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E = 10 keV 



The physics of beams applied equally well to the electrons that transmitted 
sitcoms and to those that revealed the existence of quarks. Physicists readily 
adapted their expertise to improving broadcasts and sets.  

The	  Chromatron	  

Ernest Lawrence founded a television “start-up” company (Chromatic) that 
employed dozens of physicists, including two future Nobel laureates—Luis 
Alvarez and Edwin McMillan.



Accelerators	  installed	  worldwide	  



Accelerators	  installed	  worldwide	  



Some	  applica+on	  



The	  Beam	  Business	  

Ion Implantation



Medical	  Applica+ons	  



Na+onal	  Security	  



Cultural	  Heritage	  





Synchrotron	  Radia+on	  
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Synchrotron	  Radia+on	  



A	   Free	   Electron	   Laser	   (FEL)	   is	   a	   device	   that	   converts	   a	  
frac+on	   of	   the	   electron	   kine+c	   energy	   into	   coherent	  
radia+on	  via	  a	  collec+ve	  instability	  in	  a	  long	  undulator	  

(Tunability	  -‐	  Harmonics)	  

€ 

λrad ≈
λu

2γ 2 1 +
K 2

2
+ γ 2ϑ 2

& 

' 
( 

) 

* 
+ 



Free	  Electron	  Lasers	  





Accelerator	  limita+ons	  and	  steps	  forward	  



The	  Livingstone’s	  diagram	  



Historical	  Milestones	  



New Techniques

Accelerator	  Configura+ons	  



Electrosta+c	  Accelerator:	  Van	  de	  Graff	  



T=qΔV 

Possible	  Higher	  energy	  DC	  accelerator?	  

v



ΔVT=0 

Forbidden	  by	  Maxwell	  



B	  can	  vary	  in	  a	  RF	  cavity	  



The	  Lawrence	  Cyclotron	  



The	  Cyclotron	  concept	  



Cyclotron frequency 

}  Cyclotron frequency 
}  Not dependent on the particle velocity 
}  Valid only for non relativistic case m constant 
}  => m(E) increases 
}  => Synchro-cyclotron -> reduce ω(E) 
}  => Iso-cyclotron ->increase  B(E) to keep ω const 



Relativistic particles 
}  Cyclotrons increase the energy of the particles by the same 

amount of energy at each turn. 
}  At low energy, the particles cross the gap at fixed 

frequency. 
}  At higher energy when relativistic corrections start to 

matter, the frequency at which they cross the gaps starts to 
decrease (the particles travel at the same speed ~c but 
follow a longer path). 

}  This can be addressed by varying the drive frequency but 
not all particles in the cyclotron are nearly at the same 
energy. 

}  The “classic” cyclotron is limited to about 20 MeV mainly 
due to the relativistic mass increasing 





The	  Synchrotron	  concept	  
The	  main	  principle	  is	  to	  keep	  separated	  the	  bending	  and	  focusing	  devices	  
(magnets	  of	  various	  types)	  from	  the	  ones	  that	  accelerates	  (resonant	  cavi+es).	  	  
	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
There	  is	  main	  difference	  from	  cyclotrons:	  the	  par+cles	  always	  ride	  on	  the	  same	  
orbit.	  Therefore:	  	  
•  the	  cavi+es	  field	  must	  be	  synchronous	  with	  par+cle	  crossing	  and	  
•  the	  bending	  magnet	  field	  must	  change	  in	  order	  to	  keep	  constant	  the	  radius	  of	  

curvature.	  



Phase	  stability	  and	  longitudinal	  focusing	  
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◆  to get vertical stability, the bending field should decrease with ρ, as in cyclotrons, 
◆  to get horizontal stability the the decrease of B with ρ should be moderate, so that, for 
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horizontal stability⇒ n ≤1
vertical stability    ⇒ n > 0

weak focusing 

centripetal force Lorenz force ≤ 

Weak	  focusing	  and	  transverse	  stability	  



From Weak focusing To Strong Focusing 
}  The principle of weak focusing has one serious drawback: when 

the trajectory oscillation  wavelength is larger than the 
circumference of the machine one gets large deviations from the  
orbit if the circumference is large.  

