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http://www-case.physics.sunysb.edu/wiki/index.php/Main_Page 

Billions of these tubes were made in 20th century – now most of them are in the 
landfills…  



2 

Plan to talk about: 
•  Accelerators - what they are useful for? 
•  Ways of accelerating charged particles? 
•  RF accelerations - the best way known? 
•  Circular accelerators: bending, focusing & auto-

phasing  
•  Energy recovery linacs - new direction in 

accelerators 



3 

•  High Energy Physics  
–  Explore the electro-weak bosons Z, W (LEP) 
–  Find and exploit “new“ and heavy quarks (Tevatron) 
–  Find the HIGGS ? (LHC) 
–  Well, this list will never be complete .....  

•  Nuclear Physics (RHIC, SPS) 
–  First evidence of a new state of matter, quark gluon plasma? (SPS) 
–  Create the QGP and determine its properties (RHIC) 
–  Could it be something else? (RHIC II, eRHIC) 

•  Chemistry, Biology, Medicine, Material Sciences 
–  Find the structure of molecules, proteins, cells… 
–  Could people survive interstellar travel? (NASAs NSRL) 
–  Time-resolved structural changes in a natural (fsec) time scale 

•  Civil, Industrial and Military Applications  
–  Treat cancers, produce isotopes for medical imaging, sterilize products… 
–  Scan containers in ports for undesirable content (n’s?) 
–  High power free electron lasers as weapons for a ship defence 
 

What Accelerators Are Good For 
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•  Type of accelerated particles: electrons or positrons, protons or 
antiprotons, ions, muons, atoms…. 

•  Energy of the particle : keV, MeV, GeV, TeV…  
–  Au… 28 TeV at RHIC, 7 TeV protons at LHC, 10 keV electrons in X-

ray tube, few MeV protons in Van-De-Graph (SBU basement),   
•  Performance – luminosity or event rate, instantaneous and integrated 

luminosity 
•  Beam intensity - Number of particles per second, I.e. beam current (=> 

instantaneous luminosity) 
•  Beam quality - transverse and longitudinal emittance, which is simply 

phase-space (remember Louisville theorem) occupied by the particles and 
its projections (=> instantaneous luminosity)  

•  Beam lifetime – number of particles lost per second, i.e. Loss rate, 
lifetime limiting processes (=> integrated luminosity) 

•  Method(s) of acceleration: electrostatic, induction, Radio-Frequency (RF) 
fields  

–  + cosmic accelerators + laser accelerators + plasma accelerators 

What Are Accelerators and how 
'good’ are they?  

1keV = 103 eV, 1 MeV = 106 eV, 1 GeV = 109 eV ,  1TeV= 1012eV, …1eV = 1.6 10-19 J 
1 nsec = 10-9 sec, 1 psec = 10-12 sec, 1 fsec = 10-15 sec, 1 asec = 10-18 sec….  
 



Thermionic electron source 
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Courtesy of W. Barletta



Photo-emission electron source 
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http://newscenter.lbl.gov/wp-content/uploads/electron-gun.jpg



Typical ion source 
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Courtesy of W. Barletta



Plasma accelerators



Novel methods: ATF at BNL 

( )max ~E MeV I

A monoenergetic proton beam is observed from the interaction of a short-pulse 
infrared laser with a gas jet target. Electron’s pushed out of the gas jet (or metal 
foil) by high laser pulse , then pull out ions and accelerate them. 
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E p = Eo + q ⋅ϕ
 
r ( )

Electrostatic: Van De Graff Generator = Accelerator Archeology 
How to Accelerate charged particle? 
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What LIMITS electrostatic acceleration? 
Is it possible to accelerate 
particle many times in the same accelerator?  

