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@ Outline
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Base-line LHC Q, Q' and C- diagnostics overview

— System overview and hardware status

Application overview

Commissioning of Q, Q" and G beam parameter control
— Instrumentation, diagnostics and related corrector circuits

— Feedback options and setup
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I@ii Reminder: LHC Tune and Chromaticity Require

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

s The measurement and control of

-- orbit, tune, chromaticity, energy and coupling --

will be an integral part of the LHC operation

s  Stability requirements summary (Chamonix'06):

Orbit Tune Chroma.| Energy | Coupling
[0] [0.5Frev] [units] [Ap/p] ! [c ]
Exp. Perturbations: ~1-2 somm)] 0.025 (0.06) ~ 70 (140) +15e-4 ~0.01 0.1
Pilot bunch - +0.1 +10 ?7 - I -
Stage | Requirements +~1 |#0.015-0.003 >0+10 +1e-4 | «0.03
Nominal +0.3/0.5 |+0.003/+0.001 1-2 £ 1 +1e-4 | « 0.01
s ... “FBs are most beneficial and (likely) required before the very first ramp!”

s after two years, experience from RHIC/Tevatron and many MDs in the SPS

... we are ready and believe to be prepared to meet the LHC challenge!

3/37
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I@ii Reminder: Tune and Chromaticity Drifts during LHC ramp Y

time [s]

s Exp. perturbations are about 200 times than required stability!

s however: maximum drift rates are expected to be slow in the LHC
o Tune: AQ/At| <102 s

s Requires active control relying on beam-based measurements

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06
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. Chromaticity: AQVAt| < 2 s « the critical/difficult parameter
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@ LHC Q Base-Line Q Instrumentation
i
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Back-bone: Base-Band-Q Principle on a Slide

! il 3 .
‘ i Nﬁ BBQ detector

. O e el "

=

s Basic principle: AC-coupled peak detector

— no saturation, self-triggered, no gain changes between pilot and nominal

— intrinsically down samples spectra: ... 6 GHz - 1kHz ... f

rev

« Base-band operation: very high sensitivity/resolution ADC available

» Measured resolution estimate: < 10 nm — € blow-up is a non-issue

s One of the few turn-key systems in the LHC

— easy/very fast commissioning — done in parallel with RF capture 537
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LHC Q Base-Line Q Instrumentation Y

BBQ System Overview

o’

Q pick- BOK stripll
s Back-bone: Base-Band-Q Meter' (BBQ) bici-up stripline

— well tested and proven solution: In
SPS, LEIR, PSB, RHIC, Tevatron, ...

s Pick-ups: 40 cm strip-lines

s Shakers: 1 m strip-lines

A T -
ins B ins A

— magnetic deflectors driven £ 3 A max. BBQ Front-End
— working bandwidth: 1 - 6 kHz control outB  outh

LHC Tunnel
— maximum kick angle: 0.1nrad@7TeV —_— = =] - UR47T0AS Chvern

- 23 nm@B = 180m per turn

ADCB ADCA N

24-bit ADC/DAC

s 3 x 2 (nearly) identical installation (tunnel
(2 development/hot-spare systems on the surface)

digital link DACB  DACA

A\

2nd
i channel

s ... some redundancy:
8 systems available vs. 2 needed

DAB

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

control
mezzanine
ADC/DAC
mezzanine

M. Gasior: LHC-Project-Report-853
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LHC Q Base-Line Q Instrumentation
Hardware Status

BBQ based systems: (~ 1 more week)
— all acquisition systems are in place
— remaining: front-end installation, final
cabling and HW acceptance test
— N.B. transverse damper available as exciter

Head-Tail/Fast-Intra-Bunch-Position Monitor
— acquisition system (scopes) in place
— final cabling pending (~ 2 days, April)

Schottky: US-LARP responsibility (soonish)
— cabling, detectors in place
— HW, SW acquisition and control system
pending

we are in good shape and ready for first
beams... whenever we get the 'go-ahead'

[R—

LUAC | BVi2 \ iy iy

Head-Tail

BQ-FET1/2 }

| on-demand’
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@ LHC Base-Line Q/Q' Diagnostics Overview — Y
i
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BPM and BBQ exploitation

Commissioning Phase A.3 (choices first circulating beam):
s FFT based acquisition using LHC BPMs - Phase A.2 = J. Wenninger, V. Kain

(excite and/or analyse injection oscillation spectra)
— initial tune adjustments (first 100 turns, integer Q, local C- correction, etc.)
— CON: slow, no fast periodic acquisition possible, problematic with large Q'

s  FFT based acquisition using LHC BBQ with either
— simply no excitation! - yields sufficient data in most cases...
...for the others: fall-back to one of the following excitation based methods:
— 'RF transverse damper' or 'BQK' (aka. 'tune shaker'),

