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Introduction @‘m

* A low emittance beam in aring accelerator requires
— Selection of the optimal lattice, e.g. multi bend achromat (MBA)
— Magnets with minimum non-linearities (higher order multipoles)
— Precision alignment of all accelerator components

— Control of the beam trajectory along a “golden orbit”
» Along the center of the quadrupole fields
» Correction of unwanted coupling, chromaticity and dispersion effects

* The beam position monitors (BPM) deliver

— Turn-by-turn beam orbit (wideband operation)
» Measurement time: some hundred ns ... tens of us (circumference)
» Bunch-by-bunch BPMs only for fast transverse feedback

— High resolution beam orbit (narrowband operation)

» Measurement time: ms range, typically synchronized with the AC mains
frequency (n/50Hz or n/60HZz)

— BPM data for the fast (kHz) orbit feedback
» Low latency of the BPM signal processing
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Beam Stability Requirements & Goals @

Upcoming Projects

Stability (um, RMS) |  Bandwidth

Cornell ERL 0.3 1 kHz
LCLS-Il FEL <1.0 60 Hz
E-XFEL 3.0 >1 kHz
SwissFEL <1.0 50 Hz
APS upgrade 0.4/0.8 200 Hz / 1 kHz
APS upgrade courtesy G. Decker

RMS Motion Long term
(0.1-200 Hz) (1 week, RMS)
Horizontal Now 5.0 yum 0.85 prad 7.0um 1.4 prad
Upgrade 3.0 um 0.53 urad 50 um 1.0 pyrad

Vertical Now 1.6 um 0.80 prad 50 um 2.5 prad
Upgrade 0.42 ym 0.22 prad 1.0 um 0.5 prad
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Typical BPM Hardware @

BPM Pickup coaxial control
owes i )
& / position (LAN)
§< R data
° R E ':?;r:glg Digital Signal Data
}Z ; Condltlonmg Processing Acquisition
* BPM pickup Power Trigger,
— RF device, EM field detection, S”“';'I'f"y& Timing & RF
isc. Control
center of charge
— Symmetrically arranged button electrodes, e
450 or “vertical” arrangement signals
* Read-out electronics
— Analog signal conditioning — Data acquisition and control
— Signal sampling (ADC) system interface
— Digital signal processing — Trigger, CLK & timing signals
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Button BPM Pickup

ALBA Button BPM

NSLS-1l Button BPM
(BNL)

SIRIUS Button BPM (LNLS)
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BPM Read-out Electronics

Ringing
Filters

for SLS (PSI)

Commercial BPM electronics
(Instrumentatlon Technology)

ibera Brilliance*
. T 4::
. 6-@ -Q
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Do we understand the Button BPM? @

* Broadband pickup transfer impedance:

elec (x Y VV) :s(x.y) beam(,/’/) load impedance, high-pass
e.g.50 Q a/'/ o
* High-pass characteristic: Z(w) :f(; -
— with: e,

1/ electrode traversal time

2p&

button » a + W O button
In button gap .

10 _ coverage factor €  Vuon a
[
!
i Effect
LE ii Abution Higher signal level
. ii (larger area & C,,,,,)  Lower resolution
. ii T utton Lower wake impedance
0.1 \f (larger volume) Lower resolution, higher weight
L
i:\\‘§| $ t Wigap Higher resolution
!Ik\. buton - (more trapped modes)  Higher wake impedance
0.01

L L iiiin L IIIIIII. L Ll iiau L Ll iiain d W
0.01 0.1 1 10 100 button —> €= Woap
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Correction of Pickup Non-Linearities (1) @‘m

* Position characteristics follows the image-current model

Ve (030 S60) Z) L

* Two opposite electrodes (here: horizontal)
process the

— beam position ——@% @7 "

S

/

JIEEEED
JIEbEEE

= [mm]

\

kis a 2D calibration
polynomial, with kg,
being the BPM offset.
Vec IS given as digital

data, e.g. ADC counts.

