1S L A C — P U B — 6 4 5 9 M a y 1 9 9 4 ( N ) L A T T I C E S F O R S Y N C H R O T R O N R A D I A T I O N S O U R C E S *+MAX CORNACCHIACORNACCHIA@SSRL01.SLAC.STANFORD.EDUStanford Linear Accelerator CenterStanford Synchrotron Radiation LaboratoryStanford, CA 94309, USA1 . I n t r o d u c t i o n This chapter introduces the reader to the motion of electrons1 in a storage ring,and to the connection between electron beam dynamics and the properties of synchrotronradiation.The system of magnetic lenses that guides and focuses an electron beam is calledthe lattice. The choice of a lattice for a synchrotron radiation source is, arguably, thesingle most important decision in the history of a project. The lattice determines theemittance of the electron beam, the brightness of the photon beam, the beam lifetime, thequality of the experimental conditions, the number of insertion devices that can beaccommodated in the straight sections, and the size and cost of the accelerator. The bestchoice of lattice is not a straightforward affair, involving complex performance and costtrade-offs, and a certain amount of intuition and subjectivity. The various types oflattices, and future directions in lattice design, will be covered, however briefly, in thisreview.Synchrotron radiation is emitted from the bending sections of the electrontrajectory and in the straight sections, where insertion devices might be installed (seeChapter 12). From the source points the radiation is channeled into a beam line forexperimental use. The lattice and the electron beam energy define the trajectory and,together with the natural divergence of the radiation, the size and divergence of thesource.After a broad overview in Section 2, the magnetic forces acting on the electronsand the associated differential equations of motion are discussed in Section 3. Thesolutions of the equations are given without derivation; the method of solution isoutlined, and references for deeper studies are given.Section 4 shows how the dynamics of electron motion in magnetic lattices and theemission of radiation define the beam emittance. Examples of lattices for machines inoperation or under construction are given in Section 5. Throughout this chapter, theelectrons are assumed to be ultra-relativistic.

* Work supported by the Department of Energy contract DE—AC03—76SF00515. SSRL is funded by theDepartment of Energy, Office of Basic Energy.+ Chapter 2 of Synchrotron Radiation Sources: a Primer, H. Winick, ed., World Sci. Pub. Co.

22 . O v e r v i e w o f E l e c t r o n D y n a m i c s i n a S t o r a g e R i n g 2.1. The Storage RingA storage ring accumulates and stores electrons that have been pre-acceleratedand transported from an Injection System (see Chapter 3). The electrons are injected andstored in packets called bunches, which are held together in the direction of motion by thebunching effect of the radio-frequency system (see Chapter 4). The latter also providesthe energy lost by radiation and, if acceleration is needed, the energy gain required by theparticles to keep in step with the magnetic fieldThe electrons circulate inside a doughnut-shaped chamber, in which a highvacuum is maintained, delimited by metallic walls (see Chapter 8). The chamber issurrounded by magnets alternating with empty, or drift, spaces. The magnets curve theelectron trajectories (dipole field) and keep them close together in the plane perpendicularto the direction of motion (quadrupole field).2.2. Collective and Individual Motion, Frame of Reference.Figure 1 gives simplified top and cross sectional views of electron bunches,frozen in time, circulating in a vacuum chamber surrounded by magnets. The picture ismuch out of proportion. The circumference of a ring is on the order of 50—250 m for UVand soft x-radiation sources (beam energy: 0.5—3.0 GeV) and 800—1500 m for hard x-raysources (6—8 GeV). The bunch length is on the order of centimeters or smaller. Tens tohundreds of bunches may circulate in a storage ring.The motion2 of the electrons is described in a reference system with an azimuthalaxis tangent to the orbit, and the transverse horizontal (x) and vertical (y) coordinates,lying in the plane perpendicular to the orbit (indicated in Fig. 2). The azimuthalcoordinate s is the independent variable, and is the distance along the orbit from areference point so. Lattice designers and orbit scientists spend much of their timestudying the functions

x s x s dx ds y s y s ( ) ′( ) = ( ) ′( ) , , ,and

.The trajectory of an individual electron in a storage ring is qualitatively shown inFig. 2. It consists of oscillations around an orbit that closes on itself after one revolution,appropriately called the closed orbit. The oscillations are called betatron oscillations andtake place in both the horizontal and vertical planes. The orbit has horizontal and verticalcomponents.3 In an accelerator with neither vertical bends nor magnetic errors ormisalignments, the orbit lies in the horizontal plane (x-s in Fig. 2), and the vertical closedorbit is zero everywhere. This ideal situation does not occur in practice, and there alwaysis an orbit component in the vertical plane.

3 B B

B

B Gx

B Gy

y

x

y

x

=

=

=

=

0

0

,

,

,

, for dipoles, and

for quadrupoles,x y= = 0

E ecB

0 0 0

= ρ E GeV B T m

0 0

0 3 [ ] = [ ] [ ] . ρ x x y y

, , ,′ ′

′′+ ( ) =

′′+ ( ) = x K s x

y K s y

x

y

0

0

,

.

x s s s

y s s s

x x x x

y y y y

( ) = ( ) ( )+[ ]

( ) = ( ) ( )+ [ ] ε β ϕ ϕ

ε β ϕ ϕ cos ,

cos .

0

0 ϕ

β x y

x y s ds

s ,

,

. =

( ) ∫_0

m n p

x y

ν ν± = ,

1

2 2

ν x y p , − ( ) 3

2 ν

ν ν

x

y x

p

p

=

± =

,

.

B S x y

B S xy

y

x

= − ( )

=

2 2

2

,

,

m n k p

x y s

ν ν ν ± ± = .

B B k x k y ks B k k B k x k y ks

B k k B k x k y ks

y x y

x x y x y

z x y x y

= =

= −

0

0

0

cosh cosh cos ,

sinh sinh cos ,

cosh sinh sin , ′′+ ( ) = ( )

′′+ ( ) = x K s x s

E

E

y K s y

x

y

1

0

0 0 ρ

Δ ,

. 1 0 0 ρ s E E ( ) ( )( ) Δ 1 0 ρ s( ) x s s E

E

x s s E

E

c

c

( ) = ( )

′( ) = ′( ) η

η

Δ

Δ

0

0

,

. x s s

E

E s s

x x x x

( ) = ( ) + ( ) ( ) +

[ ] η ε β ϕ ϕ

Δ

0

0

cos .

′ ( ) = ′ ( ) − ( )

( )

( ) +

[ ]

−

( )

( ) +

[ ] x s s

E

E s

s s

s s

x

x x x x

x x x

η α ε

β ϕ ϕ ε

β ϕ ϕ

Δ

0

0 0

cos sin α β

s d

ds

( ) = −

1

2

.

σ ε β η

σ ε

β η

x x x

x x

x

E

E

E

E

= +

′= + ′

2

0

2

2

0

2

Δ

Δ

,

.

α c

T T

E E

=

Δ

Δ

0

0

, 1 2 ν_x Δ

Δ

Δ

Δ

ν ξ ν ξ x x y y

E

E

E

E

= =

0 0 , ,ΔE E_0

B S x y

B Sxy

y

x

= − ( )

=

2 2

2

,

.

B Sx Sx Sy

B Sx y

y E

x

= + + −

= +

β β β

β β β

2 2 2

2

2 2

Sx x

Sx y

E

E

,

.

ε x

c

k

E

N

=

2

3 , β β

β

* *

* . = + s 2