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RF system of the storage ring

< STORAGE RING

> 580 kW (500 mA) & 4 MV @

352 MHz

> 2 cryomodules, each
containing a pair of single-cell
S.C. cavities

» [Each cavity powered by a 180
kW solid state amplifier (SSA)

» Both CM supplied with LHe
(4.5 K) from a single cryo-plant
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Storage Ring LLRF

Phase loop Amplitude loop Direct RF Feedback
ntent
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. Digital Bunch
by bunch
transverse The direct RF feedback is necessary for the Robinson stability at the high beam current.
feedback

upgrade Performances:
Amplitude : 0,1%

Phase : 0,025° SULEIL
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Storage Ring digital LLRF prototype

Phase 2 : fast digital (FPGA based) phase and amplitude loops,
under development in collaboration with CEA

352.202 MHz
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FPGA architecture
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With 300mA beam current stored
Amplitude error: 0.2%
Phase error: 0.15°

Good agreement between calculations
from model and measurements

Module Architecture
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Contribution to ThomX

Compact source of hard X-rays (40 - 90 keV), generated by Compton Back Scattering
(CBS), which is under construction in Orsay - France

- Medical sciences (imaging + therapy)

Injection matching

Beam dump 4
* - Cultural heritage sciences
Injection and extraction system (Louvre Museum’ for |nstance)
SR optics : Interaction EP
e gt . -> Compactness
7m “"¥ Work supported by the EQUIPEX
program from the Research Ministry,
Tpletfor Région lle de France, CNRS-IN2P3 and

U]F e v = University of Paris-Sud

Diagnostic station
and beam dump

A‘1§ mi?.&“ b Contributors:

LAL-Orsay CNRS-IN2P3, SOLEIL,
CELIA Bordeaux, ESRF,
C2RMF-CNRS, UDIL-CNRS, INSERM
Grenoble, Thales TED,

Institute Neel Grenoble

Injection of a single e bunch (20 mA) at 50 Hz repetition rate,
which collides at each turn with a laser pulse inside an optical
cavity 2> X rays (1011-1013 /s) from CBS (® 4~ 4 7> O jager )

- the LINAC injector (50 - 70 MeV, 3 GHz, 50 Hz)
- the SR RF system
- the Transverse feedback system
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ThomX RF control

Content

General
SOLEIL RF
system

Our present
LLRF

Digital LLRF
prototype

ThomX LLRF

LUCRECE
/LUNEX5
LLRF

RF phase
/amplitude
measurement
system

Home made
SSA control
hardware
system

Digital Bunch
by bunch
transverse
feedback
upgrade

BPM |
l l Ampli
) RF Pi Pr
Switch RF t RF :
5 ~——> > iy |
:';E;F:gu'g;oop '?' Module curent, T° CaVlty
- Frequency loop H RF power, TS, ...
Master - Longitudinal Feedback
Clock : S50V ,r
Carte Power supplier MUXs LLRF
Interlock 3 x 36 kW e —| Motor drive

rapide 1% 6 kW H

LLRF
2944 A
Interlocks
Ethernet (Cavity vaccum, Pi, Pr, nC...)
1?-. Interlocks lent il
nterlocks len
PLC (débits, T°,pnC,...) } . [
b — ® Contacteur
Tango """"'"""""""""'"""NDisjoncteur N
Local PC
L 11 PL¢ 3 Phases + N
(400 V)

SWLEIL

SYNCHROTRON



Content

General
SOLEIL RF
system

Our present
LLRF

Digital LLRF
prototype

ThomX LLRF

LUCRECE
/LUNEX5
LLRF

RF phase
/amplitude
measurement
system

Home made
SSA control
hardware
system

Digital Bunch
by bunch
transverse
feedback
upgrade

Gain du Feedback RF direct

Gain [dB]
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ThomX longitudinal feedback

ThomX synchrotron frequency is high (~ 500 kHz)

Gain Max du feedback RF direct en fonction du retard
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RF feedback + cavity transfer function
with a 150 ns total delay
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500 MHz

» Need to increase the cavity bandwidth (~25 kHz) by a
factor ~ 50 in order to use it as a longitudinal kicker

> High gain RF feedback + Fast phase loop

W Limited by loop delay
- Analog feedback
—> Short cables with good permittivity

LFB = direct RF FB + Phase loop

Phase loop (BW >f)) :
- Phase comparison between V_ (PU cav) & I, (BPM)
- The error signal, do (+ 90°) controls a phase shifter