}  The magnet apertures must be very big. 
}  The apertures can be  drastically reduced if one applies strong 

focusing (n much larger than 1).  
}  This is impossible in a  machine which has a guide and focusing 

field independent of the azimuthal angle, since in that  case the 
condition 0 < n < 1 has to hold, as we have just shown.  

}  It is, however, possible if we  split up the machine into a series of 
magnetic sectors in which in alternating order the magnetic field 
increases strongly with increasing radius ( n << 1) or decreases 
strongly with increasing radius. 



MAGNETIC	  QUADRUPOLE	  
Quadrupoles	   are	   used	   to	   focalize	   the	   beam	   in	   the	   transverse	  
plane.	  It	  is	  a	  4	  poles	  magnet:	  
	  
⇒B=0	  in	  the	  center	  of	  the	  quadrupole	  
	  
⇒The	   B	   intensity	   increases	   linearly	   with	   the	   off-‐axis	  
displacement.	  
	  
⇒If	  the	  quadrupole	  is	  focusing	  in	  one	  plane	  is	  defocusing	  in	  the	  
other	  plane	  
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Alternate	  Gradient	  Focusing	  
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Horizontal and vertical 
focusing for a large 
range of f1 f2 and d 

◆  separated functions: the alternate gradient is made 
with quadrupoles of opposite focusing strength 

◆  combined functions: the alternate gradient is made 
with dipoles with radial shape of opposite sign 
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Lquad 
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CERS 5.2 0.18 96.4 17.3 10-4 0.5 5 0.298 

Tevatron 1000 4.4 758 3335 1.7•10-6 1.7 76 0.0228 

Examples 
quadrupole strength 

Strong	  	  focusing	  





Synchrotron 
}  Increasing the energy, and so the radius, the size and the cost of the 

magnet are unaffordable 
}  The solution is to keep the radius constant and to ramp B 
}  The magnetic field is generated by small magnetic element around the 

ring and the central part is not needed anymore 



Maximum energy 

}  The energy loss is very important mainly for electrons 
}  It is not possible to accelerate starting to E=0 MeV 
}  So a linac is needed in order to fill the ring 
}  For more stable system another rings is needed 

(booster) 
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Fermi’s Globatron: ~5000 TeV Proton beam 
1954 the ultimate synchrotron 

 
Bmax 2 Tesla  
ρ  8000 km  
fixed target  
3 TeV c.m. 
170 G$ 
1994  



From	  Fixed	  Target	  to	  Colliders	  



Touschek’s Anello Di Accumulazione (ADA) 
1943 Wideroe idea 

1961 the first e+e- Collider ADA 



Fixed	  Target	  equivalent	  accelerator	  energy	  



LHC	  few	  data	  
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What	  next?	  



“The Universe in a Nutshell”, by Stephen William Hawking, Bantam, 2001 

Without further novel technology, we will eventually need an 
accelerator as large as Hawking expected.  

Hawking:	  the	  Solartron	  
Towards the Planck scale 



“How	  to	  advance?”	  	  

Courtesy	  R.	  Assmann	  





A Possible Middle Step for AAC towards Colliders	  
Plasma Based Injector for 100km CEPC 	

Ø  CEPC (Circular Electron Positron Collider) 
is a major high energy physics plan under 
strong promotion in China to build a 100km 
circular machine for a Higgs Factory. 

Ø   A high energy injector (40GeV level) is 
needed to inject e+/e- beams into the main 
ring. 

Ø   Plasma based schemes (PWFA) may 
provide a novel and cost effective solution 
for this injector.  

Ø  A joint research group of Tsinghua Univ. and 
IHEP has been formed since 2017 to study 
the feasibility of using plasma based 
acceleration as a novel solution for CEPC 
injector. 

