Nonlinearities in light sources'

or. How to correct the chromaticity without destroying the dymaaperture in
a high brightness light source lattice

Andreas Streun
Swiss Light Source SLS, Paul Scherrer Institute, Villigwjtzerland
Contents:
e The source of chromaticity
e Chromaticity correction with sextupoles
e Breakdown of dynamic acceptance: investigation of sexaeffects
e First order optimization of the sextupole pattern
e Particular light source problem

e Second order optimization: octupole terms
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Intro

Nonlinearities in Light Sources'

by design: parasitic:
Sextupoles >  multipolar errors:
for chromaticity correction — ring magnets

— Insertion devices

— how to deal with? — define tolerances

Nonlinearities— CHAOS — separatrix for bounded motioa=(dynamic acceptance

Light source problems:
e Transverse acceptanbad [i.e. separatrixx beam pipe}— no injection

e Lattice energy acceptance gnergy dependant transverse acceptabad)
[i.e. < RF energy acceptance} low beam lifetime
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Intro

Methods for nonlinear optimization I

analytical

1t & 274 order perturbation theory
— maps, resonance drive terms, tune
shifts with amplitude ...

guick calculation <~
interactive optimization lterate
—

(semi-analytic minimization)
& no prediction of performance

(perturbation!)

— “the art of weighting...”

—> Design

Nonlinearities in Light Sources
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numerical

Particle tracking
— Poincate plots, dynamic aper-
ture scans, particle spectra. ..

& slow calculation

& difficult to use in minimizer
(fractal parameter space!)
valid prediction of performance
— complete & correct model

— Proof



Chromaticity

Quadrupole:
Length L (Bp) := £ =3.3356 Tm - E[GeV]
1 dB, ©
Strength b2 = 555 72

Kicks on particle:Ax’ = —byLx Ay’ = by Ly (b > 0 — horiz.foc)

. . b A
Chromatic aberrationbs () = @ j 5) ~ by (1 —0) 5 = ?p
<§ 0>0
5 =

Nonlinearities in Light Sources

A.Streun, PSI



Chromaticity

Betafuncfions [m] X/dP [m]
« 10 [Step 1: Chromaticity not corrected j 0. 1
8 8
g =+1.5%
6 D 4
4 = N Z
0+ . ;/'F'F FF; LR

Bends(5.625 deg)

Quadrupoles

16xL = 8599 m 5 (g Ox - 35.4503 0z = 11.3976 Fx = 8.176-0009 @ 6 GeV
(periodic) =V o - 941574 Cz - -30.4910 AL = 0.000

dp/p = -1.50 % Ox = 37.2591 0z = 11.8640

dp/p = 1.50 % Ox = 34.1891 0z - 10.9465 &= +1.5 %

Test lattice: ESRF with original optics for dispersion free straights

Nonlinearities in Light Sources
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Chromaticity

Chromaticity I

(Gradient error\b, ds) x (one turn matrixM) = (new one turn matrix\1)2

Gradient error due to chromatic aberratian\b, = Fb,d (hor./vert.)

1 0 y cos2m@)  Psin2mrQ \ [ cos 2m()  Bsin27Q
+b0ds 1 _sin ;WQ cos 27() _sin EWQ cos 27()
%Tr(/\;l) = cos 27() = cos 27m(Q + AQ) = cos 21Q £ 1056 B sin27Q ds

AQ <1 —AQ=FLbdsBds =52 =FL §, bas)B(s)ds
Light source: Low emittancer | — [bo T — &, 1 (&x = —=50...—100)

— Head tail instability P

— Low energy acceptance

ae. D. Courant amd H. S. Snyder, The alternate gradient sptcim, Ann. Phys. 3
bA.W.Chao, Coherent instabilities of a relativistic bungteeam, AIP Conf. Proc. 105 (1982) 353
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Chromaticity

[Step 1. Chromaticity not corrected

Befa-X [m] Refa-Y [m]

