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Introduction

‘ Lattice Design Phasei
1. Preparation

Performance e Boundary conditionse Building blocks (magnets)

2. Linear lattice
Global quantities ¢ Cells, matching sections, insertions, etc.

3. Nonlinear lattice
Sextupoles ¢ Dynamic acceptance

4. Real lattice
Closed orbit ¢ Alignment errors e Multipolar errors
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Introduction

Lattice Design Interfaceil

Magnet Design: Technological limits, coil space, multipolar errors

Vacuum: Impedance, pressure, physical apertures, space
Radiofrequency: Momentum acceptance, bunchlength, space
Diagnostics: Beam position monitors, space

Alignment: Orbit distortions and correction

Mechanical engineering: Girders, vibrations

Design engineering: Assembly, feasibility

— Vacuum, Radiofrequency
— Space requirements— Magnet, Vacuum, RF, Diagnostics, Engineering
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Introduction

Space requirementj

A lattice section....
(top) .....as seen by the lattice designer
(bottom) ..... as seen by the design engineer

(right) ..... and how it looks in reality
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Lattice building blocks

Lattice composition'

Coordinate Transformations

Blocks B,, B,,.... —_, Gther...

/ T1>2’ T2>35 A

cartesian cylindrical y Trans]ations

R Concatenation: G Rotations
: *4//,/////;/ E l[ o L X
o S v| u .

"Filling":
. f,t, Elements E,, E,,... B, B, B, 3
ri _
> Quadrupole > Bending magnet E, E, E, E,
>
Tt Tz Tog Toy

Ref.. E.Forrest & K.Hirata, A contemporary guide to beamaiwcs, KEK 92-12
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Lattice building blocks

local <= gIobaII

X y S
A
O = =p As=s— 5, L attice
Block Po
= Fixpoint
_ o of one turn map
— Linearization
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Lattice building blocks

Approximations I

Ideal lattice: no translations: closed orb# block symmetry axis

Decoupling: Betatron frequencies> Synchrotron frequency:

{\x,pm Y, Dy 6, As } — 6, As ~ constant.

fast (MHz)  Slow (kHz)

Horizontal-Vertical coupling: < 1:

{ } —— Tracking

Linear Lattice: betafunctions, betatron phases, etc.

Nonlinear latice: perturbative treatment of nonlinearities
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Lattice building blocks

‘ Hierarchy of building blocks I

Error lattice

Nonlinear lattice
rLinear lattice X
Drift special devices
Bend r )
Quadrupole BPM Solenoid
Corrector Undulator
 Sextupole ) | [Skew Quad] Separator
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Lattice building blocks

‘ Field and multipole definition I

By (x,y) + iBa(z,y) = (Bp) > _(iay, + b,)(x +iy)"~"

n

2n-pole magnetn = 1,2, 3 ... =dipole, quadrupole, sextupole
b,, regular,a,, skew (rotated by0° /n)

— BBl _ 33356 E[GeV] for electrons

e

Magnetic rigidity ~ Bp = —

QI

1 1 8" VB, (x,y)

Regular multipole b, = 5 =1~z

y=0
_ — n=1 9(n=Lp (&,
Poletip field By = (Bo)b R = (g 2™ |
R pole inscribed radius
Conventions h=1/p = b1 (Dip.), k = —bs (Quad.), m = —b3 (Sext.)
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Lattice building blocks

‘ Bending magneg

Cylindrical Block |
T B
P EanR Reference \
s Particle:
v (Bp)=ple
e - adjust by:
P 7 B
ref - T N - L
\\\t\\i Qef_ p
sector L =02=C¢,
A G, > O\ G, <0
er X 4
o rectangular bend

ParameterSL, i ; b17 b27 Cla CQ? [ga klv kQ} J [bnan > 3]
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Lattice building blocks

‘ Quadrupole'

N\ )L e ‘fbke 1/

R T E:;x

o=
i

IR w—
: '__v-";.' Sy
Ty

5
—_—

,,..
;

Lyl .-J" -

R

%

Parametersi., b,, R
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Lattice building blocks

‘ Sextupole'

,Moke

5

SN

0 3’

g

]
il
5a

/.