« preferred choice: no timing required, fast and easy amplitude tuning
— 'MKQA' (aka. 'tune' or 'aperture kicker') triggered by the MTG

« mainly for cross-calibration and measurements involving BPMs or HT
— CON: slower tune (= chromaticity) tracking, problematic with large Q'

s Phase-Locked-Loop (PLL) based acquisition
— requires excitation using either the 'BQK" or 'RF transverse damper’
— can cope with wide range of Q', SPS experience: robust measurement ;.
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@ LHC Base-Line Q/Q' Diagnostics Overview — Y
i
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BBQ Use-Cases Abstraction

s Three independent BBQ Tune/Coupling diagnostic chains available per beam:
— PPL based acquisition of Q, Q'...
« one measurement at high/reduced acquisition frequency, targets:
— 100 Hz for feedbacks (driven by need to reduce feedback latencies)
— 1 Hz for general purpose logging

« expert: high frequency data that is event synchronised and buffered
(post-mortem, PLL setup), typical length: 5 min & <1 MB of data

« main use: monitoring/logging, feedbacks, fill-to-fill studies, ...

— FFT based acquisition of Q,Q'"... —'periodic'
* one measurement every 1 second starting from first-injection
* intended use: monitoring/logging, (feedbacks), fill-to-fill studies, ...

— FFT based acquisition of Q,Q'"... — 'on demand'
* n-measurements synchronised to an external event (BPM, BQ, ...)

* intended use: expert diagnostics, detailed studies, ...
9/37
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@ LHC Base-Line Q/Q’' Diagnostics Overview — Q/C-
i

Operational & Bl-Expert Interface: TuneViewer

Tune Viewer - SPS <2> <
File Run Configure

(FFT | PLL | DataSets | Feedback | !Contour |v||Milg|v|| H ” 11 |AC... 69Ej Scale
Acquisition Settings

Acquisition Length [turns]: |1024 |V|

Measurement Rate (Period): |25 Hz 40 ms) |V|

Start [ms] | DE‘

Stop [ms]: | DE‘

Type of Excitation: |0FF |V|

0 025 03 033 04 045

[ ["chirp | Kick | Tune Fitter | Misc | horizontal tune [frev]

lComour |v||Milg|v|| Vv ” 11 |AC... 69Ej Scale
wi

DEMO @Tc = 3259 ms

Ql = .1262 Qx = .1269
Q2 = .2289 Qy= .2282
|C-| = .0165

|no comment || Detach Viewer

. :
@ ” ' ™| 0 005 01 015 02 025 03 035 04 045
vertical tune [frev]

L

s Tested and/or used at SPS, PSB, PS, LEIR for about a year now (~debugged)

s Main responsibility: R. Steinhagen (AB-Bl),
co-maintained and input from F. Follin, J. Wenninger (AB-OP) 10/37
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LHC Base-Line Q/Q' Diagnostics Overv Y
TuneViewer — Functional Overview /Il

s Same interface/can acquire from any CERN BBQ-FFT/PLL based system

same diagnostics look-and-feel across accelerators
several different FFT analysis tools available

Standard displays: Q/Q' traces, FFT-vs-time, FFT spectra, S/N ratios, raw
oscillation data, BTF, ... = modular, can be used as a fixed-display

standard CO interfaces: SDDS, LSA, JAPC, timing where applicable
developed having commissioning and expert diagnostics in mind
» however: provides reduced level of detail for day-to-day operation

off-line diagnostics, re-tuning, comparison and expert analysis of multiple
Q/Q' parameters and data sets possible

s additional LHC specific 'plugins':

Q/Q' 'slow' steering (‘one point trim'), kick/BPM timing synchronisation,
Q/Q' real-time feedback control:

« implements the same algorithms as the Q/Q’ feedback controller

* any tested settings are easily applied to the Q/C/Q' FB controller

s Some features in the testing/development pipeline... 11/37
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LHC Base-Line Q/Q’' Diagnostics Overview — Q/C-

7\ TuneViewer — Functional Overview Il/li 7/
4 { Tune Viewer ) O (m (=3

LDOLDL®- TN

0 005 01 015 02 025 03 035 04 045
vertical frequency [frev] - - 1 - \\

Eile Configure Help Wm{ }f )ACQ#“
8 IN ~Turh FFI'W Phase-Locked-Loop | ( Contour D(mag DCH I 1) acos[13§] =
o | -Acouisition Settings - % -301
S 2 :
© 7 - ( )( 3 E =
S Machine cycle: LY SFTPROL = S e
g :

o Arguisition Length [turns]: { 1024 v) =
A 5 -40+
Q I
=z Measurement Rate (Period): (_40 Hz (25 ms) v) =
o = _4sd
L || start (ms): | 03]

