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Lecture Schedule (March 2008)

LLRF Part | (Requirements and Design)
March 6, 13:30
LLRF Part 2 (Maschine Studies at FLASH)

March 7: 10:00

LLRF Part 3 (LLRF for the XFEL)
March 11 at 13:30

Timing and Sync. Part | (Concepts)
March 14 at 10:00

Timing and Sync. Part Il (Design)
March 17 at 10:00

European XFEL (Project Overview)
March 26 at 13:30
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Outline LLRF Part Il

Installation at FLASH

Control of ACC1 with SIMCON
Controller Studies

Beam loading compensation
RF GUN control with SIMCON
Downconverter performance
Plezocontrol at ACCG6

Klystron linearization
Radiation measurements
Automation

Operation with alternating gradients
Avallability
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Installation at FLASH
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— Collaboration —
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LLRF Collaboration at Work (24.9.07 early morning)
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FLASH Progress Report SRF2007 Workshop, October 15™ 2007

FLASH - the machine (in autumn 2007)

5MeV 127 MeV 470 MeV 1 GeV
3.3mm ~250 um spike: 10 um 6.5 nm
65 A 2 kA
photon
beam-line
H }{ S
O rf gun laser O vertical deflecting rf @ bending magnet @ beam dump 4 toroid monitor
O rf gun v 3 GHz klystron ik a collimator
acceleratin PR ~ electron beam
Omodule 9V 1.3 GHz Klystron i bt diagnostics
D undulator g%%[ggs?i%gm
e initial bunch length restricted by e off crest acceleration in ACC1
collective effects and ACC2/3

e two stage bunch compression e requires good rf field stability

presented at SRF 2007 by E. Vogel, October 15™ 2007



FLASH Progress Report SRF2007 Workshop, October 15™ 2007

FLASH time structure

High gradients and moderate cooling demand (cryogenic load) by using pulsed rf:

lus - 2bus

800 us (1 MHz - 40 kHz)
e T

photon
beam-line
K e

presented at SRF 2007 by E. Vogel, October 15™ 2007
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—] Hardware (Downconverter) —
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Hardware (

SIMCON DSP)
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AI The Mission |7

 Add DSP to SIMCON 3.1 to support floating point
processing

* Increase number of analog I/O channels
e Add SystemACE (for PPC)
* Improved clock distribution (separate for ADC/DAC)
e More memory

Features:

-Xilinx Virtex Il Pro, PowerPC

-DSP, Tiger Sharc,

-10xADC, 8xDAC

-2 opto gigalinks

-VME interface

-SystemACE (Flash memory)

L

= DESY
\~ @R

g
H]
"
2
%
2
a
E
-
2

XFEL Mtg. 31.1.07 - S. Simrock ==



AI History of SIMCON DSP |7

* Design work start February 25, 2006
 Schematic done March 27

 Critical parts ordered March

e Layout done June 2

 Board production and assembly end July
» General vacation time in August

* Debugging starts September 25
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— Debugging SIMCON DSP —

e Debug power (0k)

 Debug FPGAs (VME, JTAG)
— JTAG problem, 2 wrong connections

e Debug communication with DSP (4 weeks)
— No communication
» Diagnosed hardware problem (!)
— Obtain JTAG programmer for DSP
» Again hardware problem, no communication
— One day after lunch system worked for few minutes
 And never again ...

— Found that chip revision change resulted in changed
assignment of 2 out 500 pins.
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— Debugging SIMCON DSP —

e Decision to unsolder DSP, disconnect the 2
pins and solder new DSP

— ZE needs 4 weeks

 Debugging resumed (December)
— No communication with FPGA to DSP

— Unstable communication with JTAG (3,3V!)

 After solving 3,3V problem stable JTAG comm. and
booting DSP through JTAG

— Again after lunch DSP booted through FPGA
e Then again problem
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=| DESY )= low levelradi frequency XFEL Mtg. 31.1.07 - S. Simrock ==



\ Debugging SIMCON DSP ‘

* Found that booting whole crate solved
problem.
— Reason: need to wait at least 1 ms after DSP

reset for booting DSP (before we were always to
fast except when rebooting the crate).

* Final changes have been made production of
SIMCON DSP has started.
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—| Purpose of SIMCON DSP |—
e Serve as platform for LLRF software
development.

 Demonstrate phase stability of 0.01 deg.
using high IF (50 MHz) and high frequency
sampling (~100 MHz)

 Many applications
— Rf gun control (FLASH,PITZ)
— ACC1 control with Probe, P_for, P_ref
— MTS
— 3.9 GHz (Modulator and control)

— Special diagnostics and beam feedbacks

— Piezo tuner control (INFN)
Y o)
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Test setup in laboaratory

Left rack: RF crates for generating,
amplifying and splitting the MO signals

Right: bottom 19"

linear regulated power supplies,

Above: battery backed up PS for LPP

On top: 3 crates with microcontrolers
Collecting supervision signals from crates,
transmitting them via Ethernet

to the DOOCS control system




NEW MASTER OSCILLATOR SYSTEM
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Delta Gain (dB), Phase (deg) time (ps)

Drift tests

1.3 GHz PLL’s driven from the same source, but on different temperatures

Drift Test PLL2 vs PLL4
PLL2is on high temperature
27.02. 2007
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Drift of a 1.3 GHz HPA

1,3GHz, P;,=-20dBm

Drift of a 1.3 GHz HPA ©@f
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Cable drifts In accelerator

,cable 6" to hall 3 extension, open ended, about 100 m long 7/8"" cellflex cable
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Date:



The good, bad and ugly in assembly and cabling




Control of ACC1 with SIMCON
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Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

Accelerating the bunches up to 130 MeV

4 MeV 130 MeV

‘BC2’
‘ACCT’
: . OTR
O rfgunlaser 4 toroid monitor a camera X screen
O rf gun | v 1.3 GHz klyStron @% bunch
0 ?ncggllﬁeratmg P bending magnet BRu@ compressors @ td’ﬁfnrg

e beam stability measurement via synchrotron light monitor in BC2
e beam energy in BC2 dominated by ACC1 energy gain (only 3% from gun)
e beam energy stability measured in BC2 yields upper limit for ACC1 rf stability

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

To make the material less monotonous: picture of ACC1 and BC2

\.

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

Beam energy determined by synchrotron light spot at BC2

Fitting methods:

e Fit 1: slope at head
— gives information
on rf amplitude

e Fit 2: Gaussian fit to
profile
— information on
rf amplitude and
rf phase

Resolution:

o AE/E = 104
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presented at FLASH seminar by E. Vogel, June 19™ 2007




Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

ACC1 rf control:
P control with beam based beam loading compensation

Problem: Scheme implemented for ACC1 at FLASH:

e cavity with fast proportional (P)
RF control corrects after 20 ps

e first 20 bunches suffer

beam VN
P

INANNNNNNNVT
klystron !

e correction within 2 bunches
required J:_dL
oo R
Countermeasures: forward /L
table proportional set point
e prediction of beam current and gain table

derivation of compensation

e measurement of beam current in
real fime and applying appropriate
compensation

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

'Ideal’ gain for proportional rf control at ACC1

o

-
M

relative energy stability

1E-4

0 10 20 30 40
gain of proportional control

Gain resulting in most stable beam:

e error suppression for small gain values

e noise amplification for large gain values

e 'ideal’ gain between both cases

e best single bunch stability: AE/E = 2x10-4

Gain limitations:

e noise at pick up signal: 6 = 15

e theory w/o paying attention to
the 8/9 m mode: G = 40

e theory with paying attention
to the 8/9 m mode: G > 100

Plus points:
o XFEL requirement:
AE/E = 10-4

e we controlled only 7 cavities
(one pick up makes trouble)

e XFEL injector has four
instead of only one module

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

If we accelerate multiple instead of one bunch...

e all bunches shall show similar relative energy stability AE/E
— ok with the proportional control

e all bunches shall show similar absolute energies E
— beam loading compensation required

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

Charge proportional signal from toroid monitor

e taking several samples (5) per
bunch from analogue monitor signal

- | Figure 1
File Edit View Insert Tools Window Help

e SUM ofSQmples DeE&E| s IRam®| € 0E
. . ><1£J4
e offset correction using samples at R T
times without beam il w‘

1 1 L 1 1 1
400 450 500 550 600 650 700 750 a00

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

Actual status of the beam loading compensation

Operation with P control only (6 = 15) Beam loading compensation switched on

2007-02=15T182426 ~scan-macro-dEE-ACC1-SR-BC2
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Next steps:

Improvement of the calibration and further qualification of method by measuring
energy stability of beam in BC2.

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

Accelerating the bunches up to 380 MeV

4 MeV 130MeV 380 MeV

z % % BC3'
BC2acco3

‘ACCT’
O rfgunlaser 4 toroid monitor d camera R SC-I;eRen
O rf gun V 1.3 GHz klystron g% punch

accelerating i beam
O acceler @ bending magnet B%Rpg compressors m dump

e beam stability measurement via OTR screen in BC3
e beam energy in BC3 is a results from the ACC1 and ACC2/3 rf stability

e nevertheless, the beam energy stability measured in BC3 yields an upper limit
for the ACC2/3 rf stability

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

Beam energy determined by OTR screen in BC3

The beam position measured with an
OTR screen in a dispersive section

11BC3
0

a0

100

150

1] 100 200 S0 400 500 G0
¥ (pinals)

yields beam energy information.

Gaussian fit to profile for beam position:

1MBCS - horizontal profike: sigma(x) = 12.99 pixels center(x) = 330.73 pixels
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Resolution: AE/E = 3x10-°

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

ACC2/3 rf control: proportional control for 16 cavities

Key features for this control:

e connection of two SimCon 3.1
boards as master and slave to
control the vector sum of 13
cavities (3 cavities have been
excluded form the control)

e klystron linearization was
switched on

e no beam loading compensation
applied as only two bunches has
been accelerated within this
studies

Control scheme used at ACC2/3:

16X

klystron _~~nnAAnnee

I

feed
forward
table

proportional
gain

set point
table

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

Beam energy stability observed at BC3

P control with gain = O P

P control with gain = 10

Enargy jitter BC32007 <02-20T160758-~dEE-BC3cal = 101.16pixala Enargy jitter BC32007-02-20T170641 -dEE-BC3cal = 101.16pixel®:

control with gain = 40

Energy jitter BC32007-02-20T163500-dEE-BC3cal = 101.16pixel o

- - .22 . —- 3.3z x - -
s <dE/E > fit s =dE/E > fit «  =dEE= fit
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AE/E = 1.6x10-4 AE/E = 1.6x10-4

No beam energy stability improvement due to rf control?

e sensor noise (down converters)

AE/E = 2x10-4

e the klystron it selves seems to be well stabilized due o the gain = O result!

presented at FLASH seminar by E. Vogel, June 19™ 2007



Controller Studies
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Motivation and goal of the experiments

Development of the Multi-Cavity Complex Controll

based on the system parameters identification

Main topics of the presentatio
e System setup

Control system a

FLASH Seminar DESY Jan 22, 2008



Functional block diagram of Multi-Cavity Control System
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FLASH Seminar

CONTROLLER CORE

DESY Jan 22, 2008
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ADC fast readout
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Vector Modulator offset auto-compensation
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DESY Jan 22, 2008
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System Identification - Model verification
Cavity 8 — Adaptive Feed-forward (gain=0)
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Results from System Identification - Cavity 8

Normalized Klystron characteristics

Power estimation

reflected

100f---------1---

B ey P

Phase [rad]
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1000 1200
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System Gain
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Vector sum control of 8 cavities ACCI
Adaptive Feed Forward (gain=0) for three gradient levels

rad

0.6

Cavity output envelope
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Vector sum control of 8 cavities

Adaptive Feed Forward — all cavities monitoring

Forward power [KW ]

Cavity amplitude

time [1078 s]

1500 2000

1000
time [10°® s]

Cavity detuning & half-bandwidth

and klystron

e of cavity

Phas
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time [1078 s]

DESY Jan 22, 2008
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Vector sum control of & cavities ACCI1

Adaptive Feed Forward (gain=0) - 10 repetition readouts

Cavity output envelope

120~

1500 2000

1000
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1000 1500 2000
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500

Detuning and half-bandwidth estimation

e
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Vector sum control of 8 cavities — ACCI1
Feed Forward and feedback (gain=100)
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Vector sum control of 8 cavities — ACCl1
Feed Forward and feedback (gain = 300)

MV

Cavity amplitude

1000 1500 2000
Cavity amplitude

zoomed flattop

500

Cawty phase
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1000
Cavity phase
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Beam loading testing

CAVITY AMPLITUDE [MV] ‘ ‘ CAVITY PHASE [rad]

FLASH Seminar DESY Jan 22, 2008



Current status of the project

FPGA based controller
permanently installed in ACC1.

Distributed architecture of the controller was
proposed and implemented. It was tested for 24
channels using ACC456.

R



Test system

“probe” signals

Existing system

control
signal

kIystron>S|gnaI




Test system

“probe” signals

control
signal

kIystron>S|gnaI




Test system

“reflected”

“probe” “forward”

Q) Q)

This configuration was used for control
online detuning measurements signal
in ACC1 and for ACC456 control




Structure of the controller

Field detection
module

Centralized structure of

the controller Feedback
module

:

Output
module

Peripherals

\J

Control
signal




Structure of the controller

division
points

Structure of the
distributed controller

Field detection
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Output
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Control
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Structure of the controller

division
points

'§ Structure of the
fdistributed controller

Field detection
module
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Feedback
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Technical parameters

1. Numerical precision: 18 bits

2. Operating frequency: 100 MHz

3. Resource usage: up to 60% for Virtex 2 Pro 30

o

4. Tools used: Xilinx ISE package




ACC1 controller

What is currently installed in ACC1 ?
Basic version of the controller with beam load
compensation feature together with klystron

linearization module.

Tomorrow we will install and test AFF algorithm.



Modes of operation

There are two modes of operation

1. Diagnostic mode
2. Operational mode




SEL results

Self excited loop makes it possible to fill the cavity
which is detuned from its resonance frequency
even by a large offset.

Currently it is possible to work in SEL mode using
amplitude limiter on the output of the controller
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SEL results (2)

38—

0 500 1000 1500 2000

2500

500 1000 1500 2000




SEL results (3)
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SEL results (4)
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Frequency Sweep Mode

This function measures the frequency response of
the individual cavities using constant amplitude
and slope on the phase of the control signal .

The final implementation will work with increased
frequency of output update rate to get more
precise frequency control.
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Beam stability — ACC456 (1)

The distributed version of the controller was used
to drive ACC456 modules. To compare the quality
of the control between DSP and FPGA based
systems beam energy stability measurements
have been performed.



Beam stability — ACC456 (1)

2008-01-19T085445-take—data—byp; cal = 5.26 mm/%

0.08 ; ; ; ; . . .
: ' ' : * data
0o06F A o * , rms dE/E =0.021 % |

pkpk dE/E = 0.158 %

0.04F *

6BYP dE/E [%]

50 100 150 200 250 300 350 400
time [sec]




Beam stability — ACC456 (2)

2008-01-19T114948-take—-data-byp; cal = 5.26 mm/%

0.05 . . . ; ; : :
: : : : * data
004 * R Py EETTrares rms dE/E =0.013 9% ||
*; - - : -« pkpk EEIE =0.089 %

6BYP dE/E [%]

50 100 150 200 250 300 350 400
time [sec]




AFF tests

Algorithm proposed by A. Brandt was
implemented for FPGA based controller. Currently
there are 3 possible ways to run it:

- Matlab implementation
- FPGA implementation
- Embedded system implementation

In near future there will be DSP implementation as
well



AFF tests (1)

T I T I T I I I I
Error signal

Error signal & |
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AFF test (2)
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Additional results

1. Amplitude-Q control
2. Klystron linearization component
3. Control using IF = 54MHz

4. Beam energy stability after ACC1 with tuned
parameters

5. Delay scans @




Future plans

1. To measure the performance of the controller in
ACC23 modules

2. To fully integrate controller with DSP processor
on SIMCON DSP board

3. Run the whole machine using FPGA boards

and evaluate performance @




RF Gun Control
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Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

The ‘source’ of the bunches: rf gun laser and rf gun

4 MeV

- : OTR
O rf gun laser 4 toroid monitor a camera 2 Screen
() rf gun | V 1.3 GHz Kklystron g% vunch
() ?ncggllﬁeratmg p bending magnet pRu@ compressors @ 33%‘%

e laser pulses shoot onto the cathode determine the bunch (timing) structure
e a stable gun rf phase is required for minimal arrival time jitter at ACC1
e emission phase measurement with off crest accelerated beam

presented at FLASH seminar by E. Vogel, June 19™ 2007
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Emission phase stability measured with beam

Emission phase = phasing between rf gun laser pulses and gun rf

o lndlreCT r'f phase Gun setphase:143.5622 - Fle 2004051921 4182 cat RF gun desig‘n (K Flijtmalm)
— 05 I . . R
measurement < o
e bunch charge ¥ TN | Toroid
1 ,J’ .' =S = __- = o electron
depends on rf phase g , “‘“‘“fgﬁfnﬁﬂ
¢ ’ or bidod |. >
at ‘edge I - (;i] | el || =
. un p aseNra main solenold =
e present resolution \
about + 0.01° (20 fs) Sharp rising edge can be used to determine timing
E, <0 E, =0 E >0
< _
<0 N T=0 |

Cs,Te-Photo-cathode

The laser pulse arrival time AND the gun rf phase affect the emission phase!

