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Introdcution and Historical Recalls



Chared Particle Dynamics

Relative velocity

Lorentz factor

Momentum

Energy

Equation of motion

Energy gain

b =v/c,
1
-

p=ymy,

E =ymc’ = \/czpz +m’c’ =cp/p.

77 =

v —
— = e(E + — % B), Lorentz force




What is Particle Accelerators and
What They are used for?

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...



History of Storage Ring and Colliders
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Fig. 1-1. Energies achieved by accelerators from 1930 to 1960,

The linear envelope

of the individual curves shows an average tenfold increase in cnergy every aix

YEArs.
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Ada: First electron-positron Collider
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Evolution of the Energy Frontier (hadron)
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History: CERN Intersecting Storage Rings

» 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

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

* a record that was not broken
for 23 years!!




SppS: First proton-antiproton Collider

P i - °

electrons
positrons
pProfons
antiprotons
Ph ions

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

Limited by power loss in
magnets!

Peak luminosity: 5.5x1030cm-2s-"
~.2% of current LHC

Protons frormwere 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 VVan der Meer
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History of Evolution of Syntrotron Radiation Storage Rings
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History of Discovery of Synchrontron Radiation

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



Synchrotron Radiation and a Curse

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

4

Radius of p— | ezc E B An electron will radiate about

curvature - 6 2 1073 times more power than a
\@p m 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



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 (Be«c1/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 (1/70t of the LHC energy!!)

« Beyond CEPC energy, circular synchrotrons have no advantage for
ete
« ->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).
* Alepton 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)

ILC 250GeV

Cost reduction by compact ILC

CEPC (100km)

Boostr(100km) CEPC-SppC

~20km

ol

SppC (100Km



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

Booster :

CEPC collider ring (100km)

. E BTL M

Electron By-pass Transport Line

44 444 44444444444444
I @ 10 GeVv
DS B —————— T ——— Booster
c 22 mv/m * 7 1.1 GeV
22222 'm
- 4 GeV
6 Accel. Stru. 19(3) Klys. 76 Accel. Stru. 29 (4) Klys. 116 Accel. Stru.

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
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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"!
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Fig. 6-7. Radially decreasing magnetic field between poles of a cyelotron magnet,
showing shims for field correciion.
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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.



Extracted beam

RF cavity

Synchrotron

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



Single Particle and Linear Dynamics in
Storage Ring and Colliders



Synchrotron and Storage Ring Dynamics
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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

p[MeV/c]/300
B[T]

= | plm]~= B(X, t) oc p(t)

IH R l_—‘J/I

* 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.

e |tis usual to talk about he beam “stiffness” in T-m

RS Booster: (Bp)~30 Tm
(Bo) = £ = (Bp) [Tm] ~ £ 3‘;0 c LHC : (Bp)~23000 Tm
q

o Thus if at all points B(X,?) o« p(?), then the local bend radius (and
therefore the trajectory) will remain constant.



Using Focusing and Defocusing Magnets

Defocusing!

If we place equal and opposite pairs of lenses, there will be a net
focusing regardless of the order

Pairs give net focusing in both planes -> “FODO cell”



Focusing Strength of a Quadrupole

- We can define a focusing strength k
sy

Q g[Te‘S']a / m]

klm]=0.299 ]

where, g 1s the field gradient of the
quadrupole magnet.

- The focal length of the quadrupole
1s given by k£ as:

i:kZ

g

where [ 1s the path length of the
particle in the magnet.




Transvers Motion including both Dipole and Quadrupole
(differential equations)

- The equation of motion in the
approximation of linear beam
dynamics 1s:

g |
x"+(—,+ k}x= 0
P

V'—=ky=0

- The term 1/p? comes from the fact
that dipole magnet field also has a
focusing action in the horizontal
direction.



- This equation can be generalized as:

u"+ Ku=0 u represents x or y

If K 1s constant, this 1s a harmonic oscillato:
and principal solutions are expressed in
matrix formulation:

ol L sl

- In a drift space where there is no magnet this
matrix is expressed by



- In a quadrupole magnet the matrix
for focusing case 1s:

. COS 1 siny |y
gy o L]

_—\/Esiny/ cosy |- "

where

v =JRas-s)

- In the plane of defocusing case, we
get

u(s) coshy . sinhy [,
I N e

|ko|sinhyr  coshy




- If the length of the magnet / is
much smaller than the focal
length, we may use the so called
thin-lens approximation. In this
approximation, we set

[0, u' _7 L u,

while keeping the focal strength f
constant, [

and matrices can

u|
=k, =const. u'|

daS a conscquence,

@z%l—)O

be written as,

} , focusing

I 0
| Ho
7 IILJ , defocusing.



