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Quick overview
Challenges in term of beam dynamics
Figures of Merit

LOW-EMITTANCE RINGS

‘LLJ I Laurent S. Nadolski  Beam Dynamics meets D,ivé’;é’]nc‘xﬁcs,.:4-6 Now. 2015



Ultra-Low Emittance Ring:
reducing the horizontal emittance
Transverse emittance control

« H-emittance given by lattice
» V-emittance control by coupling

Light Sources Colliders Damping Rings

High flux Increase luminosity Low emittance for

Spectral brightness ~2 nmerad (SuperB injecting in colliders

High transverse coherence HER, superKEKB)

5-500 pmerad/1 pmerad ILC (500pm/2 pmerad),
CLIC (100 pmerad/1

B > 1022-1023 ph/s/mm?/ L > 1036 cm-2s- pm)

mrad?/0.1%BW

B Nph 7 o N frevIN1N2
dtEEE0. 170 AN/ A e ks

r
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BRILLANCE = Figure of Merit for a new class of light
Sources: Diffraction Limited Light Sources (DLSR)

F, (A K? Aol
By (1) — 2 =Ll )0, K B0
(2”) (szz)( 'xz'z) 4+2K7 @€
2 \/0r+0)2c,z(e ) xz \/0r+0xz
e, (1)=0,(A)or, (4)= 2 e.-(e=)=0,.(e-)0,.(e-)
4
Ex,z
Single electron emittance: Oy~ 8x,z/))x,z \/ﬁ“
Diffraction limit
(Gaussian beam) 8 pmerad — 10 keV (cas le plus simple.)

Optimum brilliance is obtained when electron beam and photon beam ellipses match
In both planes (specific § function for adaptation))

B,(3)=—y 1)
Ar (e, + A, 147) (e, + A,/ 4)

photons

VsS.

ﬁﬁ
\ /i

S E R Electron-photons ellipse matching
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Today's light source chart

Nearly 80 facilities producing synchrotron light

A
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Survey of low emittance lattices

1.0E-06 Based on 1980 Know-how
CEANDLE Based on state of the art
10807 :Am SLS. technologies
g SRF
5 o0s ELETTRA UNSOLELU gy s 25 Spings SuperKEKB
g ' Alsu ® °-° SuperB N
g RF-I
1.0E-09 P
S) \‘APf ° Pep-X
§ SpﬁN
g 1.0E-10 Pep-X + DR
£
i « 2015 MAX-IV, 328 pmerad 3 GeV USR
WET 102016 SIRIUS, 280 pmerad 3 GeV . e~
« 2019 ESRF-Il, 150 pmerad 6 GeV
1.0E-12
100 1000 10000
Circumference (m)

Update from R. Bartolini LER 2014

SHEE |
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. 1
|e§f° = F(lattice)Cyy?0° —il
Ng

FODO

DBA Double Bend Achromat

TBA

TME

Lattice Design for LER
Linear lattice unit cell

I EIONIORE
’ Ty j;l/p(s)2 ds

Magnets types

K-dipole Gradient dipole

w/ and w/o h-dispersion

Triple Bend Achromat

Hybrid

MBA (1993, Einfeld)

S5BA

/BA

9BA

Theoretical Minimum Emittance

SuperBend SC dipole

L-dipole Long. Gradient dipole

PM PM dipole
Anti-bend  Negative dipole

Nonlinear lattice

Chromatic Sextupoles (2)

Multi Bend Achromat Harmonic Sextupoles > 5-10

HMBA Hybrid Multi Bend Achromat Higher multipoles

Laurent S. Nadolski

Octupoles (MAX-IV, ESRF-II, etc.)

Beam Dynamics meets Djggndfics; #*6'\Naw. 2015 8




From Simple to Complex and Compact lattices ALS case

=@ 1.9GeV TBA
N ony

f\ ! /
[\ ¢+ [\
A
J

|
|
r

N2nsertion Sh-g U2 raetion suqn

*MWHIMH

—lrs efan Syprenetry Port

2 E2 C, = lattice constant

e =C £, —5 N, = # dipoles
@ C C = Circumference

9BA

Do persion farchon

Fertion Strag
- R
< g K >
iy efon, Sprenetry P ord '

Simple lattice with 2 independent families of sextupole magnets to lattices with many
families or individual of sextupoles, n-poles (octupole, ...) = strong nonlinearities

<

P |
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Criteria for optimization

