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Construction of the RF System for the European XFEL

European | 1N€ EUropean XFEL

Budget 1.150 MEuro incl. preparation and commissioning « 3 4kam
Some SpeC|f|Cat|onS . - . \-}4@\)\/}\_&1\\ AR, A== N S

e The European X-ray laser project XFEL
\I Planning status October, 2003

m=e  XFEL site 50 m

===: Options for expansion

v 22 RN

Photon energy 0.3 - 24 keV
Pulse duration ~ 10 - 100 fs E g
Pulse energy few mJ
Superconducting linac. 17.5 GeV
10 Hz (27 000 b/s)

5 beam lines / 10 instruments

= Start version with 3 beamlines and 6
instruments
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%’Mamth QM
L A TN =

Several extensions possible: e
= More undulators "

. pea
= More instruments SASE2 GC,
" (= SASEID) __——e £
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@
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] 17.5GeV  SASEL, A,= 40 mm \ —|e | W
First electron beam 2"9 half of 2016 17—0.4nm
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1 Construction of the RF System for the European XFEL

European

XFEL

A Superconducting Accelerator for 17.5 GeV

100 accelerator modules

800 accelerating cavities
1.3 GHz / 23.6 MV/m

125 RF stations B
£5.2 MW each |
2~ ffor the main
linac

plus

2 RF stations
for the
injector
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1 Construction of the RF System for the European XFEL

European

XFEL ] 1.3GHz Nine-Cell SC Cavitiy
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1 Construction of the RF System for the European XFEL

European

XFEL|]1.3GHz Accelerator Modules

Cavity made of niobium, operated at 2K,
gradient >23MV/m Q=10%at 1.3GHz Cryomodule

2 K return
2.2 K forward

70 K
shield

° magnet
current

feedthrough 5K
forward
80 K retu
40 K

8 K return forward

4 K shield
RF main
coupler 2K 2-phase

cavity
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1 Construction of the RF System for the European XFEL

European

XFEL ] XFEL High Power RF Requirements

Number of sc cavities: 800 total for 17.5GeV

Power per cavity: 122 kW

Gradient at 17.5GeV: 23.6 MV/m

Power per 32 cavities

(4 cryo modules): 3.9MW

Power per RF station: 5.2MW (including 10% losses in

waveguides and circulators
and a regulation reserve of 15%)

Number of RF stations: 27, active 25

Number of RF stations Main Linac:25, active 23 ;AML —— ——
Macro beam pulse duration: 650us §

RF pulse duration: 1.38ms . . M
Repetition rate: 10Hz (30Hz) = m_m N

Average RF power per station: 72kW (150kW)
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1 Construction of the RF System for the European XFEL

European

XFEL | RF Station Overview

—_— H\/ Pulse

Cable RF Waveguide

Distribution.

HV Pulse Cable

Modulator Hall XHM

Pulse Transformer

Klystron

XFEL Tunnel XTL

Racks and Water Distribution
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European

XFEL

Construction of the RF System for the European XFEL

HV Pulse Modulator

Modulator Pulse Voltage

Modulator Pulse Current

Voltage 1.62kA 1.8kA
Klystron Gun Voltage 115kV |132kV
Klystron Gun Current 135A 150A
g;?rgt\igor:t??g‘)/f?;s%%) 1.57/ms |1.7ms
:'I'r?f; o aaon T 0.15ms | 0.2ms
(Hg'ggo \t’g';%%z)”at Top 1.37ms | 1.5ms
_I?(;J‘LSG Flatness during Flat +0.2% +0.3%
10Hz
Pulse Repetition Rate 10Hz 30Hz
Pulse Transformer Ratio 1:12 ( 1:12 )

22 June 2016, CWRF2016, Grenoble, France
S. Choroba, V. Katalev, DESY

ed
T 1200 V /400 A IGBT All st onduc
ink.

