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From SR to fully coherent radiation

Synchrotron Radiation is incoherent with random distribution beam
Fully coherent radiation is the SR with microbunched beam 
The key to generate microbunching is to modulate the beam with 

seed laser



How to generate microbunching

Coherent Harmonic Generation Echo-enabled Harmonic Generation



Angular dispersion induced microbunching
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 Bunching factor is determined by the initial y’
 Lattice is relative simple
 Energy modulation can be much smaller than the initial energy spread, 

which means very low laser power is required

1 0Dh 

0b  

Chao Feng, Zhentang Zhao, Scientific reports, 7, 4724 (2017) 

High rep-rate seed laser with 
current available technology



Coherent radiation scheme: CHG vs ADM
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Angular-Dispersion induced Microbunching (ADM)

Coherent Harmonic Generation (CHG)
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For the normal CHG, the width of the current 
spike:

For the ADM:

bn is determined by y’.

Energy modulation can be much smaller

Requirement on the seed laser is 3 orders of magnitude lower.



Storage ring based coherent radiation
Coherent Harmonic Generation Echo-enabled Harmonic Generation

Challenge:  high requirement for seed laser and energy spread degradation



Storage ring based coherent radiation
Angular-Dispersion Microbunching Modulation anti-Modulation

Challenge:  sensitive to the lattice and scheme complex



Novel concept: ADM + ERL

 Merits of ERL:
• High quality electron beams with R2F
• Always fresh electron beam
• High repetition rate

 Demerit of ERL
• Low achievable average current (tens of mA) and peak 

current (<100A), so no high-gain at short wavelength
 Reasons for Implementing ADM on ERL

• Less requirements of ADM on the seed laser power and 
electron beam current

• Generate high repetition rate, high average brilliance and 
fully coherent pulse

 The brightness of ERL with ADM would be over 1025 (phs/s/mm2/mrad2/0.1%BW), which is 103~4 times higher than
that of DLSR with the same beam energy

 The average power can be over 100W at 13.5 nm



ERL based multi-pointing fully coherent light source

Injector:
DCgun+buncher+2cell CM
77pC, 0.5um, 15A, 15MeV 

R2F:
Skew quadrupole
0.5um => 5/0.05um

Main linac:
9cell 1.3GHz CM, 90m, 600MeV

3.9GHz CM:
Compensate nonlinear
energy spread

3.9GHz CM:
Compensate
energy chirp

180° arc:
Preserve beam 
quality, compression 

Dump:
Energy recovery(97%)

ADM:
B+M+D+R
13.5nm, 100/19W

Multi-pointing:
4DBA, B+Q+S
8mrad in total, 5 time R



ERL based multi-pointing fully coherent light source

Fully Coherent Radiation 

Synchrotron 
Radiation 

Synchrotron 
Radiation 

Energy Recovery



Round to flat technique (R2F)
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Evolution of beam normalized emittances  along the beam line

Example of the transformation of the incoming angular-momentum-dominated 
round beam into a flat beam.
Top row: measurements; bottom row: corresponding numerical simulations.

 Flat electron beams:
• Beams with large transverse emittance ratios
• Enhance the microbunching of ADM

 Generate a flat beam directly out of a photoinjector:
• Immerse the photocathode in an axial magnetic field to generat a 

magnetized beam.
• After acceleration, use three skew quadrupole to transform the 

beam into a flat beam.

the normalized uncorrelated 
emittance of the magnetized 
beam prior to the transformer

Piot, P., Sun, Y.-E. & Kim, K.-J. Photoinjector generation of a fat electron beam with transverse emittance ratio of 100. 
Phys. Rev. ST Accel. Beams 9, 031001. https://doi.org/10.1103/PhysRevSTAB.9.031001 (2006).



Lattice for the Arc

Emittances evolution of the half arc(left) and the layout and optical function of one TBA cell(right).

