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OUTLINE

= Brief Review of digital LLRF —
— Essential functionalities,
— Expected features from a modern system.

= Examples of successful implementations
— SNS @ ORNL —first large-scale deployment in the nation,
— SPX @ ANL — the state of art DSP implementation

= LLRF activities over the world (LLRF'15 Workshop samples)
— DESY, PSI, CERN, etc.

...... If time allows
= Commercial solutions
= [ssuesin LLRF Development
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What do we expect from a LLRF ? Essential Functions

= Traditional list
1. Cavity Field Control (“rf loops”) — fighting against all perturbations
2. Cavity Resonance Control (“frequency loops”) — Tuner cntl./SEL
3. Interlocks (“exception handling”)

————————————————————————————————————————————

HPRF Protection

Cavity Field Control

Cavity Res. Control

= Modern additions
1. Data streaming (LLRF as rf data source, -> fast bus/network)
2. Data timestamping (-> embedded EVR)
3. Built-in System diagnosis (essential & possible now)
4. Built-in System calibration (necessary for today’s rf specs)



Cavity Field Controller - a collection of Loops & Paths

e Two basic control categories: Feedback vs. Feed Forward (FFWD)

O Feedback control is a REACTIVE ACTION -> requires no prior knowledge; delayed correction
O Feed forward control is a PREEMPTIVE ACTION -> based on prior knowledge, no delay.

e Every Control block is specially designed to suppress specific types of
perturbations

FEEDBACK, kly. linearizing

FEEDBACK, narrow-band FIR

FEEDBACK, narrow-band 1-T

Self-Excited-Loop (SEL)

BEAM
LOADING

SET PT.
REFERENCES

FEEDBACK, wide-band PID
(GDR primary)

FFWD, cavity filling

FFWD, HV ripples

FFWD, beam loading

feedback




LLRF control toolkit: 1. fast cavity rf feedback loop

e Targets: RANDOM, RAPID, SMALL perturbations in rf, still the center-piece of a LLRF
e Method: wide-band, plain PID loop -> A REACTIVE ACTION (vs. preemptive FFWD)
e Usually needs feed forward to handle large dynamic range control

e Digital implementation is practically required for SRF applications due to special

Set point |— 2l
Vv C.. (5) 1
| Zpd\>J) .

Proportional control term Kd alone can only provide a “TYPE-0” control -> always has residual steady-state error
Integral control term Ki creates a “TYPE-1" system -> reduces control error to ZERO

Analog circuit cannot realize a TRUE integral term, therefore, control error remains. For NC cavities, that is just a
matter of inconvenience, but for SC cavity application, it can be a real weakness.
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LLRF control toolkit : 1. fast cavity rf feedback loop (2)

e Actual data processing flow in FPGA (SNS implementation) — serialized data
path for “I” and “Q” results in a very efficient resource utilization.
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Examples of LLRF Control Screens in MCR tersievsorer
(for each of all 96 LINAC RF stations)
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= Benefits of Digital LLRF
i delaya[;nemg;;f W|th0ut B e w .

Source synchirotron

(Digital LLRF)NSLSII Drive

TEACE E: Chl Spectrun
B Offset

18 465.750 Hz -95.913 dBE 18 488.750 Hz -104.986 dE

] M

nter: S00.0Z956687E6 MH= Iy H Center: S00.029366576 MHz

SC cavity field spectrum verified with an independent
spectrum analyzer

www lightsource.ca * . =

-
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Wl 250mA @29 GeV

Analog LLRF vs. Digital LLRF
CLS Drive NSLSII Drive

TREACE EBE: Chil Spectrun TEACE B: Chl Spectrunm
B Offset 18 465,750 Hz -99.098 dE 158 Offset 18 468,750 Hz -102.121 dB

-135 -135
dBn dBnm
Center: S00,0235866576 MH=z Spon: 50 kHz Center: S00,029566576 MHz Span: 50 kHz

After the LLRF loop phase setting is adjusted to compensate the klystron phase, the
synchrotron oscillation stopped, and the LLRF control returned to normal again

www.lightsource.ca * . = .

-
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Canadian Centre canadie
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Phase Stability with 250mA @ 2.9GeV

v
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Canadian Centre canadie
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NSLS2 LLRF field at @ Canadian Light Source

*The effectiveness of LLRF feedback loop in transmitter HV harmonic level
reduction measurement — confirmed with HP VSA (4 kHz span view @ 72kW)

TREACE EBE: Chil Spectrun TREACE EBE: Chil Spectrun
E Off -546.875 Hz -31.99Z db B Off -546.575 Hz -87.582 dE

] = ]

Center: S00.031 MHz Spon: 4 kHz Center: 500,031 MHE Spon: 9 kHz

Cauvity field: open-loop Cauvity field: Closed-loop

/(0),Office of BROOKHFAEN
Pl J clience NATIONAL LABORATORY
U.S. DEPARTMENT OF ENERGY BROOKHAVEN SCIENCE ASSOCIATES




LLRF control toolkit: 2. Specialty feedback loops w/ FIR

(can be a farm of loops)
K, y[K]

e Purposes —to reject/suppress certain | g?lu_t(?)i[r?__.?—gutput

frequency components of the targeted i HRARIR-
perturbations ,—1_’0
e Method — tailor-shape the loop passband =] a,=-KT,
by inserting specially designed FIR filters vy o
in the loop. 2| da..
e FIR Tap spacing can be as small as 2 !__L’O
sampling period (Ts) as in the case of ADC +
noise rejection. -
e Oritcanbe aslarge as one period of ring 3y p |

revolution as in 1-T delay feedback of

_ ) Positional P-I control in a general form
circular machines.

N
G.(z) =K, .(1+ KiTsZan .z2“]
n=0

s 13



LLRF control toolkit: 2. specialty feedback loop w/ FIR
(2)
Applation Example - SNS LINAC, Fs = 40MHz

10MHz ADC ““bouncing noise” rejection using a 1-tap FIR
filter to create a notch at 10MHz 1n the passband.
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LLRF control toolkit: 3. Addaptive Feed Forward (AFF)

e Purpose — To suppress repetitive (predictable) perturbing events ( we know

about it before time).
e Method — Adding canceling component through Feed Forward path to the
output, A PREEMPTIVE ACTION (vs. delay feedback action), no transient if

timed well.
e Common uses — HV ripple cancellation; beam loading compensation

AFF Curve Adaptive Feed Forward
Gen.
A PERTURBATIONS
[ Buffer | — Ky
5 Ri(s)
Set point |— el 7S » Kp -3
— Ki/S
rf PID loop




LLRF control toolkit: 3. Addaptive Feed Forward (AFF)

(continue)

Example: Cavity filling and heavy Beam-loading compensation in SNS
LINAC where the beam;urrent IS 4 times of the rf current.
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LLRF control toolkit: 4. Cavity Resonance Controls

 Conventional Resonance Control: Slow tuner
with availability of rf data from a digital LLRF, the tune motor
control can be performed through a software loop by EPICS.
* A Special Resonance Control: Self-Excited Loop (SEL)

to make rf generator frequency to follow the instantaneous
resonance of the cavity. Essential for SRF operation.

= SEL Concept first proposed in
1978 (J. Delayen’s Ph.D thesis,
Caltech).

= A practical digital implementation
based on a “phase-pass” scheme
was developed by Jlab in 2008.

