Transverse Feedback System
(LHC Damper)

Outline of Presentation

» Overview: Transverse feedback systems (dampers) at CERN's
synchrotrons (PS Booster, AD, LEIR, PS, SPS and LHC); example:
SPS damper

»  Functional Specification and overview of LHC Damper System

»  Collaboration with JINR, Dubna for feedback kickers and tetrode power
amplifiers

> Test areaq, interlocks and industrial controls
» 200 W driver amplifiers (TCB Thales Belgium)

» Plans for the low-level signal processing and synergy with related
projects for LHC and PS (longitudinal 1-Turn cavity feedbacks)
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Transverse multi bunch feedback

Kicker
Signal :
processing | 94" 9
T beam 4
Ay
Pick-up 1 Pick-up 2

- damping: of fransverse injection oscillations

Need real-time digital
sighal processing

Match delays:

T

+ MT

signal = 7 beam

TO : beam revolution time

M=1: very common ->
"One -Turn-Delay” feedback

Need means for phase and delay
adjustments

- feedback: curing transverse coupled bunch instabilities

- excitation: of transverse oscillations for beam measurements & other applications
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LHC Transverse Damper

W. Hofle
CERN AB/RF

Transverse Feedback Systems in Synchrotrons at CERN

Currently /nstalled transverse feedback systems in CERN Synchrotrons

Accelerator

Digital / analogue processing

Power / kicker / bandwidth

Usage in operation

PS Booster (protons)
50 MeV - 1.4 GeV kin. E.

multi turn injection from linac
analogue beam offset signal
suppression, analogue delay
(cables & switches)

100 W, 50 Q stripline

Limited to 30 MHz in operation
But built for 100 MHz
bandwidth baseband

H-plane: used and required
V-plane: beam stable w/o FB

AD (anti-proton decelerator)
3.57 GeV - 0.1 GeV

Copy of booster system

100 W, 50 Q stripline
100 MHz bandwidth baseband

used only for excitation purposes

SPS (protons, ions)
(14 - 450) GeV/c protons FT
(26 — 450) GeV/c LHC beam

digital notch filter and 1T-delay
(Altera FPGA, 80 MHz clock)
commissioned in 2000/2001

tetrode amplifiers with two

30 kW tetrodes in push-pull
directly coupled to a kicker (base
band); feedback bandwidth

~10 kHz to 20 MHz

H-plane: used in operation
V-plane: used in operation

used and required for
operation

above 5x10%2 protons

(max ~5.5x10%3 ppp accelerated)
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LHC Transverse Damper

W. Hofle
CERN AB/RF

Transverse Feedback Systems in Synchrotrons at CERN

Current transverse feedback system projects at CERN

Accelerator Digital / analogue processing Power / kicker / bandwidth Planned commissioning
and usage
LEIR (ions:; Pb%4+) copy of PS Booster System 100 W, 50 Q stripline 2005

4.2 MeV/u - 72 MeV/u

damping during e-cooling may
be necessary

PS (protons, ions)
1.4 GeV - 25 GeV (kinetic E)

synergy with LHC Damper

3 kW pulsed, 200 W CW, 50 Q
stripline  with ~30 MHz
bandwidth in baseband, lower
cut-off ~50 kHz ?

upgrade possible with magnetic
kicker (0.9 m length, 12.5 W,
but bandwidth considered too
limited); H-plane  magnetic
kicker built already

2006

injection damping and feedback
will be beneficial in particular
for high intensity CNGS beams
and LHC beams. Currently
horizontal instabilities are cured
by introducing coupling to the
vertical plane which constrains
the tunes

LHC (protons, ions)
pProtons: 450 GeV/c -7 TeVic

digital notch filter and 1T-delay,
built-in diagnostics

14 bit ADC/DAC

Altera FPGA, 80 MHz clock
new development in progress

tetrode amplifiers with two

30 kW tetrodes in push-pull
directly coupled to kicker (base
band) similar to SPS system

3 kHz -> 20 MHz

2007

injection damping

feedback loop clsoed during
ramp

switch off during physics?
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Example SPS (CNGS type beam, 1 batch, 1013 protons):
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Example SPS (LHC beam, 48 / 72 bunches spaced 25 ns)
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W. Hofle
LHC Transverse Feedback ("LHC Damper”) CERN AB/RF

LHC Damper will be installed in point 4 of LHC along with
the accelerating 400 MHz RF system
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Nominal LHC filling pattern: 2808 bunches

> Basic bunch spacing is 25 ns (every 10t bucket of 400 MHz RF)
» Running-in with 75 ns bunch spacing possible

