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Fast ramping synchrotron = SIS-18 as Injector
for FAIR SIS-100

Feedback system project drivers:

GSI & FAIR

Parameter/Ring SIS18 SIS100
Circumference (m) 216 1084
Magnetic rigidity (Tm) 18 100
Injection energy 11 MeV/u for U?8* 200 MeV/u for U8+

70 MeV/u for protons

4.5 GeV/u for protons

Extraction energy

200 MeV/u for U28*

4.5 GeV/u for protons

2.7 GeV/u for U28*

29 GeV/u for protons

Beam intensity 1.5 10! ions 5. 10" ions
(per pulse)
5. 10'2 protons 4. 103 protons
Magnets Normal conducting Super conducting

Ramp rate (max)

10 T/s (variable)

4T/s

Repetition frequency (Hz)

2.7

0.7

Beam size

5-30 mm (MTI) (10)

20-30 mm (lo)

* Beam quality = Preparation for better control on the beam quality for users and support the upgrade plan for achieving SIS-100

intensities
* Machine protection = Higher intensity bring higher risks with off centered beams
* Machine set-up time = Dealing with cycle-to-cycle variations and reduction of machine set-up time
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Closed orbit perturbation and correction

Effect of a dipole perturbation on closed orbit perturbation is

"""" given by the following equation
VB(s)B(s)
w,(S) = ——; cos(u(s) — u;l — Q)6
dipolar error 6
‘M’ BPM \" P S: spatial co-ordinate along the ring
S ; dipolar error 6),: Unknown field error or corrector strength
‘N’ correctors closed orbit w,: Averaged beam position over several turns around the ring
' B: beta function
TR phase advance with respect to the defined position
Q: coherent tune in either transverse plane
N o —
B (s)B(s) '
I [ |
—Wy\(S) = - COS S)— U;| —TT 6
o()= ) oo eo s cos(uls) — wl ~ Q)6
Schematic of the SIS18 perturbed orbit n=1‘|y .
. . . . ,
12 similar sections each with one L7
. . , B
&Pl_\/ll\?ﬂdlszteerer (correction), Le. [Wimx1= [Rlmxn[Olnx1 [B]nx1= [Rlpxn [W]mx1

SVD based inversion

» R is completely determined by the location of steerers and BPMs and the quadrupole settings (for a linear lattice)
» ORM referred to as spatial model , and as long as the machine settings remain constant, it is fixed (usually!)
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Closed orbit perturbations in SIS18

At injection During whole cycle Rigidity
: - - 20 —— BPM1
51 =+ Time: 12:33 BPM 8 || gemz 6
= e e Time 13:13 BPM 8 151 o «—
g 4 = = Time: 12:33 BPM 7 || — o 51
~ s 4 Time 1313 BPM 7 10_*‘““’" o7
| . 5 y e e —— | 74
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LSRN & o)
£ oo | E oz sl
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s OF 1 — T T T T
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1 ‘ A A ‘ -10 Time (ms)
0 2 4 6 8 10 Ramping times from 100-
Time (ms) - —"100 200 300 400 amping times from 100-500 ms
Time (ms)
Fourier Transform
S 2 Ramp Start \
0.10 BPM 8 1 Xp = Dx _p
. p
<0 ' » Thin chambers to fast ramping, significant components till 3 kHz in the horizontal plane.
= oo | » In some cases, there are shot-to-shot changes/shifts in the orbit due to lack of synchronism
CG . . .
= o | between power grid and accelerator triggers or due to hysteresis of magnets

0 05 1 is 3 s 3 as » The mismatch between beam energy and dipole field is not actively corrected in SIS18 so
' Frequency (kHz) ' a dispersion induced orbit shift is observed during the ramp
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Challenges for SIS-18 closed orbit feedback system

quadrupole misalignments or

d(z) main dipole current fluctuations
controller system

wr =0 _ Aw(z) O(z) Spatial model mismatch (R™! vs RY)

w(z) 'I' r(z)
L bR ] g 2
T » Changing lattice and rigidity

» Differences between real model and machine
model
» Intensity dependent tune shift
system model G(Z) = g (Z) R > Intentional simplication of inverted ORM (Rg) for
computation simplicity or stability (circulant
symmetry, normalization etc.)

