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Introdcution and Historical Recalls



Chared Particle Dynamics



Accelerator accelerate charged particled by using electric firleds both 
electrostatic electric field (DC) and alternating electric (RF) field

The direction of the motion of charged particles can be controled both
electric or magnetic fields

The motion of the charged particle should be stable during the 
acceleration of storage in the accelerator

Accelerators are used in nuclear physics, high energy physics, 
synchroton radiation lights for scientific studies, industry and medical...

What is Particle Accelerators and
What They are used for?



History of Storage Ring and Colliders

Livingston's curve Extended Livingston's curve



Ada: First electron-positron Collider

Ada: 1963 INFN/LAL



Evolution of the Energy Frontier (hadron)

~a factor of 10 
every 15 years



History: CERN Intersecting Storage Rings 
(ISR)

• First hadron collider (p-p)
• Highest CM Energy for 10 

years
• Until SppS

• Reached it’s design 
luminosity within the first 
year.

• Increased it by a factor of 28 
over the next 10 years

• Its peak luminosity in 1982 
was 140x1030 cm-2s-1 

• a record that was not broken 
for 23 years!!
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SppS: First proton-antiproton Collider
• Protons from the SPS were used to produce 

antiprotons, which were collected
• These were injected in the opposite direction 

and accelerated
• First collisions in 1981
• Discovery of W and Z in 1983

• Nobel Prize for Rubbia and Van der Meer

 Energy initially 270+270 GeV
 Raised to 315+315 GeV

 Limited by power loss in 
magnets!

 Peak luminosity: 5.5x1030cm-2s-1

 ~.2% of current LHC
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History of Evolution of Syntrotron Radiation Storage Rings



Advances on another accelerator front led to 
the 1947 visual observation of synchrotron 
radiation at GE. 

At GE, Pollack got permission to assemble a team to build a 70-
MeV electron synchrotron to test the idea. Fortunately for the 
future of synchrotron radiation, the machine was not fully 
shielded and the coating on the doughnut-shaped electron tube 
was transparent, which allowed a technician to look around the 
shielding with a large mirror to check for sparking in the tube. 
Instead, he saw a bright arc of light, which the GE group quickly 
realized was actually coming from the electron beam. Langmuir 
is credited as recognizing it as synchrotron radiation or, as he 
called it, "Schwinger radiation." Subsequent measurements by 
the GE group began the experimental establishment of its 
spectral and polarization properties. Characterization 
measurements were also carried out in the 1950s at a 250-MeV 
synchrotron at the Lebedev Institute in Moscow.

By Arthur L. Robinson 

Synchrotron light from 
the 70-MeV electron 
synchrotron at GE

History of Discovery of Synchrontron Radiation 



Synchrotron Radiation and a Curse

As the trajectory of a charged particle is deflected, it 
emits “synchrotron radiation”

4

2

2

06
1









m
EceP


An electron will radiate about 
1013 times more power than a 
proton of the same energy!!!!

• Protons:  Synchrotron radiation does not affect kinematics very much

• Electrons: Beyond a few MeV, synchrotron radiation becomes very 
important, and by a few GeV, it dominates kinematics
      - Good Effects:
               - Naturally “cools” beam in all dimensions
               - Basis for light sources, FEL’s, etc.
      - Bad Effects:
               - Beam pipe heating
               - Exacerbates beam-beam effects 
               - Energy loss ultimately limits circular accelerators

Radius of 
curvature



Practical Consequences of Synchrotron Radiation

• Proton accelerators
• Synchrotron radiation not an issue to first order
• Energy limited by the maximum feasible size and magnetic field.

• Electron accelerators
• To keep power loss constant, radius must go up as the square of the 

energy (B1/E  weak magnets, BIG rings):
• The LHC tunnel was built for LEP, and e+e- collider which used the 

27 km tunnel to contain 100 GeV beams (1/70th of the LHC energy!!)
• Beyond CEPC energy, circular synchrotrons have no advantage for 

e+e-

•  -> Linear Collider (a bit more about that later)

• What about muons?
• Point-like, but heavier than electrons
• Unstable particle

• Since the beginning, the energy frontier has belonged to proton 
(and/or antiproton) machines, say later SppC



Paths to the Energy Frontier
• Leptons vs. Hadrons revisited

• Because 100% of the beam energy is available  
to the reaction, a lepton collider is 
competitive with a hadron collider of ~5-10 
times the beam energy (depending on the 
physics).

