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What is accelerator physics

Accelerator Physics has applications in particle accelerators for high energy
physics or for x-ray science, in spectrometers, in electron microscopes, and in
lithographic devices. These instruments have become so complex that an
empirical approach to properties of the particle beams is by no means
sufficient and a detailed theoretical understanding is necessary. This course
will introduce into theoretical aspects of charged particle beams and into the
technology used for their acceleration.

Physics of beams

Physics of non-neutral plasmas

Physics of involved in the technology:
Superconductivity in magnets and radiofrequency (RF) devices
Surface physics in particle sources, vacuum technology, RF devices
Material science in collimators, beam dumps, superconducting materials
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Different accelerators
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A short history of accelerators

1862: Maxwell theory of electromagnetism

1887: Hertz discovery of the electromagnetic wave
1886: Goldstein discovers positively charged rays (ion beams)

1894: Lenard extracts cathode rays (with a 2.65um Al Lenard window)
1897: JJ Thomson shows that cathode rays are particles since they followed

the classical Lorentz force ma = e(E +V X |§) in an electromagnetic field

1926: GP Thomson shows that the electron is a wave
(1929-1930 in Cornell, NP in 1937)

L
Lt =

NP 1905 NP 1906 B L0

Philipp E.A. von Lenard Joseph J. Thomson
Germany 1862-1947 UK 1856-1940

Georg.Hoffstaetter@Cornell.edu




A short history of accelerators

1895: Roentgen discovers x-rays with cathode rays
1911: Rutherford discovers the nucleus with 7.7MeV 4He from 214Po alpha
decay measuring the elastic crossection of 197Au + 4He — 197Au + 4He.

Zel.e
197 A E=
214pg y 47, d

r,=2.8fm, mc’=0.511MeV

'
=7 7Z.mc*-£,
1£,M q

1919: Rutherford produces first nuclear reactions with natural 4He
1“N +4He > 17O + p

1921: Greinacher invents the cascade generator for several 100 keV

Rutherford is convinced that several 10 MeV are in general needed for
nuclear reactions. He therefore gave up the thought of accelerating
particles.
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Tunneling allows low energies

1928: Explanation of alpha decay by Gamov as tunneling showed that several
100keV protons might suffice for nuclear reactions
u(L)

u(0)
The transmission probability T for an alpha particle traveling from the inside
towards the potential well that keeps the nucleus together determines the
lifetime for alpha decay.

10 | —6 ~
Yo areaOInT - J07s=3us

2

Schroedinger equation: a‘%u(r) = ;—T[V(r)— Elu(r), T=

V(Ir)=V,®, L=%R I
L
|

R‘ V=0

L
_ TV (1)-E]
T ~exp[—2%[V2 O]

—10}

_15 -

 Log,[Lifetime-1(s1)]

~ A—_C_
InNT = A N
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Three historic lines of accelerators g

Direct Voltage Accelerators

Resonant Accelerators Transformer Accelerator

particle source

high voltage / E-field target
generator

1 r/ —
/ E | Voltage 1MV
\ v = -»%

___......_——7--——---———- i Charge Ze
— R §

/ Energy Z MeV
{ vacuum tube /

particle beam

The energy limit is given by the maximum possible voltage. At the limiting voltage,
electrons and ions are accelerated to such large energies that they hit the surface

and produce new ions. An avalanche of charge carries causes a large current and
therefore a breakdown of the voltage.
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The Van de Graaff Accelerator

1930: van de Graaff builds the first 1.5MV high voltage generator

[T particle source

accelerating
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i
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(
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transport belt
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corona discharge

corona

+*+ + + + + ¥ +|(+ #
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charging ’
i/ 20-30 kV |~ beam _
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Today Peletrons (with chains) or Laddertron
(with stripes) that are charged by influence are
commercially available.

Used as injectors, for electron cooling, for U
medical and technical n-source via ,,L -
d+t—>n+a

Van de Graaff Up to 17.5 MV with insulating gas (1MPa SFy)
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The Tandem Accelerator

Extension:
Two Van de Graaffs, one + one -

The Tandem Van de Graaff, highest energy 35MeV

gas stripper

magnet \
~ x L x \
] iy I
X+ . / \
magnet
charge exchange +
ion source § high voltage
supply

1932: Brasch and Lange use potential from lightening, in the Swiss Alps,
Lange is fatally electrocuted

\:/ /\ _
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The Cockcroft-Walton Accelerator

1932: Cockcroft and Walton 1932: 700keV cascate generator (planed for 800keV
and use initially 400keV protons for ’Li + p+—~ “He + “He and ’Li + p—~ 7Be + n

6UJ A voltage
© 6Ut--—

CORNELL

@ — C =
Cs 6 40[]- 4U__ —
@ = C ]
4 20+
C, 2U 70
® = C 0
01
° |
~f v
o |
transformer =

Up to 4MeV, 1A
NP 1951
Sir John D Cockcrof
Ernest T S Walton
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The Marx Generator

1932: Marx Generator achieves 6MV at General Electrics

high voltage
power supply
A
§ v
] A
— Spark gaps or fast switches

After capacitors of around 2uF are filled to about 20kV, the spark gaps or switches
close as fast as 40ns, allowing up to 5S00kA.

Today:

The Z-machine (Physics Today July 2003) for z-pinch initial confinement fusion
has 40TW for 100ns from 36 Marx generators

Georg.Hoffstaetter@Cornell.edu




Three historic lines of accelerators g

_ Resonant Accelerators
Direct Voltage Accelerators

Transformer Accelerator

Jld

(~

[toward
the right] T ——p amount of energy boost
Electric _Position  Particles must have the correct
Field o gegative porficles phase relation to the
4 . oheae accelerating voltage.
[kiovwerard behind
Ehe left] -

Georg.Hoffstaetter@Cornell.edu




[toward
the right]

Electric
Field

[kiowrard
Ehe [2ft]

' NP 1939
Ernest O Lawrence
USA 1901-1958

The Cyclotron

=+

0
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1930: Lawrence proposes the Cyclotron
(before he develops a workable color TV screen)

1932: Lawrence and Livingston use a cyclotron for
1.25MeV protons and mention longitudinal
(phase) focusing

—p amount of energy boost

FPosition

Megative particles

ahaad

on fims

1934 Livingston builds the first Cyclotron
away from Berkely (2MeV protons)

at Cornell (in room B54) M Stanley Livingston
USA 1905-1986
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The cyclotron frequency

F =myya,v=qvB,

ion source
w, =+ B, =const
Condition: Non-relativistic particles.
Therefore not for electrons.
h I ;
The synchrocyc o.tron | | deflector
Acceleration of bunches with decreasin N
— _ q beam
w,(E) = 7y B
The isocyclotron with constant RE ,
—_ q generator
w, = myy (E) Bz(r(E)) f @ G =G,
c =)
Up to 600MeV but */1 938: Thomas proposes strong
this vertically defocuses the beam (transverse) focusing for a cyclotron
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First Medical Applications

1939: Lawrence uses 60’ cyclotron for 9MeV protons, 19MeV deuterons, and
35MeV 4He. First tests of tumor therapy with neutrons viad +t— n + o
With 200-800keV d to get 10MeV neutrons.
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Modern Nuclear Therapy

The Loma Linda proton therapy facility
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The microtron

Electrons are quickly relativistic and cannot be accelerated in a cyclotron.
In a microtron the revolution frequency changes, but each electron misses an

integer number of RF waves.

bending magnet bending magnet

ejection magnet
—— —
— =
- 0 - 06
” injection
"o experiment / \ﬁignet‘\%
focusing @ . electron gun
accelerating

magnets RF generator  c..tion

Today: Used for medical applications with one magnet and 20MeV.
Nuclear physics: MAMI designed for 820MeV as race track microtron.
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The microtron condition

The extra time that each turn takes  dp d vdt P

_ _ — = qu [] p= = =
must be a multiple of the RF period. gt dg dp/p 0B
magnetic shield for beam extraction\ beam =¥ \ £ v dp - pd¢

B
At — 27T(pn+l _ pn)
Vn+1 Vn
21T 21T
== - = AK
qB (rn()yn+1 rn()yn) qBC2

accelerating electron
cavity source chz
AK =n for an integer n
B=1T, n=1, and f..=3GHz leads to 4.78MeV Wrr

This requires a small linear accelerator.
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Wideroe linear accelerator

1924: Ising proposes a drift tube linear accelerator
1928: Wideroe builds the first drift tube linear accelerator for Na* and K*

ion source drift tubes (Faraday cage)
AR N T |
12[3 4[/[\If{f11beam
Rt -0 T - X T ——

+
I O l 1

1 non-relativistic:
) RF generator @
—_ . — 1
K,=nqU, ., SNy, =5mv;

I, :%VnTRF :%ﬂnARF L] \/ﬁ

Called the &t or the 1/23A mode

Wideroe
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Accelerating cavities

1933: J.W. Beams uses resonant cavities for acceleration

Traveling wave cavity:
VRIBR [COORR |PRRREB GO [SB®

Vv

phase
. N TS
E(t,s) = E, ., sin(at —ks)

particle Here v=c for electrons

Q
=—— =V
K

COOOO [FFRXRR [COOOR |VBIVRR|OECEEE

Standing wave cavity:  _
YRR [COO [ROVRA [EEOEE [®RRB® ? B Vparticle
= — - _ - E(t,s) = E_, Sin(at)sin(ks)
E(;2-.8)=E,sn ?(ks)
partlce

QOLOR |YIRIYRY | COOO |IBPVRR|CCOER | 1 or the 1/2[3% mode
1 AR

Transit factor (for this example): < = J'E( | ,S)ds= %

partlce
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The Alvarez Linear Accelerator

RBRIVIR

BRIV
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Needs only one power input coupler and walls do not dissipate energy.

‘

RERIRRY |1RIRXRI® |Q®RXRRRX | 2n or the A mode
(Y R DR
GOOOOL |OOOOO ICOEEE |EEEE® [EEEGE
4+ -l+-1+ -+ -] + - + - + - s -
— 1-4\ - > 1 b
E
M
HF
L

Georg.Hoffstaetter@Cornell.edu




Phase focusing

1945: Veksler (UDSSR) and McMillan (USA) realize the importance of phase
focusing

voltage

/\ AK =qU (1) = U, Sina(t —to) +45,)

/:’ tme Longitudinal position in the bunch:

. \/ | 07578 = (")
AK(0) = QU SN(—2 (S~ %) +¢y)

AK (0) >0 (Acceleration)
AK (0) <AK(0)foro >00 2L AK(0) <0 (Phase focusing)
qu (t) > OD
gy (t) > OD

(0)

Phase focusing is required in any RF accelerator.
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The RF quadrupole (RFQ) Gors

1970: Kapchinskii and Teplyakov
invent the RFQ

ION BEAM ___ELECTRODE

ELECTR.
FIELD

et AT, AT,

ION CLOUD
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Three historic lines of accelerators g

Transformer Accelerator

Direct Voltage Accelerators Resonant Accelerators

1924: Wideroe invents the betatron
1940: Kerst and Serber build a betatron for 2.3MeV electrons and understand

betatron (transverse) focusing (in 1942: 20MeV)

correcting coil

|

main coil iron yoke

Betatron:

R=const, B=B(t)
Whereas for a cyclotron:
R(t), B=const

No acceleration section is
needed since

IEEE:—IJ%émé
A

vacuum chamber
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The Betatron Condition

Y (t)
9B, (R 1)

Ey(RY) =~ [ B Ordrdg = -5(% B,)

Condition: R =

=const. given jﬁﬁlﬁz—ﬁ%émé
A

4 p,(t) =qE,(Rt)=-q2(4B,)

P, (1) = P, (0) —a§[( B,)() ~ (& B, )(0)] =—RaB,(R 1)

B.(RY~B,(RO) = [(4B,)() ~(4 B.)(O)

Small deviations from this condition lead to transverse beam oscillations called
betatron oscillations in all accelerators.

Today: Betatrons with typically about 20MeV for medical applications
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The Synchrotron

1945: Veksler (UDSSR) and McMillan (USA) invent the synchrotron
1946: Goward and Barnes build the first syncrotron (using a betatron magnet)
1949: Wilson et al. at Cornell are first to store beam in a synchtotron

(later 300MeV, magnet of 80 Tons)
1949: McMillan builds a 320MeV electron synchrotron

accelerating
cavity

N\
. o1 R RS N
» Many smaller magnets instead of L& %,ﬁ \\ bending

‘o -.‘
o\ @
one large magnet /‘ dyon magnet

» Only one acceleration sectionis @ generator
needed, with /’ ‘\

7 ATE

@ .
ji— 1njection magnet ejection magnet focusing
Vv I_“_.\»: B-5-1 g o magnet
— article LINAC electron gun
w=2m-=-=n K‘ © l \\
% klystron
for an integer n called the ® generator ol
harmonic number \_ / 2
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Rober R Wilson, Architecture

Wilson Hall, FNAL

JUSA 1914-2000
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Rober R Wilson, CorneLL& FNAL i

y R

RMATIY )

Tractricious

Georg.Hoffstaetter@Cornell.edu




Weak focusing Synchrotrons

1952: Operation of the Cosmotron, 3.3 GeV proton synchrotron at Brookhaven
Beam pipe height: 15cm.

Natural ring focusing: { P — /
#»‘ ~

Vertical focusing
+ Horizontal defocusing + ring focusing
Focusing in both planes

The Cosmotron

Wealk focusing acceleratar
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Strong focusing Synchrotrons

1952: Courant, Livingston, Snyder publish about strong focusing
1954: Wilson et al. build first synchrotron with strong focusing for 1.1MeV
electrons at Cornell, 4cm beam pipe height, only 16 Tons of magnets.

1959: CERN builds the PS for 28GeV after proposing a 5GeV weak focusing

accelerator for the same cost (still in use)

Transverse fields defocus in one plane if they focus in the other plane.
But two successive elements, one focusing the other defocusing,

can focus in both planes:

Strong focusing

Weak focusing

synchrotron synchrotron
Today: only strong focusing is used. Due to bad field quality at lower field
excitations the injection energy is 20-500MeV from a linac or a microtron.
Georg.Hoffstaetter@Cornell.edu




Limits of Synchrotrons

p=—— L  Therings become too long

Protons with p =20 TeV/c, B = 6.8 T would require a 87 km SSC tunnel
Protons with p =7 TeV/c, B =8.4 T require CERN’s 27 km LHC tunnel

LHC at CERN

I:)radiation 67150 N q2 y i

o,

Energy needed to compensate
Radiation becomes too large

Electron beam with p = 0.1 TeV/c in CERN’s 27 km LEP tunnel radiated 20 MW
Each electron lost about 4GeV per turn, requiring many of RF accelerating sections.
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Colliding Beam Accelerators

1961: First storage ring for electrons and positrons (AdA) in Frascati for
250MeV

1972: SPEAR electron positron collider at 4GeV. Discovery of the J/Psi at
3.097GeV by Richter (SPEAR) and Ting (AGS) starts the November revolution
and was essential for the quarkmodel and chromodynamics.
1979: 5GeV electron positron collider CESR (designed for 8GeV)

Advantage:

BT TRER ™
(T g

'\-.h {
-' &
| 4 -_‘.\,."r" _ o R
Forh'F s s
S b "

Drawback:
Less dense target
The beams therefore must be stored for a long time.
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Ellements of a Colllder N

Chalenges:
»Saving one beam while injection another
»Avoiding collisions outside the detectors.