- + 
E 

NO! 
EM II: 1st pair of Maxwell’s 

Equations 
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RF accelerators 

  

� 

dE p = q
 
E ⋅ d r ( ) = q

 
E ⋅  v ( )dt

RF accelerators limits: 
Room to: pulsed  ~150 MV/m 

   CW    ~2 MV/m 
Superconducting (2Ko) 

  pulsed   ~50 MV/m 
  CW       ~20 MV/m 



Interlude: RF accelerator
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How β=1 RF accelerator works? 
In pictures 
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In pictures 
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In pictures 
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How β=1 RF accelerator works? 
In pictures 
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How β=1 RF accelerator works? 
In pictures 



29 Circular  
accelerators 

•  Allow to accelerate or store 
particles to millions and billions of 
turns 

•  Larges energies of colliding beams 
today - hadrons     1 TeV for 
proton-antiproton (1012 eV) at 
Tevatron ,  24 TeV in Au-Au at 
RHIC,  electron-positron:  208 
GeV at LEP (discontinued) 

•  Many medium energy electron 
accelerators (1-8 GeV) as 
synchrotron radiation sources 

•  Electrons and positrons radiate too 
much at high energy (~ E4 - you 
should learn it soon) - hence this is 
the main limit to their energy 

RF cavity 

RF cavity 

Bending 
magnet 

Injection 

Injection 



30 

Why to use magnetic field to guide particles? 
Why not electric field?  

It is practical matter of what you can do easier or what you can do at all? 

1997 - BERKELEY, CA -- The world record for field strength in a dipole magnet has been  
shattered by researchers at the Ernest Orlando Lawrence Berkeley National Laboratory 
 (Berkeley Lab). A one-meter long superconducting electromagnet, featuring coils wound  
out of 14 miles of niobium-tin wire, reached a field strength as high as 13.5 Tesla,  
far-surpassing the previous high of 11.03 Tesla set by a Dutch group in 1995. 

1 Gs = 29979 V/m ->   warm magnet 20 kGs (2T) .eq. to 600 MV/m 
                  -> superconducting magnets 15T .eq. to 4.5 GV/m   
  

Almost everything arcs at few MV/m 
 
There is no chance to create DC electric field at Earth with the same 
intensity as DC magnetic filed - it has something to do with absence 
of magnetic charges and, hence, no arcing………  
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Arithmetic  of Circular Accelerator 
Y 

x 
 

� 

Ε = m2c 4 + p2c 2 ≡ γmc 2 E is constant in magnetic field 

 

p = γ mv ≡ γ mc

β;    


β =
v
c

;  γ = 1
1−

β 2

As the result value of the 
momentum, velocity and 
relativistic factors (γ,β) are 
constant, but vectors change 
direction 

� 

mec
2 ≅ 0.511MeV;  mpc

2 ≅ 938.272MeV
The mass of the electron is approximately 1/1836 of the mass of the proton 

� 

β = 1−1/γ 2    →≅1−1/2γ 2  
For any ultra-relativistic particle 
with γ>>1 its speed is almost that 
of the light 
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Stability in Circular Accelerators: Auto-phasing 
 

� 

C = C(Ε);  v = c ⋅ 1− mc 2
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Stable  phase 

αc < 0 

 = 0 is a special case and called a transition 

c is a function of accelerator lattice 
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Stability in Circular Accelerators 
  

� 

 
B = ˆ e yBo

Guiding field is not sufficient 
for  particles trajectories to be 
stable: helix is trajectory of a 
charged particle in homogeneous 
field is unstable  

Weak focusing: dipole magnets have a 
gradient of the field to make both vertical  
and horizontal  motion stable 



Strong focusing: Quadrupoles
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v=ẑv⇒


F = eG

c
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Weak focusing synchrotrons in 1950s:���
you can have lunch inside its vacuum 

chamber 
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Challenge is the 
precision 

 not the size 

Strong focusing – 
micron size beams 



Applications of Accelerators
•  Semiconductors: The semi-conductor industry relies on accelerator technology to implant ions in 

silicon chips, making them more effective in consumer electronic products such as computers, 
smart phones and MP3 players. 

•  Clean air and water: Studies show that blasts of electrons from a particle accelerator are an 
effective way to clean up dirty water, sewage sludge and polluted gases from smokestacks. 

