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Concept of UK XFEL
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UK XFEL. General concept
 Transform-limited operation across the entire X-ray range 

(initial focus on 0.1 – 20 keV and 100 as – 100 fs).
 High efficiency facility, with a step change in the 

simultaneous operation of multiple end stations.
 Evenly spaced, high rep. rate pulses to match samples and 

detectors.
 Improved synchronisation/timing data with external lasers to 

< 1 fs.
 Widely separated multiple colour X-rays to at least one end 

station.
 Full array of synchronised sources: XUV-THz, e-beams, high 

power & high energy lasers at high rep. rate.

B.L. Militsyn, FLS2023, Lucerne, Switzerland,  28.08-01.09 4

See also TU4P13 “An Introduction to the UK XFEL 
Conceptual Design and Options Analysis”, D. Dunning et 
al.



Typical requirements to the beams 
for next generation FELs

Wavelength of a photon with given energy is defined as:𝜆 ൌ ℎ𝑐𝑒𝑈
That gives 62 pm at U=20 keV (HXR) and 13.4 nm for U=100 eV (SXR)
For generation of photons with these energies by standard SASE schemes 
geometrical slice emittance of the electron beam at the entrance to the undulator 
may be estimated as: 𝜀 ൌ ఒସగ  or 𝜀௡ ൌ ఉఊఒସగ𝜀௡ ൌ 1.9 𝑚𝑚 · 𝑚𝑟𝑎𝑑 for generation of 100 eV photons with 1 GeV beam energy and𝜀௡ ൌ 0.078 𝑚𝑚 · 𝑚𝑟𝑎𝑑 for generation of 20 keV photons with 8 GeV beam
Bunch charge 100-300 pC Peak current 3 kA
Bunch repetition rate 1+ MHz RMS energy spread ≤1.0·10-4

Average current 0.3+ mA
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Generation of the high brightness beams

 Before injection into the FEL undulator high brightness electron beam:
• Emitted from photocathode with as low emittance as possible
• Accelerated to MeV scale energy in the gun to preserve low emittance
• Longitudinally compressed to the length, necessary for injection into the booster linac

and accelerated to the energy of emittance dominated regime
• Accelerated and compressed until required energy and length necessary for FEL 

generation 

 We will consider first two stages of this process
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Electron emission in the RF gun
Emittance of the beam emitted from the photocathode in photoinjector is defined by laser beam 
transverse size and structure and Mean Transverse Energy (MTE) which is defined by property of the 
photocathode and laser pulse energy: 𝜀௡,௥௠௦ ∝ 𝑟2 𝑀𝑇𝐸𝑚𝑐ଶ ൅ 𝑘𝑇2𝑚𝑐ଶ𝑀𝑇𝐸 ൌ ℎ𝜈 െ 𝜑௘௙௙3at ℎ𝜈 െ 𝜑௘௙௙~1.0 𝑒𝑉, normalise RMS emittance at room temperature 𝜀௡,௥௠௦~0.41𝑟
FEL injector typically operate with “cigar emission” when  

For “cigar” emission  𝑟 ൌ  ଽொଶఛூబ మ య⁄ ௠௖మ௘ா೐೘೔೟  ∝ ொమ యൗா೐೘೔೟
D. Filippetto et al., Phys. Rev. ST 
Accel. Beams 17, 024201 (2014)

G. Shamuilov et al., Appl. Phys. 
Lett. 113 204103 (2018)
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Photocathodes for RF photoinjectors
Material Wavelength Quantum 

Efficiency
Robustness World Expertise Application

High Work Function Metals 
(Cu, Mo, Nb) UV 10-5 High High NCRF high 

field guns
Te-based (Cs2Te) UV 0.05 – 0.1 Medium-High High NCRF high 

field guns
Low Work Function
Metals (Mg) UV 10-4 – 10-3 ?? Medium Low Field

SRF guns
Reduced Work Function 
Metal Oxides (MgO) Blue ?? Medium-Low Low N/A

Sb-based (Cs2KSb) Green 0.05 – 0.1 Medium High Low/Medium field 
VHF/SRF guns

GaAs IR-Green 0.001 – 0.4 Low High DC/Polarised guns
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Photoemission from Cs2Te – potential 
photocathode for CW XFELs

Klaus Floettmann, “Notes on the thermal emittance of electrons emitted by 
Cesium-Telluride photo cathodes”, TESLA FEL-Report 1997-01