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

FLASH rf gun

e filling time: typical 55 ps
e flat top time: up to 800 ps
e pulse repetition: up to 5 Hz

e high RF field: 40 MV/m

Perfect rf field symmetry, no
sparks and easier cooling by

e no rf probe
e ho mechanical tuner

e via the femperature the frequency
is controlled (0.1 deg Celsius
corresponds to 2.1 deg in RF phase)

presented at FLASH seminar by E. Vogel, June 19™ 2007
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Rf control by SimCon 3.1 and sophisticated algorithms

Implications of missing probe: Ugun' S
0 0 =
e calculation of probe form M
forward and reflected rf klystron ADC
e calibration and linearization / .Z —
is an issue - ]ylrtugl
set point proportional "1 Probe
Algorithms: table gain 0 @
e P(I) control with recursive +X‘+—<<—E) A :
20 kHz low-pass (IIR) for q ] IR '
stability at ‘high' gain (>b) >0 MHZ; ; integral : low-pass
e Adaptive feed forward (AFF) . gain - AFF ®
from rf pulse to rf pulse 1MHz Hpy ga:Im track|,_[7 J
+ back | N N
table 9 - Q
? LO

reset

presented at FLASH seminar by E. Vogel, June 19™ 2007
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Calibration of virtual probe signal & phase determination

e non zero (loop) phase leads to an unwanted mixture of T and Q
e applying a step function (I only) and recording the response (example for Af=200Hz)

excitation & response in time domain response plotted in IQ plane
ewcitation signal [| only) Yy Plat
J T ' 0e
Th oo :
1] ARUURRTRUUUUUUNE IUURUUURRRRRRO RRRUUTR SORTTOTOR UTRURR SRTRURTO i
f f f f 05 y
BB ................. ................. ................. ................ i
o T R S S S S | 0.4+ -
ool . . T — i
: : : : 02+ _
0 Lo ................. ................. ................ ............... _
responze signal | and () § ] 7]
it g T
0. 02+ _
e
: 04f i
04k
02 06+ .
0 1 2 3 + s 3‘3 0853 ; 0z ¥ 05 e i 12
Time offzet: 0 . 'IEI- ¥ Axis
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Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

Spiral like cavity response

e the initial angle gives the loop phase

e final IQ values for different tuning describe a circle

e Alexander Brandts loop phase calibration method is based on ‘circle fitting

cavity response for loop phase zero

W ANIS

1F

0.8

0B

0.4

0.2r

OF

02+

04}

06+

05}

At

Af = +200 Hz

AF =

+100 Hz

AF =10

AF =

W oAxS

-100 Hz

-0.5 0 0.5 1
A AxS

1.4

0sr

06 -

0.4r

02r

0Z2r

04r

OB+

05

cavity response for (loop) phase 30°

0.5

o

0.5 1 1.5
x Axis

Plots for the sc 1.3 GHz TESLA cavities, the RF gun behaves similar!

presented at FLASH seminar by E. Vogel, June 19™ 2007
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Virtual probe signal calibration (method established at FLASH by A. Brandt)

circle fitting after frequency variation DOOCS panel for
[ Figure 1 =0 X calibration parameters

File Edit View Insert Tools Window Help

DeE&E| k| ®fama || 0E

¥ input_calibration: PITZ.RFRF2_FPGA/RF2/ =0 X
Acal: 1.1591 ¢Ca|:?3.5209 [deg] $:0.92914 P callore - e ;
_ ; _ _ _ POW FOR I|POW FOR Q|POW REF I|POW REF Q
AL AL AL o R o N NSO ab Ak A
OFFSET + 1210 + B30 + 1580 + BBO
IEI TP TITW TYV¥PVPVW L TTFPYFEWT
=
: Ad A Ay oo By & Oy B Oy B A b A A b A
3 GAIN + 1.8 + 1.80 + 1.55 + 1.55
a—. TTEY TT TTY T TV TV TTEY TTEY
E ab b oo
= cal MW HV +,0.330
:E &AM Foyr. 8 oA s A A
s PHASE i 300 g f52
g Uy £y
> LOOP PHASE +.,3.00 deg
4%
£
N
o KLYSTRON 1
E
; ;

-1 -0.3 -0.6 : -0.4 -0.2 0
real part [arbitrary units]

Plots taken at PITZ - the plots and panels look similar at FLASH!
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Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

Nonlinearity compensation of virtual probe signal

Problem:

e IQ detectors are not perfect

e rf phase changes lead to ampli-
tude changes

e amplitude changes lead to heat
load changes within gun and as a
consequence within the circulator

e this causes reflected power
interlocks at the klystron

e time consuming restart for get-
ting gun femperature equilibrium

Countermeasure:

e linearization of virtual probe
signal by an algorithm

RF phase scan amplitude response before
and after the linearization :

T

a3

1.2

L0

[ = . ;
(i | sy |
1 il 'il'kf"f'-'-a-""\'l I ‘ﬂ*- I| 1 . i i
— 1 -.I 1= ...I o I] " 1"
Y AL
) S B T
0,00 1 “,r:qlllr.;' "
|
"
0,64 i /
L _ﬂl Il'i-\. J II'
| F -
0.97 "'.-.-rr*'
a8 ] - L
-2001 -150 -1 -5 0 50 10 150 200
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No longer heat load changes caused by rf phase changes
RF gun temperature changes while scanning the rf phase:

TR_5 Temperature Gun Iris TTF2 _UTIL/WATER/GUN/TRE_S

[°C]
60.8

before the compensation after some iterations to obtain
the compensation parameters

presented at FLASH seminar by E. Vogel, June 19™ 2007
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Action of control loops - the case without control

[V uns <=y Beam based emission phase measurement:

-
klystron Gun - laser rf stability; cal= =0.066nC/deg 2007 -02-14T163113-detuning-gun
pre-amp >.?E:§ 1 : :

-/—I— DAC 5 = Bunch o bunch rma = 017 0deg
: I —e— Repeletive intra=train rms = 2.857deg
set point *  Shat=to=shot intra=train rma=2.857deag
table =3

Fhase gun versus laser [deg]

100 200 300 400 s00 E00 700 B00
fime [us]

e gun heats up within rf pulse

e gun resonance frequency changes > the emission phase changes by 8.5°

presented at FLASH seminar by E. Vogel, June 19™ 2007
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The case with P control only

1y S Beam based emission phase measurement:

un [

g ->
klystron ADC Gun - laser f stability; cal= -0.066nC/deg: 2007 -02-14T 161800~ detuning-gun
pre-amp EI%’,SI - _ag _ ; .

+
—/_I— 1 + BAC§ D virtual _3a} Bunch to bunch rms = 0.083deg
. rf probe —a— Repealetive intra—irain rms = 0.580deg
Settag%nt propor_tional 7 +  Shot-to-shot intra—train rma= 0.5B85deg
gain @
L X @ _d 2
< r ~> 4—\_ "
IR _a.4l
low-pass

Phase gun versus laser [deg]
A
[ ]

-5.2

-5.4

0 1:110 200 300 400 500 &00 T00 8OO
bme [us]

e proportional control with gain 4
e emission phase change suppressed > the emission phase changes by 1.7°
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FLASH Seminar, June 19™ 2007

Case with P control and adaptive feed forward (AFF)

gl.ln5 S
klystron
pre-amp 4 ‘E:;‘:G:%
_/_I_ “+ + EAC >.?‘ .F/”rtugl
, rf probe
set;g%nt proportional P
gain
4 I: @ A
IR
50 MHz low-pass
.'fJI AFF ®
1 MHz FIR gain —
Dl Y rack |, ]
4122 back| N I N
T o £
table | 99° =
reset

e AFF corrects systematic errors
e AFF gain of 0.4

Beam based emission phase measurement:

-6.9

-56.85

-7.2

Fhase gun varsus laser [deg]
. ~
m —r
£n £n

1
=l
£

-7.35

SR
o

Gun — laser stability; cal= -0.065n(/deg 2007 -02-14T151906-detuning-gun

/’/\v

Bunch 1o bunch rms = 0,117deg
—4— Hepetative intra~train rms = 0.044dag |
Shal-la-shat irra-trsEn rms= 0.091de g |

300 400 500 &600 700 BOO

imea [us]

> the emission phase changes by 0.14°
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Long term stability

Gun = laser f stabildy; cal= ~0.066ndeg; 2007 -02-14 T163113-detuning-gun
1 . r

| E nns-[lh_‘rEEtdegj

(1) o 2 4 timeﬁimin] 8 10 12

phase gun [deg]
=]
= o

1
=
o

e

B

]
M3

e -
u'“f"% P, f,w#“-m{.w&u@ f

i H

2 4 & g 10 12
time [min]

phase reflected power [dag)
(=]

A

b=

Observed emission phase stability:

(1) RF drive only: peak-to-peak 1.3°
(2) P control only: peak-to-peak 0.4°
(3) P and AFF control: peak-to-peak 0.4°

(2)

Gun = laser rf stability; cal= -0.066nCdeg; 2007 -02-14T 161 800-datuning-gun
0.2 T = =

| . = 0.057deg|
T T

: T
i i . ]
: N | L
r 3 t, I.-"i.i-_r;':ﬂ' Lo 1

phase gun [deg]

time [min]
Sl | R B )
| ooy kﬂf @
gl E .. .
e 9 2 4 3] ] 10 12

time [min]

Gun = laser f stability; cal= =0.065ndag; 2007 =02-14 1151 306=dstuning=gun
04 T

i | . rrr‘rs-lzlj_ﬂﬂ?dagl

phase gun [deg]

timme [mmin]

10

o

i

]
en

phase reflacted power [deg]
=

ke {)\/Jwﬂ\-ﬁf"“r‘”‘h .

& 8 10 12
timsa [min]

I

—

e ]
==}
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The gun rf phase slope feature

Potential sources of Countermeasures:

emission phase slopes: e slope at gun laser arrival time changing 1.3 GHz

e uncertainties in probe MO EOM phase

calibration e phase slope at gun rf:
e gun laser pulse arrival
-|-|me Changes RF_GUN CONTROLLER (SIMCON 3.1) Lm3{3 VECTOr SUn ampl1tude =
—SET POINT TIMING : :i:
e drifts due to wave sefor  +3.20 wi EN| tabledelay 10 us|
. o« . m&&a &aa 111 Tength +54 us| 3.22
guide heating 5P Phase = 32.00 4cq [N b
d b Pfor ( ) = e || e et s W
. pover mater - I
(distance between
w Pref (power mster) 1.57 Ml spoint delay + 0 us ;lj
directional coupler = ST
p ki iy Ij Filter corner freq A iy B fus]
nnnnn iyt [deg]l vector sum phase
Gnd gun) Feodback gain  +_120 +.20.00  knz i £
; 3+ 3 Adaptive FF =20 +
Y Gnd SO On L MO S """E D |:I Syitch on ONLY when
PUT CALIBRATION Bmparatiire: {x stk RS e
rl;’:fset 1 - 8900 N offset @+ 600 i A,M
[ INPUT CALTERATION ] | nl correction H_ Adaptive FF I ks V
!:-:untru-ller' wtnuﬂ | ADC probe I | EXFERT I =a0-F
-as. | ! | ! |
| VEUM (T Q) | |FFDRHM|.[| {1 m” SPOINT (1 0) | 0. lo0. 200. 300, 400. S00. GO0,
Regs= 1.Buf= 0 [us]
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Which 'slope’ to use at the gun?

According to measurements at BC2, applying a combination of both slopes (gun
laser arrival time and gun rf phase) results in the most stable beam!

2007 =02=18T011303=macro=pyro; cal = 0.162Vidag

-0.4
= daka
— mean ,
=0A45F +  bunch to bunch rms =0.048deg |
I - Repatative intra-train =0.027deg |
_{]5 K : . . i 4 i i I .
=,
0
]
o
Py
E
L
oo
&
o
=
£ : : b DEEL 0
T R i
=(.8
-0.85 : : :
0 5 10 15 20 25 30 K
Bunch Mo

> Let's go to ACC1 and beam stability measurements at BC2...
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Phase noise budget at FLASH (Switched LO, single cavity)

Ed

® Phase noise measurements : e Contributions to cavity field jitter :

-80 I | | | | I i I I I

Master Oscillator
= = = = Downconverter output
= = = = Cavity output

L=

N . — = . Residual phase noise
£ 100 o = ¥ -100 [ i
aster 3 = =
e Oscillator 3 % - o'..  Noise appears at the DWC
et = - = |y == : _ - = . .
3 ! : 2120 [ output but not on the cavity field!
2 -120 Modulator B 2 i ]
g (Klystron+Preamplifier) 1 o = S morfiea ol
®© E £ -140 o .
o ] m h_“’\"""-' ) d
m -140 3 73
0(!)'J = 2] 160 &9 Residual Jitter i Beam-based
--------- SEprpssnos 5 - Induced Cavity Field Jitter . monitors
Downconverter (Frontend) . I | 1
160 | ! | | | 2 180 | | L
10" 102 10° 10t 10° 10° 107 10" 10° 10° 10* 100 10®° 10’
frequency [Hz] frequency [Hz]
Cavity Subsystem Phase noise | Residual | Induced
W @,.(S) [dBc/Hz] | jitter [fs] | jitter [f5]
Modulator =1
:‘“‘E'} UAAAAL BredS) MO see Fig.3 14.1 5.5
(s)« I el o 5' DWC (Frontend) —147 1.8 1.8
N e e DWC (ADC) ~135 5.8 5.8 | (Complete ADC module)
! @ @ S)t 1 : MOD 110 1.2 1.2
: Master E GOnDVQnIV";; : %WC(S)
I : . .
I Oszillator ' Hoc(5) ' /"\\ - High frequency noise is filtered by
A
p— Lk g (S) the cavity, but not drifts or 1/f-noise!
D\ ADC
G(s) M. - Beam relevant frequency range [1Hz,100kHz]
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Multichannel Packaging and Preprocessing

8 layer stripline design VME interface

IF Outputs
g (8 channels):
» [OMHZz,54MHZz]

LO input:
[1309MHz, 1354MHZ]
+0dBm input power

. RF inputs (8 channels):
1300MHz
+0dBm input power / channel

Frank Ludwig, DESY
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Single channel receiver performance at FLASH

e Single channel stability results: ® Shortterm stability 800us (bunch-to-bunc

BW=27MHz 0332
BW=1MHz

Short-term, bunch-to-bunch (800us) :
M/A, =0015%, Ap, =0.0092deg

Mid-term, pulse-to-pulse  (10min) :

M/ A =0016%, Ap =0.0147 deg

Long-term, drifts (1Thour) :
M/ A, =009%, Ap,.,=0.05 deg

pkpk
8, = 2e-3/°C, 6, = 0.27/°C

e Midterm stability 10min (pulse-to-pulse):
BW=1MHz 0.3342

Parameter : BW=1MHz S
- Readout bandwidth 1MHz R - b
- VME active multi-channel receiver 03538 {758
- SIMCON DSP (14-Bit ADC) 03335
- LO / IF leakage —72dB
- Crosstalk —67...-70dB ol

81 samples over 1 us D”g::z

-~ 11Q value nasalt

- ~5 Hz through 10 minutes i .

o] 1 2 3 4 5 B 7 g 9 10

Frank Ludwig, DESY



Single channel receiver performance at FLASH

Ed

® Single channel receiver . - Analog Receiver has 0.0052 deg [1kHz,10MHz].
performance at FLASH : - IF[9,54MHz] works also with a lowpass
- Incl. LO-Generation phase noise - Powerful diagnostic using the CW modulation scheme!