»Compensating the forces between e* and e- beams
bending magnet € €

focusing

—

/

pulsed .]:-..;
injection magnef §

focusing magnets
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Storage Rings

To avoid the loss of collision time during filling of a synchrotron, the beams in
colliders must be stored for many milions of turns.

Chalenges:

Required vacuum of pressure below 107 Pa = 10-° mbar, 3 orders of magnitude
below that of other accelerators.

Fields must be stable for a long time, often for hours.
Field errors must be small, since their effect can add up over millions of turns.

Even though a storage ring does not accelerate, it needs acceleration sections
for phase focusing and to compensate energy loss due to the emission of
radiation.
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Further Development of Colliders

1981: Rubbia and van der Meer use stochastic cooling of antiportons and
discover W+,W- and Z vector bosons of the weak interaction

1987: Start of the superconducting TEVATRON at FNAL

1989: Start of the 27km long LEP electron positron collider

1990: Start of the first asymmetric collider, electron (27.5GeV) proton
(920GeV) in HERA at DESY

1998: Start of asymmetric two ring electron positron colliders KEK-B / PEP-II
Today: 27km, 7 TeV proton collider LHC being build at CERN

NP 1984
Carlo Rubbia =
Italy 1934 -
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Special Relativity

E = mc?

Albert Einstein, 1879-1955
Nobel Prize, 1921
Time Magazine Man of the Century

SRR

Four-Vectors:
Quantities that transform according to
the Lorentz transformation when viewed
from a different inertial frame.

Examples:
X*O{ct,x, v,z
P*U{ZE, P, Py, P}
P I{oALA A}
JH{co, Iy, bys )t
K*O{wk,,k,, K}

X*Of{ct,x,y,2 O X*X,=(ctf-%*=const.

P“O{1E, p,, p,, P} 0 PHP, = @g ? = (m,c) = const.

LCL
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Available Energy

LEZ = (R + P )an(Py + P)en
=(R* +PFf)(R, +P,)
=L (E+E) = (P~ PL)°

E
- 2( Eéz : + pzl pzZ) + (rnO1C)2 + (rnOZC)2

Operation of synchrotrons: fixed target experiments ®
where some energy is in the motion of the center off
mass of the scattering products

09/04/03
CORNELL

| Pl
-

E, >>m,c?,m,c% p, =GE, =m,c? O E,, =2Em,c?

Operation of colliders: ° \kf °
the detector is in the center of mass system { ¥\

E, >> mmcz; E, >> mozC2 U E,, =2{EE,
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Example: Production of the pbar

1954: Operation of Bevatron, first proton synchrotron for 6.2GeV, production of
the antiporton by Chamberlain and Segre

p+p = p+p+p+p

E
L, =252 4 P, + (My0)” + (o)’

m
(ZI'IfnpOC)2 < CAZ Eczm = 2% + (rnpOC)2 + (rnpOC)2
7m ¢’ <E,

K, =E, —mc® >6m c° =5.628 GeV

i\ NP 1959
. .NP 1959 Owen Chamberlain
Emilio Gino Segre USA 1920 -

ltaly 1905 — USA 1989
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Example: c-cbar states

1974: Observation of C—C resonances (J/¥) at
Ecm = 3095MeV at the e*/e- collider SPEAR

E
L2, =252 4 P, + (My0)” + (Mo’

E =E, O E. =4FE°
Energy perbeam: K = E —m,c =1547MeV

Beam energy needed for an Eczm = JEm+ (mc)z]

equivalent fixed target experiment: c?

oy

2 212
Fan ~AMeC)” _ g 4rev

2
¥ _ K=E- Cc =
he 2myc”
NP 1976 NP 1976
Burton Richter Samuel CC Ting
USA 1931 - USA 1936 -

Georg.Hoffstaetter@Cornell.edu




Rings for Synchrotron Radiation

1947: First detection of synchrotron light at General Electrics.
1952: First accurate measurement of synchrotron radiation power by
Dale Corson with the Cornell 300MeV synchrotron.

1968: TANTALOS, first dedicated storage ring for synchrotron radiation

’ - n

Dale Corson
Cornell’s 8 president
USA 1914 -
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3 Generations of Light Sources

1st Genergation (1970s): Many HEP rings are parasitically used for X-ray

production
2nd Generation (1980s): Many dedicated X-ray sources (light sources)

3rd Generation (1990s): Several rings with dedicated radiation devices (wigglers

and undulators)
Today (4t Generation): Construction of Free Electron Lasers (FELSs) driven by

LINACs
electron beam
\ o

-
undulator
beam

radiation fan
\ mask

focusing

bend'mg magnet

magnet

probe

electron beam

klystron
generator |

undulator period

@ .
5 accelerating
cavity

wiggler beam
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Accelerators of the World o
Sorted by Location
Europe

AGOR Accelerateur Groningen-0R say, KV Groningen, KNetherlands
AlEA Angstrimauelle Karksruhe, Karnsruhe, Germany (Forschungsgruppe Synchrotranstrahlung (FGEN
ASTRID Aarhus Storage Ring in Denmark, IS4, Aarhus, Denmark

BESSY Berliner Elektronenspeicherring-Gesellschatt fir Synchrofronstrablung, Germany (BESSY | status,
BESSY |l status)

BiMP Budker Institute for Muclear Physics, Novosibirsk, Russian Federation (VEPP-2M collider, YVEPP-4M
collider {status))

CERM Centre Europeen de Recherche Mucleaire, Geneva, Suisse (LEP & SPS Status, LHC, CLIC,
FS-Division, SL-Division)

COSY Cooler Synchrotron, IKP, FZ Milich, Germary (COSY Status)

CYCLOME Cyelotron of Louvain |a Neuve, Louvain-la-MNeuve, Belgium

DELTA Dormund Electron Test Accelerator, U of Dotmund, Germany (DELTA Status)

DESY Deutsches Elektronen Synchrotron, Hamburg, Germany (HERA, PETRA and DORIS status, TESLA)

ELBE ELectron source with high Brilliance and low Emittance, FZ Rossendorf, Germany
ELETTRA Trieste, kaly (ELETTRA status)

ELSA Electron Stretcher Accelerator, Bann University, Germany (ELSA status)

ESRF Eurapean Synchrotron Radiation Facility, Grenable, France (ESRF status)

GAMNIL Grand Accélérateur MNational d'ons Lourds, Caen, France

a8l Gesellschatt fiir Schwerionenforschung, Darmstadt, Germany

|HEF Institute for High Energy Physics, Protving, Moscow region, Russian Federation
[MF ™ Istituto Mazionale di Fisica Nuckeare, italy,

LMF - Laboratori Mazionali di Frascati (DAFNE, other accelerators),
LML - Laboratari Mazionali di Legnaro (Tandem, CH Yan de Graaff, AR 2000 VYan de Graaff,
LME - Laboratori Mazionali del Sud, Catania, (Superconducting Collider & Yan de Graaff Tandem)

18IS Rutherford Appletan Laboratory, Osfard, UK. (SIS Status)

ISL lanenStrahiLabor am HWl, Berin, Germany

JINR Joint Institute for Muclear Research, Dubna, Bussian Federation (J-200, U-400, 1U-400M, Storage
Ring, LHE Synchrophasotron f Muclotron)

JIFL Jyiaskylan Yiopiston Fysiikan Laitos, Jywaskyla, Finland

KTH Kungl Teknizka Higskola (Royal Institute of Technalogy), Stockhalm, Sweden (Alfén Lab electron
accelerators)
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Accelerators of the World o

Accelerator of LML and TU Muenchen, Munich, Germany

Labaratoire pour Mtilisation du Rayonnement Electromagnétique, Orsay, France (DCI, Super-ACO
status, CLID)

Mainzer Microtran, Mainz LU, Germany

Lund University, Sweden

Wanne Siegbahn Labaratory, Stockhalm, Sweden (CRYRING)

Mationaal Instituut voor Kemfysica en Hoge-Energie Fysica, Amsterdam, Metherands (AmPS cliosac)
Paul Scherrer Institut, Villigen, Switzerland (P S| status, SLS woaer conslruchon)

S-DALINAC Darmstadt University of Technology, Germany (S-DALINAC status)

SRS
T5L
TSR

88" Cyel.
ALS
ANL

BHL

MIT-Bates
NSCL
ORML
SB5L
SLAC

SRC

Synchrotron Radiation Source, Daresbury Laboratary, Daresbury, U K. (SRS Status)
The Svedberg Laboratory, Uppsala University, Sweden (CELSILUE)
Heavy-lon Test Storage Ring, Heidelberg, Germany

North America

88-Inch Cyclotran, Lawrence Berkeley Laboratory (LBL), Berkeley, CA
Advanced Light Source, Lawrence Berkeley Laboratory (LBL), Berkeley, CA (ALS Status)

Argonne National Laboratory, Chicago, IL (Advanced Photon Source APS [status], Intense Pulsed
Meutron Source IPMNS [status], Argonne Tandem Linac Accelerator Systerm ATLAS)

Brookhawen Mational Laboratory, Upton, WY (AGS, ATF, NSLS, RHIC)

Center for Advanced Microstructures and Devices

Carnell High Energy Synchrotron Source, Cormell University, Rhaca, MY

Canadian Light Saurce, L of Saskatchewan, Saskatoon, Canada

Carnell Electron-positran Storage Ring, Cornell University, thaca, MY (CESR Status)

Fermi Mational Accelerator Laboratory, Batavia, IL (Tevatron)

Idaho accelerator center, Pocatello, |daha

Indiana University Cyclotran Facility, Bloomington, Indiana

aka TIMNAF, Thormas Jeflersan National Acceleratar F acility (formery known as CEBAF), Newpart
Mews WA

Lauisiana Accelerator Center, U of Louisiana at Lafayvette, Louisiana

Los Alamos National Laboratory

Bates Linear Accelerator Center, Massachusetts Institute of Technology (MIT)

Mational Superconducting Cyclotron Laboratory, Michigan State Liniversity

Dak Ridge Mational Laboratory (EM Tandern Accelerator), Oak Ridge, Tennessee

Stony Brook Superconducting Linac, State University of New York (SUMNY)

Stanford Linear Accelerator Center (Linac, MLC - Mext Linear Collider, PEF - Posgitron Electron Praject
ffinished), PEP-Il - asymmetric B Factory (in commissioning), SLC - SLAC Linear electron positron
Caollider, SPEAR - Stanford Positron Electron Asyrmmetric Ring (actually SPEAR-, see SSRL), SSRL-
Stanford Synchrotron Radiation Laboratory)

Spallation Meutron Source, Dak Ridge, Ternnesses

Synchrotron Radiation Center, U of Wiscansin - Madison (Maddin Status)

SURF NI Synchrotran Uitraviolet R adiation Facility, Mational Institute of Standards and Technology (MIST),
Gaithersburg, Maryland

TASCC  Tandem Acceleratar Superconducting Cyclotron (Canada) (ciosed)
TRIUMF  TREUniversity Meson Facility / National Meson Research Facility, Vancauver, BC (Canada)

South America

LMLS Laboratorio Macional de Luz Sincrotran, Campinas SP, Brazil
TANDAR  Tandem Accelerator, Buenos Aires, Argentina

Asia
BEFC Beijing Electron-Positron Collider, Beijing, China
KEK MNatiohal Laboratory for High Energy Physics (Koh-Ene-ken™), Tsukuba, Japan (KEK-B, PF, JLC)
MSC Muclear Science Centra, New Dabhi, India (15 LD Pelletron Acceleratar)
FLS Pohang Light Source, Pahang, Korea

RIKEM Institute of Physical and Chemical Research ('Rikagaku Kenkyusho™), Hirosawa, Wako, Japan

SESAME  Synchrotron-light for Experimental Science and Applications in the Middle East, Jordan (under
construction)

SPring-2  SuperPhoton ring - 8 Gev, Japan

SRRC Synchrotron Radiation Research Center, Heinchu, Taiwan (SRRC Status)
LWEOR Uitravio ket Synchratran Orbital Radiation Facility, Japan

VECC “Wariable Energy Cyclotran, Calcutta, India

Africa

AL Mational Accelerator Centre, Cape Town, South Africa

Sorted by Accelerator Type
Electrons

Stretcher Ring/Continuous Beam facilities

ELSA (Bonn L, JLab, MAMI (Mainz L1, MAX-Lab, MIT-Bates, PSR (SAL), S-DALINAC (TH Darmstadt), SLAC
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09/04/03

Accelerators of the World o

Synchrotron Light Sources

ANEA (FZK), ALS (LBL), APS (AML), ASTRID (I5A), BESSY, CAMD (LS, CHESS (Cornell 'Wilson Lab), CLS (U of
Saskatchewan), DELTA (U of Dortrnund), ELBE (F.Z Rossendor), Eleftra, ELSA {(Bonn LD, ESREF, HASYLAB (DESY),
LURE, MAX-Lab, LMLS, MSLS (BML), PF (KEK), IWVSOR (IMS), PLS, S-DALINAC (TH Darmstadt), SESAME, 5L
(PSh, SPEAR (S5RL, SLALC), SPring-8, SRC (L of Wisconsin), SRRC, SRS (Daresbury), SURF I {MIST)

Other

Alfan Lab (KTH), WAC

Protons

ga8" Cyclotron (LBL), CELSILES (TSL), COSY (FZ Jdlch), IPMNS (ANL), ISL (HMB, 1515, IUCF, LHC (CERN), MAC, PS5
(CERM), PSI, SPS {CERN)

Light and Heavy lons

ga8" Cyclotron (LBL), AGOR, ASTRID (15A), ATLAS (ANL), CELSILIS (TSL), CRYRING (MSL), CYCLONE, EM Tandem
(ORML), GANIL, GSI, I15L (HMB, ILCF, JYFL, LAC, LHC (CERN), LHE Synchrophasotran / Muclotron (JINR),
LAMUNTUIR, LML CJRE MG, LMNS (NEM), NAC, NSC, PSI1 RHIC (BML), SBEL, SNS, SPS (CERMN), TANDAR, TSR, L-200 4
L-400 7 UJ-400M 7 Storage Ring (JINR), VECC

Collider

BEPC, CESR, DAFMNE (LMF), HERA (DESY), LEP (CERM), LHC (CERN), PEF / PEP-II {SLALC), SLC (5LALC), KEK-B
(KEED, TESLA(DESY), Tevatron F MAL), VEPP-2M VEFP-4M (BINF)
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Macroscopic Fields In Accelerators

d _ . E has a similar effect as v B.
at P=q(E+vxB) For relativistic particles B = 1T has a similar effect as
E=cB=310%V/m, such an
Electric field is beyond technical limits.
Electric fields are only used for very low energies or
For separating two counter rotating beams with
different charge.