=" Implemented and operated with P
HP SRF in SPX in 2012~13. | O |55 Locond]

= |HC followed suit in 2015 8 l'




L LRF control toolkit: 4. Dig

Ital Sel=EXCTrted™Coop™(SEL)

Secrete sauce of a practical digital SEL —> phase-pass
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Y

I A
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(X/Y->POLAR)

T

o

Y
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SHIFT

A I

DIGITAL SELF-EXCITED LOQP

Easy, safe operation, totally controIIed rf drive power; Naturally fits in SPX LLRF implement.
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LLRF control toolkit: 5. Drive Output Frequency Agile

= DDS, can be used to perform frequency sweep to test
system frequency response.

Cavity started with resonance off by ~5kHz,
with lots RF power, but little cavity field

Turn on output DDS, shift the output
frequency by spinning the lIrf output drive
vector, and cavity field starts to grow

As output frequency shift reaches —5kHz,
cavity field magnitude reaches a maximum,

cavity resonance is found.\

page id 0 [36553104

qiench_test [ [a core_current [2737
- ptrack [ [ lo_power [487
sidebanyl_mode [ [a dac_loopback [0
[0 nals
wave_sal H 5V [3035
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ol T 2 freq_Hz 76564955
prop¥x [ yscale [65536
ook [ [0 | timestampl [T61245995,
ch_kaep [61455 | timestamp2 [5840
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LLRF control toolKit: 6. Exception handling (interlocks)

LLRF actions in an event of
fault, minor or catastrophic -

e machine/

e equipment/

e personal protections etc
an extremely important topic
for large accelerators.
Requirement is machine
specific.

Simrock’s list -

Table 1: Examples for Exceptions, their impact. countermeasures and the resulting improvement

Exception Impact Countermeasure Result

cavity guench hard/soft Beam energy fluctuation Lower grad., comp. with other cav. Recover after few pulses
Cauvity field emission Radiation damage Electronics Lower grad., comp. with other cav. Reduce radiation levels
Cavity excessive detuning Gradient / phase stability Tune cavity to op. frequency Recover in few pulses
Cavity incident phase ermor Reduced available energy gain Re-phase with 3-stub tuner Recover on crest- operation
Cavity Inaded Q error Slope on individual gradient Adjust loaded Q Flat top in all cavities

Piezo tuner defect No Lorentz force compensation Not available -

Motor tuner stuck Cavity lost or strong field slope Not available -

Occasional klystron gun spark Beam energy, Beam loss Reset, bypass Recovery after few pulses
Frequent kiystron gun spark Low availabilty, klystron damage | Lower high voltage High avail., lower gradient
Occasional coupler spark Shorten rf and beam pulses Lower power Operation at lower gradient
Preamplifier failure Loss of if station Switch to redundant system Recover after few pulses
Modulator HV unstable Gradient / phase stability

Preamplifier saturated Field regulation reduced Lower gradient Recover afler few pulses
Timing jitter LLRF/Laser Loss in peak current, energy error_| Not available -

Timing trigger/clock missing Loss of inac [ 1f station Switch to redundant system Recover after few pulses
Timing error subsystem Potential loss of SASE Adjust timing Recover after few pulses
M.O. and distribution failure Loss of main linac Switch to redundant system Recover after few pulses
Vector-modulator failure Loss of field control Switch to redundant vector-mod. Recover after few pulses
Calibration reference failure Slow phase drift, beam energy Use beam feedback Stable beam

RF station LO missing Loss of Gradient Switch to redundant feedforward Beam at reduced stability
down converter channel defect Red. field stability, higher grad. Estimate cavity field Recover field stability
Callbration eror VS Figld stability Re-calibrate vector sum Recover after calibration
Analog input channel defect Field stability Estimate lost signal Partial recovery

Cable connection missing Field stability Estimate lost signal Partial recovery

Processor error fdbck loop Field stability Switch to redundant feedforward Recover with red. Field stab.
Numerical emror Cavity field Switch to redundant feedforward Recover with red. Field stab.
Single event satup System hang-up, calc. error Redundant FF, Recover system Recovery with init. Red. Stab.

Total ionizing dose damage

Noisy sign. , sensitivity, offset

Switch to red. feedforward

Recover with red. field stab.

Rack coaoling failure

Potential loss of hardware

Turn power off, op. redundant FF

save hw,recover with red. stab.

Crate power failure

Loss of cavity field

Switch to redundant FF

Recover with red. field stab.

Computer network failure

Loss of control of param. settings

Establish connection via red. netw.

Regain parameter control

Communication link failure

Field stability

Switch to redundant feedforward

Recover with red. field stab.

Operator input out of range

Beam enerqy, beam loss

Limit input range

No impact




LLRF control toolkit: 6. Exception handling (2

* rf data buffering in an event of fault for study/investigateions
(post-mortem analysis)

* (1) Atrip freezes the live rf waveform data in FPGA buffer that
shows what happened at exact moment of event

At partlal Quench (Measurey/data)
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LLRF control toolkit: 6. Exception handling (3

* |ast frame of data at moment of

. : Example:
a trip is frozen in FPGA data Regulation error trip from selecting
buffer wrong gain rotation

* Last 60 frames before the trip
recorded in the circular memc
buffer in IOC

* The 60 frame of data record I
IOC shows (hopefully) how th
fault was led to the trip.

| 7 Office of
4 Science

U.S. DEPARTMENT OF ENERGY



LLRF control toolkit: 7. system Monitoring/diagnosis

e Live, high-resolution DSO-type rf waveform display at remote
console is essential for supporting a system with a large number

of rf stations.

Fwd. i/ @
e
Cav. {/@

Beam Mode

History Buffers 0
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LLRF control toolkit: 7. system Monitoring/diagnosis
(continue)

EPICS Fault-tree screen is another example of important tool for op. support.

[../opi/FCM-SCL-oper.ed|

H Feedback Minimum Gain |

Correct Gain Rotation |
AFF Enabled
AFF Buffer on

Beam-Compensation

AFF learns

not vetoed by MPS

Main ot FalFwa Diag Biag /G ResCid Titne Sofed oG Hard, Log
Y124 and Uil Paolarities Left Gate |
ECTR
RF Drive Mimitutn ampl settings |
Sumcient LO_Ampriude | [
Output Unclipped
Attenuator above 300 |
Lo Resonance Errar
H Correct FdFwd 'Fill' Shape |
4 Small ampl/phase errars  H Correct phase droop |

correct gain/delay

Small errors

L Good-looking waveform

At Fill Time
At Pulse End

Reflected Pwr at fillffeedback trans]

State: Latched




N
LLRF control toolkit: 8. rf measurement calibration

e Purpose -- Both the rf reference and the LLRF measurement
drift, often time due to ambient temperature change.
e Recent accelerators require unprecedented rf stabilities (such
as 0.01%/0.01 deg.)
 The LLRF system must have a built-in calibration capability in
order to meet the very tide specs.
e Methods
o RF reference and its distribution must be stabilized,
involves themo-control, PLL, reflectometry,
interferometry, etc. A subject by itself.
o Calibration for the phase drifts in the rf path to LLRF
= Performed during rf-off time ( for pulsed-rf)
= Performed with “pilot-tones” (for CW rf)



LLRF control toolkit: 8. rf measurement calibration (2)

Example: SNS LINAC, pulsed-rf - method

o calibration is performed in off-time between to rf pulses (time-division) by
sampling the rf reference.