(©)

(g) Stop [ms]: | 4,220%] 5041

87 Twpe of Excitation: c OFF v)

] =559

=

(=

£ : )

+— 3 = =

(D. = T T T T T T T T T

-CC)_ E){citation1Tune Fitter | Misc | o] 0.05% [k 0,15 0.2 0.25 0.2 .35 0.4 0.45

o) ~Excitation Settings tune fre\r] -&5 I

%) e e —— = -70

E Har. [3]: a =0 100 S0 =

q) E T T T T T T T T T

"J', = 4] 005 01 015 02 025 03 035 04 045

> r_g frequency [frev]

&, o,

S S 0 50 100 :

-E el EWeT;

8 ( TuneDiagram ) Mag «)( H ,( I )aca#[133] .(_)
horizontal: in: & : =

o0 arizontal rmin rax - =

t'a—s wertical: rmin: rnax: % .

. 1= |
o = e
© =
=) Comments: |n0 comrment !f Detach Viewer ’ E 0.4
> =
5=
.0
=3
©
S
©
-

{5
O
©
=
®©
(O]
(=
=)
=
O
T
—

. | TUneEvIiEwer |

Sr— T eﬁﬁAca#m.-<Trafe D0 IQDCD sty (| o

— = 0.44 T T [ !

£ =

= =

= @ OEEST

a =

E =

H T T T T T T T T T T T T T T T

= 0.5 1 8 2 25 3 3 o 005 01 015 02 025 03 035 04 045 05
time [s] horizontal tune [frev]



mailto:Ralph.Steinhagen@CERN.ch

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

LHC Base-Line Q/Q' Diagnostics Overview — Q/C Y

Betatron-Coupling Measurement

s No orbit, Q, Q' feedback without control of betatron-coupling y

s FFT/PLL measures eigenmodes that in the presence of
coupling are rotated w.r.t. “true” horizontal/vertical tune

— A, . "horizontal” eigenmode in vertical plane

— A, “horizontal” eigenmode in horizontal plane

A A
Al,x A2,y
— 2\/7‘1}’2 (1—7"17’2)
— J—  _— /\ A: —_ - - -
= |Ic] 2, Q2|(1—|—r1r2) 2, Qz‘(l—I—rlrz)

s Decoupled feedback control:

- qxa qy
- |G, X

-

-

quadrupole circuits strength

skew-quadrupole circuits strength

first implemented and tested at RHIC/
tested/operational at CERN

R. Jones et.al., “Towards a Robust Phase Locked Loop Tune Feedback System”, DIPAC'05, Lyon, France, 2005 13/37
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LHC Base-Line Q/Q’' Diagnostics Overview — Q/C- Y
#\ Betatron-Coupling Measurement (Real-Beam Data) S

7 [ Tune Viewer - SPS |

File  Configure

M-Turn FF 'Phase—Locked—Loup] ( Cortour +)( Mag 6@@ ACQ#

—ArCquisition Settings

Machine cycle: @ CHESL

Acquisition Length [turns]: ( 1024 v)
Measurement Rate (Period): ( 40 Hz (25 ms) v)
Start [ms]: | oﬂ
Stop [ms]: | 4,000 %]
Twie of Excitation: ( OFF v)

B

~Tune Fitter Setting

Selact Type: { Tspectrum -) ]
SN ratio [dE]: ‘ 10 I 8] 0.05 01 0.15 0.2 025 0.3 0.35 0.4 0.45
horizontal tune [frev]

Tune is: ®<os Os05 ( Cortour ) Mag ,)@ ACQ# Srale
Rl g

TSpectrum: ( Expert Settings )

horizontal: min: max:
wertical: min: max:

& ATEVIEWES;
(CoupiingTrace w)(Mag ) H )( 11 ) Acossa8] Scale
=
@
T
=
0,45
I-lu
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Ed
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;
N
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@ LHC Base-Line Q/Q' Diagnostics Overview — Q/C- Y
i

Simplified LHC Phase-Locked-Loop Scheme it
Sin(ZT[fc) reference signal
3 | rect2polal R(W Aa
S *@—» .\ o R(w (>) ampl. loop p
% ZinpUt(t) A NCO Zexciter(t)
o |4/ o A >
é i\ Q p. phase loop pl Csf’
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LHC Base-Line Q/Q’' Diagnostics Overview — Q/C- Y
Since 2006: SPS PLL Operation

