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Approximate Spectral Brightness of Undulator 
Sources in 3rd(+) Generation Storage Rings 

Curves take into account  
e-beam emittance  
and energy spread 
ΧƘƻǿŜǾŜǊ ǎƻƳŜ ǎƻǳǊŎŜ  
parameters may be  
not up-to-ŘŀǘŜΧ 

Ůx = 0.55 nm 

Ůx = 0.26 nm 

Ůx = 1.0 nm 

Ůx = 2.8 nm 

Ůx = 3.4 nm 

bh¢9Υ ǘƘŜ ά/ƻƘŜǊŜƴǘ CƭǳȄέ ƛǎ 
proportional to Brightness: 

2( 2)cohF Blº



The Turn on of LCLS: 

From presentations of 

P. S. Drell (2009) 

P. Emma, PAC-2009 
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General Motivation: Start To End Simulation 

¶ Computation of Magnetic Fields produced by 
Permanent Magnets, Coils and Iron Blocks and in  
3D space, optimized for the design of Accelerator 
Magnets, Undulators and Wigglers 

SR BL 

¶ Fast computation of Synchrotron Radiation emitted 
by relativistic electrons in Magnetic Field of arbitrary 
configuration 

¶ SR Wavefront Propagation (Physical Optics) 

¶ Simulation of some Experiments involving SR 

 

 

RADIA 

SRW 

B(r ) 

Started at ESRF  
thanks to  
Pascal Elleaume  
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Friday, 13th July, 2012, SRI 2012, Lyon France 

Adrian P. Mancuso, Leading Scientist Single Particles, clusters and Biomolecules (SPB) instrument, European XFEL 

Start-to-End modelling project for X-ray Free Electron Laser Scattering Experiments 

Single particle imaging at the SPB instrument of 

the European XFEL ïfrom start to end II  6 

Images: Nature Photonics 4, 814ï821 (2010), x-ray-optics.de, pdb.org, J. Phys. B: At. Mol. Opt. Phys. 43 (2010) 194016, SPB CDR 

Source radiation 

properties 

Beam propagation 

and x-ray optics 

Photon-matter interaction 

Detector effects 

Classification & 

3D assembly 

Reconstruction 

Courtesy of A. P. Mancuso and L. Samoylova 



Some Computer Codes for Synchrotron Radiation 
and X-Ray Optics Simulation 
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ï ZEMAX (Radiant Zemax) 
ï GLAD (Applied Optics Research) 
ï VirtualLab (LightTrans) 
ï OSLO (Sinclair Optics) 
ï Microwave Studio (CST) 

Commercial codes are expensive, and 
ȅŜǘ ŘƻƴΩǘ ƘŀǾŜ ŀƭƭ ŦǳƴŎǘƛƻƴǎ ǊŜǉǳƛǊŜŘ ŦƻǊ 
SR / X-ray Optics simulations 
 

Å Synchrotron Radiation 
ï URGENT (R .Walker, ELETTRA) 
ï XOP (M.S. del Rio, ESRF, R. Dejus, APS) 
ï SPECTRA (T. Tanaka, H. Kitamura, SPring-8)  
ï WAVE (M. Scheer, BESSY) 
ï B2E (P. Elleaume, ESRF, 1994) 
ï SRW (O. Chubar, P. Elleaume, ESRF, 1997-Χύ 
ï SRCalc (R. Reininger, 2000) 

Å Geometrical Ray-Tracing 
ï SHADOW (F. Cerrina, M.S. del Rio) 
ï RAY (F. Schäfers, BESSY) 
ï McXtrace (E. Knudsen, A. Prodi, P. Willendrup,  

K. Lefmann, Univ. Copenhagen) 

Å Wavefront Propagation 
ï PHASE (J. Bahrdt, BESSY)  
ï SRW (O. Chubar, P. Elleaume, ESRF, 1997-Χύ 
ï Code of J. Krzywinski et. al. (SLAC) 
ï Code of L. Poyneer et. al. (LLNL)  

ï GENESIS (S. Reiche, DESY/UCLA/PSI,  
~1990-Χύ 

ï GINGER (W.M. Fawley, LBNL,  
~1986-Χύ 

ï FAST (M. Yurkov, E. Schneidmiller, 
DESY, ~1990-Χύ S
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Free 

