Variable RF Parameters along European
XFEL Bunch Trains

Introduction

Superconducting RF allows for long RF pulses compared to warm
normal conducting machines. At the European XFEL these pulses
are used to transport up to 2700 bunches per pulse to the user

stations.

In order to allow for flexible control of beam properties along the
pulse the LLRF system was modified. In this software architecture
we are no longer limited to three "flat-tops". Instead, amplitudes,
phases, and feedback targets can be controllable via fine-grained

and/or phases but basically any function or table within the cavity
bandwidth. This allows for correction of intra train distortions or
novel FEL modes.

RF stations are driven either in the “legacy” “scalar-mode” with

tables of setpoints in up to 16 beam regions. The advantage of the
BRs Is that we can not only add slopes on the RF amplitudes

European

1. & 2. Pulse Types

https:/ /jddd-xfel.desy.de/jddd/global/Util/bunch_pattern_server_pattern_builder.xml XFEL.UTIL/BUNCH_PATTERN/PATTERN_BUILDER /PULSE_TYPE_0

@:Nobunch » G:G1D - I:1MD - b:B1D - B:B2D - D: TLD
4:5A4 - X:SA3w/bit14 - Y: SA3w/bit17 - L: Laser stand-alo

» 1:SA1 - 2:SA2 - 3:SA3 -
ne

4. Bunch Counters

BUNCH_COUNTER_1 Pulse IDs generating these bunches: D AAAN
| Excess bunches at the end of the train are replaced by: ’T WO

Edit Pulse Types... | Open a new panel to change the definition of

he pulse types.

3. Pulse Patterns

Patterns: [A]

Add Pattern Remove Pattern |

[A] Base Frequency: [4514 kHz |~

Start Time Description Sub-Pattern

Add Sub-Pattern |

BUNCH COUNTER 2 Pulse IDs generating these bunches: . AAAA

Excess bunches at the end of the train are replaced by: | . Vv vg

BUNCH_COUNTER_3 Pulse IDs generating these bunches: . AAAA

Excess bunches at the end of the train are replaced by: | . Vv vg

BUNCH COUNTER 4  Pulse IDs generating these bunches: . AAAA

# Ticks # Repetitions

| 800.0 ps |Linac dump ||D

AAAP AAAP AR

| Excess bunches at the end of the train are replaced by: | . Vv vg

8. Apply, Save & Load

BUNCH PATTERN SERVER: PATTERN BUILDER (MACHINE PATTERN)

4514 kHz, 100xD, 30=D, 30xD, 30%0, 30=0

user mode.

Previous patterns:

Apply & Switch Send this pattern to the timing system and switch it to
Retrieve the patlern that has last been sent to the
_ Reset |
timing system.
Save Save this pattern to the list without applying it.
Load Load the pattern that is selected in the list below:

2022-07-18T11:45:24 4514 kHz, 100x

[|RFtr  [FTi~

N 7308 100.00
400  100.¢

APAAP AAAA AR

N 7730 39-90
-39 ..30.0

[XI| 822.21pus  |Gap i)
¥IRFr  ~FT1]
X[ 828.81 ps sa1_2 |Ip

APAAP AAAA AR

5. Tail Clean-Up

2022-07-18T11:45:09 4514 kHz, 100=
2022-07-18T11:33:59 4514 kHz, 100=

Remove the following pulse types from the end of the pattern:

2022-07-18T11:32:37 4514 kHz, 100x
2022-07-18T11:32:08 4514 kHz, 100x

2022-07-18T11:31:54 4514 kHz, 100x
2022-07-18T11:31:46 4514 kHz, 100x

N 7730 39-90
-39 ..30.0

[|RFtr [T12FT2~

[XI| 835.4)fus  Gap i)

APAAP AAAA AR

N 7730 39-90
30 ..30.0

RFtr ~FT12] BooBEABERDORERDORERDDEDDREREDE

6. Pattern Sequence

Sequence: |[A] | - | [A] ? | 2022-07-18T11:17:17 4514 kHz, 100x

2022-07-18T11:31:36 4514 kHz, 100x
2022-07-18T11:30:57 4514 kHz, 100x
2022-07-18T11:30:37 4514 kHz, 100=

