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Outline

1. Overview of photon diagnostics development 

2. High resolution X-ray spectrometer

3. X-ray coherence apparatus and measurement



Free Electron Laser Facility in China 

Shanghai Deep UV-FEL
70m, 200MeV, 150-350nm

Shanghai X-ray FEL Test Facility
300m, 840MeV, 9-40nm

Dalian Coherent Light Source
150m, 300MeV, 50-150nm

Test Facility

HGHG, EEHG 

(2009)

User Facility

HGHG 

(2016)

Shanghai X-ray FEL User Facility
530m，1.6GeV, 2-10nm

User Facility

SASE + SEEDING

(2021, 2022)

User Facility

SASE + Seeding Scheme

(2025, 2026)

硬X射线自由电子激光用户装置

Shanghai high rep-rate XFEL and extreme light

SHINE Project

Test Facility

EEHG 

HGHG (cascaded)

(2020)



FEL-I

Photon Energy Range (keV) 3.0 - 10.0 10.0 - 15.0

Nominal Pulse Energy (μJ) >150 > 43

FWHM bandwidth (ΔE/E) 0.12% @7keV 0.09% @12.4keV

FEL-III

Photon Energy Range (keV) 10.0 - 15.0 15.0 - 25.0

Nominal Pulse Energy (μJ) >150 > 43

FWHM bandwidth (ΔE/E) 0.051% @15keV 0.033% @25keV

FEL-II

Photon Energy Range (keV) 0.4 - 1.0 1.0 - 3.0

Nominal Pulse Energy (μJ) >1000 >300

FWHM bandwidth (ΔE/E) 0.19% @0.9keV 0.11% @2.0keV

Soft X-ray (FEL-II)：i) 0.4-1.0 keV； ii) 1.0-3.0 keV

VLS Grating 

d·(sinα +sinβm) = mλ

Hard X-ray：i) FEL-I 3.0-15keV, ii) FEL-III 10-25keV 

Bragg Crystal 

2d·sinθm = mλ

X-ray Diagnostics for SHINE (0.4 – 25 keV)

Photon Diagnostics to Characterize Radiation Properties



 Radiation intensity or XFEL pulse energy (single shot resolution)

 Beam spot size and transverse intensity distribution (at the source point and 

along the beam lines); Beam position and transverse fluctuations

 Spectrometer (central wavelength, spectral width and distribution profiles)

 Undulator commissioning & alignment device – K-monochromator

 Beam divergence & X-ray laser transverse mode at the far field

 X-ray pulse arrival time (pump-probe pulse delay and temporal jitter)

 X-ray pulse duration, longitudinal intensity (or temporal) distribution profile, 

and X-ray pulse longitudinal coherence etc. 

 Wave-front coherence and distortion due to reflection and transport

 The beam properties at the beam focus, the Rayleigh length and curvature of 

wave-front

Frame-work of X-ray FEL Photon Diagnostics
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Damage Threshold: ~0.1eV/atom

X-ray Radiation Heat Load for Grazing Incidence

Wradiation<< Wdamage ~3kB·Tmelting [eV/atom]
Single-shot Effect

Accumulative Effect

Single-shot heat load
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Laminar ProfileRadiation Heat Load for Grating

1. Flat Surface

2. Edge
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Coating Solution for 0.4-3keV
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ii) Ni (>1.2keV)，Diffraction Efficiency >4.0% (1st)

Diffraction Efficiency and Heat 

Load for Blazed Grating
Heat load for blazed grating

Pt - 2.7deg

Pt - 2.0deg

Ni - 2.7deg

Ni - 2.0deg
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1) X-ray Gas Attenuation & Gas Monitor Detector
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2) Back-scattering On-line X-ray Intensity/Position Detector

pin-diode

thin-foil

20mm
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‘Scattering Photon #’ vs. ‘Sample Distance’ & ‘Sample Thickness’ Diamond (C)
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3) XFEL Undulator Commissioning Device – K-mono 

1) Beam Trajectory 

2) Undulator Magnet Pole Field:

A) Beam Height Position, B) Magnet Gap

3) Intersection Phase 

4) Wake Field Effect

Undulator Gain 

Gap change 

20 micron

Si(333) Monochromator 

@10keV
Resolution power > 1/ρ
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Photon #/pixel/pulse: 0.41-0.10 

3) XFEL Undulator Commissioning Device – K-mono 
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4) A Timing Tool – THz Streaking Apparatus
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~150fs“Chromatic effect in a novel THz 

generation scheme”, New Journal 

Physics, vol.19, pp.113025 (2017).