• A lepton collider of >1 TeV/beam could compete with the discovery 
potential of the LHC

• LEP reached 100 GeV/beam with a 27 km circuference !
• Next e+e- collider will be  large circumference ring (CEPC-

SppC) and linear (ILC)

CEPC-SppC



Next Generation Electron-Positron
Circular Collider：CEPC CDR Layout （~2030）

CEPC collider ring (100km) CEPC booster ring (100km)

CEPC Linac injector (1.2km, 10GeV)



The Cyclotron (1930’s)
• A charged particle in a uniform 

magnetic field will follow a circular 
path of radius

side view
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“Cyclotron Frequency”

For a proton:

Accelerating “DEES”



Cyclotron (weak focusing) 

• Cyclotrons relied on the fact that 
magnetic fields between two pole 
faces are always focusing

• Beam size grows with energy

• The highest energy limited

• Berkeley Bevatron, which had 
a kinetic energy of 6 GeV

• High enough to make antiprotons
(and win a Nobel Prize)

• It had an aperture 12”x48”!



Synchrotron (strong focusing)
• Strong focusing utilizes alternating magnetic gradients  to 

precisely control the focusing of a beam of particles

• The principle was first developed in 1949  by Nicholas 
Christophilos, a Greek-American engineer, who was working 
for an elevator company in Athens at the time.

• Rather than publish the idea, he applied for a patent, and it 
went largely ignored.

• The idea was independently invented in 1952 by Courant, 
Livingston and Snyder, who later acknowledged the priority of 
Christophilos’ work.

• Although the technique was originally formulated in terms of 
magnetic gradients, it’s much easier to understand in terms of the 
separate funcntions of dipole and quadrupole magnets.



Two ring e+e- collider:
BEPC-II, IHEP, CAS



Single Particle and Linear Dynamics in 
Storage Ring and Colliders



Synchrotron and Storage Ring Dynamics



Synchrotron (strong focusing)
• The relativistic form of Newton’s Laws for a particle in a magnetic

field is:

• A particle in a uniform magnetic 
field will move in a circle of radius

• In a “synchrotron”, the magnetic fields are varied as the beam 
accelerates such that at all points                       ,  and beam motion can 
be analyzed in a momentum independent way.

• It is usual to talk about he beam “stiffness” in T-m 

• Thus if at all points                     , then the local bend radius (and 
therefore the trajectory) will remain constant.
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Booster: (B)~30 Tm
LHC : (B)~23000 Tm



Using Focusing and Defocusing Magnets

Pairs give net focusing in both planes -> “FODO cell”
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Defocusing!
If we place equal and opposite pairs of lenses, there will be a net 
focusing regardless of the order



Focusing Strength of a Quadrupole



Transvers Motion including both Dipole and Quadrupole
(differential equations)



u represents x or y
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Paticle's transverse motion description deviating ideal orbit (x,x') by Matrix method



u represents x or y





Lattice or Optics Design



Betatron Tune

• As particles go around a ring, 
they will undergo a number of 
betatrons oscillations n 
(sometimes Q) given by

• This is referred to as the “tune”

We can generally think of the tune in two parts:

Ideal 
orbit

Particle trajectory
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Example 6.7

Integer : magnet/aperture 
optimization

Fraction: Beam Stability





Bunch Emittance and Transverse Dimension 



Dispersion Function

p
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Momentum Compaction Factor



Longitudinal Motion and Acceleration by RF Cavities
• We will generally accelerate particles using structures that generate time-

varying electric fields (RF cavities) located within a circulating ring

 we want to phase the RF so a nominal
arriving particle will see the same accelerating voltage
and therefore get the same boost in energy
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Longitudinal Motion and Energy Oscillation 



