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PHY 554  
Fundamentals of Accelerator Physics 

Lectures 2 & 3: History of Accelerators 
 

Vladimir N. Litvinenko 

http://case.physics.stonybrook.edu/index.php/PHY554_fall_2018 

We are discussing development of accelerators and learning “accelerator slang”. 
The main goal of this brief overview is to introduce you to inventive nature of the 
accelerator physics and engineering: each time there is a “dead-end”, accelerator 

community finds way of gong further.  
It is never an easy path, but so far we were very successful.  
It is for your generation to figure out the next breakthrough. 

 
There are books and long articles written about the history of 

accelerators. Here we are recall some elements of the history as it fit 
the purpose of our course: without any attempt to follow neither the 

historical event nor the importance of the new inventions. 
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To =
C

v
= hRF ⋅TRF = hRF

fRF

Changing the RF frequency is mostly required in hadron synchrotrons, where particles do not reach 
relativistic velocities till very high energies. For example AGS (Alternating Gradient Synchrotron) 
accelerates protons from kinetic energy of 0.2 GeV to 28 GeV – this requires a nearly two-fold 
change of the RF frequency. You would learn later in the course that this is not a trivial but doable.   
Slightly different story is for electrons – it is relatively easy to accelerate electrons to tens of MeV 
before injecting them into a synchrotron. Usually then the available aperture of the vacuum chamber 
is sufficient to accommodate a slight variation of the electrons velocity. This answers the first 
requirements – what about second? 
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But what about longitudinal motion, i.e. a particle slightly out of synchronism or slight off-
energy? Would they survive or disappear? Veksler discovered the phase (auto-focusing) stability in 
circular accelerators by introducing the time of flight dependence of the particles energy (frequently 
called a slip-factor): 
 

η =
d lnTo

d ln E
=

d lnC

d ln E
−

d lnv

d ln E        (2.12) 

 
 

Veksler discovered that proper choice of accelerating phase (see fig. 2.18) provides for stability of 
longitudinal (phase – means RF phase) motion. It means that a particle with a phase or energy 
deviation will execute stable oscillations, which are called synchrotron oscillations. 

E > Eo 

Ideal, E = Eo 

E <Eo 

ΔErf 

η<0 η>0 

t 
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To =
C

v
= hRF ⋅TRF = hRF

fRF

Thus, longitudinal motion is stable (with an appropriate choice of phase and accelerating rate). What 
about transverse motion? 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By 1940s the principle of weak focusing for transverse motion was well know and this was working 
assumption that bending magnets have a gradient of the field splitting focusing between horizontal 
and vertical oscillations.  

E > Eo 

Ideal, E = Eo 

E <Eo 

ΔErf 

η<0 η>0 

t 



Weak (transverse) focusing, plane orbit symmetry 
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To solve this problem let’s expand the equations of motion near the ideal closed orbit: 
 !

r = r̂ ⋅ ρ + x( )+ ŷ ⋅ y;ρ =
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eBo

; Bo = By x = 0, y = 0( ) = const;

!
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Because of the symmetry                          and                   ∂By
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curl
!
B = 0 ⇒ G =

∂By

∂x
= ∂Bx

∂y
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B
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!
v =

d

dt
r̂ ⋅ ρo + x( )+ ŷ ⋅ y( ) = dr̂
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d 2x

dt2
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Stability :    0 < n <1;

x = ax cos ν xωot +ϕ x( );   y = ay cos ν yωot +ϕ y( );    ν x = 1− n;ν y = n;
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y 

φ 

Stability :    0 < n <1;

x = ax cos ν xωot +ϕ x( );   y = ay cos ν yωot +ϕ y( );    ν x = 1− n;ν y = n;
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Fig. 2.17. Typical quadrupole magnet. 