Switching Modules
The swlhgmodl nred ged.!s
p gg able . An IGBT © modlul I
Se K (1200 N 2400 Al sed a
iching element.

The constant power mnsum;ﬂinn is achieved
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1 Construction of the RF System for the European XFEL

European

XFEL | Pulse Cable and Pulse Transformer

Pulse Cable connecting modulators and
pulse transformers: triaxial, 4 parallel, each
25 Ohm, diameter 30mm

dielectric material: XLPE

semicond. layer cond. 75mm2, Cu tinned,

fine-strand

insulation semicond. layer

semicond. layer insulation
Aluminum foll semicond. layer

cond. 75mm2, Cu bare
fine-strand

outer sheath
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1 Construction of the RF System for the European XFEL

European

XFEL | Multi Beam Klystron
RF Frequency: 1.3GHz
Cathode Voltage: <120 kV
Beam Current: <140 A
Max. RF Peak Power: 10MW
RF Pulse Duration: 1.5ms
Repetition Rate: 10Hz
RF Average Power: 150kW
Efficiency: 63%

Solenoid Power: < 5.5kW

227 2016, CWRF2016, G ble, F H el
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1 Construction of the RF System for the European XFEL

European

XFEL|I RF Power Distribution

Distribution of klystron output power to the
superconducting cavities

Protection of the klystron from reflected power

Control of phase
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1 Construction of the RF System for the European XFEL

European

XFEL | RF System Components Status

| ————

m 26 multi beam - %= A S
klystrons delivered, 19 o m.-\\‘\— ."\‘\.a-? ""“-«;, o
of 22 Thales TH1802, f \ s ’

all Toshiba E3736H ,,_.,»\\\

All HV modulators
delivered and installed

All pulse transformers
and connection
modules delivered

i ‘_\ [/ hﬁ s,
All yvavegwdes \h“ Py "Fﬁ,_,;ﬂ_ )
delivered : , SO

All auxiliary
components delivered

S M v E i : & —
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1 Construction of the RF System for the European XFEL

European

XFEL Injector

Diagnostic section s Injector laser
and emittance measurements Laser heater AH1 A1
18 B g EGH:L-II:IJ!I:I J,'H""J!—jm-iﬁﬁiim%éé'ﬂﬁl ¢_ IItL‘T“_“_“_'_'_“_' :I"j__:r:l:l:l::ll_:llzu_Ji &= Se-fE
S A A A o o s I I 1 VA R e
Long bunch trains/ losses Magnets/ magnet model

Beam direction
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RF Gun RF station:

Cryomodule RF station:

up to 6.5MW at RF Gun (~-8MW generated by the
Klystron max. 10MW), 680us, 10Hz

(taking into account losses in waveguide
distribution system)

1.3MW, 1.38ms, 10Hz (as for main linac, but
one quarter of RF power)

22 June 2016, CWRF2016, Grenoble, France
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1 Construction of the RF System for the European XFEL

European

XFEL|I XFEL Injector first beam

[om,XFEL g erald XFFL Toroidnjsomeiplay.onl XFEL DG CHARGE ML)
m

AFEL INJECTOR TRANSMISSION

December 18, A1 was
operational, electron beam
with 130 MeV transported to §
the dump. :
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1 Construction of the RF System for the European XFEL

European

XFELI Main Linac Installation

22 June 2016, CWRF2016, Grenoble, France . ﬁ HELMHOLTZ
S. Choroba, V. Katalev, DESY . | ASSOCIATION




1 Construction of the RF System for the European XFEL

European

XFELIRF Station in Main Linac
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Construction of the RF System for the European XFEL

szf-'pEL RF Station Components in X




ction of the RF System for the European XFEL

European

RF Station Commissioning
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1 Construction of the RF System for the European XFEL

83 Modules installed in main linac
European 7 RF-Station ready and commissioned

XFEL 15 RF-Station in preparation

| Injector Dogleg | BCO
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1 Construction of the RF System for the European XFEL