We can separate the spatial and temporal parts of the system model

g(Z) - gl(Z) BPM ""gm(Z)power supplies. gn(Z) correctors Transfer function g(Z):
» Quite of few components in the loop not measured
controller K(z) = k(Z)RE » Thin chambers for fast ramping of magnets,

frequencies upto 3 kHz visible in the beam motion

S.H. Mirza, R. Singh, P. Forck and H. Klingbeil, Closed orbit correction at synchrotrons for symmetric and near-symmetric lattices, Phys. Rev.
Accel. Beams 22, 072804, (2019)
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Spatial model mismatch: optics variation over ramp

R. Singh, O. Boine-Frankenheim, O. Chorniy, P. Forck, R. Haseitl, W. Kaufmann, P. Kowina,K. Lang, and T. Weiland, Interpretation of transverse
tune spectra in a heavy-ion synchrotronat high intensities, Phys. Rev. ST Accel. Beams, 16, 034201, (2013)
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Triplet-to-doublet transition over the ramp

) 0 *Kly
E *Kly, Typical quadrupole setting from
Y 2] *Kla LSA for 10 T/s ramp i
o
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W .E
g
®
>
I |
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Time (ms)

ORM variation due to triplet-to-doublet
transition over the ramp of 10 T/s

—+— Horizontal plane
—+— Vertical plane

Design considerations for COFB system

T
80 100 120

Nr—n "~ Time (ms) % How many ORMs need to be updated during the ramp to have a
= W";TQ") cos(|tm — unt = 1Q2) fast correction and avoid any potential COFB instability?
SVD v 5\, ¢ Can intensity dependent tune shifts be tolerated by COFB system?
Ry; -+ Ry, Uiy Umor = OV = Vi
: g =1 : o0, : :
le Rmn Uml Umm 0 o Oy an Vnn &
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Characterization of spatial model mismatch

For slow regime: When the rate of orbit correction is too slow as compared to the dynamics of
the system i.e. the system is in steady state before the application of next correction step

d(z) simulations for SIS18
controller system 0.6 | | | | |
—r(2) O(z) w(z) l r(z) "~ | Based upon
Ré:) 2 IR — quadrupole
strengths from
a typical ramp
0.4 B
R is the actual system model and R}, and inverse of known model

unit

7‘1 = (I - RRE)T‘O

«0; in x-plane
- p(M) in z-plane
+d; in y-plane
- p(M) in y-plane

arb.

. . (0.2
correction matrix M = (I — RR§)

p(M) = max{|A;|} Measurable: first iteration residual

The condition of COFB system stability is:

T1,RMS - - -
0y == 0 =1 0 2 40 60 80 100 120
0,RMS _
p(M) <1 Time (ms)
The spectral radius condition of COFB stability p(M) = 6,

Injection ORM usage for the full ramp will not lead to instability in slow regime in known model is the actual model!

S. H. Mirza, R. Singh, P. Forck, B. Lorentz, Performance of the closed orbit feedback systems with spatial model mismatch, Phys. Rev. Accel. Beams 23, 072801 — Published 6 July 2020
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COFB bandwidth and controller parameters

For fast regime: When the rate of orbit correction is comparable to the dynamics of the system

Delay free first order system model g(z) = Z (ﬁ)

Controller for such a system in internal model controller e.g. IMC approach

k(z) = [g(2)]? _Z(@) Z(z) 1s a low pass filter

1-Z(2) b

Z(Z) =2 (m 600 -

*semsitivity function R
disturbance to output controller parameter = 400

S(z) 2 [1+ g(@)Rk(2)R§]™? dependence on model ol
mismatch 200

_ 1-Z(2)

______________________________________________ 0

Spatial model mismatch plays a direct role in controller parameter determination

controller system

wr =0 _Awl(z) N O(z) w(z) l r(z)
O k(z)Rg

S, g(z)R —{T—
T

delay (us)
100 200 300 400 500 600 700
|

y
Y

Bandwidth vs. delay
(upper x-axis)

Bandwidth vs. p(M)

(lower x-axis)

0 0.2 0.4 0.6 0.8 1
p(M)

A less aggressive controller will keep COFB stable with reduction in correction bandwidth!

M. Abbott, Using an Internal model controller for electron beam position fast feedback ,Diamond Light Source, internal document, (2007)
S. H. Mirza, R. Singh, P. Forck, B. Lorentz, Performance of the closed orbit feedback systems with spatial model mismatch, Phys. Rev. Accel. Beams 23, 072801 — Published 6 July 2020
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SIS18/100 COFB hardware description

GDX design overview

Device Settings BPM, Magnet, Status data

BPM: Beam position module EVRx: ‘ _
. Event Receiver module
= FTRN: Fair Timing Receiver Node
! ‘ : Reference orbit 4>?
.| FTRN 4 BPM GDX SER | : GDX: Gigabit Date eXchange ACU module L
: : - >
H— 7 S l‘ .................... I .................... t ......... * SER: Serial communication module — (POWGI' Supply
1 A
Tin;in Pick-up GDX Corrector .
g signals grouping PS —
stulifstu'a SER module
| | | o *
%+ The BPM data is averaged over 100 pus (10 kHz) to obtain the orbit vl | v2
¢ Data is shared between all Liberas and is grouped in GDX module to form Cl | C2
closed orbit vector of size 12 in SIS-18 (84 in SIS-100)
¢ Controller is implemented in FPGA of the GDX module ¢ Two buffers are implemented for the online ORM and
¢ A “waveform generator” mode is also implemented in SER module for controller parameters update with 20-50 Hz update