𝜀௡,௥௠௦ ൌ 𝑟2 2𝐸௞௜௡3𝑚଴𝑐ଶ
where𝐸௞௜௡ ൌ 𝐸௙ െ𝐸ீ െ𝐸஺ ൌ 0.55 𝑒𝑉
that gives𝜀௡,௥௠௦ ൌ 0.85σ
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Photocathode:
MgO on Ag(100)

WF [eV] QE @ 266 nm
Ag(100) 4.36 ± 0.05 1.1 x 10-4

MgO/Ag(100) 3.40 ± 0.10 9.2 x 10-4

• MgO film of around two monolayers 
reduced the WF by ~1 eV

• Spectral response shown up to 360 nm
• 3rd harmonic of Nd:YVO4 laser

• QE increase at 266 nm by a factor of eight

https://doi.org/10.1063/5.0124528

Reduced Work Function Photocathodes: 
Ultra-thin Metal Oxide Films

Courtesy  L.B. Jones & Co
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Beam acceleration in the gun

 Maximum cathode electric field achievable in RF injectors directly linked 
with cavity frequency
 Breakdown field limited by Kilpatrick criterion: 𝑓 𝑀𝐻𝑧 ൌ 1.64 ൉ 𝐸0 𝑀𝑉 𝑚ൗ ଶ · 𝑒ି଼.ହ/ா଴ ெ௏ ௠ൗ
 RF average and peak power dissipation

 Possible technologies for pulsed operation
 High frequency (S-,C-,X- bands) NCRF guns

 Possible technologies for CW operation
 DC photoinjectors
 Normal Conductive RF photoinjectors with a frequency of about 200 MHz (VHF)
 Superconducting RF photoinjectors
 Thermionic injectors
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RF guns of operational FELs

Facility Technology Number 
of cells

Operation 
mode

Bunch 
repetition 

rate, Hz

RF 
frequency, 

GHz

Cathode 
field, 

MV/m

LCLS NCRF 1.6 Pulsed 120 2.856 115

SwissFEL NCRF 2.6 Pulsed 100 (400) 2.856 100

PAL-FEL NCRF 1.6 Pulsed 60 2.856 120

EuXFEL NCRF 1.6 Train-Pulsed 10x2700 1.3 50-60

ELBE SRF 3.5 CW 50000-
250000

1.3 22
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LCLS gun scheme

PAL-FEL gun

ELBE SRF gun

EUXFEL L-band gun

SwissFEL 2.6 cel gun



Modern trends in the development of electron 
guns for XFELs
 Extra high cathode field high brightness pulsed photocathode guns

 Increasing photocathode field as high as possible, typically higher than 120 MV/m
 Development of the guns in S-, C- and X- bands
 Cryogenic NCRF guns
 Typically metal photocathodes

 High cathode field SRF CW photocathode guns
 L-band TESLA type cavities
 Operation at a field of 40-50 MV/m
 Operation with low work function metal and/or Cs2Te photocathodes

 Low cathode field CW SRF and NCRF photocathode gun
 Operation at a cathode filed of 20-30 MV/m
 Operation with low work function metal or alkali (Te and Sb) photocathode
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Potential normalized slice emittance of the RF 
guns

* - injector with DC gun and 186 MHz buncher
** - injection at maximum field

Photocathode gun 
technology

Operation 
mode

Photoinjector 
operational 

frequency, MHz

Cathode field, 
MV/m

Emission pulse 
length, ps

20 50 100 300

DC* CW DC 10 149.34 28.1 51.8 82.3 171.1
Q-wave SRF CW 112 20 248.02 10.0 18.5 29.3 61.0
Q-wavae NCRF CW 186 20 149.34 14.1 25.9 41.1 85.6
Q-wave NCRF CW 186 30 149.34 9.4 17.3 27.4 57.0
Q-wavae SRF CW 217 30 128.01 10.4 19.1 30.4 63.2
L-band SRF CW 1300 40 21.37 25.7 47.4 75.2 156.4
L-band NCRF Train-pulsed 1300 60 21.37 17.1 31.6 50.1 104.3
S-band NCRF Pulsed 3000 100 9.26 18.0 33.1 52.5 109.3
C-band NCRF Pulsed 6000 200 4.63 14.3 26.3 41.7 86.7

Normalised beam emittance, nm·rad at bunch 
charge, pC**
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H shape coupler

Cathode plug

Gun Cavity

RF probe

Cooling channels

Bucking coil Main solenoid

Phase adjustment screw

Waveguide split/pumping

Cathode plug

Daresbury 400 Hz High Repetition
Rate Gun (HRRG)



HRRG commissioning status
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YAG4YAG4

• HRRG has been recently commissioned at a field 
of 70 MV/m and demonstrated 100 pC bunches 
following with a repetition rate of 100 Hz. 