•  Cancer therapy: When it comes to treating certain kinds of cancer, the best tool may be a 
particle beam. Hospitals use particle accelerator technology to treat thousands of patients per 
year, with fewer side effects than traditional treatments. 

•  Medical diagnostics: Accelerators are needed to produce a range of radioisotopes for medical 
diagnostics and treatments that are routinely applied at hospitals worldwide in millions of 
procedures annually. 

•  Pharmaceutical research: Powerful X-ray beams from synchrotron light sources allow scientists 
to analyze protein structures quickly and accurately, leading to the development of new drugs to 
treat major diseases such as cancer, diabetes, malaria and AIDS. 

•  DNA research: Synchrotron light sources allowed scientists to analyze and define how the 
ribosome translates DNA information into life, earning them the 2009 Nobel Prize in Chemistry. 
Their research could lead to the development of new antibiotics. 

•  Nuclear energy: Particle accelerators have the potential to treat nuclear waste and enable the 
use of an alternative fuel, thorium, for the production of nuclear energy. 
http://www.acceleratorsamerica.org/resources/applications/
index.html  
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Medical Applications  
ü  In contrast with other applications, medical applications of any 

technology is most humane and broadly accepted by society. 
ü  Some of accelerator  applications in medicine – like radiation 

therapy – are well known. 
ü  Many are know only to experts. 
ü  Here is a short (and incomplete) list of accelerator  applications 

in medicine : 
ü   Hadron radiation therapy 
ü  Gamma-ray (Photon) radiation therapy 
ü  X-ray tubes 
ü  Sterilization of material & equipment 
ü  Isotopes 
ü  Angiography 
ü  Neutron capture therapy 
ü  Genome project 
ü  Reconstruction of protein structures  
ü  Developing new drugs and new materials 



γ-Ray Radiation Therapy 39 

•  The gamma-rays beam is further filtered to remove soft photons, collimated, 
shaped to fit specific task 

•  The beam is then delivered at multiple angles to minimize the radiation 
exposure of the surrounding tissue and to deliver the necessary dose of the 
radiation to a tumor 

•   It is all computer controlled from the patient model 
•  This is a BIG business… 



Why Hadron radiation therapy? 
•  Hadron Beams Slow Down And Stop depositing the energy at the very end of 

the pass  
•  While γ-rays deposit the energy evenly through the tissue  
•  Thus with hadron it is possible to concentrate the exposure where it is 

needed and reduce damage to the surrounding healthy tissue by 4-6 fold 
•  In medicine it can be difference between life and death  

40 

„Bragg“-peak 



Hadron therapy centers 
41 



Accelerator Parts 
Gantries: monsters in modern accelerators 

The HIT facility. Source: Photo Gallery of the HIT. 
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Accelerator Parts 
Gantries: monsters in modern accelerators 
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Industrial Accelerators 
•  DC Voltage  

–  Van de Graaff – Use a charge carrying belt or “chain”. Energies range from 1 to 15 MeV 
at currents from a few nA to a few mA.  

–  Dynamitron & Cockcroft Walton generator – Basically voltage multiplier circuits at 
energies to up to 5 MeV and currents up to 100 mA.  

–  Inductive Core Transformer (ICT) – A transformer charging circuit with energies to 3 
MeV at currents to 50 mA.  

•  RF Linacs   
–  Electron linacs – standing wave cavities from 0.8 to 9 GHz. Energies from 1 to 16 MeV 

at beam power to 50 kW.  
–  Ion linacs – all use RFQs at 100 to 600 MHz. Energies from 1 to 70 MeV at beam 

currents up to mA.  
•  Circular 

–   Cyclotrons – ion energies from 10 to 70 MeV at beam currents to several mA.  
–   Betatrons – electron energies to 15 MeV at few kW beam power.  
–  Rhodotron – electron energies from 5 to 10 MeV at beam power up to 700 kW.  
–  Synchrotron – electron energies up to 3 GeV and ion energies up to 300 MeV/amu.  

