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 


 
 
 
 


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
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
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 1952: Courant, Livingston, Snyder publish about strong focusing
 1954: Wilson et al. build first synchrotron with strong focusing for 1.1MeV 

electrons at Cornell, 4cm beam pipe height, only 16 Tons of magnets.
 1959: CERN builds the PS for 28GeV after proposing a 5GeV weak focusing 

accelerator for the same cost (still in use)



 Key idea: split up machine into 
series of magnet sectors, in 
which in alternating order the 
magnetic field increases strongly 
with radius (n<<-1) or decreases 
strongly with increasing radius 
(n>>+1)

 Alternating series of focusing and 
defocusing lenses gives overall 
focusing!
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 Today: only strong focusing is used.  Due to bad field quality at lower field 
excitations the injection energy is 20-500MeV from a linac or a microtron.

Transverse fields defocus in one plane and focus in the other plane.
But two successive elements, one focusing the other defocusing,
can focus in both planes:

Weak focusing
synchrotron

Strong focusing
synchrotron

 



horizontal vertical
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Electron beam with p = 0.1 TeV/c in CERN’s 27 km LEP tunnel radiated 20 MW
Each electron lost about 4GeV per turn, requiring many RF accelerating sections.

=
qB
pR The rings become too long

Protons with p = 20 TeV/c ,  B = 6.8 T would require a 87 km SSC tunnel
Protons with p = 7 TeV/c ,  B = 8.4 T require CERN’s 27 km LHC tunnel

4
2

2

6radiation 0
γ

πε R
qNP c=

Energy needed to 
compensate radiation 
becomes too large (for e-)



Electromagnetic power 
(Synchrotron radiation) 
radiated during transverse 
acceleration:
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 







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

Simplest: Phillips Ion Gage
(based on Penning Principle )

• Magnetic field of about 0.01 T
• Ionization chamber with 

pressurized gas inserted at <100 
Pa (10-3 Atm)

• Gas is ionized and remains 
ionized since electrons are 
accelerated in the E-field and 
circle in the B-field

• Positive ions are accelerated 
through the hole in the cathode 
to several 100 V.

• Modern ion sources are more complex, and often use high 
frequency fields for ionization.
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

• A thermionic cathode produces free electrons
• An earthed anode accelerates them though and aperture into a linac
• The cathode is not flat but  curved (Pierce Cathode) to produce a force that  

counters Coulomb explosion of the bunches (the Space Charge Force)
• Typical voltages are 100 to 150 kV, typical peak currents are a few Ampere:
• Due to power limits, only short pulses can be produced (~1 to few µs long)
• A thyratron (gas discharge tube) is used as a fast high current switch and capacitors 

provide the short pulse
• The pulse from the capacitors is magnified (by about 10) in a transformer to reach 

the 100 to 150 kV.

2/3UI ∝
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

• Use no transformer -> electron pulses 
(bunches) can be much shorter  (>1 ns 
long)

• A thermionic cathode produces free 
electrons

• A 50 V barrier grid prohibits electrons 
from leaving the cathode

• An earthed anode accelerates them 
though an aperture into a linac

• Typical voltages are 50 kV, typical peak 
currents area a few Ampere.

• The short pulse amplifier is in a Faraday 
cage at a high potential

• A light guide transports a short trigger pulse to high potential
• The amplified pulse then only has to switch the 50 V of the grid.
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

• Laser gun / photo-cathode systems:
• A laser shines on a cathode (metal 

or semiconductor) which emits 
photo electrons

• With GaAs as cathode and with a 
polarized laser, polarized 
electrons are produced.

• Bunches can be as short as a few 
ps.

• Peak currents of a few 100 A can 
be achieved.
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

Bunches are accelerated either 
through an aperture in an anode 
(DC gun like the Cornell ERL 
gun) or in an RF field in a normal 
or superconducting cavity (RF 
photo-cathode source). 
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

•Conventional:
•Electrons are accelerated to several 100 MeV in a linac and hit a 
tungsten target

•Pair production leads to e+/e- pairs
•A following linac has the correct phase to accelerate e+ and decelerate e-
•Due to multiple collisions in the target, the energy spread is up to several 
10 MeV and the beam is very wide. A following damping ring is needed to 
produce narrow beams.