European

XFEL | Module Measurement Results

Specification for Waveguide Distribution (WD) production

WD number 063

WD typel Left

Cryomodule name XM70
Cavity number? 1 2 3 4 5 6 7 8
Cavity gradient’, MV/m 15.7 22.2 30.7 23.0 23.8 26.8 31.0 27.3
Cavity power4, kw 59 118 225 127 136 172 230 178

Pwo> &~ 1.2 MW

1 WD position in the RF station [t [[Ra |[ta [[Re
2 Cavity number in the beam direction
3 The smaller number for a pair of cavities will used
4 Cavity power is calculated by MHF-p based on accelerator parameters from XFEL TDR
5 Preliminary estimation of waveguide distribution power
Signed for and behalf of WP01
yau —
B.Yildirim -
Data 08.12.2015
22 June 2016, CWRF2016, Grenoble, France (0@ # neLmnoLtz
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1 Construction of the RF System for the European XFEL

52|°="E|_ Updated Requirements

5.2MW, 1.37ms, 10Hz per RF station
Equal power to 32 cavities (TDR 2007)

Allow for adjustment of power for a pair of cavities
(~2011, proposal to power a pair of cavities assuming
sorting of SC cavities before assembly in modules)

Allow for adjustment of power for each individual cavities
and modules (2014, due to performance difference of
SC cavities within a pair after module assembly)

Allow for adjustment of power for each individual cavities
and modules and for large spread of cavities (2014, due
to performance difference of SC cavities within a pair
after module assembly, large spread)

22 June 2016, CWRF2016, Grenoble, France 555 ﬁ HELMHOLTZ
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1 Construction of the RF System for the European XFEL

European

XFEL] Module Waveguide Distribution

Shunt tee

Fixed phase Asymmetric shunt

sh|fters tee 3.0 dB, 4.77 dB,
|||Q_|

6.0
é | JII || I
Shunt tee with 350k\W \ Waveguide

integrated phase Cerrite 35(:kW Bellow
shifters Load Circulator

22 June 2016, CWRF2016, Grenoble, France ,’E\g;‘-i # veLmmovrz
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1 Construction of the RF System for the European XFEL

European

XFEL] Module Waveguide Distribution (pair of cavities)

_ Shunt tee
Asymmetric shunt

tees with individual metric shunt
coupling gctors tees 3.0 dB=4.77 dB,

G?FZ;B

Fixed phase
shifters

[ | IIIQ_I
_ Shunt tees with 350kW ROk Waveguide
mtegrat.ed phase Eerrite i Bellow
shifters Load Irculator
22 June 2016, CWRF2016, Grenoble, France (a8 # weLmnorz
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1 Construction of the RF System for the European XFEL

curopean | MOdule Waveguide Distribution (individual
XFEL | cavities)

ced oh Asymmetric shunt
XA PNASE  taes with individual
shifters

l couplingﬁctors tees 3.0 0By

G?FZ;B

Shunt tee

metric shunt
77 dB,

|| |IIQ_|
| t tees with 350k\W RO W;v”egwde
mtegrat.e Ferrite e ellow
shifters Load Irculator

Asymmetric shunt tees with
iIndividual coupling factors
(induct. + cap. posts)

22 June 2016, CWRF2016, Grenoble, France (282 # weLmnorz
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1 Construction of the RF System for the European XFEL

curopean | MOdule Waveguide Distribution (individual
XFEL ] cavities and modules)

- Asymmetric shunt
IXEA PNASE tees with individual
shifters

l coupling faitors

L ||

t tees with 350k\W

integrate Ferrite .
shifters Load Circulator
Asymmetric shunt tees with Asymmetric shunt
Individual coupling factors tee with individual
(induct. + cap. posts) coupling factor
22 June 2016, CWRF2016, Grenoble, France ,”;\Eisrg"-‘ # weLmnorz
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1 Construction of the RF System for the European XFEL

curopean | MOdule Waveguide Distribution (individual
XFEL | cavities and modules and large gradient spread)