SppC: Super Proton-Proton Collider	

CEPC: Circular Electron Positron Collider	

Circular Higgs Factory (Phase I) 
+SppC (Phase II) at same tunnel 



A preliminary design of CEPC plasma  
based high energy injector 

	

Ø  Driver/trailer beam generation through Photo-injector 

Ø  HTR PWFA with good stability (single stage TR=3-4, Cascaded stage 6-12, 
high efficiency) 

Ø  Positron generation and  acceleration in an electron beam driven PWFA using  
hollow plasma channel (TR=1) 

Ref:  CEPC CDR	



“How	  to	  advance?”	  	  

Courtesy	  R.	  Assmann	  



Muon Collider 



“How	  to	  advance?”	  	  

Courtesy	  R.	  Assmann	  



≡ 0

⇒ δ ≡ 0
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Reflec+on	  of	  plane	  waves	  
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Reflec+on	  of	  plane	  waves	  
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Plane wave reflected by a perfectly conducting plane

In the plane xz the field is given by the superposition of the incident and 
reflected wave:
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σ =∞

And it has to fulfill the boundary conditions (no tangential E-field) 
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Reflec+on	  of	  plane	  waves	  (a	  first	  boundary	  value	  problem)	  
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= 2iE+ sinθ sin kx sinθ( )eiωt− ikz cosθ

Standing Wave 
pattern (along x) 

Guided wave 
pattern (along z)

Taking into account the boundary conditions the longitudinal 
component of the field becomes:
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From	  reflec+ons	  to	  waveguides	  
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Put a metallic boundary where the 
field is zero at a given distance from 
the wall. x 

z 

Between the two walls there must 
be an integer number of half 
wavelengths (at least one). 

For a given distance, there is a 
maximum wavelength, i.e. there is 
cut-off frequency. 

It can not be used as it is 
for particle acceleration 



vϕ ≡ c



Conventional RF accelerating structures 





High field ->Short wavelength->ultra-short bunches-> low charge 



Andrea.Mostacci@uniroma1.it 65 

The	  RF	  spectrum	  and	  par+cle	  accelerator	  devices	  

800MHz 

110GHz 3MHz 

1.3GHz 

3GHz 450GHz 

dielectric future 



Walter	  Wuensch,	  CERN	  LINAC16,	  East	  Lansing,	  27	  September	  2016	  

X-‐band	  RF	  structures	  best	  performances	  	  



CLIC ... a future Linear e+/ e- Accelerator  
Avoid bending magnets => no synchrotron radiation losses
        => energy gain has to be obtained in ONE GO



ILC – International Linear Collider 
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Next	  High	  Gradient	  Op&ons	  

•  RF	  accelera&ng	  structures,	  from	  X-‐band	  
to	  K-‐band	  =>	  100	  MV/m	  <	  Eacc<	  1	  GV/m	  

	  

•  Dielectrict	   structures,	   laser	   or	   par&cle	  
driven	  =>	  1	  GV/m	  <	  Eacc	  <	  5	  GV/m	  

	  
•  Plasma	   accelerator,	   laser	   or	   par&cle	  

driven	  	  =>	  1	  GV/m	  <	  Eacc	  <	  100	  GV/m	  



Beam	  Quality	  
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Future accelerators require high quality beams:   
==>     High Luminosity & High Brightness
==>     High Energy & Low Energy Spread  

– Small spot size => low emittance

– N of particles per pulse => 109

– High rep. rate fr=>  bunch trains

– Little spread in transverse 
momentum and angle => low emittance

– Short pulse (ps to fs)
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X 

X’ 

Trace space of non laminar beam 



In a system where all the forces acting on the particles are linear (i.e., 
proportional to the particle’s displacement x from the beam axis), it is 
useful to assume an elliptical shape for the area occupied by the beam 
in x-x‘ trace space. 

!x!x

x

!!x + k2x = 0

è Emittance Concept 



Twiss parameters: 12 =−αβγ

Ellipse equation:
Geometric emittance:

€ 

εg
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γx2 + 2αx $ x + β $ x 2 = εg

Ellipse area: A = πεg

!β = −2α

σ x = x2 = βεrms



Liouville theorem: the density of particles n, or the volume V 
occupied by a given number of particles in phase space 
(x,px,y,py,z,pz) remains invariant under the effect of conservative 
forces. 

