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 Ray‐tracing of a SpectroMicroscopy beamline of ILSF`
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Schematic figure of synchrotron and different part of Schematic figure of synchrotron and different part of beamlinebeamline
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The beamline is the means of bringing the radiation from the source to the experiment
transforming the phase volume in a controlled way that is:

Fig: Sketch of the soft x‐ray beamline
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transforming the phase volume in a controlled way, that is:
demagnifying and monochromatizing the source and refocusing it onto a sample.
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4 ‐ 30 eV
300 – 40 nm

30 – 250 eV
40 – 5 nm

250 – several KeVPhoton energy 
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These regions are very interesting because are characterized by the presence of
the absorption edges of most low and intermediate Z elements
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The mirrors which are included in a synchrotron radiation beamline perform different 
function:
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 Focusing the radiation
 To split the radiation and send it to two or more beamline

hr
ot

ro
n 

R
ad

i

 To filter off the high photon radiation  or eliminating the higher order  
output of the monochromator

Geometric shape of mirrors:
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 Spherical
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 Aspherical (elliptical, paraboloidal, and troidal)
 Bent plane mirrors
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non‐coincident focii are produced: one in the meridional plane and one in the sagittal
plane.

ia
tio

n 
an

d 
It

Z 

Cos 111









  yxRRRRRxzyx  2222 )(2)(22 

Tangential focus

hr
ot

ro
n 

R
ad

i

Y

Rρ

Rrr t 2' 








1

2
111

' 









Cosrr s

Tangential focus

sagittal focus

oo
l o

n 
Sy

nc
h R 

d
IL

SF
 S

ch
o

 2cos
R

3nd

ILSF-IPM, September. 2013 7



on
s ellipseellipse

ts
 A

pp
lic

at
io

b
12

2

2

2


b
Y

a
X



ia
tio

n 
an

d 
It

L

p q 21
2

eab

qpa






hr
ot

ro
n 

R
ad

i

a
L

222 cos'2'
2
1 rrrre 

y x0

oo
l o

n 
Sy

nc
h

p

y0
θθ42 axy 

Parabola:Parabola:

f

d
IL

SF
 S

ch
o

x
A






tan2
tan
cos

0

2
0

2

ay
ax
fa






3nd

ILSF-IPM, September. 2013 8

a



on
s KB KB confogurationconfoguration

ts
 A

pp
lic

at
io

The two mirror designed to separate to the functions of horizontal and vertical focussing
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Rs= Reflectivity of the component whose E vector is perpendicular to the plane of incidence
Rp= Reflectivity of the component whose E vector is parallel to the plane of incidence
Comple refracti e inde
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Ñ(E) = n(E) – ik(E)
n(E) is the real part and the usual index of refraction
k(E) is the imagainary part and extinction coefficient
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  ρ: the number of electrons per unit volume

ε0: the electrical permittivity of free space
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me: the rest mass of the electron
c: the speed of light in vacuum
k: the wave‐number of the X‐ray radiation
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Wavelength (Ả)Glancing angle (mrad)

λ 1 54Ả θ t t= 3.8 mrad
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material Crown glass SiO2 Ni Au Pt
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θc(mrad) 4.1 5.1 7.42 10 10.5

Critical angles of total reflection at λ=1.54Ả calculated for some mirror material
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Fermat’s principle: ligth rays choose their paths to minimize the optical length.
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N: line density
K: diffraction order,(± 1, ± 2 …)
λ a elen th of the li ht bein diffra ted
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Perfect focus condition:

F = AP + PB + Nkλy 0
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In general form of the surface is expressed by the equation: 
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If x-y plane is a symmetry plane 

aij coefficient:
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Sphere, cylinder and plane are apecial case of toroid:

R=ρ sphere
R=                cylinder
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The dispersive contribution to resolution,∆λ, caused by aberrations: 
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F020 astigmatism
F300 primary coma
F astigmatic coma
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F120 astigmatic coma
F400 F220 F040 spherical aberration
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Spherical aberration: 
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Object point
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Sagittal plane

Primary  image
Secondary image
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Sagittal plane
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Slope errors = every deviation from the ideal surface with period larger then ~ 1, 2 mm 
(measured by the long trace profilometer (LTP))
There is a significant difference in the effectiveness of tangential errors and sagittal errors.
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θg= 2˚= 3.5 × 10‐2 rad; ∆sag = 29 ∆tan
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The effect of Tangent Errors on Line Width