Asymmetric shunt

FiXﬁ_ﬁj phase  iees with individual
shitters coupllng actors  tees 3.0 OBy
l 6.0 nZB
L7 1

Short circuit

t tees with 350k\W Wavgguide
integrate Ferrite 350kW low
shifters Load Circulator
Asymmetric shunt tees with Asymmetric shunt
Individual coupling factors tee with individual
(induct. + cap. posts) coupling factor

22 June 2016, CWRF2016, Grenoble, France ,”;jgg":‘ # weLmnorz
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RF System for the European XFEL

European

XFEL|]Binary cell with integrated phase shifters

8 types of binary cells — AR, AL, BR, BL, CR, CL, DR, DR — have a power coupling
range 1.6 — 5 dB

Phase dynamic range not less 70 degree

Isolator Tunable shunt tee

Phase shifter

Flexible wg

s —

350 kW Isolator — circulator with integrated load

. Vi - - ‘
Binary cell under test ) Layout of shunt tee with phase shifters

22 June 2016, CWRF2016, Grenoble, France
S. Choroba, V. Katalev, DESY
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1 Construction of the RF System for the European XFEL

European

XFEL | Asymmetric shunt tee and fixed phase shifter

Tunable Asymmetric Shunt Tee
with coupling range 2 — 8 dB Fixed phase shifter
( 2387 mm length
type A (153 mm x 78mm)
type B (156 mm x 78 mm)

>4
to compensate of the phase shift 210 and 160 degree
165,1-12,0
< >
) B
S ¢ [0 0 O )
O O
O O
| O O O | J
a=1651mm
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RF System for the European XFEL

European

XFEL

L LRE HPRF

Acceptance, test and preparation of
subsystems (waveguide components,
cables, cooling system, supports),
specification, assembly, test of ,
waveguide distributions and connection NS ”

4 working places — Binary cell o e : 7 4 "/
assembly and tuning, WD assembly - ~ >

and mechanical adjustment, LLRF and [ o= NS N L LI Z L8
HPRF stand = . ;

12 specific test stands for tuning and
adjustment of WD component (input
geometrical control, air tightness test,
step motor test, WG cleaning and
drying, shunt tee tuning etc.)

Measurement process is automated
Storage place for 6 WD components

Production rate — 2 tailored WD per
week now reached

Connection to modules in AMTF

Components acceptance and test Assembly

22 June 2016, CWRF2016, Grenoble, France .‘7"’\" ﬁ HELMHOLTZ
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1 Construction of the RF System for the European XFEL

European

XFEL

WD and cryomodule at AMTF

WD is connected to cryomodule with special 6 DoF (degree of freedom) setup at AMTF
The cryomodule itself is the support for the WD
WD Installation at cryomodule takes about 7 hours

“m-'-j‘f _ 1—*_"-

= o N

22 June 2016, CWRF2016, Grenoble, France w8 weLmHoLTz

| DESY |

S. Choroba, V. Katalev, DESY \reoe/ | ASSOCIATION



Construction of the RF System for the European XFEL

European

XFEL| Power pattern for different WDs

High Power RF Test Results A =+250 MEV =) 4 new ACC = 5 standard ACC

WD#56  ExreLwp = 247 MeV Estandard = 192 MeV WD#61  ExrFeLwbD = 195 MeV Estandard = 150 MeV

SWR=1.21 Psum=1.7MW  Pavg=23.9kW Freq=10Hz SWR=1.21 Psum=1.1 MW
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1 Construction of the RF System for the European XFEL

European

XFEL | XFEL Waveguide Distribution*

B Max achievable linac energy is 20.1 GeV (theoretically)
B Linac energy with specific waveguide distribution is 19.5 GeV (practically)

M Linac energy with standard waveguide distribution is 15.7 GeV (theoretically)