« Cavity rf and reference signal are sent to LLRF rack in a phase-matched cable
pair (temp. controlled), so both are subject to the same ambient temperature.

 LLRF digitally demodulates the received rf and reference to get the phase
measurement of the both.

 The reference phase measurement is subtracted from the cavity phase
measurement to remove the drift in the rf path (cables and circuits).

* Provision was made for the option of sending a pulsed reference and the cavity
rf through the same cable in different time-siot.

B I\
Klystron P Cavity
I/ L AN
\ 4 )
A .

/
—CD

LLRF |\

ouT » FWD

i L, RFL N,

Field Control [€ N\

~ L» L |FLD 4
S w | REF SNS Linac
= (96 cavities)
‘g Time
T | [ High-power MPS | : Calibration pulse

Protection B :RFpulse




LLRF control toolkit: 8. rf measurement calibration (3)

Example : drift calibration scheme of SPX CW RF - method

 LLRF generates a a double-sideband pilot-tone (of +/- 1/48 FO offset in
frequency).

« The DSB pilot tone signal is sent to the cavity location in tunnel and is added to
both the cavity pickup signal and rf reference in a device called “sync-head”.

 LLRF digitally demodulates the received rf carrier plus two pilot-tone sideband
signals, and obtains the data of the rf vectors at three different frequencies
for each channel (cavity and reference).

 The phase drifts in both channel can therefore be computed from the vectors.

« The values of the detected phase drifts are then added to the LLRF phase
control settings to compensate the drifts.

CONTROL DATA /\
— 1/OC EPICS TUNING COMMAND | +jniee \

¢ RFDATA < EeTaggsiecton
@©
t Vi @  Leeeecec=s==cec P occcccccccaaaa..
% LLRF PERMIT___ (" ) "'. TUNER LOOP ~_’5
S| i~ |LLRE-DIGITAL [ ™==eeeeoo (. e }
] LOO%/ /- BEAM
K= >ﬁw K ANALOG FRONT-END L REOR => e ~( CAVITY) oor &
-l
o | “QUencHpeTECT N K MICROPHONICS
E _'
> ~ To—
+
5 < RFLOOP (GDR+SEL) % |
CAVITY PROBE W/ CAL-TONE SYNC- | <« REFERENCE
REFERENCE W/ CAL-TONE HEAD | SYLRC%"F’{'OT"\"\I"Z'X'TG;‘/D N
< 1 SYSTEM
Y 'l o~
& CALIBRATIONLOOP
—
DOE Lehman CD-2 Review of the APS Upgrade Project 4-b December 2017
CAL-TONE INJECTION 27
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LLRF control toolkit: 8. rf measurement calibration (4)

Example : drift calibration scheme of SPX CW RF - more details

Technology developed in LBNL, demonstrated at LCLS/SLAC, and further refined

for SPX application.

Phase stabilization performance of 3~15 milli-deg. was demonstrated and
reported (Byrd and Huang et al., BIW’10). (within SPX rf error budget : 0.077/0.28 deg)

Phase drift detection algorithm

q)REF,CAV - ((D RE_REF _q)RF_CAV )
_ ((DCAL_U_REF - q)CAL_U _CAV )
2

. ((DCAL_I_REF - CDCAL_I_CAV )
2

where
*@rercav-the calculated phase difference between cavity and ref.
*Dre rer Ore ca-measured phase of cavity and reference signal

*Dcar y rer Pear1_rer-measured phase of upper and lower side-
band of Cal-Tone signal in Reference cable.

*Dcar y cav Pcar_1_car-measured phase of upper and lower side-
band of Cal-Tone in Cavity field cable.

DOE Lehman CD-2 Review of the APS Upgrade Project 4-6 December 2012

—_
: % CAVITY CAL-TONE LOWER-SIDEBAND Fy+ 1.6MHz
—
ﬁ 8, CAVITY RF CARRIER Fo: 2.816GHz
=) E CAVITY CAL-TONE LOWER-SIDEBAND Fo- 1.6MHz
¢
~N 2 REF. CAL-TONE UPPER-SIDEBAND Fo + 1.6MHz
o W
% 8. REF. RF CARRIER Fo: 2.816GHz
= E REF. CAL-TONE LOWER-SIDEBAND Fp - 1.6MHz
Time
Cavity ¢drift LLRF Receiver
Signal
= o ot
a FPGA
— Digital Signal
sigg?bbe:d t 1 t Processing
Cal Tone ¢ €] ,
Phase
Reference
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LLRF control toolkit: 8. rf measurement calibration (5)

Example : drift calibration scheme of SPX CW RF - 3-D display of rf carriers

and pilot-tone sideband vectors on control screen of the implemented SPX
LLRF.

b

LLRF4: ../sel xgui apsspx01

ot

exit | load

permitz_mask[______|[1

page_id 0 [16189728

quench_test 0 core_current [2710

start_ptrack[_____ [T

lo_power [431

sideband_mode 0 dac_loopback [0

track bw[ [0 na@g |
wave_samp_per[ [ SW[3031 |
wave_shit [__1 [& | 12000

wesel 1 [E freq_Hz [76584055 |

propBx[ [0 yscale [65536
close_loop | [0 | timestampl [171729680)

ch keep [ [[0«f00F | timestamp2 [2542
chirp_sel [ [0 wuf discarded[T
chirp_density[ [0 | circle_count [53525 |
notch_en [ [0 | circle fault[T

chirp_power [ [0
pha_kick_[ [0 |

cal out amp [ [ [24210
gdrpole [ T [0 |
sel2_ phase [ [0 |
selz dds[ [0
wvp_reset [ [0 |
sel2 phstep[_[ [0 |
gdr_gainp [___ [ [[22795 |
gdr setx[___ [ |[fo00 |

gdr gainx[___[  [17006 |
gdrgaing[__ T o
en_mdac| [0

circle_wrap [0
circle_addr [0 |
adcl min[-5330
adcl_max [S064 |
adc2_min [-6372
adc2_max [5844 |
adc3 min [-1644
adc3 max [1692 |
adcd min 120
adcd max 216
dacl min[-32551 |
dacl max [32716 |
sel_ freg[o |

whf_tuner i sel_freq errs [0

laser_freq [0
rf_zeros [0

. phase _track [1
SAAR CDo2 Review of the APS UpRPadeproieet” 46 Decomber 2012
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LLRF’15 Workshop at a Glance

b

Reports cover areas of
e Facility Overview

e Hardware
e Systems

e Commissioning/Operation exp. 10

* SRF

e Phase Reference

e Tutorials

Digital LLRF is either already used in
operations or has been planned for new
projects in most facilities.

Digital LLRF is currently actively being
pursued in ALS, Diamond, ESRF (?), ESS, LCLS-

lI, Spring-8, PSI...