- Drift calibration <100Hz is needed!
(Injector door effect on LO) e.g. injected, reflected or
Biased by MO reference : LO or Beam-based feedbacks

,r
|

SSA?  Spurious from Power Supply

-> Local LO-Generation near DWC

-> Analog regulated supplies .
/ { Desired XFEL value

/ 1/f-noise

White noise from LO
and down-converter

/ ] Desired pp-value

"’MJJLLL_“‘I L‘i‘ E

ey i

? L ]

and Dow serter 2:_ [f, 1 OOkHZ] E

IF Gain 20dB Frag Band [33M-101MHz] Opt [ =150kHz] 1 0'4 [ I I I I l l |

Phase Moise | Start 1 Hz Stap 20 MH; 1 100 101 102 103 104 105 106 107
Set RF ATT 0dB Phase Noiss: Meas -----|

frequency [Hz]
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Receivers worldwide

Main Parameters Table

Parameter Value
Amplitude Noise 31dB (InpL
Residual Phase Noise ( ) Ok
Linearity v
Temperature Sensitivity of Phase
Cross-Talk

Power Consumption

Number of Channels per board
Cost/Channel

Courtesy of U.Mavric, B.Chase / FNAL
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Summary of ACC1 beam stability at FLASH 09/07

® |Q sampling down-converter (250kHz): e |F sampling down-converters (9,54MHz):
0.0019 0.20IIIIIIII:[Il]lIIIlll]ll]llllllllll]lil[llill!
0.0018 - FLASH #2007-10-10T231156-dEE-ACC1-SR-BC2 -
1 i CW modulation scheme:
0.0017 No significant [ __»—- SR-4BC2, on crest, active frontend, f-=54MHz
0.0016 diff I E A +2 deg phase off crest -
: merence: < ¥ -2 deg phase off crest
0.0015 \ B -6 deg phase off crest =
L 015 I O on crest, f.=9MHz |
0.0014 « BC2 slope std Feb 2007 < ’ SR-3BC2, on crest, passive frontend, f.=54MHz
0.0013 0_.; o before beam based VS calibration E
w = BC2 slope std = after beam based VS calibration
lu —
0.0012 i w
; BC2 slope wio KiyLin | Switched modulation scheme (250kHz) |
= o & : . .
= 0.0011 > . (cr_.o_ss check): 0.098% Fermilab Re¢ceiver
o] = 1RN P o
% 0.001 i i >
j1] 1. x .
Bl w 010 5 - Non-linearity problems ?
£ = - (Gradient not constant) 1
0.0008 ¢ ] % .
o | ~ i . - Accelerator settings ? -
£ 0.0007 B S
@ . = N Beam-based ]
0.0006 = = o S—
o H calibration e e i
0.0005 += 14
. 0.05
0.0004 -4 -
* | |
0.0003 . .
{. *ot - g Em
0.0002 —J:“ﬁ:-ﬁ.:.i“ 0022% B
o - Desired XFELvalue
' 0.016%
0 T T T T T O_UO IIIII1I|!II1|II|IIIIIIIIIIIIIIIITIIIIIII!III
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 90

p control feedback gain

p controlled feedback gain of ACC1
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Sources of field perturbation

e Effective noise spectral densites for different tested down-converters :

Detector 1/ FLASH:

-80 T T T
. : Detector 1 - 1Q Sampling 250kHz method
O e e o L el - Gibert-Mixer active AD8343
ey : o OC o Detector 3 ]
—100k - T-'-"-:.- _______ AR TURURUNNN FEEREEE Actuator |4 - ADC-boards (14-bit, 1MHz) + DSP System

110 b - - ______________Z_'_'f.'f?!ee CO00S000000 @000

-120 1 T

-130 = e

-140 . : : : Detector 2/ FLASH:

ol e T=o 1| -IF sampling 54MHz method

| | : - Passive HMC483
i1 D SEEEEEEEEEEEEEEEEEEE e SRREECECEREEEREELEED Feeneee - SIMCON 3.1, LT2207, 16-bit, 81MHz sampling ADC

Noise Power Spectral Density [dBc/Hz]

B ) _____________________ ____________________ __________

-180 | | |

10° 10° 10° 10°
Offset Frequency [Hz]
b_l [dBC}
Actuator -110 -90
Detector 1 -135 -120
Sr(f) = botbea-f Detector 2 -150 -105
Sa(f) = bap+bay-f! Detector 3 | -150 -130

Frank Ludwig, DESY



Actual multichannel down-converter

e Compromise between noise and linearity :

‘;.

IP3 P2
o ’ | / PIF A -
; - High IP3
2 b3 F, OUT, 1dB 9 .
F g e Passive
o = Mixer
o =
- N g - Gilbert Spurious Free Dynamic Range
-3 y 0 167 Mixer Dynamic Range (DRout)
A i a (R (SFDRout)
. l i __ Noise

|:3

PRF

V SU,® ‘\/ SU,AMP \/S_U
N ~4.5nV /I Hz ~TnVINHz  ~T0nVIHz

- Second amplification determines performance S =1300 MHz

- Expected down-converter performance X
from baseband measurements:

(A4/ A)=0.2E -4 =0.26U ,,,, (Cavity filtered)
Af = 100kHz,

£, =1300 MHz

S =Su.e +Su.amp) v

Frank Ludwig, DESY




Static influence of the linearity and noise from the down-converter

® Modified DWC performance : ® Pulse-to-Pulse Beam Stability :
_ Noise degreases by a factor Of 3 to |r<0 001 % I- - 0.1 0 N I LI I LI I LILLIL I LI I UL l LI I LI UL
. . D | [ - -13-16-dEE- SR- ]
of the DWC .(W|tho.ut 1Q Drlvgr!) within the I o 2;3,?@?3,?33;;, },"-‘;,\;’Egbf‘g? L Z
cavity effective noise bandwidth. | _ C 5
| X 0.08F Switched modulation scheme: —
- Linearity degrades from 0.5%toapprox. 5% I : 2 FRUN 15,0108 2
| L i Beam-based vectorsum calibration (RUN_16_01_08):
1OOOB: T T I T T oo T T T ITI T T TTTTT 81000 | % —e— normal DWC =]
< °F —— DWC 250kHz x1 Post Amplification 36 I > 006 T e nanegX uegladadiineaiy DN -
T al —— DWC 250kHz x3 Post Amplification |4 = ack to norma a
£ . I 2 3
= X = 1 > B
=1 2 ~ 4 2 5 < =
2 Desired XFELvalue & | o 2
@ 100 =100 § | o 0.04 =
=~ 8F 1 8 o] c 3
% 6: ' ) > _G 8 I (Nh} B 7]
g * 301 2 - 0.008% 3
R e . 2 z E ]
2 i 5 & 0.02 =
) S I & -
5 1035_ ............. o =l 2 ke
c L - -
o f = : :
8 - Down-Converter (Typ MTS IF 9MHz) Effectiuenoi%ah::ndwidth: % 0.00 b g lavvva o aa b bonna v b bovaa by gt
R 0 10 20 30 40 50 60 70 80 9
1 Ll Ll Ll Ll g P controlled feedback gain of ACC1
1 2 3 4 5
10 10 10 10 10 ey .
frequency [Hz] - 0.008% on-crest beam stability is achieved.
~\ N\

- The DWCs non-linearity has no influence on

- Automated accurate waveguide adjustment beam stability for fixed machine parameters.

(Indictation from off-crest LO generation limitation). _ o
- DWC is not the limiting factor.

- Beam stability in dependence of gradient and phase.

Frank Ludwig, DESY




Correlation measurements between vectorsum and beam fluctuations

® ACC1 vectorsum vs. SR-MCP camera : e Feedback gain dependent correlation :
R Correlation ACC1 SIMCON -SR MCP, 100 buch trains, 300 bunches
—=— S5R MCP 1 : : : . . .
oaH —%—ACC1 amplituds : ]
0.8
E‘ a7k %-r (17| T TETICTUMERS, URRRHRSYNS. IRUUSIRTURPI: SUNCTRSUIE UL - SRR i
a =
5 O8] R
— 5]
g Q.5 %
. o g
E 0.4 (;)
i o
@& o3 &=
o
ozff £.05
? O
0.1 [t
oLl - - -
Q B0 100 180 200 250 300 ) : : %
Bunch Mumber -1 : L L 1

0 20 40 60 80 100 120
P-Control Gain

&=
s}
T

=
fus}
T

o
-l
T

=
m
T

~\. - No noise correlation between dE/E vs.VS found ?7??
(May caused by MO noise, MCP measures all noise
VS measures residual).

=
in
T

& =
) =
= T

=
ra

- Comparison with theoritcal expected correlations.

=

Averaged VS (blue), dE/E (green) [norm]

- Correlation studies for microphonics and MO, LO.

[}

L L L L L
0 100 150 200 2500 300
Bunch Number

Frank Ludwig, DESY
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Summary & Outlook

Ed

- The amplitude beam stability requirements for FLASH are nearly fulfilled:
0.008% using the 1Q sampling scheme operating at 250kHz and
0.022% using the IF sampling scheme operating at 9MHz and 54MHz (may be better)

- Possible noise sources of pulse-to-pulse energy jitter are:

- 1/f-noise and drifts from the Receiver and LO-generation [1kHz, 100kHZz]
(amplitude and phase noise)

- ADC noise (to be shown in lab characterization)
- VS calibration and DWC non-linearity influence is minor (to be investigated off-crest).
- Accuracy of waveguide phases for all cavities, MO amplitude noise

- The IF sampling scheme offers a powerful error diagnostic tool.

- LO generation is much more complicated and requires a drift calibration scheme.

low noise...->...high linearity... -> ...low drift... -> ... absolute accuracy

Thanks for your attention!

i Linearity requirement for multi-cell cavity structures

Frank Ludwig, DESY



Non-Linearity of the down-converter

Number of cavities: 32, Predetuning: 50 Hz,
Detuning-Spread: 11 Hz, 28 Hz
Amp. cal. error: 0.005, Phase cal. err.: 0.5°

e Effect on the vectrorsum:

_ detuning spread=11, 28 [Hz]
10 r

1n'*:- f { } E
i ¥ % &

rms vectorsum eror amp [rel]

Non-linearity <1%

-E
'I|:| 1 1 1 | | 1 | 1 1
"\ In presence of a vectorsum 65 -60 -55 -50 -45 - 35 a0 -z5  -20 15

calibration error microphnics compression of operating point [dB]
induces additional noise.

é"'_____l'-E""__I—'E—P_
=
HEH

Courtesy of A.Brandt / DESY
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Sources of field perturbation

1OD NI T HEERE IRRP PRR L 00 0 ) EERTRRRRRLERRS ERTRRRPE CRPRRS FRRE: REF-LRF h) LRI TERRRRRRTRPS — T UUU S U S S~ USSP S T T ST IR RS
- —Ampl error vs rel. det. o
| —Ampl. error vs rel. det. (off-res.) |- e o

|| = Ampl. error vs phase calibration

| — Phase error vs rel. det.

1| | — Phase error vs rel. det. (off-res.) o

10 . . . IR A
-| — Phase error vs ampl. calibration |- s -

L] — Phase error vs klystron PS npple R L A g

Amplitude Error [rel]/ Phase Error [rad]

Relative Detuning / Ampl. Calib. / Phase Calib. / PS Ripple
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Calibration, Selfcalibration and Linearization I l

e How efficient is the calibrating scheme ? : This is what we measure at the end with [,Q detection. For a
o calibration this phase noise caused by the reference must be zero!
S (f) Prr =Prr —Pro / LQ
e el /) Syur( /) N R R R P
/\/ —> AD > I,Q' o
& f ~ f RF f]F \ Detection
3 % S(/J,LO(f) /
v f LO LO-input IQ compensation circuit
n,m th phase noise spectrum from Operation of mixer (down-converter) :
fs-laser laser pulse with rep. rate 4f : (1) =Poe )= Pro(t), Jir=TFrr— T 10
| ” “ H “ “ ‘4\ A Sir ()= Sri )+ £ ) =20 wiso SN Spnrl S Sprof )
Yrrrol f)=1 (RF, LO must come from the same source
4 Jio Jrr f for a calibration)
Sae =14, Sui )=1 S, pue () VSorr( ) _n_for ¢ (S TSl FIF
, =— =22 S (F)=\Sri ) =Syl )
Sro=m S, 1o ) =18, p () VSprol ) fio
~\ fin Y Y ' ~\. For the actual DWC structure a calibration is
Spir( )= Spuol )| T5=1] =80 )| 5| = 0 only possible in the baseband with f,.=0 .The
fio fio) '} |
For a perfect drifts caused by the reference are reduced by
calibration! a factor of fi»/ 0.

"\ Good calibration requires:
(for the mixer structure)

Spril S)=S,1(f ), Yarro S)=1 fre# o (I thinkimpossible to fulfill)
Calibration in baseband, measurement using intermediate frequency.
Extend the DWC structure (e.g. analyze also sum frequency noise...).

Accept the calibration error: - Reduce drift from MO (push mixing idea with inwave).
- Decrease the indermediate frequency.

= OINDAre CAlDratior (] (1L &1 () ) \/\ .

Frank Ludwig, DESY



Noise characterization of the LLRF System (TTF2)

Ed

® Noise from IQ-driver modul :

1000 [T I T I“III T T T T ||||| LRI | T T T ||||| L | T I: 1000
C ” ‘ |‘ voltage noise Je
g: | | | from [f 10MHz] - fE)
s ETTT —Q
£ il .
s Epy.-
R S R I I lHi } T =Z100§8
5 Db b 28
100 Jw WW HWM W ;g
a : -_2 <
o 6 f) LSB jumping from ; <
% i: 16-Bit DAC, power supply E 10 tS
0 r channel O (I -driver)
I channel 1 (Q-driver) '2
10-....| 1 |||||||....| 1 |||||||....| 1 1 ||||||....| 1 |‘1
10’ 10° 10° 10°

frequency f[Hz]

U,y =35x6U 4y,

"\ - Merge fiberlink+DAC+VM,
- Merge DWC+ADC+fiberlink
- Low-noise design down to 10mHz for long term stability!

Frank Ludwig, DESY



Choice of modulation scheme

o ADC equilvalent noise spectral density :

SNR ( fs.€)
: e =B g w2
— W LTC2241 n /s f
z W LTC2242 s
g 30 | .
E AD85463 Typ Bits .,I';‘__,m.,‘:_ SNR [{lBl-'H_ SFDR [c]Bv] Vis t;
= n [MSPS] |  7OMHz TOMHz | [Vp| | [fs]
% LTC2207 16 105 7.0 a0 225 1 80
S LTC2208 | 16 130 7.5 a0 225 ) TO
é 20 AD9446 . AD9230 ADGGAR 14 &f) T35 1 2.2 1:](]
g B AD7641 B ADS5546 ADO6L | 16 [ 130 7 84 3.4 || 60
b MAX1958 ADO4AG 16 10M) 79 =9 3.2 Gl
(f-)' 6... . AD]_ZSO]L ADSRRAG | 14 1) 735 =27 2.0 0 150
2 LTC2207 " Tc2208
S 10
>
(]
2 M AD7760 _
s X Aot of available ADCs have
. roughtly the same performance.
1 10 100 1000
sampling rate [Msps]
\/ Y \/
Baseband or IF Detection IF Sampling Direct Sampling

Frank Ludwig, DESY



Bunch-to-bunch beam stability

e Bunch-Arrival Monitor : Short-term fluctuation
/ are filtered by the cavity.

pd
A °
E
reference %
laser pulses beam 2
H m
plekeup amplitude detection S Ll
of single laser pulses E
electron bunch arrival time: & . i i | i |
—=| -early ,voltage modulating ' 5 10 15 50 o5 a0
5| -correct the laser pulse amplitude bunch #
2 b
Q
-
~
i . . : . T ..
2’ g 500} L b : ol . ..r...:..'_"?
(4] = . . D e "'""t
3 = B ¥ L O
0 -g) : ’?.% .
reference laser pulse 2 0 | ’;m.;..f;'{fﬁ R
Q . ..mvbﬁ .o| : .
= SR _ _ :
/\ - S|ng|e bunch resolution better 30fs C_;E 500 b ;.;;'.:-:.E':s..':.' I SN
- Synchronization problems @

800 600 400 200 0 200 400 600
arrival time bunch #2 [fs]

Courtesy of F.Loehl / DESY
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Motivation

Synch. System  Cabeling
Signal Generation Analog Hardware

b Packagin
Gilbert-Mixer Linearity Drifts ang

Crosstalk compensation

Beam-based Digital Hard Arrival time
. _ igital Hardware
monitors

Mixer
Modulation scheme

Energy spread 1/f-noise
monitors [1HZz-10kHZ]

Scaleable Automation Vectorsum

. Receivers Calibration
Actuator noise

_ Master
ADC noise Reference

What is most important for a beam stability significantly lower than 0.01% ?

