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 1984, R. Colella & A. Luccio
 First propose to use Bragg crystal for x-ray cavity

 2008, K.-J. Kim Y. Shvyd’ko & S. Reiche
 Propose to use energy recovered linac beam

 2010, 2011, Y. Shvyd’ko et al.,
 Demonstrate high reflection near normal incidence

 2015+, SLAC, EuXFEL, SHINE etc
 Proposal of SRF-linac based XFELO
 Proposal of DLSR-based XFELO

 2020+
 2023, SLAC, cold cavity demonstration
 2025, EuXFEL, lasing demonstration

R. Margraf et al., Nature Photonics 17 (2023)

Patrick Rauer et al., available at Research Square 
[https://doi.org/10.21203/rs.3.rs-7274597/v1]



Scientific opportunities
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Ultra-high spectral brightness
Ultra-fine spectral  resolution



Drivers of an XFELO

R. Hajima et al., FEL2012 P. Rauer et al., PRAB, 2023 Y. Li et al., PRAB, 2023

ERL SRF linac DLSR

Emittance √ √ √

Energy spread 1e-4 1e-4 1e-3

Peak current 100s A 100 – 1000 A 10s A

Rep. rate 1-100MHz 1 MHz 100 MHz

Availability x EuXFEL, LCLS-II, (SHINE) （√）
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DLSR based XFELO

 R. Lindberg et al., 2013
 PEP-X parameter
 Bypass line
 Fast kicker

 Y. Li et al., 2023
 PETRA-IV parameter
 Long straight section
 Current enhancement

Transverse Gradient 
Undulator (TGU) for 
large energy spread

10



TGU gain in a 6m straight section

Eph B [T] 𝜼𝜼 [cm] 𝜷𝜷𝒙𝒙/𝜷𝜷𝒚𝒚 [m] 𝒁𝒁𝑹𝑹𝒙𝒙/
𝒁𝒁𝑹𝑹𝒚𝒚 [m]

TGU 𝜶𝜶
[m-1]

detune Gain

6 keV 1.237 1.04 4/4 4/4 140 2.01 0.52

8 keV 0.986 1.24 4/4 4/4 140 2.02 0.34

10 keV 0.798 1.51 4/4 4/4 140 2.03 0.21

 𝑰𝑰𝒑𝒑𝒑𝒑：240 A，𝝀𝝀𝒖𝒖：18 mm, 𝑳𝑳𝒖𝒖： 5 m,  𝐸𝐸𝑏𝑏： 6 GeV Analytical formula from Y. Li et al.
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Parameter sensitivity of TGU gain

 Linear with undulator length，peak current 
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XFELO in a 6m straight section

Parameter Value Parameter Value
Undulator length  [m] 5 Undulator period [cm] 1.8

Cavity length  [m] 30 Undulator field [T] 1~1.5
Rep. rate [MHz] 10 TGU 𝛼𝛼 [𝑚𝑚−1] 140

 The HEPS accelerator complex 

 Short undulator, short optical cavity, high rep. rate
13



Simulation challenge

𝜆𝜆𝑟𝑟 = 1 𝐴𝐴, 𝑙𝑙𝑠𝑠= 300 𝜆𝜆𝑟𝑟

𝜎𝜎𝑧𝑧 = 5 𝑚𝑚𝑚𝑚

 Single pass FEL process

 Field propagation & filtering

 Ring tracking

Resolving slippage and whole bunch length requires > 106 slices

Same number of field slice, bragg reflection process

Compatability of Genesis & Elegant

Hundreds of pass or even more

14



A (maybe over-) simplified model

 FEL process Bragg filtering  Ring tracking

15

 One turn map
 Damping
 RF focusing

Update beamUpdate field



A (maybe over-) simplified model
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 In-cavity pulse energy evolution

 300uJ peak in cavity
 10uJ peak output
𝟔𝟔 × 𝟏𝟏𝟏𝟏𝟗𝟗

ph./pulse within 
30 meV

Parameter Value

Beam

Beam energy [GeV] 6

Peak current [A] 240

Coupling 0.06

𝜀𝜀𝑥𝑥/𝜀𝜀𝑦𝑦 [pm] 32/2

TGU

Undulator period [mm] 18

𝛼𝛼 [m-1] 131

Number of periods 280

Estimated gain 0.21

Photons

Photon energy 9.83keV

Total loss (loss + 
outcoupling)