•Gamma based:
• Electron beam radiates 
photons in either a planar or 
a helical undulator

• The photons produce then 
positrons via pair production 
in a direct conversion 
process at a rather thin target 
(0.4-0.5 radiation length).  
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

• High energy 
accelerators are fed 
by a pre-accelerator
chain. For each 
energy stage, an 
appropriate 
accelerator type is 
used.

• Challenge is to 
inject beam without 
disturbing circulating 
beam!
-> fast kicker (rapid 

pulsed magnet)!

• Particles transfer from one accelerator to the other must have as few 
particle losses as possible.
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

• A fast kicker magnet is needed to bring the injected beam onto the closed 
orbit, i.e. into the acceptance of the accelerator.
– In order to not disturb the second turn, the duration of the kick must be less 

than 2 circulation times (1 µs  for a 150 m circumference ring)
– If the kicker magnet has a fast enough rise time, one can inject many bunches

Stacking in longitudinal 
phase space 
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 

• Fundamental rule of injection:
– It is not possible to inject particles 

into an already occupied volume in 
phase space without losing the 
particles already present!

– Under influence of conservative 
forces (Hamiltonian motion): two 
bunches of identical particles cannot 
merge in phase space, since the 
phase space density is conserved.

• For protons and ions
– Use phase space painting/ stacking
– Use stripping foils

• For electron injection in synchrotrons / 
storage rings:
– Make use of betatron damping by 

emission of synchrotron radiation + 
longitudinal acceleration
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

Septum Magnet!
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

• H- ions are injected
• Bending magnet bends them onto the orbit
• Stripping foil removes electrons -> protons circulate in accelerator
• Particles of different charges can be injected into the same phase 

space!
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

P
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
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

•Make use of transverse 
damping by synchrotron 
radiation + subsequent 
longitudinal acceleration 
(Liouville’s theorem does 
not hold in presence of 
synchrotron radiation)!

•An injection bump brings the closed orbit and any existing beam close to 
the septum magnet -> new bunch is injected next to the existing beam.

•The injection oscillation of the new bunch damps in a few 100 turns due to 
emission of synchrotron radiation.

>7 σ
aperture 
is needed 
to not 
loose 
beam.
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

• Short pulses / fast field change: -> use magnet with very small inductance, since 
otherwise too high voltages would be required. -> use coil with only few turns

• Example with 4 parallel conductors:
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
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

4
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

Key: shield circulating beam from kick 
field!
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 




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Albert Einstein, 1879-1955
Nobel Prize, 1921

Time Magazine Man of the Century

Four-Vectors:
Quantities that transform according to
the Lorentz transformation when viewed
from a different inertial frame.

Examples:

2mcE =

},,,{ zyxctX ∈µ

},,,{1
zyxc pppEP ∈µ

},,,{1
zyxc AAAφµ ∈Φ
},,,{ zyx jjjcJ ρµ ∈

( ) .const},,,{ 2
0

2
2

1 ==−





=∈ cmp
c
EPPpppEP zyxc


µ

µµ

( ) .const},,,{ 22 =−=∈ xctXXzyxctX 
µ

µµ



},,,{ zyxctX −−−∈µ

},,,{1
zyxc pppEP −−−∈µ

},,,{1
zyxc AAA −−−∈Φ φµ

},,,{ zyx jjjcJ −−−∈ ρµ

Contravariant coordinates  Covariant coordinates  

Calculating the Minkowski norm of a four-vector gives a Lorentz invariant quantity:
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Operation of synchrotrons: fixed target experiments 
where some energy is in the motion of the center off 
mass of the scattering products

Operation of colliders:
the detector is in the center of mass system
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 1961: First storage ring for electrons and positrons (AdA) in Frascati for 
250MeV

 1972: SPEAR electron positron collider at 4GeV.  Discovery of the J/Psi at 
3.097GeV by Richter (SPEAR) and Ting (AGS) starts the November 
revolution and was essential for the quarkmodel and chromodynamics.