• The beam was delivered by hybrid Cu-Mo 
photocathode with QE=2.2·10-4

VC YAG1



Under development for LCLS-II and SHINE FELs. 
Most recent results have been presented in the presentations
 MO3A1 – Dong Wang, “Progress on SHINE machine” 
 MO3A3 – Daniel Gonnella, “Status LCLS-II Superconducting linac” 

where first LCLS-II lasing was reported

Our congratulations to the LCLS-II team!!!

NCRF VHF photocathode guns

Rev. Sci. Instrum. 90, 033304 (2019)
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SRF L-band photocathode gun, HZB

doi:10.18429/JACoW-IPAC2018-TUPML053
Cavities for operation with Cs2KSb photocathodes
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SRF Quarter Wave photocathode gun, BNL

DOI: 10.1103/PhysRevLett.124.244801

Units

Parameters Value

Gun Voltage, MV 1.25

Charge per Bunch, pC 100-20,000

Average Beam Current, mA @ 1500 pC 0.15

Normalized transverse RMS slice emittance @ 100 pC, mm-mrad 0.15

Normalized transverse RMS projected emittance @ 100 pC, mm-mrad 0.3

Longitudinal RMS slice emittance @ 100 pC, keV-ps 0.7

Quantum Efficiency, % 1-4

Operates with Cs2KSb photocathodes
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Wisconsin SRF gun. Design

R. Legg et al. IPAC2012, MOPPP045
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Quarter wave cavity SRF gun

J.W. Lewellen, NAPAC2022, WEPA03
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Concept of  UK XFEL Low Energy Beamline

Subharmonic
VHF/SRF gun

Subharmonic 
buncher

(Subharmonic) booster
Magnetic compressor

Main frequency linac

Beam diagnostic line

To main 
linac

Some RF linearization and 
laser heater may be required
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See also TU4P12 “Injection into XFELS, a review of trends 
and challenges”, Can Davut et al.

𝛾 ൌ 2𝐼𝐼஺ · 1𝛾′𝜀௡
For 𝐼 ൌ 15 𝐴, 𝜀௡ ൌ 0.078 𝑚𝑚 · 𝑚𝑟𝑎𝑑 𝑎𝑛𝑑 𝛾ᇱ ൌ 39 ଵ ௠⁄  20 ெ௘௏ ௠⁄  𝛾 ൌ 580,𝐸 ൌ 296 𝑀𝑒𝑉



GPT simulation of 300 pC beam in the 30 MV/m 
186 MHz VHF gun
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Courtesy Suzanna Percival



Conclusions
 New  XFELs projects are dedicated for generation of photons with an energy of 20keV and higher that requires 

extra high brightness electron beams to limit energy of the drive linacs
 Some of the project including UKXFEL also require repetition rate of the photon pulses of 1 MHz and higher
 Existing injector technologies do not allow to meet these two requirements simultaneously. So photoinjector

R&D should be concentrated on two directions:
 Development of extra high brightness high field photocathode guns for operation in pulsed mode
 Development of high brightness high repetition rate injector for operation in CW mode. That may be reached by 

two ways
 Development of high frequency medium field SRF photocathode guns. That requires

 Design of RF cavities and photocathode infrastructure
 Development of low dark current photocathodes which are able to operate in SRF gun environment and deliver mA 

scale average current 
 Development of NCRF and/or SRF VHF low field photocathode guns

 In case of use SRF cavities resolve the same photocathode problem as for high frequency SRF guns
 Development of the emittance preserving compression technologies which would allow for delivering high brightness 

beam into the main drive linac

B.L. Militsyn, FLS2023, Lucerne, Switzerland,  28.08-01.09 24



Acknowledgement
 Axel Neumann, HZB
 Feng Zhou, SLAC
 Houjun Qian, DESY
 Irina Petrushina, BNL
 Luca Cultrera, BNL
 Masahiro Yamamoto, KEK
 Olga Tanaka, KEK
 Rong Xiang, HZDR
 Thorsten Kamps, HZB

 Can Davut, The University of Manchester
 Dave Dunning, ASTeC
 Lee Jones, ASTeC
 Oznur Apsimon, The University of Manchester
 Suzanna Percival, ASTeC

B.L. Militsyn, FLS2023, Lucerne, Switzerland,  28.08-01.09 25



Thank you

Facebook: Science and 
Technology Facilities Council

Twitter:@STFC_matters YouTube: Science and 
Technology Facilities Council



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 true
  /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

  /CreateJDFFile false
  /Description <<
    /ENG ()
    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.000 791.000]
>> setpagedevice


