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» Basics on bunch-by bunch feedback for lepton
storage ring

 Beam diagnostics by using feedback

 New feedback design (for FCC-ee)
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Introduction

* Transverse instabilities in storage rings can limit both beam and
single bunch currents.

« Vacuum chamber impedance, producing wakefields at the
bunch passage, can be source of instabilities for positive and
negative charged stored beams and also parasitic e- clouds in
the vacuum chamber can give unpleasant or destructive effects
for positive charged stored beams.

e Transverse bunch-by-bunch feedback systems are
iImplemented in storage rings as active devices for instability
suppression and for state of art beam diagnostics.

 Acknowledgements: This work was supported in part by the
European Commission under the HORIZONZ2020 Integrating
Activity project ARIES, grant agreement 730871
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Starting with a very simple model
of the bunch motion
that can be studied for example
by using
the state space formalism
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Bunch-by-bunch feedback systems work in time domain kicking each
bunch of particles considered as a simple charged rigid body.
The classic harmonic oscillator equation describing small oscillations
can be used as a model. For the n-th bunch the formula will be:

X +2d % +wix =kx(V'=y")

n

X_= position displacement in horizontal (or vertical) from the equilibrium orbit

. d = natural damping rate

o = resonance angular frequency (betatron_fractional_tune*2*n*revolution_frequency)

k = conversion factor (note that it is not a pure number, it is much more complicate!)

. Vfbn= kick voltage from feedback to bunch n (correction signal applied to bunch n)

. Van= kick voltage from wakefields to bunch n (forcing signal due to vacuum chamber
impedance)
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Bunch-by-bunch feedback systems work in time domain kicking each
bunch of particles considered as a simple charged rigid body.
The classic harmonic oscillator equation describing small oscillations
can be used as a model. For the n-th bunch the formula will be:

X +2d X +w.x =k*

X_= position displacement in horizontal (or vertical) fg he equilibrium orbit

. d = natural damping rate

® = resonance angular frequency (betatron_fractio ne*2*r*revolution_frequency)

k = conversion factor (note that it is not a pure nu it is much more complicate!)

. Vfbn= kick voltage from feedback to bunch n (correct gnal applied to bunch n)

. Van= kick voltage from wakefields to bunch n (forcin al due to vacuum chamber

impedance)
Feedback acts as anti-impedance term !
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H/\//L Bunch-by-Bunch Feedback Scheme

1 revolution turn

= Pl @I,,;]\ - / Kicker < >
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Digital Processing Unit:
ADC/MUX/FIR/DEMUX/DAC
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Both kicker types need to be carefully evaluated from the impedance point of view
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Beam diagnostics by feedback
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To measure the instability growth rate is necessary to turn off for a short period the feedback.
Below the horizontal oscillation of the DAFNE positron beam with 500mA is shown.

The signal shows the most oscillating bunch of the train. The fb turning off period is 0.4 ms.
The off period has to be chosen in base at the instability growth rate.
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In the picture at the right the growth rate measures
of the fastest mode are reported. They are made
by using the diagnostic capability of the feedback a0
In different dates. They are consistent versus beam
current if the ring parameters do not change. The
error is small. In the figure the horizontal growth o
rates versus DAFNE e+ beam current between e
400 and 800 mA are plotted.
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The e- cloud effects in DAFNE are very evident: in the figure below 1A beam
current is stored in 50 bunches splitted in 5 trains of 10 bunches followed by
gaps. Gaps are necessary to have sufficient cloud decay.

