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XFEL s.c. Cavities
RRR 300 niobiumcavity material

1.038L [m]active length

70[mm]iris diameter

>1010Q0quality factor
1.87Kcc [%]cell-to-cell coupling

23.6Eacc [MV/m]nominal gradient

1,300fRF [MHz]fundamental frequency
TM010, π-modeaccelerating mode
standing wavetype of accelerating structure

RRR 300 niobium

2



XFELThe European
X-Ray Laser Project X-Ray Free-Electron Laser

Hans Weise, DESY
March 26, 2007

XFEL s.c. Cavities
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XFEL s.c. Cavities
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XFEL s.c. Cavities

accelerator gradient   MV/m
30 4020

AC55 AC56
AC57 AC58
AC59 AC60
AC61 AC62
AC63 AC64
AC65 AC66
AC67 AC68
AC69 AC79

1011

0 10
109

1010

30 4020

AC55 AC56
AC57 AC58
AC59 AC60
AC61 AC62
AC63 AC64
AC65 AC66
AC67 AC68
AC69 AC79

1011

0 10
109

1010

23.6 MV/m

un
lo

ad
ed

 q
ua

lit
y 

fa
ct

or

2

RRR 300 niobiumcavity material

1.038L [m]active length

70[mm]iris diameter

>1010Q0quality factor
1.87Kcc [%]cell-to-cell coupling

23.6Eacc [MV/m]nominal gradient

1,300fRF [MHz]fundamental frequency
TM010, π-modeaccelerating mode
standing wavetype of accelerating structure



XFELThe European
X-Ray Laser Project X-Ray Free-Electron Laser

Hans Weise, DESY
March 26, 2007

70 mm
Wakefield excitation is reduced 

W   ~ f 2 W   ~ f 3

XFEL s.c. Cavities
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XFEL s.c. Cavities
1,036[Ω]R/Q

780[ms]fill time
2number of HOM couplers

1KLor [Hz / (MV/m)2)Lorentz force detuning constant
4.6 × 106Qext of input coupler

283[Hz] FWHMcavity bandwidth f / Qext

315[kHz / mm]Δf / ΔL
± 300[kHz]Tuning range
4.26[mT / MV/m]Bpeak / Eacc

2.0Epeak / Eacc

optimized cavity 
shape

Bpeak / Eacc = 4.26 mT / MV/m
Bpeak < 200 mT (Bc @ 2K)
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XFEL s.c. Cavities
1,036[Ω]R/Q

780[ms]fill time
2number of HOM couplers

1KLor [Hz / (MV/m)2)Lorentz force detuning constant
4.6 × 106Qext of input coupler

283[Hz] FWHMcavity bandwidth f / Qext

315[kHz / mm]Δf / ΔL
± 300[kHz]Tuning range
4.26[mT / MV/m]Bpeak / Eacc

2.0Epeak / Eacc

P = ¼ (µ0H2 – ε0E2)

stiffening rings reduce detuning to
kLor ≈ 1 Hz / (MV/m)2

which is still 2 × f / Qext at 23.6 MV/m
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XFEL s.c. Cavities
1,036[Ω]R/Q

780[ms]fill time
2number of HOM couplers

1KLor [Hz / (MV/m)2)Lorentz force detuning constant
4.6 × 106Qext of input coupler

283[Hz] FWHMcavity bandwidth f / Qext

315[kHz / mm]Δf / ΔL
± 300[kHz]Tuning range
4.26[mT / MV/m]Bpeak / Eacc

2.0Epeak / Eacc

ff0 = 1,300,000,000 Hz

Δ f ≈ 280 Hz 780 µs

t
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XFEL s.c. Cavities
1,036[Ω]R/Q

780[ms]fill time
2number of HOM couplers

1KLor [Hz / (MV/m)2)Lorentz force detuning constant
4.6 × 106Qext of input coupler

