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WHY TALK ABOUT LLRF ?

> “Everything already demonstrated since analog LLRF systems.”
BUT

> “New technologies open new possibilities, offer new challenges.”
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WHAT IS LLRF ?

> Interface to « The Ultimate LLRF System »
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WHAT IS LLRF ?

> Interface to « The Ultimate LLRF System »
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WHERE DOES LLRF STOP ?

High power
RF =gle
Couplers Experiment

" Operation
Cavities

Machine
protection

Personnel
interlock

Cryogenics Controls

Diagnostics
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PART |

>INTERFACES TO LLRF
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LLRF and Cryogenics

> Quench detection o
> Heat load anticipation / compensation gii |
> Cryo OK - tuners, piezo § 5
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* Courtesy: R. Rybaniec

“Real-time Estimation of Superconducting Cavities Parameters”

IPAC 2014, Dresden Germany
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LLRF and High Power RF (1/2)

> Power sub-distribution and phase shifters control

cM1 CM2 cm3 | cma |
M[y].FWD M[y].REF i | | [
C[x].FWD
C[x].REF
cavl cav2 cav3 cav4d cavd cavé cav/ cav8
Cryomodule (CM4)
K[z].FWD C[x=1:8].FWD cav!tyxforward power _ o
C[x=1:8].REF cauvity x reflected power C!Vﬁ(u'&‘to" dlrec::lonal
ick-ups coupler
|| K[z].REF M[y=1:4].FWD module y forward power P P P
from M[y=1:4].REF module y reflected power
hase shunt
klystron K[z=1:2].FWD klyst fi d ok
[z=1:2]. ystron arm z forward power shifter tee
K[z=1:2].REF klystron arm z reflected power
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LLRF and High Power RF (2/2)

(@)

>
®

Power

1 usec
> Klystron monitoring G T —— . 3
(1) - RF break-down e
(2) - “Too-high” reflected power 3 2omwan
(3) - High voltage break-down T el
< 1.250e+04-
o
n_ 1.000e+04
= Fast interlock of the LRF drive o Do
1 200 nseC reaction time 2172.75 218. 218.25 . 2185 218.75 219, 219.25 2195
Time [ usec ]
- F'J"/;k"‘"*—-- I Refle(;ted 1 (3)
0.9 \ Reflected 2 | | 8000f 1
. " Reflected IN 6000) »M)/W\f\,,/m’\-
0.8 \ —— Forward 1 —
0.7F \ |~ Forward 2 4000 ]
0.6k — Forward IN 2 2000
0.5} 5 9
04k g 2000} Kiystron High Voltage
ol O -4000 — Kilystron High Current
0.2} -6000)
0.1} -8000)
o4 02 0 02 04 o5 1516 1517 1518 1519 1520 1521 1522 1523 1524
Time [ usec ] Time [ usec ]

Courtesy: L. Butkowski
“Klystron Measurement and Protection System for XFEL on the
MTCA.4 Architecture” ICALPECS 2013, San Francisco, CA, USA
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LLRF and Operation (1/2)

> RF station ON/OFF
> Finite State Machine

> Exception handling

Initialization

Gradient

Cavity

Beam

System

turn ON
I |
Notif. Cryo Checks
I I I I
FF check A&P ||| SP adjust. FB
I I I I
Piezo QL Tuners || Limiters || Quench
I I
BLC LFF BBF
I |
Energy Diag. Perf.
FSM example
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LLRF and Operation (2/2)

GENEVA

| £ MainTaskbarxml

RF station ON/OFF

Finite State Machine

Main Taskbar =

-
Operations = = Procedures | Status

Exception handling
Operator interface GUI

Alerts / warning visibility

Intuitive GUIs
Layered complexity
Explicit alarms
Panel navigation

Main Select

Main Overview
LLRF Status
RF Control

FSM
FSM Leg (ACC1-7)

FSM Log (Gun)

LLRF control

Gun
ACC1
ACC39
ACC23
ACC45

ACCs7

Overview 1

Overview 39

Overview 2 Overview 3

Overview 4 Overview &

Overview 6 Overview 7

Matlab Tools

‘ On-crest Scan

‘ Yector Sum Calibration

Other

LLRF Energy Gain (DAQ)