XFEL RF station layout

Right WD

Tunable shunt tee

Klystron WD

Connecting WD

Data for 22 from 25 RF stations
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1 Construction of the RF System for the European XFEL

European

XFEL]| Summary

The European XFEL requires 27 10MW, 1.4ms, 10Hz high power RF
stations

2 RF Stations of the Injector in operation
7 RF Stations of the Main Linac commissioned
15 RF Stations in preparation

Tailoring of waveguide distributions allows to make use of the maximum
cavity accelerating gradient

The total achievable linac energy will be increased by 3-4GeV
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I - Construction of the RF System for the European XFEL

European

XFEL

Thank you very much for your attention
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1 Construction of the RF System for the European XFEL

European

XFEL ] Spare Transparencies
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1 Construction of the RF System for the European XFEL

European

XFEL ] XFEL RF System

27 RF stations generating high power RF and
distributing it to the cavities of the linac

27 klystrons

Auxiliary power supplies and racks for 27 RF stations
27 preamplifiers

27 RF interlocks

Interlock, control, power and signal cables for 27 RF
stations

Interlock glass fibres for 27 RF stations

27 modulators

27 pulse transformers with connection modules
Complete RF waveguide distribution
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S. Choroba, V. Katalev, DESY ’O ) | ASSOCIATION



1 Construction of the RF System for the European XFEL

European

XFELJ CAD Model of LINAC installation
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RF System for the European XFEL

European

XFEL | Cryomodule Waveguide Distribution layout

Input phase shifter Asymmetric shunt tee Fixed phase shifter Binary cell

g 3

'ﬁ‘;' 4 f
J ﬂfi!@
| !

Compact 2D System to cavities

LLRF waveguide distribution test and tuning at WATF
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1 Construction of the RF System for the European XFEL

European

XFEL] Assembly of Wavegquide Distribution
Waveguides at AMTF

Waveguides
with cooling
tubes at
module during
installation test

,,1.' I 1 it
Waveguides at girder
during installation test
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1 Construction of the RF System for the European XFEL

European

XFEL| XFEL Injector RF Stations

for 2. Injector (optional > e

Station
for RF
un of 1.
Injector

.5‘\i .
s gl
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1 Construction of the RF System for the European XFEL

European I
XFpEL RF Station 1 in Injector on Underground Floor 3 22

O

_—
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1 Construction of the RF System for the European XFEL

European

XFEL | Gun Waveguide Distribution (1)

Klystron Waveguide Distribution IKWD7
= RF Power up to 10 MW &

= Pulse Length O
= Rep. Rate 10Hz

/
/

x Connecting Waveguide Distribution
IGCW7

. Girders and supports designed to

compensate mechanical /
misalignment and thermal expansion \ |

Gun Waveguide Distribution IGWD7
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1 Construction of the RF System for the European XFEL

European

XFEL | Gun Waveguide Distribution (2)

Goal

= To supply the Gun with RF power 6.5

MW (up to 8MW) with high reliability
Features

= No SF6 in tunnel and waveguide distribution

= To increase the power capability of the circulators and the
high power shunt tee before gun the 1.5bar pressurized air
is used

= To increase the waveguide reliability four circulators are
used

= No movable parts inside the waveguides — the waveguide
phasing is controlled by dry air flow

= Waveguide Distribution for Gun has been coarse tuned
with fixed phase shifters only.

= The loss of the waveguide system is about 0.8-0.9 dB

(due to — 0.3 dB waveguide losses, 0.4 dB isolators losses, a up to SMW
0.2 dB phasing losses) Pulse length 0.65ms
= Before the all of power isolators have been tested up to 2 Rate 10Hz

MW for short circuit with two phases (0 and 90 degree)
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1 Construction of the RF System for the European XFEL

European

XFEL | Pulse Transformer Installation

1
|
|
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1 Construction of the RF System for the European XFEL

European

XFEL | Klystron Installation
R -

\-
%
//
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