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LLRF system architecture
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RF Control Requirements

Maintain Phase and Amplitude of the accelerating field within
given tolerances to accelerate a charged particle beam (e.qg.
XFEL: 0.01% for amplitude and 0.01 deg. for phase)

Minimimize Power needed for control

RF system must be reproducible, reliable, operable, and well
understood

Other performance goals

- build-in diagnostics for calibration of gradient and phase, cavity
detuning, etc.

- provide exception handling capabilities

- meet performance goals over wide range of operating
parameters
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Development progress - hardware

« Master Oscillator
- Redundant MO

- Local distribution in Cryoannex
 Field control

- Uniform SimconDSP based LLRF system at FLASH
- New cabling in GUN, ACC1, ACC39
- ATCA based LLRF system

* Piezo control

- Permanent installation at ACC3, ACC5, ACCB6,

ACC7, ACCT
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MO: Ongoing Upgrade

Installation of the second Master Oscillator (90% done)

Installation of new 1.3 GHz power amps (higher output

power to compensate for cabinet cable losses)

New subdistribution rack in Hall 3 extension to provide

more ,tap points® for MO signals with diagnostics

Improve DOOCS data aquisition/logging

)
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Master Oscillator

Subdistribution
in Cryoannex

| L Distribution J
®
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FLASH before upgrade

ACC 6 ACC 5 ACC 4 ACC 3 ACC 2 ACC 1 RF-Gun
— B - —A\,— - ]

new, XFEL-type
RF power distribution

Kly 4 (10 MW)

Kiy 2 (5 MW) | Kiy 3 (5 MW)

Kly 5 (5 MW} -.- _.-
=
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LLRF controllers before upgrade

RF System User operation Development Backup

RF Gun SIMCON 3.1 DSP

ACC1 SIMCON DSP SIMCON x3 DSP
250 kHz IF 54 MHz 250 kHz

ACC23 DSP - Redundant FF
250 kHz IF DACS

ACC456 DSP SIMCON x3 Redundant FF
250 kHz IF ATCA DACS
54 MHz

and monitoring signals for all modules (forward/reflected/probe)

DSP (2000), SIMCON (2006), ATCA (2009)
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LLRF installations before upgrade
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FLASH after upgrade

T.OLA ACCT  ACCo ACCS ACCH ACCS ACC2 3rd ACC1  RF-

[ R

= L -
| |

Bly. 5045(441W )

Tod 4 (10 MW)
Maod 1 {5 MW) Mod 2 (5 MW) Mod 3 (5 MW)
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Mad 5 (5 MW)
[ ——

Mod 6 (5 MW)
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LLRF controllers after upgrade

RF System User operation Development Backup

RF Gun SIMCON - DSP

ACCH1 SIMCON x1 DSP
250 kHz IF 250 kHz

ACC39 SIMCON LIBERA
54 MHz IF

ACC23 SIMCON x2 DSP
250 kHz IF 250 kHz

ACC45 SIMCON x2 DSP
250 kHz IF 250 kHz

ACC67 SIMCON x2 ATCA
250 kHz IF 54 MHz

and monitoring signals for all modules (forward/reflected/probe) DSP

DSP(2002), SIMCON (2006), ATCA (2009)
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SimconDSP board

VME interface

- 10xADC, 8xDAC
Xilinx Virtex Il Pro
(20/30/50), PowerPC
- DSP, Tiger Sharc

2 opto gigalinks
Ethernet




LLRF installations after upgrade

ACC39
+piezo
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Piezo control at ACC3,5,6,7

“ ACC6 ACC7
[ == } ACCA [ ACCS } [(double piezos)} [(double piezos)}

RF signals (probe and forward)

L
Probe VME driver
aDcs  orward DACs ADCs
DOOCS Piezo Control Board
Detuning &
compensation
calculation

e,
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Piezo Control
at ACC3,5,6,7

low level radio frequency —
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Development progress - software

New firmware for Simcon
Feed-forward optimization

Adaptive feed-forward

Variable gain

Gun calibration and automatic start-up
Manual beam loading

Exception detection and handling
Piezo control

Frequency scan of cavities

LLRF C++ library
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Feed-forward Optimizations

* Minimize the klystron peak power for RF control, avoid
unnecessary power overshoots
- Optimize cavities filling procedure by applying smoothing and
phase correction algorithms
« Study the impact of klystron saturation when RF station
Is operated at high gradient
~ Run accelerating modules almost to the power limit with high
gain
- Minimize klystron & coupler trip rate

- Maximize energy gain from RF station, keeping the klystron
forward power lower

-._i
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FF Optimization: Smoothing of
Forward Power Overshoots

* Smoothed forward power in ACC23 cavities

* White traces show powers before smoothing
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FF Optimization: Phase Modulation

Minimum reflection at the end of filling time has been reached
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during filling time

Variable gain

Running feedback loop with gain of 100 without significant oscillations
Reduction of ~15% peak forward power required for feedback regulation
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Adaptive FF Performance

Logbook entry (Sep.14, at 7.27): Adaptive feed forward of ACC1 switched on for
only a few seconds to build up new corrections. Since the server bug of ACC1 is
not yet solved, we stopped the AFF again.