HPRF control

Klystren 3
Klystron 2
Klystron 38
Klystron 6
Klystron 5

Klystron 4

Couplers

Couplers 1
Couplers 39
Couplers2 | Couplers 3

Couplers 4 = Couplerss

Couplers 6 | [Couplers 7]

Tools

Flash 1/2 overview
On crest Info

Sum Voltage Control

‘ Save current settings

LLRF Tools

Complexity abstraction
Concentration of relevant data
Same data, different representation

System Overview

Automation

Julien Branlard | Low level RF for SRF accelerators | 03/09/2014 | Page 11



LLRF and Cavity Resonance Control

> Tuner motor

Tuning

Detuning

<ll<ll<l[<ll<]l<][<][<]

Cool down / warm up

Piezo relaxation

> PleZO 17h 22h 29.6. 19h 1.7. 1h

26.6.2014 27.6.2014 2014 29.6.2014 2014 2.7.2014

Microphonics

LFD compensation

Cauvity fine tuning

» Piezo capacitance measurement
> Gun

= Cooling (water temperature)

23h 29. 6. 19h 1.7. 1h
26.6.2014 27.6.2014 2014 29.6.2014 2014 2.7.2014

= Flat-top length regulation
Piezo capacitance (a) and resistance (b)

during cool down
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LLRF and Beam (1/2)

> BAM, BCM = BBF
> Toroid = BLC

x 107
> b : ; - Amplitude VS
Beam phase :E ; ; ——mean (Amplitude VS
] : _ (Amp )
: : W U nE DL n
> Beam transients = channel alignment £ = oS oo Do 00
-
<
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=]
o | i
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B-oudwraieat umsrtivied v
ST TSI LT W Ty IR e
20 v X : R
Bunch indu:ced transient @ 1.3 nC

i I I i i i ]
700 750 800 850 900 950 1000
t [us]

Channel delay alignment using single
bunch transients
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LLRF and Beam (2/2)

Reference: J. Branlard et al.
“LLRF Automation for the 9mA ILC Tests at FLASH”

> BAM, BCM = BBF LINAC 2012, Tel Aviv, Israel
> Toroid = BLC

104+ (@)
> Beam phase

(a) short beam
default Q_
102+

100
98

Normalized Gradient [%]

96 -

> Beam transients =» channel alignment ~ «
> Beam profile = TDS, BC

104; (b}
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W i .“.I‘l
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(b) short beam
optimized Q_

> Beam energy = VS calibration

100+ :

98+

Normalized Gradient [%)]

96+

> Beam loading = Q, adjustments
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(c) full beam
optimized Q_
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L
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LLRF and Diagnostics (1/2)

> Beam diagnostics (BPM, BLM, BAM, toroid, etc..)

> LLRF diagnostics ACCS - Cavity 4
. . . g 0L — e gpgy IS N S S S DO _
= Performance (intra- inter-train) =
@
g
= Heat load estimation 2
= : : : : : : : :
. < z z : : ; :
= Virtual probe 5L ol N T B |7 Vroreaib. | i S— _
: : r |7 VeerLcaib | :
0 v _ L
Probe wvirtual
200 ! _ ! ! v
: : : : Probe meas
'?"-) 100 B U P RN SRR e
e
';' 0| @ e e i T LT T
©
5_100 ....................................................................................................................
-200 1 1 I i i i 1 I
0 200 400 600 800 1.000 1.200 1400 1600 1.800
Time [us]

Virtual probe calculation
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LLRF and Diagnostics (2/2)

> Beam diagnostics (BPM, BLM, BAM, toroid, etc..)

