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β=λµl/4π µl=linear absorption coefficient

Refraction index

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

refractive index µ=1−δ−iβ

δ (unit decrement) related to the speed in the medium

β related to the absorption

δ=(e2λ2/2πmc2)|N+ΣHNH[λ/λH]2ln[λH
2/λ2-1] |

N=electron density (1023-1024 el./cm3)
λH=adsorption edge’s wavelength

λ far from λH� δ=Ne2λ2/2πmc2
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Refraction�index
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Snell’ s�law:��cosγ=cosi/n

γ=0��n=cosic

ic critical�angle:�total�external�reflection�

sinic=λ(e2N/πmc2)1/2

λc(min)=3.333.10-13 N-1/2 sinic

Material Density
(g/cm3)

N
(electron/cm3)

λmin

nm
Pentadecane�(oil) 0.77 7x1022 64.1sini
Glass 2.6 78x1022 37.9sini
Aluminum�oxide 3.9 115x1022 31.2sini
Gold 19.3 466x1022 15.4sini

i=5o: λminglass=3.3nm=375�eV
λmingold=1.34nm=923eV

shorter�wavelength�needs�smaller�angles�of�incidence�

Materials�with�higher�density�(i.e.�higher�atomic�weight)��
have�higher�reflectivity�

Mirror�reflectivity
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Mirror�reflectivity
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∆s'=2�r'σ
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Slope�errors�(tangential)�
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Typical�manufacturer�capabilities�(SESO,�ZEISS,�Winlight,�Jobin�Yvon)

3-5�µrad>�500�mmAspherical�

2�µradUp�to�500�mmAspherical�

>�1�µrad>�500�mmToroidal

<�1�µradUp�to�500�mmToroidal

1-2�µrad>�500�mmSpherical/flat

<�0.5�µradUp�to�500�mmSpherical/flat
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Term�F20�of�the�optical�path�function�

(1/r+1/r’)cosθ/2=1/R spherical�mirror�

Tangential�focusing

Image�

Object�

r�

r’�θ 
Object�

Sagital focusing

Image�

Term�F02�of�the�optical�path�function�

(1/r+1/r’)/(2cosθ)=1/R cylindrical/toroidal�mirror�

θ

σt 2σt

r'

σs

image

∆s't=2�r'σt ∆s's=2�r'�cosθ σs

θ cosθ 

Mirror�surface

sinθ 
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Slope�error�effect��
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Spherical�
1µrad slope�errors�

Elliptical
5µrad slope�errors�

Cylinder
5µrad slope�errors�

Final focus��(F30-F03-F12�…..)
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source 80�µm vertical;�r=4000�mm�r´=400�mm�(10:1)�θ=88o

Beam�divergence 100X100 µrad�

-60

-40

-20

0

20

ve
rt

ic
al

�s
po

t�(
µm

)

250-25

x10
-3

�

-60

-40

-20

0

20

ve
rt

ic
al

�s
po

t�(
µm

)

250-25

x10
-3

�

-60

-40

-20

0

20

ve
rti

ca
l�s

po
t�(

µm
)

250-25

x10
-3

�

Spherical�
No slope�errors�

Elliptical�
No slope�errors�

Cylinder
No slope�errors�

-60

-40

-20

0

20

ve
rt

ic
al

�s
po

t�(
µm

)

250-25

x10
-3

�

-60

-40

-20

0

20

ve
rt

ic
al

�s
po

t�(
µm

)

250-25

x10
-3

�

Beam�divergence 500X500 µrad�

-60

-40

-20

0

20

ve
rt

ic
al

�s
po

t�(
µm

)

250-25

x10
-3

�



8

Mirror�defects
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Slope�errors�=�every�deviation�from�the�ideal�surface�with�period�larger�then�~�1,2�mm�

Roughness�=�every�deviation�from�the�ideal�surface�with�period�smaller�then�~�0.5-1�mm�

Typical�definition�is�µrad or�arcsec rms.
Alternative�definition�is�λ/10�or�λ/20�and�so�on…�P-V�or�rms�

used�for�normal�incidence�mirror�or�“poorer”�quality�mirrors

Typical�definition�is Årms.
Alternative�definition�is�surface�quality�20-10�or�10-5�(scratch-dig)�

used�for�normal�incidence�mirror�or�“poorer”�quality�mirrors
A�dig�is�nearly�equal�in�terms�of�its�length�and�width.�A�scratch�could�be�much�longer�then�width
20-10�means�20/1000�of�mm�max�scratch�width�10/100�mm�max�dig�dimension

Roughness
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Power�spectral density�
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Roughness (SF>1mm-1)�

Slope�errors
(SF<0.5-0.2�mm-1)�

Power spectral density�
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Roughness
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Beamline�layout
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Side view

Top view
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Prefocusing section:� Adapt�the�source�to�the�monochromator�requirements
Adsorb�the�unwanted�power radiation

Monochromator:Select�the�proper�photon�energy�

Refocusing�section:�Adapt�the�spot�shape�at�the�necessity�of�the experiment�
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Basic�lattice�structure
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Sources

e-

hν

Vertical�

Horizontal�
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Thermal�deformation�

Vertical�

Horizontal�
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Mechanical�and�thermal�properties�of�some�mirror�materials
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Density Young’s�modulus Thermal
expansion

Thermal
conductivity

Figure�of
merit

gm/cc GPa (α)�ppm/oC (k)�W/m/oC k/α
Fused�silica 2.19 73 0.50 1.4 2.8
Zerodur 2.53 92 0.05 1.60 32
Silicon 2.33 131 2.60 156 60
SiC�CVD 3.21 461 2.40 198 82
Aluminum 2.70 68 22.5 167 7.42
Copper 8.94 117 16.5 391 23.7
Glidcop 8.84 130 16.6 365 22
Molybdenum 10.22 324.8 4.80 142 29.6

Silicon�mirrors
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600�mm

110�mm
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Side�cooling
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Side�cooling
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Internal�cooling�mirror
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Internal�cooling�mirror
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Induced�slope�errors�for�400�W�source

3GeV��Synchrotron�source3GeV��Synchrotron�source
6.6�cm�period�6.6�cm�period�undulator�Kundulator�Kmaxmax=5.7=5.7

BL6.1BL6.1

1.51.5o�o�grazing�incidencegrazing�incidence

∆∆T=7.7T=7.7o�o�

1.51.5o�o�grazing�incidencegrazing�incidence

∆∆h=17h=17µµmm slope�26�slope�26�µµradrad
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glidcop
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Induced�slope�errors�for�400�W�source

� Density� Young’s�modulus� Thermal�
expansion�

Thermal�
conductivity�

Figure�of�
mer it�

� gm/cc� GPa� (α)�ppm/oC� (k)�W/m/oC� k/α�
Silicon� 2.33� 131� 2.60� 156� 60�
SiC�CVD� 3.21� 461� 2.40� 198� 82�
Aluminum� 2.70� 68� 22.5� 167� 7.42�
Copper � 8.94� 117� 16.5� 391� 23.7�
Glidcop� 8.84� 130� 16.6� 365� 22�
Molybdenum� 10.22� 324.8� 4.80� 142� 29.6�
Invar �36� 9.05� 141� 0.5� 10.4� 20.8�
SuperInvar � 8.13� 145� 0.06� 10.5� 210�
�

∆∆T=7.7T=7.7o�o�

Glidcop�Glidcop� MolybdenumMolybdenum

∆∆T=13.3T=13.3o�o�
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Induced�slope�errors�for�400�W�source

� Density� Young’s�modulus� Thermal�
expansion�

Thermal�
conductivity�
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SiC�CVD� 3.21� 461� 2.40� 198� 82�
Aluminum� 2.70� 68� 22.5� 167� 7.42�
Copper � 8.94� 117� 16.5� 391� 23.7�
Glidcop� 8.84� 130� 16.6� 365� 22�
Molybdenum� 10.22� 324.8� 4.80� 142� 29.6�
Invar �36� 9.05� 141� 0.5� 10.4� 20.8�
SuperInvar � 8.13� 145� 0.06� 10.5� 210�
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� Density� Young’s�modulus� Thermal�
expansion�

Thermal�
conductivity�

Figure�of�
mer it�

� gm/cc� GPa� (α)�ppm/oC� (k)�W/m/oC� k/α�
Silicon� 2.33� 131� 2.60� 156� 60�
SiC�CVD� 3.21� 461� 2.40� 198� 82�
Aluminum� 2.70� 68� 22.5� 167� 7.42�
Copper � 8.94� 117� 16.5� 391� 23.7�
Glidcop� 8.84� 130� 16.6� 365� 22�
Molybdenum� 10.22� 324.8� 4.80� 142� 29.6�
Invar �36� 9.05� 141� 0.5� 10.4� 20.8�
SuperInvar � 8.13� 145� 0.06� 10.5� 210�
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Carbon�contamination
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Effect of�the contamination:
Strong adsorption at�the carbon�edge (≈270 eV)
Reduction of reflectivity due to�enanchment of�the surface�roughness
general�deterioration of�the surface

250 eV� 260 eV� 270 eV� 280 eV� 290 eV� 300 eV� 310 eV�

Carbon�contamination and cleaning
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Contamination�process:
Hydrocarbons�adsorbed�by the surface
Cracking induced�by the incoming�radiation
Formation of graphitic�carbon�layer (mixed C coumpond)�

Effect of�the contamination:
Strong adsorption at�the carbon�edge (≈270 eV)
Reduction of reflectivity due to�enanchment of�the surface�roughness
general�deterioration of�the surface

+�300-500�V�(DC)�

I 100�mA-1A
P�0.5-1 mbar O2
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e UV�lamp�discharge
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Other�contamination
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Effect of�the contamination:
Strong adsorption at�the�O/Cr�edge�
Reduction of reflectivity due to�enanchment of�the surface�roughness
general�deterioration of�the surface
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Diffraction��grating

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

Soft
X-ray

I.R. U.V.Visible
Micro
wave

Hard
X-ray

limit�~�1-2�keV�(�1 nm)�
Soft
X-ray

I.R. U.V.Visible
Micro
wave

Hard
X-ray

Zero�order

External�Orders�(-)

Internal�Orders�(+)

d
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d�sin(α) d�si
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( ) ( )( )βαλ sinsin −= dn

Gratings�profiles
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Laminar�profile

wh
Blaze�profile

θ
γ

Blaze�gratings: higher�efficiency

Laminar gratings: Higher�spectral�purity�
Higher�resolution�

Blaze conditionBlaze condition

Blaze angle=(Blaze angle=(α+βα+β)/2)/2

( ) ( )( )βαλ sinsin −= dnnλ
1λ

2�λ2�
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Gratings�profiles
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Diffraction��grating�production
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Mechanical�ruling blaze�profile�à smaller�blaze�angles;�higer efficiency�

Holographically recording laminar�and�blaze�profile�(large�blaze�angle)�
à higher�groove�density;�lower�spacing�disomogeneity

Mechanically�ruled�grating
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Mechanically ruled Mechanically ruled ((CARL ZEISS Grating Ruling Engine GTM6CARL ZEISS Grating Ruling Engine GTM6)) with blazed profile down to 0.5with blazed profile down to 0.5--0.70.7oo

Diamond�tool�
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Holographical grating
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Exposure�
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Holographical grating
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Gratings�profiles
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Shallow�blaze�angle�grating�realization

Diamond�tool

Gold�(Cr)�layer

Si�substrate

• Thermal�evaporation�of�Gold�
on�the�Si substrate�(plus�Cr�
binding�layer)�
• Grooves�formed�by�plastic�
deformation�of�the�ruling�layerMechanically ruled by the Mechanically ruled by the CARL CARL 