%
DLpLopLDLDLDLDLDoLOODD
o LY L W L W W LW
DLpLopLDLDLDLDLDoLOODD
WO WL W W W W WL W
[ e T e T e B e Y e Y e Y e e Y e Y e ]
X X X X X XK X X X X R
WO WL W W W W WL W
[ e T e T e B e Y e Y e Y e e Y e Y e ]
X X X X X XK X X X X R
[ e T e T e I o Y e Y e T e e Y e Y e ]

2022-07-18T11:08:04 4514 kHz, 100x

| 84211 s [sA3 i)

APAAP AAAA AR

N 7730 39-90
-39 ..30.0

[JRFr [T23FT3~ gaea08@RRRRRRRRRRRRRR00000000

Machine Pattern

7. Review Pattern ... for event ID: +

vvvvvvvvvv

x
(=<1 [w === = = = =]
X X M N X N X N N X X

JEr—y -

2022-07-18T10:57:30 4514 kHz, 100=D, 1xD, 1x
g 2022-07-18T10:57:24 4514 kHz, 100=D, 1=D, 1x

2022-07-18T10:55:21 4514 kHz, 100D, 1=
2022-07-18T10:21:33 4514 kHz, 100

==000000 % % x X X

2022-07-18T10:21:10 4514 kHz, 100
2022-07-18T10:00:39 4514 kHz, 100
2022-07-18T09:56:56 4514 kHz, 1xD
2022-07-18T09:51:14 4514 kHz, 1=1, 1%
2022-07-18T09:50:56 4514 kHz, 1xD, 1=1
2022-07-18T09:50:37 4514 kHz, 1xD, 1=1
%D, 1=1

1
1

x

x

x
x
2022-07-18T09:37:09 4514 kHz, 1=D,
2022-07-18T08:48:18 4514 kHz, 100=D, 1x1
2022-07-18T08:48:51 4514 kHz, 100=D, 1x1
2022-07-16T17:14:13 4514 kHz, 50xI
2022-07-16T17:14:08 4514 kHz, 50xI

D
D
D
D
D
D
D
D
D
D
D
2022-07-18T11:11:39 4514 kHz, 100=D,
D
D
D
D
D
D
D
1
1
1
1
1
D
D

x
x
x
*
x

IC

1

1
800 900 1000 1100 1200 1300 1400 1500 1[6(](]]
US|

View Pattern... Open the Pattern Viewer in a separate window.

9. Timing System Configuration

suppress remaining bunch train):
For destination T4D (SASE1/3)
For destination T5D (SASEZ2)

These switches have immediate effect on the timing system.

Change destination to TLD if MPS limits the number of bunches (otherwise,

L1 RF Settings

Sum Voltage Chirp
errsasez 573.90 [l 228.20 |l <
oo sser ~574.80 [l 223.50 H <

High Level Control

Beam regions are defined together with the definition of the 0
bunch train. Certain parts of the train can be set as “transition”. g =g
These bunches are not used in the und
system has basically no boundary conc
Each transition section defines a new

— User Lasers |  Send to xfellog...

BR3: SASE3 :5229@ I 9:33@ l ﬂ

Help |

ulator lines and the LLRF =-
1itions here.
peam region which starts =

sre:saseva 7573.90 M 20830 @ <

Reset all Beam Regions

transition

implicit
region

RF flat-top

A

beam region #1

#1

ition region

beam region #2

trans

#2

ition region

beam region #3

trans

setpoint

implicit

transition
region

readback

Y XFEL_SumVoltageControl.xml XFEL_SIM.RF/LLRF.SUMVOLTAGE_CTRL/L1/

LLRF SUM VOLTAGE CONTROL

575.0

Link
574.54

574.07

L1/SP.IST.SUMVOLTAGE.TD Res=1/3 [Me

t L1/SP.SUMVOLTAGE.TD Res=1/3 [MeV]

573.5

573.07

572.5

-

[ I | | [ | I I | T I I T T
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1[10(]]
s

-7.85
-7.90~
-7.95
-8.00
-8.05
-8.10
-8.154
-8.20

—\ :

L1/SP.CHIRP.TD Res=1/3 [1im] V|
L1/SP.IST.CHIRP.TD Res=1/3 [1/m|

-8.256-

Transitions:

-8.30

\_

AL T T T T T T T T T T [ T T

1 -8.