» Trains of 72 bunches created in PS accelerator

» Up to 4x72 bunches accelerated in SPS and injected into LHC
> 1 us gap between batches injected into LHC

LHC (1-RING) = 88.924 ps

3-batch 4-batch

. . f e e, Bunch Train Pattern
| wseTie 234 334 334 334
| Filling Scheme

3564 =

2x (72b + 8e) + 30e + 3x(72b + 8e) + 30e + 4x (72b + 8e) +
3x {2x [ 3x (72b + 8e) + 30e] + 4x (72b + Be) + 31e } + 80e

e

! S Beam Gaps

iP5 = 1/11 SPS |

D — T, = 12 bunch gap in the PS (72 bunches on h=84)
Iu!,_"mulu!!'!!" } /F' T, = 8 missing bunches (SPS Injection Kicker Rise time = 225n:
 Zons spacirg [l 1~ T, = 38 missing bunches (LHC Injection Kicker Rise Time = 0.9
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W. Hofle
LHC Transverse Feedback ("LHC Damper”) CERN AB/RF

Performance specification (1)
(LHC Design Report)

Beam parameters and requirements for nominal intensity:

Injection beam momentum 450 GeV/c

Static injection errors 2 mm (at B,,,~183 m)
ripple (up to 1 MHZz) 2 mm (at B,,~183 m)
resistive wall growth time 18.5 ms

assumed de-coherence time 68 ms

tolerable emittance growth 25 %

Overall damping time 4.1 ms (46 turns)
bunch spacing 25 ns

minimum gap between batches 995 ns

lowest betatron frequency >2 kHz

highest frequency to damp 20 MHz
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W. Hofle
LHC Transverse Feedback ("LHC Damper”) CERN AB/RF

Performance specification (2)

Equipment performance specification:

choice: electrostatic kickers ("base-band")
aperture 52 mm

kickers per beam and plane 4

length per kicker 1.5 m

nominal voltage up to 1 MHz at p=100m +/- 7.5 kV

kick per turn at 450 GeV/c 2 urad

rise-time 10-90%, AV=+/-7.5 kV 350 ns

rise-time 1-99%, AV=+/-75kV 720 ns

must provide sufficient gain from 1 kHz to 20 MHz

. o _ _ rise time fast
noise must be less than quantization noise due to 10 bit / 2c enough for gap of

38 missing bunches

7 September 2005 Seminar at DESY 10



W. Hofle
Transverse Feedback ("LHC Damper") CERN AB/RF

The LHC Transverse Damping System (high power part)

Damper system
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LHC Transverse Damper

W. Hofle

CERN AB/RF

Beam 1

LHC optics at injection in IR4

(beams do not cross!)

high horizontal beta /eft of IP4
high vertical beta right of IP4
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LHC Transverse Damper

W. Hofle
CERN AB/RF

LHCADT performance in LHC optics version 6.4 compared to original assumptions (at 450 GeV/c),

Maximum achievable performance

assuming 7.5 kV maximum kick voltage

=100 m performance

Optics 6.4 performance

Kick perturnin o

Kick perturninc @ B inm

ADTH beam 1 020 0.277 o at =193 m
ADTH beam 2 02¢c 0.273 ¢ at p=187 m
ADTV beam 1 020c 0.309 ¢ at =239 m
ADTYV beam 2 020 0.316 c at p=250 m

Estimate of maximum capabilities (usage as beam exciter, abort gap cleaning etc.), assumes optics 6.4
as in table above, 450 GeV/c and running with ~15 kV DC for tetrode anode voltage

1 MHz 10 MHz 20 MHz
100 kHz
ADTH 0476 043¢ 0.14¢c 0.05¢c
ADTV 047 c 043¢ 014 o 0.05c
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W. Hofle
LHC Transverse Damper CERN AB/RF

Physical layout in point 4 underground LHC

ADT racks
(driver amplifiers,
PLC controls, fast
interlocks)
|
c
UX L5 bunker1 bunkerd
LL cage 1 ‘ LL cage 2
ADT (4 modules) 7 % ADT (4
ACS |klystrons mOdUICS)
left of IP4 o ] el N 'Ey right of IP4
Beam 2
Beam 1
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Transverse Feedback ("LHC Damper”)

Kicker design

N T2, U]
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*  Prototype kicker delivered and
tested with power amplifier at
CERN; series production has
started in Russia

- Vacuum testing planned at
CERN for November 2005;
installation in LHC tunnel in
February 2006, vacuum
interconnection in  March
2006, progress depends on
advance with cryoline in LS54
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LHC Transverse Feedback ("LHC Damper®”)

Testing of power amplifier

Prototype manufactured
and tested in 2001; +/- 10 kV achieved, 1 kQ load in amplifier