1 2

ts
 A

pp
lic

at
io 0.001

0.000

‐ 0.001

0.1

0.0

‐ 0.1

σsag (sec)=0
σmer(sec)=0

σsag (sec)=0
σmer(sec)=1

1

ia
tio

n 
an

d 
It ‐ 0.002

‐ 0.002 ‐ 0.000 0.002 ‐ 0.002 ‐ 0.000 0.002

‐ 0.2

0.002 0.023 4

hr
ot

ro
n 

R
ad

i

0.001

0.000

‐ 0.001

0.01

0.00

‐ 0.01

σsag (sec)=1
σmer(sec)=0

σsag (sec)=30
σmer(sec)=0

oo
l o

n 
Sy

nc
h

0.2

‐ 0.02 ‐ 0.00 0.02

‐ 0.002 ‐ 0.02

‐ 0.2 ‐ 0.0 0.2

0.25 6

d
IL

SF
 S

ch
o 0.1

0.0

‐ 0.1

0.1

0.0

‐ 0.1

0 2

σsag (sec)=30
σmer(sec)=1

σsag (sec)=2
σmer(sec)=0.9

3nd

ILSF-IPM, September. 2013 21

‐ 0.2

‐ 0.2 ‐ 0.0 0.2 ‐ 0.02 ‐ 0.00 0.02

‐ 0.2



on
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The effect of Tangent Errors on Line Width

Source: 0.001mm2 x,y
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∆s’mer=2r’∆mer
2×6000×1.14×10‐5rad=0.14 mm         

g g
Arm length r=r’=6000 mm

y
1mrad FWHM divergence in the x and 
y planes
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∆s’sag=2r’θg∆sag
2×6000×3.5×10‐2rad ×1.14×10‐5rad=4.8×10‐3 mm         

∆s’ 2r’θg∆
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2×6000×3.5×10‐2rad ×1.14×10‐5rad=4.8×10‐3 mm         

∆mer= 1 sec
θ ∆ (1/29)×30 ~ 1
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∆s’mer= 0.11=2×6000×Δmer
Δmer=0.81 sec
Δ ’ 9 10 3 2 6000 3 10 2Δ

(sec) (sec)

1 0 0 1.0×10‐3 1.0×10‐3

2 0 1 1.1×10‐3 0.134
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∆sag=2.0 sec
3 1 0 4.9×10‐3 1.0×10‐3

4 30 0 0.14 1.1×10‐3

5 30 1 0.14 0.14
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Roughness: Every deviation from the ideal surface with period smaller then ~ 0.5 – 1 mm 
(determind by an interferometric microscope (IM))
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R=R0 exp[‐(4π σsinθg/λ)2]
R0: smooth surface reflectivity
R tt t d fl ti it
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σ : micro surface roughness in rms <0.5 nm                                 
θg : glancing angle of incidence
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The effect of surface roughness on a 
platinum coated mirror for energies 
50‐1500 eV is shown.
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cThe loss of reflection at 100 eV is only 
0.3% whereas at 1000 eV the loss is 
25%.
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Photon energy (eV)
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A reflection diffraction grating consist of a reflecting surface with a periodic array of lines.

Focal plane
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α and β: incidence and diffraction angels
m: order of the diffraction
N: line density
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Reflection into proper diffraction order
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Blaze gratings:             Higher efficiency

Laminar gratings:        Higher spectral purity

Reflection at bad angle
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Higher resolution
Dead space
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distinguish between photons of different energies.

The resolution, ∆E, is a measure of smallest amount by which two energies can differ and
till b di ti i h d ( l d)
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Exit slit 
contribution 
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It The resolution, ∆E, being the Gassian sum of different terms such as the entrance and 

exit slit dimensions, the slope errors, and the residual aberrations.  
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The angular dispersion is the rate at which the diffraction angle changes with energy.
The spatial dispersion is the physical spacing on the focal plane of two lines of different
energies.
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The angle between the principle maximum of diffraction 
(m=1) and its first Rayleigh minimum is given by:
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 N fdd

(m 1) and its first Rayleigh minimum is given by: 
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Spatial dispersion is determined by 
dβ/dλ and focal plane (f) 


cos
Nmf

d
dx

d
df 
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The efficiency of a grating, or the fraction of incident photons that it successfully
focuses onto the exit slit depend on …

G t i ffi i i th f ti f il bl h t th t f ll
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transmitted through the system as a result of the sizes of the optical elements. 