Commercial 



IR SR / ER Intensity Distributions in Transverse Plane  
at M1 of an Infrared Beamline of NSLS-II 

Intensity Cuts by the Horizontal Median Plane 

Intensity Profiles (obtained by integration of  
2D distributions over vertical position within M1) 

F = 3.8x1013 ph/s/.1%bw 

F = 1.0x1014 ph/s/.1%bw 

F = 2.0x1014 ph/s/.1%bw 

B = 0.4 T; Collection Aperture: ~50 mrad (h) x 35 mrad (v)  

Similar IR beamlines exist at ANKA, ESRF, SOLEIL, Jlab 
NSLS-II version will offer higher flux (because of lower field in BM and larger vertical aperture) 

P. Dumas (SOLEIL), R. Carr, L. Miller (BNL) 



E-Beam Energy: 3 GeV 

             Current: 0.5 A 

Undulator  Period: 20 mm 

Vertical Cuts (x = 0) 

Intensity Distributions in 1:1 Image Plane 

UR ñSingle-Electronò Intensity and ñMulti-Electronò Flux 
Undulator  

Ideal  
Lens 

1:1 
Image 
Plane 
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ñPhase-Space Volumeò Estimation for Vertical Plane 
(RMS sizes/divergences calculated for the portions of intensity distributions containing 95% of flux) 

H5 

Intensity Distributions at 30 m from Undulator Center 

Single-Electron (Fully Transversely-Coherent) UR 
Intensity Distributions òin Far Fieldó and òat Sourceó 



Formation of Intensity Distribution of Partially-
Coherent Spontaneous SR after Propagation  

through a Beamline in a 3rd Generation Source 
Undulator Lens Image Plane 

ñSingle-Electronò Intensity Distributions (Horizontal Cuts)  Electron Trajectories 
In Lens Plane (at 30 m) In 1:1 Image Plane 

ñMulti-Electronò Intensity Distributions (Horizontal Cuts)  

UR Spectrum 
through 100 ɛrad (H) x 50 ɛrad (V) Ap. 
at K~1.5 providing H5 peak at ~10 keV   



At 30 m from Undulator 

Horizontal Cuts (y = 0) Vertical Cuts (x = 0) 

IVU20 Ideal Lens 1:1 Image Plane 

IVU20-3m Spectral Flux  
through 100 ɛrad (H) x 50 ɛrad (V) Aperture 

at K~1.5 providing H5 peak at ~10 keV   

In 1:1 Image Plane 

Test Optical Scheme   

Horizontal Cuts (y = 0) Vertical Cuts (x = 0) 

Intensity Distributions at ~10 keV 
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Electron Beam:  
    Hor. Emittance: 0.9 nm 

    Vert. Emittance: 8 pm 

    Energy Spread: 8.9x10-4   

    Current: 0.5 A 

    Low-Beta Straight 

;
4

'
p

l
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Estimation of X-Ray Beam Angular Divergence  
and Source Size by Wavefront Propagation 



Horizontal Cuts (y = 0) Vertical Cuts (x = 0) 

Intensity Distributions of Focused Wiggler Radiation from 
Partially-Coherent Wavefront Propagation Calculations 

NSLS-II Low-Beta Straight Section 

I = 0.5 A, Ůx= 0.9 nm, Ůy= 8 pm 

SCW40: ɚu= 40 mm, Bmax= 3 T, L = 1 m 

Photon Energy: Eph= 10 keV 

1 : 1 Imaging Scheme  
with ñIdeal Lensò 

On-Axis Collection: qx0= 0, qy0= 0  

|qx - qx0 |< 0.1 mrad 

|qy - qy0 |< 0.1 mrad 

Off-Axis Collection: qx0= 0.5 mrad, qy0= 0 

qx0= 1 mrad, qy0= 0 
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NSLS-II Hard X-Ray Nanoprobe (HXN) Beamline  
Conceptual Optical Scheme 

Approximations Used to Simulate Optical Elements:  
  

Horizontal Collimating, Horizontal Focusing and Vertical Focusing Mirrors (HCM, HFM and VFM respectively), and 

Nanofocusing Optics (N.O.) simulated by òIdealó Lenses. 