10
9
10

5
6
4

International Committee

Wolfgang Hofle,
Tomasz Plawski,

CERN
JLAB

Shinichiro Michizono, KEK

Larry Doolittle,
Mark T. Crofford,
Aessandro Ratti,
Kevin Smith,

Curt Hovater,
Mariusz Grecki,
Brian E Chase,
Matthias U Liepe,
Stefan Simrock,
Dmitry Teytelman,
Zhegiao Geng,

Local Committee
Local Chair: Jianfei Liu

Host: Yubin Zhao

LBNL
ORNL
LBNL
BNL
JLAB
DESY

FNAL

CORNELL

ITER
DIMTEL
PSI

Local Secretary: Qiang Chang, Shenjie Zhao, Xiang
Zheng, Kai Xu, Hongtao Hou, Zhigang Zhang,

Zheng Li
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INTRODUCTION: European XFEL

T
‘DESY-Rahren

4 1 . & | 1
: _.,!\\\‘ ﬁ % b\ el

The European X-ray Free Electron Laser =

1 mIT
(7,7%)
[ mPL

17.5 GeV light source, Hamburg, Germany T |

TESLA superconducting 1.3GHz RF cavities R ooy "
1.4 msec pulses at 10 Hz oF e
e- beam 1.35 mA nom. - 4.5 mA max (72.7%) s
2016: construction / commissioning e

2017: first user operation

W Swiss

source: http://www.xfel.eu

INJECTOR  LINAC1 LINAC2 LINAC3

Y Y Y cryostring 1 cryostring 2 . cryostring 8

oLy Bt Y Y Y B2 Y Y Y Y VY fm

e il B L L1 11
A3

gun 3.9GHz A2 A4 A5 A6 A7 A8 A24 A25 A26 undul.

Julien Branlard | LLRF installation and commissioning at the European XFEL | 03.11.2015| Page 33




European

Update on the LLRF system for the European XFEL

XFELJILLRF architecture for an RF station

8 A

L L

LLRF MASTER

RF station: semi-distributed LLRF system

LLRF SLAVE

|
[ =) 1
CM1 CM2 CM3 CM4
8 cavities 8 cavities 8 cavities 8 cavities
Pfwd 18 18 Pfwd Pfwd 18 18 Pfwd
o Pref Prb Prb Pref Pref Prb Prb Pref
A Y ¥ [/ —
DCM DCM
3| REFM —+|___REFM
@ LOGM LOGM g
MO > -~ > ,—|:|— — !
8 vs1 vs2 S vs3sa 8 |vssWrvsa| 8
ection Rack space Redundancy
®- ®
uTCA VgTR uTCA Gun, I1, 3H1 16U Full
PZ16M PZ16M Linac 2 28U No
LLRF MASTER LLRF SLAVE Linac 3 28U No

LLRF 2013 — Oct. 1-4, Lake Tahoe, USA
Julien Branlard, MSK, DESY

(28  veLmnorz
Jor/ | ASSOCIATION



European

XFEL

Update on the LLRF system for the European XFEL

The MTCA.4 LLRF system

AMC: Advanced Mezzanine Card
RTM: Rear Transition Module
12 slots, hot swap

RF:1.3 GHz, IF 54 MHz, Fs: 81 MHz ->

Vector-sum -> down-sampled to 9 MHz

Redundant power supply

PFWD

PROBE

O ‘1,CLK LO ’1’ LK
8

., 16-bit from DWC -> uTC

BACK

FRONT

RTM

AMC

Analogue
RF

backplane

/ N\

Digital
AMC

backplane

-
-

DWC
IFA"8 IF A4
ST CLK a{ AN ClK
D D D
c c c
FF | vs UDAQ + | [1Q] + | [1Q
FB | sp ROTH FILT
FPGA FPGA FPGA FPGA

Down Converter (uDWCQC)

LLRF 2013 — Oct. 1-4, Lake Tahoe, USA

Julien Branlard, MSK, DESY

/a® f HELMHOLTZ

( DESY |
@/ | ASSOCIATION



1 Update on the LLRF system for the European XFEL

European

XFELIMTCA .4 core LLRF modules

MTCA.4 LLRF digitizer: SIS8300L | [ SS= CRu_,
= 10 ch. digitizer | el
= Virtex VI

= Application firmware block diagram:

sliding | [1Q detect.| [drift com-| | 8pi/9 | incl. S B O S O
from uDWC delay windo%.r input calib) [pensation| | filter | fin PVS e T e —
SN innovative
l l l y l h systeme
cavl —<ADC| z = AP > _Ll :\ _
N ¢ partial vector
sum (PVS)
cav2 —<{ADC] 71—l e _Ll—h—/—
I + > touTC

Q) ¥
l

X ¥
v

cav8 —&<{ADChH>| z1 —|Lea > > > cavity
N 'ﬁl / limiters
DAQ I\I y
.‘ | AL L, DIC
to server
LLRF 2013 — Oct. 1-4, Lake Tahoe, USA (28 weLmmoLrz

Julien Branlard, MSK, DESY e/ | ASSOCIATION



Update on the LLRF system for the European XFEL

European

XFEL

MTCA.4 core LLRF modules

uTC v.13

MTCA.4 LLRF controller: uTC
= Current version 1.3 (Virtex V)
= Version 2.0 (Kintex VII)

= 0.5 Thps processing power
= 8x SPF+ on front panel
= Application firmware block diagram:

error calculation feedback control feed forward control output control ORN
| DESY
{;}’ Ty !
BBF cavity LFF FF BLC
params || pre-lim. params| |params| |params
Y Y Y Y Y
pre-
BBF limiters LFF FF BLC
SEan Neo
total VS VS FB FB \ \ VS cavity | | DAC output
computation |scaling ON/OFF params I [ scaling | |limiters| | offset limiters
PVS1 = L l l Y \
PVS34 —>
LLRF 2013 - Oct. 1-4, Lake Tahoe, USA 8 weLmmovz

| DESY |

Julien Branlard, MSK, DESY O | ASSOCIATION



Overall Synchronization System Concept

LEGEND
. . —» Coax Cable, 1300 MHz
o Timing Fibers Master Oscillator

star, 100 links
. ———» Coax Cables (Interferometer), 1300 MHz
Master Laser Oscillator

——» Coax Cable, 216 MHz

\ 4

I Optical synchronization Optical Fiber

MLO L2RF — Laser to RF

(- ——————

i
— L2RF
MO | High Power
- 'l— — ! Coaxial RF synchronization Amplifier — -

o [> -
) I I R L \l,,~1glx,,

24 TapPoints (8x3)

-'\—A—| Py 2 L3 (Main LINAC) |—f‘ Exp

1Mod. 1Mod. 1RFS 3RFS 21 RFS (+3)
. UNDULATORS
Injector Complex Area
L 1 1 1 1 1 1 1 —_ 1 1 + + AN
om 30m 40m  92m 146m 306m 467m 611m 1493m 1682m 2100m 3333m
XTIN L1-XTL L2-XTL L3-XTL

NOT TO SCALE!

» Three complementary systems (compromise between performance and cost)
m  Optical synchronization: sub-10fs (jitter, drift) performance, 12 links

» RF Coaxial distribution: sub-100fs (jitter) and sub-1ps (drift) performance,\nterferometers,
distribution (44 links, ~260 reference outputs)

= Timing system RF reference stabilization

= All systems phase synchronized to the RF Master Oscillator
Krzysztof Czuba | RF Phase Reference Distribution for the European XFEL| 03.11.2015 | Page 38 lse




I Update on the LLRF system for the European XFEL

European

XFEL |LLRF Installations (front end)

LLRF 2013 — Oct. 1-4, Lake Tahoe, USA /e " ﬁ HELMHOLTZ
Julien Branlard, MSK, DESY oY | ASSOCIATION



TUNNEL INSTALLATION

>

>

> Tunnel installation

o0 oTw

In-tunnel LLRF installation
for stable ambient
temperature, and the
shortest rf cable lengths.