44 



Materials modification 
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Electron beams make shrink wrap 
tougher and better for storing food and 
protecting other products, such as board 
games, CDs and DVDs 

There is a hope to 
improve the safety of 
artificial heart valves 
by forming them from 
material bombarded by 
ions 

The auto industry uses 
particle accelerators to treat 
the material for radial tires, 
eliminating the use of 
solvents that pollute the 
environment. 



Ion implantation 
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The semiconductor industry relies on accelerator technology to implant ions in silicon chips. 



Ion implantation 
47 



Material Processing/Modifications 
48 



Crosslinking 
•  A cross-link is a bond that links one polymer chain to another. 
•  Cross-linking is used in both synthetic polymer chemistry and 

in the biological sciences.  
•  Although the term is used to refer to the "linking of polymer 

chains" for both sciences, the extent of crosslinking and 
specificities of the crosslinking agents vary. Of course, with all 
science, there are overlaps, and the following delineations are 
a starting point to understanding the subtleties. 

•  When cross links are added to long rubber molecules, the 
flexibility decreases, the hardness increases and the 
melting point increases as well. 

Vulcanization is an example of cross-linking. 
Schematic presentation of two "polymer 
chains" (blue and green) cross-linked after 
the vulcanization of natural rubber with 
sulfur (n = 0, 1, 2, 3 …). 



Crosslinking: rubber  
•  Crosslinking is the core chemical process of linking the 

plastic rubber molecules into a three-dimensional network 
structure with elastic properties, namely the finished 
rubber. The choice of crosslinking agent, the desired 
crosslinking density and the reactivity of the crosslinking 
system used have a decisive influence on the material 
properties. As a result, there may be substantial changes in 
their stress values, tensile strength, hardness, elasticity, gas 
permeability, high-temperature or swelling resistance during 
the crosslinking reaction. 

•  The most well-known crosslinking agent is elemental sulfur, 
which is used in conjunction with zinc oxide, stearic acid and 
compounds known as vulcanization accelerators. In addition, 
sulphur-free systems are used as well, such as p-quinone 
dioxime together with oxidizing agents, peroxides with 
crosslinking coagents, diamino compounds, resins or metal 
oxides.  

•  The choice of crosslinking systems is determined on the one 
hand by the chemical characteristics of the polymer. For 
instance, rubbers containing diene groups, such as NR, IR, 
SBR, BR or EPDM, can be crosslinked with numerous versions 
of the classical sulphur system. However, similar attempts 
with EVA, AEM or FKM would be doomed to failure.  



Micro-biological sterilization 
ü  Electron beam processing has the ability to break 

the chains of DNA in living organisms, such as 
bacteria, resulting in microbial death and 
rendering the space they inhabit sterile.  

ü  E-beam processing has been used for the 
sterilization of medical products and aseptic 
packaging materials for foods as well as 
disinfestation, the elimination of live insects from 
grain, tobacco, and other unprocessed bulk crops. 

ü  Sterilization with electrons has significant 
advantages over other methods of sterilization 
currently in use. The process is quick, reliable, 
and compatible with most materials, and does not 
require any quarantine following the processing. 



Sterilization of products 

Pest & Pathogen Control:  
Example: Half of grain produced on the Earth is infested by bugs: they have to be stopped, or grain is gone… 
Electron Beam processing as a disinfestation method replaces antiquated environmentally unfriendly methods such 
as fumigation and chemical dipping.  
A significant area for this technology is the herb and spice industry. These commodities are valued for their 
distinctive flavors, aromas and colors. They can be processed by this technology to reduce bacterial contamination 
without compromise to their sensory properties. 
Fruits, vegetables, grains and other food items can be processed by Electron Beam to control fruit flies and other 
insects that use these commodities as a host for propagation.  
Suitable as a quarantine measure, several countries rely on this technology to treat food commodities prior to 
exporting 









We do it at BNL…. 