Geometrical Apertures of all Mirrors, the Secondary Source Aperture (SSA), and the N.O. are carefully respected. 

Monochromator (MONO) was assumed to be òIdealó. 

Such approximations were used purposely, in order to "observe" pure effects related to partial coherence of the source, 

and to trace losses on apertures. 

Two possible SSA locations: at ~62 - 65 m and at ~92 - 94 m from undulator. 

Two N.O. cases: F = 18.14 mm, D = 150 ɛm; and F = 42.33 mm, D = 350 ɛm (ȹr å 15 nm in both cases); Ephå 10 keV  

100 m 0 m 20 m 40 m 60 m 80 m 

SSA 
MONO 

HFM Horizontal Plane 

Vertical Plane 

N.O.: 
ZP 
or 

MLL 

IVU20 HCM 

VFM 
or 

CRL 

Sample 
Plane 

Y. Chu, H. Yan, K. Kaznatcheev 



Intensity Distributions at Different Locations 

At HCM (~27 m) 

At SSA (~62 m) 

At Nanofoc. Optics (~105 m)  

At Sample (FN.O.=18.14 mm) 

Flux after HCM: ~7.4x1014 ph/s/.1%bw  

Flux after SSA (Dxss=50 ɛm): 
~2.9x1014 ph/s/.1%bw  

Flux within N.O. Aperture (d=150 ɛm): 
 ~2.0 x1012 ph/s/.1%bw  

Option with Secondary Source at 62 m 

Option with Secondary Source at 94 m 

At SSA (~94 m) 

Flux after SSA (Dxss=12 ɛm, Dyss=16 ɛm): 
~1.7x1013 ph/s/.1%bw  

At Nanofoc. Optics (~109 m) 

Flux within N.O. Aperture (d=150 ɛm): 
 ~3.6 x1012 ph/s/.1%bw  

At Sample (FN.O.=18.14 mm) 

Ie = 0.5 A 

Ephå 10 keV  

5th harmonic of IVU20 at K å 1.5 

of HXN Beamline 



Intensity Distributions at Sample for Different  
Secondary Source Aperture Sizes at HXN (NSLS-II) 

For Nanofocusing Optics with F = 18.14 mm, D = 150 ɛm (ȹr å 15 nm; Ephå 10 keV) 
SSA located at 94 m, Nanofocusing Optics at 109 m from Undulator  

In Horizontal Median Plane (y = 0) 
For Different Horizontal SSA Sizes (ȹxss) For Different Vertical SSA Sizes (ȹyss) 

In Vertical Median Plane (x = 0) 
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Final Focal Spot Size and Flux vs  
Secondary Source Aperture Size (HXN, NSLS-II) 

Dyss= 30 ɛm 

Spot Size 

Flux 

Dxss= 20 ɛm 

Horizontal Spot Size and Flux 
vs Horizontal Secondary Source Aperture Size 

Vertical Spot Size and Flux 
vs Vertical Secondary Source Aperture Size 

Spot Size 

Flux 

Secondary  Source Aperture located at  94 m from Undulator 
 Spot Size and Flux calculated for Nanofocusing Optics simulated by Ideal Lens  
with F = 18.14 mm, D = 150 ɛm located at 15 m from Secondary Source (109 m from Undulator) 
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NSLS-II SRX Beamline  
Conceptual Optical Scheme 

2 operation modes with 2 sets of KBôs: 

- High flux mode (with large mirrors) 

- High resolution mode (diffraction limited) 

J. Thieme 
V. DeAndrade 



Horizontal Cuts Vertical Cuts 

Intensity Distributions ñat Sampleò  
at 200 ɜm Size of Secondary Source Aperture 

Perfect Optics (Ideal Lenses) Imperfect Optics 

Imperfect Mirror  
Height Profiles 

V. DeAndrade 

Preliminary Partially-Coherent Wavefront Propagation 
Simulation Results for SRX: Imperfect K-B Mirrors (I) 