283[Hz] FWHMcavity bandwidth f / Qext

315[kHz / mm]Δf / ΔL
± 300[kHz]Tuning range
4.26[mT / MV/m]Bpeak / Eacc

2.0Epeak / Eacc

Higher Order Mode excitation 
has to be avoided.
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Auxiliaries – Main Power Coupler

vacuum pumping port

shielded photo 
multiplier

Qext tuning 
actuator

waveguide to coax 
transition

room           
temperature window cold window

bias voltage 
feedthrough

Qext tuning rod

room temperature 
isolating vacuum flange

2 K flange to cavity

4.2 K point

70 K point

antenna

At 20 GeV design energy 120 kW are required for the 650 µs long beam pulse; with 10 Hz rep rate and 720 µs 
filling time the average power amounts to 1.6 kW. 

Qext can be varied in the range of 106 – 107. At 23.6 MV/m the optimum Qext is 4.6 ×106. 

Couplers were tested to transmit 1.5 MW of peak RF power in traveling wave mode and 600 kW /  5 Hz in standing 
wave mode. In a 35 MV/m cavity test, one coupler was operated 2,400 hours at 2.5 kW average RF power.

The two window solution protects the cavity vacuum. Multipacting is suppressed by the coaxial line’s design and 
additional bias voltage (up to 5 kV)

Industrial studies for 1,000 couplers are done at LAL Orsay. Recently the production of 30 couplers was 
supervised and the conditioning done at Orsay with great success. 
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Damping of Higher Order Modes (HOMs)

1 10 100 1000 f [GHz]

0.4 W 0.8 W 2.6 W 1.6 W

modes below 
cut-off

modes above cut-off 
(propagating modes)

1.3 GHzThe spectrum of the electron 
bunch (σz = 25 µm) reaches 
high frequencies up to 5 THz.

The standard accelerator 
module has an integrated 
loss factor of 135 V/pC.

The total power deposited by 
the nominal beam is 5.4 W 
per module.

The design of the HOM 
coupler and the beam pipe 
absorber take into account 
a possible XFEL upgrade 
(more bunches / CW mode).

The HOM coupler was 
tested in CW mode. The 
absorber is specified for 
100 W. 

capacitor of 
notch filter

superconducting 
pick-up loop

capacitive 
coupling

output

HOM coupler

bellows

to 70 K

beam

ceramic

copper stub

beam pipe absorber
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Slow and Fast Tuner

The helium vessel acts as the 
mechanical reference (the 

titanium bellows is not shown)

stepping motor 
with gear box

2 levers

cavity flange

2 beams fixed on 
cavity flange

support of the two 
piezos fixed on  the 

helium tank

Nb cavity

screw-nut 
system flexible piezo

support

Beam on
frequency detuning 
during RF pulse

beam on

The slow tuner compensates for drifts; 400 kHz range , 1 Hz resolution

The fast tuner compensates the Lorentz-Force detuning during the RF 
pulse. It is based and piezo crystals. 
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Accelerator Module (Cryomodule)

cold mass with cavities, magnet / BPM, HOM abs. beam pipe, valve.

module to module connection.

magnet package beam position 
monitor

manual valve

module end group

18



XFELThe European
X-Ray Laser Project X-Ray Free-Electron Laser

Hans Weise, DESY
March 26, 2007

Accelerator Module (Cryomodule)

The XFEL accelerator module 
is based on the 3rd cryomodule
generation tested at the TESLA 
Test Facility and designed by 
INFN.

Already more than 10 cryo-
modules have been built and 
commissioned for the TTF 
Linac.

Length 12.2 m
Total weight 7.8 t

38” carbon steel vessel

300 mm He gas return pipe 
acting as support structure

8 accelerating cavities

cavity to cavity spacing exactly 
one RF wavelength

inter-module cavity to cavity 
spacing a multiple of one RF 
wavelength

one beam position monitor / 
magnet unit

manually operated valves to 
terminate the beam tube at 
both ends

longitudinal cavity position 
independent from the 
contraction / elongation of the 
HeGRP during cool-down / 
warm-up procedure 

16
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2.2 K forward

40 K forward

2 K   2-phase

cavity

2 K return

80 K return

8 K return

RF main coupler

magnet current 
feedthrough

5 K forward

4 K shield

70 K shield

Accelerator Module (Cryomodule)
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XFEL Magnet Package and Cold BPM

At the downstream end of the 
cavity string of each module a 
magnet package and an 
attached BPM is placed.