Advanced Low Emittance Rings Technology (ALERT) Workshop, May 5-6, 2014 — M. Wendt: Trends in BPM Systems Page 9



Correction of Pickup Non-Linearities (2) I@;A

* Arbitrary shaped button BPM

— Numerical analysis in 3D (bunch excitation, wakefield solver),
or in 2D (e-static Laplace equation, Green’s reciprocity theorem)

v

V (I) elec — 0 — (I)elec (X,y) o
> Symmetric expansion of @, gives

the scalar potential for the horizontal o

or vertical beam position, e. g e

0.234

8.172

8.109

0.0469
[

F ()= —r e L

. N FetF.
£ 1%R ] ] . .
g s * Calibration and non-linear correction
o can be achieved by
| — Lookup table for f1 @,
y [mm]

0
-20 X [mm]

Remaining calibration errors for an LHC BPM,
after applying a 7t order 2D polynomial fit for 60% of the aperture

1D or (better, includes cross-terms)
2D polynomial fit of 1 ¢

-20
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BPM Wake-Potential & Impedance @

* The longitudinal coupling impedance of the button pickup is
based on the transfer impedance and scales with ’”bizmn
— The slot between button and pipe

acts as resonator, thus gives Z(W=f 3@/_1/192(,/'/)
additional impedance effects, also l gWZ g
contributes at low frequencies:

. e 3 C
— Thickness and , Zyw(r, +w, ) -
Z (’/’/) 8 9 utton gap -
shape of the | gap J 2 2 N =
- S8 ¢y 7,01 INEB2(7,0 + W) I W, B 2
button have significant pipe utton gap gap ¢
i nﬂ uence on th e cou p I | n g | m p ed an C(@ Real Part of Longitudinal Impedance - Standard Button
A0F— H e y———
ci o
N 20
N B S s S
o=t - N
10 15 20 25 30 35
Frequency, GHz
(b) Real Part of Longitudinal Impedance - Modified Button
G 40 "'.'""["""' TR P O R ""[‘)'I:"ei‘e(;'tr':];""'i"' e
g_ 20
0N S 1 0 0 S e

35

Frequency, GHz
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Coupling Impedance Studies for Sirius @

@ 17
LA
i ‘__l_ LEFEF\/’ Trapped H-modes in the
TR insulator dielectric
Li. 2
Frequency, GHz ¢ Hmlp _ 1 ¢ 2m g ’
(b) | Real Part of Longitudinal Impedance - Step-Shaped e Je 2z ||+, t.
BN ——————————1—————
=~ 20 5=2.65mm [ bt . Trapped H-modes in the button
% 101 =+ 5=5.3mm A bl Lo 1 t L.} . fCHm1:£ m
v 0 TR - B l‘i";'":‘":';"‘-"""-':'ﬁ': | T T
0 S 10 15 20 25 30 9 =y +¢,. dielectric permittivity
(c) Frequency, GHz m: azimuthal index and
c © *p: longitudinal mode number

*r,: insulator pin radius
*r,,: housing radius
*r,: button radius

1 I ot.: ceramics thickness

Frequency, GHz - courtesy H. Duarte
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BPM Coupling Impedance Issues at SOLE@

C O u eSy R " N ag ao ka‘ 0.010 ®  thickness 2 mm
H 20 T - =Fit of thickness 2 mm .
‘ I O 0.008 - A thickness 5mm ’
; E 15 ; ] E,n- = = = =Fitof thickness 5 mm !
5 . | |5 o006 ;‘
S 40 ¢ l £ Initial Model .
{ '
~ t[ ; ¢ } &£ 0.004 ~ -~
[} ] .
5 :—‘ ] . -
o 7 % S o.002 - R
0 L. ®T Final Mode!
0.000 on= 5 T T !
0 5 10 15 20 25 30 0 2 4 6 8 10 12
f [GHz] Button Diameter [mm]

* At SOLEIL impedance minimization is of crucial importance

— The machine becomes more sensitive to collective effects as lower
beam emittances are achieved.

— Critical: Short range / high frequency wakes, beam induced heating
— The BPMs account for ~30 % of the total impedance budget!

* BPM pickup modifications helped to reduce k,,., by a factor of 2
— Trapped mode: Increased t, ., IN favor decreasing ryion

* How many BPM pickups should a low emittance ring have?!

Advanced Low Emittance Rings Technology (ALERT) Workshop, May 5-6, 2014 — M. Wendt: Trends in BPM Systems  Page 13




BPM Signal Processing @

A-Electrode Analog Conditioning
BPF  Att BPF LPF
DAL
—
[\ D/

TCtrI

TLO

Typical BPM read-out scheme

— Pipeline ADC & FPGA
» 14-16 bit, 100-300 MSPS, >70 dB S/N

< 02 mZ<

— Separate analog signal processing
for the channels

— Analog down-converter if
undersampling is not applicable.