Cabinet transport

RF cabling (outer rack)
Connections to mains, water and Ethernet, fibers
Commissioning checklist

b Ready for warm commissioning

Julien Branlard | LLRF installation and commissioning at the European XFEL | 03.11.2015| Page 40 %




INSTALLATION: component inventory, testing, and installation

tracking system

>

>

> Crate Installation

Selection of components from storage
Upload configuration in database (KDS)
Installation of firmware, servers

Basic functionality checks = checklist

o0 oo

5 LOGM- pisis

: :
%ﬂ 02.0003 '

Julien Branlard | LLRF installation and commissioning at the European XFEL | 03.11.2015| Page 41

WFPO02 - LLRF E
E"{ Deutsches Elektronen-Synchrotron
"ﬁ.i. LD OWAGIEEN T T HEITADE L LN
it WPO2 LLRF
) MTCA crate installation check list

U Dz Cis | Restatiom s | [0 masten
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INSTALLATION: testing, assembly, and storage areas

Professional cabling (in & out)

= T e

MicroTCA Assembly Area (MASSA) Rack Assembly and Test Area (RATA)

W

-] R

Storage

: > . % w Bt \
Julien Branlard | LLRF installation and commissioning at the European XFEL | 03.11.2015| Page 42
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Automation in LLRF System

Zhegiao Geng
Paul Scherrer Institut (PSl), Switzerland

For LLRF15 Workshop, Shanghai, China
Nov. 3, 2015




PAUL SCHERRER INSTITUT

19.. System Process Example 1: RF System Startup

stm Oprational States /

v Initial
1. Off )

[modullatorFailed]

(2 ModulatorWaltmg)

[modulatprinStandby]

( 3. Standby )

d [systemNotOK]

cmd

cmd

[RFPjowerNotReache

chnd Q RF PowerRampingD

[RFPowefReachesSP]

( 7. RF Power On )

cmd

[Amp/Rha/PulShapeN

cmd ( 8. RF Optimizing )

[AmpPhaPliShapeOK]

— intedock[RE RDY=0] |
9. RF Ready Off BearD
<—intettock {RFREY=H——

cmd  erd

\

/

NI

RF Fault

GO. RF Ready On Bearr)< HteHoSkIRFRBY=3]

teTtock{RF—_RDY=07}

Execute Jobs:
- Check system status
- Correct DAC offset

Execute Jobs:
- Determine and set klystron high
voltage and drive

Execute Jobs:

- Calibrate loop gain and loop
phase

- Adaptive feed forward

Execute Jobs:
- Recover from RF fault trips

Automatic parameter setting:
- Set modulator state

- Setinterlock system mode
- Set RF switch on/off

- Set feedback on/off

- Set trigger delays
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PAUL SCHERRER INSTITUT

=]

Job Example 2: Identify I/Q Imbalances

Goal: Qualify the amplitude and phase imbalances of vector modulator

Control: Started by user clicking a button

Inputs: I/Q averages of DAC output and vector modulator output for each scan step

Parameters: Phase scan start and step values
Outputs: I/Q imbalances, amplitude and phase actuation errors

[ General Control | Gen DAC Tab | Corr DAC Offset | Calib Vec Sum | Calib FB Loop | ILC | Cav Tuning ] Identify 1/Q Imbal l Identify Kly TF ]

~Parameter Settings—————————————————

Phase Scan Start (deg): |-180.000
Phase Scan Step (deg): |5_000

~Results

Number of Steps: [EEIIENEGEE
Amp imbalance: RN
Pha Imbalance (deq): [ENESEIIEG

70000
D_EDGUO
£ 50000
= 40000
O 30000
= 20000

10000

[}

DAC Drive Vector

0.6 o
0.4 ::
0.2 ::
oo ::

-0.2 4
0.4 J

.06 4

40000
30000
20000
10000

o 1}
-10000
-20000
-30000
-40000

BB e e e e e
06 -04 02 0 02
|

T
04 086

33200
333000
£ 32800
32600
3 32400
= 32200
3 32000
= 31800
< 31600

2l

=

P

Jase Act. Err (de
o o
o= O ;o=
Lunbwblunlunlun

o

Time (us)

VM Out Vector

|:| Active

[ ] Debug

Data Read Progress

[T e
-4 003D MIDOATO00 0 100ED0ED0GMm000
|

VM Out Amp for Phase Actuation

PTAVEN

-200 150 -100 -50 i} 50

Phase Set Point (deq)

100

Phase Accuracy for Phase Actuation

T
150

1
200

-150 -100 -50 0 50

Phase Set Point (deg)

100

150

200
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FaLL ECHERZER 1437 TUT

a - [-{j» Machine Requirements & Performance

1. SwissFEL Project Intro
2_LLRF Concept

3. LLRF Realization

4. Conclusion & Outiook

7. :
G Construction Phase 2. Construction Phase \
2013-16 2018-197 Athos 0.7-7nm
user
8C2 3 6-3.4 GeV stations
\AJi -AV VA {Tnaca] Linac 3 =
0.35 GeV 2.0 GeV 3.0 GeV 2.1-5.8GeV i 0.1-0.7 nm _/1

O  Nomal conducting machine
O frep:10M Hz
O 2 bunches, 28ns spaced
O Link CDE for all design

bx 5—|]i-]|1ﬂ 1x H-haru:l 26X [:-hand

Pulse-to-pulse stab.

S-band Phase" 0.018°

S-band Voltage’ 1.8e-4

X-band Phase 0.072°

X-band Voltage 1.8e-4

Linac 1/2/3 Phase 0.036°

Linac 1/2/3 Voltage 1.8e-4

parameters

electron beam parameters stability

arrival time jitter

<20 fs

intensity jitter

<9%

energy stability

<1 6e-4
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1. SwissFEL Project Intro
FAUL ECHERZER 1437 TUT

= RF Tolerances - Subsystem Requirements 3 LLRF Reaizaton

4. Conclusion & Outiook

phase noise assumptions:

. B 2 2 2 2
o uncorrelated contributions O,= J( crﬂ) o +(o'¢}

vec mod. +(J¢)pre—arm +(J¢)H}f
o guaranteed max. phase noise contribution from master oscillator /
phase locked oscillator (PLO) (10 Hz - 10 MHz)

o |egual contributions](!?) of vector modulator, pre-amplifier, klystron (HV mod.)