Frank Ludwig, DESY



Receivers worldwide

Direct Sampling of RF signals

SAW BP

e Key features :

1500 MHz

CW 500 MHz
|-52 dBm, 0 dBm]

« simplifies RF frontend (no
downconversion)

« amplifier & attenuator to match
to the input range of the ADC

« undersampling inevitable
- BW < fs/2

e SNR:

« amplifier noise

» ADC quantization noise g
[+ 4
» clock jitter 5
® Linearity :
« amplifier linearity (compression) |
* ADC linearity SNR of AD9433  "intdsm)
calculated (solid) & measured (dashed)

Courtesy of U.Mavric/ FNAL fin = 200MHz, fs = 16.3MHz
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Timing / Fiber interface

signals to SIMCON DSP
(Rocket 10)

T

VME interfa(fe ™

Advanced Carrier Board 2.1
DESY / LLRF - 10/08

Frank Ludwig, DESY



Multichannel Packaging and Preprocessing

LO signal distribution

ADC (8 channels):
(LT2207,16Bit, 105Msps)

Analog frontend
(8 channels):
(based on High IP3
Mixer HMC483)

RF inputs (8 channels):
+14dBm input power / channel

Frank Ludwig, DESY



Multichannel Packaging and Preprocessing

Multichannel Receiver frontend + fast ADC board for prototype testing :  LO distribution
(DWC2.0, BAM1.0)

- Shielded subsections

- Strong AGND to
RF GND connections

- Frontend mixer and ADC
easily changeable
(Applications:
Bunch-arrival-monitors,
Beam-position-monitors,
Beam-based feedback,
LLRF passive-active)

ADC:
(LT2207,16Bit, 105Msps)

Analog frontend:

(based on High IP3
Mixer HMC483)

IQ detection +
fiber interface board :

(ACB 2.0) ;
- 1GBit/s Optolink, Clock shifting Unit:
- 1GBit/s Ethernet Fiber interface (based on AD9510) - Macrobunch Buffer
(Rocket 10 Interface to SIMCON DSP -FPGA pre-processing (approx. 64MB)
approx. 350ns latency) (approx 400ns delay) (board 130ns latency)

Frank Ludwig, DESY



Blockdiagramm and Performance Tests

e Simplified block diagram of a down-converter :

Sampling and Field Detection

Digital

BPF

l Ipunt

‘v—O—@ R S e
Detection Calibration

e fe |,

oMa.Ster' Generation
scillator

(noiseless)

e

BPF

B e

ADC clock

Sample frequency:

fzﬁf N, M: integers I_Q.N_l L sin(i- Ay)
s~ M Y1F Nsamplesin M IF periods - N Yi - 810 - A
i=0
Phase advance: 9 N-1
. . TS . M Q:— yzCOS(zA(,Q)
A(,O - UJ[FTS — 27TTIF == QWW N P

Frank Ludwig, DESY



Receiver performance at FLASH

® FLASH injector : ® Vectorsum stability with closed control loop at ACCL:
____________________________ S
"""""""""""""" i -Phalse [rad]
| _I—I’I'I’:
Z I,.I.I.-I-{..I-I-I—-I'I
8 : : : ’Ij
0 i
; T” .
AT oesreaxeevaue
S 5;0 1c;.0 1;0 250 Instability caused by 8/9pi mode
Gain

Down-converter biased by Cavity pickup :

0 T — CH1 | cH2 | CH3 | cHA | CH5 | CHe | CHT | CHS
e A AUATIO | 38 | 58 | 61 | 41 | 28 | 41 | 21 | 36
SRR e Ap[deg] | 0028 | 0.038 [ 0.035 | 0.033 | 0.025 [ 0.032 | 0.022 | 0.032
T /9p|mode ___________________________ AUA0O | 21 | 25 | 10 | 16 | 10 | 15 | 00 | 15
3 N Apldeg] | 0016 | 0019 | 0.018 | 0.021 | 0.016 [ 0.020 | 0.015 | 0.010
L -eof
g X - Down-converter fulfill XFEL specs
=100 gy . .
- Spurius signals are below 80dBc
-120f . .
. . . | - Cavity 8/9pi mode clearly measurable
140 5 10 i 20 25 30 35 20

frequncy [MHz]
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|IQ sampling scheme in practice

Ed

e Actual LLRF control system using a switched LO-signal : ® Phase and amplitude detection
, of the cavity field vector :
high-power
Vegkl);;or cavity
u . . .
e Rotation of the LO-signal in four 90° steps,
@ 10| 190 W A SIS AAASTT using a 250kHz squared LO-Signal.
Master- i
oscillator ]m(Q) N
1300 1300 ('|’+Q), T (+1,+Q)
VM fLO RF I/ \\
L f 1300 LO-signal 1300 down— i \
+250kHz 17 +250kHz converter ' T
1
y -~ \ ' Re(1)
LO-Driver digital part 250kHz N ’
/\ % rect-signal (-1-Q) ¢ 4 |
=1,= \\s P +| -
Ro [ _— -7 (+1-Q)
DSP | ADC
. Im Coac)
Asymmetries cause )

ripples in [,Q _
e Down-converter output IF-signal :

Bandwidth for transforming
250kHz squared pulses :

Af =10MHz

@ voltage |F
| 2mV/div |

but required regulation
bandwidth is only :

Af =1MHz

, I - toongraiy
time =

500us/div “Sieemr
154MHz Averagin l |

_ _ i ACCS5, |Probe
513:“3:. "'"" e ] DCW, AN'36

Frank Ludwig, DESY



|Q sampling in practice at FLASH

<1

ACC2, ACC3, ACC4 & ACCS

¥

Frank Ludwig, DESY



|IQ sampling multi-channel down-converter at FLASH

8-channels from cavity probe: 8-channels to ADC-Board : LO-Input :
Py = [-40dBm ,—10dBm ] NSy =70nV /~ Hz P, = —-5dBm

Frank Ludwig, DESY




Piezotuner Control
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Goal of Piezo Control system

* Drive the piezoelements
assembled in fast tuners frames
to minimize the Lorentz force
and microphonics effects

* On-line frequency detuning
calculation

* Microphonics measurement (i.e.
diagnostics of cryogenic system)

Dimensions: 10x10x30mm i e

Manufacturer: NOLIAC Dimensions: 10x10x36mm

Manufacturer: PI




General requirements of Piezo
Control system

Lorentz force detuning (LFD) during flat-top Aw< 10 Hz for field up to
30 MV/m (compensation up to 600 Hz — possible resonance
compensation up to 1kHz)

Commercial available piezoelements (Pl and NOLIAC) C_ = 3+5 pF,
V_ =100V, oper. freq. for LFD/microphonics up to 1 kHz (full voltage

max

scale), — |~ 300mA

Maximal repetition rate of RF (LFD compensation) pulse 10 Hz

Piezo must be protected and monitored (piezo is fragile to over current
and over voltage (>150+200), piezo lifetime must by over 1010 pulses,
resonance in the cables, piezo might fall out when stepper motor is
wrongly tuned)

Possible microphonics compensation between the RF pulses
(sensor/actuator mode)(microphonics has smaller impact than LFD,

constant offset of Aw during flat top, feedback loop



Piezos installed in ACC3,5,6

Prod.ucent Noliac Pl ceramic
ratings
Model- SCMAS/S1/A1 01881301200,’42/60 P-888.90
Cells: 8 8
Voltage: <200V <120V
Blocking
force: 6 kN 3 kN
Size: 10 mm x10 mm x 30 mm 10 mm x10 mm x 35 mm
Capacitance: 6 uF 12 uk




Piezos Capacitance

cavity | piezo | model ACC3M7 model ACC5/M5 modlel ACC6B/M6
1 1 Pl 4,93uF Noliac 2,1uF Pl 4,13uF
2 - Unavailable - Unavailable Pl 4 45uF
2 1 Pl 4,61uF Noliac 2,22uF Pl 4,4uF
2 - Unavailable - Unavailable Pl 4.2uF
3 1 Pl 4,91uF Noliac 2,28uF Pl 4,21uF
2 - Unavailable - Unavailable Pl 4 1uF
4 1 Pl 4,6uF Noliac 3,12uF Pl 3,86uF
2 - Unavailable - Unavailable Pl 4 2uF
5 1 Noliac 2,6uF Noliac 2,2uF Pl 4 22uF
2 - Unavailable - Unavailable Pl 4 28uF
6 1 Noliac 2.13uF Noliac 2, 13uF Pl 3,73uF
2 - Unavailable - Unavailable Pl 4 41uF
7 1 Noliac 2,22uF Noliac 2,19uF Pl 4 69uF
2 - Unavailable - Unavailable Pl 4 41uF
8 1 Noliac 2,21uF Noliac 2,17uF Pl 4 31uF
2 - Unavailable - Unavailable Pl 4 2uF




Piezo control for XFEL

> : MH" “H" “H"

8 chn

P70 8 88 ~ 8 88 8 88 X
| amplifier

I x1 x1]

DAC ADC |||
DAC ADC I Controller
32 chn 32 chn
— — - - -
I Piezo _ Low Level “ High Level
Controller Application Application

n i B i 5

LLRF Control System




Main parameters of Piezodriver

Suitable for both types of piezostacks up to 5uF:

- Physik Instrumente (P-888.90 PIC255); C, 4,4
MF

- NOLIAC (SCMAS/S1/A/10/10/20 /200/42/6000);
C,, 2,4 uF

Maximal supply voltage up to £ 150 V (nominal
operating voltage +80V)

Input voltage £ 1V

Amplifier gain Gu= 100V/V,

Operational temperature Tc < 75°C (Tj <125 °C)
Pass-band frequency up to 5 kHz (for load 5uF)
Monitoring of output voltage and current

Single channel PZD with Apex PB51

8 channels on single board

Up to 4 periods of sinus wave 80V, 200 Hz in 5uF
load, 10 Hz repetition rate (thermal limit)
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detuning[Hz |

detuning[Hz ]

300

2001-

100f----

-100

-200

cavli@acch

-300

300

500 1000 1500 2000
time[us|

Cavaacch

200 L

100 f----

-100

-200

________________________

-300

1000 1200 2000

ACC6 (SP =15 MV/m,
Pforw = 220kW, rep = 5 Hz)

detuning[Hz |

detuning[Hz ]

300

200

-100

-200

-300

300

200 -

100

-100

-200

-300

Cav2@acch

100 |-~

500 1000 1500 2000
time[us]

cavbiEdacch

s00 1000 1500 2000

detuning[Hz ]

detuning[Hz ]

300

200

100

-100

-200

-300

300

200 H---

-100

-200

100 ff---

Cav3i@acch

500 1000 1500 2000
tirme[us]

caviacch

500 1000 1500 2000

detuning[Hz ]
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ACCG6 — LFD compensation results

LFD compensation ACC6
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cav/ _
@ piezo on

cav6b H piezo off

cavb

cavd
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cavz

cavi

0 50 100 150 200 250 300 350
detuning [HZ]



ACCG6 — LFD compensation results
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ACCS5 - LFD compensation results
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Crosstalk in PiezoDriver

0.0 Widiv 500 Widiy S00 rmvidiv 500 rm\idiv

149.00 % A0.00 W ofst 1 -430.0 my

-1.16Y 1.32Y B3B8 12.3 my




ch1
ch2
ch3
ch4

e‘
oc‘
3

ch1 ch2 agre
cross talk matrix

[+ chi ch ch3 chd cha chi ch? ch3
chl 0.048 | 0.152 0.16 0016 | 0.128 012 01492
ch2 0.048 012 012 0016 | 0106 | 0053 | 0.128
chd 0.57 052 OFGE4 | 0472 | 0488 | D456 | 0495
chd 0024 | 0048 § 0.016 0016 | 0.032 | 0.024 | 04596
chs 0536 | 0512 | 0632 | 0736 0.52 0.48 0.504
chi 0024 | 0024 0024 | 0024 | 0016 0.032 | 004
chi 0328 | 0304 | 0376 | 0392 0.04 0.328 056
chd 0176 | 0168 § 0.208 0.2 0.016 | 0.144 | 0123

Crosstalk
compensation

crosstalk [V

u.=Au,+ Bi,

u=A"u—A" BCi u,
dt

1 du,
u=—\u—BC




Conclusion

* The tests were succesfull proving the piezos
can compensate LFD in new high-gradient
accelerating modules

* Future plans

- redesigning of PZD 8/1 PCB board with more attention to
crosstalk between channels

- integration of temperature sensors
- design of 32 channel ADC and DAC boards
- design of HV Power Supply unit



Klystron Linearization
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Non-linearities measurement
. purpose

To provide high power chain components characterization for the
different working parameters.
This characterization will
DSP controller ADC be used in the Iinearization
DAC output channels ¥ . .

| method designing for a
e ‘ ) . | klystron and high power
| S orenite " amplifiers.

B H
i SR Thanks to provided
Bl L@ @0 L@ .- diagnostic, one can glso
£ 1 detect following anomalies:
D | - different HPC component
o B e malfunction,
f - components saturations,
Sr=" - phase or frequency
offsets, etc.
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High power chain non-linearities

Non-linearities and saturation phenomena:

-increasing the driving power -> non-linear amplifier behaviour
-constant increasing of driving power -> saturation

-different saturation level for a different working parameters values

Test signal (as far as nonlinearities are only amplitude dependent):

Signal parameters: ve . Veclormomidorodpst
Pulse |ength — 1200 us, - ......... ........... — .
Number Of Steps _ 50 Stp’ 212 .......... . ......... ...........
Slgnal range — O up to max. avallable Ievel o .......... ...........
AI -0z
Imax [ < 1| TR I I ......... I ......... |
. T s Second preamplifier owtput.
Aq . time U
Q max
— 55 u is
tp time
- Q max

G First preamplifier output.

04k .. RTINS T

Klystron output

,—] m Example for kly. 5 (each axis unit is an ADC voltage)
— low evel rdio requency mm DMCS W.Cichalewski Dec 12t
o rr

Fig. Complex representation of the HP chain devices
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Results example — klystron 5

KLYSTRON 5.

.......

Constellation diagram:
Grid measurement with 20 steps
resolution

DAC output

-04 -0z i =
Ist preamp 2nd preamp Kiystron output

it o, il corssponding 10160
g

; //?5‘

S -

J N Constellation diagram:
Measurement for one phase -

g e = constant Q value (Q=0).

i \)\]\ Klystron output characteristics for
oot different HV levels.
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KLYSTRON 5
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D N
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-05F- ......... ......... ......... ......... *:’":‘*""*’;"*E’ : ; : .
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DAC output VM output
015 T T 0.4 T n.eZ . Y
o 03 5 5 : 015 ;:ﬂ.‘."‘.;"”‘w
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I
Second preamplifier output. Circles corresponding 10-50%Y
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Results example — klystron 2

-1
0 1000 2000 3000 4000 S0

First preamplfier output signal

o

DAC test signal in complex representtion
04

1.2 $asesasesesseesssass

3213
prsitIas At bt 0TIy
panIEnTT

iy
esserseerssre

grasseTaIraIeey ¢

stesesssesseneters
stseese f15asssttet

gaes
sttasaissasatisarisis
Pretesseretasessos
Ssgsasestsaseseser
Stissitessseedst
Sesaerssgerssey
02 0 02 0.4

Second preamplifier output signal

Vector modulator output signal

08 saseissen
R RN
R,
R XA
NG RRE o
B R RRLRIAA
BRI
QR
08 i N
05 0 05 05 0 0
Vector modulator nutput signal First preamplifier output signal
015 04
03
o1
02f
005
01
o a o 0
01
005
02
01
03
i 04
41 005 0 005 01 015 04 02 02 04
|
Second preamplifier output signal Klystron output signal (for different HY level 90-110 kv)
02 015 T
015
01
01
005
005
a o a o
005
005
01
01
015
02
02 0.1 i} 01 02 a1 -00s 005 01 015

low level radio frequency mm

Constellation diagram measurement:
Grid measurement with 50 steps
resolution

Constellation diagram measurement:
Measurement for one phase - constant
Q value (Q=0).
Klystron  output
different HV levels.
Due to FPGA DAC's output level
limitation — input signal range is about
half of the regular one.

characteristics for

DMCS W.Cichalewski Dec 12t
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“ector modulatar output signal

DAC test signal in complex representation

_ _ _
- ! o ! =
= = =) =)
T ' T T
&
Lha
ARlaa
It eIsters
. » -
& &
L ]
(1311
;4
.
17 1t
L4 1 )
ot bt
-+ ! o 4 -+
= = =) =)
T T T
\ ;
- L = L -
= =

0.4

0.z

0.4 -0.4 0.2

0.z

0.z

-0.4

0o 5000

40

3000

0o

20

1000

Klystron output signal

First preamplifier output signal

Second preamplifier output signal

9-
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0.14

0.1

.05

-0.05

-0.1

0.2
015
0.1
0.05

-0.05

01t

-0.15

-0.2

“ector modulator output signal

0.15

=econd preamplifier output signal

0.4
0.3
0.2

0.15

0.1

0.05

First preamplifier output signal

....................................................

Klystron output signal (for different HY level 50-110 k%)
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Linearisation algorithm

From the non-linearity measurement the grﬂt.f.m
AM/AM (amplitude to amplitude) and  maxamgo - - - oo _ -
PM/AM (phase to amplitude) of the high ~ ™**™ | red) char.
. . linear char.
power chain can be achieved. !
NOTE!! The nonlinearity is only function :
of input amplitude. :
|
Driving signal representation: controler corr ampmax  |nput am;_
Z=1d + Qd = |Z| * [cos(phi) + i * sin(phi)] s?;rthljt
Correction signal: S#;F;gt N
C=Ic+Qc = |C| * [cos(th) +i*sin(th)] [deq] out. signal COIT. @amp .