e
il

0,10
a0

18,

~diU co i
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Lattice building blocks

Other deviceEI

Parameters Purpose
RF cavity Aty Vet acceleration, long. focussing
Septum magnet | position & width | injection
Kicker magnet | [ bi(t)dl injection
Correctors [ bidl, [ aydl orbit correction
BPM passiv orbit measurement
Skew Quadrupolg [ asdl coupling correction
Undulator Aus Nu, By, g — synchrotron light

| attices & Emittance

A.Streun, PSI

13



Lattice building blocks

‘ lIron dominated dipole magnet'

$ Hds = [ [ jda — Coil cross sectiom

B Siron r B
4 ( _|_9>u>>1 _ By

2Jc \ Molbr Mo 2)clo
Siron - L -
coil total
4
9
T ~ Liron ;
- e .
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Lattice building blocks

Magnet poletip fields and apertureﬂ

coil width poletip field | aperture
Lroe—Lett [mm] | By [T] R [mm]
Bending magnets; 65...150 1.5 20...35 (%/2)
Quadrupoles: 40...70 0.75 30...43
Sextupoles: 40 ...80 0.6 30...50

(data from various light sources)

Magnet currentx R"

—> Apertures: As small as possible
As large as necessary acceptance

| attices & Emittance

A.Streun, PSI



Beam Dynamics Pocket Tools

‘ Local: Transfer matrix of a gradient bend I

(x\ ( Cop \/%sx 0 0 %(1—033)\ {x\
x’ VK s, Co 0 0 \?—% Sy x’
y | = 0 0 ¢y = sy 0 y
y’ 0 0 —v/—ba sy Cy 0 Y’
S U T T A A

with: c,[s,] = cos [sin] (VK L), Cy|Sy] = cos [sin](v/—b2 L), K = b% + by
cosix = cosh x, sintx = ¢sinh x — can be focussing or defocussing

Special cases:

bs = 0 — Dipole b1 = 0 — Quadrupol by = 0 andb, = 0 — Dirift
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Beam Dynamics Pocket Tools

‘ Transfer matrix of a gradient bend, alternative convention'

(@)

X
!
Yy

/

Y

\ ¢/

out

with: c,[s,] = cos [sin](V K L),

cosix = cosh x, sintx = 7sinh x — can be focussing or defocussing

Special cases:
k = 0 — Dipole
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L(1—cp) )
N
0
0
T

cy[s,] = cos [sin](Vk L),

h = 0 — Quadrupol

[

\

X
!

Y

/

Yy
0

)

)

K=h2—k

h = 0andk = 0 — Drift
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Beam Dynamics Pocket Tools

\Global: Betafunction and Emittance.

Practical view: o, \/Betafunctlonﬂ X \/Emlttancee

magnet structure partlcle ensemble

Theoretical view: H = pﬂ’ + ’“(S”” S H =L, e={(J)

— Betatron oscillation:  z(s) = \/2J; - Bz(s) cos ¢(s) + D(s) - §

— Twiss parameters: b = f% ds o = _%’ N = 1ta

Transformation of twiss parameters:

15 C? —25C S 15 o
« = -cc' s'c+8sCc’ =SS || « with M, = ( o
v . 0/2 _25/0/ S/2 v )

Ref.: R. D .Ruth, Single particle dynamics in circular aecators, AIP Conf.Proc. 153 (1987) 150
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Beam Dynamics Pocket Tools

\ Global: Transfermatrix of a lattice section I

Transfermatrixa—? : Transformation to normalized phase space at
— Rotation byA¢ = ¢, — ¢, In normalized phase space
N
A¢  sinA - 0
M, = cosA¢  sinAg T with T — NE
—sin A¢  cos A¢ % V3
\/ 5 (cos Ag + aesin Ag) V BaOpsin Ag
— (g —cvp)cos A(bgjl—i—aa )sin A¢ /&(COS Agb _ onsin Agb)

Periodic structureq = /) — One turn matrix (x+ = 27Q, (Q betatron tune):

< COS [t + Qg Sin Bgsin 1 > symmetry point ( COS /4 Basin 1 )
M, = — .