(10 Hz — 10 MHz2)

Frequency RF tolerance / PLO max. added phase noise
[MHz] phase noise guaranteed phase vec. mod. / pre-amplifier /
(rms) noise performance klystron/HV mod.
(rms) (rms)
[fs] /T°] [fs] /T°] [fs] /"]
17 fs / 0.018° 931s / 0.01° 8.3fs / 0.009°
57120 17 fs / 0.036° 93fs / 0.02° 83fs / 0.017°
119952 17 fs f 0072° 7 s /003 \8.8fs / 0.038°,

P, KRB, 26.00.2013 Page 5
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psl

LLRF Overview / Stability Strategy

1. SwissFEL Project Iniro
2_LLRF Concept

3. LLRF Realization

4. Conclusion & Outiook

machine ! T
el oy interlock
= 1 vecter
wchalst
synubirenisaiun e -] a_npgum_ HyArEn
Ewl = e b Irr = "; l--:.l.'.llill.il = =
4 PLL i Fn:-'l |:Hrl- /__Jl.l\‘l Plos IPH-I- *
s i o le = -
cacilaka” —frigg=r—=  HY I%"'E':_." ~{ — : L l
¥ ! *| madulater oulea
|:I'.' .I _=rr. o Fer ) AEMPPEAA AP AF Etnchore | | AF Btucture || AF Struclure | | | AF Blrociurs
' IgIIE E 1 Pou= | I'-_-u,.-_l |-\'r\-|,rr_'| P rr_‘
"| igger—ae cianal S fromt
procossing 53— end
LLRF T [ T high power RF
T ' ¥
vty cartrat || @Al C-band module
tamparature aitam “redhark
onitrol By nenwerk
RF Stability Strategy: Consequence:

* pulse-to-pulse stability:
depends on MO/PLO, vector modulator,
pre-amp., klystmn!l—l‘h.r' modulator,
and structure temperature stability
* dnft calibration (reference injection) to
compensate dnfts of LLRF measurement system
* RF pulse-to-pulse feedbacks
(vector sum control)
» beam based feedbacks

Pl sk, 2605 2

100 Hz repetition rate:
feedbacks can only suppress
disturbances up to ~10 Hz

* pulse-to-pulse /

intra-pulse stability:

mainly determined by actuator chain
(10 Hz-10 MHz)

Poge 8
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PAULSTERREMSTITUT VRF ContrOI Hardware

Fiber Links for
(— Individual RF

Architecture

Slave Boards

Reserved for GBEBFB
Reserved for GREBFE

MPS Alarms

EETEEl 4 Reserved ———p

OéLéégekeig'ﬁf?
EVR-UNIV-TB
<—CA Network—b%
<(0C Console—> EISEPE IF&;&O I VME-EVR-230RF
FM-S14 FM-S14

——EVG Fiber Link—

Fiber Links for Individual RF Stations A

~Can connect to ) or Slave Boards ME Bu
( SFPO~SFP12of
A Master r
g
Fiber Links for E ;E
Individual RF E =
Stations © 8
&
4—CA Network—»-IEH0IE
Rrive Ve
IFC_TC2 S . <—0C Console—pHi¥EvE  IFC1210
- - ! L USB | Slavel
FM-514 FM-514

Fiber Links for Individual RF Stations
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1. SwissFEL Project Intro
FAUL ECHEZER 1437 TUT 2. LLRF Concept

1= Digital Hardware: FMC carrier as modular unit 3 use reaason

4. Conclusion & Outiook

ctrl. sys. design issues: !
interface * maximize synergy with other PSI
EPICS Iflé?h CAT facilities
l >VMEB64x processing board
= joint venture with controls groun ¢
FMC FMC + digital processing board:
collaboration with company I0xOS
— {board supplier, TOSCA |l network on chip IP-core)
S M) + ADC/DAC piggyback: 2x FMC
I (FPGA Mezzanine Card, ANSIAVITA 57.1 HPC (High Fin
PowerPC —I Count))
Gl B ]l % + Dual-Core P2020 CPU } RT-Linux
o & @ 23
5 = 5ED « fast data processing in one FPGA

= Virtex-6 130LXT (smallest)
LLRF interface to

board-to-board  global feedback| * Scalable system (PCle, VMEB4x)

communication network or
LLRF board-to-
board communication

P, KRB, 26.00.2013 Page 10
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IFC_1210 Block Diagram

JSB ype A

R3232
Ethernei RJ45

ETH ETH { RsZaz | USB

RME || RJ45 || wDBS 20

P
”,

1-2 GE System Memaoy

FMC HPC

|

MY Memary
"Boctable

!

PCI Express
i GENZ B
24-Forts

_I SWITCH I_

LT gl 1

A4 ] JizZ
L

- VMEB4x P2

VIMEG4x P

P, KRB, 26.00.2013
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1. SwissFEL Project Infro
2. LLRF Concept

= -[{j= Digital Platform: Building Blocks Status 3 LLRF Reaizaton
4. Conclusion & Outlook
LLRF  #ICDAC
Ingger dock
veclor
modulator RFFE AFFE RFFE RFFE RFFE
- M M I M ﬂ
ER 0 Ell et - "—.-J:“J_.'r - = p — 'h--#,:'.—- o N
A See poster #35:
EHi ﬂééé ﬁg'}ééé ..... st [ FMC ADCIDAC
M experiences for
L =] SwissFEL )
225 IFcizio  E|  F 225 PCle and VME low

latency data

YMER:
= transfer in scalable

e aspara FCle I 1% enberral FCla
Zx PRI du Pz LLRF Sj'ﬁtﬂﬂ'lﬁ _)
i i
g e seril linke (PCE)
status:
= |[FC1210 boards developed in collaboration with company 10xOS SA is commercially
available

+  Several FMC ADC and DAC mezzanines tested

* |nhouse developed transition module prototype available

* PREEMPT_RT Linux + EPICS environment was set up together with Controls
group, based on Denx.de ELDK (Embedded Linux Development Kit)

PSI, mhbd, 28003 003



ecent LLRF Developments at CERN and New Projects
Wolfgang Hofle, on behalf of BE-RF-FB and BE-RF-CS Section

LHCb

SPS: major LLRF and RF upgrades under LHC 2015: 6.5 TeV reached, half nominal
= way: 4-> 6 cavities @200 MHz, 800 MHz . Luminosity; upgrades for HighLumi:
% system upgrade ;;_M__i_ crab cavities = challenging LLRF
Z
® LHC North Area
o
G
=
=

SIS

T2,
) ATLAS A

© HiRadMat 2
= l? L Advanced Proton Driven Plasma
N ~—1 _Ap_ Wakefield Acceleration Experiment
= OO0 MANY SYSTEMS, A BOOSTER
1 WHEER - 1so1pHIE-Isolde, 100 MHz SRF with DLLRF
ANEED A LLRF STRATEGY i z ‘ —/ s
L

1959 (628 m)

/ neutrons

~ LINAC 3
lons

Roll-out of DLLRF: PSB, LEIR, AD, ELENA,;
new Finemet system for PSB

PS: Coupled Bunch feedback with Finemet
cavities

n-ToF &~
) /,\_
4 LINAC 2

2005 (78 m)

LINAC4: staged commissioning:
Connection to PSB: 2018/2019




Summary

= CERN Focus is on Injector Upgrades during
the coming years: many LLRF challenges

= New Projects: AWAKE, HIE-Isolde, ELENA
= Make or buy ? =2 make

= Platform ? 2> VME

= Solution for data recording (ObsBox)
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Linac4 LLRF

DTL1 Field - CloseLoop
g g e ————————

: 80
: Zoom | .
s e e o e b Lo o e i T e e :50‘_‘
el ~Z40§
= Feedback | 8
(=] T _b F<
2 On 7 &

[—DTL1 V Magnitude]
DTL1 V Phase
L il 1 il h— 1 -
100 150 200 _ 250 B0 400 450 500"
Time [uS]