©
w
O

.
w

O
N

horizontal tune [f

[ LI T]TL

0.15

==

0.1
- 'tune trace -100
0.05:"phase response 150
| Emeltude wsponse | L) b
2 4 6 8 10  12°%
foy = 43 kHz [] time [s]

« either: AQ/At| _ = 0.3 within 300 ms, (o. of magnitude faster than LHC requirement)
= or:tune resolution: AQ__= 10°...10 but reduced bandwidth (~1..2 Hz)

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06
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I@v LHC Base-Line Q/Q' Diagnostics Overview — Q' I Y
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RF momentum modulation — LHC Commissioning Phase A.3

— class: Q' is proportional to momentum induced tune changes

0'= AQ = the measured tune change
Aplp = the RF induced momentum change (known)

Kicked Head-Tail Phase-Shift — LHC Phase A.3 (~ copy++ of SPS installation)
— multiple dependences on beam parameter other than Q'
— limited by emittance growth/orbit budget = it's an MD tool
« still provides good cross-reference and general beam diagnostics!

Side-exciter/BTF based method — end 2008/beginning of 2009

— needs broader acceptance (human component) and assessment with
LHC beam (parameters)

Continuous Head-Tail Phase-Shift — 2009++

— Tested various schemes in 2007 at the SPS but need further assessment

17/37
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|@ii Q' through RF momentum modulation based method

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

S/
There are multiple but similar detection techniques: '
— modulation below Qs - classic schoolbook example Q — A /
— modulation above Qs - Brlining's and/or McGinnis' method prp
2 L slow modulation 5 fast modulation]
o N \\ : 7
< - G
103 & -
Z Q _
™~ ; ‘96\4? : 7]
:\\ ............. \f@s AR 5 .......nom. p-cleaning system @ 450 GeV. |
LN X% B
N \C‘%
. Y
107 ¥ N, ;
B \@)> N -
IR 15 5 SR SRS S N RS L nom. f-cleaning system @ 7 TeV,
B g !
5 \\\ N

10%F . s
- Q' diagnostic & \\ .
- FB operation \\ :
B ~ NG i

& \\

10° ~ >

1 10 10? 10°
f g [HZ]
LHC RF power permits only slow modulation (J. Tickmantel et al.) 18/37
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|@ii Q' through RF momentum modulation based method

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

s Controllability of Q' depends on ability to track the tune both accurately & fast

— intrinsic to this problem: | A Q(r;)s‘A t,,.=COnst.

— LHC expectations:

o Tune: AQ/AY ,, <10° s “slow” compared to Q/Q" drifts

« Chromaticity: AQY/At < 2 s’

max

— Chose to tackle the LHC Q' measurement in the high accuracy limit:

— very small but slow Ap/p modulation while tracking Q with a PLL

0.5Hz (setup) — 5Hz (nominal)

° fmod '

« Ap/p: ~10*  (setup) — ~10° (nominal)

— Feasibility supported by LHC Q' tracker prototype tests in the SPS

. f_=05Hz, Ap/p=2105 AQ__ ~ 105, AQ' <1

res

- limited by the f__, DAC quantization

e.g. in the SPS/RHIC/CPS/PSB

19/37
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Y FFT Based Q Acquisition
7\ Ap/p ~2-10” driven Q modulation (Q°', ~ 36 units)
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rev]

vertical tune [f

Dedicated PLL based Q/Q' tracking study at the SPS y

Modulation Amplitude: Ap/p = 1.85-10°

o
c
>
D

I‘III‘III‘I
phase [de(]

0.1905

0.1895

0.189

0.1885 __l ................. ————

30 40
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Dedicated PLL based Q/Q' tracking study at the SPS

&

Modulation Amplitude: Ap/p = 1.85-10°

I—l> T T ] O
8 2 —1.4 5
= S5 - —11.2 O
z = - 2 ©
&S € 0.1905] T4 £
® O o N O
= g ' 1 E
5 A |, B
5 0. 9: &ggwwww iFiy 1™ (_ﬁ
g . . Tog ©
0.1895) J 100 ©
(E - “%WWA 04
: 0.189-Q/Q VY
& N —0.2
g 0.1885) B
z 0 10 20 30 40 50 '
£ time [s]
= = real-time Q' detection algorithm (agrees with SPS cross-calibration):
g — Q' resolution better than 1 unit (nominal performance) = reproducible
© s N.B.tracking transients: AQ' feed-down on AQ (non-centred orbit)
T - AQ/At >> AQYAt - SPS specific, LHC: AQ/At| < 10%/s
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Dedicated PLL based Q/Q' tracking study at the SPS y