- Quadrupole doublet composed of
two quadrupole magnets separated
by a drift space of length L. In the
thin lens approximation, 1f we
assume that the focal length of the
quadrupoles are the same, matrix
becomes,




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

Transfer matrix for half a FoDo cell:

el b
fz f ik £
Compare to the twiss iq’ms o + o sin @ ) JBB , sin ¢
parameter form of M M = B 5
where & denotes the (o, —a Jeos ¢ — (1 + oy ) sin @ II—“ o i )
phase advance through JBB, B e

the half cell

In the muddle of a foc {defoc) quadrupole of the FoDo we allwayvs have a=0,
and the half cell will lead us from P.. to B,

g S __
u={c 5]= Emsqﬂr B B sing ; o X0
cr s __l?sf,,é Fmﬂ# : J X0
VB B B .




- Particle beam dynamics 1n periodic
system 1s determined by the equation of
motion (Hill’s equation)

u" + K(S) u =0 U represents x or y

where K(s) 1s periodic with the period
of L

P

K(s)=K(s+L,)



Solution of the Hill’s equation can be o .
- Phase advance per ring in the unit of

written by

27 1s called the betatron tune, v, and
u(s) =ay B(s) - v, . The betatron tunes are the
where f(s) is periodic function with a number of transverse oscillations per

period of L, (Usually L, 1s the ring. We should be careful to select
circumference of the ring, C). v 1s

called betatron phase advance and 1s
given by order to avoid resonances.

good values of these betatron tunes in

dr
B(z)

p(s=s0)=]



Lattice or Optics Design

1.) Dapole strength: _[B.-;i's =N~B™ = Zn‘ﬁ
q

L effective magnet length, N number of magnets
2.) Stability condition: |Tmre(M' J| <l

for periodic structures within the lattice / at least for the transfer matrix of
the complete circular machine

cos [+ s ) sin B(s)sinu J

3.) Transfer matrix for periodic cell M(s)=
—¥(s)sinu cos( i )— (s )sin |

o.fi.y depend on the position s in the ring, p (phase advance) is independent of s

1 0) 1
4) Thin lens approximation: M, = { 1 11 Jo= P,
% 2t

focal length of the quadrupole magnet f; =1/(kgly, ==1,




Betatron Tune
Particle trajectory

« As particles go around a ring,
Ideal / they will undergo a number of
orbit betatrons oscillations v
AN (sometimes Q) given by
C
1 ¢ ds
V = ——

2 < P(s)

* This is referred to as the “tune”

We can generally think of the tune in two parts:
Example 6.

Integer : magnet/aperture Fraction: Beam Stability
optimization
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Bunch Emittance and Transverse Dimension

- If we knew the emittance we can
calculate the beam size in x and y
direction o, and o, from the
emittance and £

G, =+/&..

o, = E},ﬂy
;C/
‘ tan 2 A
—Qay € ! \(ﬁ/ ﬁ
e ey 2
.2 B MWl L
== T2 >
/// |
i VG l!
- A=m ¢

- The phase space ellipse 1s described

by

w’+20x + X =g >
where £1s the emittance.

G_\Z, 2<1/103'H>

&=

T (1/p*) >

where ¢, 1s the emittance and H 1s
defined as:

H(s)=pgn" +2ann +yn° ,

and <> means the average over
the ring.



Dispersion Function

X=Xﬁ+XE

X = n(s) -é—o p

1) = 2ECL § aE) VBE) cos fo(s) - ¢(8) - b ds

30 -

B (m) -
20 -

10 -




Momentum Compaction Factor

- Within a dipole magnet higher
momentum particle has a larger
radius of curvature and the lower
momentum particle a smaller radius
of curvature. This leads to the
difference of the path length
between different energy particles.
The momentum compaction 1s

defined as:
AL
=
o)

«, can be written by using the
dispersion function 77 by

aC=%§%-d9



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

cavity C cavity cavity

E=E(t)=E,sinat +9, E=E(t)=E,sinat +9, E=E(t)=E,sinat+9,

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

V)
AE. . c
Nominal Energy = eVO S11N ¢S
An
\ . E—
H ¢ = [ Oy
9, Synchrotron energy loss per turn