Effective area of the grating • Size of the grating
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• Source – grating distance
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Diffraction efficiency is the fraction of the photons incident on a grating that are
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diffracted into the desired diffraction order (m).

1) Line density (N), 2) Incidence angle (α), 3) Energy or wavelength of 
photons (E λ ) 4) Groove profile 5) Grating material (coating)
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photons (E,λ ), 4) Groove profile, 5) Grating material (coating)
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1. High‐energy region (> ~ 150 eV)                                                          
Grazing incidence (> ~ 85 deg) monochoromator is inevitable
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It Grazing incidence (>   85 deg) monochoromator is inevitable         

Except for multilayer grating

2. Low‐energy region (< ~ 50 eV)                                                                 
Near normal incidence monochromator is also available
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i Near normal incidence monochromator is also available 

3. Wide‐energy beamline (e.g. 30 eV – 1500 eV)
Combination of grazing and normal incidence monochromators
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h Variable included angle monochromator

Interchangeable gratings
α β
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(α+β)
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s Resolution and intensityResolution and intensity
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io 1. Energy resolution depends on…

Dispertion & Focus
Focus size depends on …
Source size demagnification aberration slope error
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It Source size, demagnification, aberration, slope error, … 

Perfect monochromator, in principle,

Except for the reflectivity loss
W i !!
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2. Intensity depend on …
Aberration – free monochromator

p y

Slope errors in parabolic mirror are large
We must compromise !!

Intensity, resolution, energy range, …
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h Number of optical elements 

Incidence angle & acceptance (larger incidence needs larger mirror)
Diffraction efficiency of the grating
Hi h d i l di i b l ffi i
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o High groove density         large dispersion but low efficiency 

Minimum intensity loss (no mirror)
Focal condition depends on wavelength
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The simplest monochromatorAberration might be serious



on
s Some hints for the choiceSome hints for the choice
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1. Grating shape (plane, spherical, …)
Spherical: dispersion & focus           small number of optical elements
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It be careful for aberrations

2. Groove density (uniform or varied)
3. Included angle (constant or varied)
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Variable: higher degree of freedom            resolution & intensity in wide energy range    
Scanning mechanism is more complicated   
4. Entrance slit
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Without slit: source size of SR itself directly affects
With slit: higher resolution can be achieved at the sacrifice of the resolution intensity
Pre‐focusing optics is necessary   
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Elettra’sElettra’s soft xsoft x‐‐ray ray beamlinesbeamlines: : 
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 TwinMicTwinMic
 NanospectroscopyNanospectroscopy
 EscaEsca MicroscopyMicroscopy
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 SpectroMicroscopySpectroMicroscopy
 VUV photoemissionVUV photoemission
 CiPoCiPo
 G PhG Ph
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h  GasPhaseGasPhase

 BACHBACH
 APEAPE
 IUVSIUVS
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 SISSISISSI
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240 × 40 μm2
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Prefocusing system

monochromator
2 × 2 μm2
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i Prefocusing system
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Refocusing system
Horizontal demagnification 1/M 240/2 1203nd
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Horizontal demagnification = 1/M= 240/2=120
vertical demagnification = 1/M= 40/2=20
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source: 2 undulators, with phase modulation 
electromagnet

Period (mm) 100
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polarisation linear horizontal, linear vertical, elliptical

energy range 5‐1000 eV

Effective size of the source (FWHM) 240 μm × 40 μm
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i Effective size of the source (FWHM) 240 μm × 40 μm

Flux density (Ph/sec/µm2) 14

beam defining aperture size (10 m 
b h h ) 1 × 2 mm2
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h behind the source) 1 × 2 mm

Acceptance angle of beamline 0.1 mrad × 0.2 mrad

Optical sectionOptical section Ph t bPh t b
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Experiment section Experiment section 
Optical sectionOptical section Photon beam Photon beam 

directiondirection
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s Pinhole

S di t 10
Horizontal focus of mirror M1, 18 m from the

ts
 A

pp
lic

at
io Source distance= 10 m source, this is the source for the following

mirrors in the horizontal plane
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d 
It Side view