Phase
comparator Ip 1

- One can modulate V_,, at f,

RFSwitch  Driver  AMPLI 50 kW i
o5 I {>_> CAVITY
Phase i
Shifter Interlocks :
REFB 3 BW,,,.(1+G,) ~1MHz vy,

RF feedback
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ThomX longitudinal feedback

Ethernet

Remote access

(Ethernet 100 Mbit)

Power (micro USB)

Console (micro USB)

System & FPGA image
(micro SD card)

ch. @ 100 kS/s, 12 bits)
Low speed DACs
(4 ch. @ 100 kS/s, 12 hits)

Dual core ARM Cortex
A9+ FPGA (Zyng SoC)

DDR2 RAM 1Gb

E:s\&',‘ chain connector

Red Pitaya board

Phase du FET

Gain du FBT

1

DSP to synchronize the RF on the beam phase.

SOULEIL

SYNCHROTRON

- Computer (Linux OS) ==
~— Analog based system DACs =D
-—p front end + -
25 custom control Analog >
ADCs =P (c++ or other) =P pack end
— —p
FPGA system
e=p RFADC == real time control e=fp RF DAC e==p
algorithms
(custom or
e=elp RFADC e==p predefined blocks) e=f) RFDAC ===
Daisy chain extension * fDaisy chain extension >
Méthode de calcul avec une seule tune (non-diagonal)
tune = 0.15; gain =1; phase =-90° FIR order = 1;
16 Taps 7 turn delay
L N\ . /= -
v ] -90° kick @ synchrotron frequency | \
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Contribution to LUNEX5
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LUNEXS Synoptic

_— =& Pilot user
L\nac QU AN W e - Sta‘n ons
MeV CW 56 " 2 T tors <
400 v v 08, < ¥ v 1 ‘\_1 Wm\&;\-\/acuu"f‘ undula N P .
v Laser ‘,,_a;/o . HHG A=4-40 nm "
VHF e-gun — 260nm 40-20 nm

0.4-1 GeV plasmaaccelerator

Phase 1 : based on a 400 MeV CW sc Linac = explore advanced FEL techniques and applications
Phase 2 : laser wakefield (or plasma) accelerator will be assessed in view of FEL applications

It is coordinated by SOLEIL, involves the CEA and CNRS labs as well as industrial partners,
Thales, Alsyom and SigmaPhi Electronics (SPE) ; partly financed by the Region lle-de-France

- A1.3 GHz - 20 kW CW SSPA, using GaN transistors [SOLEIL, SPE]

- A 1.3 GHz 9-cell sc cavity for CW operation, from the LCLS2 batch [CEA, SOLEIL]

- ATTF3 type coupler, upgraded for P > 20 kW CW [CNRS-LAL, Thales, SOLEIL]

A digital LLRF system (104, 0.01°), based on FPGA + CPLD + pC [SOLEIL, CNRS-LAL]
Tests of the assembly at 2K and 1.8K in CryHoLab [CEA, SOLEIL]

Cryomodule mechanical studies [CEA, ALSYOM, SOLEIL]

Time schedule : 2015 - 2019
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LUCRECE/LUNEXS LLRF

Vector
Synchro CW Modulator
]
A SSA S vaveeuide 1,3 GHz Cavit
= (8727 > , z Cavity
?'; i I/E ©
‘;' g g Field stability
1.3 GHz _ "_: I Q 5 b Phase : 0,01°
cE = e Amplitude : 104
=2 1.3 GHz Ultra High Phase
s < Stability Cable Tuning S
1.3 GHz 1.3 GHz 1.3 GHz 1.3 GHz
+1F " +TF " +TF " +IF
1.3 GHz +IF
IF IF IF IF
0 Clock %5 Clock 0 Clock Clock 0 &
Q|| Q - - - -
X Z a F=4xIF A F=4xIF a F=4xIF F=4xIF b bd
o all o < < < () (@)
Timing J
1Q Demodulation B
e LLRF
| (e g _ 5
Feedforward H (Z) £o | Sq Setpoint
>O<€ < € FPGA
+uC+CPLD
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LUCRECE/LUNEXS LLRF
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FPGA Xilinx SoC ZC706 (Zyng-7000) board

FMC HPC
Connecior

RF cavity field stability requirements are :
22" 0.01 °in phase and 104 in amplitude
~=" 1 LLRF + 1 SSA per cavity.

) rHﬂf‘ibigiatl LLRF based on 1Q (or non-1Q) demodulation
— will give all the flexibility to implement different
functionning modes (CW or pulsed).