ORM measurements rate

% The golden orbit and rigidity can be updated at the 10
kHz calculation rate

R. Singh et al., First beam-based tests of fast closed orbit feedback system at GSI SIS18, in Proceedings of the o
6™ Beam Instrumentation Conference (IBIC 2019), Malmo, Sweden, 2019 E 5 I 10
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Model mismatch over SIS18 acceleration ramp

Beam:*°Ar*18 Number of particles: 1.0E8 Injection Energy: 11 MeV/u Extraction energy: 300 MeV/u

e
§ W T =1 B
W LU S
=< Il IMMEITE | A MM MU ‘I;"“., VA ! qy”g'v|y’fi§" m 3
lg!vwiW”Mv!v!l!vv};h!,!v!mv:v'z‘z*:zs%z:w,v;.wn~ [
l‘;.ifq | | I ""l"‘” L 1-
— " 1101l ! U
" "'M" 0 100 200 300 400
~10:0 50 100 150 200 250 300 350 400 Time (ms)

Time (ms)

* The waveform generator implemented in SER module of Libera hardware was used for the excitation of the beam through all steerers
one by one for ORM measurement

* Excitation of 70 Hz and amplitude corresponding to 1 mrad was applied and the resultant response was normalized with the beam
rigidity (right figure)

* This method of ORM measurement is robust to any BPM offsets as well as provides the ORM change during the ramp

* A change in the response of the closed orbit over the ramp can be seen.

®
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Measurement of model mismatch over ramp for SIS18

Beam:*°Ar*1® Number of particles: 1.0E8 Injection Energy: 11 MeV/u Extraction energy: 300 MeV/u

The variation of the highest singular value of the measured The spectral radius of the .correction maFri.x i-?- p(M) =
ORM over the ramp p(I—R(t) RJé,in jection) With respect to injection ORM for

both MADX model ORMs and measured ORMs and =2
Significant discrepancy

40
—sk— 5]
Measured ORM —:—— fz
:—g\ variation over ramp —k— 54
2 30 - characterized by the =
= singular values e :?
£
L,
m -
é: 20
g
E
2 10 "
=
& —sf— with respect to MADX ORM
‘ ‘ 0- —sk— with respect to measured ORM
I T T i T T : T T R /' ! I I | T T i |
50 100 150 200 250 300 350 400 450 ©,measured 50 100 150 200 250 300 350 400 45
Time (ms) Time (ms)

®
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Temporal system 1dentification: transfer function measurement

Current monitor
Steerer & JERERRNIy
1 A N R EARIY =2 .1 -, L T,
Power supply » Vacuum ~ \ R
e LN % X
= — sinusoidal excitation of 0.7/ v ) N’
Chamber < simu (Z-':%ddl <-..u itation ].f 0.7TA | . *'-. LN 5&”
= linearized step response of 0.7TA SERY: W
= —10 4+ —— linearized step response of 6 A 7\‘- =¥ it A
= ) \ FEAAPLY, % \
_S —+— linearized step response of 12 A \ 1A | *-HI:' ir ﬂ'E %
No beam ) —+— linearized step response of 18 A \f '-j'.l 1A '.'TT |-_p:% k\(&
SCOpe —t+— linearized step response of 36 A 1 W j" +*' G B .
—20 N |’{ it (.
T TT7 T T T T T T TTT] T T T L J| T . T T # T T TTT
10! 10° 10° 10°*
T 0 — --_*—{‘u.
Signal generator BPMs SR
— - . *
COFB System |_— £ 1004 = \ X
. « &0 —— sinusoidal excitation of 0.7TA ™| T % R
1 ”P mOde ._%"_:, linearized step response of 0.77 A | Ml \ L
E 200 J —*‘—I?UL‘HI‘%}‘.[‘[i step response of 6 A 5'.' b \ .ﬁa "’s}@gﬁ
= —=— linearized step response of 12 A \ Ll L ke
. . . — —+— linearized step response of 18 A \ || ¢
» Signal Generator, Scope, COFB system are triggered with the _q00 ||| —linearized step response of 36 A VL
T T T T T T T TT7 T T T IIII T |I T - T T T T T LI
101 102 10° 104

same signal
» Steerer & power supply frequency response measured with
sinusoidal input and step input with several amplitudes

- Amplitude frequency dependence (Slew rate)