Troidal mirror (M1)
Source distance= 16 m

Vertical focus of mirror (M1) (entrance slit), 19 m
from the source, this is virtual source for the
monochromator
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i Source distance  16 m

Source to mirror distance (m) p=16

Radius of curvature  R= 116.429 m, ρ= 15.43 cm 
Troidal mirror:
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h Tangential focal point 

Sagittal focal point
qt= 2m
qs= 3m 

Grazing angle 1.75˚
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o Horizontal demagnification 8

Mirror dimention 10 × 1 cm

Substrate  Glidcop
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Tang. Slope error rms 3 – 4 μrad
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 Variable included Angle Spherical Grating Monochromator:

It can  provide very high resolving power
To obtain very high resolving power several gratings are required
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It To obtain very high resolving power, several gratings are required

The included angle working curve is flat
 A plane variable line spacing grating: 
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i No high resolving power
It can cover a large energy rang with a relatively  small change in the resolving power  
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Sgm
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Photon energy (eV) Photon energy (eV)

Sgm
VLS

Sgm
VLS
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Photon energy (eV) Photon energy (eV)
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must be chosen carefully.
To produce a spot smaller then 5 μm, 1 μrad slope error is the minimum requirement.
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Image 
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Shape  Length  rms errors 

Spherical/flat Up to 500 mm < 0.5 μrad

Spherical/flat > 500 mm 1‐2 μrad
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Toroidal Up to 500 mm < 1 μrad

Toroidal > 500 mm > 1 μrad

Aspherical Up to 500 mm 2 μrad
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o Aspherical Up to 500 mm 2 μrad

Aspherical > 500 mm 3‐5 μrad
Fig: KB configuration

Source 
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The only way to have a real micro‐focus is to start from a flat or spherical surface and 
bent it to a ellipse.
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s Bendeble elliptical mirror PEM4

31.75m from sourceNanospectroscopyNanospectroscopy beamlinebeamline
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Bendeble elliptical mirror PEM3
Face up 31.3 m from source
θ= 1.5˚
Di i 30 × 2 2

θ= 2˚
Dimension = 30 × 2 cm2

P= 13.75 m,  q= 1.2 m, 1/M= 11.45
sample
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It Dimension = 30 × 2 cm2

P= 8.3 m,  q= 1.65 m, 1/M= 3.51
elliptical mirror EM1
34.55 m from source
θ= 2˚
Dimension = 20 × 2 cm2

P= 1 6 m q= 0 4 1/M= 4
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i P= 1.6 m,  q= 0.4, 1/M= 4

Plane deflecting mirror (PDM)

Bendeble elliptical mirror PEM2
37.5m from source
θ= 2.5˚
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h 1 m from exit  slit

θ= 2.5˚
Dimension = 12 × 1 cm2

B d bl lli ti l i PEM1

θ 5
Dimension = 30 × 1 cm2

P= 19.5 m,  q= 1.4 m, 1/M= 13.92
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o Bendeble elliptical mirror PEM1

37.05m from source
θ= 2.5˚
Dimension = 30 × 2 cm2

P= 14.05 m,  q= 1.85 m, 1/M= 7.59

Side view
sample
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BWI
FluxPhoton

Brilliance
zxzx ''

1




Photon flux = photons/sec
I = electron current in the storage ring
σxσy = the transverse area from which SR is emitted
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It Wzxzx  x y

σ‘xσ’z = the solid angle into which SR is emitted
BW= spectral bandwidth, usually ∆E/E= 0.1%

 L f l
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The source must be demagnified:

‐ The vertical aperture is enlarged
‐ The optical aberration increase
Th f i

 Large focus volume
 Lower flux density

The brilliance of the source and not just the number of photons/second must be The brilliance of the source and not just the number of photons/second must be 
transferred as completely as possible through the optical system to the transferred as completely as possible through the optical system to the 

experimentexperiment
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h ‐ The surface error increase

‐ The cost increase
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The source must be demagnified:

‐ The vertical aperture remains small
‐ The optical aberration decrease

 Small focus volume
 Higher flux density

3nd

ILSF-IPM, September. 2013 39

‐ The surface error decrease
‐ The cost decreases



on
s Spot size and divergence of the photon beam for two different undulators length 