+

Electrostatic sei@tators at CESR
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Magnetic Fields in Accelerators

Static magnetic fileds: 9, B=0: E=0 Charge free space: | =0
OxB=y(j +£,0,E)=0 O B =-0y(F)
OB =0 0 D%(r)=0
y
N =

(x=0,y=0) is the beam’s design curve

For finite fields on the design curve, _ -
J ‘//(X, y’ Z) - Z bnm(z)xnym

¥ can be power expanded in x and y: nGeo

Georg.Hoffstaetter@Cornell.edu




Surfaces of Equal Potential

B (out) = B,(in)

For large permeability, H(out) is

] _ i : erpendicular to the surface.
H qaig(OU) = H__a(iN) PErp

= 1 = .
B yais (OUL) = m Baia (IN)

B X
o LIS + #%J' B, [dlS + ! B, [dS For highly permeable materials

A (like iron) surfaces have a
constant potential.

o
=Y
wi
+
OO — <
josk
=Y
wi
I
<
E
I
S
=z
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Green’s Theorem
0% =0

Green function:

O3G(F. i) =a(F-F) ()= Jgﬂ(r*o)a(r* ~Fy) d°F,

= [bwtie-ciymld
S ZORERCFTO)
= (b@e-cipmle,

- [b@oe+smefe,

Knowledge of the field and the scalar magnetic potential on a closed surface
inside a magnet determines the magnetic field for the complete volume which is
enclosed.

Georg.Hoffstaetter@Cornell.edu




Potential Expansion

If field data in a plane (for example the midplane of a cyclotron or of a beam
line magnet) is known, the complete filed is determined:

o ?xbo(x’ Z)
WXy, 2) = an(x, 2y" O B(x0,2=-0 b(x2)
" %zbo(xi Z)

LT ICICT]

(0]

0=0Y =3 @+9))by"+3 n(n-D b, y™*

n=

- Z[(ai +02)b, +(n+2)(n+1) b, |y’

— 1 2 2
bn+2(X’ Z) o (n+ 2)(n+1) (ax +6y)bn(x, Z)

Data of the magnetic field in the plane y=0 is used to determine by(x,z) and b,(x,z).

Georg.Hoffstaetter@Cornell.edu




Complex Potentials

W :X+iy ., W :x—iy
9, =0, +0,, 0,=id,—id, =i(0, —0)
07 =07 +07+02=(3, +9,) ~(9, ~05) +07 = 40,9, +07

w =My a, () ) w)

T =im] Y da, (A +V)AWR) R+ 8 (win)' @)
=1m{ 3[40 +1+V)(A +Da,,., +a;] (W) W'} = 0
, B |
AN +14+v)(A+1)

The functions ¥ (z) along a line determine the complete field inside a magnet.

, A, =%, (2

lteration equation: Q41 =

Georg.Hoffstaetter@Cornell.edu




Multipole Coefficients

¥ (z) are called the z-dependent multipole coefficients

_ - (=)' [24]
w0y 2) =1 _O(MV),A,QTQ W W (2)

Y(r.g,2) = i s Bfg rIm{W,*" (2)e™"’}

= (A +V)IA 20
The index v describes C, Symmetry @ @
around the z-axis €, ;
l
due to a sign change after A¢ =— @ @

g @@V:B
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Fringe Fields and Main Fields

N > Main field ! N
T Fringe field T

Only the fringe field region has terms with A # 0 and aiw Z0

Main fields in accelerator physics: A =0, 0%/ =0

w_@‘”ﬂv W,| for vz0
”_Bi W,| for v=0

w(r,¢) — “er‘q_,v‘ Im{e—iv(¢-z9v)} +‘L|JO‘
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Main Field Potential

Main field potential: Y= ‘LPO‘ - Z r”\LIJV\Sin[V(¢ ~3J,)]

The isolated multipole: ~ (J = —I’"‘LI-’V‘Sin(V¢)

Where the rotation 79,, of the coordinate system is setto 0

The potentials of different multipole components l-IJV have

Different rotation symmetry C,

Different radial dependence rv

Georg.Hoffstaetter@Cornell.edu




Multipoles in Accelerators

v=0: Solenoids v¢=%@-"* RGN

* g EEBd ot
my Ly [F qEVmE%%BZE »
L[] [ i (gt
HZ: HZ: i B, U g:;BZ , Wy =we’
m t
D y _ I [gat
- gB, YO Bz Y W, = (W+i2gW+igw—g*w)e®
%E_ my%rx% 2my%r><% =—0"w,
| % ==09°% Focusing in a rotating
gB qB Yo :—gzyO coordinate system
W =—-I—2W —I—=W
my 2my
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Solenoid Focusing

P
B

of the beam is often compensated by

Solenoid magnets are used in detectors for particle identification via ©0 =
qB,

| 2my
a reversed solenoid called compensator.

The solenoid’s rotation ¢ - -

Solenoid or Weak Focusing:
Solenoids are also used to focus low y beams: W=

Weak focusing from natural ring focusing:

Ar=r—R

[(R+Ar)cosg —Ax,]* +[(R+Ar)sing —Ay,]* =R°
Linearizationin A: Ar =(cos¢g Ax, +sing Ay,)

aAr——r O AF =—¢°Ar = %%Ar—.&
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Solenoid vs. Strong Focusing .

If the solenoids field was perpendicular to the particle’s motion,

its bending radius would be O, = ———

B
= - qugr qu_
my my 4102

Solenoid focusing is weak compared to the deflections created by a transverse
magnetic field.

z

Transverse fields: B=B € + By e

0 FOPE e, _
e o 1R o P

Weak focusing < Strong focusing by about %)
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Multipoles in Accelerators

v=1: Dipoles -
N N Equipotential
y=W Im{x-iy} =-¥,y O B=-0Oy=WY,§ y = const.

(+,7) in ¥ CB

C, Symmetry ? - —
B (S,N)in B I‘/+‘

Dipole magnets are used for steering the beams direction

o dp d vdt  p
—=qvxB L —=qvB, L =—= =
¢ 0 gt o0 5 PTUs T dplp B,

Bending radius: 0 =——

Georg.Hoffstaetter@Cornell.edu




Different Dipoles

C-shape magnet: H-shape magnet: Window frame magnet:
XL X X X
XX R B
~ B o
r>>1 B (out) =B,(in)
I H_ (out) = t. H_(in)
Dl Hol Iza 2n| :fH [dS=H_J|..+H,2a
\HF& \\ = Holee tHy2a=H,2a

=\ \ Bo::uom 1:qluon|

h Dipole strength:
p p a
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Dipole Fields

b

B =2 T: Typical limit, since the field becomes
dominated by the coils, not the iron.
Limiting j for Cu is about 100A/mm?
- B <1.5T: Typically used region

| ni
- B<1T:Regioninwhich B, = p,—

0 ._ current

4»

| a

useful field region

useful field region Shims reduce the space that is open
to the beam, but they also
— \:= reduce the fringe field region.
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Where is the vertical Dipole”?

09/11/03

R e i A
" .. BHerATunn
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Exercises

Schitions to Homewotk for Physics 456656
Introduction to Accelerator Physics and Technology (Hoffstaetter)
Due Date: Thursday, 09/11 /05 - 11:40 in 311 Newman Laboratory

Exercise 1:

The main dipole magnets of the Large Electron Positron | LEFP) colhder had a bending radis of 3006 m.
{a) How strong was their magnetic field when LEP accelerated electrons to 100 GeV7

Answer:

P E 100 - 10° Vs -
E-—-—-i—-ﬂlﬂ T 1
ap  cgp 1007 1093006 m ! (1)
(b) This field strength is relatively small, why was the field not increased to increase the energy?
Answer:
EBecause of

Pt (2)

the synchrotron radiation power would have become too large.
(c) The LEP tunnel was about 26 6km long. What fraction of 1t was used for bending the beam?

Answer:

f="T =% (3)

Exercise 2:

LEP produced about 20MW of gynchrotron radiation when 1t stored electrons at 100GV . How much
would the same number of electrons have radiated at 200GeV7

Answer:

Plys) = Pl (2)4 = 320MW (4
g

That would be about 30% of the output of a modern miclear power plant, all deposited on a small stripe

on the outside of the heam pipe'

Exercise 3:

Consider a storage ring bmlt aronund the 40 Mm circumderence of the sarth, where 1007 of the tunnel were
wsed for bending particles on a cirenlar trajectory.

(a) How Jazge wonld the energy be for protons when the LHC magnets with a magnetic filed of 8 7 T were
need? Conld one produce the highest proton energies of the universe in this way?

Answer:

4107 g
E = pc= pBqe =——87:3.0: 10PeTm? /s = 16616TeV (5)
m

09/11/03
CORNEILL

The highest proton energies detected in the universe have more than 10% TeV however.

(b) How much power of synchrotron radiation would this proton beam approximately produce for the
same current as in LEP (scaled from the LEP data given above)?

Answer:

The current for a given number of particles N with charge ¢ for a ring of circumference L is given by
I = Nge/L. The power radiated by this current when the bending radius of the magnets is p is given by

crq*LqI

P= N~ = 6
breg  p? 6N£9p2 ©

Pryy s Bivch s 1 (27-3006)2 1 16616, .
R=pia B2 90510 LS i W = 478GW 7
AT e 1<p2 (mz) (El) F 3 26600 4-107 13354( o1 ) ™

(c) How large would the electron energy in this tunnel be if its synchrotron radiation load per length of
the tunnel should be the same as that in LEP when the same current is stored (scaled from the LEP data
given above)?

Answer:
P, P, T2,4,P1 z
== 8
L, Ll('n ) ®)
Wlth P2 /LE = P1 ./Ll th.lS leads to
(B2} = 10066V (e -0 ) = 453TeV (9)
72*”"—‘* 27 -3006 '
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Multipoles in Accelerators

v=2: Quadrupoles

Y=W,Im{(x-iy)’} =-W,2xy O B=-Oy=W, 2@%

C, Symmetry

Ay

/ IIIIII.I; Z
CL X // N,

In a quadrupole particles are focused in one plane and defocused in the
other plane. Other modes of strong focusing are not possible.
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Quadrupole Fields | .

const.

Y = —L|J2 [2xy [] Equipotential: X = y W=

U =+p

0

iron yoke A z
tg\ e coil hyperbolic
nl pole surface
<]l
B /\/\' x>

ED BO—1)=2W,rg

Quadrupole strength:
2

nl =fﬁm§=!Hrdr:W22—o ki-ﬂa 8| _quo 2n
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Real Quadrupoles o

close-up of the waler cooling tubes
r -

The coils show that this is an
upright quadrupole not a rotated
or skew quadrupole.

ETRA Tunnel
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Multipoles in Accelerators

v=3. Sextupoles (Hexapoles)
W =W, Im{ (x=iy)% = W, [y° -3xCy) [ é:—ﬁgu:wgs%ffyyzg

09/11/03

C; Symmetry
@ Sextupole fields hardly influence the
@ @ particles close to the center, where one
can linearize in x andy.
@ In linear approximation a by Ax shifted
sextupole has a quadrupole field.
e 2%y
B=-Uy= l’IJ:% 3 2 yz When Ax depends on the energy, one can
build an energy dependent quadrupole.

X
B, 2
B=W, 3%2 i(yy zgawgm%%omxz)
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Sextupole Fields .

W =W, [y’ -3x°y) O Equipotential: X=

iron yoke

: Quadrupole strength:

— —»-a — N Y _q,u06nl
nl—mes~|Hdr—LIJ— k,=—0:B | =
J 3 A 2 XY 3
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Real Sextupoles
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Higher order Multipoles .

=W, Im{(x=iy)"} =¥, Q...-inx"y) O é(yzo):“"n”@?‘lg
1

n+1

q L]
= — +1)! .
X,y=0 D LIJn+1 (n 1)- units: -

Multipole strength: K. = ﬂasz
P

p/q is also called Bp and used to describe the energy of multiply charge ions

Names: dipole, quadrupole, sextupole, octupole, decapole, duodecapole, ...

Higher order multipoles come from
Field errors in magnets
Magnetized materials
From multipole magnets that compensate such erroneous fields
To compensate nonlinear effects of other magnets
To stabilize the motion of many particle systems
To stabilize the nonlinear motion of individual particles
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Midplane SymmetricAMotion

I =(x-Y,2) y y
rj _(px’_py’pz) ——
$p=F(r,p) O <p"=FF",p") |~

v,B,-v,B, =-v,B,(x,~y,2)-V,B, (XY, 2) B (X-y,2) =-B,(X,Y,2)
V.B,-V.B, = V,B,(X-y,2)-Vv,B,(x-y,2) 0 B,(x-y,2)= B,(xy,2)
v,B, -v,B, = Vv,B (X,-y,2) +Vv B, (x-Y,2) B,(X,-Y,2) =-B,(X,Y, 2)

¢ (X!_y’ Z) - _¢ (X’ Y, Z)
W Im{ @™ (x+iy)" = -W, Im{ €™ (x +iy)"}
0w amle™ 2ref (x+iy)"}]=0 0 [F,=0

The discussed multipoles
produce midplane symmetric motion. When the field is rotated by n/2,
l.e z9n = n/2n, one speaks of a skew multipole.
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Superconducting Magnets

Above 2T the field from the bare coils dominate over the magnetization of the iron.
But Cu wires cannot create much filed without iron poles:
5T at 5cm distance from a 3cm wire would require a current density of

| _127rB_ 00 A

j = =
d*> d* g, mm?
Cu can only support about 100A/mm?.

Superconducting cables routinely allow current densities of 1500A/mm? at 4.6
Kand 6T. Materials used are usually Nb aloys, e.g. NbTi, Nb;Ti or Nb;Sn.

Superconducting magnets are not only used for strong fields but also when
there is no space for iron poles, like inside a particle physics detector.
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Superconducting Magnets

Problems: A

B.(0)
Superconductivity brakes down normal conductive
for too large fields - region
Due to the Meissner-Ochsenfeld 2
effect superconductivity current *% superconductive
only flows on a thin surface g region
layer.

