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Accelerators for the future

Ted Wilson

Rutherford, Lawrence , Cockcroft, Walton, Alvarez, Oliphant, MacMillan, Richter, R.R
Wilson, Wiik and Rubbia were physicists who, inspired by the goals of their own resear
were stimulated to invent new acceleration techniques to achieve their ends. Modern
physics has perhaps become too sophisticated now for individual imaginations to
encompass both these creative activities. However, today's particle physicists will soon
have to decide in which direction their research should lead them and make judgement
how they may be best served by future acceleratwrsether future colliders should be
linear or circular, whether energy or intensity is of greater importawbech particles:
electrons protons, muons or neutrinos are of greatest interest. The choice must depenc
the practical and affordable limits to each kind of machine. This talk will provide enougf
Insight into the theory and design of accelerators to enable particle physicists to apprec
the limits to one of these kinds of machine: the circular collider.

Starting from the parameters which determine the luminosity and physics performance
the LHC: energy, intensity, bunch structure and transverse beam size, we will explore t
basic theory of phase stability, betatron motion, instabilities and-beam forces behind
each of these parameters.
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Links

ENGINES OF
DISCOVERY

Aut h omal:sed.eilson@cern.ch

AEngines of Discoveryo:

http://www.worldscibooks.com/physics/6272.html

http://www.enginesofdiscovery.com

ARParticle Accel erator so

http://www.oup.com/uk/catalogue/?ci=9780198508298
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@j‘ LHC design parameters

Nominal ILHCpanametdgess
Beam imgotioarenergy (TENNV) 0.45

Beanm enengyy(TeW) 720
Numiterr affpastities perdsunchch 1.15 x 10!

Numibesraf fobinchbés perebdamm 2808
Max stayectibeanmeneegy (MU)J ) 2
Nom mansverseresitancesen raimi t 3.78 n c
Calliding bebarmsige (hm)am si ze (& m)

Buncthléngtittat? TéW\(glyn) 7.95

- These are the key parameters of a collider i the LHC
- Why are they important for physics?
- What is the basic theory which limits each one of them?
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@‘N What do experiments want?

High energy High luminosity

_ N = bunch population
B = bending field .I'\? 2 f _
} = bending radius B — E Ty Jrev Np = number of bunches
— momenturm p —_— £ — F fJev—requL!tlonfrequepcy
E—char o 4 Uxy = colliding beam sizes
= g e 'J’Tgm O-y F = geometric factor
Determined by the Depends on machine parameters: charge
maximum field of per bunch (N), num. of bunches (np) and
bending dipoles, B transverse beam si zes (
AThus, to achi easllenelmastplois umi nosi ty,

make (lots of) high population bunches of low emittance
to collide at high frequency at locations where the beam
optics provides as low values of the amplitude functions
as possible. 0
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@‘N Luminosity (single bunches)

=

N
<

A Imagine a blue particle colliding with a beam of cross section area - A

A Probability of collision for an interaction is — 'a N
S ..
A . : bl O\|2 A
For N particles in both beams A
A Suppose they meet f times per second at the revolution frequency
_ bc
frev T 2,(7R
A Event rate f N2 —— Makebig
rev CE-
; A \ eg. 10 °°

/ \ Make small

Luminosity [0 10°° to 1.0°4 [Cm‘2 S‘l]
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With k bunches per beam and a round beam
2
| = N sz
4D g “s

There Is also a limit to performance called the
linear beam-beam limit:

Luminosity Is constrained by beam -

beam forces.

b N,

PQ = 4D g °s

They have common parameters

| mustnowdigresstoexplain & and Q
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Basic concepts Q

THE PRINCIPAL MACHINE COMPONENTS ' '
Charged particles are accelerated, guided and

confined by electromagnetic fields

- Bending: Dipole magnets
- Focusing: Quadrupole magnets
- Acceleration: RF cavities

In synchrotrons, they are ramped together
synchronously to match beam energy.

- Chromatic aberration:Sextupole magnets

Lorentz force }\9 — e(% X é + ﬁ) Ceggrigeetad/

v
Magnetic rigidity | Bp = — = p
€ €
LHC: ] = 2.8 km %iv_en by _
Fixes the relation between magnetic
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Bending

ol VO I111ZS anti-particles

collision
regions

Two-In-one

LHC:B=8.33TH magnet design
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@‘N Transverse coordinates

A Local centre

z s % of gyration

> Central orbit

5 (Tangential to beam direction)
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Focusing

Transverse focusing is achieved with quadrupole
magnets , which act on the beam like an optical lens.

Linear increase of the magnetic field along the axes
(no effect on particles on axis).

Focusing in one plane, de-focusing in the other!
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Alternating gradients
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One can find an arrangement

of quadrupole magnets that
provides net focusing in both

pl anes (nNstrong

@‘N Alternating gradient lattice

An illustrative scheme
(LHC: 2x3 dipoles per cell)

Dipole magnets keep the
particles on the circular orbit.

Quadrupole magnets focus
alternatively in both planes.

B = Bending Dipole

QF = Focusing Quadrupuole
QD = Defocusing Quadrupole

] op

Coordinate system

X
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@m Focusing, Gutter ad Hamiltonian

() A
T B
COLCYS

2 2

But what you may ask Is B-rho
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X

and Its solution

X(s)= /&b, codf () +7,)

E.Wilson, Circular Collider Limits, 12-10-2011

Transverse eguation of motion

Magnetic field [T] : By, = aﬁﬂ X T
T
o OB,
Field gradient [T m?] : g = 8—
I
g 1
Normalized grad. [m?]: K = = —
grad. [m™] poje  f
7 . Hi | | 0s
T KQS)‘T" =0 equation

K(s) describes the distribution of
focusing strength along the lattice.

G. Hill, 1838-1914 15



@‘N Transverse ellipse
Area=p./e hle/b=p

A

X.

Jelb-

(N,
A\




The lattice
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Emittance and beam size (i)
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@] Beam sections

o WORST BEAM SECTIONS

ol AND MAGNET GAPS

S 7
& ‘§\\1 > ~ g
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@m Betatron tune

Betatron phase advance U= ]( ds Betatron tune: Q 1 ds
over 1 turn: B(S) ' — 2
) B(s)

Y, L

: : S

SRS W e ol il B ol rwun--r--A- -5 -- >l
The tune Is the number of betatron
oscillations per turn
We normally only care about the fractional 0
part of the tune! 64.311s 0.31! (0.31, 0.32)
The operating tune values (working point ) Qy o

must be chosen to avoid resonance.

The tune values must be controlled to within
better than 10-3, during all machine phases
(ramp, squeeze, ...)
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