Cavity Filling

DTL1 Field Zoom - OpenlLook ve CloseLoop V' Magnitude

¢
K
0
m©
|
=
[a's
wl
(@]
(]
frm
o
L

Ramp (50 ps) o 5
= .
5 LR it A S i
] 9.9::%0 50 200 250 W0 380 '_gﬁgrsggzmm
DTL\FEIGZM-&T;:‘:D:J:LMLMQVM
£26 ] ] I I DTL1 CloseLoop V Phase|
1 5625 DTL1 OpenlLoop V Phase
%su
o £d LHC LLRF type VME platform
'_g 5280 150 200 250 300 350 400 450 500
(@) Time [uS]
\'T; DTL1 SIMULATION - Pl vs Kalman-LQR Regulator
_C _ T T T T
= 20 I B
g » Installed on RFQ, Bunching cavities 2-3, DTL1 8 e
. g [ Pl Close Loop ¥ Magnitude
f:” » Observed ripple: 0.06% voltage, 0.05 deg, ol I , o e Magrise
. 55 €0 &5 70 75
= without beam Tme L)

DTL1 SIMULATION - Plvs Kalman-LOR Regulator - Beam Loading Zoom
10,01 T T

» Transient beam loading: 1% voltage with 8 D I S e e egritde]
mA beam Zew 1
ey =2 gos
» Pulse to pulse reproducibility: +- 0.05 deg 0 = T T 0 175

i 1,01

J. Noirjean, J. Galindo, D. Stellfeld, 6. Hagmann, P. Baudrenghien , M. Ojeda
See Talk by J. Galindo
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LLRF'15 Shanghai, China

New PSB Digital LLRF system

Ring 4 beams in PPM with Ring 4 DLLRF.

PSB operational LLRF after LS1

S

The hardware Ring 3 il Ring 2 = Ring 1

[T
I

Ring 4 {

Ring O T —

Talks by M.E. Angoletta and J. Molendijk

Big RF group investment (manpower) for Meyrin machines.

Mandatory for PSB Finemet R&D campaign (2014-2015).
Will be deployed in LEIR in 2015 and in ELENA (Anti-proton deceleration) in 2016.

Four operational Digital LLRF systems (Ring 1 to 4) + development ring (ring 0) which operates

1 OASIS VIEWER (2.8.0)
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HIE-Isolde DLLRF (Valuch et.al)

* radioative ions post acceleration (low intensity)
e only 16 meters long, final stage: 32 superconducting cavities (100 MHz)

x » challenge to control the cavity, only few Hz bandwidth
% * LLRF entirely digital, direct RF sampling, direct RF generation
é * 32 solid state RF amplifiers, 700 W each
S e commissioning started in summer 2015 (1 RF module with 5 cavities)
= e first Beam successfully accelerated last month
E
T ——— F———
£ =t ::WE i
g == e :m g i
s D= — = =
'_'3 (] e J A Ed il B B == :@vi |H|m-—{::"j =
i b T
NS SN R 0 S INTLR ]
\ £ -6x LLRF Contm”ef ‘ o an [) mimiec [ Powes Ampifier
FrOREeRd CompUTar™" = e g e

D. Valuch , M. Elias, M. Mician
LHC type VME Platform Poster (M. Mician) and Talk (D. Valuch)




HIE Isolde LLRF controller Simplified function block diagram

Jlab SEL was implemented to support HIE Isolde SC cavity
Antenna I o5l ———===========—=========== —f—Hier > RF out
ADC+ =
IQ demod| | .8 £ ‘ S~ | ™xoac
r g QU) Q:Q r g [
L o I ‘ : T
= = ; > [ (- .
o + U =
QO ¢ ‘l )\ =
5=
) v ole @
SEL offset T ElT E
H S £
Direct Phase pass | |[£|==
| gl E
GD phase > - _Ra_lte slo o 1 _DE' '%
limiter S g o
Cav phase Rate | 5l 8 A l—&
B<+_ ) > 2 limiter [ e Q
A
8|  SELmag Challerjges | - |
s -\ . Tuning plate is not extremely stiff, significant Lorentz force detuning
E LDhmag 5le W . Total detuning ~7 bandwidths at intended operating point
. Tuner resolution ~0.1 Hz/step
Cav voltageE
M . Cavity has only few Hz bandwidth
Reference e S| | 8’-5 | o Il Cavity operajung sequence was designed to cope with it
S5 o . Start with SEL, move the frequency by tuner
IQdemod| |~ 8 8 slo 8 ¢
Q% xR . Slowly lock the loops




Data recording: Observation Box

Objective: Overcome limitation of VME for data transfer to fully explore
diagnostic potential of the digital LLRF systems

A. Butterworth, M. Ojeda et al.

x VME modules with integrated ICALEPCS’15. WEPGF062
ﬁ Transmitters ’
é " LHC/SPS /.. ™ SSasasssssessssy Observation Box "~~~ "7777777TTTTTTTTOOT
S | " Transmitter |—-——Fiber SPEC >)
% E Transmitter : : SPEC > Driver | Linux
I 1 1 : '
= ! Transmitter ; . SPEC > Stack | kernel
: Transmitter : : SPEC >
= [ ' | lPC/e (DMA)
5 4x1/2.5Gb/s i YT ; syscalls & sysfs
] 7~ Computerin TN ! v
_:;C: i OP application i i GPGPU <€ > ObsBox class
o Java | | CUDA/OpencL FESA 3
= RDA3 < L Fthernet > RDA3 | cMw
SuperMicro’s SuperServer * | _ ol
6028U-TRA+ i Simple PCle FMC carrier (SPEC)
g — ’ RF specific firm ware: T. Levens
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sci

SSRF (“Shanghal Light Source”)

Storage Ring
3. 5GeV C=432m

% ]. .-I o
= Booster
=R 3. 5GeV, C=180m
et

‘T:ﬂ'l".:':-:::

Electron Linac

150MeV
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sciences

SR-RF status

| SR-RF status

SSRF Operation Status

Master Freq: |499678724 Hz

Main parameters operator: Y1 Xu & Kun Wang shift plan:iser Operation ight: Available
Current:251.48mA Beam Current(2015-11-02 15:32) Cav_Tot_Volt: |5.02
lEnergy 3.5GeV
[Emittance:  4.2nm-rad
(Beam life time: 14.45hours. .
O g CAV1 CAV2 CAV3
|AveragePre: 2.25e 10Torr T
Tune(xly}  22.224/11.253 ;:_'— 142-9 142.5 132-4
A s ° 272 8.52 6.57
xﬁﬁ :5::;{ 48.25am 1.68 1.67 1.67
e ha(deg):| |149.9 154.. 734
Beamiine oo pross— ) VeH) e Psiton e Level: 66.9 67.0 67.0
BL4B1 Open PFL AT CavL 1677 m:::
i - o i cunioe s 55 _
-y poes Fos et o e | Vacuum: [3.37e-10 Tor [3.0e-10 Torr [3.2e-10 Torr
e s e ng S i . Current: [250.84 mA Life: [14.55 Hrs [7435.33 A

RF Source

S . 499.654MHz

! Intranet

“““““ 3 F F 3

1
Cryogenic | | | _I
Control

- | ¥ ¥
L J r

]]: Local Local L Locsal E

R =  Control + Control L » Control |« > R

¥ Station Station ;{ Station ¥

______ 2 $
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sci

The third generation LLRF used In the storage ring

Front-end

cPCI Controller Box board

Board with CPCI package ,

4 Channel ADC.125MSPS

2 Channel DAC , 275MSPS

4 down-converter and one up-converter
channel

Linear is better than 60dB, isolate is better than
70dB

CPCI communication.