D '"; B, C, D Analog same as A
raw
CLK & M w8
Timing
NB
® cc H FIR
A @ [-Channel
a D
C g0 | NCO

&

> Q-Channel sameas | —

A Data

uolnjewJojsued
9}euipijoo)
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Long-Term Drift Compensation @

CALtrans Down Mix B

/__’ ere e — * Liberacrossbar switching technique
CALreftt — <100 nm stability over 14 hours

Down Mix A
>
BPF LPF [ -20.85 !
’ "‘ ' - T 20, — AMS = 17,6048 nm
f— :’ 0.9
‘z -20.95
- g 21
CALtrans Down MixD g 2105 : '
—-—) 2
> = 214 :
/_ BPF ’ ’.‘ ’ - ° g time [hours] © '
L/ = ! ——RMS = 40,1156 nm
CALreflt - g
Down Mix C g
P |
/_
time [hours]

Timing

courtesy P. Leban

714 —-¢ 714 + £

I 729 A—>» ABCD
Time Dor_nain . LPF ' ;
courtesy N. Eddy o - ooz (ABCD)
. . uasi Digital

* Calibration tone . Crossbar Crossbar | 2222

technique (only in D OghalDown || LPE | B

narrowband Wideband

OperatIOn) — — — button data

aln and phase equalization contro
ATF (KEK)
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Signal Processing & Performance @

e ADC data — N
,(,aé_.............\.\... m (AB,C,D) R
f jasn tem | RawADCdata | >
Beam . _ /i |
Current g, i 111 R TE’/TB%}S;" oy VA,VB,VC,VD Buffered
I SUM, QXY
Dependence E f Processed in time domain y N/ pata
v N Beam curremt [ma] b Processed in freq. domain ) s J
Libera Brilliance +
Electron beam position measurements ] oot S
Caloulation —> Fast Data stream
* <0.5um RMS at turn-by-turn data rate
* 40 nm RMS at 10 kS/s data rate (0.01 — 1 kHz) _.C:> Stow Data sream \
* 10 nm RMS for slow monitoring courtesy P. Leban
. . 10kS les/s data rate - Position RMS
* sub-micron longterm stability mplesls datarale - Postton RMS LM
* Temperature drift <200 nm /°C oio
* Full Fast Orbit Feedback implementation with magnet o
output
* Fast Interlock detection (< 100 ps)
0,10
* Clean turnto turn measurement using Time-Domain —o00s
P rocess | n g -40 -35 -30 -25 -20 -15 -10 -5 %

Input power [dBm]
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Home-brew vs. Commercial Performance@

Libera Brilliance
(@APS ANL)

BSP-100 module

(APS ANL)
Square root of the forward-integrated power spectral density

_IIII T T TTTTIT T T TTTTT T T TTTI T T TTTITT T T TTTI I: o _HII T T TTTTT T T TTTTTT T T TTTTTT T T TTTITT T T TTTTIT |: X

. 100 nm//Hz ~——= 1 - 100 nm /,/Hz, 1 Y
= 1000O§ e 10000; 3 Noise Floor
S - ie = ]
3 I 13 I |
g 1000 ¢ 70 am / /i 32 1000 “———2—10nm/./Hz

- 1Z F ]
(é) i h) 1w L ]
= 100% = 100¢
o E 10 E 3
(0] r 1 @ r ]
g ol 18 10l _
[@)] E ERe) £ E
£ g T~ Inm//Hz ] & - 1nm/J_z ]

1L 3 15 E
i Ll L [ L L L [ R 1 III Lt LI L L LI 1
1 10 100 1000 10*  10° 100 1000  10%  10°
Frequency (Hz) Freauencv (Hz) Courtesy G. Decker
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BPM Resolution vs. Beam Current I@;A

e Observed at DAGNE (INFN-LNF)

— Libera (digital) and Bergoz (analog) BPM read-out electronics
» This study was made some years ago, not with the actual Libera technology
— Each point is averaged over 100 orbits

»
L

.

