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Weak focusing Synchrotrons (IV)
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Weak focusing Synchrotrons (V)

=,) condili o Fw wtalt —\F'()Cb%/.rna ' {oo‘éA /9/04—"%

]

‘ /)"”ﬂ/'"h "/Jou{ 07[ Maéi V’COCU—..."MO: le/f 0(1\/1'&{/'0'7’1/3
\F«r% ov(d ."C R lot«d/t =) b ot S 7
’rﬁacﬁy

:) ,So[l/l‘ﬁ"b“ﬁ; ')‘Ar\rnJ ?DCM"%J /;,7

Matthias Liepe, P4456/7656, Spring 2010, Cornell University Slide 3

Strong focusing Synchrotrons

e 1952: Courant, Livingston, Snyder publish about strong focusing

e 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.

e 1959: CERN builds the PS for 28GeV after proposing a 5GeV weak focusing
accelerator for the same cost (still in use)

accelerating

» 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)

bending
magnet
klystron
generator

focusing
. ) magnet
defocusing lenses gives overall

focusing!
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Strong focusing Synchrotrons (II)

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:

horizontal vertical

80T, 0.3GeV 16T, 1.1GeV

=3
Weak focusing i Strong focusing
synchrotron synchrotron

e 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.
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Limits of Synchrotrons

R = % = The rings become too long
q

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

Electromagnetic power LHC at CERN -  +=
(Synchrotron radiation) ;
radiated during transverse
acceleration:

Radiation = .o N 57

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

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.
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1.5 Particle sources and injection

PIG Ion Source

Diode Electron Source
Triode Electron Source
Other Electron and Position Guns
Injection
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PIG Ion Source

Simplest: Phillips lon Gage

(based on Penning Principle ) Y - b N
+ Magnetic field of about 0.01 T ff,::j; % ff;:,?;
« lonization chamber with "a‘h‘\’de

pressurized gas inserted at <100 s :

Pa (103 Atm) e j fresss ion beam
 Gas is ionized and remains B0 *:‘L‘>

ionized since electrons are e &

accelerated in the E-field and =2 3 _extraction

circle in the B-field anode SR
 Positive ions are accelerated ! magnet pole

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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Diode Electron Source

+ 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 us 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. filament insolator

+U, \

. R L
charging L T ‘ beam
filament :7—- Lol 100 keV
heating o =3 \

U3/2

voltage

T T T<T g
pulse-forming network
(PFN)

trigger- I
pulse ~ thyratron )
pulse transformer cathode ol ke
I U, I
Slide 9
Triode Electron Source
+ Use no transformer -> electron pulses @) R T o
(bunches) can be much shorter (>1 ns
/ R beam
Iong) phototransistor (;‘I v ‘ 50 ke\V
- A thermionic cathode produces free AN s ) cathode. )
electrons
pulse

ampfifier

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

filament
heating

light guide

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

S0kV

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

trigger high voltage

power supply

+ The short pulse amplifier is in a Faraday Bhatediode

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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Other Electron Sources (I)

16.5 inch
+ Laser gun / photo-cathode systems: flange —

+ 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.

Insulator

* Bunches can be as short as a few
ps.

» Peak currents of a few 100 A can
be achieved.

Electron
/ beam

GaAs

Cathode ;
Laser input
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Other Electron Sources (II)

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).

gun half-cell
He-vessel

power coupler

Matthias Liepe, P4456/7656, Spring 2010, Cornell University Slide 12




Positron Sources

- 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.

Primary Beam | | Target Capture Optics

«Gamma based:

- Electron beam radiates SE
photons in either a planar or m/
a helical undulator Photons 10-20 MeV

* The photons produce then thin target: 0.4 X,
positrons via pair production i
in a direct conversion >
process at a rather thin target Electrons 0.1-10 GeV
(0.4-0.5 radiation length). thick target: 4-6 X,

Matthias Liep

Injection (and Extraction)

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

“' injection  ysed.