The main caracteristic of ADCs and DACs are high
bit resolution, good ratio signal-to-noise, low jitter
and low latency in order to meet the required
stability performance.

Complete LLRF design in collaboration with LAL (Orsay)

» R&D, components choice

» Components performance test
» Production of the complete system

> Test with the cavity S LEI L
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Original SOLEIL RF distribution

Chassis de distributions

Horloge 10 MHz

Fréquencemetre

MO 352,2MHz

Frequencymeter
+ Rubidium clock

P>
-

Frequency synthetizer

LR R R )

g
D>
P

Chassis |
Distribution RF |

l LIGNES [
) | I —
Y

== RF distribution

° Machine RF distribution

Evolutions

RF distribution
For users

LINAC

Salle Interface

RF Booster

Salle de contréle
Cabane + Baie Diag
RF Anneau
Eléments pulsés

FBT

A p - LINAC Amplifier failed
P - R&S synthetizer screen out of order
- Agilent synthetizer error messages

- synthetizer replacement >R&S to Agilent
( better phase noise)
- Frequencymeter added
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RF distribution evolution

- Amplitude and phase measurement by using a direct non-1Q demodulation technich
- measurements are available on Tango device via Gigabit Ethernet IPBUS protocol
-Plan to implement anolog 1Q modulators in order to setup the phase and amplitude of each line

\ 4

B e e

LINAC

I Q
Horloge 10 MHz
S| I Q

Salle Interface

I Q| RF Booster
Fréquencemétre
1 o] Cabane + Baie Diag
MO 352,2MHz * *
) I Q) RF Anneau
I Q] Eléments pulsés

FBT

Salle de contrdle

ADC FMC108
14 bits 8 channel up to 250 MHz S é?l\!E;lREc;'TIR!Tq'
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RF distribution evolution

Master

Clock _ﬂ_>

Attenuator |

> -

RF signal for

machine and
>—_

users

10dBm| max

FMC108 (8 ADCs)

Ethernet I
FPGA
Virtex 6

phase/amplitude measurement device

Device
Tango
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_____ Quadrature DDC
fRF —()—>{ LPF > |
ADC ‘
A LPF —> Q
cos(wy,nTg) sin(w,nT)
£ ' > NCO
> |FIR > LFP —> |
> Q_FR > LFP —> Q

fs

Digital non-1Q demodulation method

M . fre = N. fs
We choose M=4 and N=11,

fs = 4/11* fre ~ 128MHz

A = 2TT. N/M

M
[=2/M Y yi.cos(i.Ag)
i=0

M

Q=2/M 3} yi.sin(i.Ag)
i=0

Coef FIR_I(i) =cos(i.Ag)

Coef FIR_Q(i) =sin(i.A¢)

By down-sampling a RF signal, we can calculate precisely I and Q.
But you need few RF period instead of one with a classical 1Q demodulation.

SVLEIL
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Digital non-1Q demodulation method

E AtkPanel 5.4 :ANS/RF/Amp_phase_measurement - 0O X

File “iew Preferences Help

B :0s/RFAMP_phase_measurement I:IZI

ANS/RF/Amp_phase_measurement

141 least one device is in RUMMING state:
ans T idistri_rm - RUNMIMNG

| »

amp_REF ,m EI

phi_REF [ -86.0° ...
amp_LINAC [23.53 dBm | - |
phi_uNAC [ 37.0° [-]
amp_RF_Booster ,m EI
phi_RF_Booster ,T El
amp_RF_Anneau ,m EI
phi_RF_Anneau ,W EI
amp_FBT [24.57 dBm | - |
phi_FBT [ -59.5° [..]
amp_Timing m El
phi_Timing W EI
amp_Cabane_DIAG ,m EI
phi_Cabane_DIAG | -67.7° |[..]
amp_spare ,m El
phi_spare ,? EI

Scalar |. log

With this technic and with a mean on 128
values, the accuracy of the phase
measurement is pretty good.

Rms phase = 0.05°
Rms amplitude = 0.02dBm

The measurement is efficient in a large
dynamic range of RF signal level
=> -40dBm to 10dBm.

SWLEIL
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New version of the SSPA Control

Content « Supervision of the amplifier is made with MUX chassis and power supply

. General controllers. The MUX chassis is based with micro-controllers and CPLD.
SOLEIL RE « The communication with the MUX-A and MUX-PA chassis and power supply
system controllers is via Ethernet with SNMP Protocol (Simple Network Management

. Our present Protocol). This protocol is a widely used standard.