"é“ax Input émp.

From the linearisation both amplitude and
phase correction are achieved.

Can be realised using the complex
multiplication. i

C*Z =Idc + i*Qdc correction \E
C*Z = ||Z*|C||*[cos(phi+th)+i*sin(phi+th)] | | ’

*® A
@- ]-m DMCS W.Cichalewski Dec 12 11—




Linearisation algorithm FPGA

Simcon and DSP realisation.

DSP realization:
» correction tables calculated in Matlab,

»controller signal correction performed in Matlab
(Feed Forward tables correction),

» correction possible from pulse to pulse (FF
tables can be read and write in gap between
pulses)

»DOOCS server provided for Feed Forward
tables modification and monitoring signals read-
out’s.

FPGA Simcon realization:

> correction tables calculated in Matlab,

> controller signal correction performed in the FPGA (using:
cordic algorithm for amplitude calculation for Ic and Qc tables
addressing, and complex multiplication function (WJ)),

> dedicated tables (2048 positions) for | and Q correction vector
definition provided (possible slow feedback application)

» correction possible in-pulse to pulse (during the pulse
amplitude of each sample generated in open/close loop
operation, is corrected)

» DOOCS server provided for tables actualisation (PF)

MATLAB

1L
DOOCS

I

DSP
+ X +

Feed forward| Gain ||Set Point
tables tables || tables

MATLAB

il
DOOCS

1l

FPGA

+ X +

Correction | [Feed forward| Gain ||Set Point
tables tables tables || tables

@ : ] _‘ TI
DESY — low level radio frequency mm
‘e SN

DMCS W.Cichalewski Dec 12t
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Klystron output amplitude (normalized to the max level

\os
NN
|

Klystron 5 HPC linearisation results

* Linearisation test had been performed using Simcon(FPGA)
controler,

* Correction tables were ,on”

* HV level — 10800 (value on PLC) about 110kV
* Two iteration of the linearisation were performed.

- F - + — = —F— —1— J — F — = — = — T
e . :”"lll'!!!!-!!!l!lg I WU FS B .
' red - folinear] | I A - L . . :' ....... I— emmas e : ...'.*.5 ..... TR .
lin 1 t a1 : : L) ;
L i i e Pk IR e B tos0ay,
| " s L o - : ; | uuuuuuu
| | | | | ‘l | | | %79 ! ......... ...... "!. "lll‘""""" ' ......... ane
__|._—I——-|——1——|7:'-—T__|'_—|__'|__ E ek 'il"' ..... .. ......... IE -
IS T I N o B A B E A . O .
[N |_ | _| _‘l:“_|_ |_ |_ | _| i E JEL .. | ...................................................... 'l ......
T T LT T T T T T B lé o
44 I ; .
__+_+_:1__’__|__‘__F_+_4__ 5?5 . ....................................................................... |. ......
l nl sl e sl v s s [ st senlvs sl s o B Y e e e b
P Y I A A A m1 ____________________________________________________________________________ .
_._+_+_1__1—_|__‘__r_—1—_—'—_ R L R R Bt L e o L LR o .
* o O O | OO | SO 00 | FOROON SO IR T i —
0.1 0.z 0.3 0.4 0.5 0.6 0.7 0.4 0.4 1 0.1 0.z 0.3 04 0.5 0.6 0.7 0.4 0.4
Input signal amplitude (RF gate) [normalized to max level] Input signal amplitude (RF gate) [normalized to max level]
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Klystron 5 HPC linearisation results

* Linearisation test had been performed using DSP based
controler,

* Correction had been applied to the FeedForward Tables

* HV level — 10800 (value on PLC) about 110kV
* Two iteration of the linearisation were performed.
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Klystron 2 HPC linearisation results )

* Linearisation test had been performed using Simcon(FPGA)
controler,

* Correction tables were ,on”

* HVlevel — 110 kV
* One iteration of the linearisation were performed.

Klystron output amplitude [normalized to the max level - sgri~1.26MMW)]
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Klystron 2 HPC linearisation results 2z

* Strong nonlinearity can be already observed after the second
preamplifier.

* Preamplifier exchange from present tube one to this specyfied
and ordered by MHF-p should improve situation by factor of 10
or better.

Second preamplifier AM/AM characteristic Second preamplifier PM/AM characteristic
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ol i 35E
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Radiation Measurements
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Linac sections of XFEL and FLASH : Intercomparison

Booster Linac
{2 RF Stations)

Injector Linac
{1 RF Station)

|< 1700 m

Main Linac
{25 RF Stations)

(XFEL)

To Undulators

(FLASH)
To Undulators

|<—110 m4>‘

ACC 2 & 3
ACC 4,556

PARAMETERS

XFEL

Length(m)

1700

End Energy(GeV)

1

20

Number of Modules

116

Number of Cavities

48

928

C avity Type

TESLA

TESLA

Number of RF Stations

a

29

Location of RF Stations

Outside

In Tunnel

Z RF Gun Laser ¥ 3 GHz Klystron

I
Y00 collimator
L Bending Magnet

* Modulator
+*% Bunch Compressor

B RF Gun
[] Accelerating Module

. 3rd Harmonic Module
¥ 1.3 GHz Klystron

Gradient (MV/m)

16-21

23.6-30

QF (unloaded)

5.0E09

10E10

Repetition Rate (Hz)

5-10

10

RF Pulse Length

1.33

1.40

Beam Pulse Length {(ms)

0.65

Wavelength (nm)

1

0.1

Peak Powver (kW)

208

EMukh050507




Radiation Measurements conducted at FLASH

Beam Dump
(underground)

Exp #1: In-situ gamma dose measurement along accelerator modules ACC1 — ACC5
using radiochromic (GAF) Films and Bubble Detectors

Exp #2: In-situ neutron and gamma dose measurement at accelerator module ACC 5
operating in “Field Emission Mode” using PorTL TLD bulbs and Bubble Detectors

Exp #3: In-situ Photo-Neutron spectrum evaluation near accelerator module ACC 5
(position N) using Bubble Detectors

Exp #4: In-situ unfolding of bremsstrahlung (photon) spectrum near the collimator
(position W) using TLD chips embedded in a lead wedge

Exp #5: In-situ measurement neutron dose/fluence at critical locations along the beam
pipe (positions p1, p2, p3, p4 and p5)



Exp # 1. Results

Gamma does rates along FLASH during Routine Operation
at a gradient of ~ 21 MV/m

10E+01 1
™ o

(R1.1) Accelerated dark current from RF gun is the prime source of gamma dose.

(R1.2) Gamma dose rate drops strongly with the distance from the RF gun.

(R1.3) Gamma dose rate at the cryomodule (ACC 1) near bunch compressor (BC #1)
is two orders of magnitude higher than the distant module ACC 5.

(R1.4) The radiation dose at modules, far away for the RF gun mainly contributed by the
accelerated field emission electrons inside cavities.

(R1.5) The radiation doses (both gamma and neutron) depends on “locally produced”
accelerated (~ MeV) field emissions, “NOT ON” the main Electron Beam (~ GeV).



Exp #2: Results
In-situ Gamma/Neutron Dosimetry at FLASH Module

N

Neutron/Gamma
Dosimeter pairs

Accelerator
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Diztance from RF Gun: m

Gamma Dose Rate along the module tank, Neutron Fluence Rate along the module
estimated using TLD and GAF-Dosimeters. evaluated with Bubble dosimeters.



Exp #2: Results (continued)
Neutron kerma and Gamma Dose Rates along the Module

Gamma Dose Rate at ACC 5 with RF Gun OFF

1.0E+05 poomm—="

Fig. 4a

= 1.0E+04

Gamma dose rate along ACC 5 running in
Field-Emission mode

<

)
=l
a

1.0E+03 4=

1.0E+02
ACC5C1 ACCS-C2  ACC5C4  ACCHCE ACCHCE

Neutron kerma Rate at ACC 5 with RF Gun OFF

1.0E+00 Fi g . 4b

Neutron kerma rate along ACC 5 running
R FE T Nl in Field-Emission mode

kerma,,; pGy.h'

1.0E-02
ACC5.C1  ACCSL2  ACCSC4  ACCSL6  ACCS-Ch

* (R2.1) Gamma Dose rate is 4 orders of magnitude higher than neutron kerma (Si) rate.



Exp #2: Results (continued)
Gamma Dose Rates evaluated at different Gradient

1.0E +05
1.0E+04 Flg . 53.
g —————— T —— —i—20 W %m
- 1.0 403 e b Lol 25 M Gamma dose rates along ACC 5
T - i~ 20 estimated using radiochromic films while

running in field emission mode (RF gun
off).

1.0E +1

1 .0E +00

Fig. 5b

Average Gamma dose rate plotted as a
function of the Gradient across the
1.0E+02 : module.
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Gradient: MVIm

* (R2.2) Gamma Dose Rate skyrockets with the Gradient



Exp #2: Results (continued)
Radiation induced Cryogenic Loss

ACC 5 Operating at 29 MV/m

Fig. 6

£y
z
g~
o
o
a
o
P
o

Total Cryo-Load Gamma Heating  Neutron Heating

(R2.3) TLD bulbs (gammas) and Bubble detectors (Neutrons) were used to assess
radiation doses (kerma) and then used to derive the Cryogenic Losses (nuclear heating).

(R2.4) Neutron and gamma radiations are produced when high- energy electrons strike
the superconducting Niobium cavities.

(R2.5) At 2 K, Niobium is superconducting, hence, Ohmic- heat loss is nil. Neutrons
and gamma rays interact with liquid He causing Cryogenic Loss.

(R2.6) Radiation induced Heat Generation is more than THREE ORDERS OF
MAGNITUDE lower than the loss produced by other sources ( ???).



Exp #3: Results

Estimation of Photoneutron Energy Distribution (Spectrum)
using Bubble Detectors

Bubble detectors are Ideally suited for Pulsed
Neutron Dosimetry with a strong gamma
background, such as in FLASH/XFEL tunnel.

Exposure period: 12.09.06 - 26.09.06

The 3 bin Neutron Fluence
spectrum estimated near ACC5 Thermal 0.1-15 Mev 15-130Mey
(Gradient = 25 MV/m). Neutron Energy Bin

(R3.1) Giant Dipole Resonance neutrons of energy 0.1- 15 MeV are most predominant

(R3.2) Thermal neutrons are produced by room scattering of photoneutrons (s. above)
and may trigger SEU in some microelectronic memories.

(R3.3) Number of high-energy (> 15 MeV) neutrons are significantly low.



Exp #4: Results
Unfolding of the Bremsstrahlung Spectrum

FLASH Beam

The Lead wedge
embedded with

FLASH TUNNEL TLD Chips

‘ EEAM TUBE §xTLD-700_, T T T T T T T Te——
Chips |

(Radiation Source)
o Base Plate — i
| M—

. -?ETF!&I:E codb "Testing :

Zone || !
Electrical|f]* .|| :
Cahinet L |

wxte

Location of the Lead Wedge in
the FLASH Tunnel

The unfolded bremsstrahlung
spectrum

1.0E-01 +::

Number of Photons

— - o

Photon Energy: [MeV]

(R4.1) The peak and average bremsstrahlung (BS) photon energy were calculated to be
0.5 and 0.9 MeV respectively

(R4.2) Major (92% ) part of the BS is contained within 1 MeV band (shaded area)



Exp #5: Results

Fast Neutron Dose Rates along the FLASH Beam pipe
Estimated in-situ using GaAs LED (COTS)

_ Calibration curve of the GaAs
1.0E+1 =Wl dosimeters evaluated using a 24! Am/Be

Neutron Source.
10E+10

Exposure period: 26.09.05 - 02.10.06
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Relatwe nght Output [ b] E
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,] OEH1E
Fast neutron fluence along the [
FLASH beam pipe estimated with 1.0E+04 e
. . [ ) ) ) 1.3 (6 Fm) pd (113m) Pa 253m)
ti ny GaAs Dosimeters. GaAs LED Dosimeter position along FLASH Beam pipe

(R5.1) Significant levels of neutron fluence are produced at critical areas (bunch
compressors, collimator, injector) due the interaction of “transversally diverted”
electrons with the beam tube wall locations pl1, p2, p3, p4 and p5in Fig. 2)

(R5.2) These neutrons are generated in small areas, intensity drops significantly with
distance from the production spots (i.e. beam interaction regions), “NIL” effects on LLRF
electronics.



Applicability of FLASH Radiation Data
for the prediction of Radiation Levels in XFEL

Based on the following grounds

(1) Radiation fields are locally produced by the accelerated field emissions in the
cavities itself, not by the primary high-energy electron beam (Fig. 3).

(2) The Gamma dose (kerma) outperforms the neutron kerma by excess of 4 orders of
magnitude (Fig. 4a and 4b), also be valid for XFEL

(3) For both FLASH and XFEL the major radiation component are photons, the
relevant photon dose depends solely on the gradient across the cavity (Fig. 5a

and 5b) and the surface quality (polishing) of the cavities.
(4) Same type of superconducting TESLA cavity presently used at FLASH will be

deployed in XFEL project (Fig. 1 and 2). Hence, we can predict the radiation
induced cryogenic loss will also be very low for XFEL (Fig. 6).

(5) The energy spectra (accelerated field emission electron generated) of the
photoneutrons (Fig. 7) and bremsstrahlung (Fig.8) for both FLASH and XFEL will

be quite similar.

(6) The electron energy at bunch compressors of FLASH and XFEL (Fig.1) will be
within the 0.5 — 2 GeV band, hence, the characteristics of the stray neutrons

produced in the beam pipe will be the same (Fig. 9).



Application: Shielding for LLRF Electronics in XFEL Tunnel

Panoramic view of the XFEL Tunnel showing
the Cryomodule, Utility ducts and Electrical
cable trays.

Fig. 10

_ Shielded Space allocated for the LLRF-Electronics
Tunnel Cross Section. and associated Radiation detectors.

(1) Data from FLASH studies was used as source terms for MCNP simulation

(2) Heavy concrete (p = 3.8 g.cm-3) with 10 % B,C additive was found to be most suitable



Application of FLASH data to predict the Radiation Effects

Electronic Components to be placed in XFEL Tunnel

Radiation Data G=30MV/mn | G =23.6 MV/in

Shielding: 20 cm Heavy Concrete

D¢ (no shield): [nGy.h!]

Dose reduction factor: 0.019

Dg(no shield)/10y: [Gy] |1.76 x10¢ (a0)|7.78 x 10t  (b0)

D (shield)/10y: [Gy] 32 (as)
@y (no shield): [em h] 5 -
By (no shield)/10y: [cw?] |5.53 x 16 (a0)
@y, (shield)/ 10y: [em?] 146 x10°  (bs)

Neutrons 1 Table 1

Radiation sensitivity of electronic components due to neutron fluence

Gammas

RADIATION DAMAGE THEESHOLDS
Technologyidevice family
S bulk |

(a0, as, b0, bs)
{overlapped)

1EH09 1EM1 1EM3 1EMS 1EX7 1E¥19 1E*21 1E+23

Neutron Fluence [n/em® (1MeV)]

Reference: A W Cho and M Tigner (Eds): Handbook of Accelerator Physics and
Engineering, World Scientific, Singapore, London, 3" Edition, 2006.

N



Radiation Effects on Various Materials: Summary

Radiation Data =30MVm |G=23.0 MV/In

D¢ (no shield): [pGy.h!]

D (no shaeld)/10v: [Gv]
De(slueld)/ 10v: [Gv]
Py (no shield): [c 1':1'111'1]

@y (no shield)/10y: [cm™?] 432 x10"  (b0)

3.46 x 10"  (bs)

Dy, (shield)/ 10y: [em?]

Semiconductors are most
vulnerable

Followed by Polymers, i.e.
optocouplers, Optical fibre etc.