-
0 temperature T,
Remedy: ILIZ]
Superconducting cable consists ﬂdu“tor copper matrix
of many very thin filaments = {
(about 10pm). { )~1opm
10 mm

NbTi filaments
(2500 pieces)

Kapton &
glass fibre tape

SN
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Complex Potential of a Wire

- =g - =g I —
Straight wire at the origin: (JxB =, ] 0O B(r)= go €
Jrr

Wire at a :
B(x,y) = | E[y—ay]%ﬂo. 1 [y=a,1[]
Y 2m(r —8)°’q x-a, 0 “"a’+r®-2arcos(¢—¢,)H0 X—-a, O

This can be represented by complex multipole coefficients LP

B(x,y)=-0¥ O B, +iB,= (a +i0, )y =20 0

—=1(w, —w) _ i —l
7w, - W) (W, —W) 2T -

=i %09, In1- ) = 29, Im{ In(1— 2 )}

2m ~ W
A _ E# —v — Mol 1 1 Aive,
} Im ZITZ (a LIJV_Z(;TV o€

B, +iB, —”O

g =i
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Air-coil Multipoles

Creating a multipole be created by an arrangement of wires:
27T
— (Ho 1 1 AiVPa di
W, = [y € 3509,
0

A
Z z ? spacers y

e —
I
+
|
+

|deal multipole Approximate multipole

Georg.Hoffstaetter@Cornell.edu




Real Air-coil Multipoles

Quadrupole corrector

LHC dipole

Georg.Hoffstaetter@Cornell.edu




. . e 09/16/03
Special SC Air- janet: Conva
LHC double quadrupole | .

R,
Accu racy®§ m{[ﬂﬂ]ﬂm@

e . ' RHIC Siberian

%@%%‘&ﬂ& ' Shake dipole
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The comoving Coordinate System

‘dﬁ‘ = ds

F = R(s) +X§,(5) + Y&, ()

—

eS

4R(9)

-

The time dependence of a particle’s motion is
often not as interesting as the trajectory
along the accelerator length “s”.
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The 4D Equation of Motion

f, (7, 47,t)

d_
dt?

3 dimensional ODE of 2"d order can be changed to a
6 dimensional ODE of 15! order:

if’:ip’ %

at my - - o
[] di =f,(Z,t), Z=(r,p)

L P=F(r, pt) £

If the force does not depend on time, as in a typical beam line magnet, the
energy is conserved so that one can reduce the dimension to 5. The
equation of motion is then autonomous.

Furthermore, the time dependence is often not as interesting as the
trajectory along the accelerator length “s”. Using “s” as the
independent variable reduces the dlmen3|ons to 4. The equation of
motion is then no longer autonomous.

47=1,29, 2=(XY,p.P,)

“ ”
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The 6D Equation of Motion

Usually one prefers to compute the trajectory as a function of “s” along the
accelerator even when the energy is not conserved, as when
accelerating cavities are in the accelerator.

Then the energy “E” and the time “t” at which a particle arrives at the cavities
are important. And the equations become 6 dimensional again:

7= fZ(Z,S) , Z=(XY, Py, Py,—t,E)

But: Z= (F, |_5) Is an especially suitable variable, since it is a phase space
vector so that its equation of motion comes from a Hamiltonian, or by
variation principle from a Lagrangian.

5I :px)'(+ p,y+psS—H(r, pt) ]dt =0 [0 Hamiltonian motion

5I :pXX’+ p,y-Ht+ P.(X, Y, p,, p,.t,H )]dS =0 [ Hamiltonian motion

The new canonical coordinates are: Z = (X, Y, p,, p,,~t,E) with E=H
The new Hamiltonian is: K=-p.(Z,5)
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Significance of Hamiltonian

The equations of motion can be determined by one function:

ix =0 ,H(Zs), Lp,=-0,H(Z>9),

e | | 0 1
&2=J0H(z,5)=F(z,5) with J=diag(J,), QZZE—l OE

The force has a Hamiltonian Jacobi Matrix:

A linear force: F(Z,s) = F(s) 7,

The Jacobi Matrix of a linear force: F(S)

The general Jacobi Matrix : F. = 02 Fi or F= (5 IET)T

Hamiltonian Matrices:

E
Prove : Fij =0,k =0,J,0, H :JikakajH 1 F=JDH
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H —» Symplectic Flows

The flow of a Hamiltonian equation of motion has a symplectic Jacobi Matrix

The flow or transport map: Z(s) =M (s, Z,)
A linear flow: Z(s)=M(s)[Z,
The Jacobi Matrix of a linear flow: M (S)

LT
The general Jacobi Matrix : My=0, Mi o M= (aol\/l T)

The Symplectic Group SP@N): M JM' =J

%_Z’ :%M(S,_ZO) :ile = |E %Mij :aZoJ' Fi (Z,S) :620] Mkaszi(_Z,S)
) xM(s,Z)) =FE(Z,5)M(s, 7))
K=MJM

K = Jis a solution. Since this is a linear ODE , K = J is the unique solution.
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Symplectic Flows ~ H

For every symplectic transport map there is a Hamilton function

The flow or transport map: Z(s) =M (s, Z,)
Force vector: H(Z, s)=-J % M (s, _ZO)J—Z»Ozl\‘/l’—l(—Z»’S)
Since then: 47= Qﬁ(_z’, S)

There is a Hamilton function H with:  h = odH
If and only if: 0,h=0,h [ h=h'

MIJM'=J 0O

- O M™=-JM'J
hoM =-J4M

h(M)M =-J &

) M
h(M)=-J4MM " =JEMIM'J=-IMJILM ' J=M " ZM'J=h'

il - s — X2 fullls
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Generating Functions

The motion of particles can be represented by Generating Functions

Each flow or transport map: 7(s) =M (s, Z,)

_ 3T )
With a Jacobi Matrix : My=0, M; o M=PM
That is Symplectic: MQMT =J

Can be represented by a Generating Function:

F.(G,0o,9) with p=—9.F, , P,= 9,F

F(p.Gy,,s) with g= o F, , p,= 9d,F,

Y Go

F.(d, By,s) with p=-9,F, , G =-0,F,
F,(P. Po,s) with G= o,F, , §,=-0,F,

6-dimensional motion needs only one function ! But to
obtain the transport map this has to be inverted.
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F SP(2N)

Generating Functions produce symplectic tranport maps

F.(G,0y,9) with p=-9.F(6,0,5) , Po=

q 0 - -~ O
z=gE=H o FEfQ90
ié Efaq'zl(q’qo’s): N 2=1(G7(%,9),9)
= _>o qo :__>—» [] M:#Og’_l
% = %jo%: %% ACKS S)E 9@ S)E (function concatenation)

Jacobi matrix of concatenated functions:
C(Z,) = Ao B(Z,)
C;=0,G = Z 0, B(Z%) [azk A (2)] 228(2,) 0 C=A(B)B

Mog=f O M(g)=FG™

Georg.Hoffstaetter@Cornell.edu




09/23/03
CORNELL

- Fz_ll |:22 Fz_ll E
11 Fz_ll |:22 - |:12 - |:11 Fz_ll

<
3
I
I
9
h
pEs

0O 1
%ﬂT — | The map from a generating function is symplectic.

T

— H: Fz_ll - Fz_ll |:22 I |:22 F1£1 |:22 F1£1 |:11 - |:21 E: Ef) 1%
1|:2_11 |:11 Fz_ll |:22 - |:12 F1£1 - F1£1 |:11 10

1
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SP(2N) - F

Symplectic tranport maps have a Generating Functions

2=M(Z,)

OE E\A;(OZO) Epo%ng(zo)é ﬁ(fo)ﬂ[élrl(q,qo)] o

OF, =—Jhol =
For F, to exist it is necessary and sufficient that 0. |:j = aj F O F= =
-Jh=F.l 0O -Jh=F()!

Is J h I'" symmetric ? Yes since:

— — — — _1

Ih| S, 9;0|\/|1 0, M,
T M 1 0

:E\A 0 1 E: 22M1_21 M21_M22M1_21M11
0 _1 Mz —M,pMy My, MMy, =
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L Ml_Zl 1_21M11
M (_Zo) — ﬁl(qm ﬁO)E E:j:
2(Co» Po)
0 1
M
vl o=l o

9 9 09/23/03
-1 _ »Mp; My —M,ME My, CORNELL
Jhl "=
M
M

11%; M;]-E:E? 1%
r MpC 010

_ T _ _ _
M12M1T1 = M11M1Tz ] (M121M11) = [I\/llzll\/|11|v|1T2]MlzT i M121M11
M21M%2 = MzzMT2T1 D=D"
MllM 22 |V|12M21 =1
M, M, -M, M) =1 A=A

?
VT _ _ - _
(M 22M121) :[MzleTlMlzT - le]Msz = M22[M121M11M 2T2 - M-Zrl. = IV|22M121

M, - M22M1_21M11 =My, - M22M11M1_2T = Ml_ZT —»B=C'
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Symplectic Representations

Hamiltonian
Z=J0H(Z,9)
\ 4 \4
Generating Functions Symplectic transport map
- — _ =4 — — < > T
(P: By) =—J0F(q,q,,S) MJM =J
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Advantages of Symplecticity

Determinant of the transfer matrix of linear motion is 1:
Z(s)=M(s)lZ, with det(M(s))=+1

One function suffices to compute the total nonlinear transfer map:

F.(6,0,,9 with p=-0,F(d,6,9 ., Po= 0, F.(G,G,.9)
q

ﬁ:% 0%
%= i%% F(q Go» S)

Therefore Taylor Expansion coefficients of the transport map are related.

NI
I

B NN
|
—h|
~
Q.
&K

O
&K

LI III |
(’S_D\l
I I

Computer codes can numerically approximate M (S, _ZO) with exact
symplectic symmetry.

Liouville’s Theorem for phase space densities holds.
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Lioville’s Theorem

A phase space volume does not change when it is transported by
Hamiltonian motion.  Z(S) =M (S)[Z, with det[M(s)]=
: X’

TXO/ I T
®
®
— x> - e X>

Volume = V = Jv]'dn_’_ﬂ ﬂ“\/l dn_’ _,Udnzo_ A

Hamiltonian Motion V =V,

—>

But Hamiltonian requires symplecticity, which is
much more than just det[M (s)] =
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The Frenet Coordinate System

F = R(s) +X§,(5) + Y&, ()

dR = ds
& =&R(s)
6 =- %6 /[&e
€ =€ %€
48 =-«k8 with K:;
0=4(e (6)=8lL8 -«

Accumulated torsion angle T

d —_ 7
dSeK Ke+Teo

= (X=YT')8, +(y+XT")§ +(1+ XK)&
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The Curvilinerar System

I =R(S) +X&,(S) + Y&, (9)

€ cos(T) - &, sin(T)
€ sin(T) +&, cos(T)

d ¥ — v'A = —
s —XeK+yeD+(:|_+x/<X+y/<y)eS
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Phase Space ODE

d v — 1= 1= =
sl =Xe tye +(1+xk, +yk g

h
d__':_>
rell§ F
dr=¢ldpr=¢llp=nhp
sl =S @l =Sy P=5P

LP=(p,— PK,)E +(P, — PK,)E, + (P, tK, P, +K,P,)E

—ald &2 — a1l — myh =
=$ §P=sF="-F

HX’ H H pls P H = gl =y

Dy D E _Spy E t_ B Ps
0oy O Do
Dpys « T PK E =+/(pc)? +(mc?)?
H F, + pek, [

E’=d%J(pC)2+(mcz)2%p=02§%ﬁ=pﬂ pLF
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6 Dimensional Phase Space

Using a reference momentum p, and a reference time t:

Z=(x,a,Y,b,7,¢)

=P p=P 5=E5H g HE —(t —t)
Po Po =

Usually p, is the design momentum of the beam
And t, is the time at which the bunch center is at “s”.

X = 0 KO X=0,K/p,, a=-0,K/p,
’ pX |:||:| ’ ’

P, =-0, K[ %=0bK/po, b'=-0,K/p,
-t'= 0.K 0 1= £9,K/E =0,K/p,

E'=-0.K O &=-40,KS =-9,K/p,

New Hamiltonian:

=K/ p,

Georg.Hoffstaetter@Cornell.edu
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The Equation of Motion
*gg #h 0

,:S—lzhmy

DYD %n _Spy E Ps

D [T Jyh , -

Dps Pt Py E'=_-plF
ﬁ R+ Pk H

a:&’ b:&, 5:E_EO, T:(to_t)5
pO pO EO pO

XA H hea HH h:a i
(B[] %%F +sz E %ﬁq(myE PyBs‘PsBy)JfE—jKXE
=0 hEb g h2b 7
D0 D F,+ a0 L qmyE, + pB, - p.B)+ 2k,
%E e (-0 “-n g
0g exPF g exadpE+pE+pE) [
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The 0t Order Equation of Motion

One expands around the reference trajectory:

Condition: The reference or design trajectory can be the path of a particle.
The particle transport is then origin preserving.