> LLRF diagnostics ACCS - Ca U
e R gy - oo o - 1=

Modules in selected crate: XFEL.CRATE/XFELMCHLLA2S __cte | Fars | PowerMosuies| Shou Graphica

= Performance (i

= Heat load esti

Serial:
CRATE : Schroff GmbH IPMB:0x72 Sensor N:131 Type: Temperature Event: Upper Critical going high M 0000000000000001
u Vl rtual pro be AMC12 : SIS8300L Struck Innovative Systeme GmbH U= 1.5 Temp= 33.0 M . O O 077
AMC11 : S1S8300L Struck Innovative Systeme GmbH U= 1.5 Temp=  33.0 _info_| . 077
> H O M AMCS : SIS8300L Struck Innovative Systeme GmbH U= 1.5 Temp= 38.0 _info | § 077
AMC?7 : SIS8300L Struck Innovative Systeme GmbH U= 1.5 Temp=  36.0 _info_| 077
AMC10 : SIs8300L Struck Innovative Systeme GmbH U= 1.5 Temp= 35.0 M 077
> R d . t- AMC1 : AM900/412  Concurrent Technologies U= 08 Temp=  32.0 _info | . 8 O M22816/003
adiation AMC4 : DAMC-TCK7 DMCS U= 14 Temp=  24.0 _info | @ () () 0004a391D99A
AMC9 : SIS8300L Struck Innovative Systeme GmbH U= 1.5 Temp= 38.0 _info | . O 077
COOL_UNIT2: Fanspeed= 1740 1800 1800 3000 Temp= 27.0 27.0 M 1031400411AA
> System hea Ith COOL:UN|T1 - Fan speed= 1860 1800 1800 3120 Temp= 30.0 29.0 M 8 1031400412AA
AMC3 : DAMC2 Deutsches Elektronen-Synchrotron U= 3.3 Temp=  30.0 _info | 1065
: X2TIMER Stockholm Universit U= 33 Temp= 29.0 info 0040
= Tem perature 2::\(,1322 ; RTM_Trg1 S University ’ EI 004
RTM12 - RTM-DWC Struck Innovative Systeme GmbH M O 074
u Fan Speed RTM11 : RTM-DWC Struck Innovative Systeme GmbH M 075
RTM10 : RTM-DWC Struck Innovative Systeme GmbH M 8 076
= Piezo RTMO : RTM-DWC Struck Innovative Systeme GmbH ﬂl 8 073
RTMS - RTM-DWC Struck Innovative Systeme GmbH m
RTM7 : RTM-DWC Struck Innovative Systeme GmbH M .
- CPU Ioad MCH : NAT-MCH v1.3, R130927 current= 22 Temp= 30.0 33.0 30.0 30.0 ml 8 8
POWER_UNIT2 : MTCA Power Sup... Temp= o | () ()
|
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LLRF and...

> Controls > Personnel Protection
= Real time capabilities = Personnel interlock
= DAQ = RF permit

= Front-end (controls)

> Experiments
= Middle layer (Diagnostics)

= RF Reference distribution

> Machine Protection = Beam stability (BAM, energy)
= Interlocks (MPS) > ...
= Cryo OK ?

= LLRF alarm
> RF Couplers

= QL control (motor / 3 stub tuners)
= Conditioning

= Interlocks (e-, light)

= Heating
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PART Il

>LLRF FOR LARGE SCALE ACCELERATORS
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LLRF FOR LARGE SCALE ACCELERATORS

L] - - d on resistor configuration,
Deutsches BIEKIrone SYNCAIONON mwmm J '
ass proauction : = o
Titel/ Title Specification Document for the TMC-Board: 9mm))
FLASH-WP02-XTCA
TMCB
. . (Temperature Monitoring & Control Board)
= SpeC|f|cat|ons 207 Draftersion™
for all MTCA 4 components for FLASH, AMTF and XFEL
. ). shielded
Autor/Author  Mane Czwalinna (MC)
Board Revision Number 2.0
Mitautor(en)  Jaroslaw Szewinski (JS), Jan Piekarski (JP), Frank Ludwig (FL)| )
| C a I I fo r te n d e r Co-Author(s)  Michael Fenner (MF), Borut Repic (BR), Gasper Jug (GJ) ekage TSSOP 16-leads)
This document describes the requirements for the system subcomponent: . (lv;'lged over Jms)
- D 0 C u e n tati O n Temperature Monitoring and Control Board. The module is a packaged prototype for the XFEL. nce mput, unipolar range.
Subcomponent : TMC-Board for ali LLRF and synchronisation system 19" modules
- Drift Calibration Module (DCM) approx. 50 pcs
] 3 D m Od e I S - Bunch Arrival Time Monitor (BAM) approx. 15 pcs
- Laser-to-RF set-up (L2RF) approx. 15 pcs
- Local Oscillator Generation Module (LOGM) approx. 10 pcs
- Transverse Deflecting Structure (TDS) approx. 10 pcs
. .
= Test procedure with firmware
.
= Non-conformity report
e T Tt e | 5
prized =y
Updated version will follow )
e (18
= Etc .
naa
|t 7
= teorao (4x2). shielded
FileServer tor programmable)
FileName
XFEL_FLASH-WPO25TGA_TMCB_Specs_rev2_15_01_2014_MC_FL MF_JS_herstion 8 docx