« Challengeis 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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Injection: Fast Kicker

injected injected

. beam . vacuum chamber beam
R bending magnet gL

after 1" revolution

acceptance
+ 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 us for a 150 m circumference ring)

— If the kicker magnet has a fast enough rise time, one can inject many bunches

- Inje,, empty
k= --Lfi‘f_beam phase volume ] ] ) )
e / Stacking in longitudinal
= / phase space
____________ - K
R e e R e R b i T i
E"'— r(: _"‘:"__ ! ) _"E'-— Il] : Ir[l . Slide 15

Injection and Liouville’s Theorem

+ Fundamental rule of injection:

— It is not possible to inject particles
into an already occupied volume in
phase space without losing the injected
particles already present! vacuum chamber beam

— 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 acceptance

* For electron injection in synchrotrons /
storage rings:
— Make use of betatron damping by
emission of synchrotron radiation +
longitudinal acceleration
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(&) Transverse phase space painting / stacking

Q37

injected The injection bump is reduced with time:
beam

sepum . Septum Magnet!

1. injection 4 X' 2. injection } ¥’ 3. injection } X'
e X X é% x

4, injection § X’ 5. injection 4 x' 6. injection} X'
6§§® X X fé%\x

Each new injection fills an empty phase space area.
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Injection of proton beams using stripping foils

injected beam

stripping foil
bending magnet bending magnet

el p

circulating beam

* 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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Photon

S S

7

1) Energy emission:
Damping of the beam size

2) Stochastic emission:
Excitation of the beam size

damped
//) emittance

u

?ittance
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Generation of the emittance

Smaller dispersion —* Smaller emittance

Photon

- “Dispersion: .
closed path for an \
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Injection into an electron storage ring

Lected by, *Make use of transverse

damping by synchrotron
radiation + subsequent
longitudinal acceleration
__________________________________ i (Liouville’s theorem does
, ! not hold in presence of
3 i » 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.

% X § x' >7 O
sl:;);i;j & injected / S, N
/) b aperture
W

kicker 1
1
1

.o

NE =« ; # @7@ . isneeded
&S { g - L @ to not
C/~ 7o & e loose
acceptance b7 a. b. C. beam.
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Pulsed kicker magnets (I)

+ 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:
Aiitany wa're & Lo, -
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Kicke

r example

a=0.04m Thyratrons are use as high current fast switch.
b=0.08m R C 1)
1=1.0m l"' I
E=5GeV U, L
What current and what voltage is T_ I
needed to produce a kick angle of —
¢ =3mrad in 7, =lus thyratron kicker
1‘_4'?701)7 =££:>]=3127A current pulse
© m(a+b7) el ——— 0
L= WP o sepm
I m(a”+b7) ~ (
7. Y 1 === JI 1
C:(ﬂ) z:39.6nF (’kh‘t LC SEC
T =
- e — ¢

i = Ll"n:uajl‘] =325 1V
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Septum magnet

Current sheet septum magnet  Key: shield circulating beam from kick

i sh conductor H
current sheet field!

The sheet has to carry the same
current as the conductor. Its width
is only a few mm.

stored in}ecmd For a few us pulses, cooling is usually not required.
beam beam

Eddy current septum magnet current pulse

pulsed . A
conductor Eddy currents shield the stored T 7(¢)

Beam from the changing field.

It has to be significantly wider
than the skin depth:

=
ds A\ wou g -
eddy current (Cu) T =t
shield d. " =0.66mm for 50us
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1.6 Accelerators for particle physics and

energy reach

Available Energy
Colliding Beam Accelerators
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Special Relativity

Four-Vectors:

"_L Quantities that transform according to
— the Lorentz transformation when viewed

- from a different inertial frame.
Examples:
Contravariant coordinates Covariant coordinates
N X“E{ct,x,y,z} X, E{ct,i=x,~y,~z}
N one pre 1021 PYELE.p.p,.p}  PE{E~po-py-p.)

Time Magazine Man of the Century PH E{%¢’Ax’Ay ’Az} (I)u E{%¢’_Ax’_Ay’_Az}
Jﬂe{cpojwjy,jz} J‘u E{Cp’_jx’_jy’_jz}

Calculating the Minkowski norm of a four-vector gives a Lorentz invariant quantity:
X & ct,x,y,zy = XX, = (ct)2 — X* = const.