=F(z,s) with F(0,s =0 O M(0,s)=0

Othorder: E E +E, +
Y95

_ q
Ky = 0 B, ~ oV « Note: /Py called magnetic rigidity
0 070 q/(P,V,) called electric rigidity
__9q q
K,=——B,———
Py PoVo

E., =0 (No acceleration on the design trajectory)

If the energy E changes on the reference trajectory then

6 = E-E, does not stay 0. One then works with p,, p,, and E rather than
with a, b, and d.
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The Linear Equation of Motion

1[5 oy dp_ E _1
_E\/EZ (mcz) - dE  pc® v

P, =+ P* — PZ = P2 = polL+ 3,70] + O’

a'=-r-q(myE, + p,B, - p,B,) + >k

T PsPo P X

~(XK, + YK K, o (5 B + DBy = By) + 9B, %K, — By "0 o]

'=g-d(p,E, + pyE, + pE;) =¢-q(akE,, +bE, + Ey)

EO ps

> T
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Olsimplified Equation of Motion

Only bend in the horizontal plane: K, = 0, K, =K :ZI/,O
Only magnetic fields: E=0
Mid-plane symmetry: B, (X,Y,S) =-B,(X,-y,s), B,(XY,8) =B, (Xx-V,9)

a=-xk*-20,Bx+3B; 'k O X'=-x(k*+Kk)+d8;°k

b'=--0,B,X O y'=ky
I’ :—X,BO_ZK+V—12,BO_45

o' =0

Hamiltonian:

— 1 A2 12 1 2 2 1,,2\2 -2 1 1 -4 2
H =382 +3b% +1k(X* = y*) +$K°X* = B’k X0 + 55 5g*S
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Matrix Solutions

Linear equation of motion: Z'= F(S)Z

Matrix solution of the starting condition Z(0) = Z,

;Z' = M pend (LM et (Lo)M g (L) M 5 (L) Z
: Z=M 4in (LS)Mquad (LM 4in (L) Z,
|

Z=M 4in (L) 7 Z
Z=M g (LM i (L) %
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The Drift

B 2 8
EBE E E Note that in nonlinear expansion X'# a
E&/D:D b [1 so that the drift does not have a linear
[('0 O O [O transport map even though X(S) = X, + X,S
iﬂ DAIBO%O-D Is completely linear.
bt o H
+ sa, s
FHH* 0@ s , 4 f
mOO a Omp 1 - - Q
1 [ L
— <<l [ E&/D:E&/O-I_Sboﬂzgo 1 s 0 E—Z'O
4 OO bk O 01 ~ f
0 O [ 1 0
7, Uy [
e 500 7 o
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The Dipole Equation of Motion

X'==XK?+ 0K

iz<<1 O y'=0

4 T' =—XK

Homogeneous solution:

X,"==%X, k° 0O x,=Acos(ks)+Bsin(ks) (natural ring focusing)
Variation of constants:

X = A(s)cos(k s) + B(s)sin(k s)

X'=—Aksin(k s) + Bk cos(k S) + A cos(k s) + B'sin(k s)}

=0

X"=—k*X— Ak Sin(k s) + B'k cos(k S) = -k °X + Ok

=5k

cos(ks) sSin(ks) A 0
E‘Sin(/( s) cos(k ) E: Efﬁo'z E
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The Dipole
% 0S(kS) —Sn(ks)
E: iIN(ks) cos(ks) 1o %

%E %Orf((z:)) %@% with - x= Acos(ks) + Bsin(x <)

I’ =—XK
H cos(ks) Lisin(ks) 0 0 « '[1-cos(k 9)] H
[0 —ksSIn(kS) cos(k S) - 0 sin(k S) []
[] 1 s []

M =0 0 0 [
O 01 O
O-sin(ks) & [cos(k s)—1] 5 1 k7[sin(ks)-sk]O
= 0 0 -0 1

Georg.Hoffstaetter@Cornell.edu




Time of Flight from Symplecticity
M, 0 D

is in SU(6) and therefore M JIM ' = J

<

1

=

!

mZ
munmlm-

0 0 1 -
M, J, -D OfM, T OY @, 0 0f
oT'J, -M, 100" 1 00C=g0 0 10
5o -1 o’ M, 19 Ho -1 off
H MM,  M,JT-D O @, 0 Of
T'J,M,+D’ 0 10=00 0 1[0
S -1 of Ho -1 of

T = “J M 15 It is sufficient to compute the 4D map M, , the Dispersion D
4 and the time of flight term M
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The Quadrupole

X'=-xk
y'= yk
H cos(vk s) +9 n(vk s) 5 H
M = -Jksin(vks) cos(vk s) - 0
! B 0 cosh(+k ) ﬁsi nh(~v'k s)%
F - Jksinh(xks) cosh(vk s) F

As for a drift:
D=0 O T=0
M, =0
For k<O one has to take into account that

cos(vk s) = cosh(\/? s), sin(Wks)=i sinh(\/? S)
cosh(vk s) =cos(,[k|s), sinh(vks) =isin(y/k|s)

Georg.Hoffstaetter@Cornell.edu
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The Combined Function Bend

X"=-X(k*+Kk)+0k
K

y”: 7' =— M = M56
My 1

<
~
X
>

|
|

M, 0 05F
M,=00 M, 00O My, =2 [sin(vKs) VK]
HO 0 M,F
M = E COS(‘/E ) ﬁsm(‘/i S) Options:
" JKsin(WKs)  cos(W/K 9) For k>0:
_ focusing in x, defocusing in y.
M = |

defocusing in x, focusing in y.

COSh(\/E S) ﬁSl nh(\/E S) For k<0, K<O0:
— 7 Hksinh(vks) cosh(vk s)
For k<0, K>0:

:1_(305(‘/E S)]H weak focusing in both planes.

ﬁsin(ﬁs) -

o
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The Thin Lens Approximation

> >

2(9 =M (97, =D(E)D (M (D ()D(3)Z,

Drift: Mg () =D (2)D(s)D ' (8) =1
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The Thin Lens Quadrupole

>

o) - % %coq&s> Frsin(Vks) —%E
Masox Jksin(vks) cos(+ks) 1

_Ros(vks) +3+ksin(Wks)  (1-k=)-Lsin(vks) - scos(vks)

P =Vksin(ke) cog(vks) +vk ssin(vks)
Weak magnet limit: \/ES <<1 \ in (9) ~ E 1 OE
M g ks 1
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The Thin Lens Dipole

H cos(ks) Lisin(ks) 0 0 « '[1-cos(k s)] H

[0 —ksSin(ks) cos(kS) -0 snks) O
[] 1 s []
M =[] 0 0 ]
O 0 1 O
O-sin(ks) k'[cos(k s)—1] 10 [
O 0 O
g o0 0 0 1 5

Weak magnet limit: Kk S<<1

H 1 O O OE

| +k°s 1 0 ks[
M (s)=D(-5)M D(-3) =

_bend,xr() _( 2)_bend,xr_( 2) D—KS 0 1 O[

Eo 0()1E
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Thin Combined Function Bend

M, 0 OD[
M,=00 M, 0L
J0 0 1F

Weak magnet limit: Kk S<<1

<
1l
113

cos(vK 9) S-S n(~vK S)E -
+JKsin(WKs) cosWK s) M. = %

1 0
Ks 1%

wn 01 0
/ksinh(vks) cosh(~k s) E_> My Hes 1%
6:§:1—cos(ﬁs)]ﬁ 5 = E(OE

cosh(vks)  Lsinh(vks)

<
I
CL1 1]

S

ﬁsin(ﬁs) -

Georg.Hoffstaetter@Cornell.edu




Edge Focusing roovion.

Fringe field has a horizontal
field component!

tan(e) o el

Horizontal focusing with AX'= —X

B, =0,B,

Lytan(e)=0.B| _ytan(e)

"=99 B | yt
g P y:oy i) Extra bending focuses!
tan(&)
A 1: ”dS:ﬂ B tan g —
y'=[y'ds=7B,ytan(e) =y . 1 o o o
tan(¢) 1 O O
Quadrupole effect with 5 = B_ Op 0 1 O%
kl - tan(é) ﬁ tan(¢) ﬁ
P 0 0 /= 1
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The Rectangular Bend

\ ’
\\ Together, the defocusing in the edge and the
\\ natural circle focusing compensate in the
\ Horizontal and focus in the vertical.
thin 11 oM 1 o 1 o0 O 1 0[]
M bend.x — 5 2 5 —— —
O H Ik®s 1Tk®s 1fH ik°s 14 H 0 1Q
w01 0m1l1 om 1 0QgQg1 of
M bend,y — 5 = T 5 —— 5 —
- Hikts 11 00 1gtikts 1P [rk®s 10
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Weak Focusing with Edges

I
I

I

I

' thin 1 0

| M =

: -¥° shend,x E_ K ZS 1@
I

I

Together, the defocusing in the edge and the
natural circle focusing create focusing in the
horizontal. The edge focuses in the vertical.

0
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Cyclotrons with edge focusing

The isocyclotron with constant
— ¢
W, = My (E) Bz(r(E)) ;
Up to 600MeV but 7
this vertically defocuses the beam. 775>
Edge focusing is therefore used.

-
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Variation of Constants

7 =1(z,9

Z =L(9)Z +A]?(_Z', S)  Field errors, nonlinear fields, etc can lead to AF(Z, S)

2, =L(9Zy O Z,(9=M(9)Z;, with M (9a=L(5)M(s)a

2(9)=M(9d(s) O Z(s)=M (9a+M(9)d (s)=L(s)Z+Af(Z,5)
a(s) = Z, +} M (9AF (2(8),9) ds

2(8) = M (S 7, + [M (9T (2(9), § cr
0 []

Perturbations are propagated
fromstos’

-2.(s) +} M (s §)AF (2(8), §) d3
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Aberrations

—21(5) =7, (S) The_ deviations from the linear
motion due to nonlinear forces

22(8) _ ZH (S) _I_J.M(S_ §)A]?(71(§), §) da are called Aberrations.
0

2,(9) = 2,(9 + [M(s- 97 (2,(9, 9 &

0
w(s) = w, (s) + I ZWklmn(s, SW'W' wmw "dS
0 Kimn

Solenoid: C, symmetry W, (S) =W, (S) + A(S)W, "W, +... (eiquO L] ei¢W)

S

Sextupole: C, symmetry w(s) = w,, (S) +J\N0200 (s,SW-dS... (ei%ﬂwO L] eiz_"ZTW)
0

W, (S) =W, (S) + A(S)W; +...

In second iteration, sextupoles
can correct solenoid aberrations

W, (S) =W, (S) + A(S)W. + B(S)W.W, +...
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AberratlonCorrectlon

W (s =W, (s) +C(s)w2w +.

. 5 2 2 » »
C N
. oI.

() W, (5) + A(S)WZ + B(S)WA, +.

LENSES

CORRECTOR

2. Hexapole k
() = W, (9 + AT +2B()wE, +

2B cancels C !

\d
/ \ Aperture

Quadratic in Linear in
sextupole strength solenoid strength

' : __SPECIMEN ____
*y,” OBJECTIVE LENS
TRANSFER
LENSES

. Hexapole

TRANSFER

10/09/03
CORNELL

'
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Beta Function and Betatron Phase &

s =0 Ql

Q2

Q3

Q4

x’'=-xk %) DI
y'= yk ( |

r
Xo

S8

D2

D3

D4 DS («x,
o Xg

|

i

|

x [mm] | : trajectory
1.
0
-1
2
_34

X(S) = Mll(S)XO + MlZ(S)XO
X(s) =+/2JB(s) sn((s) + @)

\-ly _j
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Twiss Parameters

X"'=-kx

X(S) = /23B(s) S () + @)

X(s) = BBy cos(s) + @) —asin(s) +@)] with a=-1p’

X"(8) = \[Z(BY"~2ayy) cos((s) + @)~ (a'+ + B ) in((s) + )]
= JBI-kBsin((s) +@)]

By =2ay'= By +Bw=(BYy=0 O =3

a+y=kB with y==4%

['=-2a
a, ,5, ) ,l,b are called a’= k:B -y What are the

Twiss parameters s initial conditions?
' Y=+ ds’
B(s)
0
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Phase Space Ellipse

Particles with a common J and different ¢ all lie on an ellipse in phase space:

el

T T

q:Si nW(s) + @) E (Linear transform of a circle)

X . =420 axX=-a,%

Feos(/(s) + @) s
0 %XE: % o XE:ZJ (;uadraZicf(irm)
—a?=
e oot AR

A

What B is for x, y is for X’
2 X  =.2Jya x=-a,/2

4

\/%

271

Area: 27i J —» IIdeqo: 271 :dedx’
' 00
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The Beam Envelope

3] E(s) =eB(s)
+ [mm] fiM >:(S) =2JB(s) sin(y(s) + @)

0 "

S

| I S |
w B

particle trajectory

R envelope
3 ]
e\ — .
=SS e

1 T S
N 4 v\
-3

In any beam there is a distribution of initial parameters. If the
particles with the largest J are distributed in ¢ over all angles, then

the envelope of the beam is described by\/ 23 B(9)

|
|

{

The initial conditions of § and a are chosen so that this is
approximately the case.
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Phase Space Distribution '

Often one can fit a Gauss distribution to the particle distribution:
_yxEH2a XX+ BX*

p(X.X) =58 %

27T

The equi-density lines are then ellipses. And one
chooses the starting conditions for § and o according
to these ellipses!

Tl JERE owege

4 ~ 27TE
5 _jj,os%
27T

S J'J'e ‘”‘ngd% 1 Initial beam distribution —— initial o, 3, y

2—}T€HZJ,BS|n¢§e ddg =8 —» <X’2>:5V
2mﬂZJasmqqfe V¢ didg, = ea

=
()
)=

(xx

E= \/<X2><X’2> — <XX’>2 is called the emittance.
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Invariant of Motion

X(s) =/2JB(s) sinW(s) + @)

Where J and ¢ are given by the starting conditions x, and x,.

K + 200K+ B = 2]

Leads to the invariant of motion;

f(x,X,8) =p(X* +2a(g)xx+B(s)x*> O Lf=0

It is called the Courant-Snyder invariant.
A r

T

o 5 " // X
C B sma
Y

B large ||
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Propagation of Twiss Parameters ga&

¥ GFRE
(X0 %) o Bollko
a [T vV a
2J = .M ,

(X,X’)% B K’E: (%05 %) % ﬁ%ﬂ%ié

all o o,

= M
% po go IBOEﬂ

15 _UE:M B, _UOE‘AT
a y O Y
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Twiss Parameters in a Drift

_GE:% StHA  ~a [l E:EB — 20,5+ Y,S yos_aog
y 1 a, Vo P VoS—Q, Y,

46

B=B1+(2)] for a=0

X’ A
i %’
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Twiss Parameters in a Quadrupole

a y%%kl a, VvV, ob 1%

46
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From Twiss to Transport Matrix
VB, 0 Hsin(@)
R

Sin((s) + @) E
Cos((s) + @)

cosy(s) siny(s)[Bng
SN (S) cosy(s) reosa, E

cosy(s) snw(s)im O H
-siny(s) cosy(s) '% \/Fog

| \/ﬂzi):cosw+aosimﬂ] JB.Bsiny

ﬂjﬂ[(ao—a)COSl,U—(1+aOa)simp] %[COSQU—O’SH‘H,U]

=

e
i
=i
N

BT

=
S

.
SE
Sk © S o

.
S lanay

=
=
oo

R

LI ]
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The One Turn Matrix for a Ring

Z(s) =M (s,0)2(0)
Poincare Section

|
0%

2(L) = M(L,0)Z(0)
2(s+L)=My(9Z(S) , M,=M(s+L,9
2(s+nL) =M (9 (s)
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The Periodic Beta Function

If the particle distribution in a ring is
stable, it is periodic from turn to turn.

o(x,X,s+L)=p0(xX,S)

To be matched to such a beam, the Twiss

parameters a, 3, y must be the same after — —
every turn. Z(L)lzo

H Rlcosy+aysiny] JBBsiny
_\/%Tp[(ao‘U)Cosw—(l+aoa)sinw] L [cosy —asing]

MO(S):E:OS,uHrsin,u Bsinu E:COS,LHEG _ﬁa%”ﬂ

—ysinu cosyu—asinu ol

Poincare Section

LT ]

M(s,0) =

p=¢(s+L)-4(s)
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One Turn Matrix to Periodic Twiss S

The periodic Twiss parameters are the
solution of a nonlinear differential equation
with periodic boundary conditions:

f'=—2a with 4(L) = 5(0)
a’=kB-+= with a(L)=a(0)

L
—_ 1 pa~
H=[550s
0

Note: £5(S) >0

MO(S)=COSH+EG ﬁ%nﬂ
Ly -a

Stable beam motion and thus a periodic

beta function can only exist when Tr[M]<2.