> BPM reSp onsc 9 3 _5 kHZ bandWIdth for Orblt data A. Reiter and R. Singh, Comparison of beam position calculation methods for application in digital acquisition
systems, Nuclear Inst. and Methods in Physics Research, A, Volume 890, p. 18-27.
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Temporal system 1dentification: transfer function measurement

Full open loop identification

Current monitor
Steerer &
Power supply » Vacuum g
R ——Q’“‘Q" " = po" =
4 chamber = 01— TN ik
2 LY
: 3 k'
Closed orbit £ . .
SCOpe g ——(.7TA sinusoidal excitation of steerer and power supply X
h 0.7A step response of steerer and power supply _.
_90 - —+— 0.TA sinusoidal excitation of full system I
|
T TT7 T T T T T T T T T T T T T T T TT7 T T T T T T
. T 10! 10? 10° 10*
Signal generator BPMs .
COFB System / } =S
in ,,P*“ mode = T .,
£ —1001 ‘\ %
5y %
« " : : 2 _200- L1 Ll N2
» The “full system open 100p response included in the IOOp are steerer power 5.1 —+—0.7TA sinusoidal excitation of steerer and power supply %
supply, magnet, vacuum chamber, BPMs and Libera hardware modules 87; step "“-“‘11“1?'“-““ of -**““‘1“‘; Ij“]lld power supply 4
> Measurement were done for injection energy and settings corresponding to —gop -+ Srsontal exeiation of JuT system
lo_wer currents . . ‘ 10! 10% 108 104
» Direct comparison between input and output signals were in “steerer space” Frquency (Hz)
» Some steerers were found to have different dynamics which pose extra
complexity for evaluating the COFB system and achievable bandwidth
=== 1 14
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First results: On-ramp orbit correction in SIS18

Uncorrected Corrected

— BPM1
15 - BPM2 151
— BPM3
— BPM4
—— BPMS

corrected orbit

— BPMG 10 from 50 ms to 350 ms
BPM7
—— BPMB
BPM3
—— BPM1D |
’é‘ —— BPM11 ’é‘ 5
£ BPM12 = COFB ON
> >

—— BPM1
BPM2
—— BPM3
—— BPM4
—— BPM5
—— BPM6
BPM7
— BPM8
BPM3
—— BPM10
—— BPM11
BPM12

¢ First attempt of on-ramp orbit correction
for the full ramp with the injection ORM.

¢ Controller values were very conservative.

% The typical criterion of RMS orbit < 10%
of the beam size was achieved. The
closed orbit RMS in horizontal plane was

reduced to below 1 mm. Correction up to

@
=== 1L 15

100 200 300 400 500 500
Time (ms)
. —— corrected
\ Closed orbit ] — uncorrected 300 Hz was achieved.
5- ‘// p——""

5,

E 0 E 41
£ u

— E 3,
< | X:

_ ]

1

—107 W
0 2 4 6 8 10 100 200 300 400
BPMs Time (ms)
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First results: Changing reference orbit and stability

A new feature of piecewise variation of Golden orbit over the
ramp 1s implemented in COFB algorithm.

A maximum of 64 different Golden orbits can be adjusted for
one ramp.

Model mismatch puts an upper limit on the controller parameters
as k,(z) = k(p=0)(2)[1 — p(M)] to avoid COFB instability. The
model mismatch-induced oscillations are shown below when the
controller parameters are not scaled with model mismatch

—— BPMI —— BPMI
—— BPM2 151 —— B2
—— BPM3
—— BPM3 —— BPM4
—— BPM4 —— BPMS
— BPM3 10 1 —— BPM6
.o BPM7
User specified golden — BPMo — BoMs
H H : BPM7 J —s— with respect to MADX ORM BPMY
— orblt Va rlatlon —— BPMS — 5 N —s— with respect to measured ORM —— BPMI10
g BPM9 g 50100 150 200 250 300 350 400 450 — BPMII
“E" —— BPMILO \E" Time (ms)
W —— BPMII X 0-
—— BPMI2
orbit correction with constant controller
—5 1 parameters throughout the ramp using the
MAD-X model ORM
—10+ k, = 468/s
100 200 300 400 500 50 75 100 125 150 175 200
Time (ms) Time (ms)
O
== 1
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L)

L)

Summary

» A closed orbit feedback system with 10 kHz correction rate has been commissioned for SIS18 with focus on robustness. The Libera Hadron

PlatformB is used for the controller implementation as well as the beam positon calculation and processing.

L)

L)

» Some theoretical investigations were performed:

* The spectral radius as a practical condition for COFB instability was introduced; relevant for machines with unavoidable model mismatch

» The achievable bandwidth of the COFB reduces with increase in spatial model mismatch. Controller parameters need to be tuned according

to model mismatch.

dependence.
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