Modulation Amplitude: Ap/p = 1.85-10°

©
R
oo
w
N

o
Q=26.18

ﬁh—-‘h 1

vertical tune [f ]
rev

BE
0.1825 /\AA/\[\/\}W[\1§
o182 [ 1] 0-8.‘;3
PUSIRIRIRIRIRINIRTRIE
AR AR AR
0 2 4 6 8 10 12 14 16 18

time [s]
s Scans to assess the maximum useful range yield showed that this method
can cope with values of Q' up to at least 34 units

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

— larger than (any other) Fourier based method ... (usually damping Iimitedgs/37
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LHC Base-Line Q/Q' Diagnostics Overview — Q'
Q' Through Kicked Head-Tail Phase Shift

First order: copy of SPS system|sur

— increased sampling:
5000 (LHC) vs. 2000 (SPS)

— increased bandwidth:
>3 GHz vs. 2 GHz

— switch on & use system e-m  q- 134

E= 25.92GeVY Qs= .0054
Is= 6315ns Dx= -2.66mm

SOme intrinSiC Iimitations: ( Update Reconstruction N tpgmeqia )

Delta Signal Amplitude [V]

— requires large kicks; issues:

. . =
* sig. emittance blow-u e e -
. 3 selected umn; [~ 1,514 5}

1€ 4

Dr

« machine protection - measurement remains a MD/pilot beam tool!

uncertainties due to multiple dependences on beam parameter other than Q":

— Impedance, non-linear damping (Q'/Q", RF damper), non-lin. Q_,

— Very low LHC Q_ = 30 Hz issue
— oscillations need to prevail > 350++ turns for useful Q' analysis 24/37
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LHC Base-Line Q/Q’' Diagnostics Overview — Q' y

HeadTail Viewer — Functionality

s Bl-expert tool known and used by many in ABP, Bl, OP & RF
s  Misnomer: 'Head-Tail' is actually a 'Fast-Intra-Bunch-Position-Monitor’
— many long. and trans. beam diagnostics cross-calibrations possible

— Implements standard analysis/displays for:

« Raw and phase compensated Sum/Difference signal oscillation data
Tune, betatron-coupling, closed orbit, bunch length-vs-time
Phase-evolution-vs-turn = Q'-vs-turn, HT-Q' estimate
Amplitude-envelope (damping/instability growth times),

1D-trace & 2D longitudinal and transverse bunch spectra
— in-bunch & coupled bunch mode instabilities, chromatic frequencies

in the pipeline: fast relative bunch intensity changes, BPM type
acquisitions, processing speed performance

— off-line diagnostics, re-tuning, comparison and expert analysis of multiple
longitudinal, Q, Q' data sets possible

= |f you have questions, feel that something is missing or is too much (= bugs)
— please let me know

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06
[ ]
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Total Number of (FB) Corrector Circuits Y
Powering Layout of the SSS Correction e

f Auxiliary bus-bars and connections for Short straight section correction scheme \q
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|@ii Summary: Total Number of (FB) Corrector Circuits
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Orbit: 530 correction dipole magnets/plane (71% are of type MCBH/V, £60A)
— total 1060 individually powered magnets (60-120 A)
— ~30 shared between B1 & B2

Tune;:

— 16x £600A circuits powered from even IPs (2, 4, 6, 8), 2 families
— independent for Beam 1&2, but coupling between planes
— can use them independently, optional use of DS quadrupoles

Chromaticity:
— 32x £600A circuits powered from even IPs,4 families (AQ'~1->1A@7/TeV)

Coupling: four skew quadrupoles per arc, 1/2 families

e Beam 1: 12x 600A
e Beam 2: 10x 600A

Total: 1130 of 1720 circuits/power converter - more than half the LHC is
controlled by beam based feedback systems!
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I@v LHC: Divide-and-Conquer Feedback Architecture Y
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s Divide:

— FB zoo: Orbit, Tune, Chromaticity, B-Coupling,
Energy, ..., Luminosity, (Beta-Beating)

« develop/commission on a one-by-one basis ,‘
— Feedback controller into: fox(

- Space Domain: AQ,, — quadrupole circuits currents, etc.
— classic parameter control — pre-requisite for any beam steering
« Time Domain: compensate for dynamic behaviour
— relaxed controller for commissioning (low-bandwidth Pl controller)
= Conquer:

— Once feedback operation on a per-parameter basis is established,
reintegrate and test/commission inter-loop coupling and other constraints.

s LHC Feedback hierarchy:
— Orbit (Energy) = Tune/Coupling PLL - Q' Tracker = Q/C/Q' feedback