Large Twiss function control Strong focusing Small or zero

Beam current Chromaticities wall| dispersion in S

High brilliance, transverse coherence Low dispersion Resonancesl
(strong Sextupole)

Small emittance| |Small eff. emittance

Non-linearities

Compactness
Number of straight sections Injection efficiency
All magnets in one [Dynamic aperture (DA)

Lattice Robustness

: . Touschek Lifetime
Magnetic, alignment errors (Momentum aperture, MA)

ID Configurations

Fil Optimizing together On & Off momentum Dynamics
S r ) Laurefit S. Nadolski ~ Beam Dynamics meets Dyagndfics; #*6\Now. 2015 10



Criteria for optimization and limitations

Round beam

Local control of emittance
beam size

Time resolved, flux, brilliance

Based experiment

Multi-purpose facility
Lattice flexibility

Couplin
Diffraction limited AL

Coherence (V, H, L)

Adaptation photon
electron ellipse

Bunch length Dipole-based IBS|| Low-Z || Single/multibunch| | lon driven Inst
(Short/long) beamline ow J | '
Collective effects
New injection schemes Microwave TMCI, RW
(On axis, swapping out, MIKs...)

Minimize & localize
Top-up beam losses

Non-linear
On and off

momentum

dynamics
t er l -
> L Laurent S. Nadolski
liﬂl'l’.lll‘.h’

Momentum compaction-wall (High current)
(instabilities threshold, Longitudinal dynamics)

Linear optics for
High charge, and
increased the
instabilities
thresholds

y

Transverse and

longitudinal
dynamics

P

LIS e § .
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Optimization tool progress of the last decades

Symplectic Tracking based methods S LEIL
SYNCHROTRON
from L. Nadolski,
DA, MA separated DA, MA together ICFA LowEring,
AG.1. 'hh.—:n:‘:’:m-tm-::‘d‘: OXfOfd 7/13
Direct tracking based optimization GLASS Analytical based method
Genetic Algorithm Lie Algebra/Differential Algebra
MOGA
Resonance Driving Terms | | Amplitude Tuneshift
Frequency Maps : RDT minimization minimization
FMA Nonlinear ,
Diffusion factor “ OCO” Canceling T 1. Phase advances
Sextupole ééé l
Interleaved
Resonance identification Resonances | - ﬁ E ﬁ n ' h ' I
. sextupoles
Robustness to magnetic, alignment errors Robustness ID configurations

Tracking codes:

Eell
r Laurent S. Nadolski

PTC MADXTRACY AT LEGO OPA ELEGANT

Beam Dynamics meets D}aﬁn&fés‘;ﬂﬁ Now. 2015 12




Non-linear dynamics
What is included in the Model?

Tracy Il & MADX/PTC track exact (SOLEIL)

Tuneshifts with amplitude from MADX. Redigreen: with fringe field. Dots: tracy |, lines: MADR+PTC

« Systematic multipole errors

— Large momentum acceptance, large
dispersion function - high order multipoles

 From magnetic measurements:

— Add true m-poles (both systematic and non
systematic)

— Dipole: fringe field, gradient error, edge tilt
errors

— Quad.: fringe field
e Beam based

— Multipoles deduced from turn by turn
measurement, off-axis field integrals

— Coupling errors
* Insertion devices

— Taylor expansion

— Radia kick maps

— Sorting magnets: Genetics algo.
« Collective effects

0215
0211
0205}

2 02}
REE

019t

T L s s T
4 T S S S S
\) t T'J l . . . 8 -6 -4 -2 0 2 4 B
=1 Laurent S. Nadolski Beam Dynamics meets Diagnotics, 4-6 Nov. 20 oy offset (%) 13




» Tracking codes for storage rings

* Frequency Map Analysis (FMA): concept true for model and
online measurements

TOOLS AND FOR OPTIMIZATION
OF NONLINEAR DYNAMICS

' r
> tLJ l Laurent S. Nadolski ~ Beam Dynamics meets Djagndfics; #*6\Nov. 2015 14
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Tracking codes for numerical simulations

 Long term tracking based on symplectic integrators
— Implicit or explicit schemes
* Popularized by Ruth and Forest 1983-1990, use of Lie Algebra
(Neri, 1988), Yoshida techniques (1990), Channel and Scovel
(1990), Mclachlan (1995), Sanz-Serna (1998), Laskar integrators
(2001)
— Preserves energy, bounded errors,

— Phase stability
— Used by MADX/PTC, Tracy, OPA, LEGO, ELEGANT, etc..|
Perturbation Theory, v » 0.25 -4 R JFH T
5 I — -
) */ﬁ***
. A
R e
3 P
z 8 //;* =
L 9 /j***
R —
11
44 12 4 08 -06 -04 02 0
3 0 3 3 0 3 log1Q(s) y
i mm L S. Nadolski et al. EPAC’02

r
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A brief History of Frequency Map
Analysis (FMA)

@ For many centuries, the motion of planets in the Solar System was
considered as perfectly regular.