Horizontal Cuts Vertical Cuts 

Perfect Optics (Ideal Lenses) Imperfect Optics 

Imperfect Mirror  
Height Profiles 

Intensity Distributions ñat Sampleò  
at 15 ɜm Size of Secondary Source Aperture 

Preliminary Partially-Coherent Wavefront Propagation 
Simulation Results for SRX: Imperfect K-B Mirrors (II) 

V. DeAndrade 



0 m 20 m 40 m 60 m 

SSA HFM Horizontal Plane 

Vertical Plane 

IVU21 

Sample 
Plane 

KB 

Intensity Distributions at Sample Taking Into Account 
Ellipsoidal Shapes and Slope Errors of KB Mirrors 

Without Mirror  
Surface Slope  
(/Height) Errors 

KB simulated using Grazing-Incidence 
ñThick Optical Elementò Propagator based 
on Local Ray-Tracing. 
  

KB Surface Height Error simulated by 
corresponding Phase Shifts (ñMasksò) in 
Transverse Plane at Mirror Locations. 

Horizontal SSA Size: 30 ɛm 
Photon Energy: 12.7 keV 
Flux at Sample: ~5.4x1013 ph/s/.1%bw  

With Mirror  
Surface Slope  
(/Height) Errors 

Horizontal Cuts (y = 0) Vertical Cuts (x = 0) 

FMX (PX) Beamline 



0 m 20 m 40 m 60 m 

SSA HFM Horizontal Plane 

Vertical Plane 

IVU21 

Sample 
Plane 

CRL KB 

Using CRLs for Producing òLarge Spotó at Sample  
(taking into account Mirror Shape and Slope Error) 

hor. cuts  
(y = 0) 

vert. cuts  
(x = 0) 

Intensity Distributions at Sample 
With  

Mirror 
Slope 
Errors 

Without  
Mirror 
Slope 
Errors 

CRL ñTransfocatorò: 
  

8 Horizontally + 3 Vertically-Focusing Be Lenses 

Rmin = 200 ɛm  

Fhå 5.9 m, Fv å 15.8 m 

Geom. Ap.: 1 mm x 1 mm 
  

Located at 0.75 m before VKB edge 

(10 m after SSA) 

Flux Losses at CRL: ~1.6 times  

Horizontal SSA Size: 30 ɛm 
Photon Energy: 12.7 keV 

Source: 
  

Electron Current: 0.5 A 
Horizontal Emittance: 0.55 nm (ñultimateò) 
Vertical Emittance: 8 pm 
Undulator: IVU21 ï 1.5 m centered at +1.25 
m from Low-Beta Straight Section Center 

FMX (PX) Beamline 
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NSLS-II Coherent Hard X-Ray (CHX) Beamline 
Conceptual Optical Scheme 

A. Fluerasu, L. Wiegart, K. Kaznatcheev, L. Berman 



Partially-Coherent Wavefront Propagation Calculations for CHX 

Intensity Distributions in the Case of: DS1x= 44 ɛm, DS1y= 250 ɜm 

Horizontal Cuts 

Vertical Cuts 
Flux: 4x1013 ph/s/.1%bw 

E=10 keV 

(I) 
Before CRL 
(@35.3 m) 

Before SS1 
(@33.5 m) 

Before KL 
(@44 m) 

At Sample 
(@48.5 m) 

Be 1D CRL: N = 9, Ageom= 1 mm 

Rmin= 0.5 mm, Fy= 8.152 m  

FKLxå 3.5 m  



Partially-Coherent Wavefront Propagation Calculations for CHX 

Intensity Distributions in the Case of: DS1x= 44 ɛm, DS1y= 100 ɜm 

After 2 Slits 
placed at Sample 

  

Observation in Far Field 
 Slit Size: 1 ɛm 

Horizontal Cuts 

Vertical Cuts 

hx= 8 ɛm 

hy= 14 ɛm 

Flux: 1.6x1012 ph/s/.1%bw 

E=10 keV 

(II) 
Before SS1 
(@33.5 m) 

Be 1D CRL: N = 9, Ageom= 1 mm 

Rmin= 0.5 mm, Fy= 8.152 m  

Before CRL 
(@35.3 m) 

Before KL 
(@44 m) 

At Sample 
(@48.5 m) 

FKLxå 3.5 m  


