose we wish
to measure the position of a particle to within an accuracy A

Then the uncertainty relation for position and momentum We can make the above says that

AxAp = h/2

so the uncertainty in the particle's momentum satisfies
h
2A0x

Ap =

Using the relativistic relation between momentum and energy, when Ap exceeds mc
then the uncertainty in energy is greater than me” , Which is enough energy to create
another particle of the same type. So, with a little algebra we see there is a fundamental limitation

h

— 2me

Ax

So, at least to within an order of magnitude, the uncertainty in position must be greater than
the Compton wavelength h /mec

The Compton wavelength can be
on the momentum of a paiticle an
in guantum mechanics.

For fermions, the Compton wavelength sets the cross-section of interactions. For example, the
cross-section for Thomson scattering of a photon from an electron is equal to

(8:'1'/3)@2)&3

ntrasted with the de Broglie wavelenqth which depends

PRS- E— ~LC L. & - ~

detellllllleb the cutoff between pd cle and wave behavior

CoO
A
rna

where ¢ is the fine-structure constantand ~ A.  is the Compton wavelength of the electron.
For gauge bosons, the Compton wavelength sets the effective range of the Yukawa interaction:
since the photon is massless, electromagnetism has infinite range.




CREATE NEW PARTICLE requires ENERGY

elektron positron pair E>1 MeV

antiproton E > 4 * proton mass

Z weak-boson E > 90 proton mass

WW weak-boson pair E > 160 proton mass

Higgs-boson (if about 120 GeV/c? ) E > 220 proton mass



Why particle accelerators ?

¢ Why accelerators: need to produce under controlled conditions

HIGH INTENSITY, at a CHOSEMN ENERGY particle beams of GIVEN
PARTICLE SPECIES to do an EXPERIMENT

¢ An experiment consist of colliding particles either onto a fixed target
or with another particle beam.

¢ The cosmo is already doing this with different mechanisms: while | am
speaking about 66 107 particles/cm2/s are traversing you body, with
this spectrum before being filtered by the atmosphere.

The universe is able to
accelerate particles up to
10 MeV protons

(See cosmology lectures)

5wl e o o e P e !

L T R I T T T T
_.|I||I|I [l 1 Y T

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




How an accelerator/collider works

® An accelerator is composed by a sequence of elements which form

the machine LATTICE. The elements generate either a magnetic or
electric field that can be varying in time.

¢ Everything is governed by the LORENTZ force:
F(t) =q (B(0) + () 2 B(1))

/ | \
Electric field Magnetic field
accelerates confines particles on

particles a given trajectory

Particles
of different energy
(speed) behave
differently




Basic concept 1 — why we need magnets

Lorentz force
The force F acting on charge q in fields E and B

F=qg(E +v xB)
Units Force F newton
Electric field E Vim
Magnetic field B tesla
Velocity v m/s

Accelerators — control of beams of particles
Detectors — identification of particles by measuring tracks

Superconducting Magnets 12
Summer 20086 Tom Taylor



How to get protons: duoplasmatron source

Protons are produced by the ionization of H:
plasma enhanced by an electron beam

Expansion cup

. B
il -
T ] —

|

To Linac

Electron cathode Plazsma chamber

" Proton exiting from the about | mm? hole have a
speed of 1.4 % ¢, =4000 km/s

The SPACE SHUTTLE goes only up to 8 km/s

Back of the source




Wideroe linac: the first linear accelerating structure

— 25 kY
RF Generator | MHz oscillator

""_"L[ L " [ — ‘ ’T.[_ To circular machine or target

S — L WM L g

\ Beam accelerated to 30 keV
_ Gap Electrodes with inverse polarity
Potassium F=qE at a given time t (snapshot)

Source

First linac composed by drift tubes interleaved by acceleration gaps powered by an E.E
generator. {(1928)

Obs: the drift tube length has to increase because particles are not yet relativistic,
lo an energy increase corresponds a speed increase, and the particle has to travel

more in the shielded region to be in phase with the accelerating field.

p
Main limitation: after a certain energy, the length of the drift tube is too long.

The RF frequency has increase to some |0 MHz, need to enclose the structure

in a resonator to avoid field losses,
o L




Alvarez drift tube linac

' Linac composed by drift tubes interleaved by acceleration gaps as Wideroe linac,
. but field generated in a rescnant cavity. The frequency of the field can go up to 200 MHz.

Currently we have two Linacs at TERMN with Alvaretz structure, for protons and lons.

.-'f;::%h\a ‘ N .
I W I

[I:. l'”ll |:| | S -

— i
|
Inner structure of Linac |
i 1 (Alvarez type).The drift tubes
- ‘?L‘. “m.r. !-H'-H"', p are SUFP':IITEI:[ h ShEms,

through which the current
oy s __. for the quadrupole magnets

" ' (located inside the tubes) and
the cooling water are
supplied. Linac | accelerated
protons to 50 Mey.