1 16
7 141

| 121

8,

40 - 1

, é,
20 —_— 4:

| ~

. ‘ ‘ e 0 \ \ \
3 2 -1 0 1 505 T 0T 4

dpp %) dp7p (%)
Horizontal Tune V(é) Vertical  Tune

7 12.4

| 12.21
387 M . ags T \

1 \ Linear chromaticities 1207 A
37 - e

| \ 1.6
“ 1.4
351 11.27

) \ MO:
37 10.8-

| 10.6

S plp 171 coo /e %]
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Chromaticity

[Step 1: No chromaticity correction: Linear betatron motion

Horizonfal : 5 Vertical: v
Poincare Plot of phase space
P
IXT < & .fB mm IX" 1< 2.89 mrad Yl < 54/B83 mm LY """

Limitation from 160 mm x 160 mm vacuum chamber

Nonlinearities in Light Sources
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Chromaticity correction

B
Chromaticity correction Quadrupole T ’
AB, Sextupole
Sextupole:B, (z) = 1 B" z?
T > _ 1/ >
‘I‘ocal g,r’adlent.By (x) _-B 33_ > \/ .
Order” by momentumz (9) = Dé N/ X
+Dd
Dipole Sextupole Quadrupole

- M
i

Nonlinearities in Light Sources
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Chromaticity correction

Quadrupole: by = (5 4By Sextupole: bz = § 5 d;f;y
Ar' = —byLx Axr = _bSL(g;2 — y2)
Ay = byLly Ay = 2bsLzy

Chromatic aberrations: b,,(6) = b,/(1 +9) =~ b,(1 —9)
Sextupoles in dispersive regions: x — Do +x y — vy
Kicks on a pal‘tiC|leep up to second order in productsmafy, 6) .

Quadrupole: Ax" = —boLx+[boL]dx Ay = +byLy —[ba L]0y
Sextupole: Axr' = dx —b3L(x? — y?) —b3 LD?5?

— ( = byL):

— 2 nonlinear kicks. . .

Nonlinearities in Light Sources
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Chromaticity correction

1

C
1 !
= g F D (02L)n Bajyyn) = 0 A&y,

quad

Linear system?2 familiesof sextupoles

i < +Zn€SF anDn +ZnESD 6:ann ) v < ( )SF )
27 - Z’HESF 6ynDn o ZnESD 5ynDn 2% 9 ( )SD 1%9

- + ZQuad( ) 6@% ) Afg; N

( YD) B )| g, (b5 L)sr, (bsL)sp
Decoupling:
— SF locations:D T, , By | — SD locations:D 1, 3. |,

Nonlinearities in Light Sources
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[Step 2: Chromaticity correction with 2 sextupole families

35,
35.
35,
35.
35,
Sk
3k
Sk

Chromaticity correction

Befta-X [m]

20
15

10

—_

dD;D [7]

Befa-Y [m]

124

10 1

B(3)

Linear chromaticities = 0

Horizomfimy

Nonlinearities in Light Sources

dp;p (7]

Vertical Tune

11.381
11.36 1
11,341
11.321
11.301

v(0)

A.Streun, PSI
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Chromaticity correction

p
Step 2: Chromaticity correction with 2 sextupole families J
.
Horizonfal: Nz Vertical: vz
Poincare Plot of phase space
Breakdown of
dynamic acceptance Vertical —» horizontal
coupling
X
IXI < 65//15 mm X" "1|< 3.10 mrad Y1 < 5&/B3 mm Y

Limitation from 160 mm x 160 mm vacuum chamber

Nonlinearities in Light Sources
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First order sextupole optimization

The Hamiltonian I

kinetic Dipoles Quadrupoles  Sextupoles
pz +D b b2 b3
H(s) = —= Y bhizd + — 22 + = (2 —y?) + = (2 — 32y +. ..
dispersive IR v v
focussing H2 (S) H3 (S)

Hamiltonian equations of motion (local):

r'(s) = g}i — 11:?5 ph(s) = —%—ZI = b16 — (b% + bo)x + boy — bg(x? — y?)
P

— e.g. kick from quad. (lengthh): Az’ = [, 2" ds = [, {5 ds = —1% L

Goal: Global Quad. & Sextupole contributiorj; , [Ha(s) + Hs(s)] ds
— independant of: chromaticity corrected
— linear and uncoupled\{ z2, y?): cancellation of nonlinear kicks