@ In 1988, ]. Laskar (Paris Observatory) published evidence of
chaotic motion in the Solar Systems using a new method called
Frequency Map Analysis (FMA).

o FMA was successively applied to the study of dynamics systems
such as (short list)

o Stability of Earth Obliquity and climate stabilization (Laskar,
Robutel, 1993)

o Standard application (Laskar, Floeschlé, Celleti, 1992, Laskar and
Carletti 2000)

o Galactic Dynamics (Papaphilippou et Laskar, 1996 and 1998)

o Accelerator beam dynamics: lepton and hadron storage rings
(Dumas, Laskar, 1993, Laskar, Robin, 1996, Papaphilippou, 1999, ...)

LLJ I Laurent S. Nadolgki  Beam Dynamics meets D,ié‘@né&ics-,:4-6 Now. 2015 16



Computing a frequency map

Frequency map:

Configuration space

F': (X0,2p) ==(VyV,)

Phase space

Xy = 0 :
Zy 1 z,’=0 Z 1
Iy
D -
Xo  Tracking T l
v
Tracking T 1 = | NAFF
Phase space Frequency map
VZ resonance
NAFF I
> |
5 v

X’M'
—

v

SOIEE | |
— — - - Laurent S. Nadolski  Beam Dynamics meets D,lva‘gno&ics-,.j4-6 Nowv. 2015
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On-momentum Dynamics --Working point
SOLEIL lattice (18.2,10.3)

10.32

10.31
Bare lattice y

(no errors) 103 =

A%

10.29

188V “Vig3f

18. 22 18.23

: : .f
WP sitting on 2-510 -9 8 7 6 5
resonance node  — e —— 1 _
v, + 6v,= 80 = _
Bv, = 91 é . .. »
e 5 '.'l;'f‘-.:"-l-;” | |Il“i '-'Lﬂ«:”r“‘t:‘,”\ “’fﬁ
2v, +2v, =57 Il it I‘fﬂhl In

20

- ] — 4V =73
i o I V-4, =23 RiESt64
3L | "
N r | : Laurent S. Nadolski

Beam Dynamics meets D;aéné&rés, A6 \Nov. 2015

25 30
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Frequency Map Analysis:
ALS and BESSY-II

ALS linear lattice corrected to
0.5% rms pB-beating

6.75

P. Kuske (BESSY-II)

BESSY-II with harmonic sextupole
magnets, chromaticity, coupling

6.75

FM computed including residual Oy y
f-beating and coupling errors ¢ 74 6 74
o ”ff ;ﬂ;ﬁ 6.73 6.73
B.1¢ -:?% .:'-u;_
Vy ;},f::::“:é?? 6.72 - 6.72
.14 .%% ‘w
8.12 »giém a 6.71 6.71
s R d
| DX | | DX | | 6';.??.83 17.84 17.85 17.86 6'1?'?.33 17.84 17.85 Q 17.86
ALS measured ALS model BESSY.| " 4 BESSY.I d‘ |
. -Il measure -llm
D. Robin et al PRL 85, 3 (2000) ode
A very accurate description of machine model is mandatory
« fringe fields: dipole, quadrupole (and sextupole) magnets
« systematic octupole components in quadrupole magnets N
Il o I
%&apo'ﬁ%mﬁr‘ﬁ%\“&%‘%&ﬁpoégém%"y‘%r%’.gs%@&!%%@}Pot.%?’i%’Q&'.%o%agnets 19

Courtesy C. Steier (ALS) P. Kuske (BESSY-II)



Particle behavior after
Touschek scattering [\ . Chromatic orbit +98

Closed orbit
X= /Ax/)’xl+7705 !