29/37
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@ Future Integration of Q/Q' Measurements f Y
7

Full LHC Beam-Based Control Scheme
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LHC FBs: 2158 input devices, 1136 output devices — total: ~3300 devices! 3%
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I@ii Common Feedback/Feed-Forward Control Layout Y
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Each LHC feedback controller implementation split into two sub-systems:
— Service Unit: Interface to users/software control system
— Feedback Controller: actual parameter/feedback control logic

« Simple streaming task for all feed-forwards/feedbacks:
(Monitor —» Network )_,— Data-processing - Network — PC-Gateways

« Can run auto-triggered (first beams)

« Hardware and functional specifications already available

<Database settings,>
operation,other user

Ethernet Ethernet

[ Service Unit

m X

P v—— : UDP/IP UDP/IP oo

Monitor-Frontend (FB/FF Controlle PC-Gateways
%@_______k______)_________
Tunnel | , : ¥ :
- AL L beam response H '

TT lll-T' EEn

beam instrument corrector magnets
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i@ii Commissioning the Orbit Feedback Controller — Test Bed

s Test-bed complementary to Feedback Controllers:
— Simulates the open loop and orbit response of COD-»BEAM—-BPM
« Decay/Snap-back, ramp, squeeze, ground motion simulations, ...
+ Keeps/can test real-time constraints up to 1 kHz
— Same data delivery mechanism and timing as the front-ends
* transparent for the FB controller

covers whole ring (27 km) FC Test Bed

-« « 1=20/40 ms At<1 us

<R ’

buffer etc 1

Feedback Controller /networf\ PC-Gateways '
]

[ ]

beam response o eccaces :

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06
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|@ii Commissioning of Feedbacks I/IV Y
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s Most feedbacks checks can be and are done during hardware commissioning:
— Interfaces and communication from Bl and to PO front-ends (done)
— Interfaces to databases, tune kicker, PLL FESA integration (soon)

s Using the 'test-bed' we will do the further tests without beam: (in progress)
— analysis routines, time-domain and circuit failure interception routines

s Things that have to and can only be checked with beam:

— PO-Circuits/Bl-Instrument polarities, planes, mapping ) is done

- while threading

» reduced number of corrector circuits = ~ 1-2 shifts/FB :
the first beam!

— PLL: beam transfer function and rough test of calibrations _

s |t is possible to run feedbacks already after above procedures:
— auto-triggered at 0.1 — 1 Hz & lower closed loop bandwidth — “day 1..N”
— In case of Q, Q' we will have the following options:

a) Input: 'FFT + peak detector' or PLL
b) Control level: TuneViewer GUI (slow) or Tune Feedback Controller (fast)

* both implement the same algorithms! 33/37
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amplitude response [a.u.]
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Commissioning of Feedbacks with Beam l/IV Y

Example: PLL Setup — Step | (HW lag compensati

Essentially BTF and compensation consists of the adjustment of four

parameters, preferably during injection plateau (stable tune and chromaticity)

— 1% step: verify necessary excitation amplitude and plane mapping
— 2" step: verify long sample delay (once per installation, constant)

- full range BTF (will be partially done also without beam)

~—005 01 __ 015 02 025 03 035

« count £1 wrap-around - number of delayed samples

L] th - — (5]
(=] (= w o
(=] (=] =

phase response [deg]

w
o

-100

-150
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@ Commissioning of Feedbacks with Beam IlI/IV Y
i

Example: PLL Setup — Step Il (beam phase compensa

< # Measure do/df slope ( ~ front-end non-lin. phase and kicker cable length)

; — 700 = - =
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o tune [frev]

- = Adjustments of the locking phase (tune-peak — phase matching)
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LI) tune [f _ ]
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@ Commissioning of Feedbacks with Beam IV/IV Y
i

Example: PLL Setup — Step lll = Ready for Q/C/Q' Tra

3 . w§
SRR SIS
7)) - \ n %
§- 08: ' /\\ _:40-8_
v - |
o 0.6 — 20
£ - \\ -
© - 10
@ 0.4 —
o) - -
T ! / K o
5 D
= of \ |60
- - 80
-0.2 -

0.184 0.186 0.188 0.19 0.192
frequency [frev]

s Based on commissioning experience at the SPS and RHIC:

— provided stable circulating beam and absence of “surprises”, the initial
PLL setup with beam can be quite fast: < 30 minutes net!

