Engines of Discovery

R.S. Orr
Department of Physics
University of Toronto

Berkley 1930 Geneva 200%9
1 MeV 14 TeV



Birth of Particle Physics and Accelerators

1909

1919

1927

1929

1932

Geiger/Marsden MeV a backscattering - Manchester
Rutherford disintegrates Nitrogen - Manchester

Rutherford demands accelerator development
Particle accelerator studies - Cavendish

Cockcroft and Walton start high voltage experiments

The goal achieved:  Cockcroft + Walton split Li nucleus



The Experimental Tube.

- The experimental tube consisted of two glass tubes similar to those used in
the tower of rectifiers, and is shown in fig. 5. A steel plate, A, was placed
between the cylinders, and this formed the

support for the electrodes, B. The thin sheets of

WATER COOLING
metal used in the rectifiers would not have been

sufficiently rigid to give the accurate alignment of
the electrodes which is necessary in this case to
direct the beam of ions down the axis of the
tube. This metal plate had a 3 feet square piece
of sheet metal, C, attached externally which acts
as a stress distributor and which is maintained
at half the total potential by a connection to
the middle point of the tower of rectifiers.
Protons were generated in a hydrogen discharge
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tube, D, placed above the apparatus. The dis-

I~ o charge tube was of the Wien type described in

SCREEN

the previous paper. The potential applied across
the discharge tube was obtamed from a 60 KV,
transformer, K, fig. 6, the primary of this being
supplied with alternating current at low potential.
It was found that a much better proton current
could be obtained from the discharge tube when the current sent through
it was rectified by placing a small kenetron between it and the transformer.



Cockcroft-Walton Generator

A voltage
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The Principle of a Method for the Production
of Canal Rays of High Voltage

[Translation by F. W. Brasse of ‘‘Prinzip einer Methode zur Herstellung von
Kanalstrahlen hoher Voltzahl,”® Arkiv for Matematik, Astronomi och Fysik, 18: 1-4

(1924).%] :
Ising 1 1924

It is the purpose of the following lines to sketch a method which in principle
permits the generation of canal rays (perhaps also cathode rays) of arbitrarily

high voltage with the aid of available moderate potentials. This should be
possible by requiring that the|beam particles pass through the potential many

|times in its trajectory. | The potential is transmitted as a charge wave along

wires to various places along the particle’s path with suitable time differences.

A suitable arrangement is shown schematically in Fig. 1. Canal rays enter
from the discharge chamber at the left, through the grounded cathode X into
the well-evacuated acceleration chamber tube 4 shown at the right. In this
tube are located a row of <y indrica} metal caggs 1, 2, 3. y., whose ends are
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Resonant Accelerator Concept

Wideroe - 1928

e

drift tube

Alternating (radio frequency) fields allow higher voltages

A The acceleration occurs in the electric field between cylindrical drift tubes.

A The RF power must be synchronisedwith the motion of the electrons, so that
acceleration occurs in every gap.

Linear Accelerator = LINAC



Recirculation Concept - Cyclotron

Radio frequency
alternating voltage

D-shaped RF cavities

Lawrence:
. 4§ 80keV
ollow metal
drift tubes . 11901.2 MeV

time t =% RF period

AOrbit radius increases with momentum
AOrbital Frequency independent of momentum
A Particle motion and RF in phase




N\ Equilibrium Orbit

Constant revolution frequency  Magnetic rigidity
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Orbit Stability

Horizontal
deflection

Y ,

Vertical deflection

Slight Displacement from Equilibrium Orbit ‘ Particle Lost

Vertical and Horizontal Focusing



Vertical Orbi t Stabi |l i1t

Cross Section Thru Ds | |
Electrostatic Focusing Lens



Orbital Stability in a Cyclotron
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Betatron Oscillations

Horizontal Vertical
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Scanned at the American
Institute of Physics

This machine is just
a model for a bigger
one, of course

1931
10* Volts

This machine is just
a model for a bigger
one, of course
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Invention of the Synchrotron

Marcus Oliphant
I later to become
Governor of South Australia




Synchrotron Ring Schematic

A/Bending magnets

Accelerating

cavity

Alncrease magnetic field
during acceleration.