 1979: 5GeV electron positron collider CESR

AdA CESR

Advantage:
More center of mass energy

Drawback:
Less dense target
The beams therefore must be stored for a long time.



Matthias Liepe, P4456/7656, Spring 2010, Cornell University Slide 30

 Saving one beam while injection another (e+ and e- can be 
stored in the same pipe!)

 Avoiding collisions outside the detectors.
 Compensating the forces between e+ and e- beams


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To avoid the loss of collision time during filling of a synchrotron, the beams in 
colliders must be stored for many millions of turns.

Challenges:
 Required vacuum of pressure below 10-7 Pa = 10-9 mbar, 3 orders of 

magnitude below that of other accelerators.
 Fields must be stable for a long time, often for hours.
 Field errors must be small, since their effect can add up over millions of turns.
 Even though a storage ring does not accelerate, it needs acceleration 

sections for phase focusing and to compensate energy loss due to the 
emission of synchrotron radiation.


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 1981: Rubbia and van der Meer use stochastic cooling of anti-protons and 
discover W+,W- and Z vector bosons of the weak interaction

 1987: Start of the superconducting TEVATRON at FNAL
 1989: Start of the 27km long LEP electron positron collider (up to 200 GeV)
 1990: Start of the first asymmetric collider, electron (27.5GeV) proton 

(920GeV) in HERA at DESY
 1998: Start of asymmetric two ring electron positron colliders KEK-B / PEP-II
 Today: 27km, 7 TeV proton collider LHC at CERN

NP 1984
Carlo Rubbia
Italy 1934 -

NP 1984
Simon van der Meer
Netherlands 1925 -


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eV

Energy that would be needed in a 
fixed target experiment versus 
the year of achievement

2
02

2
cm

1 2 cm
EE =

Comparison:
highest energy cosmic rays
have a few 1020eV


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 1954: Operation of Bevatron, first proton synchrotron for 6.2GeV, production of 
the anti-proton by Chamberlain and Segrè (fixed target!)

NP 1959
Emilio Gino Segrè

Italy 1905 – USA 1989

NP 1959
Owen Chamberlain
USA 1920 - 2006
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 1974: Observation of            resonances (J/Ψ) at
Ecm = 3095MeV at the e+/e- collider SPEAR

NP 1976
Burton Richter

USA 1931 -

NP 1976
Samuel CC Ting
USA 1936 -
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Energy per beam:

Beam energy needed for an
equivalent fixed target experiment:

 
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 



Matthias Liepe, P4456/7656, Spring 2010, Cornell University Slide 37

 1947: First detection of synchrotron light at General Electrics.
 1952: First accurate measurement of synchrotron radiation power by 

Dale Corson with the Cornell 300MeV synchrotron.
 1968: TANTALUS (University of Wisconsin), first dedicated storage ring 

for synchrotron radiation

Dale Corson
Cornell’s 8th president
USA 1914 –



General Electric synchrotron 
accelerator built in 1946 
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 1st Generation (1970s): Many HEP rings are parasitically used for X-ray 
production

 2nd Generation (1980s): Many dedicated X-ray sources (light sources)
 3rd Generation (1990s): Several rings with dedicated radiation devices 

(wigglers and undulators)
 Today: Construction of Free Electron Lasers (FELs) driven by LINACs (4th 

Generation) and Energy-Recovery-Linacs (ERLs) 


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
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The Linac Coherent Light Source 
is the world's first hard X-ray free-
electron laser, located at the U.S. 
Department of Energy's SLAC 
National Accelerator Laboratory 
in Menlo Park, California. 
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 
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SASE Free Electron Lasers (XFEL at DESY)

Energy Recovery Linacs

Linear
Colliders



Project-X at 
Fermilab