Longitudinal Motion and Energy Oscillation

From (E 5 i St . . ‘
% =ev-E, Arrival time (minus of time of flight)
dl
— dFE =eFE dz, RF Bucket
— AE = [[eE, dz' = eV, (~1). |
With a proper choice of the RF cavity, we obtain
fy =t/ C.
Jrr =Ny,
Wy = 27 f ;u-'v
Energy gain: E, =E +eVy, sin(wg (-1)+@,).
s N
0=—"3EK cosg 2 o
ﬁzToEo s% Synchrotron tune is given by
hn eV,
. nC . R e F-COS @, ,
= ' 2% B E, ‘
TG

where w_=v_ .



Synchrotron Radiation:
Quantum Excitation and Radiation Damping

- SR is quantum emission. When a quantum
of energy u 1s emitted, the energy of the
electron 1s suddenly decreased by the
amount of u. This impulsive disturbances
— occurring at random times — causes the
energy oscillation to grow. This growth is
limited — on the average — by the damping.
This mechanism determines the energy

spread o,
o, =y Eu,

- Bunch length 1s proportional to the energy
spread:
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Effect of a sudden energy change at s, on the betatron displacement.

- The emission of discrete quanta in
SR will also excite random betatron
oscillations, and these quantum-
induced oscillations are responsible
for the lateral extent of a stored
electron beam.

The emission of a quantum of
energy u will result in a change odx,
in the betatron displacement and a
change ox’, in the betatron slope
given by,

u

5xﬂ :—ﬂE—O
u
&) = 2L
g E,

- In the wvertical direction, 1f the

machine is perfectly made, there is
no dispersion. This means that in
an 1deal case the beam size in the
vertical direction should be zero. In
reality, however, due imperfections
of  the such  as
misalignment, etc., there appears a
small residual dispersion in the
vertical direction. This causes a
finite vertical beam size in the
vertical direction.  Usually the
ration of the vertical emittance to
the horizontal emittance i1s of the
order of a few percent.

machine



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



Luminosity from Physics

The relationship of the beam to

Rat
the rate of observed physics C=R=Lo
processes is given by the / N
“Luminosity” Cross-section

“Luminosity” (physics”)

Standard unit for Luminosity is cm-2s-
Standard unit of cross section is “barn”=10-24 cm?
Integrated luminosity is usually in barn,where  p™' = (1sec)x (10** cm™s™)

nb-1 = 10° b1, fb-1=1015 b1, etc

For (thin) fixed target:

. larget thickness

R=Npto=L=Npt
Wl
Incident rate /

Target number density



Luminosity from Colliding Beams

 For equally intense Gaussian beams . .
9 y Particles in a bunch

Collision frequency \ :
Geometrical factor:

I = f bR - crossing angle
- - hourglass effect

Ao’ .
\ - crab waist
Transverse size
(RMS)

« Expressing this in terms of our usual beam parameters

] 2 Y
L — ]prev n b * R
47 B &y
\ Normalized emittance

Revolution frequency

Number of bunches Betatron function at
collision point



Luminosity from Colliding Beams

Circulating beams typically "bunched” mber of interactions)

.- N
o :(ijz‘f
. - \

Cross-sectional

Total LuminOSity: NN NN area of beam
C
[ = 1-Y2 = 2 =
A A fC.
Circumference
Number of of machine
bunches
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-



Luminosity from Colliding Beams

» For equally intense Gaussian beams : :
Particles in a bunch

\ 5 Geometrical factor:
Nb o crossing angle

L=f

Collision frequency

R - hourglass effect
4rroxo;

Transverse beam
size (RMS)

» Expressing luminosity in terms of our usual beam parameters

: 3 E|GeV]I[A
L[Cm"s'l] =2-17X1034(I+;')§1_ [GeV]I[A]
- f[em]
3 rN,f.
where & :

- 270, (0, +0 )

47



Maximum Beam-beam Tune Shift Analytical Expressions

For lepton collider:

for Lepton and Hadron Circular Colliders

r.1s electron radius

2845 2845y r y 1s normalized energy
c max N & = 6 ReN R 1s the dipole bending radius
Y xn By CY,max MNp N 1p 1s number of interaction points
5 — \/55 J. Gao, Nuclear Instruments and Methods in Physics
X, Max