XFEL_FLASH-WPD2XTCA_TMCB_Specs_rev2_15_01_2014_MC_FL_MF_JS_lteration_8.docx

XFEL_FLASH-WPO2-XTCA_TMGB_Specs_rev2_15_01_2014_MG_FL_MF_J5_lteration_8 dacx 5127
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LLRF FOR LARGE SCALE ACCELERATORS

> Quality Control
Test Stands
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LLRF FOR LARGE SCALE ACCELERATORS

> Quality Control
Test Stands

P i
S
6 ADC saturation level éa%
ADC saturation levels at the plane of the connectors have been meas Lo

have PASSED the tests.

Channel No. | Saturation level [dBm| [ Status
T 0277498 OK
2 OK
3 OK
1 OK
5 OK
6 OK
7 OK
B OK
9 OK
10 9.077752 OK

Table 4: Channel saturation level at ERNI connector plane

7 ADC:s spectral purity
The spurious free dynamic range has been measured. ADCs have PASSED the

tosts,
Channel No. SFDR Status

1 107 523 [ OK

2 -I06.650271 | OK

3 -107.851373 | OK

1 108317380 | OK

5 108251810 | OK

[ 765 | OK

7 B 18074 | OK

8 -100.275238 OK

o -107.205380 | OK

10 -101.138558 | OK

Table 5: ADC 1st harmonic power measurement

8  Channel-to-channel crosstalks

Channel-to-channel crosstalks have been measured. DUT has PASSED the
tests.
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LLRF FOR LARGE SCALE ACCELERATORS

> Quality Control
Test Stands

6 ADC saturation level

ADC saturation levels at the plane of the connectors have been 1
have PASSED the tests.

Channel No. | Saturation level [dBm| | Status
1 9.277498 OK
2 9.320781 OK
3 9.209005 OK
4 9341573 OK
5 0.125885 OK
6 9.217273 OK
7 0101135 OK
8 9.202086 OK
9 9.079008 OK
10 9.077752 OK

Table 4: Channel saturation level at ERNI connector plane

7 ADCs spectral purity

The spurious free dynamic range has been measured. ADCs have PASSED the
tests,

Channel No. Status
1 OK
2 OK
3 OK
4 OK
5 OK
[ OK
7 OK
B OK
0 OK
10 101138558 | OK

Table 5: ADC 1st harmonic power measurement
8 Channel-to-channel crosstalks

Channel-to-channel crosstalks have been measured. DUT has PASSED the
tests.

Julien Branlard | Low level RF for SRF accelerators | 03/09/2014 | Page 22



LLRF FOR LARGE SCALE ACCELERATORS

> Quality Control

Test Stands System Integration

6 ADC saturation level

ADC saturation levels at the plane of the connectors have been 1
have PASSED the tests.

Channel No. | Saturation level [dBm] | Status
T [ g OK
2 0.320781 OK
3 9.209005 OK
1 OK
5 0.125885 OK
[ 9217273 OK
7 0101135 OK
s 0202086 OK
9 OK
10 OK

Table 4: Channel saturation level at ERNI connector plane

7 ADCs spectral purity

The spurious free dynamic range has been measured. ADCs have PASSED the
tests.