a

— Yo SIN 1 COS [l — Qg SIN [4 sin it COS [
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Beam Dynamics Pocket Tools

Lattice Design Codﬂ

Model: complete set of elements, correct methods for tracking andatenation,
well documented approximations

Elementary functions: beta functions and dispersions, periodic solutions, close
orbit finder, energy variations, tracking, matching

Toolbox: Fourier transforms of particle datax(resonance analysis),
minimizaton routines-& dynamic aperture optimization, coupling suppressionj ,
linear algebra package{ orbit correction)

User convenience:editor functions, graphical user interface, editable tdx$

Extended functions: RF dimensioning, geometry plots, lifetime calculations,
Injection design, alignment errors, multipolar errorggrd vibrations

Connectivity: database access, control system accese=@l machine)
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Emittance

Natural horizontal emittance.

Flat lattice:
55 hic I: (H/p*)
e..[nm-rad] = 2 — 1470 (E[GeV])?
nmerad] = 2 Tk (EIGeVD™ 7 7
3.83-13_13m

Lattice invariant (or “dispersion’s emittance”):
H(s) = 72(s)D(s)* + 20 (s) D(s) D' (s) + Bu(5) D' ()’

Horizontal damping partitio, ~ 1 (...) lattice average  (...)mag Magnets average

Simplification for isomagnetic lattice:

(H)mag
Pz

ezo[nm-rad] = 1470 (E[GeV])?
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A.Streun, PSI 21



Lattice Cells

Building low emittance lattices ...

Y Y ", -
0} l 0y AN iy i OaEERN
LY LY LN Y 7 R4 .
. ' \ Y . R \
Y Y ’ (Y Ly ’ ' S
k) . ’ .. Y 7 A .
L} L} 2 "\ Y ’ K [}
\‘ !‘ K \‘ Y ’ 7 \‘
. Y ’ .~ » 7 K K
7
N N ’ e . J ) 3
. . ’ ~ \ h 1 '
. . ’ ~ '\ ' Ly ’
Y 4 . ’ Sa Y 1
. ’ See s, 4 Ly 7
) ’ [ . ¢
s, Q ., . Ne- . 4 LY ’
. & . L T \ ’
'~ R ~ 72 il T T AN K4 N K
~, ’ ’ (N 0 ., ’
‘“~ -’ ~“~ ," S Pid Yammr?
Semm- A L TS “om|m=”
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Lattice Cells

Dispersion suppression by using a half bending magnet:

Befafunctions [m] X/dP [m]  Betafunctions [m] X/dP [m]
* 10 * 0.1 =10 = 0. 1
b A L
g
3 2 3 2
~
2 0 2 0
1 2 1 2
///
. _ — I
0 L0 —— 4
=L - 5.00m Qx = 0.3967 Qz = 0.5008 Ex = 4.70E-0009 =L = 6.18 m a 0.4207 Q 0.0891 Ex = 4.42E-0009
Cx = -0.6589 Cz = -1.0298 Al = 0.00037 Cx = -0.4578 Cz = -0.1362 Al = 0.00028

Increased quadrupole strength
(lengthes constant)

| attices & Emittance
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Incrased length befordaatf
(quadrupoles constant)
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Lattice Cells

Betafunctions [m] X/dP Im]
« 10 DBA example: ESRF « 0.
8 8
6 b
F N /
/ \ / \
/ \ ,/ N
A 0
2 — L
hlgh beta straight sections Iow beta } DBA cell
16xL = 845.99 m Qx = 35.4503 0z = 11.3976 Ex = 8.17E-0009 | @ 6 GeV
(periodic) (x = -96.1574 Cz = -30.4910 =000
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Lattice Cells

Betafunctions [m] X/dP [m]
.10 TBA example: SLS « 0.
L L
3 2
2 - \\\ A /\ - \\\ //\ O
\ / \ I ‘\
| \\ / / \
/ \
/ | \

1 \ ) 2
O L] [ ] - . L] [] - | - L] [] [] -/- L] [] [] L] -\-/l 74
11.5 m straight 4 m straight 7 m straight
2 2
6xL = 288.00 m Ux = 20.3800 Uz = 8.1400 Ex = 5.03E-0009 | @ 2.4 GeV