’ ¥, max \ Research A 533 (2004) 270-274
For hadron collider:

2845y | T
/(%)

67 RN ,
r, 1s proton radius

émax _

where

t2
flx) =1 - — f exp (— ?Mt

f

e Ar(x)  Ar*(x) | 6ak
TG maxV 1p 284omy \ 1, NV, —

J. Gao, Nuclear Instruments and Methods in Physics
Research A 463 (2001) 50-61

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



Analyitcal Treatment of Dynamic Apertures of Multipoles

; -‘:lBrirzn y=0
2ny - [ ds = ——
(* dy’ . =¥+ —— ; 2p°B,
= | ot ide L JoB(s)
_’;]/)_\-(.\) v n—1
| 1 ¢ B, -
1 i 2 da =4 Byp z nl ox" 1 O +1y)
J=== (_\-3 + (!ﬁ_\.{.s_l.v-‘_f;-‘) ) :> it ik A
2 2B(s)\ \ 2.4y . 2y AP | e\
=—J). — (1 + x/ (1+ —(‘:\.— )
. 1 E ( p) \ P, \;’. Py
H(J.P) =——.
B(s) / eA 1_)—})' 2 e
- =
= (\;J Py i Py
dJ, cH,
I v [* ds ¢ - i
X = \,.f.?J,[ﬁ_\.(s}cos('Pl I P f S_J ) ds ¥, e m w_w
. L Jobx(s), X Jl :JI{‘P'I.JIJ
d'iu| { Hl |:>
ds 0J Y =¥(¥.J4)

I=1+ Kgysind
=) |Kol<1 (0.97164) ) Analytical DA
expressions

Od=0+1T

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

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

I'=I+Kosin0 when K>0.97164 stochastic motion starts,

so called Chirikov Criterion

O=0+1T

Chirikov, B. V. "A Universal Instability of Many-Dimensional Oscillator
Systems." Phys. Rep. 52, 264-379, 19709.

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



Basic Theroy of Dynamic Aperture
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Super-ACO
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Table 1

Summary of parameters

Case Multipole strength Beta function (m)
1 S(s1) =2 (1/m?) fils1) = 13.6
2 O(sy) = 10 (1/m?) Px(s1) = 13.6
3 D(sy) = 1000 (1/m*) Px(s1) = 13.6
4 S(s1) =2 (1/m?), Pilsy) = 13.6
O(s,) = 62 (1/m?)
5 S(s;) =2 (1/m?), f.(s;) = 13.6,
O(s,) = 62 (1/m?) P(s,) = 15.18
6 S(51.2.3.4) = 2 (1/m?) Bx(51,2.3.4) = 13.6,
15.18, 7.8, 6.8
8 8(5;) =2 (1/m?) Pils1)=1242, .(0)=5.1
9 S(s;) =2 (1/m?) Pilss) = 15.18
Table 2
Summary of comparison results
CHSE Ad}'nu.una]_‘f. {mJ Ad_';'nu.numcr.
| 0.0385 0.04
2 0.055 0.054
3 0.022 0.024
4 0.0145 0.016
5 0.0138 0.0135
6 0.012 0.0135
8 0.021 0.02
9 A, =0.0163, A, =0.017,
A, = 0.031 A, =0.034

Super-ACO



Dynamic Aperture of Wigglers

A example of a sum of multipoles

|II 3.|i|: .'.‘l:] .I”u-
k ANy (8)= vl 82 L
By = k—ll By sinh(kx) sinh(k,y) cos(ks), (1) ym yV Huw
B, = By cosh(kx) cosh(k,y) cos(ks), ) | (3 (s | o
s } An, =(8)=4/- 1) (An,.u(8)* — %)

k \} -lj.r [5" }
B,=— R By cosh(kyx) sinh(k,y) sin(ks) (3)

y

|
Wiggler fields Arotal y(5) =

VA6 + 1 Ay 65

where IV, 1s the wiggler period number, A, 1s the wiggler period length, the wiggler
length L., = NyAw, pw 18 the radius of curvature of the wiggler peak magnetic field
By, and p,, = Ep/ecBy with Eg being the electron energy, and f, ., is the beta
function value i the middle of the wiggler.