.H'-

See lecture of Delahaye, |-P (CERN) the
[ 0th August for linear collider




RFQ Bunching and first acceleration

Radio frequency quadrupole:
Electric field varying with time

In a resonant cavity focuses and
bunches particles at low energy

NN N R NS

(LSS

AF Mol




Circular motion of a charged particle
in a constant magnetic field

Field B @

charge g
_ e < mass m
radius Pe qvB = mv¥p velocity v

Superconducting Magnets 16
Summer 2006 Tem Taylor



Synchrotron acceleration

Accelerating field
generated by r.f. sources

beam contained in narrow
channel, by ramping B

B

perpendicular
to plane

r.f. stations

Superconducting Magnets
Summer 2006 Toem Taylor



High energy djpol gagnet= elongated solenc
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Basic concept 2 — how to get the field

. _ dB
Magnetic induction

The magnetic induction
dB produced by current
element Jdl is

dB = (,/47)Jdl x 1 /2

where yy =47 x 107

Superconducting Magnets 14
Summer 2006  Tom Taylor



Basic concept 3 — the downside

- Lorentz force (again!)

The force dF acting on an element of conductor dl
carrying current J in a magnetic field B

dF =Jdl x B
Units Force F newton
Current J ampere
Magnetic field B tesla
In order to produce the field, the current has to be large -
the resulting force is important major problem
Superconducting Magnets 15

Summer 2008 2 Tom Taylor



Quadrupole magnet

iy Bolic pole comiour

Il

Dipole + quadrupole =

Combined function magnet

Superconducting Magnets 28
Summer 2006 Toem Taylor



D O F O D O E

Deflection angle is proportional with coordinate x ory =>. FOCUSING

F e) D ®) F ®) D




The proper particle for the proper scope

Electrons (and positrons) are (so far) peint Protons {and antiprotons) are formed by
like particles: no internal structure guarks {uud) kept together by gluons

(/ H \J[; ®,
G3iRC oM

The energy of the ccllider, namely twe The energy of each beam is carried by the
times the energy of the beam colliding is proton constituents, and it is not the entire
totally transferred into the collision proton which collides, but one of his

constituent

Ecoll= Eb|+ Eb2= 2Eb = 200 GeV (LEF) Ecoll < 2Eb

Pros: the energy can be precisely tuned to  Pros: with a single energy possible to scan
scan for example, a mass region. different processes at different energies.
Precision measurement (LEP) Discovery machine (LHC)

Lons: above a certain energy is nc more  Cons: the energy available for the cellisicn is

convenient to use electron because of too  lower than the accelerator energy
high syncrotron radiation (last lecture)




ﬁ Why a linear collider ?
= €Lj¢

Circular colliders use magnets to bend particle frajectories
Their edvartage is that they re-use many Times

the accelerating covities

the sames beoms for callision

Howewer, charged particles emit synchrofron radiation in a mognetic field

r, E? AR —i:r r, E°

e e N

Tl . N , . —
h;g v Rberehme important for hea®FRarHetdd BlOTaS GRS (10 - 0F - 08)

e
"o

"‘I



Different approaches: fixed target vs collider

Fixed target Storage ring/collider
- Frotan-Promn 2e3sx 835 bunche
Fretonzbunch 107
Ac LURULATOR Eeam arergy 7 TeW (Tx10% &y
Lurninesity 104 o !
Bur!l:_h_ -"E,_'-

RIM G

Ly o o MHz
W}' Crossingrate 40 MHz

Proton
Colisians 107 - 10"Hz
Parton
iguark, gluony
-
Hizgs
! Higg -
Particla - @ z
z-
p|4 JH SUSY....

Ecy = 2 (EBpeamme? + m?ct) << Ecy =2 (-Ebeam + ?ncﬂ)




FIGURE OF MERIT FOR A SYNCHROTRON / COLLIDER:
BRIGHTNESS / LUMINOSITY (3/3)

-
+ INTEGRATED LUMINOSITY PAREIpAFRL
0

SN ENCERGINCRofE el L. o =number of events

P Ll

¢+ LHC integrated Luminosity expected per year: [80-120] fb

eminder: 1 barn = 1024 cm2
and temto = 1u0-=

Flimn P, Sermrrer Stedont Coome, CERH, 6-1-10-81-129077080




Interaction




BEAM CONTROL (2M12)

& WALL CURRENT MONITOR = Device used to measure the
instantaneocus value of the beam current

For the vacuum
qm::) “. +EM 5h|eld|m:|

Ferrlte rings
|

| | =T —
‘ Eh;-am Im:luced or
v _— wall current

| .
W ng h-
frequency
| signals do no

1 L,"'u--..-.,.l l"LJ"-tp—r»J "u'w l'l,ﬁL /
Longitudinal See the short )

{:I reuit

bhunch profiles for Gap
a LHC-type beam Courtesy
in the PS J. Belleman

Flinn ks, Serereer Stedont Coorse, CRRH, 6-1-10-01-121077004

A Wall Current Monitor




BEAM CONTROL (312)