Synchrotron Radiation:
Quantum Excitation and Radiation Damping





Multi-Particle (collective) and Non-Linear Dynamics in 
Storage Ring and Colliders



Luminosity from Physics

tNLtNR nn  

The relationship of the beam to 
the rate of observed physics 
processes is given by the 
“Luminosity”

Rate

Cross-section 
(“physics”)

“Luminosity”

Standard unit for Luminosity is cm-2s-1

Standard unit of cross section is “barn”=10-24 cm2

Integrated luminosity is usually in barn-1,where

nb-1 = 109 b-1, fb-1=1015 b-1, etc

Incident rate

Target number density

Target  thickness

LR

)scm (10sec) 1(b -1-2241 

For (thin) fixed target:



Luminosity from Colliding Beams
• For equally intense Gaussian beams

• Expressing this in terms of our usual beam parameters
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    - crossing angle
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collision point
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Luminosity from Colliding Beams
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Record e+e- Luminosity (KEK-B):            2.11x1034 cm-2s-1 

Record p-pBar Luminosity (Tevatron):          4.06x1032 cm-2s-1 

Record Hadronic Luminosity (LHC):              3.60x1033 cm-2s-1

LHC Design Luminosity:           1.00x1034 cm-2s-1

CEPC                                                3.00x1034 cm-2s-1

       



Luminosity from Colliding Beams
• For equally intense Gaussian beams

• Expressing luminosity in terms of our usual beam parameters
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Geometrical factor: 
    - crossing angle
    - hourglass effect

Particles in a bunch

Transverse beam 
size (RMS)

Collision frequency
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For lepton collider:

For hadron collider: 

J. Gao, “Review of some important beam physics issues

in electron positron collider designs”,

Modern Physics Letters A, Vol. 30, No. 11 (2015) 

1530006 (20 pages)

J. Gao, et al, "Analytical estimation of maximum 

beam-beam tune shifts for electron-positron and hadron

 circular colliders", Proceedings of ICFA Workshop on 

High Luminosity Circular e+e- Colliders – Higgs Factory, 2014
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re is electron radius
γ is normalized energy
R is the dipole bending radius
NIP is number of interaction points

rp is proton radius

max,
2

maxx, y
  J. Gao, Nuclear Instruments and Methods in Physics 

Research A 533 (2004) 270–274

J. Gao, Nuclear Instruments and Methods in Physics 
Research A 463 (2001) 50–61
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Maximum Beam-beam  Tune Shift Analytical Expressions
 for Lepton and Hadron Circular Colliders



 

（0.97164) Analytical DA 
expressions

Analyitcal Treatment of Dynamic Apertures of Multipoles

J. Gao, “Analytical estimation of the dynamic apertures of
circular accelerators”, Nuclear Instruments and Methods in Physics 
Research A 451 (2000) 545-557.



 

Standard Map 

Chirikov, B. V. "A Universal Instability of Many-Dimensional Oscillator 
Systems." Phys. Rep. 52, 264-379, 1979. 

*R.Z. Sagdeev, D.A. Usikov, G.M. Zaslavsky, Nonlinear Physics, from the Pendulum 
to Turbulence and Chaos, Harwood Academic Publishers, 1988.

when K≥0.97164 stochastic motion starts,
so called Chirikov Criterion

The progresses of nonlinear physics are the bases for understanding various 
long stadind beam dynamics phenomenons.



Basic Theroy of Dynamic Aperture

J. Gao, “Analytical estimation of the dynamic apertures of
circular accelerators”, Nuclear Instruments and Methods in Physics 
Research A 451 (2000) 545-557.