15

L1

i) [ | I | | I | I | T I I T T
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[us]
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Wrote new LLRF amplitude and phase tables. (2022-07-18T18:18:52)

L2

*

Transi

XFEL_SumVoltageControl.xml XFEL_SIM.RF/LLRF.SUMVOLTAGE_CTRL/L1/

L1 RF Settings

Sum Voltage Chirp Link

AAA AA B AAA AA

BR1:SASE2 _ 573.90 l =.8.20 . ﬂ

AAA AA

sre:saser 574.00 B <0790 M
BR3:SASE3  572.70 l =.8-18 . ﬂ

AAA AN

Reset all Beam Regions

itions

ARLC T T T T T T T T T T T [ T T 71

Location Log... [ ok

after. These beam regions are dynamically created and available
to control in the sum voltage server.
In each beam region a table can be defined by the user — In o 50300 W 530N 2

addition the first entry in each table is exposed with tuning
“knobs” which would shift the whole BR to allow efficient FEL

tuning.

If the requested variation Is exceeding the limits of the RF
system the table Is rejected by the server and a warning Is u
indicated on the user interface. A soft limit “slew rate” is used to0 ==

prevent RF limiter action.

https://jddd-xfel.desy.de/jddd /XFEL/LLRF/XFEL_SumVoltageControl.xm| XFEL.RF/LLRF.SUMVOLTAGE_CTRL/L2/

Sum Voltage Chirp
LY. V.Y N V.Y AALD AL
BR1:sasE2  571.60 l -.6.10 l ﬂ

AA A

BR2: SASE1 :’szggé l g:@@@ . ﬂ

s sasevs 750,90 [l 226.20 M <

XFEL_SumVoltageControl.xml XFEL_SIM.RF/LLRF.SUMVOLTAGE_CTRL/L1/

LLRF SUM VOLTAGE CONTROL

15

LLRF SUM VOLTAGE CONTROL

575.5
575.0
574.5
574.0

l: L1/SP.SUMVOLTAGE.TD Res=1/3 [MeV] g],|
L1/SPIST.SUMVOLTAGE.TD Res=1/3 [MeV]|

573.5
573.09
572.5+
572.05
571.55
571.0

__/

| I I | [ | I I | [ I [ [ 1
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1[1 (](jl
us!

-7.85

-7.90
-7.95
-8.00
-8.05
-8.10
-8.15

L1/SP.CHIRP.TD Res=1/3 [1/m] [V
L1/SP.IST.CHIRP.TD Res=1/3 [1/m

-8.20
-8.25
-8.30

\_

ﬁ—n—u—l}

L1 L2

Wrote new LLRF amplitude and phase tables. (2022-07-18T18:21:40)

-8.35 T T T T T T T T T T T T T T
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1[1(](]]
us

*

572.2
Link  572.0
571.87

571.6

L1/SP.SUMVOLTAGE.TD Res=1/3 [MeV]
L1/SP.IST.SUMVOLTAGE.TD Res=1/3 [MeV]|

571.47

571.24

571.01

570.8

[ | I | | [ | I | T I I T 1
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1;0?
(153

-5.90

-5.95

-6.00~

-6.05

-6.10

[V

-6.157

Transition:

-6.20

L1/SP.CHIRP.TD Res=1/3 [1/m]
L1/SP.IST.CHIRP.TD Res=1/3 [1/m

AN

s:
A2 T T T T T T T T T [ T T T T

] -6.25

L

15

L1

T I T T T T I T T T T T T T
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us,
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IS (1TESSaye Was 1epedied 19 UINes SINCE 2UZZ-UT-101 10.97.93)

L2

https://jddd-xfel.desy.de/jddd /XFEL/LLRF/SC_modules/XLLRF RFstation_main.xml XFEL.RF/LLRF.CONTROLLER/A3.L2/