, e Chromatic orbit —o6
A.~= on(mé)Q +20!xo(7705X7705)+/3x0(7705)

Amplitude space

18 : T r 8.25
14r N
8.2
12+ /
107 815 ,
= /
E 8 » /
o 8.1 ‘f
8t | J
4t {
8.05
2 L
1 1 8 1
-0.02 0 0.02 141 1415 142 1425 14.3
& . P ALS Example X

-3 PR
> t o ) l Laurent S. Nadolski =~ Beam Dynamics meets Dja‘gjn&fosaﬂﬁ Now. 2015 20



Off momentum dynamics

3v,-2v,=34

10.5 e froneenens e

z

10.45§—3§v,;+v-=6:-5--------.---§ ------

1 D
18.2 18.22 18.24 18.26 18.28 18.3 18.32 18.34 18.36 18.38

== SDL/SDM
= SDC

= Achromat
v Physical

T,
h
N
"

Laurent S. Nadolski  Beam Dynamics meets Djagnaojics, A-6 Naow. 2015 21



The SOLEIL energy acceptance of the bare machine is large : +/- 4%.

Agreement of a few percents (typically a factor two 20 years ago)
Complete optimized linear and non-linear model

Simulations

Sk

1045

104

nuz

10.35

103}
10.25 i i i
18 18.05 181 185 182 1825 183 1835
nux

) 104
< 10 AAAAAAAAAA ‘ e 10.35
5. 44444444444444444 10.3 b M . ; A
* * B a : |
s ' ]
0 5 - <. i I , : e
6 dp/pﬂ(%) Meas u rements 18 18.05 18.1 18.15nux 182 18.25 18.3 18.35
Ll L Caurent S. Nadolski — Beam Dynamics meets Dya‘gn@c_s'?%ﬁpv

@wg!g etal, IPAC10



Resonance Driving Terms (RDTs)

ANALYTICAL OPTIMIZATION

» /3
&,_’:J l Laurent S. Nadolgki  Beam Dynamics meets D_iéénéﬁcs-,:4-6 Now. 2015
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The “standard method” for sextupole optimization

J. Bengtsson, The sextupole scheme for the SLS: an analytic approach,
Internal report SLS-TME-TA-1997-12

a) get the sextupole [+quadrupole] Hamiltonian:

—> f II[H2 -+ Hg( )] ds = Z h]klmp with Resonances
j+k I+m ) )
Rikimp ZNse’“ b3 L)y Ber By DP et (1=k)pan+(l—m)dyn}

Jj+k I+
Resonant Driving — [Zg‘*“ad(bg L)y Bz 3yn e (G—Fk)@zn+(l— m)qbyn}]
Terms (RDTSs)

p70

sext

h_Zlne +...quads for p # 0. . ] ImT “
QO

Sextupole,, <= complex vector: .

Length V,, = V,, (b3, L, B+, 3, D) n: >

Angle @, = &, (¢, + @) Re
o &, =0V n — tune shifts

o O, £0 —  resonances Courtesy of A. Streun
% Laurent S. Nadolski  Beam Dynamics meets Dra’gndMCS,A *6\Nov. 2015




.. 9 first order sextupole terms: adjust 2 real, suppress 7 complex...

First order sextupole [+quadrupole] Hamiltonian

e 2 phase 1ndependant terms — chromaticities:
1211001 — ‘I'] () [T‘ —) L / I — Z:qumj ([)) L )nv ’ )).r-n ] -

—_

(

qQ

Y. Nguad ( :
h'00111 — _Jyo [i 203 L)y BynDn — § n : (])'7 L)n"y-n ] - Sy

e

&I

e 7 phase dependant terms — resonances: 'Y :=h for N cells, N — o0 =—

|hjkl7np| az = (j — k) ay = (l—m)

]klmp 9 sin 77[(’_1-(;)5‘»("‘11 a l/(u)(u( 11]

|h23

ha1000 = /2.7{2000 — Qx
h30000 = ho3000 — 3 @

hio110 = hor110 — Qx 5 4

h10200 = hg1020 — Q. + 20y . 25

haooo1 = hy S

, _1222001 }9dB/d5 (0=AE/E) 0002040608 1.0
00201 = lgpo21 — Courtesy’of A. Streun

% Laurent S. Nadolski  Beam Dynamics meets Dlef’gno&ics A6'\Nov. 2015



... Still not the end: 13 more terms in 2" order: 5 real, 8 complex
(Pandora’s box has a false bottom!)

