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Problem statement
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Typical SASE spectra at LCLS-HXR

• Multi-spike (-mode) pulses
• High intensity (several mJ)
• 10-50 fs long, often chirped
• 10-20 eV wide
• Temporally incoherent
• Wavelength jitter

LCLS-HXR pulse characteristics:

How to improve hard x-ray coherence in XFELs?



Cavity-based x-ray free-electron laser
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See talks by Zhirong Huang, Rachel Margraf, Jingyi Tang

• Natural extension of XFELs analogous to classical lasers
• Two distinctive cases (low gain: XFELO, high gain: XRAFEL)
• Narrow-bandwidth, high-brightness pulses
• Temporally very coherent, better than self-seeding
• Low wavelength jitter

• Hard to build (never been done before for x-rays)
• Challenges in optics, outcoupling, e-beam quality
• Although tunable in theory, not really (very hard to do) 

tunable in practice



XLO concept (2020) – population inversion x-ray laser
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• Based on inner-shell population 
inversion (can be accomplished with an 
XFEL pump, yes, still need an XFEL)

• Low intensity (several uJ)
• 10-50 fs long, transform limited
• No wavelength jitter due to laws of QM
• PoP: 8 keV Cu K alpha1

Previous work on population inversion  X-ray 
amplifiers by Yoneda (SACLA), Rohringer
(LCLS), Bergmann (LCLS), Kroll (LCLS) paved 
the way for this research program



Modelling of XLO – general considerations
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Approach in 1D FEL theory:

- Substitute electron distribution (*) into Vlasov equation (**)
- Calculate field evolution using SVEA Maxwell’s equation (***)
- (Optional: recirculate in a cavity)

Approach in 1D Maxwell-Bloch theory:

- Write down Maxwell’s equation for polarized medium (SVEA) (*)
- Express polarization with dipole moment of 2 (n) level system (**)
- Evaluate dipole moment solving von-Neumann/Bloch equations (***)
- Recirculate in a cavity

Initial value challenge: charged particles sampling Initial value challenge: correct fluorescence statistics

𝜓 𝜂, 𝜃,𝑍 ൌ 2𝜋𝑁ఒ ෍𝛿 𝜂 െ 𝜂௝ 𝛿ሺ𝜃 െ 𝜃௝ሻே೐
௝ୀଵ𝑑𝜓𝑑𝑍 ൌ 𝜕𝜓𝜕𝑍 ൅ 𝜕𝜂𝜕𝑍 𝜕𝜓𝜕𝜂 ൅ 𝜕𝜃𝜕𝑍 𝜕𝜓𝜕𝜃 ൌ 0

𝜕𝜓𝜕𝑍 ൅ 2𝜂 𝜕𝜓𝜕𝜃 െ 𝐷ଶ 𝐴𝑒௜ఏ ൅ 𝑐. 𝑐. 𝜕𝜓𝜕𝜂 ൌ 0𝜕𝐴𝜕𝑍 ൅ 𝜕𝐴𝜕𝜃 ൌ 𝐷ଵ𝑒ି௜ఏ׬ 𝜓 𝜂, 𝜃,𝑍 𝑑𝜂

(*)

(**)

(***)
𝝆ሶ ൌ 1𝑖ℏ ሾ𝐻,𝝆ሿ

𝜕𝐴ሺ𝜃, 𝑧ሻ𝜕𝑧 ൌ 2 𝜋 𝜔 𝑖𝑐 𝑃ሺ𝜃, 𝑧ሻ (*)

𝑃 𝜃, 𝑧 ൌ 2 𝑛 ෍𝜇௜𝜌௜ 𝜃, 𝑧 𝑒 ఠିఠ೔ ఏ௜ (**)

(***)

see talk by Kwang-Je Kim



Modelling of XLO – development of 3D code
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https://arxiv.org/abs/2303.00853
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This effort is comparable to writing a 3D 
time-dependent FEL code from scratch



Modelling of XLO – single pass effects
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• Similar to FEL and other lasers, this process has 3D effects due to non-linearity of the gain

Non-linear gain as a function of r (ideal sim.) Spatial coherence as a function of target thickness Spectral-angular-temporal properties



Modelling of XLO – cavity recirculation
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Pass 1

Pass 4

Pass 1

Pass 4

Transform-limited pulse



Field propagation in z
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Using split-operator method from QM:

Need special treatment for propagating 
inside the cavity by removing the 
quadratic phase component𝜀 𝑧 ൅ 𝑑𝑧 ൌ 𝜀′ 𝑧′ ൅ 𝑑𝑧′ ∗ 𝐹𝑊ሺ𝑧, 𝑧′ሻ

to be published soon



XLO cavity first prototype at LCLS-CXI end-station
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KB tank

C1

C3
C2

C4
Sample chamber

October, 2022

Time of flight is 35 ns



First experimental results

SECTION TITLE AND/OR DEPARTMENT 12LCLS two-pulse mode (35 ns)

Gain medium damage

noise level



Development of XLO gain medium
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Liquid jets –
not a very 
good option 
(v1)

It is hard to move 200 um 
jet with 300 m/s

Solid copper disk 
– a better option 
(v1.2)

Paper accepted in Review of Scientific Instruments



LCLS multi-bunch improvement

14

Single pulse (2020 - 2021)

RMS orbit jitter – 5-10 micron

Two e-beam trajectories 35 ns apart (2021)

Decker, F.-J. et al, Tunable x-ray free electron laser multi-pulses with nanosecond separation
Scientific Reports, 12, 3253 (2022)

(2022)

• Initial RAFEL gain demonstration will be done with 2 pulses, 35 
ns apart

• XLO in saturation will require 4 and 
possibly more pulses. A Multi-pulse R&D 
program is currently underway at SLAC

TEM striplines installed during winter 2021/2022

Fast diode waveform
Up to 1.3 mJ total!

• Multi-bunch control with TEM striplines



XLO cavity alignment
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Alignment process can be characterized in this diagram

Need high quality crystals ->

Cavity efficiency (after initial 0-th roundtrip)

Alignment of a rectangular cavity 
at 10 keV is presented here



XLO-II (operation with LCLS-II-HE)
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• Since we operate in high gain regime, we can recirculate the radiation in the cavity a number of times

Diamond Bragg angle, B(deg)  (rad)  (meV) / 10-6  (fs)
311 45.7 9.6 75.4 9.4 23.9
400 59.8 14 65.6 8.1 27.4
331 70.3 13 37.4 4.7 48.1

• In this case, the limitations are:

 losses in the cavity per turn (need to consider 
diamond crystals instead of Silicon)

 Pulse intensity of LCLS-II-HE
 Average heat load on optics (<200 W)



Conclusions and outlook

• XLO is a vibrant collaboration aimed to build and commission the first population inversion x-ray laser oscillator 
(funded by BES-DOE)

• In our first experiments we made significant progress. The initial results show no roadblocks, but more work is 
still to be done

• The main challenges for building XLO are the gain medium damage and the intra-cavity focusing, outcoupling, 
alignment

• XLO will be an important addition to the existing or planned coherent X-ray sources, with interesting pulse 
properties.  We are looking now at its applications for advanced x-ray imaging and fundamental optics studies.

• Operation of XLO using LCLS-II-HE/X operation will provide a high repetition rate, up to 10 kHz, fully coherent, 
X-ray laser oscillator

• Design of first experiments is underway

SECTION TITLE AND/OR DEPARTMENT 17



<<
  /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