— verification of proper loop operation in less than a minute (= one BTF)
s Including verification of circuit mapping and polarities:

LHC Tune and Chromaticity Diag. & FB Control Systems, Ralph.Steinhagen@CERN.ch, 2008-03-06

— ~2-4 half-shifts with per beam per feedback loop
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@ Conclusions Y
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s Baseline Q/Q' diagnostics and controls is in good shape

— compatible with large values of chromaticity and nominal LHC operation
— Feedback architecture, strategies and algorithms are well established

« same feedback architecture for orbit, tune/coupling, chromaticity...
— LHC priorities: Orbit/Energy FB —» Q/C- PLL - Q' Tracker - Q/Q'/C- FB

s Commissioning of feedbacks:

— Most of the requirements for a minimum workable feedback systems are already
fulfilled after threading and establishing circulating beam

 about two to four half shifts/beam/feed-back for PLL/FB specific procedures
— Feedbacks are most useful when used at an early stage
» feedback signals provide feed-forward information for next cycles

s 'Eqgg of Columbus' principle: LHC is not the first machine with a BBQ, Q/Q'
PLL system or beam-based feedback system, however: there is no guarantee
for 'no surprises' or perfect commissioning prior to real LHC operation!

— We are well prepared but some things need to be tested with real beam!
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additional supporting slides
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PLL based Q/Q' tracking study at the SPS y
PLL Side Exciter (SEX) based Tune Width/Q' Measure 2

_ Q Q+AQ _
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— measurable dependence of AQ ~ Q' 20/37

frequency [frev]
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@ PLL based Q/Q’' tracking study at the SPS Y
i

0 20 40 60 80 100 120 140 160
time [s]
s Side-exciter phase appears-to changes linearly with Q' (2007 MDs)

— No additional momentum modulation

— Absolute scale requires calibration w.r.t. to classic Q' measurement

PLL Side Exciter (SEX) based Tune Width/Q' Measureme 2

-7 T L L BN B
8 S/ 30—tan[(p(Q AQ)] B
% - tan[p(Q+AQ) :
E 25 (AQ =0.001) .
¢ 20 -
5 150 et =
£ 100 E
; 5/ :
. ., Inverse amplitude response R"(Q) |
.}E

— Non-linear effects require further assessment - 2007 MD Target #2/3  41/37
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I@ii Orbit Feedback/Feed-Forward Control Scheme
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The feedback controller consists of three stages:

1 Compute steady-state corrector settings 3“:(61,...

based on measured parameter shift Ax=(x,..., X ) that will move
the beam to its reference position for t—eo.

2 Compute a 0(?) that will enhance the transition 0(/=0)—0,

3 Feed-forward: anticipate and add deflections

changes of well known sources

reference

2

external input
(trigger, control parameter, Lumi-
Feedback etc.)

v

)

Feedback Controller

ff estimate’

—

AX — 6SS

5(t=0) = 3~z ;

ffto compensate

“classic” parameter

correction

“classic”

feedback controller

G(s)

feedback-path = measured beam parameter

machine
response

| space
domain

time
domain

actual beam
parameter
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I@Ii Reminder: Solution in Time-Domain Y
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s LHC PC (LR cwcuﬂ model G(s

— Linear optlmal Pl controller:

): rate-limited first order system with delays:

T : being the circuit time constant

T 1 ‘|-to- _
S)_KO‘ LI K,:I-to-0 tra.msfer func
x | 1/a: “effective” FB freq.

— including non-linearities (delay & rate-limit):

I

I

I
reference—:;@— SVD

I

feedback path

anti-windup

internal external
noise noise

feed-forward

lgain-scheduling

Smith-Preditor

i d

LHC (process)
+ +
y e-?vs G (S) . = actual state

I
| . )
I

rate limiter I

nE

(1-e7) G(s)

Orbit Corrector
Surveillance
Fo(s) g L e = = - |
I Beam Peosition
BPM failure I Montor

detection

Feedback Controller

D, (s) gains are independent on

IVIlnt(s) ﬂ— IVI(S) ‘_??
[Feedback Controller _~ _~ _~__ _ _ _ _ _ _ _ _ _ _ _ _ | '

non-linearities and delays!! 9,

measurement 43/37
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&

Some Results: Smith-Predictor and Anti-Windup
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|@v Nominal Feedback Response T,
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Full LHC orbit simulation @1KHz sampling, (BPM sampling: 25Hz)

loop response [dB]
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|@v Nominal Feedback Disturbance Rejection S, ABY

s Full LHC orbit simulation @1KHz sampling, (BPM sampling: 25Hz)

loop sensitivity [dB]

= % % 02um -
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ﬂequency[Hz?
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I@ii Loop Interdependences and Cross-Talk I/l
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rel. momentum reconstruction error [%)]
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Multiple FBs and measurements acting on the same RF cavity frequency
(N.B. radial position limited by collimator gap)

— Q' tracker, energy FB (='radial loop'), Q" and other optics measurements

— strategy: orbit feedback acts as a slave system controlling the RF

« dispersion orbit is subtracted/not corrected by 'regular OFB'

« energy FB corrects w.r.t. to the by the Q' tracker set reference
— Af. = (Af, - Af
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Reminder: Solution in Space-Domain Y
Response Matrix and Calibration Uncertainties

s Matrices are direct observables and can thus be measured with beam!