Production series design
and manufacturing 2002-2006

Nonlinear phase vs frequency
will be compensated in low-level
(kicker is a capacitive shunt at high frequencies)
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LHC Transverse Feedback ("LHC Damper®)

Power amplifier and test stand at CERN
operational since July 2005

Control racks with 200 W driver amplifiers

Two power amplifiers and their kickers and PLC controls with interlocks
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LHC Transverse Damper

W. Hofle
CERN AB/RF

200 W solid state driver amplifier (1)

Experience from the SPS damper with
in-house developed driver amplifiers
showed that the driver amplifier is one
of the most critical items with respect
to performance and reliability

43 dB gain, very flat 3 kHz - 20 MHz

NIZ

Gainu( !

423

43

H

403

1002404 1.00E+03 1.002+06 1.00E+07

Frequency (Hz)

1.002+02 1.00E+03

1002408

— Serlesd
—1in
—r1gE

For the LHC damper industry developed
a custom design amplifier inspired by the
design of the SPS amplifiers;

40 amplifiers have been manufactured
and tested
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LHC Transverse Damper

W. Hofle
CERN AB/RF

200 W solid state driver amplifier (2)

Nonlinear phase
(degrees)

200 W output power max CW

3 kHz to 20 MHz at up to 100 W
achieved:

<+/- 0.5 dB gain ripple

+/- 5 degree phase variation from
linear phase

constant group delay < +/- 0.1 ns
(also from amplifier to amplifier)

< -30 dBc 3" harmonic distortion

Fulfills spec for interference and
noise (10 mV rims and spikes limited
to 50 mV peak)
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W. Hofle

LHC Transverse Damper CERN AB/RF

Overview of one Damper system
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LHC ADT Low level electronics

>  System will be based on experience gained with SPS Damper

»  Two coupler type pick-ups with betatron phase advance of ~90 degrees will be
installed (BDI group)

»  Spectrum repeats every 40 MHz (25 ns bunch spacing) -> analogue down
mixing with a multiple of 40 MHz to baseband , LO probably 320 MHz

»  One of the horizontal pick-ups is installed at zero dispersion and it will be
possible to use this pick-up and a Hilbert transformer (FIR filter) for the
phase adjustment if wanted; Hilbert filter tested in SPS but not used in
operation (reduced phase stability margin at very high gain)

>  FPGA technology for implementing most of the functions digitally (notch
filter, fine delay adjustment, betatron phase adjustment by two pick-ups or
Hilbert filter and single pick-up use)
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LHC Transverse Damper

W. Hofle
CERN AB/RF

Synergy between LHC- 1-Turn longitudinal feedback
and ftransverse damper - use same hardware

One Turn feadback Module

last edit: 3/7/2005

=
2
g
L] —_—
40 MHz IN CK
Samd aslin the, FINE DELAYS (CLOCKS) a
RF rlodliater BASEBAND NETWORK = -
(0 ANALYZER Re-use companents from | 40 MHz QUT CK
B Tunae Coirl (EDASTZ))
Gl 234036 x 16 §§ VME INTERFACE
a0tz HERAM | 25 z
INCK = k]
Intavpolatian o
Analag pre-scater gain: 0 88 at injection - &
{iransient), 20 dB during physics. Swiich
(impraves SHR) CONTROLS
Excilation daté (paralell) + enirl \ T T =
Gain_j L 2 | z
s L g FPGA §§ 2 g |3
& ;‘ _fi‘ ] £ g | g |m
0-3155¢8 S jogulgaly balgrion £E is g In _ k] M
bix {step (.5 dB) 5 | FILTER s |& & W0dBgsin B =3
fro— = ¥ % + 1 : ' Y
rouping. -
IIN Attonuator Iy - N Swteh | 1LouT|
[ — | o bt o
HRF_AT4811 6624 <§ Prcan "(‘E/ Frev o | Base [Phase| o | Gain Swilch 4 M“‘,—',V,-;. _"{_1
= bal comb 2 LPF | equ ™ bal (zero) 25
—
Phase
™ REs Rotation
z 3
J Frev Base |Phase Gain Swilch
ain Atisnuator y @ | | Gain SR, camb Pes 1R| Toe I eee® fine R B2 e Switch a_out
" o L. A —
——————"TT"| HRF_AT4811 86; '._"I <d proal \f)" ki (ea e MISW- _"E'\’
—~ 2-500R
i 3 = T T_ 23 Gomponanis used in the RF feadback (EDA-536) i
2 e L=
aZ = o 40 MHz 6645 | 6645
s 2 N K
w
&