. R : Bergoz system resolution
¢ : libera slow acquisition mode
; s ¢ : Libera turn by turn mode
15 I . ::;: % ¢ : Libera turn by turn mode (decimated)
-
- \‘{
- Q. -
0. '0: v -
o . -
3 3. ¢
" .0“ .

courtesy C. Milardi
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Bunch Arrival Time / Beam Phase @‘m

100 2I IIIIIIIBIL/! mlllllh IeIISIIIIII)‘ QI Illllllm ,IA ( :] ° Beam arrival time jitter
2.0[ 10 o) power spectral density
I .
o 360 Hz f (APS)
L Z rom
e Y oo vanrF  — O/ w) = Square Root of
EREN ST reverse-integrated
LR LY Synchrotron power spectral density
= (3 10 Tune
P E oo — Note: the RMS bunch
Gop length for 24-singlets
1o 0,=2.1ps : :
sol = RMS jtter, 0.3 Hz to 3 kHz fill pattern is 34 ps.
AL 1o
L 1 l ILI:I/I] l 1 l Ill/illllCI l 1 l Il/]l:l(;o 1 1 l I/]lléj;lool | 1 Courtesy G. Decker
f (Hz)

o_ = 2.102 ps

T

* Using the phase information allows to measure the beam
arrival time

— J. Seebek (SLAC) reports 100 fs resolution with his digital read-
out system at SPAER (it has 1.4 ym single turn resolution)!
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beta X [m]

beta Y [m]

ATF DR Turn-by-Turn Beam Studies )

* Beam optics studies with 96 BPMs in the ATF damping ring
B beating measurement ¢ measurement

B function measurement

50 I R i 100 | T T T
measurement measurement | :maasuremenl .—+
model correct for — 04l | 1 I i I ~ model ]
correct for — - ’F ! \ i 1 -’. dlﬁmncez
| 1 1I | ! correc}lor” -t
w0l In 3 l \ | | 4 i
I 1 | I
50 [ T A Bt i i |
A l! i \ iR ko
Wi [ I'J 1
7 iy I i M —
WA PYTA | E
B opy §0 ‘I J ) x
x L BT 2
o A 1 |/ =
3 | SR e
¥ sl f
50 |
-100
==z == = e
S oas B WRBR i B e
30 T T T T T
measiremant 100 e T T e — - §
nodel f measlrement || i ¥ measurement ¢
cofrect for f C;“TT{W |1 0.4 i 1 j y i dlﬁTE:’:}j -
2 | i ] oy I | ol I ] cometler ]
[l ot ] ‘ 1
50 ] it 1
A FHEA | I |
— Lo | i | _
z #b i L] =
= } i % | I I g
3 0 l + T — 2
> NI AY ‘ ny T 3
3 R I
2 jo | UL
| ! ] i
TS 4 W 1 \
Vs I
50 - | 2

courtesy Y. Renier
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Combining BPMs Tune Measurements @

a few 10 turns

0.25 e +

Combining TbT BPM data allows tune measurements within

courtesy Y. Renier

0.5 : : : —— 0.01
——Qx = 0.185 +- 0.001 (30 turns) ——Qy = 0424 +- 0.004 (30 turns)
— =~ 0.185+0.001*sin( 2*pi*0.007*t+1.882) 048 ——-0.424+0.005%sin(2*pi*0.005%t+-2.397) || 0.008|
046} 0.006 |
& 02 & &
gttt | e e 044r 1 0.004
- I~
042} PN 0.002}
—— Qs = 0.0051 +- 0.0000 (400 turns)
0.15 : : : ' 04 : : : : : 0 ' ; ; ; :
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
turn turn turn
-4 -4 -4
1.5)( 10 1_5)( 10 x 10 S —
*  meas. (30 turn) " * meas. (30 turn)
—— 1 de-04"exp(turn,89) ——— 7.26-05"exp(turn/503) L5y
w 5 oql ¢ =
%‘ %‘ % 1 *  meas. (400 turn)
) ) g — 1.8e-04*exp(turn/19869)
o3 -] -
0 : 0 : : : : : 0 : : : : :
0 200 400 600 800 0 200 400 600 800 1000 0 200 400 600 800 1000
turn turn furn
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ALBA Fast Orbit Feedback Layout I@;A

BPM blocks and.—" N
corrector cojils g

,. 25 T = ‘ * Equipment
Correctio’ SCEN T AN\ — 120 BPM blocks
' ' " ' — 120 BPM electronics
— 16 correction CPUs
| ~ AR — 16timing boards