A nonlinear 
multipole  For one multipole 

For more independent 
multipoles 

Relation between X and Y 

Standard Mapping
Chirikov Criterion

Hénon and 
Heiles problem

Circular machine

m≥3

Many multipoles



 

Super-ACO



 

Super-ACO



Dynamic Aperture of Wigglers

J. Gao, “Analytical estimation of dynamic apertures limited by the
wigglers in storage rings”, Nuclear Instruments and Methods in Physics 
Research A 516 (2004) 243–248

A example of a sum of multipoles

Wiggler fields



 

Super-ACO

One wiggler 
case

Two wiggler case



 
Bsseti-Erskine formula for beam-beam 
induced transverse kicks 

Nonlinear Beam-Beam Effects-1 (e+e-)

J. Gao, “Analytical estimation ofthe beam–beam interaction limited
dynamic apertures and lifetimes in e+e- circular colliders”, Nuclear 
Instruments and Methods in Physics Research A 463 (2001) 50–61



Nonlinear Beam-Beam Effects-2 (e+e-)



Nonlinear Beam-Beam Effects-3 (e+e-)

Dynamic apertures limited by nonlinear beam-beam effects

1/2

1/2

1/2



Nonlinear Beam-Beam Effects-4 (e+e-)

J. Gao, “Analytical estimation ofthe beam–beam interaction limited
dynamic apertures and lifetimes in e+e- circular colliders”, Nuclear 
Instruments and Methods in Physics Research A 463 (2001) 50–61

Round beam vs flat beam



Parasitic Crossing Beam-Beam Effects

J. Gao, “Analytical treatment of the nonlinear electron cloud
effect and the combined effects with beam-beam and
space charge nonlinear forces in storage rings”, Chinese Physics C Vol. 33, No. 2, Feb., 
2009, 135-144 

J. Gao, ON PARASITIC CROSSINGS AND THEIR LIMITATIONS TO E+E− 
STORAGE RING COLLIDERS, Proceedings of EPAC 2004, Lucerne, 
Switzerland, p. 671-673 (2004)



Beam-Beam Effects with Crossing Angle

J. Gao, “Analytical treatment of the nonlinear electron cloud
effect and the combined effects with beam-beam and
space charge nonlinear forces in storage rings”, Chinese Physics C 
Vol. 33, No. 2, Feb., 2009, 135-144 

J. Gao, “Analytical estimation of the effects of crossing angle on the
luminosity of an e+e- circular collider”, Nuclear Instruments and 
Methods in Physics Research A 481 (2002) 756–759



 

Discussion on CEPC Interaction Point Number NIP

NIP

Sum lumnosity of NIP/ luminosity of single IP

1                2               3               4               5               6   

1

2

3

2



Space Charge Nonlinear Effects

J. Gao, “Analytical treatment of 
the nonlinear electron cloud
effect and the combined effects 
with beam-beam and
space charge nonlinear forces 
in storage rings”, Chinese 
Physics C Vol. 33, No. 2, Feb., 
2009, 135-144

J. Gao,  Theoretical analysis of 
the limitation from the nonlinear 
space charge forces to TESLA 
damping ring, TESLA 2003-12



Electron Cloud Nonlinear Effect

J. Gao, “Analytical treatment of the nonlinear electron cloud effect and the 
combined effects with beam-beam and space charge nonlinear forces in 
storage rings”, Chinese Physics C Vol. 33, No. 2, Feb., 2009, 135-144 



Combined Beam-Beam, Space Charge, Electron Cloud 
Nonlinear Effects 

J. Gao, “Analytical treatment of the nonlinear electron cloud effect and the 
combined effects with beam-beam and space charge nonlinear forces in 
storage rings”, Chinese Physics C Vol. 33, No. 2, Feb., 2009, 135-144 



 

Hadron Collider Beam-Beam Limit Formulae (pp)

J. Gao, “Emittance Growth and Beam Lifetime due to
Beam-Beam Interaction in a Circular Collider”, Personal note, 2004 (LAL, Orsay)

J. Gao, “Review of some important beam physics issues in electron positron collider designs”, Modern 
Physics Letters A Vol. 30, No. 11 (2015) 1530006 (20 pages)

J. Gao† , M. Xiao, F. Su, S. Jin, D. Wang, Y.W. Wang, S. Bai, T.J. Bian, “ANALYTICAL ESTIMATION OF MAXIMUM 
BEAM-BEAM TUNE SHIFTS FOR ELECTRON-POSITRON AND HADRON CIRCULAR COLLIDERS”, HF2014 Proceddings (2014)