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



Super-ACO

Table 1
The dynamic apertures correspond to different p, where BNTA NS v7.09 /11/06/03/ 20/3un/03 10:48:88 ——
Ay, yn and Ay, ,, correspond to numerical and analytical YT R A s e e g 7T
results, respectively Sl =t o
Po A_-'l.-'w o A_-'l.-'“_,_r__a ,ﬁ}. - /".-,-,- Lw i _ ‘:'E}_‘_?:“;\,«r“"” i -'».".-a;_:_ﬁ:.-\:n,:.v‘
(m) (m) (m) (m) (m) (m) I N
2.7 0.017 0.019 13 0.17584 3.5168 w
3 0.023 0.024 10.7 0.17584 3.5168
4 0.033 0.034 9.5 0.17584 3.5168 Lo |

Fig. 5. The vertical phase space corresponds to the case of two wigglers.
Table 2 A

The dynamic apertures correspond to different A, where
An, yn and Ay, ,, correspond to numerical and analytical

results, respectively When p, = 6m and f,(s) = f,,, = 13.75 m, one
finds the vertical dynamic aperture limited by the

Aw ANy yn ANy ya By m P Ly two wigglers being 0.032 m numerically as shown

(m) (m) (m) (m) (m) (m) in Fig. 5 and 0.03 m analytically calculated from

0.08792  [0.016 0.017 955 4 T Bk e e o

0.17584 0.033 0.034 9.5 4 3.5168

0.35168 0.067 0.067 9.5 4 3.5168

Two wiggler case

One wiggler
case



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

Bsseti-Erskine formula for beam-beam
Induced transverse kicks

|I |I ol
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Ty 4 % .
— i _
[ on w2y & By Y d(s—kL)  (FB), (38)
B 5 XEXp —‘) = ——;) 5 w R ol
V & Y with p, =dz/ds and p, =dy/ds.

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-)
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More generally, one has
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Nonlinear Beam-Beam Effects-3 (e+e-)
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Dynamic apertures limited by nonlinear beam-beam effects
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Nonlinear Beam-Beam Effects-4 (e+e-)

More generally, one has

-
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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



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

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



Beam-Beam Effects with Crossing Angle

PC2

PCl1 PEP-II
\t\_\: P /
= dx / 32 9 l
dx ; AH}'n—hula,.rU} =
/ \ rf’?!-;}'n-h'lu.__r = 3 = Al =
7.(s)” 3 \Ex @
PC2
BCl —_ A collider with crossing angle
- i ‘__,_,..—r-'"'J
T 13 ol - . o a
. ~— W where @ = (0./a,)¢ is Piwinski angle.
X j{riffﬁ::%éfiﬁ—i__ dx
_—_\-\_\_‘_—\_
,f#“;ﬂ, -

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

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



Discussion on CEPC Interaction Point Number Np

Sum lumnosity ofN,p/ luminosity of single IP

s

&> Np



Space Charge Nonlinear Effects
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Electron Cloud Nonlinear Effect
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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
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J. Gao, “Analytical treatment of the nonlinear electron cloud effect and the
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Hadron Collider Beam-Beam Limit Formulae (pp)

Hr_)’:r Th
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2m Jo - o  Af(z.)? [ 67R
Hy ~2845, xr, = V =
Af( Homy V raNip
—— ,__ 4@
Hy | To & = =
*Eh._y.mm: — O . ~N ?Tﬂ-_..y._maxﬂu'lp
2rf (@) \| Ty Y NP f=1 corresponds electron
positron colliders
Machine Nip | R (m) ~ Eosiiiin r* flzt)
SppS 3 741 335.75 | 0.0026 | 2.187 | 34.8
TEVATRON | 2 632 059 0.0042 | 216 | 32.5
HERA (p) 2 H88 37 0.00426 | 2.155 | 32.1
LHC 2 2700 7460 0.005 21 28
SSC 2 0824 23400 | 0.0049 | 2.116 | 29.12

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. Gaot, M. Xiao, F. Su, S. Jin, D. Wang, YW. Wang, S. Bai, T.J. Bian, “ANALYTICAL ESTIMATION OF MAXIMUM
BEAM-BEAM TUNE SHIFTS FOR ELECTRON-POSITRON AND HADRON CIRCULAR COLLIDERS”, HF2014 Proceddings (2014)
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On the single bunch longitudinal collective effects in

electron storage rings Wakefield of a Whole Storage Rlng
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where o, is bunch length, k(o) is the total loss factor of the ring, L(o.) is the total
inductance, a = 2.23, Z; = 2nL(0.)/To, Zr = k(crz)%, To = 2nRav /e, Ty = 30 /¢,