TN ©| - 16clock splitters
= »‘ ' il — 176 correction PCs
* Cables

— 692 timing LEMO

— 960 coaxial RF

— 120 ethernet links

— 120 copper fast-TX

— 909 optical fibers

Electronics an
control racks

courtesy A. Olmos
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Physical FOFB Layout (ALBA) (&)

BPM °PM courtesy A. Olmos

BPM block

. | " o - Corre ctor
o
Corrector Corre ctor ts

Cormrector

magnets magnets magnets
ax J ax J ax f ax L
Coaxial Coaxial Coaxial Coaxial
Tunnel

EEEEEEEERER EEEER EEEEERR EEEEEEEEER B EEEER
r ] Service Area

¥ , I
[ - L[——- 1t 1
odiied | Correctors 7=
plica
BPM  OE=— {0 | I P°W‘;’
electronics e - QIVCEEIS
(position)
Optical Fiber 1 Optical Fiber %
Electronics Electronics Electronics Controls Correctors Electronics Electronics
Rack 1 Rack N-1 Rack N Rack N Rack N Rack N+1 Rack 14
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APS Fast Orbit FB FPGA System Architecture

Programmable Logic (PL)
. Program Space (PS) DDR3 ‘ ‘
Real Time Feedback ‘ DDR3 SODIMM Low Speed PCORES I
A Memery |—|
q Double Sector Controller ~| . ] L Spare Al L
. . ; - ; b— interfaces [
] FPGA System Arc hitecture DDR Memory Controller Multi-Port Memory Controller [ Regeters |—
2 (MPMC)
= = ~ Data{ Memory f—{ wms
N [~
P 1[ 1[ 1l L e ML e B
_>' ” = [ Registers J——) '
b 4 —
%—R—W{m tL:JIZiIr( — AXI_HP [ — T 1 o= ey - o
- nistin
_><SD/I e N a1 HP )D?ak AXl-4 \ e o FFos J— cormectors (| [} o fmmnd 0l
N Interconnect [+ | = ):K Interconnet .J:E@ﬁ— — 2| | —
Uz | AXI_HP fpa 4 Dats ) 2l —
e el o e e B 1 )D( S I ry— M e e B |-
= Micos [ T4 K ITAG L — [ Axi_HP fo=) =] H e [t
‘ Rezi r:k
L] uss || vse2o [ central - ™ T |“'“I g e
¢_"" Micre-8 [v—7| Curlill-'tlller ¥ rl| gt misrcomest |, — I - = ?ﬁ \ e Monopulse [ | |} CO u rtesy
Q‘ — | AXI_GP \ i y £ = foae Aros |, BPMz || [
' B [ { Rezizters | -
Flash Application Processer Units [APU) g CDB R . L I p a
| ARM Cortex A9 CPU g e 1| e i
SO card | Y sDCard 32KB Data Cache 2 - Interface I
Connactor v1 H . il { Registers J—)
26708 Board = = 32KB Instruction Cache | ||
— on chip L2 MMU i b ) el
e Lo = L memory | cache RTFB EPICS I0C s 5] |¢ | [p——
Controller [ i . (och) 2 R I HEE: g W nterrupt Controller
resreerrest | Contraller Comr:l Icmzn:l:t ) g ; 3 Hizh Speed (H5) PCORES v
C_\ USB |+ | use-usRt |t ‘1| "ff Unit Cantroller | |2 |2 mimrs o
(7| Mini8 [v| Bk v | wear ocMm (scu) e = APS-U oo 552:,, = o5 Fizh Speed RTFB Data Highway [DH)
= ARM Cortex AS CPU (=L = rree [ | L [T Sector ‘—‘j
Boot Rom Hizh n =
L\ central 32KB Data.Cache | Splege:l - -
) bMma 32KB Instruction Cache == Data & = u'“r
Ethernet awjooon | A Y Jointly used resources. Tame | Sector [ | High Speed RTFB DH
Gl Rias | PRY [ (){ Ethernet MMU Al EH —| o sector i
— RTFE & FeoaE Lz
. — Libera =]
. 5 [ Libera L HS R Brillizncel =
2 reone -
Real Time Feedback PCORES ) % £ Ly APS-U ¥ = M N Libers Brilliance Plus Examale
Using Floating Point and DSP48EI Blocks: _
A 1T n H TERFE) Sector Corrector DH — Redundancy
Data
N [BPM Error ,.] = [BPM,,5] — [Set Point ...] i
e [Corrector Error ,.;] = [R™,..]*[BPM ERROR ..:] | | [T o) S eeiocon
Uz685-Zyng-7000 Technical Reference Manual per Corrector .us 1 Hodd ;VodarHevensVeven 1 P 5,:: SPX Deflecti
Wlins FPGA: Zyng™-7000 KCTZ045-2FFGE00C Digital Regulator: = . SFP Controller DH
- Low Pass Filter, 1 p p—
i Baare: 26706 High Pass Filter, u - ‘ZI SVEC E
Proportional, Integral, and Derivative (PID) ‘ oz
[Corrector Drive .., ] = [Digital Regulator ...] + n = o e [ Sty | spsavie erarmate
[Corrector Setpoint .., ] 1 i - . —
— | et N erx (TS| o [ S ) Event Trigger DH
LT o el ey Bl [
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Temperature Issues — APS (ANL) @