General Appreciation of Radiation Damage to Materials
Semiconductors -———————————

Electronics |—
N ------------

Polymers (thermoplastics) |

Polymers (thermo settings) ------------
Pure &iFisiioroed ol S e e

Ceramics [ I I I I

Metals & Alloys ------------l

100 102 104 106 108 1010 4012
Dose (Gy)

W Destruction
HIWE Damage

7-98
O No damage

8355A246

Example:

Gamma Dose Rate near ACC
1 (Figure 3): 0.01 Gy/h

Hence,

Damage threshold for
semiconductors will reach
after: 1000 hours

Damage threshold for optical
devices will reach after:
50000 hours

Reference: A W Cho and M Tigner (Eds): Handbook of Accelerator Physics and Engineering,

World Scientific, Singapore, London, 39 Edition, 2006.
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4' FSM-Architecture |7

Procedures
ml Compiled scripts of any
programming language
Tagerl 77T / ————— & - - (and any Matlab-version)
FSM Database | [l |° “Fire and forget™
B — . —Invoke - Run - Return
ia;E;Q _________ ¥ vy v v vV v ¥V —“Stateless Procedures”
'Procedure—Server B ° EQg:
—Adaptive Feedforward [
Layerd :L_ _Lt"|"+“|"+_"+_ —Loop-Phase B |
cENENEIE - . Web-_Document_atlon_ B
211&||3||2||2||E| - |g | «——eAlgorithms are identical
SIENEIHIENE 2 for all RF-stations and
read a config file =
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4' FSM-Architecture |7

Procedure-Server
5 *Doocs-interface for |
/ \ configuration and access
o ot — S ‘HIStQW'DI_SP|a¥ B
FSM Database . 'Emal|-NOtIfIC8.'[I0n.
____________ Y DI Ty S S SR *Timeout-feature (free
Layer 2 — ‘ configurable)
Procedure Server 4__’Mu|tithreaded
———————————— %——F—%——+——F—%————+—
Layer 3 | |
AR 2 g .
SIENENENEN IR
AR 2] 3Rl =] |5 A
12122 |=||E %
s112=]8|=]|8 2
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4' FSM-Architecture |7

State-Machine
> *Moore-FSM:
—“Do something on enter”
________________ / _ I & o —Here: trigger a procedure
Layer 1 Flexible design
FSM Database | < ® _oOn-line reconfigurablell
____________ i S S g S JEp Sp—_— —Off-line “restructurable”
Layer 2 : .
Procedure-Server > *Current design: model
the expert-operator
Layrd 1o F SRS RS EEEE + | «“Database” stores all
|| A . . .
IR _ settings, calibration-
211&|13]|12] 2|5 - |z| W | tables, parameters for
SENCIEEIE IR the procedures,
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4' FSM-Architecture |7

User-Interface
) sSimple view for the
% e operator B
rpoor pi e’ ittt — - *Extended view for the
FSM Database | [l expert >
ia;er2 _________ B AEE A 2 AR A S A
Procedure Server .
———————————— +——F—4——+——F—%————+—
Layer 3 | |
AR 2 g —
SIEIERERE IR
@] — a [95] [@F ol
o2&l 2] ||| E %
Sl2||E]8]|=]]|E 2
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Procedure-Documentation

Ehttp ./ltesla.desy.de/~abrandt/llrf-procedures/moverView.htm Ij

8O6 LLRF FSM ALGORITHMS |

@ | ¢ | i | €3 http: f /tesla.desy.de/~abrandt/lirf- procedures /moverView. htm| a/Q~ Google

LLRF FSM ALGORITHMS

offCal Determine Vectormodulator-Offsets
set5GandLP Set System Gain and Loop Phase
oneStepAFF Do one Iteration of Adaptive Feedforward .
defaultFF Apply the Default Feedforward
couplerRst Look for Coupler Interlocks and Reset them
fieldQuality Look how good the Field-Quality is
checkNetwork Check for Network Availability
rampFBE Ramp the Feedback
setSPVal Set the Setpoints in DSP
operatorAction Look for Operator Action
kathLaser Look for Changes at the Cathode Laser Settings
getDSPCalData Retrieve DSP Calibration Data
evalDDSPCalData Evaluate the DSP Calibration Data
signalCalib Do Forward / Reflected Signal Calibration
getDetuning Calculate the Detuning
klvlsDown Check if Klystron is still alive
findFancyPulses Look for Fancy Pualses
rippleLoad Load Ripple Tables

ilt?wle\fel .rad.iofrequency FLASH Seminar May 29th 2006 6/32 —




“oneStepAFF’” Web-Documentation

- =
- @ @ 3 huep:/ /tesla.desy.de/~abrandt/lirf-procedures,/moneStepAFF.htm &) = Q- Cooc
ONE ADAPTIVE FEEDFORWARD ITERATION r
-~
:
|
:
I i
:
i
oneStep AFF - One iteration of adaptive feed forward i
]
DESCRIPTION
|
Performs ane step af the iteration for adaptive feed forward.
The algorithm only does samething, il the checkbox in the FSM-contral-panel is ticked... i
The algorithm is iterative, so you can perform as many steps a5 you like, until the field quality is 21 you whish it to be. Usually, good convesgence is alnedy achieved afier three ]
tlerations. 1
The algorithm requires the feedback to hean. :
The algarithm does 2 lot of consistency/exception-handling checks. If something suspicous occumnes, the algarithm simply does nothing during the current iteration. :
In the expen panel,one can adjust from which setpaint value on the algorithm will be active. Mothing is done if the current setpoint is below that value. i
Since the curment DSP-code is not compatible with the adaptive feedforward concepl in case beam compensation is tumned an, the algorithm will tum off the heam compensation
in case it was an.
RETURN-VALUES
D=Adaption successfull! OR: Feedforward was off. No adapiion is done. OR: Feedback was off. Mo adaption done. OR: Success fally sed defanlt feed forwarnd in case the checkbax
is un-ticked. |
: o
I=Nat allawed 1o tonch tahles (checkbox..) 2=0radient lowe than threshald, Rathing dane. |
F=Swatched off old beam compensation.
4=Veto from BIS. Nothing done.
|0=doacs r'w emar
1 1=Data incansistency (handwidth out of enge, signal too naisy, )
1 2=Adaptive feedforward algorithm itself netumned an emor message {very unlikely)
2 1=Canfig-file nat found
o
IMPACT B
54|
4
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4' Adaptive Feedforward |7

[] FF_TABLE.AMPL

3400.
3200. | Adaptive FF w/ beam load
g;gﬁ [ (ACC2/3, 30us, ~1nC)
2900. | Remember, this is just the FF
2800. + . .
2700. | contribution!
2600. | E-Log 10/3/2006, 14:15
2500. +
2400, foon b b b b b fn b Ly
650. 750. 850. 950. 1100.
PRes= 1_Ruf= 0 r
[T VECTOR.SUM.AMPL [T VECTOR.SUM_PHASE
de+04 < <
Fancy pulses SleiL
w/ adaptive FF Ze+04
E-Log 25/3/2006, 8:58 1e+04
ﬂ_||||||||||!||l|||||||||| _11'|”"l""!”"l'llllllll
0. 1000 . 2500. 0. 1000. 2500.
Res= 1,Buf= 0 [1 Res= 1.Buf= 0 B
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Adaptive Feedforward

Feedforward-
Table

X FCM Control X Fem FE
pro— Beam-Lo:
mplitudes . 1] 0.3zz 1 M on
0000 2 Amplitude 100
15000 Phase 200 -13 200 50
0
10000 0 300 1300
Sert T -50
Sl End ] 1300 1300 -100
JE|
0~ T T T T Feedback Loo 100 T T T T T T T -150
0 200 400 BOO0 8O0 1000 1200 1400 1600 P & s sl sl Sl g
' 0 15.481 20
= Phases Amplitude Fesd| Amplitude 0 03ze 1 FO’FWG"C" e of
Correction Freeze
0 —200  -1340 200 T e 20g | Custom On _on_|
Fhase o Phase o |
50 Eatio 0 0635 | Duration
0 3000 32767 N
i 0 300 1300
~100 Gan T S con| Stv ey K, Kp,Ki |
149 Druupl}m.nn den/ms T
' -z00 ~150 200 i
—150 s Gain Rot. End L 13D 11300 Shife [
Autofl =N /N ~12 B7 deglms
z00 Offse | Ignored
2 o o Iy i iy e e L e | n| 1.500 3 [ ,7PU|SES
0 200 400 600 600 1000 1200 1400 1600 W™ (e Cav /5E | [
1 | .
P P (harizental axes | Forward Gain Ramp 18550 (3
Avg. |89 Start |0 us in microsecs) | pefiecten ‘ - R 18500 g
. Duration IJUU.U us Initial |3zuuu
Cavity 18450 :
ptimal
: : : 18400
f\\f{-}:rages Start Duration  Field Ampl.  Error Field Phase Errer QutPhase Peak Error 18350 Time Cons
Fil’ Samples  2s7.0us 3.0 us 15.495 MV 0.09 % -1341dey 01deg  -T44ddeg 017 % S —
End’ Samples  10970us 30 us 15446 MV 023 %  -1340deg 01deg  -970 deg 18250 T Start
T e o B2 I A R R I AL I | Trans. Tim
on | -Limit 0.15 % Fault el il el I
Mormal
|| BF Load 0.022 kW (horizontal axes i microsecs)

low level radio frequency

SNS LLRF Control Pa

nel

Flattop w/
Adaptive FF
(3 Iterations)

Flattop w/o
Adaptive FF

18550 |\
165005
164503 ‘
184003
18350
18300
18250

1620034 ———
200

400

600

800

1000

I
1400 1600
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4' Adaptive Feedforward |7

Feedback (FB)

Feedforward (FF)

1stidea: FF, ., = FB,tFFst  ---1S INnsStable :(

2"didea: FF,,, = LP(FB )tFF.y ...is even worse :(

low-pass i€

AAAAAAAAA
L L[ frow tevet radio frequency FLASH Seminar May 29" 2006 11/32 ==
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4' Adaptive Feedforward |7

3'didea: Instead of a low-pass use a “time-reversed low-pass”:

Lowpass:

Time-reversed lowpass:

FF.., = TRLP(FB )+FF.s ...IS surprisingly stable :)

time-reversed low-pass €

Jow level radio frequency FLASH Seminar May 29th 2006 12/32 ==




4' Adaptive Feedforward |7

e Currently used: time-reversed
lowpass at 2.5kHz (just 3 lines Matlab
code!)

e Good results after 2-3 iterations

e However: exception handling most
Important!

low level radio frequency FLASH Seminar May 29th 2006 13/32 ==




4' Loop Phase Correction |7

[1 Loop Phase Error ACC23

Loop Phase / System Gain

Loop-phase control enabled... Algorithm Configuration
AAA AA
Minimnum system-gain: ngg.gz
AAA AA
Maximum system—-gain: + 0.13
YT T
Algorithm active only for eSS
SP higher than [Mng L%‘Egg
Enable for short pulses

16 h 22 h 4 h 10 h
16.5.06 16.5.06 17.5.06 17.5.06

Jow level radio frequency FLASH Seminar May 29th 2006 14/32 ==




Config File

me/abrandt/development/doocs/
File Edit Text Cell Tools Debug Desktop Window Help L

DEE| 2R o oS f| 8|8 aR 38| s e/

203 % Adress definitions, some constants =
204 - addr_vsi = 'TTF2.RF/LLRF.DSP/ACCLAVECTOR. SUM. TPARAM' ;
205 - addr_vsq = 'TTF2.RF/LLRF .DSP/ACCI AVECTOR. SUM. OPARAM' ;
206 - addr_vsa = 'TTF2.RF/LLRF.DSP/ACCIAVECTOR. SUM. AMPL ' ;

207 - addr_vsm = 'TTF2.RF/LLRF.DSP/ACCT AECTOR. SUM.MTX' ;

208 - addr_dri = 'TTF2.RF/LLRF.DSP/ACCI/TOTAL .OUT . DAC. TPARAM' ;
209 - addr_drq = 'TTF2.RF/LLRF.DSP/ACCI/TOTAL . OUT . DAC.QPARAM' ;
210 - addr_ffi = 'TTF2.RF/LLRF.DSP/ACCL/FF_TABLE . TPARAM' ;

211 - addr_ffq = 'TTF2.RF/LLRF.DSP/ACC]/FF_TABLE.QPARAM' ;

212 - addr_spi = 'TTF2.RF/LLRF.DSP/ACCL/SP_TABLE.TPARAM' ;

213 - addr_spq = 'TTF2.RF/LLRF.DSP/ACC]/SP_TABLE . QPARAM' ;

214 - addr_sg = 'TTF2.RF/LLRF.DSP/ACCL/GT_SYS_GATN'

215 - addr_lg = 'TTF2.RF/LLRF.DSP/ACCL/GT_LOOP_GATN' ;

216 - addr_lop = 'TTF2.RF/LLRF.DSP/ACCL /LOOP_PHASE .PHASE " ;

217 - addr_del = 'TTF2.RF/LLRF.DSP/ACCL /SP_DELAY_TTME' ;

218 - addr_sfd = 'TTF2.RF/LLRF.DSP/ACCL /SP_FF_DELAY_TIME' ;

219 - addr_fil = 'TTF2.RF/LLRF.DSP/ACCL/SP_FILL_TIME' ;

220 - addr_dur = 'TTF2.RF/LLRF.DSP/ACCL/SP_FLAT_TOP_DUR' ;

221 - addr_buf = 'TTF2.RF/ADC/GUN.PFOR/CURRENT ' ;

222 - addr_ofi = 'TTF2.RF/LLRF.DSP/ACC] /FF_T_OFFSET' ;

223 - addr_ofq = 'TTF2.RF/LLRF.DSP/ACCL /FF_Q_OFFSET' ;

224 - addr_ffw = 'TTF2.RF/LLRF.DSP/ACCL /FF_TABLE .MIX' ;

225 - addr_fh = 'TTF2.RF/LLRF.DSP/ACCI/OPEN_CLOSE_LOOP' ;

226 - addr_ff = 'TTF2.RF/LLRF.DSP/ACCL/FF_MODE';

277 - addr_rat = 'TTFZ.RF/LLRF.DSP/ACCL/FF_RATTO" ;

228 - addr_bowp= 'TTF2.RF/LLRF .DSP/ACCL /BEAM_COMP_ON_OFF ' ;

229 - addr_sp = 'TTF2.RF/LLRF.DSP/ACCL/SP_VOLTACE_MV ' ;

230 - addr_fam = 'TTF2.RF/LLRF .DSP/ACCL /FF_AMPL_CAL_IMV_HV' ; L
231 - addr_fab = 'TTF2.RF/LLRF.DSP/ACCL/FF_AMPL_CAL _HV_BIT' ;
232 - addr_spp = 'TTF2.RF/LLRF.DSP/ACCL/SP_PHASE_REL_BEAM' ;
233 - addr_pn = 'TTF2.RF/LLRF.DSP/ACC]/SP_PHASE_OFFSET' ;

234 - addr_ffp = 'TTF2.RF/LLRF.DSP/ACC] /FF_SP_PHASE_OFFSET' ;
235 - addr_fri = 'TTF2.RF/LLRF.DSP/ACC] /REF_FF_TABLE . TPARAM ' ;
236 - addr_frq = 'TTF2.RF/LLRF.DSP/ACC] /REF_FF_TABLE . OPARAM ' ;
237 - addr_frm = 'TTF2.RF/LLRF.DSP/ACCL /REF_FF_TABLE.MIX' ;
238 - addr_fru = 'TTF2.RF/LLRF.DSP/ACCL /REF_FF_TABLE. USR' ; :

239 - addr_ta3 = 'TTF2.DIAG/TIMER/MASTER/CHOL . DELAY " ; - al I R F-Statl ons h ave
240 - addr_tab = 'TTF2.DIAG/TIMER/MASTER/CHO4 . DELAY ' ;

241 - addr_dsd = 'TTF2.RF/TIMER/DSP1/CHOT . DELAY ' ; . : :
242 - addr_add = 'TTF2.RF/TIMERACCL/CHOZ . DELAY ' ; | d entic al al g orit h ms
243 - addr_igotstop = 'TTF2.RF/TIMER/KLYSDSP/CHANNEL .6 . DELAY " ;

244 - addr_spd = 'TTF2.RF/LLRF.DSP/ACCL /SP_DELAY_TTME' ; . . T .
245 - addr_bed = 'TTF2.UTIL/LASER/GUN,/T_DELAY1Z'; W|th N d (AVA| d u al CcO nf| g -
246 - addr_nbu = 'TTF2.UTTL/LASER/GUN/PULSE_NUM' ;

247 - addr_lat = 'TTF2.UTIL/LASERLINE/LASER. ATTENUAT MOTOR. POS . SETPOINT ' ;

248 = addr tar = 'TTFZ NTAGATORATOA2GUNCHOO NTFE TR fl I eS .
.