R, is the average radius of the ring, ¢ is the velocity of light, and z = 0 corresponds
to the center of the bunch, and all variables are in MKS units.
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Fig. . KEKB low energy ring: the dots and the solid line =4
represent the wake potentials calculated numerically [27] and Fig. 3. The solid line represents the total longitudinal wake
analytically by using Eq. (2), respectively, with o = 0.004 m, potential of PEP-1I low energy ring with 6.0 = 0.0l m, L =
L =22 nH, and k(o) =42 V/pC. The dashed line shows the 83.3 nH. and k(g5) =29 V/pC. The dashed line shows the

Gaussian bunch shape with arbitrary units. Gaussian bunch shape with arbitrary units.
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Bunch Lengthening and Energy Spread Increasing in Storage Ring

According to Ref. 16, bunch lengthening, R, = o, /7.0, and bunch energy spread
increasing, R, = 0. /0.9, with respect to the bunch current could be estimated as

follows:
. . VICRLRKL  C(RuRILKRH)
B 0 L ¥
where
576m%¢g
- 28
55v/3he3 )

€g is the permittivity in vacuum, # is Planck constant, ¢ is the velocity of light, Kii"l‘f[t]

is the total longitudinal loss factor of the whole ring at the natural bunch length,
020, Ip = eNec/2m Ray, and Ray is the average radius of the ring. If SPEAR scaling
law? is used (for example), ¢ = 1.21 (in fact each machine has its own <), Eq. (27)
can he written as

" vV 2C Ry RK'TIDB C(Rav RI@KZTF’E)
R:=1+
= .?.S.JR; 21 "T?Rg 42
The procedure to get the information about the bunch lengthening and the energy
spread inereasing is first to find R, () by solving bunch lengthening equatic-lL
i.e. Eq. (27), and then calculate energy spread increasing, R.(I;) (R. = 0./0. ),
by putting R. (/) into Eq. (30):

(20)
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Single Bunch Instability Threshold in a Storage Ring
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Single Bunch Emittance Increase due to Transvers Emittances
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SINGLE BUNCH LONGITUDINAL INSTABILITIES
IN PROTON STORAGE RINGS

J. Gao, LAL, B.P. 34, F-91898 Orsay cedex, France
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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) 16.5X2
Piwinski angle 2.58 7.0 23.8
Number of particles/bunch N, (101) 15.0 12.0 8.0
Bunch number (bunch spacing) 242 (0.68us) 1524 (0.21ps) 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
B function at IP £.*/ £,* (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001
Emittance g/, (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016
Beam size at IP o, /0, (um) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04
Beam-beam parameters &/&, 0.031/0.109 0.013/0.106 0.0041/0.056 0.0041/0.072
RF voltage Vi (GV) 2.17 0.47 0.10
RF frequency f zr (MHz) (harmonic) 650 (216816)
Natural bunch length o, (mm) 2.72 2.98 242
Bunch length o, (mm) 3.26 59 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 (103¢cm-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
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Luminosity/IP [103%cm2s1]

lifetime [min]

CEPC Beam-Beam Simulation at Higgs
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CEPC Collider Ring Requirements on Dynamic Aperture

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

with on-axis injection 8oy x125,x1.35%
with off-axis injection 130X x120yx1.35% 150, x96,x0.4% 176, x96,x0.23%

Off-axis injection

for W and Z

Off-axis injection

’// “Positron Ring

tat on

On-axis injection _ = On-axis injection

for Higgs




CEPC DA@Higgs,W and Z-pole
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* Synchrotron radiation
fluctuation is
considered

* 100 samples are
tracked
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* 90% survival boundary
is shown
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CEPC Collider Ring Impedance Budget
_-___

Resistive wall 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
oo :E."gww" f Broadband impedance threshold:
g 50: AL 7, fgiﬂpt;pt Threshold | ttbar  Higgs W Z
= s | 1Z/nl,mQ | 136 | 90 | 80 | 2.1
1600 \v/ K, kV/pC/m | 81.2 | 61.6 | 69.0 38.7

z[m]

Longitudinal wake at the nominal o, = 3mm
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