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1. GSI and FAIR project
2. Upgrade of SIS18
*¢ Robustness requirements of SIS18 Closed orbit feedback (COFB) system
3. Global orbit correction methods
* Harmonic analysis of the perturbed orbit
% Singular value decomposition (SVD) of response matrix
¢ Missing connection between two methods
4. Exploitation of Circulant symmetry in response matrix
s Simple symmetry
** Nearest-Circulant approximation
= Application of symmetry exploitation for subtracting the dispersion—-induced orbit
shift
s Block-Circulant symmetry in response matrix
5. Characterizing the effect of model mismatch on orbit correction
¢ Demonstration in COSY synchrotron Julich

6. Summary
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GSI| and FAIR: brief introduction

GSI
e UNILAC(2-11.4 MeV/u) GSI Helmholtzzentrum fur Schwerionenforschung
 SIS18(0.010-2 GeV/u)
_ ) Heavy lons-
* Experimental storage ring Synchrotron
(ESR)

* Fragment separator FRS
FAIR

* GSI and SIS100

 SIS100 (0.2- 2.7 GeV/u)

acility fo;a ﬁltlpr% anrd_lon Resea_r_gh 515100 Specialties
"’ e * Large range of ions (p to U)

* Variable charge states

e Ramp rates more than 10 T/s

* Variable ramps (0.1 to 1s)

* Magnet power supplies start at

3% of full power at injection

R | W e * Beam size few cm
o - - ¢ : 4,u.(. L“:-::g;‘f_ AR 4:""' e . .
— S S
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SIS18 upg rade (as booster ring for SIS100)

(Hz)

Parameter/Time Today FAIR
Booster
Reference lon U73+ Uzs+
Maximum Energy 1 0.2
GeV/u
Maximum Intensity 4x10° 4x10"
(lons per pulse)
Repetition Rate 0.3 — 1 2.7

*

at high intensities
s Vacuum improvements to avoid beam losses due to residual

gas pressures

¢ Higher to lower charge state to avoid space charge effects

SI1S100

BPM

metal coated
Al; 05 tube

vertical
BPM

horizontal
BPM

diagonal

** More control on beam quality to deliver more intensity

to SIS100 (Closed orbit care)

cuts
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Closed orbit perturbation (distortion)

Perturbed orbit due to single error

J(s) — g YEGIE®)

_ezgmﬁ%a<m%m®)—%d—”Qﬂ

% is the kick provided by field error

S (s) is the beta function at kick location
u(s) is the phase advance

Q is the tune of the machine

N
(o) = Y 0, LB
i=1

einGeg,). <31 — ksl = mQY)

[Y]mx1= [Rlmxnl[Olnx1

R is called the orbit response matrix

===l >
11/14/2018

Workshop on “Next Generation Beam Position Acquisition and Feedback Systems S.H. Mirza



Closed orbit perturbations in SIS18

At injection During ramp Static perturbation
| T 293 BVS " ' | | |
| . o Tinl[‘lllgj'.l;} BPM su | 0.0 ... Bifi Siza [bunchies]:| 1000~ Paint in Time:| e mis grmax: ¢
4 m = Time: 12:33 BPM 7 || H |
s+ a Time13:13 BPM 7 —05 6 [  horizontal

o

3l 5 X *
R RN RN RSN
9L ' |

position [mm]
[ 17} o

o)

Horizontal Position / mm
(S
Horizontal Position / mm

_25 [
oL . | 12| pe el s
F, hl —3.0F T
—1 L . . : _an . . . .
0 2 4 6 8 1(C 0 50 100 150 200 250
Time (ms) Time (ms)
Fourier Transform Fourier Transform
o —— BPM 8 || —  Vertical
) - | —— Horizontal
z 008y ; 0.06 |-
-%D 0.04 ED \ !
; — 0.02 < g 4
0.02 ’ !/ .
T
.00 ).00 /
0 05 1 15 2 25 3 35 0O 02 04 06 08 1 1.2 ’
Frequency (kHz) Frequency (kHz) Wall thickness = 300 pm
=== 1 6

11/14/2018 Workshop on “Next Generation Beam Position Acquisition and Feedback Systems S.H. Mirza



Features of planned SIS18 COFB system

On-ramp orbit correction is planned
lons have no synchrotron damping to restore beam quality at high energy

triplet doublet

I | -~

SIS18 ceII ol Ky T ]
el | ek
I | g-o2s — Kl

[ s e [
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R. Singh, PhD Thesis, TU Darmstadt 2014. =31 7
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Features of planned SIS18 COFB system

¢ Online updating of the machine model?
** How many models required for a given ramp?
% Do we really need to update the ORM?