WALL CURRENT MONITOR |
IN §S3 OF THE PS

B St Bermrnet Stedient Coors, CERH, 5-1-10-41-1 2907004




PS Booster
(after the wall)

e

g |

Vacinm chambes
{»" =13 cm here

TT2 transfer lime tunnel
Fina b, Serereer Stederd Coorae, CREEM, 8-1-10-01-12400008




BEAM CONTROL (112)
New CERN Control Centre {CCC) at Prevessin since March 2006

IR e
Iinfrastructure + LHC
Island for the PS complex -




LIMITING FACTORS FOR A SYNCHROTRON / COLLIDER

= COLLECTIVE EFFECTS (1/35)

Coulomia

2 particles at rest ' Total
or travelling

I e I =&

Coulomb Magnelic
repulsion attraction

u
.C
i
L)
B
L
. -

Courtesy
K. Schindl Charges

——

O ET charged _|_-|’—_ :I_-I- 3
particles travelling ’4 ¥ _A . Beam
_l_

+
in an unbunched t||: H;i!?ﬂ:' - - (+)
I -I_ . - Lirection

ith ci Wl e e
beam with circular s aly
A
cross-section \\+ +:|:__V

Repulsive Attractive

Flinn ks, Serereer Stedont Coorse, CRRH, 6-1-10-01-121077004




Superconductivity in high energy
particle accelerator magnets

1981 CERN: ISR, SC low-beta insertion to increase luminosity
1985 Fermilab: Tevatron, 2 x 800 GeV superconducting p-pbar collider
1989 CERN starts LEP - the world’s highest energy ee® collider

1991 HERA at DESY - the first major facility for colliding for
protons (SC ring) with electrons or positrons

1999 RHIC at BENL - the major facility for colliding ions

2007 CERN will start the LHC - the world’s highest energy proton-
proton collider (superconducting, twin-bore magnets)

Superconducting Magnets 3
Summer 20086 Tom Taylor



Superconductivity in high energy
physics detector magnets

Nor an exhausrtive list!

1969 CERM - BEEEBC, Big European Bubble Chamber (solencid)
1972 CERHN - Omega magnet (large aperture dipole)
1977 CERMN/ISR - Solenoid

1978 DESY — CELLO {sclenoid)
1983 SLAC/PEP4 - TPC solenoid

1985 HKEKITRISTAN - TOPAZ, VENUS (solencids)
1988 CERN/LEF - ALEPH, DELPHI (solenoids)
1390 DESY/HERA - ZEUS (solenoid)

1997 SLAC - BABAR (solenoid)

2004 KEK BESS Polar (ultra thin solenoid)

2007 CERMN/LHC — CMS (solenoid), ATLAS (Toroids, solenoid)

Superconducting Magnets 4
Summer 20086 Tom Taylor



Magnet parameters for accelerators

- Dipole — Magnetic rigidity Bp
F=gvB => Bp=mv/g=pfg

So, for g = e (electronic charge), Bp = 3.3356p [T.m]
(momentum p in GeV/c)

» Quadrupole — Gradient k
Field gradient K=dB,/dx [T/m]

Focusing quadrupole QF focuses horizontally
Defocusing quadrupole QD focuses vertically

- FODO Cell

Alternate focusing and defocusing elements with a non-
focusing drift space between them :> Net focusing

Superconducting Magnets 23
Summer 20086 Tom Taylor




But why bother with superconductivity ?

« No Ohm's law

= no significant power consumption
(but requires power for refrigeration.. )

— lower power bills

» ampere turns are cheap, need less iron
— higher magnetic fields

— higher energies and smaller rings
— reduced capital cost
= high current density
— compact windings
— high gradients
— higher luminosity
BUT

» SC magnets difficult to make and run
(there's not much safety margin!)

- They need refrigeration, insulation,
profection and cryogenic pipework I.\

The real reason: it lets us do things we can’t do without it !

Superconducting Magnets 27
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+ Copper (or Al)

We need high fields, but...

Iron dominated
magnets limited by
iron saturationat2 T !