In the tail of each train the bunch current is lower for the e-cloud.
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To mitigate instability due to the e- cloud presence, twelve clearing
electrodes have been installed in the DAFNE positron ring.

electrodes
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The best way (not the only) to evaluate the clearing electrode
performance is by measuring growth rates versus different voltages
applied to the electrodes (of course through the feedback system)

) Figure 1
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Beam diagnostics
that at DAFNE has been
implemented by feedback but that
can be made also by other tools
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Synchronous phase spread measurements along
the bunch train at DAFNE
(beam currents: e- 1.4A, e+ 1A)

synchronous phase spread (1 count ~ 17 degree)
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By using feedback it is possible to
get real time tune measurements
(all bunches, below) and bunch-by-
bunch tune measurements
(following slides)

Transverse Tunes
Positron Electron

Horizontal 0.10144 0.10725

Vertical 0.13262 0.16173
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* As itis shown in the picture above, applying a FFT routine to the
beam motion recorded by the feedback, it is possible to get a
rejection negative peak given by the feedback gain at the frequency
where the tune is located and where the S/N ratio is highest

* More feedback gain, more deep the rejection negative peak
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Electron beam with 1 Ampere stored in 90 bunches

horizontal tunes
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Bunch-by-bunch tune spread diagnostics made without turning off the feedback
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Positron beam with 0.7 Ampere stored in 90 bunches

horizontal tunes with e-cloud clearing electrodes on at full
voltage (8 inside bending magnets, 2 inside wiggler magnets)

) Figure 2
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Positron beam with 0.7 Ampere stored in 90 bunches

horizontal tunes with e-cloud clearing electrodes on at full

) Figure 2

voltage (only the 8 inside bending magnets)
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Positron beam with 0.7 Ampere stored in 90 bunches
horizontal tunes with all e-cloud clearing electrodes off
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Digital Filter Design & Study

As for linear time invariant filters, choosing a FIR (Finite Impulse Response) or IIR (Infinite Impulse
Response) filter depends strictly on characteristics of desired magnitude and phase responses,
admissible group delays, sampling time, computational considerations...

A linear phase in the pass-band could be useful in many situations: a FIR system would be
preferable in this case.

1.2 I
1 A /\/ NN \[\ Ezr:]:mgcCIellan |
fv/v RNIZ(E v\m
~os /J ‘\L Research in
Figure shows a pass-band % o { / \\ o progress by
Los6
FIR design by using different £ / JN S.Caschera
_ _ = 04 S (post-doc@LNF)
design techniques /) \\
0.2 ; \
 borerhand DV i
0 0.1 0.2 0.3 0.4 0.5

Normalized Frequency

Computational Intelligence based Optimization Algorithms, as Genetic Algorithms able to solve
global optimization problems, obtained very interesting results for FIR an IIR filter design too!
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Courtesy of E.Belli, FCC week 2017

E. Belli - Impedance model and collective effects for FCC-ee B
G @
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Transverse coupled bunch instability

» Growth rate for the u-th mode
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Feedback damping rate limits

It is an experimental result (tune >0.09) that a bunch-by-bunch feedback in
e+/e- collider can damp the instabilities in about 10 revolution turns

At very low fractional tune this result should be checked because it could be
difficult to compute the correction signal in few turns

The damping rate can be achieved by implementing a "standard" feedback
system for relatively high beam currents (1-3A) by using a total of 1 or 2 kW
power amplifiers.

The gain limit of this approach is basically limited by the noise in the sytem
that comes mainly from pickups and enters in the loop even if filtered

To mitigate this isuue in the year 2008 at DAFNE we did an experiment by
implementing two feedback systems cooperating in the same plane
(horizontal e+).

This was necessary for damping a very strong horizontal mode induced by
e-clouds and because we were waiting for a stripline kicker with a better
shunt impedance.
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DAFNE, year 2008 Fast fecdbacks for diagnostcs and
) mitigation of

New e+ Transverse Horizontal Feedback e-cloud instability
The damping times of the two feedback's add up linearly

Alessandro Drago

Damping time measured: INENLLNF
~200 ms-1 (2 FBKs) = fb damps in 15 revolution periods (~ 5 us) ILCOE%XE?,,:L&?S&S“OH
The power of the H FBK has been doubled November 16-20, 2008

University of Illinois at Chicago

Injection KCK

NEW H FBK
reference pickup

KCKPL101

KCKPL202

NEW Horizontal FBK
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, _ Double horizontal feedback:
Single horizontal feedback