[config_accl [Ln 228 cCol 23 [OvE
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Procedure Server

B ~“Stateless Procedures''-Server
Hunan-Readable Result unerical Res

[FUNO] —Firuplummye cah oofTdSE ][ 1500 | | [ operation successfull! ][ 0 ][1-96][0.28]
FONT | fRidese ey ek e AL ETRLA Forfen 1| I SCript execution error. 1[=99][ 0 J[ 0 ]
,WH Te Y, '”;‘?:;‘:Jgﬁ;@” 1500 | | Correcting offsets. [ Script execution error. [[=99][ 0 J[ 0]
[FUN3] [ lrnseEstend[F.ch ocf a5t [Mq500 | [ Correcting loopphase. Il Corrected loop phase. |2 ]F3-84[0.12]
[FUN4] ’WH Adapting Feedforvard (DSF-par.). || Applied zero Feedforward (Feedforvard was off) [0 ][0 ][0 ]
[FUNS] i frantnestendfF.oh satr.dst [ q500 || adapting Feedforvard Il Feedback is off. No FF-adaption possible. [[o ][0 ][0 ]
|'FUN3'| FDIEWW ’WH Applying default Feedforward. || successtully set default feedforward. || 0 || 0 || 1] |
[FUN7| [t frunCeggTerBREr sh oot 7. dat T [ q500 | | Chacking coupler interlocks. Il EXecuting. .. [[F98][ 0 ][0 ]
’W‘| 1500 || checking loopphase. || No drive from 11rf is applied. || 0 || 0 || 1] |
|'FUN'9'|| 1500 | Checking data quality. I[ FE=0 oF FF=0! Data quality 15 unacceptable. [ 9 |[inf |{17.42
FUNTQ 'E%}fﬁh%| 1500 || Checking network. I[ Network works fine. [[0O ][O ][0 ]
FUNTY e B rE s agf L&t [ 7500 | | Fanping Feedback. I[ Successtully ramped FE to target value! [0 [0 ][0 ]
FUNTE [efronssie Pt ceh sct IZaE 1 [Mq500 || Setting anplitude and phase. Il Successfully ramped SF To target value! [Co ][0 ][0 ]
FUNTY [ /ronteecatorlzt fon eh cufl? dat] [[1s00 ]| Looking for operator action. [ Executing. .. [[-98][ 0 [ D0 ]
FUNTA [1500 | [ checking cathede Taser settings. || Executing. .. (=98]0 [0 ]
FUNT5 [Tcfeuntt0SaTrata c2h oufl5.dak) [ 500 | [ Retrieving DSP calibration-data. || SCript execution error. (=98]0 ][0 ]
FUNTq = R AT bt 500 | | Evaluating CSP—Cal-Data. I[ SCript execution error. [[(=89][ 0 [0 ]
FUNT7 [effrunsignaTEa e =h cuf P&t ] [ 1500 | [calculating cavity signal calibration. ]| There is no drive at all! [[2 ][0 ][ 0]
FUNTH [rinteiletoninge csh ot E.45E] [My500 | [ Calculating detunings. Il Calculating detuning done. [(o ][0 ][0 ]
FUWIW‘ [Setting anpTitude and phase (sTouTyd. || O o o]
FUN2( [k =lony sh ot 0858 ["q500 | [ Looking if Elystron is alive. Il EXecuting. .. [[Fo8][ 0 J[ 0 ]
FUNZ [eFrnEingRpesB =g i st a3l 1500 | [ Looking for fancy pulses. I[ Feedforvard is off. IO ][0 [0 ]
FUNZ2Y [ etidat 1[0 || Il SCFipt execution error. [[F99][ 0 ][0 ]
m | 0 || l:a'll:l.”ated bandwidth out of range. (Maybe there is no drive signal at|+'l—'|f] || 0 || 1] |
frunfipelelead. sh oub¥.d5E 11 o0 | | Applying ripple—correction. || SCript execution error. | |—99 | | 1] | | [1] |

500 || Restoring zero ripple—table. I[ Script execution error. [[=99][ 0 [0 ]

o | I[ SCFipTt axecution arror. 1[=99][ 0 J[ 0 ]

FuNzy ol I [
FUN2H | ronfEmkT oET Exk [ ] [ Script execution error. [[-99][ 0 [ 0 ]
S0 | mm—c e 2 — | Ry | I SCript execution error. 1[=99][ 0 [ 0 ]
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Procedure History |7

]

unction
unction
unction

unction

unction

unction

unction
unction
unction
unction
unction
unction
unction

unction

o

o1

I

—
—_

e

MoWw e U Nom @

unction 1:

unction

13:08 1258 1153
15.5.06 15.5.06

TTF2 _RF/FSM.ACC2_3 _SAT/GEN_SAT/CALLSA

13:18
15.5.06

1218 2]
15.5.06

13:28
15.5.06

Check Cathode Laser

Check Operator Action

Check config file (network
availability)

ﬂ Monitor data quality

Check for loop phase

Check for coupler interlocks

1238 &3]
15.5.06

low level radio frequency
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Email-Notification

280,
TTFZ2.RKF F5M . BCCT.58T CEM_SAT NOTIFY_ADDRESSES, = .
- : : — Email-adresses for
Facility Device Location Property Description h . RF .
= I — -
TTE2MAC - FSM.ACC1.5AT TTF25WRZ._SVER “‘“‘ FUNZS,LOGLIME & STRIMG t IS Statlon e
TTFZ.RF = FSM.ACC2_3 GEM_SAT ; FUNZS. TIMEQUT & FLOAT
TTEZ.DIAG FSM.ACC2_3.58T | o KLY _S&T FUNZI MOTIFYON & STRING
TTFZ2.DAC FSM.ACC4A_B LFR_SAT |N'OTIFH"_P|DDRESSES & STRING
TTFZ.MACH FaM.ACCS_ESAT | w LOG DESCRIPTION # STRIMG
— - —I'| CALLSA & INT
reconnect ) All Locations _| CALLSAHIST & A_TDS : . .
CALLSE & INT = Example
INT Format: 7| dec List all Locations/Properties = File ) CALLSEHIST & A_TDS =
el
Read ) Plot © ) READ - File t )/t p/r i ke Eaemat: =] none Shew File )
Result: 0 £0 & 0 #"01:00,00 1, Jan. 1970" i ='=ale><ander.brandt@desy.de;valeri.awazyan@dm
Send ) Send - Type: ¥] LSTR Send ”t:' DOUCD Culmnuneauwn ana Flot Uility (Version 5.2.19) abrandt@abrandt S 08
TTFZ.RF FSM.ACCT.5AT GEM_SAT FUNZ.NOTIFYOIM, %
Facility Device Location Property Description
— — —
TTF2ZMAC - FSM.ACCT1.54T TTF2SWR2._SVR FUMTMALZ DESC i STRIMG
TTFZ.RF - FSM.ACC2_3 GEMN_SAT FUMTMALT HIST & A_TDS
TTFZ2.DIAG FSMACCZ_3.58T | 0 KLY _SAT FUMTMALZ HIST & A_TDS
TTFZ2.DAC FSM.ACCE_EB LFR_S&T FUMT.SCRIPT i STRING -
TTFZ.MACGH FSMACCA_BESAT | w LOG FUMT?.RDBACK & STRIMNG
= = — FUMT.LOGLIME & STRIMG b
reconnect ) All Locations | FUMZ.TIMEQUT & FLOAT
|FUN?.NOTIF‘."DN it STRING
INT Format: T| dec List all Locations/Properties > File ) FUNE.CO & INT
Notify-Condition for , -
. Read ) Plot = ] READ -> File 1) emw/rpc_test_ahrandt Format: ¥| none Show File )
procedure In SIOt 7 Result: O {0 &0 #"01:00.00 1, Jan 1970" (3 )
o
Send ) Send - Type: T| USTR Send Data:
DOOCS host= ttf2swr2 (syr_mask=2 auth=15 opt=0 status=lost)
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Email-Example

= A Message from your State Machine - Inbox for alexander.brandt@desy.de - Mozilla (TR =]}

. File Edit View Go Message Tools Window Help
gD & & 2 942
A| f Get Megs Composs Reply Reply Al Forward Junk
Name | Size |E=| View: [ All |vl Subject or Sender contains: |State Machine | [ Clear l
8 DESY
-2, Inbox 243 MB El | Subject & | Sender Recipient 2 | Date A P... |2
Drafts 2MB A =] e fro o =) =) (818, =) =) 616 =
-5 Sent 145 MB = A Message from your State Machine * doocsadm(@s... alexander.br.. = 04/26/06 10:51
~@ Trash (144) 33 MB = A Message from your State Machine * doocsadm(@s... alexander.br.. = 04/09/06 02:41 =
~-E3 _Action 1 KB = A Message from your State Machine * doocsadm@s... alexander.br.. = 04/09/06 02:04
~E3 _Documentation = A Message from your State Machine * doocsadm(@s... alexander.br.. = 04/07/06 23:42
~E3 _Respond = A Message from your State Machine * doocsadm@s... alexander.br.. = 04/07/0617:01
-3 Calendar = A Message from your State Machine ° doocsadm(@s... alexander.br.. = 04/07/06 16:41
-3 Contacts = A Message from your State Machine ° doocsadm(@s... alexander.br.. = 04/07/06 08:15
-3 Deleted ltems = A Message from your State Machine ° doocsadm(@s... alexander.br.. = 04/06/06 17:47
-3 Deleted Messages = A Message from vour State Machine ° doocsadm(@s,.. alexanderbr., = 04/04/0610:00 At
Journal . 7  Subject: A Message from your State Machine
Junk E-mail From: doocsadm@sun52a.desy.de
-9 Notes Date: 05/11/06 16:53
~E3 Outbex 7KB 1 To: alexander.brandt@desy.de
-3 Sent ltems
-fE3 Sent Messages | B
Tasks the procedure
-3 ttiop (7) amMe
-E3 tt2 (50) 2MB 1lrf/runbDefaultFF.csh outf.dat
[» 4=1 SFM L ) . .
did just exit with the focllowing message:
b @ GMX
[+ Local Folders Successfully set default feedforward.
Eind Regards,
Your State Machine (ACC45)
‘ b= o £ | | | unread: o | Total 2319 [=H]
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4|

On-Line Reconfigurability

|7

Where to find the numerical result
once the procedure (timer) has
finished - can be any DOOCS-
address!

Conditions, that the result is compared to
(which lead to a transition)

A click here defines what happens on enter...
can be a number (like ‘wait 25 pulses’),
can be an event (make transition somewhere),

e can be (alist of) number(s)
e can be a‘not’, ‘else’, ‘all’

low level radio frequency

can be a procedure
can be a combination of them.

= TTF2.RF/F5H.ACCLAROOT/

Network Cpler Interl Operator-
\. EXIDLP m ERIDNW EXIDCP EXIDOP
Flow:10I) Flow: 2010 Flow: 3010 flow:4(ID
rFy FY @ Y F E FY rF E FY rF
=5 Il gl |8
f" w vy -y
‘ EXMOLP ‘ ‘ ERMOMNY ‘ ‘ EXMOCP ‘ ‘ EXMOOP
flow:1 flow:2 flow:3
3 E=s 3 Fes & = x
<11 <11 glg) gig
w w wr -
EXERLFP ‘ EXERMNY ‘ EXERCP ‘ EXEROP
‘ flom:1 E| ‘ flow:2 E' ‘ flow:3 E ‘ Flow:4
[4 C C C
<] = <] - <] - <] =
w w -y -y
EXRSOLP ERSONY ERSOCP EXRSOOP
flow:1 @ flow: 2 @ Flow: 32 E Flow:4
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Off-Line Restructurability

A447 D0 NOT EDIT THIS AND WEXT TWO ROWS
£/ init function for state 'EXERDO

int EOOT _EXERD] _init action(FSMstate *st_p_)
i

fputs ("ROOT_EXEEDQ:: “"inith" ewent procedure: ROOT _EXERDO] init action “wn", stderc);

TStatelogict sd=TStateLogic::factory("EXEERDQ"); init
sd-rset_go("ROOT EXCEPTION. EXERDO_GO");

sd-»set_res("R0OOT EXCEPTION. EXERDO RES") ; = I——
sd->add_event ("EXERD(Q", "exerdg exmodg", "RO0T EXCEPTION. EXERDO T1"); Loop-Phase Network Cpler Inter
sd-radd_ewvent ("EXERDQ", "exerdqg exsodg", "RO0T EXCEPTION. EXERDQ T2'); ‘ EXIDLP ‘ ‘ EXIDNW ‘ EXIDCP
flow: 1L flow:2(I flow:3(I
return 5T_0K; t. f.) =] . f.) = = f.)
] Hg Hig <1
FA4F D0 HOT EDIT THIS AND NEXT TWO ROWS "EHMOLP VEHMONW VEHMOCP
Af enter function for state 'EXERDQ’ ‘ ‘ ‘ ‘ ‘ ‘
int ROOT EX¥ERDO enter action (FSMstakte *st p ) Flow:1 Fes| Flow:2 Fes] Flow: 3
{ rF r r
)l <l Al
fputs ("ROOT_EXERDQ:: “'enter’" ewvent procedore: RO0OT EXERD] enter action o' ~ ~

“ERERLP “ERERNH “ERERCP
TStateLogict sd=TStatelLogic::factory("EXERDQ") ; ‘ ‘ ‘ ‘ ‘ ‘

Flow: flow:z flow:s
sd-renter (st _p J; = e = e =
<] <] <]
return 5T 0K; ] ] ]
i ~“ERSOLP ~ERSONW ~ERSOCP
/747 D0 NOT EDIT THIS AND NEXT TWO ROVS ‘ — ‘EI ‘ S ‘EI o ‘
Af during function for state 'EXERDQ'
int ROOT_EXERDO_during action(FSMstate *st p )
i

fputs ("ROOT EXERDO: . “"doring" event procedure: ROOT EXERDO ducing action “n", stderc);

Logic* sd=TStatelogic::factory ("EXERDO"};

return 5T _0K;
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FSM Top Level View

= TTF2.RF/FSMACC2_3/ROOT/ 800

Sequencial preparation flow and ervor state Parallel exception handling, monitoring and special-application flows

MU |
check b/ gw NEXCEPTION
Flow: 0 i)

LELE ERROR

flows 2010

w
SFCURF— 1 -
Klystron is a* secure level

flow:0

1

FULL

|

flow:0

1|

TWEAK

11

OPERATE

11

\
\

w w

b
FASTAFF ‘ ‘ PAUSE ‘ ‘ NSPCAL ‘ ‘ TUNING

flow:0 flow:0

Applications
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— FSM Full State —

= TTF2.RF/FSM.ACC2_3/ROOT/ 2282

FULL-Superstate

FULLENT
Entering FULL oo
flow:0CI) RES
C C
TWEAK ERROR
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FSM Tweak State

= TTF2.RF/FSM.ACC2_3/ROOT/

ERRCOR
AFF T
adaptive feedforward
flow: 0
EFROR oo | [res C
i SEEM
ERRCE
CHKSP SGANDLP
Check and set Setpoints system gain and loop phase
C 'y
flow:0(I) v flow:0
ERRCR
CFTUNE

}LEI

FATE

check fine tuning

flow:0

£ RROR
FQUAL

field quality check

flow:0

&

“§ RROF:
RFB
ramp feedback
flow: 0
D
FROR
CHKSPE

Check Setpoints on Exit

flow:0

‘™ |

low level radio frequency

)

FLASH Seminar May 29t 2006 24/32 ==




FSM Operate State |7

= TTF2.RF/FSM.ACC2 3/ROOT/

OFFCAFF

flow:d

WTCAFF

OMCAFF

flow:

- B

State: OMCAFF

i low level radio frequency
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— FSM ONCAFF State —

~ TTF2 RF/FSM.ACC2_3/ROOT/ 2006

GO FES GO RES
CAFF1 CAFF2
c P
C
flow: 00T flow:0

LL 1 From tee i feauenc FLASH Seminar May 29t 2006 26/32 ==




FSM Exception State

~ TTF2.RF/FSM.ACC2_3/ROOCT/

Exception Handling Subflows:
‘ NEXO1 ‘ NEHO2 ‘ NEXO3 NEHOS
NEXOSID -
o &
Loop phase and Network Coupler Tracking of
system gain availability interlock operator action . -
‘ NEX05 ‘ ‘ NEX06 ‘ NEXO0?7 NEXOE ; |i|
NEXOEMO -
X X X moni for n
Cath.-Taser Field quality Signal unused m
observation check calibration flow: 0 -
‘ o ‘ ‘ o ‘ T T [:T:l
NEXOSER
unused unused unused unused errar
flow:d
‘ NEX13 ‘ NEX14 ‘ NEX15 NEX16 [EI |i|
WEXOBS0
unused unused unused unused zalue
flow:0
NEHROBPA -
e E
flow: 0

low level radio frequency
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4' Simple Operators View |7

RF Oper'at'ion: ACC2_3 Don't cloze loop 9F nad!
SWItC h Off FSM ACC2 couplers IL  ACC3 couplers IL

SP vo]tage 123456?8123458?8]5[?3;;1(
ight

a—
T300K

-¥-¥-¥9 [-%-9
+20.25 MV/n

TewT
SP Phase rel. bean EEE‘QS
AAAM -y
+.71.00 EEVas . ey B as
[ o woser_
. Feedforward | Interlock || Interlock |

[X] Feedback L |_
Ramp RF to the loop Gain | | (ISR [ |

tvgggg 2.4 |K1ystron overv‘iewl
target values [ comirat ] onnn
(- --) """"-------‘"““-- [ vs &sp || pac output |
| Expert || FSM Expert |
ACC2 ACC3
Pfor_cC5 144.65  kw Pfor_C1  138.55 kw
[1 VECTOR.SUM.AMPL [1 VECTOR.SUM.PHASE
4.5e+04 T <] 180. <
Enable adaptive FF
2e+04 4 2
i -60.
Te+04 4 e
0._ ||||| I!||||I|||||||| _180_||||||||||!||||||||||||||
0. 1000. 2500. 0. 1000. 2500
Res= 1,Buf= 0 [] Res= 1_,Buf= 0 [
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4' FSM-Expert View |7

Checkboxes determine the behavior
of the algorithms (and the algorithms
determine the behavior of the FSM).