Permanent magnets
practically limited in
therange1-2 T

dominated magnetsm Disk of Bitter magnet;
90-100 T but for ms !!! pulsed cryogenic magnet
ford0 T -5 ms

Superconducting Magnets 28
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Superconducting vs. normal magnets

10#

10#

Criticalcarrent density A.mnr®

10-

10

Conventional

iron voked
ZEn elew b vmagnel:

o "'r#

*

i i L L]

i

i

W 16 b |

Magnetic field (tesla)

Superconducting Magnets
Tom Taylor

Summer 2008

Magnets usually work in boilin

liguid helium, where the critica
is represented by a curve of
current versus field at 4.2K

Niobium tin Nb,Sn has a much
higher performance in terms of
critical current field and
temperature than Nb-Ti

but it is brittle intermetallic
compound with poor
mechanical properties

However

The field and current density of
both superconductors are much
better than those of
conventional electromagnets

32
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Manufacture
of Nb-Ti

vacuum melting of NbTi billets

hot extrusion of the copper
NbTi composite

sequence of cold drawing and

intermediate heat treatments to
precipitate flux pinning centres

for very fine filaments, we must
avoid the formation of brittle
CuTi intermetallic compounds
during heat treatment

(this is done by enclosing the
Nb-Ti in a thin Nb shell)

twisting (to avoid coupling)

Superconduchng Magnets 33
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The need for cables

« A single S5pm filament of NbTi in 6T carries 50mA

» A composite wire of fine filaments typically has 5,000 to 10,000 filaments,
so it carries 250A to 500A

» For good tracking we connect synchrotron magnets in series

- For stored energy E, rise time t and operating current I, charging voltage V

E:lﬁg F:LIZZE
2 t It

for 5 to 10kA, we need 20 to 40 wires in parallel — a cable

RHIC at BEML E = 40kJim, t=T75s, 30 strand cable FAIR at G5| E=74klJ/m, {=4s, 30 strand cable
cable | = 5kA, charge voltage per km = 213V na.l::le- I = & 3kA, charge voltage per km = 5. 4kV
wire [ = 167A, charge voltage per km = E400V wire | = 22TA, charge voltage: per km = 163kV

Superconducting Magnets 26



Types of cable

« Cables carry a large current and this generates
a self field

- Wires are twisted to avoid flux linkage between

the filaments, for the same reasons we should
avoid flux Ilnitage between wires in a cable

 BUT twisting this cable doesn't help if the inner
wires are always inside and the outer outside

 Wires must be fully transposed,
i.e. every wire must change
places with every other wire along
the length of the cable so that, on
the average, no flux is enclosed

* three types of fully transposed
cable have been tried in

accelerators
- rope
- braid
- Rutherford

Superconducting Magnets a7
Summer 20086 Tom Taylor



Rutherford
cable

9 I i v ::‘ Jff -"I':; r'- ;.x

= So-called because it was ey e (g g e i ﬂ-l"fif'_f;?"i"'ﬁ-"
first proposed by the team ST SRR e e e s S e e
at the Rutherford Lab. gl E e S

By e RS a8

* The cable is usually insulated by wrapping 2 or 3 layers of Kapton, with gaps (o allow
penetration of liquid helium. The outer layer is adhesive layer for bonding adjacent turns.

« NB: the adhesive
faces outwards, not
bonding to the cable

(to avoid energy
release by bond
failure, which could

quench the magnet )

Superconducting Magnets 38
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LHC dipole cable

ATLAS conductor:
Rutherford cable
embedded in pure
aluminium stabilizer

Superconducting Magnets 41
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Accelerator magnet design - |l

Joveran = 500 A/Imm? e.m. forces are not held by
conductors — they tend to tear apart the winding

Concept Reality
:l;P

Electro-magnetic forces are

NOT SELF-SUFPPORTING

Superconducting Magnets 45
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Accelerator magnet design

So real magnets use blocks of
conductors to approximate the
ideal cosine theta distribution
of current density.

There are sophisticated
programs available to do this,

e.q. ROXIE, Opera, etc.

ROXIE also generates the data
for machining the end spacers

For calculating the effect of the
forces ANSYS is used.

Superconducting Magnets
Summer 20086 Tom Taylor
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Superconductors are not stable

Superconductors are NOT stable against perturbation. I t
AE of uJ are enough to drive superconductor normal!
Heat capacity drops at low temperature (T<< Tpg,) : \
C = T3 = AT = AEC. So small AE generates big AT Le »
= operating point beyond critical surface = QUENCH [ \
CLUHREMT »
k, I'LH= 1-
i . . :
. Gl Direct cooling : LHe, and more
- H'”’"-,.___h 7 HEII, are good coolants, capable
AN enemnt n 20 h:%“‘“\l ANl coment in of removing heat in milliseconds!
/' ol Latent heat 10-1000 times that of
: ' TEMPERATURE the specific heat of metals.

Cureeil
. MLE 4
: POWER

Electrodynamic stability: intimate

contact between the superconductor /
and a highly conductive material. .

TEMPERATLURE

Superconducting Magnets a0
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Wires, cables and stabilized conductors

Recap. — superconductors are multifilamentary wires, where hundreds or
thousands of fine filaments are embedded in a stabilising matrix. The wire is
strongly twisted (5-50 mm pitch length) for stability.