Second order sextupole [+first order octupole] Hamiltonian
Zn, Zm(bBL)n(bi’»L)m X (.‘371«. (I)?l .'Bma Om, - - ) + [Zq(b4L)q X (Bq, (ﬁq .. )]

e 3 phase independant terms — amplitude dependant tune shifts:

90Qz  9Qz _ 9Qy  9Qy
aJl, o9J, — 9J, 8,

e 2 phase independant off-momentum terms — second order chromaticities:
¢@ _ 20y

x/y — 062

e 8 phase dependant terms
— octupolar resonances:
hao000 — 4Q4 ha1000 — 2 O,
hoosoo — 4 )y hao110 — 2 (),
h2o200 — 2Q + 2Q,  hoosio — 2 ()

haoo2o0 — 2Q, — 20y ho1110 — 2

0.0 0.2 0.4

Courtesy ©:
. — T L Laurent S. Nadolski =~ Beam Dynamics meets Djagndjics; A6\Nov. 2015 26
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Tool for sextupole optimization (OPA)

ol
. Target Value Weight inc & Name K[1/m2] lock
Analytical cxim oo | o DN | v D [ iR
expressions v 500 oo GGG NN | sE il[-2.002 5] resl ord
for 1t and 2nd & e 29.92 e - (M +| ; sE = | N = I 7 g
or an 30x H30000 5.5 Y - EA -
SLA - res| off
Hamiltonian o o 20.12 R - RO = sisll7 10s oS
ax-20y H10020 B o |5 e T B 22 ze a2 ™
mOdeS- Qx+2Qy H10200 s.oo_jﬂ L g ﬂﬂl-3-760 2| 23] xes| o2£| ™
(J_Bengtsson) Ox H20001 29.32 TN - B | [ |SHB ﬂﬂli 427 2] 23] zes| ot T
20y HOO201 s 00000 BEl:o B - SSA g4 &l[-7.097 2| 23 res| o2 T
cex o o0 1ot S <IN +{ (S8 cdcf 72 sl e e
. cvor T 7.0 S - OO | Kmeci[E0 | defaK[pz
NumerIC . A0xx [bo0 | -1321.52 -jMﬂ v
differentiation v [TE " eo2.12 T | N -
for 1st,2nd.3d . wwow 150435 [ - B :| ~
Qx H40000 219630 ||| GG - X -
20x Hz0110 036 o1 || - EXO |
2 2Qy H11200 a725.54_j“ﬂ
Z (bj’l ) 20Qx-2Qy H20020 326?3.46_jﬂ
included in oo w0z, SRR - KX
- = g : 2Qy HO0310 1065. 63 || G - EXC -+
minimization .., 0.0 3a93. 41 [ - BN =

(58]

v

chromaticity

ervew  [-tooo.00 | 209.09 T | CRCI |
Swn (b3L) A2/ 1e3 0.06 »B]7.0

i Minimizer initial step |0.250

[1 periods Scaling [mm mrad, %7: 2Jx |30 2Jy IlD dpip |3 [Res]x10” |4_

crx ewe [rooo.00  222.40 [ - EXCIN -
Start Al . 63E+ Exit
ol M aourté . Streun
SXXE R
SYNCHROTRON!



Cancellation of All Geometric 3¢ and 4™ at design level

Resonances Driven by Strong Sextupoles
except 2v,-2v,

PEPX lattice Key: Phase advance between sextupoles
Third Order Fourth Order
5
1200 : ; : ' g X 10 . . :
—3v (1)) i —4v_[(2] )]
10007 fme] | _ —2v [(21)7]
£ g00l v g | Tz € 2v (21 )23 )
= —v Je1)"er) oSy v v [T )T
£ 600( —v 2y [(2J )“2(2;[ N E 4 —2v [21)2I )]
2 ' S — ?
& 400f » 3 4Vy[(21y)]
'QE 2 5 | EAN(CoN Yl
A < ‘ | \ \
200F N { I |
| It ‘.‘I'I'Ii 1; l-iul ‘i..‘ w‘ 'W‘ L H“ t i
0 300 loggm) 1500 2000 00 500 1000 1500 2000
s(m)
K.L. Brown & R.V. Servranckx Yunhai Cai
Nucl. Inst. Meth., A258:480-502, 1987 Nucl. Inst. Meth., A645:168—
174, 2011. There are still three tune shift terms.
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a, (m)

P, (rad)