Scrolling messages from all procedures

Options: Messages: l éuils Erj__rsn WADW % Debug
5«—‘ ‘ level
Target values are 5]  Enable Auto Loop-Fhase 17:02:18 Data quality is high. :) [9:0]
. I:l Enable Auto Feedforward 17:02:14 Elystron is ready! [20:0]
automaglcally Updated 17:02:12 Checking coupler interlocks.
hI t . k D EsmiConEsuls [SEgSES 17:02:11 Looking Tor operator actiom.
wniie Opera ori1s wor Ing 17:02:09 Checking cathode laser settings.
Wlth the DSP| 17:02:06 No interlock observed. [7:0]
' 17:02:05 Cathode Taser wnchanged. [14:0]
17:02:05 Loop Fhase and System Gain Took fine. [8:0]
D Fs may close Loop 17:02: 00 Checking data quality.
17:01:58 Looking if KElystron is alive. S |
17:01:58 No operator action detected. [13:0] |mp e
-butonly aslong o i s e e operators
as this is desired! o view
D nable Auto Cplr IT Rst Ranp
Bl —
ROOT
/ [ trExpert | [ aFF_Expert | ‘ ‘ i i | L
Algorithm expert settings \
Access to FSM-structure
(for on-line reconfig) .
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4' Operation Experience |7

 “Permanent features”

— Loop phase running with <1 error/week (fixed usually the next
day)

— Adaptive feedforward (rarely used) with ~1 error/week (fixed
next day)

— Few things run without operator awareness (signal calibration,
operator-tracking)

« “QOccasional features”

— DSP ramp up after down: tested but not used

— DSP ramp down after klystron trip: tested but not used
o “Optional Features”

— DSP calibration, detuning display, ... just used by me from
time to time
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4' DDD FSM Framework |7

* Nice, but probably to unflexible

 That's why my implementation extended it by

— Procedure server (with features like timeout and
email notification)

— Factory-classes for a simple reconfiguration (still
needs compilation)

— Parser that interprete online configuration (“go”,
“res” and “c” - buttons)

 Re-working the automation should be as
easy as re-designing a panel

 Extension of the DDD FSM Framework is in
progress...

low level radio frequency FLASH Seminar May 29th 2006 31/32 ==




— Finally... —

« FSM s in permanent commissioning - Valer!
and | are activating features and testing them

 Adaptive Feedforward is
— available at FLASH
— tested at SNS (to be implemented in August)
— on it’s way into the FPGA

o Still: there is a lack of operator acceptance /
cooperation

« Good experience made with the flexibility of
this approach (fast bug-fixing, adaptation to
operator needs)
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LLRF System with many Channels

_ H-l FI-_'I Continuous Data

Continuous Data

Discrete Results
of Procedures

Procedures triggered
by simple Commands

A |
| |

| fscrecora . CONTROLLER FSM qﬁ'“ﬁ'-“”'-ﬁ-l

T User Setpoints %
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Operation at Alternating Gradients

LLRF Part I, KEK Seminar, March 7, 2008




Goal

e Establish the possibility of operating the
cavities with two gradient levels (pulse to
pulse and intra pulse) so that they can be run
at high gradient along with (during) SASE
operation.

* This will allow for
— Galning operating experience at high gradient
over long periods of time
— The possibility of working on the second ramp

during FEL runs (needs to be shown that we can
do this without disrupting experimental program)



Other Goals

Establish 10 Hz operation on Klystron 4

Establish existence proof that SASE Is not
affected by the second ramp level

Look at and compare amplitude and phase
regulation with standard behavior



FLASH RF System

10 Hz rep.rate 3 Hz rep.rate

r N [ )

ACC5 ACCH ACC3 ACC2 ACC1 RF-Gun

Madd QO MW) Mod 5 (S MW) Mod 2 (5 MW) Mod 3 (5 MW)

e sl .

\. y, J




Two Ramp Modes

« Alternate SASE (lower gradient ramp) with a
high gradient ramp

 Have a ramp with two levels, 1st for SASE,
then going to higher gradient on the same
pulse (but usually shorter flat time)

* Possibility of combining both of these (though
not clear would want to)



Two Ramp Modes (2)

[wvfm] avity 1 Probe Ampl. [*] Ccawity 1 Probe Phaze

SASE — &l
2yl Alternate SASE, standard
N & mode of operation

_ Ramp with two levels, 15t for
SASE
Variable RF pulse length

SAS




Reguirements

 The second (hi gradient) ramp must be
set up so that making an adjustment to
the lower (SASE) ramp does not affect
the hi gradient ramp.

e This Is so that operators can adjust the
level with beam without worry of tripping
on the high gradient level



Technical Implementation

DSP server creates two reference SP and FF tables for alternate pulses
Actual tables are superposition of both reference tables

I FFiRet t SPRef
SP MR p et SPRer) o b op
2Ref

v

_ SP e,
F'fAct_ma)dEﬁRef ’ I:FZRef ) ‘ "Fho

\ 4

v



06.08.2006 22:37Ayvazyan, Edwards, Petrosyan, Simrock,Pchalek
Alternating Gradients — shift summary

Implementation and full test with beam bi-modal RF
gradient operation at ACC4/5 is successfully completed.

It has bi-modal function with two features in it:

a) Alternate RF pulses have different gradients on ACC4/5, ramps
1 and 2 and beam can be run on ramp 1.

b) Ramp 2 has two gradient levels within the same pulse.

ACC4 5 runs at 10Hz rep. rate stable with average
gradient close to 20MV/m. Rest of RF and beam runs at 5Hz
rep. rate.

We got full transmission 1in both cases:on Ramp 1 and
Ramp2 on low part of gradients.

Control performance for high alternating gradient is as
good as for single pulse mode. Additional shift are
required to test with SASE.



ow Ramps (each one

leve

PULS WITH BEAM EN RATE 5 HIGH GRADIENT PULS RATE 10
SP voltage, MV [] VECTOR.SUM. AMPL L[] VECTOR . SUM.HY. AMPL sP V(:lzﬂgis MV
Aasa an 7a+04 = 4.5e+04
BN -/ - LI )
set0dr ¢ 3e+04
Cal HV Bit da+04 + e cal HV Bit
S gon 3e+04 ] 2e+04 - \\\\“‘~\,‘_ g i
b 2e+04 Tes04 490
le+04 ¢
cal MV HV [\ O I A I U M N A S I N O cal MY HY
FYYOVIY 0. 1000. 2500. 0. 400. 800. 1200. PYYTYRrYy
+ BB0.00O Res= 4 ,Buf= 0 [us] Res= 4 Buf= 0 L[] + 880.00
Y9y vv Tvvvv vy
cal HY Bit [1 FF_TABLE.AMPL [1 FF_TABLE_HV.AMPL cal Hv Bit
asa aa 5000. 3000 saa as
+ 1.20 +.1.20
vve T 4000. 3 vvv Tv
cal Mv Hv 3000. 2000. ¢ cal MV HV
FYYV YRy 1500. AAAAA A4
+ 100.00 2000, 1000 + 100.00
wewve wv 6 wevvy wv
1000.
Ratio ; ; . Ratio
sen o [T S T L (0T PR W L as a
+70.50 0. 1000. 2500. 0. 1000. 2500. +.0.50
AR A Res= 1,Buf= 0 [1 Res= 1,Buf= 0 [1
ssasa as sa44s aa
+ 510.00 —— ——— +.510.00 ——
vevvy vy 9vv3y vy
manaa an sasss as
sana aa + 800.00 in?a 88 :vlég.(v)g
+.10.00 vevy v
Loop Gain FF [1 VECTOR . SUM. PHASE [1 VECTOR . SUM.HVY . PHASE FF Loop Gain
sads ws 180 e Kl 180 = S ia wa
+ 30.00 E r—_ <] + 20.00
veve ve [ LR
60. ;
Systen Gain o | System Gain
saa aa FB i FB san aa
o 90 o
-120. ¢ -120.
0. 1000. 2500. 0. 1000. 2500.
Res= 4.Buf= 0 [us] Res= 4,Buf= 0 [1




Two Ramps, 2nd with

PULS WITH BEAM RATE 5
o o me
1800 1850
Loop Gain System Gain
o] DEE 08
[1 VECTOR.SUM.AMPL
1e+05 =]
8e+04 +
Ge+04 +
4e+04
2e+04 1+ -
o A e e e T
0. 500. 1000. 2500.
Res= 4,Buf= 0 [ws]
[1 VECTOR.SUM.PHASE
180. T il
60. %
0' E
-60. +
-120. % )
g0 b 0 P e b By
0. 500. 1000. 2500.
Res= 4,Buf= 0 [us]
cal WY Bit cal WY HY
P IR® Do
cal HY Bit cal WY HY .
FF aas as sase as fatie.
+1.20 Yoo .95
B
180030
+ 10,00

HIGH GRADIENT PULS RATE 10
Gradient Aﬂ'fsfﬂ
V] e sEa
Loop Gain Systen Gain
e ] DEE
L[] VECTOR . SUM. HV. AMPL
Be+04 = &
6e+04 -
Se+04 + i
de+04 - /
3e+04+
2e+041
.
L
o Vit b e
0. 500. 1500. 2500.
Res= 4,Buf= 0 [1
[1] VECTOR.SUM.HV.PHASE
180. il
60.
0. T —
—60.
-_—_.__._/
-120. &
T, e U bbb
0. 500. 1300. 2500,
Res= 4,Buf= 0 [1
cal WY Eit cal Hy HyY
P Ta Lo
cal HY Bit cal WV HY  Ratio
PR 1 Pimg s
+ 510,00 ——

worTT T

+ 10.00

TerT T

sanse an
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Regulation

Gradients are close to 20Mv/m. Feedback gain is 50.
Control performance for high gradient part is the same as one
pulse mode operation, except pulse length is shorter.

One pulse mode Alternating gradient mode
~1/1000 Amp, 0.9 deg per 700 micsec ~1/1000 Amp, 0.3 deg per 150 micsec
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Noise investigation

Measured the ripple on the power supplies for the down-converters for ACC4/5

Cry modules. Discovered short noise spikes with an amplitude of several hundred mV from +-15V.
The repetition rate of the noise spikes was of the order of 50 kHz.
Recommend an experiment where switched power supplies are replaced with linear power supplies.
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ACCA4/5 with close to 20MV/m
gradient.

ACCA4/5 with 0 gradient (no rf).



11.08.2006 12:58 Ayvazyan,Petrosyan,Yurkov ACC45 is
running at 10Hz rep. rate with alternating

gradients and SASE conditions.
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11.08.2006 12:59

SASE level with alternating pulses. First pulse with beam, second pulse without
beam and with 2 level of gradients. The SASE level is the same as with one pulse
mode operation (see picture at 12:51).
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Now we switch off the first pulse for alternating
gradient scheme and put the beam pulse on the first low
level flat top of two levels of rf pulse.We see the
same level of SASE.
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11.08.2006 14:02
SASE with alternating pulses
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Things that could be improved

e Connection between Feed Forward table and
Setpoint table

e Regulation
» Adaptive feed forward?



Success — In Use

* Gain experience with high gradient operation,
trips and reliability

* EXxplore gradient level can operate with and
without feed back

 Work on regulation, Feedback, Feed
Forward, Adaptive FF
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X-Ray Free-Electron Laser

XFEL XFEL LLRF System

LLRF Subsystems/Components Susceptible to Failure

o RF phase reference o Waveguide tuner and controls
- from main driveline o Cavity resonance control
-LO for downconverter - slow (motor) tuner

o Timing System - fast (piezo) tuner

o Vector modulator o CPU in VME crate

o Downconverter o Network to local controls

o Digital Control (Fdbck + FF) o Cabels and connectors
-ADC, DSP, DAC o Power supply for electronics

- includes exception handling o Airconditioning in racks
- Redundant simple feedforward | o Software
- Redundant monitoring system - DSP (FPGA) code

o Transient detection - Server programs
o Interfaces to other subsystems - Client programs
- includes interlocks - LLRF Parameters

- Finite State Machine

Work towards high availability started.

Each LLRF station consists of 9 crates from which 3 are critical. Here full
and/or partial redundancy is planned with the aim to bring the actually
estimated failure rate of 1 (of the 25) LLRF station failure / month down
to one failure per 3 years.

This assumes 100,000 hours MTBF for each individual crate.

S s G 2005, XFEL Avaiiabity Considerations



XFEL

X-Ray Free-Electron Laser

W the truth... where are we?

TTF/VUV-FEL operation between
January 6th and November 1st, 2005

off
downtime 50

11%

development

39%
beam 0

delivery
19%

FEL tuning
26%

The TTF/VUV-FEL downtime over
10 months was approx. 11%.

During this period we had
. user operation
. accel.studies

. system R&D.

operator; 0,1%

diagnostics; 0,1%
other; 1,4%

vacuum; 0,1%

magnets; 0,3%

laser; 0,4%

controls; 0,4%

water; 0,6%

LLRF; 0,8%

PETRA; 1,1%

to scheduled up-time

down-time in % with respect

klyston; 3,7%

cryogenics; 1,9%

3.7% klystron

1.9% cryogenics

1.1% PETRA

0.8% LLRF

mostly problems with the
prototype MBK

clearly dominated by one
event connected with

the use of the small/local
refrigerator

PETRA ramping disturbs the
TTF/VUV-FEL operation

clearly driven by system
Jmprovements’ since failures
often shortly after R&D efforts

S s oo 2005, XFEL Avaiiabity Considerations




TTF2 / VUV-FEL (FLASH )

o Operation Statistics

— July 2005 - Feb 2006: ~3600 hr (150 d). ~50% for users, 16% for FEL studies,
the rest for acc studies and maintenance.

17-Apr-2006 to 13-Aug-2006 (weeks 16-32)

Total scheduled up-time: 2,648 h
Scheduled off-time (interlock tests + weekly maintenance): 208 h

Accelerat

or studies
17% O Users

O FEL studies

[0 Beam

_ E Development
O Accelerator studies

O Off

Tuning OTuning
250 B Down

0O Off

Developme
nts

23%

Total time: 2856 h (17 weeks, 7 days/week, 24 h/day)
Total up time: 2284.1 h (80%)



Down time weeks 16-32

Total downtime: 370.8 h (13%)

Other: 3%

Water: 1%
Magnets: 2%

Protection: 2%

Controls: 3%

Photonline: 5%

Laser: 6%

LLRF: 7%

Klystrons / modulators:
71%

Klystrons / modulators is the sum of both plus
waveguides, pre-amplifier, interlocks....

We urgently have to detail this; about 50% was one
single event (bouncer circ. capacitor)

O Kly/Mod
O LLRF

] Laser

B Photonline

[0 Controls

[ Protectionsystems

B Magnets
B Water

[ Diagnostics

B Operator

[ Vacuum

0 Other

264.7 h (71%)

24.2 h (7%)
20.5 h (6%)
17 h (5%)
10 h (3%)

9 h (2%)
7.6 h (2%)
4.2 h (1%)
1.5 h (<1%)

1 h (<1%)
0.8 h (<1%)
10.3 h (3%)



Kly / Mod. hardware failures weeks 16-32

Weeks 16 to 35, 2006 only

Summary categories |Kly/Mod 3 Kly/Mod 2 Kly'Mod 4 Kly/Mod 5 Not defined [SUM

Hardware failures 129 2 25 0 54 og 2288
Resets required 72 10 23 a7 1 292
Other failures 14 0 7 a7 0 91
Wrong assignment 1 1] ] ] 03 1.3
SUM 138 3 72h 9.3 45 3 2.1 | 268 5

Hardware failures — an attempt to analyze the data...
no failure Kly/Mod 4, i.e. the MBK (at present every 2nd pulse at 6.5 MW)

Kly/Mod 3: all the 129 hours were caused by an oil leakage problem with
the HV PS transformer, followed by some trouble with the regulation after
replacing the transformer

Kly/Mod 2: 56 hours caused by a water leakage problem with a new 5 MW
Thales tube (wrong material!)

Kly/Mod 5: approx. 25 hours caused by a defect capacitor in the bouncer