(L 2 127 d 6 ) t t l (1 K V d 10 K V)
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101E (KeV)
3 2780 933 2780 93( d)

(L=2.127 m and 6 m) at two energy values (1 KeV and 10 KeV).
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It 3.2780.93 3.2780.93 εx (nm.rad)

MediumLongMediumMediumLongMedium

156.2  153.4 57.0156.4 153.4 58.1 σt,x(μm)L=
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2.127 m 7.37.323.510.38.35.2σt,y(μm)
38.4 7.7 29.5 48.324.237.3  σ't,x(μrad)
117.78.231.424.224.3σ't,y(μrad)
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h 156.2 153.457.0 156.7153.557.4 σt,x(μm)L=

6 m 7.97.53.914.79.967.6σt,y(μm)
37.6 4.6 28.8  41.7 14.4 31.9σ't,x(μrad)

( d)
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o 7.74.65.419.614.414.7σ't,y(μrad)

Table shows the results, as it can be seen the spot size has been reduced by a factor of
2.7×2 in the medium straight section of low emittance case relative to high emittance, and
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so it is greatly appreciated. It should be noted that the decreasing of spot size is mostly due
to using low value of βy .
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s Spot size of the photon beam at the focal plane of KB mirrors  Foot print of photon beam on 
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190 μm 110 μm

17.8 cm
(spherical mirrors) with undulator source in two values of emittance: 
3.278 & 0.93 nm.rad.

the mirror with BM source
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It 190 μm 110 μm

0.
4 
cm
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Z 
(c
m
)

6.
8 
μm

3.
7 
μm

d 0 93 d

εx=3.278 nm.rad
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 Increasing of Resolving Power
X (cm)

εx=3.278 nm.rad εx=0.93 nm.rad
13.3 cm
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o  Increasing of Resolving Power

 Reduction of the photon beam aberration
 Reduction of foot prints on the optical elements (technically 
and budget) 
 Simpler beamline design by using higher quality and simpler

X 
(c
m
)

0.
3 
cm
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 Simpler beamline design by using higher quality and simpler 
optical element or lower number of optical elements, etc. 

Y (cm)

εx=0.93 nm.rad
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s Ray tracing: 
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io In the vacuum ultraviolet and soft x‐ray portion of the spectrum only three optical 

principle are required for basic ray trace program:
a) The optical path between physical elements of the optical system is a straight
b) Th l f fl ti i l t th l f i id
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It b) The angle of reflection is equal to the angle of incidence

c) Diffraction phenomena are governed by Bragg’s law
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source
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optics
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macro

3nd

ILSF-IPM, September. 2013 42



on
s Power density calculations

ts
 A

pp
lic

at
io

   



















 


25.02

0
4 001.051001.018410  INGBEp

y

ia
tio

n 
an

d 
It  

      




 














 2

7
22

5
2

0

001.017001.01
184.10,




K
INGBEp

 246 16424 KKK 









 θ: horizontal angular 

hr
ot

ro
n 

R
ad

i  

 2
7

2

246

1

7
4

7

K

KKK
KG



















θ: horizontal angular 
displacement
Ψ: Vertical angular 
displacement in mrad

d fl i
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h K: deflection parameter

G: normalizing factor 
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P(ψ) is the angular power density function in W/mrad2 in the vertical only (θ=0). Ψ= 0, 
0.02, …, 126.1 mrad 
P(ψ) is the angular power density function in W/mrad2 in the vertical only (θ=0). θ = 0, 

    6   d)3nd
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0.02, …, 126.1 mrad)
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io A diverging beam

ia
tio

n 
an

d 
It

∆Z’1 ∆Z’1

∆Z1
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∆Z1 ∆Z2

1

∆Z2
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A focusing beam
∆Z’1

∆Z’2
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∆Z1

3nd

ILSF-IPM, September. 2013 44

∆Z1

∆Z2

Optical element
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I id  

Focal plane
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It Incidence ray

Variable line spacing grating  NmSinSin 
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i Variable line spacing grating

,...2,1,0 m


Entrance 
slit

E it lit E ΔE Energy resolution 
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h Exit slit Nml

E
E




gy
(E/ΔE) Resolving power
l grating length 
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Nmr
Coss

Entrance 
 .




Cos
Nm

d
d

 angular dispertion
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rNm
Coss

Exit 



 . Spatial dispertion

Nmf
Cosx 