Cx = -65.9201 Cz = -20.8420 t—="0.000¢

| attices & Emittance
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Lattice Cells

Refafuncfions [m] X/dP Im]
« 10 Combined function example: SLS booster synchrotron “ 0. 1
A 8
3 a\ . A / .
“‘r \ / \ | / | \ /\ | | \ 2\ | / \
AV Y Y A VA VY SRV VA
2 0
0 M /
U W u A VAVANY
O T R EE BN EE| BN EE Bl B B EE| BN EBE B BE B EBE B EBE BN B B EBE BN BE B B B BE B mm B imm § 1 | 78
3xL = 270.00 m Ox = 12.4087 Gz = 8.3843 Fx = 9.09E-0009
(periodic) Cx = -14.6054 Cz - -11.6296 = 00503 @ 2.4 GeV
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Emittance

Minimum Emittance I

d{H(ge, Bacy Dey DL))mag = 0 = Minimum emittance:

(E[GeV])? &°F

solnm-rad] = 1470
€l ] S 12v/15

[rad] magnet deflection anglé@(2 < 1)

| attices & Emittance
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Emittance

Minimum emittance 2.

Deviations from minimum:

d= T — come 4 Fed
Relative emittancé: 2 < \ §OO w
Z(d — 1)+ (b—F)? = F? 1 -
Phase advance in cell: 2 o25e
6 b S -
¥ = 2 arctan ( JTE (d = 3)) A

F'=1 = V¥ =284.5°

| attices & Emittance
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Emittance

Minimum emittance cell.

X/dP [m

« 10 ‘ MINIMUM EMITTANCE CELL 3 GEV

‘ 0. 1

]

A 0
o S S 2
0 — — e — A
1%L = 8.45 m Qx = 0.7902 0z = 0.26715 Ex = 1.51E-0009
(periodic) Cx = -2.0164 Cz = -1.5972 Al = 0.00036

10° gradient free sector benbkd=1, £ = 3 GeV
— F' = 1: Theoretical minimum emittanc&x)= 1.5 nmrad

Tune advancek)=0.7902<— ldeal phase advanck = 284.5°.

| attices & Emittance
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Emittance

‘Dampmgﬂwmsl

C [m] E [GeV]

7; = 6.67 mMs

J,=1-D J,=1 J,=2+D

1

" on

D / D(s) [bi(s)? + 2by(s)] ds

Energy loss per turn: U [keV] = 26.5 (E[GeV])3 BJ[T]

Stability requirement—2 < D < 1
Separate function bend®. < 1 in light sources.

Combined function bending magnets: Adjust gradients!
Option: Vertical focusing in bending magnét. < 0 — .J,, — 2: half emittance!

| attices & Emittance
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Emittance

‘ Energy spread and Beam sizI

r.m.s. natural energy spread:

o, =6.64-10"%. \/B[T] f[GGV] J, ~ 2

Beam size and effective emittance:

0:(8) = \/ex Be(s) + (e D(s))? oy(s) = 1/ €y By(s)

E:L‘,eff(s) = \/6230 + €xoH(8)02

| attices & Emittance
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Emittance

Vertical emittance I

Ideal flat Lattice’H, =0 — €, =0

Real Lattice: Errors as sources of vertical emittance

Vertical dipoles §1): Skew quadrupoles:):
Dipole rolls Quadrupole rolls roll = s-rotation
Quadrupole heaves Sextupole heaves heave= Ay displacement

Vertical dispersion,) Linear coupling £)

— 0orbit correction — skew quadrupoles for suppression

. . € 1
Emittanceratioj = =~ — ¢, = THg€ro €y = p%gexo

€x

Coupling corrected latticegi ~ 103

Diffraction limitation — Brightness~ 1/¢g only for hard X-rays
Touschek lifetime~ (bunch volume)~ /g

| attices & Emittance
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Lattice parameters

‘ Circumference and periodicity'

Circumference’
e Area— minimize
e Optics— relax
e Spaces— reserve

e RF harmonic number
— (C = h)\rf
—h="hy-hy-hs...