Nonlinearities in Light Sources
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First order sextupole optimization

Insert betatron oscillations (global, linear, flat latjice

2(8) = v/2J; B:(s) cos d(s) + D(s) § Y(s) = \/2J Bz (s) cos ¢(s)

— cell [HQ(S) T H3(S)] ds = Z hjklmp with

itk I4m

Bjktmp ¢ 30, (b3 L)n Bai By DE e t07R0ent(mmidnm]
Jjtk l+m
_ [quuad(b2 L)y Bei By etU=F)¢ant(l=m)dyn}
p7#0
Nsext A
h:ZVnei‘I’n[+...quadsfor]97£0...] Im

Sextupolg < complex vector:
LengthV,, = V,, (b3, L, B+, By, D)
Angle @, = &, (¢ + &)
e &, =0V n — tune shifts
e &, #£0 —  resonances

Nonlinearities in Light Sources

A.Streun, PSI 15



First order sextupole optimization

First order sextupole [+quadrupoleHamiltonian

e 2 phase independant terms— chromaticities:
hllOOl — +Jx5 [ - quuad (b2 L)nﬁxn] — fac
hoo111 = —Jy5 [ - quuud (b2 L)nﬁyn] — &y

e 7 phase dependant terms— resonancesh :=hfor Ncells, N - 00 =—

e, | = skt | as= (G —k) ay=(1-m)
Jklmp 2 Sinﬂ'[CLngeH 4 ayQ;ell]
1.0
h21000 = Ragog — Qx 0sl
h30000 = No3000 — 3 @z

hio110 = hg1110 — Qx S
h10200 = No1020 — @ + 20y

h10020 = No1ogg — @z — 2@y

h20001 = o201 —

00 0.2 04 06 0.8 1.0
Lk
hoo201 = hogga1 — Ox

Nonlinearities in Light Sources
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2 Sextupole familie$ESRF standard cell)

First order sextupole optimization

QUx

21000

30x 30000

Qx+2Qy 10200

N

N,

/
/
/
/
)
/
/
/
/
/

Ux

10110

Ux-2Qy 10020

K

-

SF 3.3

\
SD 1.86 ‘
S1  0.00 ‘
S2  0.00 ‘
S30.00 ‘
S&t o 0.00 ‘
Qua-in Oct-in

Nonlinearities in Light Sources
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6 Sextupole families4 harmonicfamilies in straight sections)

First order sextupole optimization

Qx 21000 30x 30000 Qx+2Qy 10200

Qx 10110 Qx-2Qy 10020 SF 0 3.30 ‘ _— ‘
SO -1.86 ‘ ] |
X 1,47 ‘ L] |
S2 -1.59 ‘ ‘ ‘
S3 -1.58 ‘ = |
Sk 244 | . ‘
Qua-in Oct-in

Nonlinearities in Light Sources
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First order sextupole optimization

p
Step 3: First order sextupole optimization with 6 families j
.
Horizontal : 5 Vertical: v
Partial restoration of Poincare Plot of phase space
dynamic acceptance
R
e \
N T ¥
P B
NN /
B o \ . &
e \\7:',7:'J/:(
X1 < éB//A5 mm X" "1 |< 3.10 mrad Y1 < 56/B3 mm IY""I|< &.53 mrad

Limitation from 160 mm x 160 mm vacuum chamber

Nonlinearities in Light Sources
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First order sextupole optimization

( Step 3: First order optimization with 6 sextupole families

Befa-X [m] Befa-Y [m]
] 12 I ———
20 i
] 10
10 67
| :
o i
] 5
O T T T T O T T T T T T
-3 2 -1 0 1 2 dp;p o -3 -2 -1 0 1 dD;D -
i T Linear chromaticities = 0 Vertieal T
orizonra une errtica une
35,45 - - 7
35.40 V(é) ]
35.35 ]
] 11,371
35.30 1 ]
] 11,36
35,25 ]
; 11,354
35207 T T T T T T T T T 4434 T T T T T T
-3 -2 -1 0 1 -3 -2 -1 0 1
do7p 1%] do7p 1]

Nonlinearities in Light Sources
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First order sextupole optimization

Suppression of sextupolar resonances

Fourier spectrum

2 sextupole families

Fourier specfrum of Tesf-particle

Log(norm. TAmpl. 1) vs.