10/21/03

Poincare Section

0%

cosp =1 Tr[My(s)]
L= MO,lZ ﬁ
a = (Mo,n __0,11) ﬁ

_1+a'2
V=5
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3The Tune

The betatron phase advance per turn
devided by 2= is called the TUNE.

=21 =i(s+L)-¢(s)

It is a property of the ring and does not
depend on the azimuth s.

y (s):cosmga(s) BB, (D)%
- M) als

2008 4(8) = TI[M (5)] = TI{M (S O)M ,(O)M (s, 0)]
=Tr[M,(0)] =2cos @

Poincare Section

$x(nL) = x, Bsinnu

i a [B. * P o o
M, =cosnu + nnu O - >
EV a ® 9
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The FODO Cell

Alternating gradients allow
focusing in both transverse
plains. Therefore focusing and
defocusing quadrupoles are
usually alternated and
interleaved with bending
magnets.

10/21/03
CORNELL

TR
’ %313 B (ED B Q;&‘ o@(/

B S Q- QDiLr:Z
- Ml
@Y %

; 0.55
B j
1.50

QF

The periodic beta function and dispersion
for each FODO is also periodic for the
whole ring. Usually only large sections of
the ring consist of FODOs.
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Thin Lens FODO Cell

M = “%%D(mﬂ%kMX)dmw)

1 0%
_% 1

% J. O_ k| L
132_% 132_ kI (kl)2L 1_

LT

COS =1-2(4 %)% |1 O 5
_: 1 2(k||_ 2 L(1+k||‘ /uFODO ( —
T Ho(e KL K LY2 = —‘z_g‘ﬁ
FrLa-45) 1-2(55 il
12 6
— KL
§=%3 o
: B [m]
sin #F(;DO :‘5‘ mg_
B =L |2 61
28|\ 1-¢
4_
a=0
24
I—FoDo:6rn’ ¢:22'5°’ luFoDo:g 0 T . T 0
n~ 0 1 2 3 4S[m]5 6
p=38m N DN I s B
B =10.2mM, B, =1.8m QF B QD B  QF
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The Low Beta Insertion

A6, B =B+ ()]
FODO section FODO section
>
—an T Low beta insertion small
B =Mios BMous = B, Mos=-1 B, .5

WAVAVAVA AL AVAYAVAY/

=

Georg.Hoffstaetter@Cornell.edu




The Closed Orbit

X'=a The extra force can for example come
’ ) from an erroneous dipole field or from a
a'=—(k“+Kk)x+Af correction coil: ~ Af = %ABy = A\K

wm

S R 0
Variation of constants:  Z = M Z, + AZ with AZ =J'M(S— S)i 0 %ﬁ
K
0

wm

- 0
For the periodic or closed orbit: 7 =M ,Z__ +MOJ'M_1(§)i %
0

K(S)
= -1 -1L -1/ 0 )
2, = MG -0 M, R

< —BBsing %K(é)dé

=__1 cos ¢ —1)1+sin .
2 [(COS KL 'ué]! %/%[Cosgﬁ +asing]
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[ Closed Orbit Integral

X, (0) =5 2COSNIAK\@[(l cos u)sing +sin pcosy]ds

— e 1 RR9<in Al<in X cin ) H 1ds
= 4;2%J‘AK\/,B,BZSIH S[sin5siny + cos 4 cosy]ds
0

B(S) cos(y(s) —5)ds ;
§+L} R R
cos( j 505—%) = cos( —y{+ 1} —4) =cos(f —¢| - %)
The {...} applies when S is smaller than S S+ L

and therefore ¢ is smaller than & .

%o (8) =35 Ak (9 B(S) cos((3) - () - 4)ds

sn”

= 3 88,000 cosl, —y|=4)

k ZSn”
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Orbit from One Kick

Xeo(8) = A 2% cog((p, — | —4)

inH
25|n2

For ¥ >4y thisis a free X, (S) = AJ, AL cos(y —y, _%)

betatron oscillation e _
=2JB(s) sny + @)

I=D L w=%-w %

gsin®4 ’
_ N B(s)B
For ¥ =&y thisis a free X0 (S) = AF, T cos(y — ¢, +5)
betatron oscillation ) ’ }
f J=AG =, Q=5 t3

x dipole error K 8sin24 !
2

distorted orbit
/ ~ The oscillation amplitude J diverges

S \/ s when the tune v is close to an integer.

Georg.Hoffstaetter@Cornell.edu
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Oscillations around a Closed Orbit

10/28/03
CORNELL

Particles oscillate around this periodic
orbit, not around the design orbit.

___——

Xz (S)

2=2,+7,
2,(L) + 2, (L) = 2(L) = M ,2(0) + AZ = M [ 2, (0) + Z,, (0)] + A2
= MO_Z,B (O) + zco(L)

Zp(L) — Mozp (0) The closed orbit doe.s not change the
linear transport matrix.
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Closed Orbit Correction

When the closed orbit chl,d (Sm) Is measured at beam position monitors
(BPMs, index m) and is influenced by corrector magnets (index k), then the
monitor readings before and after changing the kick angles created in the
correctors by A, are related by

2 (80 56 (S0 + Y A9 e ooy =5,

sm”

old \I l/
= Xg (Sp) + Z O AD,
X' = Xy' = OAS
AF =-07%' O x5 =0 Xz (S)
It i i I
is often better not to try to correct the A\ N

closed orbit at the the BPMs to zero in this way since

computation of the inverse can be numerically unstable, so that
small errors in the old closed orbit measurement lead to a large
error in the corrector coil settings.

A zero orbit at all BPMs can be a bad orbit inbetween BPMs
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Dispersion Integral
X=a

a=—-(k*+k)x+k0d

Poincare Section

s g0 o
2=Mz T [ILS S)Eﬁk(é@js D(L)3| 7, = (6,0)

0 D(L) :EM(L—é)%(?@ %ﬁs’

Ak = Ok /ﬁ()
A ~ . . I\s
() =37 fx IV B(S) cos((8) -y ()~ 5)d
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The Periodic Dispersion

P(L)SH Mo, 0 DL)PE
00 =077 1 Mg 000
% o f %OT 0 1 §E Poincare Section

The periodic orbit for particles with relative >
energy deviation o is . . ~ _ IZ(S) .
(L) =M,/7(0)+D(L) with 7(L)=7(0)

7(0) = M 477 (0) + D(L)
[]

,7(()) — [:J-_Mo (O)]_l D(L) Par_tlcles with energy c_IeV|at|_on_8 s
oscillate not around this periodic orbit.

2=2,+¢A
Z5(L) +377(L) = Z(L) =M,2(0) + D(L) = M ,[Z,(0) + 77 (0)] + D(L)
=M ,Z;(0) +ar(L)
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Thin Lens FODO Cell
M =Q™(4)D(H)[# +Q™" (-K)D(4)#]

. 01 Ol LOML L[ ogm oL k

D=4 % :_I}
ﬂ131—1—'1-—'131%é
L1 2 L 2 2

Ol OgL igErss saeddn
a1 190 K ekl

it ey opg Loty

“Rere 2-ss-ear Bl R-gy-es

A=i-mpp=—_t_H 252 L(ML)%Z +%%%>%
¢ 5 e RN e

I
-
N[
R
S
i
S
(T
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FODO Example

£=45
gn #F(ZJDO —‘5‘
B =kl
a=0

2+¢&
n= Lo

(2¢Y
n'=0

Georg.Hoffstaetter@Cornell.edu




Closed Orbit Bumps

9, X (S) = 3, Ser ) cos{y — |- )

5 \//'\ s,
X (S) +%(8.) +%5(s.) =0

)(1(33+)+X2(Si+)+x3(33+) :O

%\/ECOS(W)'F% :83 Y, —401\—77'/):—\/?2005(\% —lﬂl\—ﬂv)
3o\ B, cos(ys, ~ o] — 1) + 3| B, cos(rv) = =/ B, cos{y, —,| - )
H%H—_\/FZH \/ﬁIlCOS(ﬂV) —\/ﬁilcos(l//sl‘ﬂV) 05(4”21_77'/)%
5H N B rcosy,-m)  [Lcosiv) Ftosly, -w)
N = cos’(7v) - COSZ(¢31 W) =8in(yy, —2rv)sing;,

B;EI: 1B\/ESI”(€U31—2W)SIH%ZH -1 ﬁf Sinwszﬁ
ﬁ\/ESH(QUsl—ZﬂV)Sm%lH Smw31 ﬁ\/ﬁjsnwmﬁ

291.292.293—,81 Smwsz-_ﬁz Smwsl-ﬁs Smwzl
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Quadrupole Errors

= (s)z+AF(z S)

Z(s) = Z, (s)+J’M(ss)Af(z S)ds=Z, (s)+J’M(ss)Af(z ,S)ds

X'==(k*+k)x-Ak(s)x [ %%E‘(K +k)x%%¢k(3) 0 .XE

29)=M(9% - [M(s é)@k 5 O%ﬂ(@)%d@

s+L

Mo(9+AMo(9) =M,(9) - [ M(SHLIS, o (S 9k
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Quadrupole Error and Tune Shift

M)+ BMo(9=Mo(9~ [ M(STLIY o (MG

s+L

s+L

cos(u +Au) =cosu— I Tr [M(s+ L, S)Eﬂk( S Eﬂ(s SE

Ly mo(s)gﬁk( : O%dé

= cosu—%IAk(é),B(é) dssinu =cosu—Ausnu
0

=COS U —

Ap = %}Ak(é)ﬁ(é) ds

One quadrupole error:

Av =L Ak

> More focusing always

increases the tune

Georg.Hoffstaetter@Cornell.edu
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Quadrupole Error and Beta Beat

s+L R 0 0 R R
Mo(9)+AMo(9)=My(9)~ [ M(SFLIF o (M(E 908

s+L

(B +AB)sin(u+Au) = 5sin pi - IAR,B[Bsin(u Y =)sin(@ ~y)ds

= [fsnu+ALsnu+AupBcosu
Ss+L

OB =g [AkBBL2sIn(u+ 4 ~P)sin( - ) + cos ]S

s+L L

= s [[AKB cos(2L ~ ] = 188 =~ [ AKB cos (2~ ~ )8

Focusing can increase or

One quadrupoIeAerror: / decrease the beta function
— ﬂ . 7, MNAX ~ —
A =- 2sinu Akp COS(ZWJ _‘/j‘ “H|T— Aﬂﬂ B 27TS'$\|TU
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Sextupoles (revisited)

Y=Y, Im{(x=iy)} =W, Qy’-3%) O B=-Oy=W, 3%22)@ ZE

-y
C,; Symmetry
Sextupole fields hardly influence the
@ particles close to the center, where one
@ @ can linearize in x andy.
@ @ @ In linear approximation a by Ax shifted
sextupole has a quadrupole field.
e 2%y
B= _Dw - l’IJ:% 3 2 yz When Ax depends on the energy, one can
build an energy dependent quadrupole.
X AX+ X
_ 2 k, =3WY, 1 k =k AX
|3=L|J33EK2 Wzgawgm%%omxz) : 5k =k
-y
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Chromaticity and its Correction

Chromaticity ¢ = energy dependence of the tune U(é) =y + g—gd + ..

— O0v I - H
=45 with v=--

Natural chromaticity &, = energy dependence of the tune due to quadrupoles only

I PP, PP
E0 =2 Bk (908 £10= 2B, (9, (38

Particles with energy difference oscillate around the periodic dispersion leading
to a quadrupole effect in sextupoles that also shifts the tune:

=Bk k)8 &= B,k k)8

Typically the the chormaticity & is chosen to be slightly positive, between 0 and 3.
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Nonlinear Motion

Sextupoles cause nonlinear dynamics, which can be chaotic and unstable.

g M
=0 a1
ﬁ 75 i

" cosu sinu

L F i ol P
X 1 e l-cosu  sinu T . o2 4 H-cos&ll,
1 BE - E 2 Zsﬂz Zsinﬂ - u f

‘ —-sinu  1-cosu ¢ 2 SIn

A -3
Xf:_kﬁﬂztan% %,\ " " Ao~
.\ , ,OX=X; +AX Iy =3(X +X7) =55 (&

S _ a4 pi u

X 1 Cosi sinu X 0
X' 1 %sin,u Cos U X'n% 2 ,B%Af(,f—4tan§A§<n
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The Dynamic Aperture

iy

Tr[M]=2

The additional fixed point is unstable !

cosu sinu
E:Ersmu cos U
E: Ecosu+4sin ptan £

sin y +4cos utan %

cosf (1+2sin* %)

A
//C‘D/

. 0
%;n% 2 B>AKZ —4tan %Aﬁn%

11/04/03
CORNELL

sin i =E': E‘E;
COS U] 2> BEAR2
o U=00525

-0.25 0 02 05 07 1 125
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Sextupole Aperture

If the chormaticity is corrected by a single sextupole:

1
gx :£Ox +Eﬁx’7xk2| =0 2
tan— sm— 2 A
i (k25 cos—) 2 (5077 cos®4

Often the dynamic aperture is much smaller 8|

than the fixed point indicates !
* v=03

When many sextupoles are used: ¢ 4—,3XI7X|<2| =0
l

The sum of all k,2 is then reduced to about Z (k |,[3)2 =N (k |,[3)2 ( 50)2

The dynamic aperture is therefore greatly
increased when distributed sextupoles are used.
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Sextupole Extraction

21 ;........;nu'.uu.........

.: <* ot o :. o2 o "'...”""\ 0

-10 | ¢

-20

—2‘562‘55‘7‘51‘0 0 ]_0 20 30 40 50
Due to the narrow region of unstable trajectories, sextupoles are used for slow
particle extraction at a tune of 1/3.

The intersection of stable and unstable manifolds is a certain indication of chaos.
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Homoclinic Points

At instable fixed points, there is a and an instabile invariant curve.

Intersections of these curves (homoclinic points) lead to chaos.

2n

".'.‘::1
gt
e .
5

\\\\\\:\\\ \
H \\S\\\ .
\ ’
& 4 S~
x”
H_
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Perturbations

R

T

L ol

5'”(‘,”"'%) \/ﬁﬁé

HTOS(Y + @)

This would be a solution with constant J and ¢ when Af=0.