LLRF PC

. Digital LLRF B
prototype | C——

e ThomX LLRF

Ethernet

Ethernet (SNMP)

o eREEs E— B I E— E—
/LUNEX5
LLRF UX A UX A
. RF phase D4 D6 D8 . =
/amplitude =
L (T T L L e L T L T =
measurement : -~
system 6 Modules | |16 Modules| |16 Modules| |16 Modules | 16 Modules| |16 Modules | |16 6 Modules M 6 Modules °
=
- Home made [ [ . . . . . el 2
SSA control w
hardware KW S W —
system
. Digital Bunch
by bunch Ethernet (SNMP)
transverse
feedback ]
upgrade New version used for SESAME and Thomx SSPA
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MU X board architecture

c Dissipateur
Ontent 2 Courants + Temp m
«  General 3% Ad -
— E . - ressage " 2 Courants + Temp. 'g
SOLEIL RF l% g ) ! SPI 2 Courants + Temp _:3
system 5 guw . { Module | 3
«  Our present g ADC |« 2
LLRF _.-E 8 ’ ‘ ADC : 2 Courants + Temp. @l )
- Digital LLRF L s UART1 ADC
prototype m ADC » 2 Courants + Temp. @
> Thomx LLRF ADC " 2 Courants + Temp 3
¢ LUCRECE g . ADC 2 Courants + Temp ﬁ
JLUNEX5 i » UART2 Dspic33 < g
LLRF o (Microchip) =
o RF phase 2 < 2 Courants + Temp. Modub
/amplitude o e E Pi haut
measurement & [ ’ ADC < Détecteur .
system w _ ADC |« —
O~ Pi bas
: Home made £ 38 ~ ADC+ Détecteur —
SSA control o | S EL % ADGC Pr bas
hardware = S e 3 Detecteur
SyStem % § § ‘é ‘g g g : E v \ 4 \ 4 ¥
. . wgpgooLfoo2o
. Digital Bunch CEET AT ABE I2C1) +Colr:1)1‘:grsateurs
b bunch r r 3 -~ -~ -~ F'y
i y Reset hardware
ransverse Iy J vy v v v _
feedback - ‘
upgrade ) Led (Interlodk alim) g: cPLD -+ Thermo-switch
Led (Interlock RF)
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MUX-A & PA
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MUX-A chassis
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Transverse bunch by bunch feedback operation

Main reasons : resistive wall, Fast lon, TMCI (Transverse Mode

Content Coupling Instability) in H and V plane

. General
SOLEIL RF
system

. Our present AL
LLRF

. Digital LLRF
prototype

. ThomX LLRF

- LUCRECE
/LUNEX5
LLRF

. RF phase
/amplitude .
measurement i [ Je—ts| pcleb] comm [+, 20 || o
system lrefer s I ——

. Home made
SSA control . : :
S Collaboration with SPring-8
system TED made the digital system

. Digital Bunch
by bunch
transverse
feedback
upgrade

Stripline

SPring-8 TFB System

= I FPGA
[ x4] =

—1

H
HHHH
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Digital feedback system upgrade

" i i i Mother board
FE—— Collabor?tlon with Spring-8 — —

* General SO-DIMM 50-DIMM - N

[ LY

SOLEIL RF call of tender : of — Vitex7xz | DACHs2

system bits _’D

G e TED and Mitsubishi, 1 oo -

XC7VX690T-2 XC7VX690T-2 x8(16ch)

LLRF We C 00§e TED.., r g FFG1930C FFG1930C
. Digital LLRF 7
prototype
° ThomX LLRF . 0 FPGA1/2 configuration
- LUCRECE b : ‘o Vs igsbit e 5 NRX>? sblink | || FMC
/LUNEX5 - L 1
LLRF i Pt
. RF phase
/amplitude
measurement
system

. Home made
SSA control : y
hardware : ;
syStem men 1 Wace) 1-‘ 1-; ' Lﬂ WOW DS DASW W L‘

. Digital Bunch —J—I—JAJ/—JAJI—IAJI—\II—U
by bunch L R
transverse
feedback
upgrade

~508MSPS
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Digital feedback system upgrade

Specifications: ~ 350 ns latency of the feedback processor
including FIR filters
First prototype was tested
—2>But 280 ns in DAC due to integrate FIR that we can’t bypass for
the moment (not acceptable)
27 ns in FPGA 1 (ADC data pre-process, ADC switcher)
23 ns in FPGAZ2 (FIR filters, DAC drivers)