Frequency Analysis of betatron motion

Example: Spectral Lines for tracking data for the Diamond lattice

310:

107 ¢

10

10°

10*

I
-;l_

X motion x10°
. = 5
)
€ o
QN
) 51
0 5 -5
x(m) x 10
- - v 10 r
X motion FFT

04 06 08 1 0
OX

Z motion
| Spectral Lines detected with
SUSSIX (NAFF algorithm)

\ | e.g. in the horizontal plane:
| | *(1,0) 1.1010-% horizontal tune
o xw +(0,2)  10410° Q+2Q,
s | *(-3,0) 221107 4Q
(-1,2) 131107 2Q,+2Q,
(-2,0) 9.9010% 3Q,
«(-1,4) 20810 2Q, +4Q,

Q

z

Each spectral line can be associated to a resonance driving term

J. Bengtsson (1988): CERN 88-04, (1988).
R. Bartolini, F. Schmidt (1998), Part. Acc., 59, 93, (1998).

R. Tomas, PhD Thesis (2003) Courtesy of R. Bartolini

Laurent S. Nadolski
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Founer transform

le-03 { 1

Resonance Driving Term (RDIN)WM

)
€
o -}
E g lr-(Nr 1
E oF i
= g
E RN 1
— Q.
= & D R B
= 2 0 1 2 L6 =02 0% 06 ox I
g X [ (um rad)'?) frequency [tune units]
) horizontal phase space Founer transfoerm
g 2 |+ =thos with betatron cnuplngu E‘ 103 M N ' N
= _ £ ] 1
® 5 §
E g Ir-lur 1
: , E " 8,
| | sextupole in bending = o
magnets: -1.77 T/m = -F B 1e-05 i 1
3 P T T SR SR SRR S e -
0 28 56 &4 112 140 168 196 224 2F =
- : - : - le-06 " -
sextupole number -2 . -1 O 1- 2 0 0.2 04 0.6 0s 1
x [ {fum radV'?1 frecuency ltune unitsl
E Ll L] L] ] L] ] L] L] ] L] L] L] ] . L L] L] Ll
= normal-quadrupole-like - 1 OV 44 .
= skew-quadrupole-like horizontal [ H(1.0)@0.44 vertical | 0. 1)@o0 .39
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Comparison real lattice to model

linear and nonlinear optics
Courtesy R. Bartolini

Frequency Maps and amplitudes and phases of the spectral line of the betatron
motion can be used to compare and correct the real accelerator with the model

\

Closed Orbit Response Matrix LOCO
from model g
fitting quadrupoles, Linear lattice
Closed Orbit Response Matrix etc correction/calibration
« y .
measured Closed orbit based

/

/ R. Bartolini and F. Schmidt in PACOS\

Spectral lines + FMA
from model ” »
f|tt|3%.sehxtupoées Nonlinear lattice
Spectral Lines + FMA and higher order correction/calibration
) ! multipoles
\ measured Turn by turn based /

~ Combining the complementary information from FM and spectral line should allow the ~—
calibration of the nonlinear model and a full control of the nonlinear resonances
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Optimization:
Parameter space large (ten-hundreds of parameters)
How to ensure the optimal solution was found?
Analytical is often a first step in the optimization process

Subtleties of beam dynamics (on/off-momentum,
symmetry)

1. Exhaustive search for all stable solutions
2. Genetic Algorithm based optimization

NUMERICAL OPTIMIZATION

r
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Lattice optimization

- GLASS - Global Linear Analysis of All Stable Solutions
-Scan for optimum lattice solution for highly periodic lattices

(few parameters)
D. Robin, et al., Physical Review Special Topics 024002 (2008)

A billion of lattices scanned with 3 quadrupole and 2 sextupole
families

After 1 day of computation, 1 million of stable solutions
*Then compute main properties of these solutions to build up a
large exhaustive database
Solutions sorted by emittance values, tunes, DA sizes,
momentum apertures but also brilliance

Give a global view of the lattice, very practical

r
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Low emittance

Low momentum compaction
Small beta functions in
center bend

Small horizontal beta in
Straights

Region 2a, kQF =3.2, kQD =-3.08, kQFA =3.18
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Genetics Algorithms based optimization

« Exhaustive and global scanning is not possible in a finite for most 3GLSs

* Indeed large number of parameters (~tens families of quadrupoles, of
sextupoles, individual. Power supplies)

* Genetic algorithms are a very promising solution
1. Based on direct tracking or real tracking
2.  Open new optimization windows
3. Give solutions never thought about
4. Beam-based checked

- Early work started since around 10 years at APS and followed by over
laboratories and starts to give practical results in simulation and/or online.