+ Atlas Cu/NbTi wire

AMS-02 Cu/NbTifAl —»

Etﬂ&ﬂdq{]% 1:éa ble for

ﬂtlas c{:-nductglr
[:ﬂ-ex(tr -E:EII-f it f}?_lreeﬂl A
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Optimization of magnet cross-section:
o) Collars

Collars are a key element of a magnet

They control prestress (mechanics)
and Field Quality

Collars and collaring define
precisely the final coil shape

The collars are made of stainless steel

Superconducting Magnets T
Summer 2008 Tom Taylor



Optimization of magnet cross-section:
o) yoke laminations

The iron yoke:

Controls stray field

One supplier for the
steel 45,000 tons

Frecise vertical gap

~15% field increase
(but bigger gain for

Nested protection)

Resular

At saturation affects

field quality (6-pole)

Used to trim length
(magnetic)

Temperature probe

Superconducting Magnets FA |
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Optimization of magnet cross-section:
6) Shrinking cylinder and support

Two half
shells,
welded on Tolerance on
the magnet r curvature released

y ,  from=1to+2.5 mm.
(Many \ (But still very difficult
difficulties) | |Losmlena

Precise
support

Superconducting Magnets
Summer 20086 Tom Taylor



Interconnection between two SC magnets

6 superconducting bus

bars 13 kA for B, QD, QF
quadrupole

To be connected:

« Beam tubes

» Pipes for helium

* Cryostat

* Thermal shields /’. J

» Vacuum vessel e

* Superconducting
cables

Summer 2008

&@hly s -

20 superconducting bus
= hars 600 A for corrector
d magnets (minimise

dipole field harmonics)

| 13 kA Frntectmn

dm::le
ﬁfr

*-.z--

42 sc bus bars Eﬂl'.‘l .ﬂu fcrr corractor
magnets (chromaticity, tune, etc....)
+ 12 sc bus bars for 6 kA (special
quadrupoles)

b
5
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The Solenoid for the CMS experiment

The 4 T solenoid for the CMS

(Compact(!) Muon Solenoid)
experiment will be the most

powerful coil ever built!
@¥m,L=13m,E=25GJ

It features a 4-layer coil,
wound from a specially

developed conductor that
has been reinforced to take

the large hoop stresses.

The five coil modules are
each as large as can be
transported by road.

The magnet has been
assembled at CERN and
tests will start next week.

Superconducting Magnets a1
Summer 20086 Tom Taylor



The CMS conductor
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And then ? After 2015 ?
Why not an energy upgrade for LHC !

With a new type of magnet

Superconducting Magnets 112
Sumimer 2008  Tom Taylor



Or a future in outer space?

Superconducting Magnets 113
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i; | z ﬁ Future Linear Colliders l'h‘
= CL [ bmm——— Il

Outline
+ Motivation for Linear Colliders

» The world landscape

» The International Linear Collider (ILC) with SC RF
technology in the TeV range

« The Compact Linear Collider (CLIC) with Two-
Beam technology in the Multi-TeV range

» Main challenges
*» YWWhat has been achieved so far

» What remains to be demonstrated

+ The facilities to address the key issues

* Plans and schedule

Conclusion (courtesy of B.Banish and B Corsim for some shides)
ﬁ TP Belshaye CERN SUMMER STUDENTS (10 - 08 - 06) I




—ﬁ%m: and Hadron facilities Fﬂmpfﬁm*mq’f‘
= €LICYorascovery ana physics of new particlhl
* Particle accelerators have a long, successful history as indispensable tools

in the guest to understand Mature ot smaller and smaller scales

Since the 70s, most new revelations in particle physics have come from

colliders - mochines using two accelerated beams in collision
FANE L T | | T

[ Energy fmm&n'riqﬂ_h I} increasing with
— ' Lolllden IJI:II'. 'I'l'l'luﬂ
| Te¥ [~ T = a factor 10 increase every B years!
: ' Sertaiiia * Hadron Colliders at the energy
r i ® e frontier as discovery facilities
= . LE®
1 e i B Lepton Colliders for precision physics

hER)

7_ PETRA o PEP * LHC coming online from 2007

= ey | e -m-qu- -| * Consensus for a future lepton

- o " pons . en lingar collider To complement
e LHC physics with

g L R W Eem » 400 &eV

| | | |
161 180 161 | PN min 7§ 10 - O0F - 05)
Yed' iof Fisd Piscsic= ’

L



ﬁ Why a linear collider ?
= €Lj¢

Circular colliders use magnets to bend particle frajectories
Their edvartage is that they re-use many Times

the accelerating covities

the sames beoms for callision

Howewer, charged particles emit synchrofron radiation in a mognetic field

r, E? AR —i:r r, E°

e e N

Tl . N , . —
h;g v Rberehme important for hea®FRarHetdd BlOTaS GRS (10 - 0F - 08)

e
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Wﬁw uses the acceleraning cavities only once g h'l
= €Li€ e

- Lots of them|

* Meed a high accelerating gradient to reach the wanted
energy in a “reasonable” length (total cost. cultural limit)

damging ring
fource % mean linss
beom delvery
" "
QFin 30 - 40 km EF out

L%I J A Delchoye CERN SUMMER STUDENTS (10 - 08 - O08) 2




w‘%‘mem”’ Technology Review Paneizlp
eLic 1"