2
E -
PYE{{E,p,.p,,p.}=> PP, =(—) — p* =(myc) = const.
c
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Available Energy

L2E"c2m = (Rﬂ +[)2ﬂ)cm(R,u + PZ,u)cm
=(P1M+P2ﬂ)(P1y+P2y) —> 6 — 2

= C%(El +E2)2 (P - pz2)2

=2(E

+PaD.o)+ (mmc) + (mozc)

Operation of synchrotrons: fixed target experiments ®
where some energy is in the motion of the center off \
mass of the scattering products

E, >>my,c’ ,my,c’;p., =0E, =myc’ = 2E m02c

, . [ 2
Operation of colliders: ° \\ / °
the detector is in the center of mass system / \\

2, 2
E >>myc E, >my,c = E_=2,EE,
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Colliding Beam Accelerators

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

[ J
3.097GeV by Richter (SPEAR) and Ting (AGS) starts the November
revolution and was essential for the quarkmodel and chromodynamics.
e 1979: 5GeV electron positron collider CESR
Advantage: 11

More center of mass energy ™

PR 1
TR P \ .|—'

’\"-1 ,j_.-.-

e
=

¢ \ﬁ‘

Drawback:
Less dense target

The

beams therefore must be stored for a long time.
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Elements of a Collider

» 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

focusing A== T E =re=t :: He=H=S

- +  accelerating cavit

bending magnet c

\

i
/%

focusing magnets
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Storage Rings

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 107 Pa = 10-° 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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Further Development of Colliders

e 1981: Rubbia and van der Meer use stochastic cooling of anti-protons and
discover W+,W- and Z vector bosons of the weak interaction

e 1987: Start of the superconducting TEVATRON at FNAL

e 1989: Start of the 27km long LEP electron positron collider (up to 200 GeV)

e 1990: Start of the first asymmetric collider, electron (27.5GeV) proton
(920GeV) in HERA at DESY

e 1998: Start of asymmetric two ring electron positron colliders KEK-B / PEP-II

e Today: 27km, 7 TeV proton collider LHC at CERN

NP 1984 NP 1984
Carlo Rubbia Simon van der Mee
Italy 1934 - Netherlands 1925 -
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The Livingston Chart

eN—r—+—7T—"+F7T"—"—7T—""7— Comparison:
highest energy cosmic rays
have a few 1020eV

T — L S L I —
11018 =
10 2
b) ELECTRON MACHINES y % q
113 | R -
" B (oStrong Focus Synchrotrons) 1
i 14018 - -
f/y—" (+Weal Focus Synchrotrons) B
109 — ., 4 | [ (OColliders) 1
L 5 y SLC & LEP 1
e trostatic Generators) {012 = |
(ORectifier Generators)
108 — — s 1
L e pg |l swwa Ja gs pll pows | g5 X o £
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Time (Year) 09 Synchrotrons)y
. 109 _
R =
Energy that would be needed in a tatrons)
. . B s T
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2m026‘ Time {Year)
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Example: Production of the pbar

e 1954: Operation of Bevatron, first proton synchrotron for 6.2GeV, production of
the anti-proton by Chamberlain and Segre (fixed target!)

p+p > p+p+p+p
E E
L2Ec2m = 2(%"' PaDo)+ (””010)2 + (mozc)2

c

2 2 2 2
(4mpoc)” < Clecm = 2Eym g + (mpoc)” + (mpoc)

2
Tm ¢ <E,

K, =E -myc’ > 6mp0c2 =5.628 GeV

YRR NP 1959 NP 1959
Emilio Gino Segre Owen Chamberlain
Italy 1905 — USA 1989 USA 1920 - 2006
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Example: c-cbar states

e 1974: Observation of € —C resonances (J/¥) at
Ecm = 3095MeV at the e*/e” collider SPEAR

EE
%Efm =2( l2 =+ PaPo)+ (mmc)2 + (m020)2
¢ c

E =E, = E) =4F°
Energy perbeam: K = E —myc =1547MeV

E?
Beam energy needed for an % =2[Em + (mc)z]

equivalent fixed target experiment:

2

K =E-my,c’ = Bon __ 2m,,c* =9.4TeV

2m,,c’
i NP 1976 NP 1976
Burton Richter Samuel CC Ting
USA 1931 - USA 1936 -
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1.7 Accelerator based light sources
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Rings for Synchrotron Radiation

e 1947: First detection of synchrotron light at General Electrics.