[=560mA, mode -1 [=119], 12712mA, mode -1 [:119] .
grow=34.5 ms-1, damp=-127 ms-1 grow=43.7 (ms-1), damp=-233 (ms-1)

f 3 S mope 1 T St B SYORLOTI I Mot a) Osc. Envelopes in Time Domain h) Evolution of Modes
5pf L 1 B ‘gz‘
-52%3 ol o -g 1%[1 S £ R ’ s s a 2,

i 0 @ : :

Bung%m 0 Time (ms) ModeF 00 Tine (mgﬁ Bunt%%@” 0 T|mue2ms M]t?de I@g U IJ TlmUE%mS) Damplng tlme

c) Exp. FittoModes (pre-brkpt) . d) Growth Rates (pre-brkpt) ) Exp. Fit to Modes [pre brkpt) d) Growth Rates (pre-bript) B :
e RS P R in 4.3 microsecond
S or P g . = ‘ ‘
i U 3 : 1 it el ’ ........ C / b= 3 : . -
S 2 ; ; £ m435‘

2§ : - Le.m~13
Mode K. 0 0 The mif © ”7M01L}2NUHS 120 Mote . 00 T|H1g5(ms) © g5 119 1195 120
: Mode No. >

B R (s o Dot petie) . FuoMotes posir) 1) Grouh s s f@VO]UthIl furns
b . -«.E. I ................ n \ v 2 . ¥
§u5\ st ¥ e £l L TR
.g 1% o R 128} i Tl £ 0- k- ! :_234 e el

7 06 ®= @ = :
Mode v?ﬂ File (ms) < 117 18 13 120 ,\,}Eg’e,qg 0 gﬁgrgegms E T
‘ BAC: L e oAt .i.': w '1_3:.‘!.:_“." -:.'I::'.“:i:'.. , Mpd'e'mu ”.E."'”.'f' EEJ'! DAFNE E+ (iGpVE+NT71511 lo=712mA M‘Opeu 1, Nbun= 120
ALFs: G1=8.4943, G2-0, Phi=-113.0003, Ph2=0, Bript- 747, Calib= 1 AtFs: GI -’s"i”i'.‘;; Go-0, Phi- 148 "1 19, "Piho 0, Brkpt=315, Calib=1,
International Linear Collider Workshop 2008 Note: in DAFNE, the
LCWSO0S8 & 1L.CO0S8 mode 119=-1 is the

ILCO8 Damping Ring session mode of the resistive

wall instability
18-22 September 2017 Alessandro Drago, ICFA Workshop on Impedance, Benevento 2017 27



Comment to the 2008 Dafne experiment

« Two feedback systems in the same ring and damping plane
cooperate perfectly without loss of power.

« Having more kickers placed in different parts of the ring asks for
a complete duplicate of the feedback system because both
timing and phase response would be different.

 The inverse damping time scales about linearly versus number
of feedback systems having the same power.

 Note that in the test the fractional tune is 0.10

* |In the previous case we used 2x250W amplifiers for each
feedback. After implementing the new kicker with a much better
shunt impedance, there was no more need of the second

system.
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First design proposed for FCC-ee

Feedback based on multiple
distributed feedback systems and
Kickers
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1 Feedback systems (1 stations)

Foreseen damping rate: 10 turns

_ FCC-ee main ring
Kicker1

Station1
PU1
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4 Feedback systems (4 stations)

Foreseen damping rate: 2.5 turns

_ FCC-ee main ring
Kicker1

Station1
PU1

PU4
Station4
Kicker4

PU3

Kicker2 Station 3
Station2 _ ation
Kicker3
PU2
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Second and more innovative design:
distributed feedback able to kick quicker than
one revolution period

* Looking at the feedback scheme, it is clear that a damping rate faster
than 1 turn is not possible because the correction kick is applied after
the acquiring of the pickup signal with 1 turn delay.

 However the FCC ring lenght gives a very interesting chance to build
"feeding forward" systems, producing damping rate even faster than 1
revolution turn. This can be possible applying the correction signal
quickly than one revolution period.

« The "feeding forward" design will change a bit the usual scheme but not
so much. The phase response will be controlled by individual bunch FIR
filter inside the DPU in this case too.