(2001-2003)
350 MW/m*100ns @ 150 MV/m
| g g

CL 'l..
30 G-z - Warm

The 3 considered optins:

114 GHz - Warm

95 MW/m*400ns @ 50 MV/m

1.3 &Hz - Cold
350 KW/m*1 3ms @ 35 MV/m

) coichaye EERN SUMMER STUDENTS (10 - 08 - 85) is




e :|p

== Haﬁr Costs Scale with Gradient? IbL

e ' | : : : : |
1.4
- 25 MVim
_ demonstrated
7 by TESLA
= B collaboration
gll-_ 0 S
& 1mpenf 31.5 MVim
o DR N ] E—— - adopted for
& ol f 1 ILC Baseline
o I S LN Configuration
1 : ; ; : , | R&D towards
e 25 0 = 40 45 50 =5 20 40 MVim
C.Adolphsen (SLAC)  Gradient MV/im
]

hvﬁl J P Deilzhaya CERN SUMMER STUDENTS (10 - 08 - 08) bt



- stEpTe proof of the SOMV/m in 2005 ;]
. . . . * n.::,:-n:r; E _
I:: _ T "m““mml“"’j : I
o T 1 - " = @
) | | | TN Re-entrant Low-Loss
IEI': H-ﬁ ]
el 1 P E e
i".ll.ﬁﬁlluﬁl 0 gl e m—
Kz [W ) . -
| # ICHIRD Go @ 2K I E . _ . o
- i "'ﬂ*"‘hﬂnﬁlﬁm“—q‘. i o !“__u HIF:“I"::.I..I_EI:E
Do max = 2 AN .L ‘_F_“' . o
- . . . Ga = BITTEND . » W
' ! ) race v “ " " I N T R —
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ﬁ CLIC technology -"l"‘
= CLIC* oy Mulii-TeV Linear Colliders 11

33.2 km

. >
MuH BEAN + High acceleration gradient (150 MV/m)
COMFLEN
- 7 = . 1;,
a pe MANLINAS o) i-_l L 0 MAN LIMAC » "Compact” collider-overall length=33 km
", _F'fﬂﬁ__,_s”'. e, FOGuR _ * Mormal conducting accelerating structures
— lllllll — mm ...... H ..... )  High acceleration frequency (30 GHz)

I -_.-” LAgER e ” Laszn L- |
» Two-Beam Acceleration Scheme
C:'. [:"I — - j -) |1r

EHnl:ﬁ.EBE.I.H .;TE?E: -.a,mm "
CELELERATOR ERa M GHz RF FOWER -
COMPLEX RF power generation at high frequency

v Cost-effective & efficient [~ 10% averall)
5.2 km . * Simple tunnel, no active elements

=
-

- “modular™ design, can be built in stages
Easily expendable in energy

Owerall lavourt for a center
of mass energvof 2 TelV/c

= . Y ad e , -
ll*“vﬁl VA Deichaye CERN SUMMER STUDENTS (10 - 08 - &) Ja



E . z ﬁ CLIC Two-Beam scheme H ’ n

Drive beam - 130 A_130 ns
from & SeV +o 200 MV

CLIC TUNMEL
CROSS-5ECTION

Main beam - 1 A 100 ns
from 9 eV to 1.5 TeV BFM

CLIC MODULE
(000 modules/limac of 3 TeV)

Nl 72 Deichaye CERN SUMMES STUDENTS (10 - 0F - 08) J8




ﬁ CLIC 3 TeVlayout :|p
= ELi€ H

delyy 352 Wysrons 40 MW, 4 us
& drive beam acceleraiar
CRi 2.37 Ge, 937 MHz
B4 m
Comginer CRo
rings 334 m

decaleralor, 21 secfoes of BE9 m

Ja:h .

o e o A g:“wﬁﬁﬁﬁﬁ,nﬁf p

HHL
BC? o manlinec, 30 GHz, 150 MVm. 14 km IP1 & IF2 & main rae 'lagb

e 33.6 kmm s N J
booster nac,
9 GeV, 3.75 GHE
ol exnic * injccior,
sl 2 4 Gav
eDR| |e*DR
o] 360m|  |360m
S - oeichoys cERN SUMHER ENTS (10 - OF - 08) o
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e The CLIC main parameters -".I"‘
= ELIE o

Center of mass Energy (TeV) 0.5 TeV 1 TeV
Luminosity (107 cm-s-1) 21 5.0
Aean energy loss (99) 44 21
Photons / electron 0. 7% 1.5
Coherent pair: per X T00 6.8 10°
Eep. Rate (Hz) 200 100
10* e+ bunch 4 4
Eunche: / pul:e 154 154
EBunch spacing (cm) 20 20
HY ey (107 rad.m) 200/1 3.1
EBeam size (HV) (nm) 202/1.2 60.0.7
Bunch length (pm) X5 35
Accelerating gradient (MV/m) 150 150
Overall length (k) 1.7 33.2
Power / section (AIW) 230 230
EF to beam efficciency (%o} 221 231
AC to beam efficiency (%9) 03 2.3
Tatal AC power for BEF (MW 10 119
Taotal site AC power (AIW) 175 410

]
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E 2 % Nanometer stabilisation H ’.I'"

Latest stabilization technology applied to the accelerator field
The most stable place on earth!!!