e 1952: First accurate measurement of synchrotron radiation power by
Dale Corson with the Cornell 300MeV synchrotron.

e 1968: TANTALUS (University of Wisconsin), first dedicated storage ring
for synchrotron radiation

Dale Corson ]
Cornell’s 8t president General Electric synchrotron
USA 1914 — accelerator built in 1946
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3+ Generations of Light Sources

e 1st Generation (1970s): Many HEP rings are parasitically used for X-ray
production

s 3% Generation (1880s): ManwdedigRiarA dayicatugeadliaiPautes)
(wigglers and undulators)

e Today: Construction of Free Electron Lasers (FELs) driven by LINACs (4th
Generation) and Energy-Recovery-Linacs (ERLS)

radiation fan
\ mask

focusing

electron beam

undulator
beam

bending magnet

.
Kklystron
undulator genertol' 4

electron beam

undulator period
/

cavity

wiggler beam

magnet poles
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Free Electron Lasers: LCLS

To Existing Linac

The LCLS _
(Linac Coherent Light Source) "
RF Gun
Linac 0
i - - .
Al A Undulator Type par/ | Ry Linac 1
bhoton Wavelength 15 15 A
Beam Lines
© \ Nowa. RMS Exaittance 12 12 wn | Bunch 1 km
- 7 wad | Compressor 1
» ~ = [ Elegtian, Peals Cuirent 34 34 kA
N Y Hlection Fuergy E 454 1435 GeV .
w’__‘/ \\; Average b -Function 73 18 mirad Linac 2
1 I’ﬁ? B Factory Rings s FF (X-rays) 047 013 %
Pulse Duration (FWHNM}) 230 230 fs
Pulses per macropulse 1 1 Bunch
Repetition Rate 120 120 Hz Compressor 2,
. . Undulator Period 30 30 cm
The Linac Coherent Light Source Peals Field 132 LT
. . FEL parameter r 145 0.50 10" .
1 Li 3
is the world's first hard X-ray free- Poveer Gaim Longih ¥ e S
Saturation Length 27 86 w
electron laser, located at the U.S. Peak Pover © 5 ow z
| Average Power 061 015 W
Department of Energy's SLAC Colerent Foergy per Pae T R
H Coherent Photons per Pulse 279 11 1012
National Accelerator Laboratory S = o] Undulatof | ToB
in Menlo Park, California. Average Brightuess 02 2 107+ T Factory
Transverse RMS Photon Beamn Size 40 33 nm To Photon
T;-m\sversIe)iljl\"I;lli'i\:tnl\ Beam o - = Lines
Matthias Liepe, P4456/765 ** photons(s wun® murad?,0.1%BW) Slide 39
1.8 Accelerators around the world
Slide 40
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Accelerators of the World

AGOR
ALBA
ANKA
BESSY
CER
CERN
cosy
CYCLONE
DELTA
CESY
ELBE
ELETTRA
ELSA
ESRF
GANIL
GSl
HISKP
IHEP
INFIN

ISA

ISIS
JINR
JYFL
MLL
AN
Ax-Lab
MPLHD
MSL
RUBION
SLS
SRS
TSL

Europe

Accelerateur Groningen-ORsay, KVI Groningen, MNetherlands

Synchrotron Light Facility (under construction), Barcelona, Spain

Angstromauelle Karlsruhe, Karlsruhe, Germany (Forschungsaruppe Synehrotronstranlung (FGS))
Berliner Elektronenspeicherring-Gesellschaft fur Synchrotronstrahlung, Germany

Centre d'Etudes et de Recherches par Irradiation CMN.R.S, Orléans, France

Centre Europeen de Recherche Nucleaire, Geneva, Suisse (LHC, PS-Division, SL-Division)

Cooler Synchrotron, IKP, FZ Jilich, Germany (COSY Status)

Cyclotron of Louwvain la Neuve, Louvain-la-Neuve, Belgium

Dortrunder ELekTronenspeicherring-Anlage, Zentrum fir Synchrotronstrahiung der Technischen Universitat Dortmund, Germarny
Deutsches Elektronen Synchrotron, Hamburg, Germany (XFEL, PETRA Il FLASH, ILC)