IFrac(Tune) I :

O ¢
10, | ‘“
[
2] i vl
3 | | I
] T T
I [0 | |
= iyl
LCU -5 | ‘”“\““”‘\ ‘\‘
O
N
P
7 T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Tune X
0
10, ¢
,2 I
-3
-4
- 5
m
U
£
U
> 7 T
0.0 0.1 0.2 0.3 0.4 0.5
Tune Z

Tune

35.4503:
0.3931 g Qx
-0.0003: -
0.2138: 20x
0.3517: Qx-20z
0.1793: 30x
0.4275: ?
0.4345: ?
0.0415: ?
0.2552: 20z
0.4687: ?
11.3976:

0,372 0z
0.4138: 20x-0z
0.0207: Qx-Qz
0.3309: ?
0.2345: (x-Qz
0.1586: 20x+Qz

Nonlinearities in Light Sources

6 sextupole families

Fourier spectrum of Test-particle

Amp. [mm] Guess
Log(norm. ITAmpl. 1) vs. IFrac(Tune)l : l
3.5591 woo '
0.6327 -1 ¢ ¢ H
0.2809 —p 30x=112 - | | ” M
0.2256 20x-20z-48 S 1\ \\ i\ i
0.0691  4Ox-14é v I A
0.0251 D LA H TR
0.0248 L P
0.0201 S ll
0.0128 —m=0x-20z-1¢  ©
0.0043 -7 NN
0.0 0.1 0.2 0.3 0,4 0.5
Tune X
3.9946 0
0.1829  20x-20z-48 10y ¢ ¢
0. 1454 —m Qx-207=16 i
0.0719
0.0217 —am Ox+ 20764 .
0.0082 20x+207=96 4
5 5
U
E -6
T NN
0.0 0.1 0.2 0.3 0.4 0.5
Tune Z
A.Streun, PSI

Tracking of test particlex, = yo = 4mm, z/ =y, = 0, § = 0) and FFT:

Tune

35.4503:
0.4520—p0x
0.3531: (x-20z
-0.0003:

0.0960: 20x

0. 1949: 20z
11.3976:

0.4025: 0z
0.4986: 20x-0z
0. 1455: Qx+Qz
0.0495: (x-Qz

Amp. [mm] Guess
4. 1865

0.1378 20x-20z=48
0. 1166

0.0955 g 30x=112
0.0445 g Ox-20z=16

3.9480

0.0818 20x-207=48
0.0830 _pp (x+207=64
0.0472 g Qx-20z-16

21



First order sextupole optimization

i ON | - P

Systematic first order optimization: " % gk
9 termsh,ximy (7 cOmplex, 2 real) = Symmetry: | —CELL | CELL ™
— 16 sextupole families Im(hjkimp) = 0 — 9 sextupole families.
Linear system fo\/ families of sextupoles:
Z 6’r(z) D’SL) el )ont x (bSL)m _ Z (bgL) o
ne{sm} IXM Mx1 Quad 1x9

Light source problem: e | = A¢cl — 180° = ¢2%s x1
2@, resonance driving terryggg1 proportional to chromaticity,. o h1101

aﬂx 6(2) _ 82@3:
09 v 062

2Q

energy acceptancge

No solution for{(b3L),,} = suppression byAgstraisht

f J.Bengtsson et al., Increasing the energy acceptance di®tron light storage rings, NIM A 404 (1998) 237

Nonlinearities in Light Sources
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First order sextupole optimization

Phase cancellation schemﬂs
Periodicity: N cells

NAQF", [BNAQS", 2NAQY"], 2NAQ" — integer!
e.g.N =5, AQ{! = 0.4 (= 144°), AQS™ = 0.1 (= 36°)

o o

Symmetry: Lattice section vs. mirror image

AQE!N = el AQS! = 4= (n,, 0y integers):

}
o

— phase advances over straight sectieng,, 3, in straights.