XFEL_SumVoltageControl.xml XFEL_SIM.RF/LLRF.SUMVOLTAGE_CTRL/L1/

L1 RF Settings

Sum Voltage Chirp

AAA AA B AAA AA

BR1:SASE2  571.90 l =.6.20 . ﬂ

AAN AN AAA AA

eresnser ~575.80 M 206-80 W =

AAA AN AAA AA

BR3:SASE3 _ 618.90 l =31.20 . ﬂ

A AA AAA AN

BR4: SASE1/3 :Sﬁsgg . =39.40 . ﬂ

Link

6
R al
-8
-9
-104
Reset all Beam Regions 114
Transitions: 1
A2 T W | T T [ [ T T [ [ [ T T 1 '
0 15
i
F}
ok ok

620

LLRF SUM VOLTAGE CONTROL

610

600

590

580

l: L1/SP.SUMVOLTAGE.TD Res=1/3 [MeV] g],|
L1/SPIST.SUMVOLTAGE.TD Res=1/3 [MeV]|

\

570

| tL1lSP.CHIRRTDRas=1!3[1Im] ]

L1/SP.IST.CHIRP.TD Res=1/3 [1/m

—

ﬁ—n—u—l}

L1 L2

Wrote new LLRF amplitude and phase tables. (2022-07-18T18:33:52)

| I [ | I [ I | I [ J [ [ J
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1[1(]?
us!

T T T T T T T T T T T T T T
800 820 840 860 880 900 920 940 960 980 1000 1020 1040 1060 1080 1[1(](]]
us

*

Location Log...

Controls Concept Overview

direct control of voltage and phase e.g. for maintenance purposes
like on-crest phase scans or In the preferred “table mode” which
only allows control in physical parameters like chirp or energy
gain. Table mode allows for arbitrary tables of these parameters.