Jure 324 ns (280ns in DAC)

/ FI=Al T
FPGA1{ ~— 27 ns L~ e mm FPGA2{I ORI
le 21+ JCLK[ A B DFFOD RISE] I Bne+ICLE] A H OFFOD B8 -l
=2Tns =3Pidns

1CLK 4CLF

1 5CLE CLE 1L
FHo\ e «*
|&" .
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Digital feedback system upgrade
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Conclusion

New developments continue

Many options to consider for the future

UTCA-4

Work to ensure the sustainability of systems and
components

Need to be trained and get some experience with
Zynq technology

Questions?

SVLEIL
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MUX-A & PA architectures

RF Interlock

— >

PS Interlock
Thermo-switch

PS Interlock
Thermo-switch

—>

RF Interlock

——»

Thermo-switch

‘ AC Breaker ON

—

MUX-A

—

AC Breaker OFF
LLRF (Sesame)
Amplifier RF switch
AC Breaker Interlock
MUX-A RF Interlock
MUX-A PS Interlock

T Eedd

Analog Flow meter IN

32 Currents
16 Temperatures
4 RF Powers

\ )
f

From 1 dissipater
of 16 modules

32 Currents
16 Temperatures
4 RF Powers

\ )
f

From 1 dissipater
of 16 modules

Analog Flow meter OUT

10 Currents
5 Temperatures
4 RF Powers (Amplifier output & Driver Output)

\ )
!

From 1/2 dissipater
of 5 modules
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ThomX LLRF equipments

SOLEIL and LAL-CNRS collaboration for the hardware design

v" F. Wicek (LAL Orsay Electric Instrumentation Group leader)
v M. El Khaldi (LAL Orsay Accelerator Departement)

THOMX LLRF PID INTERLOCKS

Chassis Interlocks et asservissements Déphaseur 500MHz Comparateur de phase

Chassis RF Amplitude et phase

SWLEIL

SYNCHROTRON

Chassis RF 10




RF systems for LUNEXS5

LUNEXS General synoptique

400 MeV Conventional Linear Accelerator

Echo Enabled HHG FEL Line Y4

photo-injectar Harmonie  speding User stations
- 1 il THz | Generation ﬁ:’ monochromator
> oo e o as phase
atio e " M "H-‘_
gHigh Harmonic L " -'__
Il in Gas Sead 4-40 nm
%3 40-20 nm ser pecllato matte
266 ning Regeaenarative dbbricl et b,
Amplifier S

» Phase 1: Advanced fourth generation (4G+) light sources via the latest free electron laser
seeding schemes and electron photon interaction

» 400 MeV conventional LINAC (phase 1)
2 X 200 MeV E-XFEL cryomodules of 12 m with CW cavities

One RF power amplifier for each cavity = 16 x 16 kW @ 1.3 GHz (not the most
economical but the best way for achieving the required cavity field stability)

LLRF system (0.01° in phase and 10-4in amplitude) with its associated synchronization

e SULEIL

SYNCHROTRON



LUCRECE project

OBJECTIVE: First step in the superconducting LINAC R&D for LUNEXS5,
LUCRECE aims at developping a complete RF elementary cell (cavity, power source,
LLRF and control) adapted to CW operation to be used for ERLs or fs multi-user FEL at
high repetition rate

—

Detall: > TESLA type superconducting cavity @ 1.3 GHz with its associated
parts (tuners, fundamental power couplers and HOMSs, Helium
manifold) adapted for CW operation

» 20 kW Solid State Power Amplifier @ 1.3 GHz based on SOLEIL
design and with new generation Gallium Nitride transistors
(mandatory for high frequency purpose)

» Versatile digital LLRF to ensure different operation modes

Integrated tests (complete cavity, amplifier and LLRF) in CryHoLab at

CEA
SOLEIL

SYNCHROTRON



(LFB)

Back up - ThomX longitudinal feedback

- Phase comparison between V. (PU cav) & I, (BPM)

- The error signal, do (+ 90°) controls a phase shifter A

BPM
5¢ Phase .
comparator Iy i
Bl - sookiz s BW,, - 25 kH:
MO RFSwitch Driver AMPLI 50 kW
500 MHz
OG-+ @D >
Phase
Shifter T
Interlocks
RF feedback PUcav

RFFB > BV\/cav . (1 + Go) ~1MHz i
-> One can modulate V,, at f, 4_.—._?‘ py
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