% What if we use wrong ORM for the orbit correction and what are boundaries?

Uncertainty modeling Orbit correction methods

. —— BPM1
model-variation over 206MB BPM2
—— BPM3
—— BPM4
BPM5
—— BPM6
BPM7
—— BPM8
BPM9
BPM10
—— BPM11

Horizontal displacement (mm)
o

-10 BPM12
. —10f
S oot . . . .
20 sinusoidal excitation on one corrector
< —30¢
A0 . . . . . . . . 50 100 150 _ 200 250 300 350
0 4 8 12 16 20 24 28 32 Time (ms)

Peak current [, / mA
R. Singh, PhD Thesis, TU Darmstadt 2014.
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Outline

3. Global orbit correction methods

X/

*%* Harmonic analysis of the perturbed orbit

% Singular value decomposition (SVD) of response matrix

% Missing connection between two methods

SN °
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Harmonic analysis (global correction)

y(5) = 6 5520 cos(lucs) — sol - 70, —~
g VAYAVYA

n = tcosQ(lo(s) — sl — ) NS
n

n=t Z(ak,r cos kg + oy ; sin k(p) 1 20
k=1 %= o Q% — k2

=)
o0
-

* Modes to be removed (corrected) are .
/\\\

selected before-hand
*» measured orbit is fitted over corresponding
mode e.g. modes around tune frequency
strengths are proportional to the

o©

n

—
_

e
~

\
\\H\
/

Fourier coefficients
o
w

+* Corrector
Fourier coefficients
** Mathematically complicated procedure

L.H.Yu et al.“Real time harmonic closed orbit correction”, Nucl. Instr. Meth. A, vol. 284, pp. 268—285, 19i§2_=
= | |

o
o
N

Fourier mode frequency (k)

10
S.H. Mirza
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Singular Value Decomposition (SVD) R =UsV'

0.5

Features of SVD 0 o.oW
-0.5
U and V matrices form the BPM and corrector . ©5
A"‘ 0.0\\\///\//\\\/
spaces. —gg
1 oS SASNNK
% SVD can decompose and invert (or pseudo-invert) ~ o
. 0.5
“any” matrix Y 0_0><><><>Q<>Q<><
¥4
. . . -0.5
s A robust algorithm for global orbit correction 0.5
(ﬁl 0'0\\\/\\/
V4
-0.5
Benefits of SVD over harmonic analysis N ﬁim
1o
** One needs not to select the modes to be corrected ‘gg
Tel
. . . I 0.0 i
before correction: decompose in all possible modes =~ . CCCC :CCOC
0.5
% “simple” matrix inversion o 0_0><>Q<><><><>@<><
Y4
oM - - - - 05 4 6 8 10 12
«* Mode-by-mode correction is still possible through BPM or Corrector index

Columns of U:Black
Columns of V: Red
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selecting certain eigenvalues
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Weaknesses of SVD

S. Gayadeen, “Synchrotron Electron Beam Control”, Ph.D. thesis, St. Hugh’s College,

Fourier coefficients

U and V are interconnected through a phase relation

Over the ramp, updating of all three matrices required

Uncertainty modeling is required in all three matrices

Time complexity of the order of 77, n being

dimension of matrix

Loss of physical meaning of modes (interpolation )

Fourier coefficients of harmonic analysis have been

proposed for uncertainty modeling
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Fourier mode frequency (k)

University of Oxford, UK, 2014.
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Outline

4. Exploitation of Circulant symmetry in response matrix
s Simple symmetry
** Nearest-Circulant approximation
= Application of symmetry exploitation for subtracting the dispersion—-induced orbit
shift

J

** Block-Circulant symmetry in response matrix

== 1L 14
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Symmetry exploitation in SIS 18 vertical ORM

lgbpml = ﬁbpmz = ,Bbme ------ = ﬁbpmlz
Beorr1t = Bcorrz = Bcorrs - - = Beorriz
Apppm= constant SIS18 lattice

(out of scale schematics)

Alcorr= constant

Each row is cyclic shift of previous row

Such a square matrix is
called
Reference: Philips J.Davis, Circulant matrices, (1994 ), Chelsea Circulant Matrix

All diagonal elements are identical
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Diagonalization of a Circulant matrix

ID\l 1\2 ID\3 1\4 ID\n
Rn Ri Ry Rz -+ Ry Inverse is straightforward
p=—|Bn-1 Rn R Ry Rn-2
Rn—2 Ru-1 Ry Ry Rn—3 R l=FH1F
R, R; R, Rs R,