Stabilizing quadrupoles to the 0.5 nm tevel!
(up fo 10 times better than supporiing ground, above 4 Hz)

|'-._-"'-._
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T **ril Beam siges at Collisions Jl"'

R.M.S5. Beam Sizes at Collision in Linear Colliders
1000 ]

— SLC

E FFTB

=

g 1 JATF2

o L ]

g 10 CLICI 11000 500

a 1000 ¢ °

8
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= 3000

0.1
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Y The CLIC RF Power Source '.’ n
= —
l:rni: EEﬂ.-n. Accelerator Delay Loop x 2 ',b

wfficient occeleration in low frequerncy fully loadsd linac gop creation, pulse
powered Hy 450 low freguency high efficienc klystrons compression & freguancy
B Miwotts/ 100 ps mudtiplication

Combiner Ring x 4

pulse compression &
frequency multipliootion

Combiner Ring = 4

pulss compreszion &
freguency multipliootion

- I

'] . - ¥
& P -
Beam Treguency multiplication ang

|'| -.I_L_ 'llll '- I::|lll:|.|l-1lllL-\. II I'-Ir-\. II !I_,- ?

Drive Beam Decelerator Section (22 n total)

30 SHz RF Power Extraction Beturn Arc

68 GeV/c energy gain - 624 m long
Brive beam fime structure - initial Dirive beam time structure - final
{HDM,. 130 ns o
LML | | .
100 ps trais hength < 32 = 22 sebepulses - 4. 4 --f L | .
2 GV - il o beTween Bunckeg 22 pulses = 147 A = 2 om betweeen busches




al does the RF power Source rfﬂ!f"E

= 7
g

The CLIC RF p-ml.rer- source can be described as o "black box",
combini ong RF pul=es, and transforming them in many

short pu m’ch higher power and with higher freguency

450 MBEK Klystrons Power stared in Power extracted from beam 43000
Low frequency electron beam in resonant structures Accelerating Structures
High efficiency High Frsquz:m':.r High field
Leng RF Pulses Electron beam manipulation Short BF Pulses
Py . vy . Ty Power campression Pa=Py=MN;
a-70- Fregquency multiplication T, =Tyl N

o : - .. —_ . —_—
li"v"i] A Delrhoye CERN SLMMES STLOENTS (10 - 08 - 08) &2



Z"N"—  CLIC Test Facility (CTF2) ;"E
cRic 1996-2002

CTFE goals -

e denwns lrale Mousibilily of CLIC Iwe-beurn esccelerulivn scheme

to study generation of short, intense e-bunches using laser-illuminated PCs in RF guns

to demonstrate operability of p-precision active-alignment system in accelerator environment
to provide o test bed to develop and test accelerator diogrostic equipment

to provide high power 30 &6Hz RF power source for high gradient testing ~80 MW 15 ns pulses

All-but-ore of 30 GHz two-beam modules removed in 2000 to create a high-gradient Test stand.

. " &4 lemzhes {“FE
ure I-bdal :
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! i | i,ii ﬁﬁ‘fffmﬁnﬂ: structure t‘ft’l'f’fE?EFHE’."H"F
€ELIE

CONTROE OF TRANSVERSE WAKEFTELDS

» shorf-range wakes +« BMS damping
* long-range wakes <+ damping ard detuning

+ beam-based fr-u.jm:iur';.r carrection, & ern.p

For wake suppression - work still Tocused on here.
Each cell is domped by 4 radial W&s terminated by

waveguide-damped structures of type shown discrete
5iC RF loods.

=i

Excellent agreement obtained between
theory and experiment - believe we can

15 &Hz model Tested in ASSET

Sl Carhdide

- . solve damping problem
kaad i = ng
- .-. - 1 ] -Ir-;'.\. ; i
ol | 4 L
gL ASSET test results
: =B I!"'Ix*
. '|II ||! i ||| I
q | '_:. L li L5 ) = Cimcillmiicn Fracqusncy
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Eoamping &, b T Ry f _F.'!”
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EEE %,,, % CLIC technology key issues 'h"
€ —

LiCddressed in CLIC Test Facility ffil!‘tﬁ

Teszt of Drive Beam &Seneration, Acceleration & RF Multiplication by a factor 10
Two Beam RF power gencration & coemponent tests with nominal fields & pulze length