ELectron source with high Briliance and low Emittance, Forschungszentrum Dresden - Rossendorf e V. (FZD), Germany
AREA Science Park, Trieste, ltaly

Electron Stretcher Accelerator, Bonn University, Germany (ELSA status)

European Synchrotron Radiation Facility, Grenoble, France

Grand Accélérateur National d'lons Lourds, Caen, France (GANIL, SPIRALZ)

Gesellschaft fir Schwerionenfarschung, Darmstadt, Germany

Helmholtz-Institut fir Strahlen- und Kernphysik, Bonn, Germany (Isochron Cyclotron)

Institute for High Energy Physics, Protvino, Moscow region, Russian Federation

Istituto Nazionale di Fisica MNucleare, Italy,

LMNF - Laboratori Nazionali di Frascati (DAFME, DAFNE beam test facility)

LML - Laboratori MNazionali di Legnaro (Tandem, CN Van de Graaff, AN 2000 Yan de Graaff),

LNS - Laboratori Nazionall del Sud, Catania, (Superconducting Cyclotron)

Institute for Storage Ring Facilities (ASTRID, ASTRID2, ELISA), Aarhus, Denmark

Rutherford Appleton Laboratory, Oxford, UK

Joint Institute for Nuclear Research, Dubna, Russian Federation (U-400, U-400M, LHE Synchrophasotron / Muclotron)
Jywaskylan Yliopiston Fysiikan Laitos, Jywaskyla, Finland

Maier-Leibnitz-Laboratorium: Accelerator of LU and TU Muenchen, Munich, Germany

Mainzer Wicrotron, Mainz U, Germany

Lund University, Sweden

Iax Planck Institut fir Kermnphysik, Heidelberg, Germany

IManne Siegbahn Laboratory, Stockholm, Sweden (CRYRING)

Zentrale Einrichtung fOr lonenstrahlen und Racionukiide, Universitat Bochum, Germary

Paul Scherrer Institut PSI, Villigen, Switzerland

Synchrotron Radiation Source, Daresbury Laboratory, Daresbury, U K. (Closed since Aug. 18th, 2008)
The Svedberg Laboratory, Uppsala University, Sweden
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Accelerators of the World

88" Cyel
ALS
ANL

BMNL
CAMD
CESR
CHESS
CLs
ChL
FNAL

ININ
IUCF
JLab
LAC
LANL
MIBL
NSCL
ORNL
PBPL
SLAC
SNS
SRC
SURF I
TRIUMF
UNAM

LhLS
TANDAR

North America

&8-Inch Cyclotron, Lawrence Berkeley Laboratory (LBL), Berkeley, CA

Advanced Light Source, Lawrence Berkeley Laboratory (LEL), Berkeley, CA (ALS Status)

Argonne National Laboratory, Chicago, IL {Advanced Phaoton Source APS [status], Intense Pulsed Neutron Source IPNS, Argonne Tandem Linac Accelerator
Systern ATLAS)

Brookhaven National Laboratory, Upton, NY (AGS, ATF, NSLS, RHIC)

Center for Advanced Microstructures and Devices

Cornell Electron-positron Storage Ring, Cornell University, thaca, NY (CESR Status)

Cornell High Energy Synchrotron Source, Cornell University, thaca, NY

Canadian Light Source, U of Saskatchewan, Saskatoon, Canaca

Crocker Muclear Laboratory, University of California Davis, CA

Fermi National Accelerator Laboratory , Batavia, IL (Tevatron)

Idaho accelerator center, Pocatello, Idaho

Mational Institute for Nuclear Research, Mexico

Indiana University Cyclotron Facility, Bloomington, Indiana

aka TINAF, Thomas Jefferson MNational Accelerator Facility (formerly known as CEBAF), Newport News, WA

Louisiana Accelerator Center, U of Louisiana at Lafayette, Louisiana

Los Alamos National Laboratory

Michigan lon Beam Laboratory, University of Michigan

Mational Superconducting Cyclotron Laboratory, Michigan State University

Oak Ridge National Laboratory Oak Ridge, Tennessee

Particle Beam Physics Lab (Meptune-Laboratory, PEGASUS - Photoelectron Generated Amplified Spontaneous Radition Source)
Stanford Linear Accelerator Center, (SLC - SLAC Linear electron positron Collider, SSRL - Stanford Synchrotron Radiation Laboratory)
Spallation Neutron Source, Cak Ridge, Tennessee