* Vacuum chamber water
temperature correlates with BPM T .|
position read back

— Impact on missed top-up shots

* BPMinstrumented with Keyence
laser tracker to measure BPM
movement relative to APS air /
water temperature

* Temperature regulation is at the
level of 0.3-0.5°C,, for air, and time (hours)
0.06°C,, for water (24 hours) MICRO-EPSILON capaNCDT sensors

* Mechanical motion monitoring

system proposed for APS upgrade measuring electrode ground

— Using capacitive sensor AL SBeots
technology

— NCDT 6300 single channel system:
0.01 %FSO resolution in 8 kHz BW

0.2507

| ‘s3&H20:vocskiawoter Temp

> 0.2508[

0.25051.

78.001

0.500m/
0.06 deg.C

|
0.2504 |

0.2503L

S33B:PO:mswAve:y (mm

77.951
0.2502

S34:H20:VacSkidWaterTemp (Deg.

homogeneous
measuring field

guard field

S

courtesy G. Decker
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Super Invar Reference Stands @

* Simple Invar stand was
designed to evaluate
capacitive detection of BPM

* Super Invar was used
because of its very low
thermal expansion (270 nm/C)
for full length of support

e Standard Invar can provide a

. .o . N Thermal Comparison of 'l.'per_!nal Expansion Curves - Carpenter Super Invar 32-5 vs.
significant cost saving if Expansion ~ Cupenirimar Aoy
. Curves
requirements relaxed. . /
% 200 ,l/
-100 /

-60 -40 -20 0 20 40 60 80 100 120 140 160 180 200
Temperature °C

courtesy G. Decker
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Mechanical Motion Sensor System (APS)I@;A

courtesy G. Decker

X-Ray ::
BPM X-RAYS

1 &
™) Capacitive Sensor

and mounting
assembly

K’Tu power supply

5m | 16 m - 6 m -
GRID
PO . . PO .
E Beam Insertion Device X-RAYS X-Ray Beam Line
BPM BPM
BPM
- T — Capacitive Sensor — Capacitive Sensor =0 Capacitive Sensor
T—— and mounting and mounting and mounting
assembly assembly assembly
& B 3 3 3
I o o x o
(op] & To power supply & To power supply bl To power supply &
L] > s > . > . >
-— E and amplifier E and amplifier E and amplifier E

Hydrostatic
H20 Lavel

.
® L
*SB
o
=
28

——

Hydrostatic
H20 Lavel

and amplifier

Hydrostatic
H20 Level
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Stretched-Wire Quad-BPM Alignment I@;A

* Alignment of the center of the quadrupole’s magnetic field and
the electrical center of the BPM pickup

— Was performed in 2005 at FLASH (DESY) with 10-20 pym precision
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* New initiative at CERN: PACMAN
— Marie Curie Action on BPM alignment and stabilization issues!
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Summary & Remarks @‘m

* Today the read-out electronics are not the performance
limitation
— Some experts say, there is too much focus on the electronics,
while e.g. BPM pickup issues tend to be neglected.

* Button pickups & mechanics are a critical part of the BPM
system

— Keeping the mechanics stable <1 ym is very difficult

— Buttons can have a substantial impact on the impedance budget
of the ring accelerator!

* FPGAs provide a huge, still untapped potential

— Fast orbit FB systems benefit most from this technology,
however, the systems are not simple.
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THANK YOU!

...and thanks to the contribution from my
beam instrumentation colleagues!
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