 The implementation would be a big challenge from a technological
point of view: it will be necessary to send the correction signal in
such a way to arrive to the kicker location before the arrival of the
bunch to be corrected.
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4 "Feeding forward" systems (4 stations)

Foreseen damping rate: 0.625 turns

: FCC-ee main ring
kicker4

Station1
PU1

PU4
Station4

icker3

NOTE: the DPU
insertion delay is

arc=25Km Chord=22.5 Km about 400-600 s
Chord is 8.25 s shorter
than arc going at light speed
PU3
Kicker1 Station 3
Station2 Kicker2

PU2 Beam runs counterclockwise
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How to transmit the correction values at
light speed

 This is not a simple task

* |n theory the chord lenght could be shorter than 22 Km, but the
arc path should be long enough to recover the insertion
delay of 400-600 ns plus the cable delays.

« By alaserinair ?...not easy...
« A second option is to use radiofrequency transmission

* The third idea is to transmit by optical fibers, maybe in blocks of
data. In this way the correction signal can be applied to the
kicker before the arrival of the bunch that has to be corrected.

 The good point on this last approach is that optical fiber
technology has impressive R&D efforts currently ...
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Wide-bandwidth signal transmission with low latency is emerging as a key requirement in a

number of applications, including the development of future exaflop-scale supercomputers,
financial algorithmic trading and cloud computing"- 2.3 Cptical fibres provide unsurpassed

transmission bandwidth, but light propagates 31% slower in a silica glass fibre than in vacuum,

thus compromising latency. Air guidance in hollow-core fibres can reduce fibre latency very

significantly. However, state-of-the-art technelogy cannot achieve the combined values of loss,

bandwidth and mode-coupling characteristics required for high-capacity data transmission. Here,

we report a fundamentally improved hollow-core photonic-bandgap fibre that provides a record

combination of low loss (3.5 dB Km_1} and wide bandwidth (160 nm}, and use it to transmit

37 % 40 Gbit s~ channels at a 1.54 ps km~ ! faster speed than in a conventional fibre. This 1ance, Benevento 2017 35
represents the first experimental demonstration of fibre-based wavelength division multiplexed

data transmission at close to (99.7%) the speed of light in vacuum.



Conclusion

Feedback systems are extremely useful tools for both beam diagnostics and
instabilities suppression in storage rings.

Transverse instabilities can limit both beam and single bunch currents.

Source of instabilities are vacuum chamber impedance and (for positive charge
stored beams) parasitic e- clouds.

Transverse bunch-by-bunch feedback systems are implemented in storage rings as
active devices for instability suppression and for state of art beam or bunch-by-
bunch diagnostics.

For FCC-ee the feedback systems can be based on the designs developed for
other previous e+/e- colliders (PEP-II, KEK, DAFNE, SuperB, SuperKekB).

By implementing multiple cooperative feedback systems and maintaing the
"traditional" design scheme it will be possible to damp up to 1 revolution turn, if
necessary.

Damping in less that 1 revolution turn is possible only changing the usual feedback
strategy. An innovative bunch-by-bunch "feeding forward" system is proposed.

18-22 September 2017 Alessandro Drago, ICFA Workshop on Impedance, Benevento 2017 36



Acknowledgements

» John Fox for all the ideas developed during the
last 3 decades together with his SLAC team:
H.Hindi, S.Prabhakar, D.Teytelman, A.Young,
J.Olsen, C.Rivetta, J.Cesaratto, T.Mastoridis,
and many others

* LNF feedback and kicker team (too many to be
reported...)

* ALS 90's feedback team (J.Byrd, \W.Barry,
J.Corlett, G.Lambertson, ... )

* M. Tobiyama and the KEK feedback team

18-22 September 2017 Alessandro Drago, ICFA Workshop on Impedance, Benevento 2017 37



Thank you for the attention !

18-22 September 2017 Alessandro Drago, ICFA Workshop on Impedance, Benevento 2017

38



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	The electrodes before installation
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38