Ritsumeikan PSR C = 98 cm
LEP C =27 km

| attices & Emittance

Periodicity Ny,

Advantages of large periodicity:
e simplicity: design & operation
e stability: resonances

e cost efficiency: few types

DORIS: Nper =1
APS: Nper = 40

A.Streun, PSI
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Lattice parameters

Working point I

order:n = |a| + |b|
systematic:V,., /p = integer
regular:b even, skewb odd
(a, b, k, n, Nper, p INtegers)

Betatron resonances
an + be — P

Tune constraints:

e NO Integer sy = k — dipolar errors
e NO half integer Qzy = (2k +1)/2 — gradient errors
e NO sum resonance Q. + Q, = p — coupling

e NO sextupole resonances Q, =p,3Q; =p, @z £20Q, =p
— dynamic acceptance

e Multiturn injection: ifrac(@)| > 0.2 — septum

e and more...

| attices & Emittance
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Lattice parameters

Working point: Example

4 NN Ll I B

20.0 20.2 20.4 20.6 20.8 21.0 20.0 20.2 20.4 20.6 20.8 21.0
Qx Qx

Ideal lattice Real Lattice

| attices & Emittance
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Lattice parameters

Chromaticity I

Chromatic aberrationgi; (6) = b2 /(1 +6) = Q = Q, + &6
Chromaticity = dQ/dd < O :

e Tune spread, resonance crossings
e Head-tail instability

Correction by sextupoles in dispersive regions:
1

£, = o [2b3(s)D(3)—b2(3)} B (s)ds
C

e = ﬁ [—9b3(5)D(s) + ba(s)] By (s) ds
C

Sextupole nonlinearityR®, (z) ~ ) = dynamic acceptance problems

| attices & Emittance
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Acceptance

Acceptance Definitioni

Acceptance: 6D volume of stable particles> decoupling:
horizontal, vertical and longitudinal 2D-acceptances

Physical acceptance Linear lattice— vaccum chamber- “known”
Dynamic acceptance Nonlinear lattice— separatrix— “unknown”

Longitudinal acceptance
e RF momentum acceptance (bucket height)
e Lattice momentum acceptance)=ependant horizontal acceptance

Dynamic aperture =local projection of dynamic acceptance
acceptance [mmmrad]«<— aperture [mm]

Design criterion: Dynamic acceptance physical acceptance

| attices & Emittance
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Acceptance

Physical acceptancj

Linear lattice (quads and bends only): “infinite” dynamicejgtance

Particle at acceptance limit,:

z(s) = /Ay - Bu(s) cos(d(s)) + D(s) - 8

Particle lossjx(s)| > a,(s) somewhere.

Acceptance

(az(s) = |D(s) - 5\)2)

A, Invariant of betatron motion—— Projection:

Tmax(8) = £/ Ay - Bz(s) + D(s) -6

A, = min(

| attices & Emittance
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Acceptance

‘ Momentum acceptanci

Horizontal acceptancd, = 0 for |§| > min(a.(s)/|D(s)]|)
BUT:

Scattering processes momentum change of core particles:
X =(=0,~0,~20,~0,0,0)

Betatron oscillation around dispersive orbit with ampudgu .,

Ay = Yoo(Dod)? + 2020(D6) (D!8) + Bro(DLO)? = H,67

Bro := Pz(S,) €tC.,s, = location of scattering event!

Maximum value of betatron oscillation:

= VA.5.(5) + |D(5)0] = (VHoBa(5) + [D(5)]) - [9]

| attices & Emittance
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Acceptance

Local momentum acceptance:

: az(s)
Oace(Sy) = £ min
(>0 <¢Hoﬁx<s> n D<s>|>

Momentum acceptance for different lattice locations(6) = a.):

In dispersionfree section:
Ho =0 — 5acc — j:afa:/DmaX

At location of maximum dispersion:
7_[o — ’YODIQHaX — 5acc — j:aa:/(ZDmaX)
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Acceptance