FULSE COMFRESSION

FULLY LOADED 35 A- 1.4 FREQUENCY MULTIPLICATION
3 GHT ACCELERATION

DELAY lﬂ:'P
DELVE BEAM THIECTCE: DFIVE EEAM ACCELERATCR: ' \’
[ 1

) ,
[F TR g B ||.fl 1

:.“|h_'shjj'_s_.r7_l-ﬁg‘gh

1_
!

| . | l_ll__.-li. i .Il.-" | |
BIATHIDETVE BEA R HIGH FOYEEE MADN BEEARL |
MCOTTLES TEJT STAMD DHIECTCR '[']-_ll.l-l'::]:H! LIME & ETHCH CORFRESSGER
A0 EHz - = 200 MW - 140 rs ¥ pF LEFLECTORS
30 SHEZ POWER EXTRACTIOMN 35 AL 140 pes

& COMPOMEMTS TEST

F ,

]l J A Delchaye CERM SUMMER STLODENTS [(I0- 08 - 08) &8
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= CLIC Test Facility (CTF3) lllh‘
Collaboration: Ankara- INP- CERN —CIEMAT-DAPNIA- Helsinki -
LAP-INFN —JINR-INDIA-LAL-LAPP -NWU -RAL —"-J-L_-E.[:I.'I;l.___ppﬁﬂ].’i

{

HI,I" L= — :
idm 30 CHz stand 15 = =
and laser room CLEX 2007-2009 TL2: 2007 Combmer Ring: 2006
2004 - 2009

From 2005: Accelerating structures (bi-metallic) Development& Tests (R2.1)
2007- 2008: Dive beam genevation scheme (R1.2)

© o 2608- 2009 Damped accelerating structure with nonunal parameters (R1.1)
ONAOFF Power Extraction Structure (R1.3)
Dive beam stabality bench markang (R2.2)

o CLIC sub-nmt (R2.3)
4 j.;u T8 Delshaye CERN SUMMER STUDENTS (10 - 08 - 05) 50
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7 CONCLUSION e
= L = I

» World-wide Consensus for a Lepton Linear Collider as the next HEP facility to
complement LHC at the energy frontier

International Linear Collider bosed on Super-Conducting RF technology possibly
being improved with extensive R&AD in world-wide collaboration:

- Reference Design Report including cost end of 2006
- Ready to build from 2010 ( 7 year construction)

- First phase at 500 GeV beam collision energy

- Possible upgrade to 1 TeV beam collision energy

CLIC technology only possible scheme to extend collider beam energy into Multi-
TeV energy range
* Very promising results but technology not mature yet, requires challenging R&D

(LIC-related key issues addressed in CTF3 by 2010

Aim to provide the High Energy Physics community with the feasibility of
CLIC technology for Linear Collider in due time, when physics needs will be
fully determined following LHC results

Safety net to the S5C technology in case sub-TeV energy range is not
considered attractive enough Tor physics
T8 Delohaye CERN SUMMER STUDENTS (10 - 08 - 08) 48







The Compton wavelength of the electron is one of a trio of related units of length,

the other two being the Bohr radius a, and the classical electron radius r..

The Compton wavelength is built from the electron mass m,, Planck's constant h

and the speed of light c. The Bohr radius is built from m_, h and the electron charge e.
The classical electron radius is built from m,, ¢ and e. Any one of these three

lengths can be written in terms of any other using the fine structure constant a:

oA, 5
= ¥
2m %

Fe =

The Planck mass is special because ignoring factors of 21 and the like, the
Compton wavelength for this mass is equal to its Schwarzschild radius.

This special distance is called the Planck length. This is a simple case of
dimensional analysis: the Schwarzschild radius is proportional to the mass,
whereas the Compton wavelength is proportional to the inverse of the mass.




The right instrument for a given dimension
rlmHlL. BANG ..A-
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Wavelength of probe radiation should be
smaller than the object to be resolved
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Interlude: a brief recall of energy scales and

kinematic relationships
v 1

n=VEFPE =0 -

¢ VWARNING: for purists or non-experts: Energy, Masses and
Momentum have different units, which turn to be the same since ¢
(speed of light) is considered equal to one.

e Energy[GeV], Momentum [GeV/c], Masses [GeV/c?]
(Remember golden rule, E=mc* has to be true also for units...)

e Just an as a rule of thumb: 0.511 MeV/c? (electron mass)
corresponds to about 9.109 103! kg
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Muon Detactors Electromagnetic Calorimeters

Solenoid

A
"

Detector characteristics

Wihidth: A4
Diameter: XF?m
Weight: 7000t

CLER AL - ATLAL Y 00s

Forward C alorimeters

Hadranic Calorimeters

Shaelding




CERN accelerator complex overview

(not 1o scale] 450 GeV/c -7 TeV /c

Chain/sequence of
accelerators

.26 - 450 GeV/c

&LICE
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LHC beam
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