11%
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 In-cavity pulse energy evolution

 300uJ peak in cavity
 10uJ peak output
𝟔𝟔 × 𝟏𝟏𝟏𝟏𝟗𝟗

ph./pulse within 
30 meV

 Assuming 50ms for beam to damp  
 20Hz

 Limit passes above 1uJ output
~200 bunches 

 4k Hz with 𝟔𝟔 × 𝟏𝟏𝟏𝟏𝟖𝟖 ph./pulse

 For comparison, LCLS-II 8 GeV linac
beam based simulation:

 1 MHz with 1× 1010 ph./pulse
Weilun Qin, FEL2017, TUC05



A (maybe over-) simplified model
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 Spiky profile and spectra
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 Spiky profile and spectra
FEL2017, TUC05



A more involved model：Genesis + Bright + Ring
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 Genesis BRIGHT  Ring tracking

Update field

 Ignore slippage, large sampling
 Each slice has same 8192 particles
 Dump field file
 Dump beam distribution

 One turn map
 Damping
 RF focusing

Resampled 
distribution

 More realistic FEL process and field handling



Performance 
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 In-cavity pulse energy evolution
 ~ 1 day run time with 1e4 slices

 Similar level of saturation pulse energy
 Start-up takes longer time
 Saturation is slower 

 Total pulse energy higher mainly due to 
a different reflection used. 600uJ peak in cavity

 20 uJ peak output



Performance 
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 Relatively good agreement with simplified model



What can we do with it? 

23
 In our case: 4k Hz, 1uJ, 30meV  8 × 𝟏𝟏𝟎𝟎𝟏𝟏𝟑𝟑 ph/s/eV

 4k Hz, 350uJ, 2eV
 5 × 𝟏𝟏𝟎𝟎𝟏𝟏𝟏𝟏 ph/s/eV



In real life, challenges in all aspects
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 Undulator: Short period, high field, high transverse gradient

 Wavelength coverage  Technology for high transverse gradient?
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 Bragg cavity: very low loss, stable at 10 MHz rep. rate

 Round trip loss < 10%

 Thermal response at 6keV, 50uJ, 2.25MHz XFEL pulse

S. Liu et. al., Nat. Photonics (2023)



In real life, challenges in all aspects
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 Ring: high peak current operation

 HEPS lattice, with only 500MHz cavity, with impedance, single bunch limit
Data from Haisheng Xu



Summary
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 Ring-based XFELO produces high flux hard x-ray 
photons within 10 meV level bandwidth, this can 
enable new applications  that requires high spectral 
flux

 We studied the possibility to implement XFELO in a 6-
m long straight section, analysis indicated 108 to 109
ph./pulse output at 10keV  within 30meV bandwidth.

 Requirements on the electron beam and x-ray cavity 
place big challenges to undulator technology, x-ray 
optical elements, and ring dynamics.
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 Ring-based XFELO produces high flux hard x-ray 
photons within 10 meV level bandwidth, this can 
enable new applications  that requires high spectral 
flux

 We studied the possibility to implement XFELO in a 6-
m long straight section, analysis indicated 108 to 109
ph./pulse output at 10keV  within 30meV bandwidth.

 Requirements on the electron beam and x-ray cavity 
place big challenges to undulator technology, x-ray 
optical elements, and ring dynamics.

 Thanks for your attention!


	Proposal of An X-ray Free-Electron Laser Oscillator based on Diffraction Limited Storage Ring
	Outline
	A brief history of XFELO
	A brief history of XFELO
	A brief history of XFELO
	A brief history of XFELO
	A brief history of XFELO
	Scientific opportunities
	Drivers of an XFELO
	DLSR based XFELO
	TGU gain in a 6m straight section
	Parameter sensitivity of TGU gain
	XFELO in a 6m straight section
	Simulation challenge
	A (maybe over-) simplified model
	A (maybe over-) simplified model
	A (maybe over-) simplified model
	A (maybe over-) simplified model
	A (maybe over-) simplified model
	A more involved model：Genesis + Bright + Ring
	Performance 
	Performance 
	What can we do with it? 
	In real life, challenges in all aspects
	In real life, challenges in all aspects
	In real life, challenges in all aspects
	Summary
	Summary
	Summary