Variation of constants:

L pseyar g0 0 ﬁ%ﬁ;%

2) 7 s

3 o0 1. .pop . . HE OF
@S“L‘/E% 1 of P Eﬁfé v A HE VBR
%:Cos(¢+¢6)\/ﬁAf . 23 gr=-sin + @)y B
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Simplification of linear motion

44,
H ¢ Orisin((p+¢6)E J'=0
2 ]
g%rﬁ% 77 Heosy + @) @'=0
>
: y Ag
MH\/E 0 Hsing . J’=0
o o U
>
AP
g%mﬁﬁ 0 'W—#%W)ED =0 /
5 JpHtosW - ptt ) ¢'=ut
>

Y=¢p-pu20 ¢g(s+L)=¢(9) Corresponds to Floquet’'s Theorem

Georg.Hoffstaetter@Cornell.edu




Quasi-periodic Perturbation
J'=cos( + @)\2IBAf , @ =-sin(y + @), 550

I=cos(@+¢)\2IBAF , ¢'=pt-sin(@+@)y[Lof

New independent variable 9 = 27-[3

4 J=cos(f +9)2IBAF L | Lo=v-sn@f+¢)LAf L

Af (x) = Af (/2IB Sin({ + @)

The perturbations are 2n periodic in J and in ¢
¢ is approximately @ = U [

For irrational v, the perturbations are quasi-periodic.
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Tune Shift with Amplitude
HI=cos@+PW2IBN £, &GP =vU-sin@+8)\ 500 £

0

The motion remains Hamiltonian in the perturbed coordinates !

If there is a part in 0;H that does e 0 =0.0925 ,‘-:"'.
0.4 e s

not dependon@,S [J Tune shift TN i

The effect of other terms tends to average out. oz| 7, 2o SX- '

$(9) -9, =910,(H), ,(9) L
u(3)=u+d,(BH), () Bk

-0.25 0 02 05 07 1 125
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Tune Shift Examples

H(g,J)=vl]

Quadrupole:IAf = -k X

4 [AF (R 9k Au(3) =0,(BH), .
0

AH =-£ Akix? =-£ Ak JBsin’ (z,a+¢)

<AH

Sextupole: |Af = —k2 > X2

AH =Lk, ix° =L kzgm/z\],li> sn®*((J + @)

23

<AH>M =0 O [Au=0

Octupole: |Af :—k33ix

3

>

H:%@
AH =

T

i
41
J?

32

IAk,Bdﬁ LY —IAk,Bd — 0 Ao =4 fakBds

=5k 3(3B)*sn* (@ + ¢)
BﬁZd# (€ -e™)") O

11/06/03
CORNELL

Av =3 L fk,Bds
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Nonlinear Resonances
43 =cos@+@)2IBAF L |, Lp=v-sin@+@)LAf L

%¢:6JH , (f_ﬂ\]:—aqu , H(¢,J,19):UEU—2—I;TJ-Af(§(,S)d),Z
0

The effect of the perturbation is especially strong when

cos(f + @)/ BAF or SIN(f + )./ BAF

has contributions that hardly change, i.e. the change of

v ,3(?9)Af (X(?9),19) IS In resonance with the rotation angle ¢(79) .

Periodicity allows Fourier expansion:

H(@.3.9)= 3 Ho(9)e™ = 3 H,, (3)cos(ng +mg + W, ()

n,m=-oo n,m=—oo

Hoo (J) =<H(¢,J,s)>¢’s [1 Tune shift
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The Single Resonance Model

L£3= 3 mH, (J)sn(nd+mg+ W, (3))

n,m=-—c

dd_ﬂ ¢ :U+aJ i Hnm(J)COS(n79+ m¢ T LIJnm(‘]))

n,m=—oo

Strong deviation from: J =J,, @ =0J+¢,
Occur when there is coherence between the
perturbation and the phase space rotation: N+ m%¢ =0

Resonance condition: tune is rational |[nN+mu =0

On resonance the integral would increases indefinitely !
Neglecting all but the most important term

H(¢,J,9)=0J +Hy(J)+H,,(J)cosind +mg + ¥, (J))

Georg.Hoffstaetter@Cornell.edu




Fixed points

4 J=mH, (J)sn(nd +mg +W¥_ (J))

L g=v+Av(Jd)+0,[H . (I)cos(nd +mg + ¥, (J))]
®=1[nd+mg+¥ (J)], c=v+L

4 J=mH_(J)sn(md) , L d=5+Av(d)+H, (J)cos(md)
H(¢,J,9)=cJ+Hy(J)+H, (J)cos(mdP)

Fixed points: & J=mH _ (J,;)sn(m®,)=0 0O &, =Ly
fd+Av(J;)+H_(J,)=0 hasa solution.

SO =xm'H (J)AP , LAD=[Av' (I )£H,,(I,)]A

Stable fixed point for: ~ H__(J;)[H, . (J;) A0 (I;)] <0
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Third Integer Resonances
Sextupole: |Af =-k,1x
AH =Lk, 1x* =Lk, 1,2]8 sin’({i +¢)

|\>||_
?\_
oo|H

11/11/03
CORNELL

L 203 [Sin@F +¢]) +3sin(@ + ¢)]

Simplification: one sextupole K, () =K,0(8) =k, 5= Z cos(n)

~ N
U=3
A

7

AH =Lk, L /2J1832—1HCOS(—I’119+3¢+1,—U~—%)+--- for
AH = Azﬁ ’ cos(3)
®, =024, . Q(D =371, 7,277

JAZ\/_O @ for 0>0

All these fixed points are instable since H__(J.)H_ (J.)>0

ane
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Fourth Integer Resonances
DOUROIET IAf =~k 1C| |, AH =Lk, 4x* =Lk, £ I2B2Sn* (J +9)
= 2K, 35 3°B°[cos(4[ + ¢]) — 4cos(J + $) + 6]
Simplification: one octupole K4 () = k;0(F) =k, -+ Z cos(n?)

n=-—oo

AH = A, J’[6+cos(4d)] for U=7

®, =0,27, 27T, ... Either 8 fixed points: & <0
0+ A,2J(6+1) =0 ornone for: c>0

(I ) [Hom(31) 280 (3)] <0

Stability for (2A,J)*[1+6] <0,

i.e. for the 4 outer fixed points.
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Resonance Width (Strength)

Fixed points: == J=mH_.(J;)sin(m®,)=0 O &, =£7

fo+Au(J,)xH_(J,)=0 has a solution.

5 has to avoid the region 0 +Au(J)£H,_(J)=0for all particles.

A ,
*H,,(J)
Au(J)

Spread in the beam

>

Assuming that the tune shift and perturbation are monotonous in J:

This tune region has the width A, . = 2] H;,m(Jmax)| for strong resonances.

Anm |s called Resonance Width, Resonance Strength, or Stop-Band Width
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Coupling Resonances

&3, =cos, +8N2IBM L =0, ~Sn@ +4,)F 4

f—ﬂJy:COS(lpy+¢y) 2Jy,8yAfy2—|;T , d79¢ =0, _Sln(lﬂ ¢) ’ByAf

—

LP=0,H , £JI=-0,H , H(# I I = —ﬂf(xs)dx
0

The integral form can be chosen since it is path independent. This is due to the
Hamiltonian nature of the force: Af (X,y,S) =0, yAH (S, Y, P, P, S)

Single Resonance model for two dimensions means retaining only the

amplitude dependent tune shift and one term in the two dimensional Fourier
expansion:

H($,J,9) =000 +Hy,(3) + H,n(J) cos(nd + mg, +mg, + W, ()
For n+mu, +mu, =0
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169

11/11/03

Sum and Difference Resonances ga&

n+mu, + myUy =0 means that oscillations in y can drive oscillations in x in
X'==-K x+Af (X,9)
The resonance term in the Hamiltonian then changes only slowly:
H($,3,9) =000 +Hg(J)+H,(J)cos(nd +mg, +m g +W,.(J))
wP=0,H , 45 =—0,H
J=mlJ
Jo=mJd,-mJ, =mxJ O £J,=0
Difference resonances lead to stable motion since:
n+|m |o,—|m, o, =00 [m [J, +]|m |J, =const.
Sum resonances lead to unstable motion since:

n+|m o, +|m o, =00[m [J,—|m, |J, =const.
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Resonances Diagram

n+mu, + mu, = 0 means that oscillations in y can drive oscillations in x in

X'=-K x+Af (X,9)

All these resonances have to be
avoided by their respective
s resonance width.
0.6 feiit
0.4 [<tel y
The position of an accelerator
N , | N in the tune plane s called its
0.2 ' =i NS . SN ' Working Point.
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Injection and Extraction Comne,

!

High energy accelerators are fed by a pre-accelerator chain. For each energy
stage there is an appropriate accelerator.

Particle transfer from one accelerator to the other must have as
few particle losses as possible.

Georg.Hoffstaetter@Cornell.edu




The PIG lon Source

Penning Principle Q £ - A e
(of the Philips lon Gage) power power
Magnetic field of about 0.01T. supply | + Supply
Pressurized gas is inserted cathode N
at <100Pa (10-3Atm) 7 S
Gas is ionized and remains ma(f);lltleet g o g
. . . ]
ionized since electrons ard -\ N\é __________ - _
accelerated in the E and \g 5
circle Z ; o
. : i extraction
N the B'ﬂeld. coscle S electrode
Positive ions are accelerated 1
through a hole in the Hal - magnet pole
cathode

to several 100V.
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Diode Electron Source s

b
; R
charging ™~_ — _ beam
voltage filament J £ 100 keV
heating ey §
L . 2

LTI T
T T TT | g5

pulse:formiﬂg network

trigger- | e : ,
pulse [~ thyratron / / N

oil tank
pulse transformer cathode

A thermionic cathod—ggproduces free electrons.

An earthed anode accelerates them through an aperture into a linac.

The cathode is not flat but curved (Pierce Cathode) to produce a force that
counters Coulomb expulsion (the Space Charge Force)

Typical voltages are 100-150kV, typical peak currents are a few Ampere.

Due to power limits, only short pulses can be produced (> a few us long)

A thyratron is used as fast high-current switch and capacitors provide the short
pulse.

The pulse from the capacitors is magnified (by about 10) in a transformer to
reach the 100-150kV.
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phototransistor

pulse-forming

%

light guide

%

Triode Electron Source

There is no transformer and
therefore pulses can be shorter

@

L>
trigger

cable insulator
50\[9 SRR pesiy
(} = 50 keV
| I cathode
lﬁ ﬂ | L N -
pulse = grid
ampl’iﬁer I
filament
heating
50kV
_ high voltage
photodiode power supply

11/13/03
CORNELL

(>1 ns long)
A thermionic cathode produces

free electrons.
A 50V barrier grid prohibits
electrons from leaving the cathode.
An earthed anode accelerates

them through an aperture into a

linac.
Typical voltages are 50kV, typical

peak currents are a few Ampere.
The short pulse amplifier is in a
Faraday cage at high potential.

Alight guide transports a short trigger pulse to high potential.

The amplified pulse then only has to switch the 50V of the grid.
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Other Electron and Positron Guns

Photo-Cathode Sources
A laser shines on a high voltage cathode,
which emits photo electrons.
These are accelerated either through an aperture in an anode

(DC source), or in an RF field (RF photo-cathode source). e

With GaAs as cathode and with a polarized laser, cesIAToR " A
polarized electrons are produced. roTaRY 1

Bunches can be as short as a few ps. “‘""":ﬁ

Peak currents of a few 100A can be achieved.

CATHODE PREPARATION f { CES
CHAMBER [ ] CESIATOR

Positron Source i
Electrons are accelerated to about 200MeV in a linac and hit a tungsten target.

Pair production leads to e+/e- pairs.

A following linac has the correct phase to accelerate e+ and decelerate e-.
Due to multiple collisions in the target, the energy spread is up to 30MeV and
The beam is very wide. A following damping ring is needed to produce narrow

beams.

Georg.Hoffstaetter@Cornell.edu




Creation of beam properties in a ring

e L AN Photon
~N CBﬁ/ ..... . ; W o (_E)4

m

1) Energy emission:
Damping of the heam size
2) Stochastic emission:
Excitation of the beam size

damped
I:> emittance
e e

-

emittance

/
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Generation of the emittance

Smaller dispersion

—>

Smaller emittance

s ’Dispersion:
closed path for an
off-energy particle

,Photon
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11/18/03

InJectlon and Extraction Comne,

injected

injected
vacut vacuum chamber beam

: bending magnet
/ /
st ' N % >
Ee it L S— N —
\

acceptance
Jiy = ya’ +2qaa+fa” > Aperture

A fast kicker magnet is needed to bring a injected bunch onto the closed orbit.
In order not to disturb the second turn, the duration of the kick must be less than
2 circulation times (1us for a 150m ring).
If the kicker magnet has fast enough rise time, one can inject many bunches .

-._ Inje. empty
‘-~-~t.e£1~beam phase volume
/ =
O, Ty . e S
S _._.: __________________ _,._._ ....... _ ....... >

_______________
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Injection and Lioville’s Theorem

It is not possible to inject particles into an already

the particles already present.

occupied volume of phase space without losing :
For Hamiltonian motion, two bunches of identical
particles cannot merge in phase space, since the
phase space density is conserved. Y

Injection of different types of bunches:

injected beam

\bending magnet

stripping foil

g bending magnet

S~
P 2¢

circulating beam

i

-y

injected
vacuum chamber beam

acceptance

Phase space painting by a
variable injection bump or energy:

injected
beam
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. . 11/18/03
Phase Space Painting Con
injected The injection bump is reduced with time:
beam
septum

Kicker 2

Kicker 1

|
|
|

1
L. injection 4 X’ 2. injection § X' 3, injecicai;\
R S AN A \_l/\/
Y Y
4. injection} x' 5. injection 4 X’ 6. injection 4 X'

Each new injection fills an empty phase space area.
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Injection for Electrons

Damping leads to non-Hamiltonian motion, so that Lioville’s theorem does not told.

An injection bump brings the closed orbit, and possibly an existing beam, close
To the septum magnet, so that the new bunch is injected next to the existing beam.

septum
stored beam

kicker 1 kicker 2
! 1

|

L A¥ =1 .

The injection oscillations of the new bunch damp in a few 100 turns
due to the emission of synchrotron radiation. There should be no island to damp to!

stored

Esiim injected

beam

/s aperture is
Needed to not
loose stored
electrons.

Ll LRl L LN LLLLL Lkl L Ll

acceptance
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Kicker Magnets

For a fast field change in a few ms, one need low inductance
and therefore just a few coils.

Thyratrons are use as high current fast switch.

2
=n IB [dla =n 4’L2[°b |2
rE R m(a” +b?)
f LU b
I mm(a’® +b?)