RHIC 
PHENIX 

STAR 

AGS 

TANDEMS

3.8 km in circumference 

eRHIC: QCD Facility at BNL 

BLIP 





What else?
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Scientific Applications  
ü  Fundamental particle physics - colliders 
ü  Applied (material, geology, medicine, pharmacology…) and 

fundamental sciences (physics, biology, chemistry) using of 
synchrotron radiation, and neutron and FEL sources of 
radiation 
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What Light Sources Are For

http://www.sc.doe.gov/bes/scale_of_things.html 



63 Accelerator allowed us to discover the entire 
Zoo of elementary particles and their 

combinations (states)   

HIGS 



Why accelerator (particle) energy is a figure 
of merit for fundamental physics ? 
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Second: it allows us to create new heavy particles.  
 
 
The minimum energy required to create a particle 
(or group of particle) with total mass M is: 

 
 

In practice the energy of colliding particles has to 
be higher, both to allow the created particles to 
separate  and, in some geometry, for their 
common motion. 

 
 

Emin =Mc
2; M = mi∑



Fixed target experiments 
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A particle from an accelerator  is directed towards a 
stationary particle: 
 
 
In the co-moving frame of created particles the energy is 
equal to (or exceeds)  
The conservation of the energy states that  

 
 

and the available energy for creating particles is 
 
 
 
with most of the energy lost for the common motion of the 
products of the reaction    

Mc2

m2γ1,m1

E = γ1m1c
2 +m2c

2;

P = γ1m1

v1;   γ1 =1/ 1−
v1
2 / c2

M 2
eff c

4 = E 2 −

P2 = m1c

2( )+ 2γ1m1c2m2c
2 + m2c

2( )
2

γ1 >>1 ⇒ Meff c
2 ≅ 2E1m2c

2



Collider experiments 
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A particle from an accelerator  is directed 
towards a stationary particle: 
 
 
The conservation of the energy states that  

 
 

and the available energy for creating particles is 
maximized   

γ,mγ,m

E = 2γmc2;

P = γmv−γmv =0; 

Meff c
2( )
2
= 2γmc2( )

2
− 0 ⇒ ECM =Meff c

2 = 2γmc2 = E1 +E2

Achieved: e+e- - 200 GeV; pp – 2 TeV;   pp – 10 TeV - 



67 Two Moors laws for accelerator plots:  
Livingston plot for C.M. energy  

and peak brightness plot for light sources 

2030 

LHC 

100 TeV 

FCC ?? 

ILC ?? 

X-ray Light Sources
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NSRL 

2 superconducting rings 
3.8 km circumference 



69 CERN – Large Hadron Collider (LHC) 
Time 2007- 

Circumference 
[km] 

26.7 

Energy 
[GeV] 

7000 p 
580000 Pb 

Particles p-p 
Pb-Pb 

Peak luminosity 
[1030cm-2s-1] 

10000 
(design) 

Beam size  
in beam pipe 

  1 mm  

350MJ stored energy per beam inside 
super-conducting magnets = kinetic 
energy of 20 fully loaded class 8 
trucks (120,000lbs) at 55mi/hr 
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International Linear Collider B10$+ 

33km 
20 miles 47 km 

30 miles 

TESLA TDR 
500 GeV (800 GeV) 

US Options Study 
500 GeV (1 TeV) 
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•  Emittance  
–   1 Å.rad (ESRF @ 1GeV) 

•  Bunch length  
–  100 fsec (ATF @ BNL, TESLA - not in the rings! ) 

•  Brilliance [ph/sec/m2/10-3BW ]   
–  Average 1020 (ESRF, APS, Spring-8) 
–  Peak 4.1028 (TESLA FEL @ 100 nm - not in the rings! ) 