Dynamic acceptanci

Quadrupole: Az’ = —byLx Ay = byly
Sextupole: Ax' = —bsL(x* —y?) Ay = 2bsLzxy

Quadrupole: chromatic aberrationbs(d) = b2 /(1 4 ) ~ b2 (1 — §)
— compensation by sextupole in dispersive regior{ Do + x, y — v):

Quadrupole: A(Az") = [boL]dx A(AY) = —[b2L]dy
Sextupole: A(Az') = § x—b3 LD?*6% — by L(x? — y?)
A(Ay) = 5 y+2bs Ly
| nonlinear kicks: «+— = <= (bo L = )
nonlinear resonance driving CHAQOS !
horizontal/vertical coupling — Restriction of
amplitude dependant tune shift dynamic acceptance

Lattices & Emittance
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Acceptance

Sextupole effecti

9 first order terms:
e 2 chromaticities
e 2 off-momentum resonances —dB/dé — €3 = 5%2Q /063
e 2 terms— integer resonances,,
o 1term— 37 integer resonancex),,
e 2 terms— coupling resonances, + 2(),
13 second order terms:
¢ 3 tune shifts with amplitude?@,./0.J,,, 0Q./0J, = 0Q,/0J,, 0Q,/0J,
e 8 terms— octupole like resonancest(),, 2¢), + 2Q),, 40Q),, 2Q, 20Q),,
e 2 second order chromaticitie8”(),. /06 andd*Q, /D5*

Ref.: J.Bengtsson, The Sextupole Scheme for the Swiss Bigintce: An Analytic Approach, SLS-Note 9/97, PSI 1997
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Acceptance

‘ Nonlinear Lattice Design'

Optimization of sextupole patterns:

Chromaticity correction: Decoupling:— keep strength low
Sextupoles in quadrupoles: b3 = by /D — inflexible!
Non interleaved sextupoles: “—1I transformer” (KEK-B scheme)

Multicell cancellation: N cells:
NAQ,, 3NAQ;, 2NAQ., 2NAQE, — integer!

Cancellation between sections: lattice section vs. mirror image

—> lterate:linear<=- nonlinearattice design

| attices & Emittance
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Acceptance

Sextupole pattern optimization

Penalty = 1.4E+0005 Qx 21000

Chrom-X 1.0000
Chrom-Y 1.0000

Qx 21000 1.8032
30x 30000 0. 1651
Qx 10110 4.3237

Ox-2Qy 10020 10.7443
Ox+2Qy 10200 10.4468

20x 20001 18.7369

2Qy 00201 0.8337
2Jx = £0.00 um

2Jx = £0.00 um

dp/p = 4.00 %

. \ -
dOx/dJx -0. 1439 X 20 |
dQx, y/dly, x 1.4186 SF S \ [ |
dQy/dly 2.5090 sL1 742 | |

: \ ]
20x 31000 5.1309 o ST -
40x 40000 1.8666 M2 340 | =
20x 20110 1.5073 S T 2T
20y 11200 16.6661 SYRRT |

20x+2Qy 20200 0054
2Qy 00310 /588

5
1
1
16
20x-2Qy 20020 22.8846
3.
5.
4Qy 00400 0.7751

2.0. Chrom-X -33.1812
2.0. Chrom-Y 17.5057

Quads included
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Acceptance

Dynamic aperture optimization I

Y [mm]
| dJ o
= I ‘\
J: /! \
| ! \
| ! \ .
! | \ .
. :: : Dynamic aperture:
! | .. .
w} y | only chromaticity correction
3 ! \ — -
| | / (2 sextupole families)
| ! L
. | '| 1st and 2nd order optimization
\ | .-
: | : (9 sextupole families)
\ |
- | '
| | '| ___required for injection
B N NS -
: -10 -5 0 5 10 X[mm]
Befa-X =4.56 m Befa-Z =3.73 m
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Closing

\else .. '

Impact on lattice design:
The Injection Processnulti turn accumulation.
Lattice Errors:
e Magnet misalignments
— Closed Orbit distortion and correctier BPMs and correctors
— Correlated misalignments: magnet girders and dynamiamlent concepts

— Ground waves and vibrations: orbit feedback
— Beam rotation and coupling control

e Multipolar errors (Magnets and Undulators): Dynamic atarpe
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