• a super-ferric quadrupole

• a vertical and a horizontal 
dipole

• BPM is either re-entrant 
(SACLAY design) or pick-up 
(DESY design) type.

Quadrupole to BPM alignment
is 0.3 mm and 3 mrad.

The magnet design is done in 
collaboration with CIEMAT.
The current leads are based on 
the CERN design used at LHC.

19
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XFEL Module Suspension
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0.
4 

km
1.

7 
km

  LINAC

Injector

116 modules
29 RF stations

beam lines 

BC-I

BC-II

Collimation
Diagnostics
Feedback

Beam distr.

0.5GeV

20GeV 

2 GeV

2+1 RF stations

23+2 RF stations

1 RF station

2 RF stations

3rd h., 2 modules

2 – 20 GeV
(23 + 2) x 4 = 100 acc.modules
800 cavities at 21.7 MV/m or
736 cavities at 23.6 MV/m
(23 + 2) RF stations inside tunnel

500 – 2000 MeV
12 acc.modules
96 cavities at 15.1 MV/m or
64 cavities at 22.6 MV/m
(2 + 1) RF stations inside tunnel

100 – 500 MeV
4 acc.mod.
32 cavities at 12.5 MV/m
RF station outside tunnel

XFEL Accelerator Layout Supports Availability
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MOV80Ω100 
µF

C2
2 mF

L2
330 
µH

1400 µF70 kJ

3 H

1:12 Pulse Transformer

L1 10 kV S1

CHARGING

+

+

Klystron

cavities

beams

electromagnet

collector

output 
windows

ceramicmulticathode gun

High Power RF System (Overview)

31 RF stations 
provide            
10 MW peak and 
150 kW average.

3.9 MW are 
required at 
nominal beam 
parameters and 
20 GeV.

Incl. waveguide 
losses (6%) and 
regulation 
reserve (15%) 
5.2 MW.
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High Power RF System (Parameter)

maxnominal

[kW]

[kW]

[Hz]

[ms]

[MW]

[MW]

[MV/m]

[kW]

1.51.38RF pulse duration

10 (50)10repetition rate

250153average klystron beam power

928nbr. of sc cavities in main linac

105.2power per RF station

15071av. RF power during operation

26minimum nbr. of active linac RF stations

2nbr. of installed injector RF station

29nbr. of installed linac RF stations

8.33.9power per 32 cavities

28.523.6gradient

230122peak power per cavity
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Low Level RF Control

mechanical tuner 
(frequency adj.)

D
A

C

D
A

C

ADC

ADC

Low
Level

RF 
System

vector sum

vector 
demodulator

pickup signal

MBK Klystron

vector 
modulator

cavity #1 cavity #8

coaxial coupler

circulator

stub tuner (phase & Qext)

accelerator module 1 of 4
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Low Level RF Control (Requirements)

Amplitude and Phase Stability
Design parameter are based on 

• bunch-to-bunch energy spread

• pulse-to-pulse energy spread

• bunch compression in the injector

• arrival time of the beam at the undulator

The injector RF system needs 0.01% 
amplitude and 0.01 deg phase stability!!!

(stability of photon intensity)

Operational Requirements
Beside field stabilization, the RF system must provide 

• diagnostics for the calibration of gradient and beam phase

• measurement of the loop phase

• measurement of the cavity detuning

• control of the cavity frequency tuners (use fast tuner to correct Lorentz Force detuning) 

• exception handling capability to avoid beam loss and to allow for maximum operable gradient

e.g. cavity quench detection
‘communicate’ with spare RF stations

• correct RF system parameters (feed forward tables) according to variable beam loading

26



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