OBS/POST-MORTEM

Ab

I Pdl;;.amodm Trig

Duad Port RAM

Mates: test painta/Dig Asg must be buffered as in EDA-586

FPGA code done (V. Rossi). board layout under way

P. Baudrenghien

7 September 2005 Seminar at DESY

22



RF MODULATOR =z MO kW Klystron /_\
Baseband o % —.( Circ
Netuork =8 —
Analyzer 20
% Dual Var Gain ‘
F Aip'ﬁer — TUNER LOOP [ ) — o
7~ I /=2 —
noise RF Demod
Phase Shifter[<— Master F RF .
Gair| {Cntrl pa Digital % Ic fwd
@E % ain f-ntr v d Q L % X
pS ?te Demod | Fwd
h Digital Ic rev ]
‘ Q 2 ——@ Di
; 7 —~= ir.
Klystron Digital md Yy * 2l J_ Coupler
Polar Loop Q ,&3 - = ' Rev
(1 kHz BW) Demod Tuner Digital —
Processor |« ,/ Lo o A =
Demod
; Single-Cell
Tuner_Control Digital Superconducting
TR =
L eet—| (O e = Cavity
Demod
Set Point
Digital RF feedback (FPGA or DSP) i Voltage | Veav
ST -
T T 1k H; ﬂ
Analog RF feedback RF FEEDBACK From long. =
7048 Damper ez
o _IH SuM =R
1 kHz 2 g‘:_;u]—
5 O
1-Turn Feedback ANALOG
Phase
: AC : AD DEMOD
Cavity Servo Controller. Equalizer UUMU
Simplified Block Diagram 1-Turn Feedforward
Signal § > Wideband
ignals: Digital: —— Digital I/Q pair: S—- 38 s PU
QAC AD@}-&"— a o N,
Analog: Analog I/Q pair: —>— *\ nc_)% ~
(=]
Technology: =
o DsSP
CPLD or FPGA (40 or 80 MHz) ]
Analog RF :l .
P. Baudrenghien




W. Hofle
LHC Transverse Damper CERN AB/RF

LHC Damper signal processing coarse layout

LHC TFB digital processing module

last edit: 9/7/2005
S
)
3
?alu @ aslin 'TB&SEBANO NETWORK - =3 -
@A) ANALYZER .
Y
2x409%6x12| B 5 VYME INTERFAGE
sl B bisRaM §g
N § | Interpolation
Fey Swileh
markar|
CONTROLS
Excitation data (pafalell) + cntd | I o
3§ H FPGA 8 | g5 :
| g g | 5 E9 (2 A
| Q |5
i ig 1§ % FILTER ‘% 'gé E'§ e ;;da 30 4B gain g "
e RE s Ik , I L 8 QF (step 5 B) ¥
Pick-up 1 from mixe = £a | 1 e Ui, | Switch = 1
7_@_'"_"‘% T detay | FOV |E_§/_" HRF_AT4611 [ g
“1OEY | notch ) - 2.500R
] ;;Eg et or | Base. | Prase |gan | DU
z oy | Hilbert Fiter LBF | equ. jadist| ppcion
Pick-up 2 from mixet W 1-T delay
7__._”5 |_.<g5 noich x\__‘\_

E Components used in the RF feedback (EDA-588) -
| E_ 80 MHz OUT | 6845
[y CK

OBS/POST-MORTEM

A
Post.mariem Trig
\i Cbservation Trig

‘ Crual Fort Fadd ‘

Motes: test points/Dig Acg must be buffered as in EDA-586 7

lanned to launch FPGA coding ear'lxé 2006, further synergy with PS transverse damper project and
ater lonitudinal PS 1-T cavity feedback (2008)

7 September 2005 Seminar at DESY 24



Acknowledgements

»  AB-RF Group main contributors to the project: L. Arnaudon, A. Butterworth
R. Louwerse, J.-F. Malo, E. Montesinos, V. Rossi, D. Valuch, F. Weierud

>  Collaboration with the Joint Institute of Nuclear Research (JINR) in Dubna,
Russia for the design and construction of the feedback kickers and power

amplifiers

I.N. Ivanov
V.M. Zhabitsky -
N.I. Lebedev N.I. Balalykin
V.A. Melnikov V.V. Kossoukhine
E.V. Gorbatchev A.L S'dof'OV
S.V. qu"’soun VI Averianov
A. Makarov V.I. Koryako
N.V. Pilyar V.V. Kovalev
V.V. Tarasov M.G. Pushkin
K.P. Sychev G.E. Koroleva

L.I. Kossoukhina

T.V. Rukoyatkina >
G.A. Filina

7 September 2005 Seminar at DESY