— Imperfect optics and calibration errors may deteriorate convergence
speed but not the convergence accuracy

— Example: 2-dim error surface projection

%0_08//22‘2@ mN
[ 209 cal fertions
§0.06

o

_': w{f/)
-._\.‘q_‘ﬁ_i_i_ﬂ_
—_— e
e
T
S
e
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T
______%—1_____
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on
0.02 e
Q% 001 002 003 004 005
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BPM

Reading
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Example: LHC Orbit Feedback Test at the SPS V/lI
Real-Beam Data
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@ BBQ-PLL based Q/Q' tracking
7\ Since 2006: Vertical Tune Shifts due to SPS Impedance

tune
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See APC 2006-11-10 for details

s SO OO Sttt oot SO RSP RRPRRON bream intensity [1 010} = o

full gap opening [mm)]

=,

bunch length [0.1 ns] 0182 ()]
B ST ............................................... ................................................ ...................................... _ C
018183

RN —_
Qo o N -h
T

—0.1816

0.1814

(®))

0.1812

N

0.181

N

0.1808

o

0.1806

full gap opening, bunch intensity & length

1
N
|

B | | 1 1 | 1 | 1 | 1 1 | 1 | 1 | 1 1 | 1 L O- 1 804
05h25 05h30 05h35 05h40 05h45 05h50

s Vertical tune shift are a result of: time
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— SPS transverse impedance and changing bunch length/intensity 50/37
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@ BBQ-PLL based Q/Q’ tracking
i

Since 2006: Collimator Imp. Q, versus Full Gap Opening

:Sgg!A'PC 2'00611 10foréleta|ls | ' .« 2006:BBQPLL ‘

*  2004:BBQI
*  2004:BBQII
. 2004: Schottky

AQ [107

.......................... normalised to:
| | | 6,=0.5 ns rm.s.

n,=1.2*10"" protons/bunch

full gap opening [mm]
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= Tune resolution: AQ = 10°...10~
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i@ii LHC Q/Q' System Overview

LHC Q/Q' system: 5 racks, 9 VME crates, 10 DAB front-ends:
s  UA43-BY10 - support cavern left of IP4 [CFV-UA43-BQBZ]
— PLL-B2 (operation): Q/C- Phase-Locked-Loop System Beam 2
« connected to BQK.6R4 (aka. 'Q shaker’)
— FFT-B2 (operation): periodic acq., logging, fill-to-fill studies, Beam 2

s UA47-BYQ7 - support cavern right of IP4 [CFV-UA47-BQB1]
— PLL-B1 (operation): as above but Beam 1
* connected to BQK.6L4
— FFT-B1 (operation) as above but Beam 1

s  UA47-BY12 [CFV-UA47-BQ - CFV-UA47-BQFFT?]
— FFT-B1, FFT-B2: on demand FFT spectra acquisition
» connected to RF damper system
 software + hardware (TTL) link to MKQA
* N.B. can be also used for periodic acquisition
— (BQSHT-B1/B2: 'Head-Tail' acquisition system)

s SX4-BY11 — surface building [CFV-SX4-BQDEVB1, CFV-5X4-BQDEVB2]
— DEV-B1: LHC FFT/PLL/HT development system
— DEV-B2: (Q: move to SPS? - “easier’/more available test-bed)
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@ BBQ-PLL and -FFT Installation Overview
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@ Head-Tail and Schottky Installation Overview
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I@ii Technical Network and Data Communication /Il
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CERN's Technical Network as backbone
— Switched network
* no data collisions

* no data loss

— double (triple) redundancy

Core: “Enterasys X-Pedition 8600 Routers”
— 32 Gbits/s non-blocking, 3107 packets/s
— 400 000 h MTBF

— hardware QoS
« One queue dedicated to real-time feedback
» ~ private network for the orbit feedback

Routing delay ~ 13 Us

longest transmission delay (exp. verified) ~ 320 Us
(500 bytes, IP5 -> Control room ~5 km)

— 20% due to infrastructure (router/switches)

— 80% due to traveling speed of light inside the optic fibre

worst case max network jitter « targeted feedback frequency!
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I@v Technical Network and Data Communication /I
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LHC Tune a
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