~420fs

4) A Timing Tool – THz Streaking Apparatus

Room Temp.
Cryogenic



20mJ, 400fs Driving Laser System

4) A Timing Tool – THz Streaking Apparatus



Outline

1. Overview of photon diagnostics development 

2. High resolution X-ray spectrometer

3. X-ray coherence apparatus and measurement



Infrastructure of SXFEL Seeding Beamline KB (PM3)

PM2 PM1

EM

North

The Beam-line Layout for Seeded SXFEL (UF)

Spectrometer

AperturePM1

VLS 

Grating

PM2EMPM3 SourceKBVKBHF1

F2

F1

Ni/ B4C – dual-coating
B4C - coating

X-ray On-line 

Spectrometer

EM

PM1PM2

Ni – coating

PM3

Ni – coating

X-ray Propagation

South

GMD

GMD

16.16*15.63 μm2 (100eV)

5.71*5.65μm2 (400eV)
I0: Beam Intensity Monitor

Beam Profiler

KB mirror

Elliptic mirror

100eV-620eV ~0.03% (100eV)

0.01~0.02% (200-400eV)

50-200fs

BandwidthPhoton Energy

Pulse Length



VLS Grating Soft X-ray Spectrometer



Radiation Shielding Wall

VLS Grating

‘1’



‘0’

2M  

VLSG1

VLSG2



Pitch

Roll

Yaw

X-ray Detector



 76 , 6~ 8   M

User 

Experiment

Development of X-ray spectrometer 
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On-line X-ray 
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Variable line spacing (VLS) Law 



2)200-600eV

Center of Grating

~ 3.6 -20  
Incident Beam
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1) B4C

2) Ni

Reflection Beam
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Development of X-ray spectrometer 
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196eV

98.00233eV

98eV 56eV

56.0018eV

Slope Errors：Meridional 0.5μrad，Sagittal 2μrad

1. The Resolving Power for VLSG1: 85-250eV (5-15nm)

196.0047eV

Source Size ：700μm（rms）
Divergence ：60μrad（rms）

Source Size ：380μm（rms）
Divergence ：44μrad（rms）

Source Size：300μm（rms）
Divergence：22μrad（rms）

10.5μm
(FWHM)

9.5μm
(FWHM)

13.3μm
(FWHM)

Ray Tracing to Verify the Resolving Power 
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Source Size ：300μm（rms）
Divergence ：22μrad（rms）

Source Size ：270μm（rms）
Divergence ：18μrad（rms）

Source Size ：160μm（rms）
Divergence ：11μrad（rms）

11.3μm
(FWHM)

16.5μm
(FWHM)

15.2μm
(FWHM)

2. The Resolving Power for VLSG2: 200-600eV (2-6nm)

Slope Errors：Meridional 0.5μrad，Sagittal 2μrad

Ray Tracing to Verify the Resolving Power 



“Water window” (2–5 nm)

provides excellent contrast for

C or O atoms and components
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Meridional Radius
VLS Coefficient

Implementing varied line spacing (VLS) grating on concave substrate

Resolving Power Spectral Intensity

[1]

[2]

Sagittal Confined High-resolution Broadband Spectrometer

Conceptual design 



    
2

20 detector' '
m

r r

N

 


 


用

 
 

 

2

20 2

1 0

'

 
m

cos
r

coscos cos
D m

r R R

 


  
 


 

   
 

（ ）

The deviation of the actual detection 
curve and ideal focal curve 

An unique set of parameters for Optimal Design

The first order VLS coefficient

e.g. Fixed Object Distance: rm~10m

Achieve Flat-field in Detector Domain (Meridional)

Image Distance: r’20(λ0)~2m



Optimal Design for Various Object Distances

27.6mm

6.9mm
ϕ

X-ray Detector

Smaller rm

‘0’M ‘0’M

Larger rm

Optimal 

Flat Field

Grating Grating

Detector
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Monochromatic beam footprint on the detector
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(a)

Sagittal Focus to Enhance the Spectral Intensity Flat or Spherical Substrates 
Cause ‘Astigmatism’

Meridional 

Focus

Sagittal

Focus

The “positive” sagittal object distance can’t correct “Astigmatism” for the whole 
photon energy range.

0sr Case



0sr 

Sagittal Focus to Enhance the Spectral Intensity

Sources in “Meridional” or “Sagittal” separated 

Case

The sagittal object distance ‘rs’ (negative) and sagittal radius of the grating ‘ρ’ 
are two variables for system optimization!