 APS (M. Borland et al), ALS, BNL, SIRIUS, SOLEIL, SLS, ...(all facilities)

r
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Genetic algorithm based optimizations for
accelerators

« Evolutionary algorithms (1971-today)

« Various classes of algorithms
— Single/multi-objective types
— Dominant/non dominant sorting (SPEA2, PESA, NGSA-II, ...)
— Pareto front optimality

» Multi-objective Genetic Algorithm (MOGA)
Multi-objective Particle Optimization Algorithm (MOPSOA) 1995

— Modern GA implementation (OPAL)

Interesting Recent PhD dissertations

« 0. Roudenko, Application des algorithmes évolutionnaires aux problémes
d’optimisation multi-objectif avec contraintes pastel-00000967 (2010).

* Y. Ineichen,Toward Massively Parallel Multi-Objective Optimization With Application
To Particle Accelerators DISS. ETH NO. 21114 (2013)

Laurent S. Nadolski Beam Dynamics meets Dydgndfics} A*6'\Nov. 2015
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CPU, GPU farms

Principal of GA
Objectives: MA, DA
emiitance... @
The general form of an optimization prob) :
v
=
\

Population t=0

Constraints: . @

beta-function,
phase advance, Variables: strength of

tunes, quadrupoles and
chromaticities sextupoles : Et*‘

Pareto,front

Mutation

I
Q0 :
E | . -
@ : Contradictory objectives
T 1
- » ' . .
low &0 ! Optimal solution
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Simultaneous Linear and Nonlinear Optimization

Tune:|21.67 8.63)
T T T

40

ALS ultimate lattice is used as an example: =
«7 parameters: 3 Quads + 6 Sextupoles
sconstraints: stability, positive partition number,
reasonable optics functions
3 objectives: emittance, betax and dynamics aperture
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Online optimization for nonlinear dynamics

> Diagnostics: proxies for dynamic aperture and lifetime

» Injection efficiency .
> Lifetime Y ‘1_9_11‘.,".}2,.1“ -

2.5 o

» Beam loss rate A ¥ 3000
> > 18 \ &/ 2000
o; ~—. i/‘ 1000
» Robust Conjugate Direction Search (RCDS) S xm

— SPEAR3

*  Applied to coupling, top-off transient, LCLS undulator taper, etc...
* X Huang, J. Corbett, J. Safranek, J. Wu, NIMA (2013)
*  Dynamic aperture increase >3.5 mm X. Huang et al., PRSTAB 18, 084001 (2015)

— ESRF (N. Carmignani, LER2015)

* 16 bunch operation: Improvement of lifetime 16.5 220 h
* Single bunch in hybrid mode: bunch current threshold 4 - 8 mA/bunch

r
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Conclusion and perspectives
Nonlinear beam dynamics optimization is still a challenging task

Theory
— Mature and modern tools
— Refined and accurate models (based on magn. measurements, alignment)

Beam based Experiments and quality of diagnostics (ease of use)

— Mandatory to cross-check/benchmark our model vs experiment
» Model upgrade, unexpected effects, difficult to model quantities, etc.

— Online capability to explore nonlinear dynamics (tune shift, DA, MA, etc.)

« BPMs are our eyes
— Single, collective beam dynamics
— TbT BPMs, Bunch per Bunch
— Small/large beam charge, off-axis beam position, many/few turns

— Online optimization (RDTs, GA, Injection, Lifetime)
— Continuous monitoring (feedback, alive machine with insertion devices free
controlled by users for instance)
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| Tribute to Michel SOMMER |

We have the very big sadness to announce you the death of
Michel SOMMER, arisen on August 4th, 2015, at the age of
80.
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He was an accelerator physicist of international renown,
expert in electron beam dynamics in storage rings and in
synchrotron radiation production.

He was working in the French LURE laboratory, and was
involved in the design, construction and operation of many
storage rings in France : ACO, DCI, ESRF, Super-ACO,
SOLEIL, but also in other countries : Italy, Germany, Brazil,
Taiwan, Korea, Jordan...

\@)VG all, Michel Sommer was an open and cultivated man.
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Thank you for your attention
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