ZEISS Grating Ruling Engine GTM6ZEISS Grating Ruling Engine GTM6
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Shallow�blaze�angle�grating�realization
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• Thermal�evaporation�of�Gold�
on�the�Si substrate�(plus�Cr�
binding�layer)�
• Grooves�formed�by�plastic�
deformation�of�the�ruling�layer
•Realization�of�low�micro-
roughness�blaze�grating�with�
20<gd<5000�l/mm�and�down�
to�1.5o of�blaze�angle
•Ar+�ion�etching�(200�mm�
diameter�collimated�beam)
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Shallow�blaze�angle�grating�realization
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• Thermal�evaporation�of�Gold�
on�the�Si substrate�(plus�Cr�
binding�layer)�
• Grooves�formed�by�plastic�
deformation�of�the�ruling�layer
•Realization�of�low�micro-
roughness�blaze�grating�with�
20<gd<5000�l/mm�and�down�
to�1.5o of�blaze�angle
•Ar+ ion�etching�(200�mm�
diameter�collimated�beam)
• Ar+ ion�etching�rate�on�gold�
much�larger�then�on�Silicon
•An�angle�reduction�of�a�factor�
3�(even�higher�if�Ar+ +�O+ is�
used)�can�be�achieved�by�this�
technique
•Roughness�and�anti�blaze�
angle�are�also�reduced.
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Our�grating

Plane�substrate�600�l/mm�gold�coated�
80X5�mm�useful�area,�blaze�angle�0.4o

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics
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Expected�performance�
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Grating’s�equations
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Rowland�condition
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Plane/spherical�grating�monochromators
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Plane/spherical�grating�monochromators
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Plane�mirro
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Spherical/plane�grating

Entrance�slit/source

Exit slit/image
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θmirror=(α+β)/2�

Plane/spherical�grating�monochromators
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Plane�mirro
r

Spherical/plane�grating

Entrance�slit/source

Exit slit/image

h mirror�axis ~�h/2 grating center�
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Plane/spherical�grating�monochromators
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Plane�mirro
r

Spherical/plane�grating

Entrance�slit/source

Exit slit/image

Spherical�grating monochromator efficiency
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Resolving power
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Resolving power
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Typical�Spherical�grating monochromator resolving power

Resolving power
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Typical�Spherical�grating monochromator resolving power +50-250�V�
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Resolving power
Typical�Spherical�grating monochromator resolving power +50-250�V�
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Resolving power
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Typical�Spherical�grating monochromator resolving power +50-250�V�

I(nA)�
Gas inlet�

Photon in

866866 867 868868 869 870870 871
0

2

4

6

8

10

5p

4p

1s�->�3p

�Photon�energy�(eV)

�

�In
te

ns
ity

�(
A

rb
.U

n.
)

�

Ne�K-shell�
excitations��������

R�≅≅≅≅ 8500



36

Resolving power
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Typical�Spherical�grating monochromator resolving power +50-250�V�
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Groove�errors�
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Ghosts�&�Stray�Light
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M00KMDn �MM00F +−= c

Reduction�of�higher�order�aberrations

Increasing�of�focusing�property�of�spherical�gratings

Constant�demagnification�ratio�of�plane�VLS�monochromators

Focusing�plane�gratings
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Spherical�Variable line�space grating
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M00KMDn �MM00F +−= c

Reduction�of�higher�order�aberrations

Increasing�of�focusing�property�of�spherical�gratings

Constant�demagnification�ratio�of�plane�VLS�monochromators

Focusing�plane�gratings
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Spherical VLS spectrometer (ComIXS)�
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Compact Inelastic X-ray�spectrometer�

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

8

6

4

2

Y
�(

c
m

)

42.842.642.442.242.041.841.641.4

X�(cm )

25

35

45

55

70

105
135 155 175 195 215 235

120

160

200

240

340

500
580 660 740 820 900 1000

Zero order direction

Distance�sample�grating�(cm) 63

Distance�grating�CCD�(cm) variable � 42

Angle�of�incidence(deg) 87.48

radius�of�curvature�(cm) 1432.7
LEG HEG

Energy�range�(eV) 25-200 100-1200

D0 (l/cm) 4800 19200
D1 (l/cm2) 200 800
D2 (l/cm3) 7.5 30

500500 eVeV directiondirection

4040 eVeV directiondirection

CCD plane

CCD plane

ComI S

Beamline focusBeamline focus
Spectrometer SourceSpectrometer Source

Low
er Energy

Low
er Energy

CCD
CCD

Plane VLS grating
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Kirkpatrick�Baez�configuration

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

(1/r+1/r’ )cosθ/2=1/R

Microfocusing
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Microfocusing
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Mechanical�bender (ESRF)
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micro-fluorescence�&�micro-diffraction�(HXR)

The�mirror�must�be�shaped�according�to�the�required�working�distance�and�angle�of�incidence�
constant�thickness�but�linear�width�variation.

