
Low-level RF Development 
for FLASH and ILC 
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FLASH overview 



Origins: high energy physics 

 

 
 
 
 

 
 
 
 

 
 



FLASH at DESY in Hamburg 

 
 

 

 
 

 

 



FLASH Undulators 

 
 

 
 



FLASH layout 
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TESLA 9-cell cavity 
FLASH cryomodules 



FLASH RF system layout 



HLRF configuration: 
single klystron feeds many cavities 
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Kly #4 3dB hybrid

ACC4  23 MV/m ACC5  24 MV/m ACC6  27 MV/m

TUNNE

AST 2.4 dB
2.2 MW1.6 MW1.5 MW

3.8 MW

1.6 MW 4.2 MW

3.7 MW

3.7 MW

Phaseshifter

42.8 m
10%

27.6 m
6%

2.4 dB

3.8 dB

2.9 MW

2.9 MW

DC

•  One klystron means one knob for all 24 cavities. 
•  LLRF regulates the vector sum of the cavity fields 
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FLASH waveguide distribution system (ACC6) 

post 2
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Single klystron for many cavities: 
Regulate vector-sum of cavity fields 

 
 
 
 
 

 
 
 
 



Pulse-to-pulse and intra-pulse LLRF control 



RF pulse profile 
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FLASH pulsed mode operation 

LLRF control systems stabilize field in the cavities:
Intra-pulse feedback
Pulse-pulse feedback

Beam based feedback stabilize beam properties
Intra-train feedback
Pulse-pulse feedback

t

Trigger Trigger100ms

2048 us
intra-pulse

RF Pulse

Interrupt

Adaptation algorithms

Bunch train
Field decayEnergy

loading

pulse-pulse algorithms



Components of the RF Power feed-forward 
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J. Carwardine (Argonne) 
22 March, 2011 



LLRF control schematic: MIMO controller 

~
C

A
D

C
A

D

1
1

)(
1
1

)(

1
1

)(
1
1

)(

1
22

2
22

1
22

2
22

221
21

2
21

1
21

2
21

21

1
12

2
12

1
12

2
12

121
11

2
11

1
11

2
11

11

zdzc
zbza

tK
zdzc
zbza

tK

zdzc
zbza

tK
zdzc
zbza

tK

Waveguide

Master
oscillator

Vector
modulator Klystron

1.3 GHz

Feed-forward
setpoint tables

Vector-sum
setpoint tables

Field probes (1.3GHz)

C
D

A

Calibration matrices

Iy Qy
Ie

Qr

Ir

Qe

Iu Qu

If

Qf Qcu ,

Icu ,

C
D

A

cryomodule
8x

Memory

ab
ba

)()()( 11 teLtutu kkk

ab
ba

Vector-sum computation

Learning feed-forward (10Hz)

Correction tables

Digitizer
(81M-samples/sec)

Down-converter

LLRF controller
output to klystron



LLRF control schematic 
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System Identification: grey box model 



System identification: bode plot 



LLRF control schematic: MIMO controller 
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Improvements in pulse to pulse jitter from adding bunch arrival-time 
feedback to injector LLRF systems 

With Beam Based Feedback
running in ACC1 and ACC39

rms = 5 fs

No Beam Based Feedback
Learning Feed Forward ON

rms = 74 fs

A1/ A1~10e-4

1< 0.03O
LLRF 

Regulation 
rapid fluctuations averaged out

resolution of BAM ~ 10 fs for single shot 
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FLASH LLRF system hardware 

  Digital FPGA-based controller 
- Third-generation currently installed (‘SimconDSP’) 
- Gun/ACC23/ACC45/ACC67 
-  IF=250kHz, IQ-sampling scheme 
-  Sampling rate 81MHz (use averaging) 

  Upgraded for new 3.9GHz cavity 
- New RF down converter & LO generation with  
  IF=54MHz, non IQ-sampling, LO = 3954MHz 
-  Sampling rate 81MHz 

  2013: uTCA-based system (XFEL prototype) 
- New RF down converter & LO generation with  
  IF=54MHz, non IQ-sampling, LO = 3954MHz 
-  Sampling rate 81MHz 
- Control loop operating at 9MHz 
 

10 Channel 14bit ADCs 
81 MHz clock rate 
8 DAC, 14 bits 
2 Gigalinks 
FPGA: XILINX Virtex II pro 
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Hardware changes: Layout of uTCA LLRF system 

Laboratory test of DCW & ADCs successful: 
Single cavity approximately  
5 times better resolution  
than current system 
 
Tests at FLASH July 2011 
 
=> Talk from Frank Ludwig 

dA/A = 2.8e-5 d  = 0.004° 



Cautionary tale: mechanical stability of RF cables 

SASE:

Frank Ludwig, DESY FIL



Cavity resonance control using piezo tuners 



Lorentz-force detuning evolution over 2ms pulse 



Compensation of LFD using fast piezo tuners by 
(nominal setup) 
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A2 event 
trigger 

A6 event 
trigger 

19.978ms 

Piezo ADC window = 82.58ms (256 samples @ 3.1kHz) 

Trigger delay 

2.418ms 

First 
bunch 

700us 

LLRF ADC window = 2.048ms 
(2048 samples @ 1MHz) Drive 

piezo 

Monitoring 
Piezo 

800us 

Typical drive parameters 
Trigger delay: 16-20ms 
Drive frequency: 200Hz 



Cavity mechanical motion from RF pulse and piezo drive 
(80ms timescale) 

  The ping used for Lorentz-force detuning compensation is quite 
large compared with the ping from the cavity itself 
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Black: rf pulse only 

White: drive piezo active 



Detuning compensation study using piezos 

 
 

 

 



Online calculation of detuning 

 



Gradient and power overhead studies for ILC 



ILC-related beam studies at FLASH: priorities 

 
 

 
 
 

 
 

 
 



Experimentally determined operational 
limits 
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VK spread sheet 
limiting cavity A6 C2 VA measurements: 

limiting cavity A7 C1 

Power split 
between A6 and 
A7 different in 
reality 
 
Accuracy: ~10% 

VS ~438 MV 

N. Walker 



Cavity gradient tilts from beam loading 
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A feature of running cavities with 
a spread of gradients when the 
are all fed from same RF source 

Solution: adjust individual Pks and 
Qls so each cavity is ‘matched’ for 
the same beam current 

Imatched =
Vk
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(Note: Vector Sum is constant) 

• 
•  Must be solved uniquely for a given 

beam current and set of gradients 
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Ramp-up of the beam pulse length (400us) 



Wrap-up 



Wrap-up 

 
 

 
 
 

 
 
 

 

 



Thank you for your attention 