AConstant orbital radius

Focusing magnets
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Strong Focusing

iron care

COi ==

section cd

section ak

211994 Encyclopaedia Britannica, Inc.

AField Index set by Pole Face Shape A Strong Focusing = Alternating Gradient
AWeak n=05 AiCombi ned Functi on:«

AStrong, n = 3500



Enormous Cost Saving

Strong Focusing Magnet

Weak Focusing Magnet

A Strong Focusing = Alternating Gradient
A Reduce amplitude of betatron oscillations
A Reduce diameter of vacuum pipe

A Reduce Aperture of Magnets

A 35 GeV (CERN PS, AGS) costs same as 7 GeV (NIMROD)
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angle A Single Particle Phase Space
. ABeam Envelope
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Shape of phase space changes along accelerator lattice
Area constant -> Liouville



PHASE STABILITY

—— 35
Successive turns around accelerator lattice
AE, V
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A B is synchronous with RF phase Closed Oscillations in Phase
A Atoo energetic to be in phase - (non relativistic)

A B not energetic enough to be in phase

(Es)n+1 = ( ES) " +eVsinf < Synchronous patrticle

E — 1 _i Change in transit time around lattice
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( Es)n_l_l — ( ES) N +eVs|n f S Synchronous Particle
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DE,.1 = By +eV(sinf =sinf)

E:?“I 1 Non-Synchronous Particle

A Symplectic Mapping
APreserves Phase Space
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Trapped by RF
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(Es) ., =(Es), +€Vsinf

df h Wem OE
dn V ES
dDE

- =eV(sinf - shf)

Non-linear equations
Describing deviation in phase and energy from synchronous orbit
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Initial condition

Stable
Unstable l
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acceleration section

bending magnet e'\ e’
fOCUSing . \‘ TH ol e = i :
magnet = &
RF RF
transmitter  interaction point transmitter

pulsed injection
— magnet

pulsed injection

maagnet
RE detector system RE
transmitter transmitter
=] [@ &Y .
electrons @ . positrons

focusing magnets



CERN Seen from the Air

y W.—

wTunnels of CERN accelerator complex
superimposed on a map of Geneva.

wAccelerator is 50 m underground

w25 km In circumference



Superconducting Magnet
8 Tesla

Heat Exchanger Pipe
Superconducting Coils

Helium-Il Vessel

Spool Piece
Superconducting Bus-Bar
Iron Yoke
Non-Magnetic Collars
Vacuum Vessel

Bus Bars Radiation Screen

D s

Thermal Shield

The
15-m long
LHC cryodipole

Auxiliary
Bus Bar T be

Instrumentation
Feed Throughs

wIn order toacceleratgprotons to high energy, must
bend them incircular accelerator

w/ TeVmomentum needs intensmagnetic field



LHC DIPOLE : STANDARD CROSS-SECTION

CERN AC/DI/MM - HE107 - 30 04 1999

ALIGNMENT TARGET

MAIN QUADRIPOLE BUS-BARS
HEAT EXCHANGER PIPE
SUPERINSULATION
SUPERCONDUCTING COILS
BEAM PIPE

VACUUM VESSEL

BEAM SCREEN

AUXILIARY BUS-BARS
SHRINKING CYLINDER / HE I-VESSEL
THERMAL SHIELD (55 to 75K)
NON-MAGNETIC COLLARS
IRON YOKE (COLD MASS, 1.9K)

DIPOLE BUS-BARS

SUPPORT POST
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LHC Progress

Accelerator
A Technology
‘ Division

Dashboard
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Infrastructure completed in 2003
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Dlpole dlpole Interconnect
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Descent of the Last Magnet, 26 April 2007




RF Modules




Refrigeration Units at 1.8 K

Point 8

Storage

QSCC-QSCA QSCB

I I

A |QSRB

QsccC
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QUIC
QURC.

Sector 7-8 Sector 8-1




Cryogenic Distribution

Point 8

Storage

QSCA| |QSCB

A |QSRB

QSCC
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DFBA Electrical Feed Box

Connection to
magnets

Vacuum equipment VAA
x 16

Current lead chimneys

ok
(7 .
Yin,, 2 per LHC Point
) 'ﬁ 6KA leads
13KA leads ‘
SHM/HCM Jumper cryo
interconnect connection to QRL

Supporting beam

ﬂ' 6KA leads \

Removable door 600A leads

HCM/LCM
interconnect




13 kA HTS Current Leads
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6 kA current leads with water-cooled cables




POINT 5
CMS

POINT 4.
RF

POINT 3
Momentum -
Cleaning

POINT 2

Alice

Beam 1 POINT 1
Atlas

TI2

TI8

POINT 6
Dump

POINT 7
| Betatron
Cleaning

POINT 8
LHCb

Beam 2
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Beam 2 first beam 0 D-Day