To�picomotors

Picomotors for�the�bending�driving�system�(2�for�each�mirror)
Two�different�moments�are�applied�at�the�end�of�the�flat�polished�substrate

Open�clamping�system�to�let�the�beam�pass�trough

Bending�system
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Mechanical�bender (ESRF)

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

-1.0 -0.5 0.0 0.5 1.0

X�(cm)

-1.0

-0.5

0.0

0.5

1.0

Y
�(

cm
)

EUV and soft x-ray optics

Homogeneous�spot

Focusin
g�beam

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics



45

-40x10
-6

-30

-20

-10

0

p
ro

fil
e�

(m
m

)

300250200150100500
x�(mm)

Residual�slope=1.3�µrad
Shape�error:�27�nm�rms�77�nm�P-V

-1.0 -0.5 0.0 0.5 1.0

X�(cm)

-1.0

-0.5

0.0

0.5

1.0

Y
�(

cm
)

EUV�and�soft�x-ray�optics

Homogeneous�spot

Focusin
g�beam

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

Piezoelectric�Bimorph�mirrors
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Piezo�ceramic��

Thin�metallic�electrode (deposited)
Inert�plate (optical material)�

VD

Optical�surface�polished after gluing

Second�optical�surface�available

R.�Signorato (ACCEL)�
J.J.�Fermé S.E.S.O.
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Piezoelectric�Bimorph�mirrors
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Radius�variation:�370�m�(+1500V) to 2300�m�(-1500V)

Stability:� ∆R/R≅0.8%�on�1�day�scale
∆R/R≅2.0%�on�10�day�scale

Dimension:�from�150�mm�(single�element)�to�1400�mm.

Metrology

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

Request�of�higher�performance

Request�of�better�mirrors

Production�of�better�mirrors

Better�results

You�must�b
e�able�to�measure�it!
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Metrology�laboratory
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Micromap�Promap�512

Reichert�POLIVAR�2�MET
WYKO�RTI�4100�

Clean�room�class�1000�(BIOAIR)

Long�trace�profiler�(LTP�II)

Thermostabilised�room�(∆T=�0.1o�rms)

Purchased�in�1992
Roughness�measurement�
Good�repeatability�and�

precision�(better�then�1Å�rms)�

Purchased�in�2002�
3D surface�topography�

Purchased�in�1991
Several in�house modification
2D�direct slope�measurement�

Long trace�profiler (LTP)
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Control�of�environmental�conditions
-Thermalisation�of�the�laboratory
-Absence�of�air�turbulence
-Remote�control�measurement
-Stable�supports

Long trace�profiler (LTP)
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Groove density measurement
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WYKO�RTI�4100
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3D measurement of optical�surfaces�

λ/100 precision�
λ/2000 repeatability�
Accessories

Transmission�spheres�
f�/1.5�for�sagittal�radii�and�NI�mirrors�with�R<1�m

f�/24.8 diverger for�NI�mirrors�with�R>2�m�

Laser�collimated�beam
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To�CCD
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un

de
r�

te
st

Accessories
Transmission�spheres�

f�/1.5�for�sagittal�radii�and�NI�mirrors�with�R<1�m
f�/24.8 diverger for�NI�mirrors�with�R>2�m�

Partially�reflective�
transmission�flat�(or�sphere)

Accessories
Transmission�spheres�

f�/1.5�for�sagittal�radii�and�NI�mirrors�with�R<1�m
f�/24.8 diverger for�NI�mirrors�with�R>2�m�
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Roughness�measurment (Micromap�Promap)
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Precision 0.5�Å rms
Spatial�frequency:
1�µm-1 to 1�mm�-1
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AFM�measurement

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

the abdus salamabdus salamabdus salamabdus salam
international centre for theoretical physics

AFM�measurement

Best�fit:�
blaze=0.4°�antibleze=1.34°
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