Cliannel No. Status

OK
7 OK
3 OK
1 OK
5 S OK
[ T8 007765 | OK.
7 -106.718074 | OK
T OK
7 OK
0 OK

Table 5: ADC Ist harmonic power measurement

8 Channel-to-channel crosstalks

Channel-to-channel crosstalks have been measured. DUT has PASSED the
tests,
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LLRF FOR LARGE SCALE ACCELERATORS

3 == S
< WPO2 - LLRF XFEL
= Procedure
Deutsches Elektronen-Synchrotron
EinF um der i
= Check list
— Title: WPO2 LLRF
H w5 LOGM-  pasie B | ' MTCA crate installation check list
Ordermill Destination | T D1 Tz Ois | RFM#| | O master  Osiave
" . e Il on
= Device tracking =
MCH name
| | | KDS number | Model |
M | MTCA crate | | Detma Oscrrorr DOres |
Labelling dor
KDS entry do slot | Aamc KDS # Version RTM KDS # Version
Factory test: : :ﬁ?:
Factory tests 4 CRU
|~ & 2 ™G
Unit i 3
4 uTC GV
Resul E
©/6/0/6/6/600 Failur 6
— | 7 uADC uDWC
Ready-for-te: 8 UADC UDWC
ELMA Micro TCA mTCAO7.0028 55 i .
[l 10 UADC uDWC
Incoming ins 11 | uabG UDWE
12 uADC upWe
by 13 | M uBWE
14
15
MNotes:
XFEL LLRF 5
- XFEL LLRF system installation procedure.docx
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LLRF FOR LARGE SCALE ACCELERATORS

> Large channel integration

Joll¥ 5= 2ll= == =1l outer-rack cabling n
T I e Q . i B
K o i DLM Huar dabde ares I " d - E I’

I [T [ [sl T TTIef TT T Tel T 1T Tel T 1T Tef

bcM inner-rack cabling

¥ EvalrgwoWe \Volrgwolio\Cl
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LLRF FOR LARGE SCALE ACCELERATORS

> Remote “everything”

= System health monitoring
= System upgrades (FW / SW)
= Management (on / off / swap)

FMC RadMOHN hardware initialized: SRAM settings OK:

PCB version: 1

RadFETs settings OK:

[ SRAM Monitor |~ RadFETs Monitor | RadFMC Settings | SEU Data Analyze | RadFET Data Analyze |

d in from 2014-02-10 21:36:30 to 2014-03-11 10:45:30
d dose: 577.25 mGy

Umber of SEU det
is 1088 SEUs. Absorb
SEUs per heur:  1.85

[degrees C] Temperatures
55. Ty w
E . fl e -
45.4 FTT +'_-_I.N.I_h|—
35.7 \
%7 1] = * Maintenance
15. rTrrTrrrrTrTTrrrTTrrr T T T T T T T T T T T T T T T T T T TT T T TITTTT
10h 20h G6h 16 h 2h 14h
2682014 2682014 2782014 2782014  28.8.2014 28.8.2014
[Volts] Voltages
14,
10.
6.]
. T
2'_ .......................
-2. rTTrTTrrrT T rrr T T T T T T T T T T T T T T T T T T T T T T T T T T T T rTrTT
10h 20h Gh 16 h 2h 14h
2682011 2682014 2782014  27.8.2014  28.8.2014 28.8.2014
Cold Reset Warm Reset | Reboot |

AnalyZe

start qate: [ 107 February [~ 2018F nour 21H :[ 50

Keep End Time as NOW

Data File Name:
[sEU_Acc13gRADMON_FUC.d) [ Loadifile | [ Choose aiternative file |

Status: Number of data point in wanted period: 1065

SEU to Gy CC: 0-5405EmGyJSEU

Switch Payload Power (12V)

Absorbed dose plot:

Temperature monitoring

Radiation monitoring in tunnel

[n:%g = HIECTOR RACMON_FMC/SDA_ABSORBED_DOSE_MILL_G7_VAXIE [méy]] [dEgrEES C] Temperatures
60. 3
500 3 .
-] INncreased
300 _
w0 CPU load =4
100-| _
| 30.
- : 2% 100%
{.}-‘;}"2259+I]Q 1.3927!59+I]Q 1.3932|59+I]Q 1.3937|59+l]9 : 1.3942|59+I]Q 1.39475e+09 2“- 1 I ! I | I ! ! | ! ! ! | ! 1 ! 1 ! 1
( INJECTOR.RADMON_FMC/SDA_ABSORBED_DOSE_MILI_GY_XAXIS 1 9:2 1 2[':'] 1 20:4 1 2 1 :2 1 22:3 1
4.4.2014 4.4.2014 4.4.2014 4.4.2014 4.4.2014
Choose aevice: 1 month
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LLRF FOR LARGE SCALE ACCELERATORS