Various Toroidal Profile

R



Ideal Resolution

Realistic Resolution

Sagittal Beam Size @ Detector

For the Overall Energy Range

Demonstrate High Resolving Power for Sagittal Confined Spectrometer

Effective Meridional Size: 50μm(rms) 

Divergence Angle: 20μrad(rms) 

Realistic Beam Foot-print 

@ Detector

< 50μm

J. Synchrotron Radiation, 

vol.25, pp.738 (2018) 

Optimal Design Structure

1. High resolution (20k-40k)

2. Intensity enhancement (sagittal <50μm)

3. Flat-field for entire water window



Desired Resolving 

Power > 100,000

5x10-5Single Spike
E/ΔE~ 20,000 Resolve Single-Spike

“Towards an extremely high-resolution broadband flat-field
spectrometer in water window”, J. Synchrotron Radiation,
vol.26, pp.1058 (2019).
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Power > 10,000

Pursuing Extremely High 

Resolving Power >100,000
Experimental Data

“Hetrick-Underwood” Structure



Pursuing Extremely High 

Resolving Power >100,000

Conceptual design 



FEL-II Diagnostic Spectrometer

Deflection 
Mirror

Developing Diagnostic Spectrometer for the FEL-II Beamline 

of SHINE Facility

Sagittal 
Focus Mirror

VLS 
Grating

X-ray 
Detector



VLSG1 / VLSG2

The overall transport + 

diffraction efficiency 

5-6% for 400-1200eV

94m 11m 1m

Detector

20m

The overall transport + 

diffraction efficiency 

1.5-3.0% for 1-3keV
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The Overall Transport Efficiency and Resolving Power of 

the Diagnostic Spectrometer

30,000 – 80,000



Ray Tracing to Demonstrate the Resolving Power 

Ideal optics w/o

fabrication errors

Realistic optics w/

fabrication errors



Ray Tracing to Demonstrate the Resolving Power 

Ideal optics w/o

fabrication errors

Realistic optics w/

fabrication errors



Bent Crystal Hard X-ray Spectrometer 

(conceptual design - double diffraction scheme)



Inubushi，SACLA，2012

Mozzanica，LCLS,2015

David Rich，LCLS, 2016

Boesenberg，LCLS，2017

Bent Crystal Hard X-ray Spectrometer

Zhu Diling，LCLS,2012
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Energy Resolution by Single or Double Bragg Diffraction

Bent Crystal Hard X-ray Spectrometer



Diamond (C) Silicon (Si)

Analysis results of energy segments for different diamond and silicon crystals. 

(a) Bragg diffraction angle for diamond in energy range of 3-25keV; (b) Bragg 

diffraction angle for silicon crystals in energy range of 3-25 keV. 

Bent Crystal Hard X-ray Spectrometer



Working algorithm of double 

diffraction spectrometer

3~6 keV 5.5~10 keV

10~20 keV 17~25 keV

Scanning trajectory 

of the second crystal

Scanning trajectory 

of the detector

Bent Crystal Hard X-ray Spectrometer

C(111)

C(220)

O

Rotation Precision: 

<μrad

θB



The ultimate goal: Resolve single spike feature for SASE spectra in hard X-ray regime.  

Bent Crystal Hard X-ray Spectrometer

Tune the detection range of the spectrometer to fit for a typical bandwidth of single 

spike in SASE spectrum at various photon energies.

Bandwidth

Resolution



Outline

1. Overview of photon diagnostics development 

2. High resolution X-ray spectrometer

3. X-ray coherence apparatus and measurement



XFEL Transverse Coherence Measurement 

Simulation: Coherence 80%
A Singer et. al. Optical Express (2012)

Horizontal Vertical
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Si– wafer

10mm

Various Spacing for Two Diffraction Apertures

Fabricate Diffraction Screen to Calibrate Wavefront Coherence

Au thin foil on 

Silicon Wafer 

XUV to Soft X-ray Regime

Sub-100μm

0.12 – 3mm
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Beam focus mode
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Beam focus mode



Si3N4衍射屏圆孔分布

Exp.

Sim.

Diffraction Sample Installation & Test



First Experiment at DCLS 
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Coherence Time: ~2 fs

(e.g. SASE pulse ~200eV)
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Summary

1. Overview of photon diagnostics development for SXFEL 

and SHINE project, including but not limit to:

a) On-line XFEL intensity/position monitor

b) Undulator commissioning device – K-mono

c) Timing diagnostics  

2. High resolution X-ray spectrometer development

3. DCLS coherence measurement: preliminary results

SXFEL/SBP Project and Teams

SHINE Project: Accelerator Division、Beamline and Photon 

Science Division
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