Longitudinal phase space of the electron beam in high-flux mode (left) and high-resolution mode
(right) at the entrance of undulator

Parameters Value units
Energy(injector) 15 MeV
Energy(linac) 600 MeV
Nor. Emittance(injector) 0.5 μm
Nor. Emittance(linac/und.) 5/0.05 μm
Bunch charge 77 pC
Pulse duration(linac) 4 ps
Pulse duration(undulator) 0.7/4 ps
Peak current 100/15 A
Relative energy spread 0.1 %
DC gun voltage 550 kV
Repetition rate 1.3 GHz
Drive laser duration 20 ps
Drive laser spot size 0.5 mm
Bend angle in the arc 30 °



• Adjust the phase/amplitude of the linac to optimize the beam 
energy chirp, the beam will be compressed in the arc section.

High flux & high resolution mode

Long pulse duration (15A, 4ps)

High peak current (100A, 0.7ps) 

high flux mode

high resolution mode

density modulation and bunching factors at various harmonics of the seed laser

~257nm seed laser 
from forth harmonic 
generation of the 
fiber laser



High flux & high resolution mode

Radiation pulses and spectra at the exit of the radiator with 
high-flux mode (up) and high-resolution mode (down).

 high-flux mode (suitable for EUV lithography)
peak power: 120kW   
spectral bandwidth: 3.5meV
average output power: 100W
average brightness: 1025 phs/s/mm2/mrad2/0.1%BW

 high-resolution mode (suitable for ARPES): 
radiation pulses length: 6ps
spectral bandwidth: 0.4meV@13.5 nm
average output power: 19W



Multi-pointing system



Multi-pointing system

The twiss functions (left), emittance evolution (middle) and vertical beam size evolution (right)

Longitudinal phase space and bunching factor of the beam after four times bending system



Multi-pointing system

Power distribution Spectra 



3GeV single turn ERL light source
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Schematic layout of a 3 GeV single turn ERL light source

Main beam parameters of the 3 GeV 
single turn ERL light source

 The recirculating loop has a long straight section (about 
500 m) and two 180˚ arcs (570 m long per arc). 

 Each arc comprises 18 periodical TBA cells which are 
isochronous. The emittance evolution (left) and the optical function in each TBA cell (right)



3GeV multi-turn ERL light source

2
0

A possible layout for a fully coherent x-ray light source based on ERL

 Multi-turn acceleration and deceleration can reduce  the scale of the high 
energy ERLs significantly  

 Half of the electron bunches are seeded in the  1.5 GeV ring and generate 
EUV coherent radiation

 Another half of the electron bunches are accelerated twice to 3GeV for  X-
ray radiation generation

The emittance evolution (left) and the optical function in each TBA cell (right)

250m

220m

570m

 main issue:  the maintenance of the beam quality 
as the electron beam passes through the 1.5 GeV 
ring

 3D simulation results show that the quality of the 
electron beam can be well maintained to generate 
high repetition rate coherent x-ray pulses



 We report a new method for high repetition rate fully coherent pulse generation by 
taking fully advantages of the ERL and ADM.

 The proposed light source holds the merits such as fully coherent radiation with a 
brightness 5–6 orders of magnitude higher than that of a DLSR with the same beam 
energy, and much higher repetition rate comparing with an FEL. 

 We also propose two future ERL light sources to generate fully coherent EUV and X-ray 
radiation, and consider a multi-point radiation emitting system consists of DBAs and 
radiators to support multi-user operation.

 However, limited by the photoinjector and the HOM BBU effect, the 100-mA-level 
average current is a big challenge. Meanwhile, dominated by the injector,  the energy
jitter, temporal jitter and the temporal stability might become larger than storage rings.

 The ADM technique has not been experimentally demonstrated yet, but a proof-of-
principle experiment of ADM is under preparation at the Shanghai Soft X-ray FEL facility.

Summary



Thank you!



<<
  /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