Extremes of e+/e- beams : Light Sources 

ESRF 
6 GeV 

APS 
7 GeV Spring-8 

8 GeV 

e+ 

e- e- 
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NSLS II  

New Light source at BNL 
50-fold better than present state-of-the-

art light sources 



SR Light Source Worldwide

ESRF, 6 GeV 

SSRF, 3.5 GeV  NSLS II, 3 GeV   

SPring-8, 8 GeV 



SR from Bending Magnet

✓ ⇠ 1

�

P =
e2c

6⇡"0

�4

⇢2

•  Goods
–  Simple, inexpensive
–  Broad spectral range
–  Many beamlines

•  Bads
–  Limited hard x-ray 

components
–  Not very bright 

✏c ⌘ ~!c =
3

2

~c�3

⇢



SR from Undulator/Wiggler

They are ‘insertion devices’ in straight 
sections.  Modern accelerators provides 
many long straight sections.




Difference between bending magnet 
and Undulator/Wiggler

US Particle Accelerator School

Light sources provide three types of SR
L'ni\'(.'fhll} of lJubljll/1lI 

F Bending magnet 
radiation 

lim 
1 

» Yl 
/ 

F Wiggler radiation 

lim 

1 

e- Y{Nl 
F Undulator radiation 

T 
lim 

Courtesy of W. Barletta  
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The Ultimate Tasks are for Free Electron lasers! 
•  TASK 1: To see one single protein or cell in a single shot one needs a 

blast X-ray photons within a few femtosecons (1 fsec =10-15 sec) 

LCLS at SLAC 

The European X-Ray  
Laser Project XFEL 

http://www-ssrl.slac.stanford.edu/lcls/    
http://xfelinfo.desy.de/en/start/2/ 

V.N.Litvinenko, Colloquium at Stony Brook University, October 14, 2008 



FEL II: Micro-Bunching

Or we can write down differential 
equation for the energy exchange 
phase and the energy deviation.  It 
is a pendulum equation which 
defines the separatrix.

The energy change has a sinusoidal form, 
Therefore:

2 2

0 12 2

0
2 2

2
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2

[ ] ( ) ( )
4 2 4 2

u

r

K KJ

d k
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eE K JJd
d

J J

z

J

m

K

c

K

θ η

η θ
γ

= −
+

=

+

=

0, ( )r
u

r

k k z tγ γη θ ω θ
γ
−= = + − +
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The Ultimate Task! 
•  To see one single protein or cell - it 

needs it all fsec duration and a lot of 
X-ray photons in a single shot  



80 Energy Recovery Linac

M. Tigner (1965) - SC ERL, followed by  
BINP, Jefferson Lab, BNL,Cornell, LBNL, KEK 
and more ... 
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ERLs - path to the future 

Current of 0.5 A and energy of 20 GeV leads to a beam power of 10 GW !!! 
The energy of the spent beam has to be recaptured for the new beam. 

As compared to a ring, the beam properties are largely 
determined by the injector system: 
 
●      The bunch length can be in fsec range 

●      Smaller emittances 

●      Higher coherence fraction 



a0 =
eEoλo
2πmc2

≡
eEo

mcωo

≡
eAo
mc2

<<1

Scaling 

Electrons motion is nonrelativistic, linear plasma  

a0 =
eEoλo
2πmc2

>>1

Relativistic motion of electrons, nonlinear plasma, blow-out 
regime (e.g.   

lbuble ~ c
ω p

; rbuble ~ lbuble / 2; E ~ 4πq
πr2

buble

≅ 4πeno
lbubleπr

2
buble

πr2
buble

≅
4πecno
ω p

= e 4πno
re

re = 2.8 ⋅10−13cm;  no =1019cm−3;e = 4.8 ⋅10-10  esu; E ~ 107 Gs = 3GV / cm

Compare this 300 GeV/m  with 150 MeV/m in RF linacs  

Plasma accelerators



END
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We will discuss some (but not all!)  of these branches  

Colliders and their effective energy 
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Plot of CPU transistor counts against dates of introduction.  
Note the logarithmic vertical scale; the line corresponds to exponential growth with transistor count doubling every two years. 

Every rapidly advancing field has its logarithmic 
plot: example is the Moorse Law Plot 