— lterate:linear<—= nonlinearlattice design

Nonlinearities in Light Sources
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Second order sextupole optimization

Second order sextupolg+first order octupoleHamiltonian
5 S B3 D)n (05 L) s X (Bus bn By S - ) + [ £ (baL)g X (Bys &g )]

e 3 phase independant terms— amplitude dependant tune shifts:

8J. 0J,  0J, 0J,

e 2 phase independant off-momentum terms— second order chromaticities:

5(2) _ aQQm/y
x/y 062

e 8 phase dependant terms
— octupolar resonances:

hao000 — 40, h31000 —
hooaoo — 4@y h2o110 —
h20200 — 20, + 20y  hoozio —
hooo20 — 20, — 2@y hoi110 —

0.0 0.2 0.4 0.6 0.8 1.0
Qx

Nonlinearities in Light Sources
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Second order sextupole optimization

Horizonfal : 5 Vertical: v
Poincare Plot of phase space
X
i
X1 < 60p7 mm X1 |< 2.90 mrad 1Yl < 54/B3 mm Y

Limitation from 160 mm x 160 mm vacuum chamber

Nonlinearities in Light Sources
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Second order sextupole optimization

Beta-X [m] Beta-Y [m]
] 1 e —
207 \\\\\\\\\\\\\\ 427
] 10
10 6
] .
5 ] i
i 5 ]
O I T I I I O I I I
-3 -2 - 0 1 -3 -2 -1 0 1
dD;D (7] dp;p [7]
Horizonfal Tune Verfical  Tune
35. 44 - E
v(0)
35.40: ;
35.36: 11.3804
35,347 11,3757
35.32 ]
35_30: 41.3702
35.284 11.365
-3 -2 - 0 1 -3 -2 -1 0 1
dp%p [7] dp}p [7]

Nonlinearities in Light Sources
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Second order sextupole optimization

P
[ Step 5: Further optimization by adding 8 octupole families ] ]
\_

Horizontal: 5 Vertical: v

Poincare Plot of phase space

< 4.53 mrad

IXT < 6 ./84 mm X" < 2.89 mrad Y1 < 5&yB3 mm Iy "

Limitation from 160 mm x 160 mm vacuum chamber

Nonlinearities in Light Sources
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Second order sextupole optimization

[[ Step 5: Octupoles for suppression of 2nd order chromaticities ]J

Beta-X [m] Befa-Y [m]

12 4 I ——

20 \ }
1 104

“5 B(6).

107
| a
;] _
] 2
O I T I I I O I I I I
3 2 -1 0 1 dD;D ] -3 2 -1 0 1 dp;p '
Horizonfal Tune Vertical Tune
V(0) |
35, 44 - 1.397
35. 424 11.38 4
35. 40+
- 1.3/
35. 384
35.36 - 11.367
I 1 —— — I o e e e T
-3 -2 -1 0 1 -3 -2 -1 0 1
dp7n %] dpp [%]

Nonlinearities in Light Sources
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Second order sextupole optimization

[ Including real beam pipe limitations (+/-40 mm wide, +/-20 mm high}

Horizontal:

X

Vertical:

Poincare Plot of phase space
|

coupling
suppressed

v

X1 <

.ﬁO mm

linear motion
almost restored

IX" 1< 1,45 mrad Y|

SEAY

8 mm

Limitation from 80 mm x 40 mm vacuum chamber (linear)

Nonlinearities in Light Sources
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Summary

‘ Sextupole pattern optimization strategz/l

e decouple chromatic sextupoles
— careful placement of SD, SF families

e exploit symmetry and periodicity
— back tolinear lattice design and machine layout

¢ Install “harmonic” sextupoles
— = 4...8 additional families [in straight sections]

e minimize all 15* order and some2™< order terms
— sextupolar resonances, tune shifts with amplitude2&fidorder chromaticities

e check by tracking
— dynamic aperture scans — also include misalignments antmial errors

e Iterate...

Nonlinearities in Light Sources
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