1 I 2 3 I 0 I 5 L ° 7 I 5
P—— LINAC1: A2
@ RFOUTRUT
] )
> (1] » @bssanse REAR connection - beam toL2
emote “everything | e A
£ REAR connector to BC1 BPM  eBPM .. T3 .
© FRONT connector to BPM e & stes 4 4 cled e
- - 128 [28 28] 28 28
= System health t : o SR NS < A e 1
stem health monitorin il H N Y - W g T e e 1 i
25 Jas| O M UPaT 5| jupgrade %, 5 upgrade l2s | upgrade & 25,
24 4. 4} REFM. 24 REFM el | s &8 24
23 i 23 3 SLA\IE-U:: [ 4 n?* o .. = :RELSM ‘::ig 2
= System upgrades (FW / SW) e — ie R T
stem upgrades I s R TS | |- :
19 113|LOGM ' 13|LOGM 19 [LOGM hal 19 [LOGM' [3 19
18 18] 18| 18 18 T 18
16 165 16| 16 16| 16|
= Management (on / off / swap) - - i i : :
| 14| MTCA 14| MTCA 12| MTCA 1| MTCA 13| |
edundanc : : ; : : :
< B 8 8| PZ16M &| PZ16M 8 8 <
€ ] 8| 6 8] 13
5 5| PSM 5| PSM 5| Psm 5| Psm 5
4 4 4] 4 4 4
3 3 3 3 3 3
L= 2 ] |2l 2 2 2| |
1 1 IE 1 1 1
RACK #3 RACK#2 RACK #1 RACK &3 RACK#2 RACK#1
al
uil | slave (SPARE) Slave (MAIN) Master (MAIN) Master (SPARE) e
LLRF I LLRF I
NOTE:
I e
B s o
please refer to individual module panel design diagrams.
7 T P 3
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LLRF FOR LARGE SCALE ACCELERATORS

P—— LINACT: A2
cc . 'L T e N =
> Remote “everything | T T A
= System health monitoring S e e P .
z i z z SLAVEL1§= g‘ E %5%‘ O g et :::ig g
= System upgrades (FW / SW) === s S e

19
18
17

= Management (on / off / swap) : "

13
12
1

> Redundancy — —

PZ16M

PSM PSM

Chwsn e N
Cnesoo o
A nwavo o

TR
o
@
=
Chwroe N®
o
@
=

RACK#3 RACK#2 RACK#1 RACK#3) RACK#2

o0
E5lT 51ave (SPARE) Slave (MAIN) Master (MAIN) Master (SPARE) ]

XFEL L1.A2M34 A1

LLRF I LLRF I

NOTE:
e diagram does NOT inicate the ocation of connectors onto he moduies panei.
Oy the information about FRONT ot REAR. Fof detailed connecior location

lease refer to individual module panel design diagrar

7 T T 0
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LLRF FOR LARGE SCALE ACCELERATORS

> Automation Frequency tuning / detuning

Bandwidth control

= For operation gfggé’:t’cs
= For machine protection ggg‘;;’{;’;’?“tdown
Performance

Cavity bandwidth control Cavity resonance control

General C1 c2 3 c4 c5 C6 c7 c8

c2.acc7 | c3.Acc? | ca.Acc? | cs.Acc? | ceACC7 | C7.ACC7 [ CB.ACCT |

C3.ACC6 | CAACC6 | C5.ACC6 | C6ACC6 | C7ACC6 | CBACC6 | CLACCT | fissiation prenien.
Main - ACCG [ Main - ACC7 I C1.ACC6 I C2.ACC6 | covity T 2 a2 4 s s 1 s
! ! | Enable L] [on [on” [on [fon” [on| [on [fon
<1 €2 c3 <4 <5 6 <7 8
Automati... [onT [fonl [onN [ToAN [Tomd [WoAN [GRN aiton | anoff
rsmmask | JCTH [Tond (TGN [WGAN (oA [WonN [oad [FGAd
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> Automation Frequency tuning / detuning
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