H1 =diag(aik) k=1...n

n-—1

— : — —j2ki/n
O = Urk"‘]Uik—ane] /
7

Standard Fourier matrix

\ 1
mM ™, )
Il 0 p . .
1 L
F, i - Fy 1[0, 01[F, - Fq, I
R=]|: : POy : : oo
_1 __,'\\‘_‘.'
le me 0 e Oy Fnl an ~ I—=
I 0
x " *
— : 2mtkm N ]:
Fy = Fye + jFs F, = sin( + <pk> I 0 " SN
-1 4 6 8 10 12
BPM or Corrector index
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Equivalence of DFT and SVD

Ry - Ry, Fiy = Fyllor = O1[Fu1 - Fu

DFT: : " =1 : K : t 0, : - :
le Rmn le me O O-n Fnl an

0.5

EO'O\/\/

-0.5

0.5

EQM/—\\MJ//hX\\A

Tos @ 4 = phase(oy,)

-0.5

0.5

Eo.o>®<}<><><><>@<><

-0.5

2 4 6 8 10 12
BPM or Corrector index

Ry - Ry, Uy o Ulst = OV = Vi,
SVD: S B 5 PoS, P
le Rmn Uml Umm O Sn an Vnn

Why to do SVP when Circulant summetry exits?

Herbert Karner et al. Spectral decomposition of real Circulant matrices, Linear Algebra and its Applications,
Volume 367, 2003 = 17
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BPMs

Nearest-Circulant symmetry
SIS18 horizontal plane
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Dispersion effect in closed orbit

Mismatch between RF frequency
and the dipole field

Ap
Axp(s) = D(s) ?

Ax = Ax,, + Axp(s)

an attempt to correct it can saturate the corrector magnets.

A DC shiftin
closed orbit

2.8

g
o

Ing
kS

it
(%}

Ap
T Axp(s) = D(S)?

Ax = Ax., + Axp(s)

SIS18 dispersion ffunction
5 5 B

Iy
kS

50 100
Distance (m)

150

Rt =] Ax
i
e LA B BN
I 0
|
=== I
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Induced dispersion and closed orbit in x-plane
Experiment at SIS18
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Block Circulant symmetry

SIS100
225 — Wi eta beatin .
20.0 P ,-"1‘ \ — vai::obuttbebta tt)eagting , | RBC = Cer(Al, AZ, A3, - An)
e ! ‘ a | n-—1
EIS.O v A . | A ) .
Sis U | Y Rpc = Z(”m X Agy1)
10.0 =0
75
>0 200 300 200 500 600 700‘ RBC — (Fm ® Fn)dlag (Ml’ M2‘ M3’ Mn) (Fm ® Fn)

Longitudinal distance "s" (m)

M, 0 O 01
0 M, 0 0
D= 0
. 0

[0 0 O M,

R+BC = (Fm X Fn)(D+)(Fm X Fn)

Circulant Matrices by P. J. Davis = i 22
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Outline

5. Characterizing the effect of model mismatch on orbit correction
s Demonstration in COSY synchrotron Julich

6. Summa
i = 2
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Characterizing the effect of spatial model mismatch
concept of spatial bandwidth

SIS18 is a unique synchrotron in terms of flexibility of operational scenarios.

Variable optics ————>  Orbit response matrix variations

0NV A WN

¢ How much ORM variation we can live with?

= O
o

— 11
12

zontal displacement (mm)
|

Hori

% How to quantify the effect of “wrong” model on
Orbit CorreCtion ? ) 6‘: ‘Jscl;o ‘ 10000 15000 20000 25000 30000 35000 40000

Measured Source of orbit perturbation

. Corrector
orbit .
Reference settings ,
. A residual
orbit 0 9

0 _>+@__> > >(H—> 1
Controller * R™1 G(s) =g(s)R
L/
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Characterizing the effect of spatial model mismatch
concept of spatial bandwidth

SIS18 is a unique synchrotron in terms of flexibility of operational scenarios.

Variable optics ————>  Orbit response matrix variations

0NV A WN

¢ How much ORM variation we can live with?

Horizontal displacement (mm)
|

% How to quantify the effect of “wrong” model on
orbit correction?