EPICS interface

The third generation replaced the first one used in RF station Il and 111 of Storage ring in
2015.2
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sciences

Linac layout of SSRF Yubin Zhao, RF Group and Linac Group

LLRF in PXI
crate (NI?)

LIO
4996540 H=

Fraquency
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sciences

Linac LLRF of SSRF

( PXI System

\

=
Interface
FPGA

Control
FPGA

54/2997.924MHz

RFreflect
«—

Solid State
Amplifier
RFforward RFfonNard

Solid State Solid State
Amplifier Amplifier

RF
forward Modulator

Klystronl Modulator — Klystron2

RFtorward RE
forward

o .
3z Phase Shifter RF refect RFiovars | R,
[&)
Motor |/~| a
|\
Gun —  Subharmonic buncher Buncher A2 A3 Ad

500MHz sub-buncher 6x rf=2.99GHz AS rf



LUND

UNIVERSITY

Overwew anql System DeS|gn for
ESS LLRF Systems

ANDERS J JOHANSSON, LUND UNIVERSITY, SWEDEN

N 5 MW Neutron source
2 GeV proton linac

X Pulsed at 14 Hz, 2.86 ms long pulses.
_Rotating tungsten target




: EUROPEAN
SPALLATION
SOURCE

ESS Accelerator
Pulsed 352.21 MHz 704.42MHz
14 Hz ——————————————————— < —————— 62.5) mA

Source

3.6 MeV 90 MeV 216 MeV 561 MeV 2000 MeV

1 RFQ
3 Pillbox buncher cavities in MEBT.
5 Drift Tube Linac sections.

26 Superconducting spoke cavities.

36 Superconducting medium-f3 cavities.

84 Superconducting high-p cavities.

7 )3
"
S

@ =
%03‘ E ;:W P

UNIVERSITY



EUROPEAN
| SPALLATION
SOURCE

)

ESS RF power amplifiers

* One power amplifier per accelerating cavity
— 2.8 MW Klystron for RFQ
— 30 KW Solid State for Buncher
— 2.8 MW Klystron for DTL
— 2Xx200kW Tetrode combined for Spoke
— 1.5 MW Klystron for Medium- Beta Elliptical
— 1.2 MW IOT for High Beta Elliptical

UNIVERSITY
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Field Stability

Current requirements for regulation accuracy of the cavity field.

* RFQ

+/- 0.2 % RMS amplitude

+/- 0.2 ° RMS* Relaxed requirements

_ for initial 10 us.

* Normal Conducting

+/- 0.2 % RMS amplitude Ca\f;ty /

-

+- 0.2 °RMS N

e Super Conducting Beam
S——
+/- 0.1 % RMS amplitude 2.86 ms
+/- 0.1 °RMS =
Time

*Relative the phase reference line. All other phase requirements relative the beam.



RF Cell

: EUROPEAN
SPALLATION
SOURCE

Cll

modulator

Klystron
or
Tetrode

LLRF system:
Pl-controller

Pz Ctrl
fine grain tuning

Cavity
Mation control

Motar Ctrl

coarse grain tuning

[

L)
| @

Master Oscillator

LLRF:

* Pl-control

» Adaptive feedforward

* Inner klystron loop

e Beam current variation
compensation
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SOURCE

Platform: MTCA. .4

« Modular design

— Adaptable to different
cavities.

— Facilitates incremental
upgrades

— Simplifies end of life
management

 Temperature controlled rack

LLRF is in-kind contribution
( DESY and others)




Status After 4~5 years...

e Two test benches up and
running at Lund University

— 352.21 MHz
— 704.42 MHz

 Test benches controlled from
a central "control room”
computer and screens.

e One prototype running at
Freia test hall at Uppsala
University.




Digital RF control at LBNL, L. Doolittle, G. Huang, C. Serrano, et. al

Linear Coherent Light Source — Il (LCLS—II)

e Collaboration with SLAC, FNAL, JLAB

LCLS-1lis just like XFEL, except ...

e System architecture design e CW instead of pulsed
e Modular NAD (network attached e 20 Hz bandwidth SRF cavity, instead of 800 Hz
device) design bandwidth
e Separation of high precision receiver e Goalisstill0.01, 0.01%
and RF drive station e Fast beam-based feedback is not part of LCLS-
e Common FPGA boards in modules [l baseline, for cost reasons
* End-to-end simulation * As of September 2014, the baseline design

/] &2

Cryoplant LCLS-Ii

LCLS-I A Warm Soft X-ray Near Hall Far Hall
RE Cun 3 Accelerator Undulator ) 1

4 T
e N

e et et = T T ) C— . { ! = :

‘i- rol - "\ ¥ z

L1 BC1 L2 BC2 L3 Se—o f—r

Superconducting Accelerator

Hard X-ray \\
| Undulator \\ Hutches
Beam / Beam _\

SC Linac Beamline Switchyard Dumps

Cu Linac Beamline

BERKELEY LAB

Lawrence Berkeley National Laboratory



Subdivided Architecture LCLS—I| LLRF

Resonance CHASSIS

Superconducting Cavity J

W

- ]

/’_\\

rrerrr e

BERKELEY LAB

Lawrence Berkeley National Laboratory




EMI-proof * Precision Receiver Chassis LCLS—Il| LLRF

1320 MHz | -
: ADC .
ADC Power E
. EFF—deA@s6V
ADC Supplies :
_ ADC E
— Linear or
Synchronized
I SFP to RF station —‘
— SFP to RF station
: FPGA L 4 x fiber
; L SFP from Timing J
. [~ — g — SFP Global Controls
6x | - L] -
RF Input | FPGA DSP as an analog
1300 Wbz | component

1=f noise no yes
drift no yes
ADG temp.coe. no  yes
group delay yes vyes
saturation yes yes
distortion no yes

ADGC

H@—l} ADC DSP_ “Real” analog
:D e noise yes  yes

L [~ [— ] Metal box (Faraday Cage)
?_ L Y cooled by slow-moving air FrOSStaIk no yes
L imperfect cal. No yes
power dissipation yes vyes
* Maybe

simulatable yes vyes
BERKELEY LAB remote updates yes no
Lawrence Berkeley National Laboratory



Summary

= QOver a decade and half (since 2001), a lot of progress has
been made, and basic techniques have been learnt.

= LLRF community has become more mature in both
— Using proven techniques/designs, and
— Choosing Pragmatic Implementations

= R&D in reference/calibration continues to be the focus

= Development of the more realistic SRF cavity models
in FPGA is being pursued, which would be very useful
for SRF systems.

Thanks for your attention

DOE Lehman CD-2 Review of the APS Upgrade Project 4-6 December 2012
76




A example of Commercial LLRF Solutions

= |LRF-9 from Dimtel

= Users : ELSA, ANKA, SESAME. The unit has also been demonstrated in
Diamond booster and LNLS booster and storage ring.

Linux I0OC = 7 Ethernet
computer | USB driver [<—>| EPICSIOC [<{— " >
Triggers
» USB Temperature and
Fiducial — supply monitoringJ
RF clock A
Y Y Y
Input tput
opitel ADC ~  FPGA ~ DAC [P,
A 1
Acquisition |- Slow analog_
memory and digital /O

77
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