Synchrotron Radiation Center, U of Wisconsin - Madison

Synchrotron Ulraviolet Radiation Facility, National Institute of Standards and Technology (NIST), Gaithershurg, Maryand

Canada's Mational Laboratory for Particle and Nuclear Physics, Vancouver, BC (Canada)

Universidad Nacional Autdnoma de México, Mexico

South America

Laboratorio Nacional de Luz Sincrotron, Campinas SP, Brazil
Tandem Accelerator, Busnos Aires, Argentina
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Accelerators of the World

Asia
BEFC Bsijing Electron-Pasitron Collider, Beijing, China
HLS Hefei Light Source, Univ. of Science & Technology of China, Hefei city, China
INDUS Centre for Advanced Technology CAT, INDORE, India
KEK Mational Labaratory for High Energy Physics ("Koh-Ene-Ken"), Tsukuba, Japan (KEK-B, PF,)
MNSC Muclear Science Centre, New Delhi, India {15 UD Pelletron Accelerator)
PLS Pohang Light Source, Pohang, Korea
RIKER Institute of Physical and Chemical Research ("Rikagaku Kenkyusho"), Hirosawa, YWako, Japan
SESAME Synchrotron-light for Experimental Science and Applications in the Middle East, Jordan (under construction)
SPring-8 Super Photon ring - 8 GeV, Japan
SRRC Synchrotron Radiation Research Center, Hsinchu, Taiwan
VECC Wariable Energy Cyclotron, Calcutta, India
BINF Budker Institute of Muclear Physics, Novosibirsk, Russia (VEPP-3, VEPP-4W, VEPP-2000)
Africa
MNAC Mational Accelerator Centre, Cape Town, South Africa
Australia
Australian Melbourne, Victoria, Australia

Synchrotron
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Accelerators of the World

Sorted by Accelerator Type
Electrons

Stretcher Ring/Continuous Beam facilities
ELSA (Bonn U), JLab, MAMI (Mainz U), MAX-Lab, SLAC
Synchrotron Light Sources

ALBA, ANKA (FZK), ALS (LBL), APS (AML), ASTRID (ISA), Australian Synchrotron, BESSY, CAMD (LSU), CHESS (Comell Wilsor Lab), CLS {U of Sasketchewan), DELTA (U of
Dortmund), ELBE (FZD), Eletira, ELSA (Born U), ESRF, HASYLAB (DESY), HLS, INDUS [CAT), MAX Lab, LNLS, NSLS, PF (KEK), PLS, SESAME, SLS (PSI), SPEAR (SSRL,
SLAC), SPring 8, SRC (U of Wisconsin), SRRC, SRS, SURF IIl (NIST)

Other

IAC, Neptune, PEGASUS LINANM,

Protons

88" Cyclotron {LBL), CERI, CNL (UC DAVIS), COSY (FZ Julich), IPNS (AML), ISL (HWIL, ININ, ISIS, IUCF, LHC (CERN), NAC, PS (CERN), PSI, RHIC (BNL), SPS (CERM), TRIUWMF, TSL

Light and Heavy lons

838" Cyclotron (LBL), AGOR, ASTRID, CHL (UC DAVIS), {ISA), ATLAS (ANL), CERI, CRYRING {MSL), CYCLONE, GANIL, GSI, HISKP, IMNIN, ISL {(HWI), IUCF, JYFL, LAC, LHC {CERNj),
LHE Synchrophasotron / Muclotron (JINR), LINL {INFN), LNS (INFM), Maier-Leibnitz-Laboratorium, MIBL, MPI-HD, NAC, NSC, ORMNL, PSI, RHIC (BMNL), RUBION, SESL, SNS, SPS
(CERN), TANDAR, TSL, U-400/ U-400M (JINR), UNAM, VECC

Collider

BERPC, CESR, DAFNE (LNF), HERA (DESY), LHC (CERN), PEP-Il (SLAC), SLC (SLAC), KEK-B (KEK), RHIC (BNL), TESLA (DESY), Tevatran (FNAL), VEPP-3, VERP-Ah,
VEPP-2000 (BINP)
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The Future

Project-X at
Fermilab
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