Adaptive Feed Forward
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Manual Beam Loading
Compensation

Slope feature in amplitude and phase on beam loading compensation allow to
correct energy distribution along the bunch train

Follow beam profile, pyro and BLM signals
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Piezo Control

Algorithm

time position vs RF - flat-top
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Exception Detection and Handling

* Fast / slow quench detection
* BIC interlock interface
* DOOCS quench detection middle layer server
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Frequency scan of cavities

1.3GHz

At oos(1 . 2GHz+Fg)

|

L EAR

AF = A [t cos{ 1.3GHz+Fs)




Frequency scan - results
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Operation Experience

Total downtime 7%

RF stations 34%
klystrons, modulators, transformers,
preamplifiers, waveguides
78% due to two old RF-stations

Infrastructure 18%
power, water, air conditioning,
temperature stabilization

Others 16%

incidents or failures happened
only once or very rarely

Magnet PS 8%

Cryogenics 4%

Photocathode
laser 8%

Photon beam
Control system 4% lines 5%

Summary of the 2nd FEL user period at FLASH
2009-10-13 - Katja Honkavaara, DESY
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Performance during 9mA studies

Stable operation at 1MHz beam repetition rate was achieved, resulting in
stable 3mA running with a full 800us pulse for over ten contiguous hours.
« Quick start-up after machine access (40 min)
» Several hours of operation at ~9mA but with short trains (300-500us)
» Achieved full pulse length (800us, 2400 bunches) at 6mA for short period

9 mA Studies
FLASH Program: ACC studies KW37

Bunches Energy
[nC] Bunch charge TOROID T1
| Bypass 844 .4 MeV
800 i
2.
2 3.0 nC
:' - - no beam in undulator
= — Bunch RepRate —
g
1. o
s 1000 kH=z no beam in undulator
21 h 23 h 1 h 3 h rd
18.9.09 18.9.09 19.9.09 19.9.09 19.9.09
[%Pnches] Number of bunches

21 h 22 h 23 h .9 1 h 2 h 3 h 4_h 5 h 6 _h 7 h
18.9.00 18.9.09 18.9.09 2009 19.9.09 19.9.09 19.9.09 19.9.09 19.9.09 19.9.09 19.9.09
BL3 BL2
n BL1
| PG2

PGO
anananan PG
06:51.13 19. Sep. 2009




ATCA LLRF system

Front view Rear view
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Operator Interface

ATCA Expert Control Panel ACC456
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Amplitude and Phase Control
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Typical Problems
in the LLRF System

* Phase drifts of the order of few degree per day.
- Cables, connectors, MO, downconverter
* Reproducibility of cavity fields especially cavity
phases with respect to the beam after maintenance
period.

* Large changes of settings require rf expert tuning

- Loop phase (if klystron HV is changed)

- Feedforward table

- Beam loading compensation

- Feedback gain

— Vector-sum calibration (sometimes)

- Cavity tuning

- Timing (pulse length)

,E"%{ . 3— DESY Accelerator Operation Seminar, Gromitz, 22 - 25 Mar. 2010 —



Drifts in ACC23 & ACC456

TTF2.RF/ADC/VS.ACC4_6.PROBE/AMPL_VS TTFZ.RF/ADC/VS_ACC2_3_PROBE/AMPL_VS

8:13.05 7.8.03 341.213 TTFZ.RFADC/AS ACCZ_3 PROBESAMPL_VS

TTF2.RF/ADC/YS . ACC2_3.PROBE/PHASE_VS

45,57 7.8.09 -1,29143 TTF2RF/ADC S ACCE B PROBESPHASE_VS
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LFD with piezo tuners
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Piezo operation influence on
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LLRF Improvement Plans

Improve long term phase stability (which is of the order of few degrees)

Fix problems with adaptive feed-forward / controller server
— including handling of exceptions, variable beam loading

RF Gun control (automatic start-up, calibration)

Automated calibration of vector-sum

Reproducibility

— Restoring beam parameters after shutdown or interlock trip
Slow feedback for pulse train stability (RF and beam based)
Implement LLRF control system for XFEL at FLASH

— improve field regulation, operability, availability, reliability

Automation of LLRF operation

High gradient and high beam loading require advanced applications

Documeqtatlon
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Conclusion

« Substantial part of LLRF hardware at FLASH is upgraded.
« New functionality added to firmware and higher level software.

» Machine operation supported by LLRF during user run and
machine studies as well

- Only 3% of machine downtime due to LLRF

- RF control performance goals for 9 mA experiment achieved:

« Stable operation at 1MHz, 3mA, 800 bunches

« Several hours of operation at ~9mA (with short trains 300-
500us)

 Full pulse length (800us, 2400 bunches) at 6mA (short term)

-._i
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Thank you for your attention
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