H0  ~2845,

f=1 corresponds electron
positron colliders



Wakefield of a Whole Storage Ring



Bunch Lengthening and Energy Spread Increasing in Storage Ring



Single Bunch Instability Threshold  in a Storage Ring



Single Bunch Emittance Increase due to Transvers Emittances



 

J. Gao, “Single bunch longitudinal 
instabilities
in proton storage rings”, Proceedings of 
PAC99, 
New York, USA (1999)

Microwave instability 
starting bunch current 



CEPC CDR  Parameters
 Higgs W Z（3T） Z（2T）
Number of IPs 2
Beam energy (GeV) 120 80 45.5
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.73 0.34 0.036
Crossing angle at IP (mrad) 16.5×2
Piwinski angle 2.58 7.0 23.8
Number of particles/bunch Ne (1010) 15.0 12.0 8.0
Bunch number (bunch spacing) 242 (0.68s) 1524 (0.21s) 12000 (25ns+10%gap)
Beam current (mA) 17.4 87.9 461.0
Synchrotron radiation power /beam (MW) 30 30 16.5
Bending radius (km) 10.7
Momentum compact (10-5) 1.11
 function at IP x* / y* (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001
Emittance x/y (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016
Beam size at IP x /y (m) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04
Beam-beam parameters x/y 0.031/0.109 0.013/0.106 0.0041/0.056 0.0041/0.072
RF voltage VRF (GV) 2.17 0.47 0.10
RF frequency f RF (MHz)  (harmonic) 650 (216816)
Natural bunch length z (mm) 2.72 2.98 2.42
Bunch length z (mm) 3.26 5.9 8.5
HOM power/cavity (2 cell) (kw) 0.54 0.75 1.94
Natural energy spread (%) 0.1 0.066 0.038
Energy acceptance requirement (%) 1.35 0.4 0.23
Energy acceptance by RF (%) 2.06 1.47 1.7
Photon number due to beamstrahlung 0.1 0.05 0.023

Lifetime _simulation (min) 100

Lifetime (hour) 0.67 1.4 4.0 2.1
F (hour glass) 0.89 0.94 0.99
Luminosity/IP L (1034cm-2s-1) 2.93 10.1 16.6 32.1



Lattice of the CEPC Collider Ring and MDI

An optics fulfilling requirements of the parameters list, geometry, 
MDI, background and key hardware CEPC MDI 



CEPC Beam-Beam Simulation at Higgs

Lum: 2.6e34

ξy~0.087

momentum acceptance
100min: 1.2%

80% Crab Waist



CEPC Collider Ring Requirements on Dynamic Aperture

 Higgs W Z
with on-axis injection 8x 12y1.35% - -
with off-axis injection 13x 12y1.35% 15x 9y0.4% 17x 9y0.23%

The requirements of dynamic aperture from injection and beam-beam 
effect to get efficient injection and adequate beam life time:

for Higgs

for W and Z



CEPC DA@Higgs,W and Z-pole 

• Synchrotron radiation 
fluctuation is 
considered

• 100 samples are 
tracked

• 90% survival boundary 
is shown 

H

W

Z



CEPC Collider Ring Impedance Budget
Components Number Z||/n, mΩ kloss, V/pC ky, kV/pC/m

Resistive wall - 6.2 363.7 11.3

RF cavities 336 -1.4 315.3 0.41

Flanges 20000 2.8 19.8 2.8

BPMs 1450 0.12 13.1 0.3

Bellows 12000 2.2 65.8 2.9

Pumping ports 5000 0.02 0.4 0.6

IP chambers 2 0.02 6.7 1.3

Electro-separators 22 0.2 41.2 0.2

Taper transitions 164 0.8 50.9 0.5

Total 10.5 876.8 20.4

Longitudinal wake at the nominal σz = 3mm

Broadband impedance threshold:

Threshold ttbar Higgs W Z

|ZL/n|eff, mΩ 13.6 9.0 8.0 2.1

κy, kV/pC/m 81.2 61.6 69.0 38.7
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