 

Physicist new about quadrupoles – magnets, which because of the Maxwell equations focused in one 
direction and defocus in the other: 
 

curl
!
B = ẑ
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⎛
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   (2.13) 

 
depending on the sigh of the gradient, G.  
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It was (again) Christofilos who found a way out of this puzzle in 1949 by inventing a 
strong focusing. The idea is rather straight forward, again, after you know it: a 
combination of focusing and defocusing lens results is focusing: 
 
 

 
 

Fig. 2.18. Principle of strong focusing (courtesy of W. Barletta) 
 

One can calculate a focusing lens and a defocusing lens with focal length of F separate distance L to 
find that the remaining focusing force in both directions to be (consider it as an exercise):  
 

Feff =
F 2

L        (2.14) 

 

This seemingly simple step, later combined with an exquisite theory developed at BNL by Courant 
and Snyder (the theory you would learn in this course [7]), made a real revolution. Modern 
accelerators based on the strong focusing have apertures from few cm to few millimeters (where and 
when needed).  
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Thus, in late 1950 the idea of colliding relativistic particles circulating in a storage ring was born. 
The skeptics who were using synchrotrons predicted this to be complete failure. The reasoning 
beyond this skepticism was so called luminosity of the collider. Processes in high energy and nuclear 
physics are described by a cross-section, σ . Then the number of the processes generated during 
collision of a particle with a target of transverse density Nt / A , where Nt  is the number of particles of 
interest in the target and A is its transverse area. If one will send Nb  particles per second onto the 
target from an accelerator, the rete of the generated processes (events) will be given by: 
 

R =
dNevents

dt
=σ ⋅ Nb ⋅

Nt

A
=σ ⋅L

L = Nb ⋅
Nt

A
      (2.19) 

 
where we introduced luminosity of the experiment, L. With Nt

A
~ 1023cm−2  of the solid target it is very 

hard to compete having from 109 to 1011 particles per bunch. 
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Colliders 
 

Let’s consider two colliding beams consisting for individual bunches. Let’s 
bunches collide with the collision rate fc.  

 
Fig. 2.19. Two colliding beams 

Then during the collision the first beam sees the density of particles in the 
second beam 

  

N
t

A
=

N
2

A
. The first beam intensity is nothing that the collision (bunch) 

rate multiplied by the number of particles in the bunch 1: Nb = fcN1 . Plugging this 
in (2.19) we can write luminosity for colliding beams: 

L = fc ⋅
N1N2

A         (2.20)  

Naturally, the success of the modern colliders was built upon colliding beams 
with very small transverse sizes, e.g. with a very high density and on high 
collision frequency. After this course you would know how the beam quality 
(emittance, ε ) and the beam optics (beta-functions, β ) affect the luminosity via 
A = 4πβε . 

N1 N2 
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Light sources 
You are well aware that electrons when accelerated - turned in the bending magnets or “shacked” in 
wigglers and undulators - radiate incoherent radiation. The radiation from the bending magnet is 
broadband and has a critical wavelength λ ~ ρ /γ 3 . Radiation from undulators is determined by 
Doppler contraction and in forward direction has narrow spectrum at λ ~ λu /γ 2 .  Most of popular 
storage ring light sources operate in X-ray or soft-X-ray range of photon energies, which dictate the 
choice of electron beam energies from 3 to 8 GeV.  
 

 

 
Fig. 2.20. Typical layout of ring-based light source and an FEL 
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Fig. 2.21. Average spectral brightness of light sources (courtesy of D.Robin) and equivalent of the Livingston plot for light sources 

 

B =
N ph

A ⋅Ω
⋅
δE

σ E

       (2.21)  

The quality of the generated photon beams is characterized by peak (or average) spectral brightness 
measured in number of photons per second radiated into a desirable energy spread from a unit areas 
into a unit spherical.  
FELs are generating photon beams using instability of the system comprised of electron beam 
propagating in an undulator and TEM optical wave. Resulting X-ray beams have laser quality and X-
ray FELs (currently operating only in pulsed mode) have peak spectral brightness exceeding that of 
other light sources by about 10 orders of magnitude.  
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