European -,
XFEL LLRF SUM VOLTAGE CONTROL s LLRF CONTROL A3.L2 T | SRR oo
L2 RF Settings [Me
= [= [2/SP.SUMVOLTAGE.TD Res=1/7 MeV] V]
Sum Voltage Chirp Link 17804  [—L2/SPIST.SUMVOLTAGE.TD Res=1/7 [MeV]¥/ cubever
ubsystems
ert:ounau.. 1700.03 W 223.27 W ~ 17607 Setscalarmode||  yoguiator ] kv [l Ky Timing | [NSHISSEMMI RF Gate |
o v 1740 Voltage 5’63 33 m Manage hups://jddd-xfel.desy.de/jddd /XFEL/LLRF/SC_modules/XLLRF_RFstation_main.xml| XFEL.RF/LLRF.CONTROLLER/A3.L2/ Slow Transition B h Patt
AAAAAAAAAAA = - T | switchto: L pint itudi i uncn Fatiemn
: = R = Longitudinal - Region
srz:seama 1799.35 W 207.26 @ = 1700 ,\/\IVV\/\ 56191 My MPS [P | R oo g Advanced Radiofrequency Configurator (ARCO) g adjust Server
AAAAAAAAAAA 1680 - e Rack Feedbacks +— Feedback |- transition
BR3: BeamB 1700.13 l -.1-28 l ﬂ Phase + 20 .65 [ Sk ‘ : set/modify energy/chirp tables with few knobs _ : 15919n= 1 define "RF transition"
1660 R KLM operate on single monitor and adjust regions
1640 20.67 deg —— Subsystems scalar values transition times
1620 [ Gperational I S| — Modulator [[]] KLY [ Ky Timing
Stati FSM Manager Subordinate
1600 I T I T I T T T T T T onon @ Fsmon _FM| voitage 563.38 [ Ti - Timing _ |
600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 RF running R ~ UL L] L]
[ps] 561.80 MV MPS MPS Tuner Script sum voltage sum voltage timing pattern
FSM Amplitude 5P ’EMV : Rack Rack sum voltage change & chirp etc. & chirp
-2 | — = || AAA AA MTCA MTCA RPC test chirp change sum voltage change
= L2/SP.CHIRP.TD Res=1/7 [deg] ¥ Phase + 20 .65 [H| es chirp change needed
Feedforward wwow " -
7260 L2/SP.IST.CHIRP.TD Res=1/7 [1/m]¥] Output vactor correction 50,68 d KLM - transition
=T . g e . . -
f 1 Piezo Autom. _g.ﬂ Watchdog [8]  Watchdog [8] DAQViewer |  LLRF details | beam region controls table controls beam region controls table controls times
-7.265- Feedback Performar Status PR
Feedforward correction Rst Station on . FSMon M _ |_| | | - “mlng panern
Learning FF J RF running -“- Cavity QL status Slopes active
72707 Beam loading compensation Siezo Sum Voltage Servers Energy Manager
uge s | so338] iz |[ ViualProbe ][ Quad ] M, L1, L2) . .
FSM Amplitude 5P | 563.38 — MV ( f 1 ( Sum Vumge Server |3 } o
Reset all Beam Regions -7.275- : _ 9 MHz tables for timing pattern
bt L bt U Feedforward float: sum voltage SP — 9 MHz tables for
Transitions: h Output vector correction float: chirp SP float: sum voltage SP
MOCTCTTTTrTr T rrrrrrr— =60 Piezo Autom. ‘ _ Reset | | floal: 2nd derivative SP float: chirp SgP
MO T T T T T T T T T T T T T T 171 570 Feedback Performance float: 3rd denvative SP Tlmlng
AS T T T [ T T T T T T T [ T 1T 11 % ! ! ! ! ! ! ! ! ! ! ! Feedforward correction
0 e 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1{2&(}} s60- Learning FF Rst System
F
Beam loading compensation
'y N 550
re—— — - timing pattern 9 MHz table
/;\ () ‘ ﬁ ) | ] 540 V) Amplitude [deg] Phase Lt amplitude
LN s 2 eedDacks .
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B | () @/ 5601 201 feedbacks & phase marks "RF transition
L S ‘ 520 | | i | ; active l region”
600 700 800 900 1000 1100 | 9707 22 5
ok Wrote new LLRF amplitude and phase tables. (z022-07-14T16:15:38) Location Log... 560+
| | 22.0 LLRF System
= 215 {one controller per RF station)
540 ’ e timing _|
Jevn/XFEL/LLRF/KLM/kly_out_amp_ph_plot.xml XFEL RF/LLRF.KLM/MAIN,AS. L2/ 530 21.04] : : pattern
Forward Amplitude deg] Forward Phase LLRF Controller Fast Longitudinal Feedbacks
35 2’.‘].] 520 | I | | I 20.5 I | | | | table mode: 9 MHz tables for amplitude SP. phase SP table mode: 9 MHz tables for arrival time SP, compression SP
600 700 800 900 1000 1100 1 [20(]} 600 700 BOD 900 1000 1100 1 [20{]] scalar mode: 1 scalar amplitude SP, 1 scalar phase SP scalar mode: 1 scalar arrival time SP, 1 scalar compression SP
us! Us
MeV MeV
14 600 14 600 - 60'30\/
€—»| Send to dump
14 550 14 550 14 550 <
/// o \ — H.E'q uested Achleved
14500}  Achieved 14500} Viqusind) T S | | — Requested
200 EL 1] G600 200 1000 1200 1400 1600 1600 — H
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Reflected Phase
14 450 14 450 14450
1_1‘)1':":. . ) L, ) P T P T ) L .| . _"_,|$ 144(}9 ) . . X PP T N T ) . .| ) ."_,ﬁ. 14400 A L DA Aq ........... us
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100

- DAG1 enable (amp, pha, hu) H

li] 1200 1400 1600
[us]

400 600 800 1000 1200 1400 1600

- DAQO enable (protection plots) DAQ1 parameters DAQ Divider DAQ freq: DAQ offset [us] DAQ length[smpales] Zero Phase thr

[1]«] | 8 = 9.03 Mhz 0} 16384 201

Correction Concept

European XFEL

: If desired energy or compression profiles deviate from the
measured correction tables can be generated automatically.

Rate of change Is

limited by

cavity bandwidth and RF station

performance.
transition regions are dumped
upstream of the undulator lines.

Bunches

In the