5000 10000 15000 20000 25000 30000 35000 40000
Time (ns)

Source of orbit perturbation

Measured orbit Corrector
settings
Reference e residual
L/
I=== 1 26
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Characterizing the effect of spatial model mismatch
Mathematical treatment

Let O[K] is the controller output at k™ iteration

Olk] = 0lk — 1] + ae[k] + be[k — 1] + ce[k — 2]
where,

kq T, 2kg4 ky

+ = (— T =
Ts) b= (—kp + ki~ Ts) =

Source of orbit perturbation

Measured orbit Corrector
settings
Reference e residual
L/
I=== 1 27
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Characterizing the effect of spatial model mismatch
Mathematical treatment

0 = R’—lAZO 5 Corrector settings

r1 = Az — RO —> First iteration residual
7"1 == AZO - RR,_lAZO

T‘1 - (I - RR,_l)AZO

r,=(I—RR™MD"Az, 5 n" iteration residual (n costs the bandwidth)

Source of orbit perturbation

Measured orbit Corrector
settings
Reference e residual
U/
I=== 1 28
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Characterizing the effect of spatial model mismatch
Mathematical treatment

© = R'"1Az;, ——— Corrector settings
r1 = Az — RO —> First iteration residual

Tl = (I - RR,_l)AZO

|

|
r,=(I—RR™MD"Az, 5 n" iteration residual (n costs the bandwidth)
S=J—-RR1) - Spatial sensitivity function

S = PAGP!
r, = (PAGP™ 1Az,

- aes o o o» ov or o or o o or o o or o e oy

!
|
: A <1 Correctability :
1, = P(Ag)"P1Az ! '
n = P(As) 0 A =1 No correction |
!
ST T T T TT oo l ! |
' e~ (1= Agad M Rrp) ' M&>1  nstability !
'— _____________ d | :
I=5= N 29
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On-ramp model variation in SIS18
Simulations: Orbit correction using injection ORM

—— Reference Q,

S=(I—-RR™D
S = PAGP!

—— 50 Hz filter, AQ, = 0.010

% I— .
%0_31R 1 y —— 35 Hz filter, AQ, = 0.020
= 7 —— Reference Q,
0.2 —— 50 Hz filter, AQx =0.018
! —— 35 Hz filter, AQ, =0.032
0.1
0.0
0 20 40 60 80 100 120 140
Time (ms)

A = (1= Agd g p)

50 Hz filter, AQx =0.018
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) T
Il
ol 01 = AL Il il
40 .H t Reference Q,
+ 50 Hz filter, AQ, =0.010
30 .m t 35 Hzfilter, AQ, = 0.020
.mm I Reference Qy
t

o .
£ 0.00 K1,
g-025 — Kt i
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—0.50 ———— Time (ms)
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Time (ms) i 30
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Effect of wrong model on the orbit correction
Experiment: y-plane of COSY synchrotron Julich (31 Oct201 8)

ORM was varied as a function of betatron tune (3.52 — 4.18) E¢ p
Machine tune was 3.62 3
f2
Ratio of the RMS of first iteration to that of 390 it 121
€28 l 0 ¢ g 10 12 14 16
140 . —~ 2.6 1ot by — - —_ lterations et
— Experiment E%E‘ £20 [ \/
—_ 22,0 £24
¥ 120:| «——~ Simulation ;18 222 b / |
D _3.0—Qx=3.63,Qy=3.53 t14 ® 0 5 J0 15 20 25
E 100 £ Vw12 é@tions /
— :2'5 10733256 7 8 \‘
o E 2.0 Iterations et
_'E 80 U:15
§ E1.0
S 60 " Cremtins” oo
o
)
©
g 401
[
= 20!
95 3.6 3.7 3.8 3.9 4.0 4.1 4.2

Vertical tune (s)

Thanks to Lorentz Bernd and Christian Weidemann for helping in the experiment.

SN 3!
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Summary

1. On-ramp orbit correction is planned for SIS18 synchrotron of GSI

1. Symmetry exploitation in the ORM can result into faster matrix inversion than SVD

2. DFT based diagonalization also gives physical meaning to SVD modes

3. DFT based diagonalization provides the missing connection between SVD and harmonic
analysis

2. Nearest-Circulant approximation can be made for slightly broken symmetries

3. Block-wise Circulant symmetry can also be applied for larger lattices (more than one
BPMs per cell)

4. Spatial sensitivity function is defined as tool for the quantification of the effect of model
mismatch on the orbit correction

5. 2 to 3 ORM will be required over the ramp orbit correction for SIS18

6. Application of spatial sensitivity function has been demonstrated in COSY synchrotron Julich

| would like to acknowledge Dr. Guenther Rehm for nice discussions
during my visit to Diamond Light Source
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