It hold also in the projected phase spaces (x,px),(y,py)(,z,pz) 
provided that there are no couplings 





βo

β z( )
2βo

βw

For an effective transport of a beam with finite emittance is mandatory 
to make use of some external force providing beam confinement in the 
transport or accelerating line.  



Space	  Charge	  Induced	  Instabili&es	  	  



Courtesy B. Holzer

Beam-‐Beam	  effect	  



Wake	  Field	  Induced	  Instabili&es	  	  



Bunched beam - Circular  Perfectly Conducting  Pipe 

- Beam at Centre- Static Approximation γ→∞
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Circular  Perfectly Conducting  Pipe with Transition 
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b

There is a longitudinal Ez(r,z) field in the transition and a test particle experience a 
voltage given by:
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b Power lost by the beam

decelerating if d > b



For d > b the power is deposited to the energy of the fields: moving 
from left to right the beam induces the fields in the additional 

space available
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The additional power passing through the right part of the beam pipe is obtained by

 integrating the Poynting vector throught the sourface
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ΔS = π d2 − b2( )

Notice that if d<b the beam gains energy. If d-->∞ the power goes to infinity, such 
an unphysical result is nevertheless consistent with the original assumption of an 
infinite energy beam (γ->∞).



CST MICROWAVE STUDIO®

Reflected and Diffracted fiels



there can be two effects on the test charge : 

1) a longitudinal force which changes its energy, 

2) a transverse force which deflects its trajectory. 

Wake Potentials
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If we consider a device of length L:

M = F⊥
0

L

∫ ds

the Energy Gain is:

These quantities, normalised to the charges, are called wake-potentials and 
are both function of the distance z. 

Note that the integration is performed over a given path of the trajectory.

the Transverse Deflecting Kick is:
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w// = −
U
qoq

= −
V
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1
ro

M
qoq

Longitudinal wake potential 
[V/C]

Transverse  wake potential  
[V/Cm]

The sign minus in the longitudinal wake-potential means that the test 
charge loses energy when the wake is positive. 

Positive transverse wake means that the transverse force is defocusing.

Energy Loss

Transverse Kick



Longitudinal Wakefields of RF Structures

a 

γ

p 

point-charge wake function

K. Bane

fit

SLAC S-band: 
a ≈ 11.6 mm 
γ ≈ 29.2 mm 
p ≈ 35.0 mm 
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and short-range fit:

Transverse Wakefields

transverse point-charge wakefield function

SLAC S-band 
s1 ≈ 0.56 mm 
a ≈ 11.6 mm 

A ≈ 1.13 
z < ~6 mm 

fit
(SLAC S-band)

point-charge wake
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Beam Break Up

A beam injected off-center in a LINAC, because of the focusing quadrupoles, 
execute betatron oscillations. The displacement produces a transverse wake field in 

all the devices crossed during the flight, which deflects the trailing charges. 



“How	  to	  advance?”	  	  

Courtesy	  R.	  Assmann	  







Next	  challenges	  for	  PWA	  





Horizon	  2020	  
Quality:	  Example	  Energy	  Spread	  

M.	  Migliora+	  et	  al,	  Physical	  Review	  Special	  Topics,Accelerators	  and	  Beams	  16,	  011302	  (2013)	  
K.	  Floedmann,	  PRSTAB,6,	  034202	  (2003)	   98	  

FEL	  Territory	  

Compact	  FEL’s?	   Lower	  quality	  

Higher	  quality	  

σγ

γ
=

3
2

kp
2σ z

2

sinϕw ∝
qw

Qd

Courtesy R. 
Assmann	  
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MEALS	  
COFFEE	  

BREAKFAST	  

DISCUSSIONS	  

TALKS	  

4th	  EAAC	  15-‐22	  September,	  2019	  
Isola	  d’Elba	  

WAVE-‐BREAKING	  

https://agenda.infn.it/event/17304/



Thank for your attention