(neglecting fringe fields and eddy-current shielding by the vacuum pipe.)
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Kicker example

a=0.04m Thyratrons are use as high current fast switch.
b=0.08m “ ](t)

| =1.0m
E =5GeV 0
What current and what voltage is _ﬂ_ /kp

needed to produce a kick angle of

¢=3mrad in 71, =1uS thyratron kicker
B U b B _ curren
By_ 20 : |—££D | =3127A urrent pulse
m@a’+b®) el 0
2
L:U_.: 4,UOb|2 = 2.56uH
" e + ) )
C:[H%k[g%:e,g.ew “=JLc
I"—"C —4 t

U =Ll =ali = 25.1kV
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Septum magnets

Current sheet septum magnet

11/18/03
CORNELL

current sheet conductor
/
/ The sheet has to carry the same
1 current as the conductor. Its width
\ is only a few mm.
stored in}ected For a few us pulses, cooling is usually not required.
beam beam

Eddy current septum magnet

pulsed
conducmr Eddy currents shield the stored

Beam from the changing field.

It has to be significantly wider

than the skin depth:
d.=.-2

S WO, Uy

eddy current

C
shield d s( 2

=0.66mm for 50us

current pulse

Ao

o=

— 1 — ¢

Georg.Hoffstaetter@Cornell.edu




11/25/03
CORNELL

tZE_:uoatT
tzB_,Uoij
Wave equation for all components
PE=10%E
°B=10%8
OE =001 [E,+0,E, =0
- - =
JmB=0gd,B,+0,B,=0

Search for simple modes:
Transverse electric and magnetic (TEM) waves cannot exists, since:

E,=0andB,=00 E,=0andB,=0

Georg.Hoffstaetter@Cornell.edu




TE and TM Modes

Fourier expansion of the z-dependence: E(X, Y,Zt) = I Ekzw(X, Y)eikz Z_iwtdkzda)
=22 _ 2 =2 — 2 12

[ E_C%atE (] DDEZ__[(%) _kz]Ez

=25 — 25 2K — 2 12

[ B_C%atB DDBZ__[(%) _kz]Bz

Eigenvalue equation with
boundary conditions:

ITI1

OxB=19,
O, xB, +ik,é :—ia)ciz
ﬁ,><|3z+ikzéz><|3r =-iwlE,00,B,=0

2 _ I (E)?
kz _ kn

Solutions for E or B only exist for a discrete set of eigenvalues: (%)2
2

(9" -1 =K
Due to different boundary conditions, E, and B, cannot simultaneously be nonzero.

TE modes have E, =0 TM modes have B, =0
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Dispersion relation

afk,) =y A +K:
Phase velocity Vi =w/kK, =Cy/1+ (%)z >C
Group velocity Vv, =dw/dk, =c/4/1+ (%)Z <C

For each excitation frequency o one
obtains a propagation in the wave guide of

et k=) - A

.
a

N & OO B = N &

4]
o
O.4f
4]

11/25/03
CORNELL

Transport for o above the cutoff frequency @ > @, = CA,
Damping for o below the cutoff frequency @ <@, =CA,

Georg.Hoffstaetter@Cornell.edu
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Rectangular Wave Guide

Boundary conditions:

E,(%)=0 DZE, =[k -(9)*]E,

A
E, (%) = E, Sn(™" x)sin(" y) y
()7 k2 =k®? = (2 4 (mr ) =
0.B,(%)=0 [12B,=[k’-(2)’B, ;
~ —~
B, (%) = B, cos(" x) cos(™" y) —

2 2 _ (B2 — [nm )2 | (mm)?
(2)2 -k =k®2 = () + ()
TE and TM modes happen to have the same eigenvalues.

For simplicity one still looks at TE and TM modes separately.
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Rectangular TE Modes

Boundary conditions: E_(X) =0

E//()q(o) =0
E, (X) =[ Acos(—= X) + Bin(=* x)]sin- )

E, (X) =sin(7 X)[Ccos(" y) + Dsin(5- y)]
0,E,=0 0 D=0, B=0, C=-AlL

—

0, %E, =iaB,cos( 0 cos(Yy) 0 AZI(F) ()] =-iaB,

B.(%)=0 B, (X)=sin(Zx)[C cos("Zy)+D'sin(Zy)]
B, (X) =[A'cos("Z x) + B'sin(“Z )] SN y)
0,xB,=0 O D=0, B'=0, C=A"t
0, B, =-ik,B,cos(Zx)cos(™y) O ALkE?2=_jkB

msz - M
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Rectangular TE and TM Modes

nm Kk,

TE Modes 5 1@z S n(—=x)cos(= y)sin(k,z—at)[{  TM Modes:
= ok, : : — Exchange of
B(x) = B,OY = cos( ) sin(F y) sin(k,z-a) - EXoheng

| cos("Z x) cos(‘"* y) cos(k, z— at) H
] ¥ cos(% ) sin( ) sin(k,z - at)
E(X) = k<_f§>2 B, (+-=sin(= x) cos(+- y)sin(k,z—at) O
0]
Notation: TE,, Mode '%:E‘_—g:‘\ \
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Cylindrical Wave Guides

TM Modes:
E,(%)=0 [O2E, =[k’-(9)’]E,

(07 +10, +1£0;,)E, =[k; —(9)’]E,
(£%0; +&0, +&%-n*)E, =0, &=k

EZ()_{) =E,J (k(B)r)e'n¢ k(m is the mth 0 of the nth Bessel function over .
TE Modes:

B,(%)=0 OZB, =[k} -(2)’]B,
B,(X) = B,J, (k' r)e™ k' is the mth extremeum of J,overr.

Notation: TE_, Mode

Georg.Hoffstaetter@Cornell.edu
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Fundamental Mode

Mode for particle acceleration: TMy,  E, (X) = E,J, (L) cos(k,z - &t)
E, (X) =-E,rk,Jy (rLl) sin(k,z—at)

Georg.Hoffstaetter@Cornell.edu
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Resonant Cavities

3

-
M & 4 D = KN b

B 2 9 =

11/25/03
CORNELL

TE Modes: Standing waves with nodes

B,(X) Osin(k,2)sin(at), Kk, =
| >0

I
L

TM Modes: Standing waves with nodes

E, (X) Ucos(k,z)cos(at), k,=
| >0

I
L

For each mode TE_ or TM__
there is a discrete set of frequencies
that can be excited.

(E/B) _C\/k(E/B)Z (m

Georg.Hoffstaetter@Cornell.edu
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Resonant Cavities Examples

Rectangular cavity:

2 [ ‘2 2
L e =c )

Fundamental acceleration mode: ( B) = %\/E

L,=L,=22cm O f =1.0GHz

Pill Box cavity:

(E/B) _C\/k(E/B)Z (m

( ( kr(,i)l’ is the mth 0 of the nt Bessel function.

kr(‘r'i)r is the mth extremeum of J,

Fundamental acceleration mode: a)élE) - CZT4

r=1lcm O f!¥) =1.0GHz

Georg.Hoffstaetter@Cornell.edu




Cavity Operation

500MHz Cavity of DORIS: B > _______ < E _
r=231cm 0O f\%) =0.4967GHz w
- | 2760 |
motor 77777 /
I tuning TMmo
L plunger C&Vity
d b T3
R beam
-coupling loop  gxis

\
ceramic window electl'lc ﬁeld
from klystron

The frequency is increased and tuned by
+> a tuning plunger.
J_¥ An inductive coupling loop excites the
TE,, waveguide i J magnetic field at the equator of the cavity.
4
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RF systems for accelerators

. L and C: determined by the cavity geometry

R R : determined by the surface resistance
I .

L(I, -1.)=Rl +J'—dt

. N .
IC—E*? 'Cw“'—w@”—ﬂm

U, = . LA Y JL I

1
C Cres RC in res_TC
\/R2+B* ng VLe

P =(U1,) = ((R+ )R 12) = ((CaR+DREUZ) = 1 ¢ RJERE +12

(An alternative circuit diagram leads to simplified formulas)
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RF systems for accelerators

T L and C: determined by the cavity geometry

R : shunt impedance, related to surface res. R

—£ | = L +iCC¢)'|'i
roerem— }?s L in Rs il cw C

1 - "
Pre =<UL|in>=%EUC23 UC :\/ZRSPRF

Quallity factor: = 27T— = 272 =awRC = c
? AE TP Rt

_ L

Geometry factor: _Q _C

Georg.Hoffstaetter@Cornell.edu




Superconducting Cavities

&

A bell with this Q
- would ring for a year.

Q=101

\A

E =20MV/m

=" |D 0 2 Y

®* Very low wall losses.

® Therefore continuous operation _ .
Normal conducting cavities

is possible.
¢ Significant wall losses.
¢ Cannot operate continuously with
® Energy recovery becomes appreciable fields.
possible. ® Energy recovery was therefore not

possible.
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Multicell Cavities

The filed in many cells can be excited by a single power source and a single input
coupler in order to have the voltage of several cavities available.

.

G

1.4}
1.2}

7]
0
]
4]

coupling

= —

KN & OO 0 =

A

—

=

.
-

A\

12/02/03
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slots  RF coupling loop

C ]

4 =]

eac g ™ | =] o=y g

.8 ik

z

Example: PETRA Cavity f__ =500MHz

& Z
8 e 5 I8 AL 5 R 1 10— 5 A 8 R

tuning
plunger

R, =18.010°Q
125kW - 2.12MV

Without the walls: Long single cavity with too large wave velocity. Vo, = ﬁ
K

Thick walls: shield the particles from regions with decelerating phase.
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Disc Loaded Waveguides

The iris size is chosen to let the phase velocity equal the particle velocity.

disc-loaded

TE,, wave structure

from

coupling
klystron

N

A
-'I
Y

A\

I
\
O

Z
A
~

\Wi ‘ T™,, wave
-
~ N
beam axis
in k =21
Loss free propergation: K = -2
Standing wave cavity.
klystron
l TE,
T T LT EL LT T T LT k.
R S A WA A A

standing wave reflection

12/02/03

CORNELL

undisturbed »
structure \

disc-loaded
structure

k 1

mode kwg

Traveling wave cavity (wave guide).

klystron

travelling wave

absorber
Georg.Hoffstaetter@Cornell.edu
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Modes in Waveguides Gons

The iris size is chosen to let the phase velosity equal the particle velocity.

T mode a A ':
1 I

N N N N N N N N

N N N N N N N N

N N N N N N N N

D D D N N D N N

........ 44----14--4- Long initial settling or filling time,

S R N R N [ Q Q .
VR ME s G - T AR not good for pulsed operation.
N N\ [\ N
s - .
— mode | A |
2 : :
N N N N N N
N N N N N N
\ \ \ \ \ N
[ = - ;__,,b“ ) ) N
"""" S e e 111 Small shunt impedance per length.
\ \ \ N N N
N N N N N N
2T mode —— A ——
RN EEEELLLRN (R AN (AN AN SRARANRR (RN
\ N© N i NN
N N N N N \ N
N N N N N N &
N { R | s [P TO 117 § IS ¥ = b Common compromise.
i la———] | ——a
N \ \ \ N N N
\ N N N N N N
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The Klystron as Power Source Conves

cathode

power

supply R

Time of flight bunching
| up to > 10A

voltage in cavity 1

e i . 1 | i
cavities [X]| J{ IDI— coils 0000000000000 000000OOG0O
: I| l\ ‘I \I ‘! ‘u |\ ‘\ l| : : : :’ :‘ f’ ." J’ : : : 'u II| \\
N (Y (O TR T T T U P | i A Lrr o W y v v
[ TR T T T T Y N TN O I O R S R B | [ |
E :""‘\“":"‘,’a':"':" '
\ v
= B & Vo0 ““‘I‘ll:::" oy A g5 gy \
T g = S T . G SR R I Y O T S - SR |
- : P TR | \‘ “\\l|1:|al'i” " R : Vo \
: Power < 1.5MW _ Ay T AR R e
: OutPUt A Vo Seeidiyat ol e T T
o T T S S R A IS
) 1 N \ 1 \ NITHTLY ! ] ' f ! N \ \
: P A0MW Ised \j 6 0o 0 0 b Gmmd & © © © & O O O
ower < pulse
A
beam I(?)

absorber current in cavity 2

P=nU,l ..., 7<65%
DC acceleration to several 10kV, 100kV pulsed
Energy modulation with a cavity

Time of flight density modulation

Excitation of a cavity with output coupler

v

Only works for
non-relativistic electrons
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Relativistic Klystron

CORNELL

At . ! Bunch compressor with
section dispersion.
@t Induction linac for high currents and low
generator ;
E 3 few MeV energies.
| a few 1000A

A high current low energy beam creates the
RF power for a low current high energy beam.

charging pulse forming network
transformer PFN
A +20kV L L I L,
o voltage
| Ll T |
| A modulator pulses the Klystron in
with the required repetition rate.
‘DeQing’ circuit — thyratron

: = DeQing circuit precisely defines the
| “‘gg“< reference voltage.
pulse amplifier »g
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Interaction Rate

When the cross section for a process is known, the number of events per time is

Ne\,entS =L wcrosssecﬂon where the luminosity L is independent of the process.
=L 1033[—]
cm °s
Integrated Luminosity: I L dt = N_,ous/ O rosssoction

- v‘
Gaussian beams: Orpit_
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Luminosity

When the cross section for a process is known, the number of events per time is

N =Llo where the luminosity L is independent of the process.

events crosssection

O,f,‘?i‘._ z pl(x y) N IIOZ(X Y T)dT crosssection

Neens = ) P = Ny [ £1(X,,7) py(X, y)dxdydr

L = NiN, (X, y,r)drj,oz(x y,7)dr]dxdy
Gaussian beams ) 2 2 2
FENN, Xz ook 207 207
| = —Nouen e *%ixg g e T dxdy
41r°0,,0,,0,,0,,
bunchf N N — bunchf N N2 — 1 I1|2
27'[\/01X +0) \/ +022y 22,2, N, fo 27T€°S 2y
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The Beam-Beam Force

The force that acts from one beam to the other during collisions is focusing or
defocusing in both planes for small distances.

For large distances it is very nonlinear and contributes to the dynamic aperture.
B-field

The effects of E and B forces add.
Whereas they subtract for
co-moving particles.

electron

E-field

positron bunch
2N (2) @
&N B
@ (2 ( ~+(2 (2)
8 pce, 07 (0,7 +0,7)

AvY =

One should operate so that Au)((l) <0.04
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Limits to the Luminosity

If one stays at the beam beam tune shift limit, the luminosity
grows with the 4 power of E, until for example the RF
becomes too weak.

1032
g A\
[Cm-Z S-l] // \

e \

< E' = l“
1030 II’/

//
//
1029
1 2 3 4 5 6 7 8
E [GeV]
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The Detector and the IR

The interaction region IR connects the accelerator intimately with the detector.

T T 77

12/02/03

CORNELL

solenoid coils —

mini-beta
quadrupole

| e
e
(e

N\

npopnignpongl

=

iron yoke

shower detector

e .
1 mini-beta
quadrupole

compensating
coils

iron yoke

-\

vertex detector

=
i
—3

g ho e
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