
Beamlines
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The beamline

• is the mean of bringing radiation from the source to the experiment 
transforming the phase volume in a controlled way: it demagnifies, 
monochromatizes and refocuses the source onto a sample

• must preserve the excellent qualities of the radiation source

Wednesday, July 10, 2013



Brilliance =
Φ

σxσyσ�
xσ

�
yBW

Brilliance
where:
Φ is the photon flux
σx,y are the source sizes
σʼx,y are the source divergences
BW is the bandwidth
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Brilliance
where:
Φ is the photon flux
σx,y are the source sizes
σʼx,y are the source divergences
BW is the bandwidth

Liouvilleʼs theorem
For an optical system the occupied phase space 
volume can only increase along the optical path 
(without loosing photons) (σσʼ)final≥(σσʼ)initial 

Wednesday, July 10, 2013



Brilliance

Example a focussing element:
by reducing the size we increase the divergence
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VUV, EUV and soft x-rays

These regions are interesting because  they are characterized by the 
presence of the absorption edges of most low and intermediate Z elements
➔ photons with these energies are a very sensitive tool for elemental and 
chemical identification
But… these regions are difficult to access.

30-250eV
400-5 nm 250eV -few keV4-30eV

300-40 nm
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Ultra-high vacuum

VUV, EUV and soft x-rays have a high degree of absorption in all materials

➔ No windows 
➔ The entire optical system must be kept under vacuum

Ultrahigh vacuum conditions (P≲1-2x10-9 mbar) are required:
• Not to disturb the storage ring and the experiment
• To avoid photon absorption in air
• To protect the optical surfaces from contamination (especially from
carbon)

VUV, EUV and soft x-rays
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VUV, EUV and soft x-rays have a high degree of absorption in all materials
➔ No lenses: only mirrors! 

Reflectivities drop down by increasing the grazing incidence angle
➔ only reflective optics at grazing incidence angles (1-2 degrees)

VUV, EUV and soft x-rays
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VUV, EUV and soft x-rays
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The meridian or tangential plane contains the central incidence ray and the
normal to the surface. The sagittal plane is the plane perpendicular to the
tangential plane and containing the normal to the surface.

Focusing properties
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The Kirkpatrick-Baez spherical mirrors configuration
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sin α + sin β = Nkλ

Gratings
The diffraction grating separates the different components of the spectrum by 
redirecting the radiation by an amount which depends upon the wavelength.

N=1/d is the groove density, k is the order of diffraction (±1,±2,...)
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VUV, EUV and soft x-rays beamline

Basic elements:
• mirrors to focus, deflect and filter

• gratings to diffract

• slits to spatially select the radiation

Optical elements have to preserve (as much as possible!) the quality 
(brilliance) of the radiation
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Conserving brilliance

Brilliance decreases because of:

• roughness and slope errors on optical surfaces

• thermal deformations of optical elements due to heat load produced by the 
high power radiation

• aberrations of optical elements

In the following we will consider OEs with theoretical surface shapes
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Perfect imaging and aberrations

An ideal optical element is able to perform perfect imaging if all the rays 
originating from a single object point cross at a single image point.

Deviations from perfect imaging are called aberrations.
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Aberration theory

Image quality is essential for achieving high energy and spatial resolution  
➔ knowledge of aberration theory is necessary

It shows what the different aberration terms are and how they play a role 
in the image formation ➔ it teaches how aberrations can be reduced

Goal: understand in general terms how to treat mathematically  the 
focusing properties of a concave optical element.

We will study the case of a grating.

The general theory of aberrations of diffraction gratings applies Fermatʼs 
principle to derive expressions for the aberration coefficients.
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In other words:
a light-ray going from A to B must traverse an optical path length which is stationary 
with respect to small variations of that path

F =
B�

A

n (�r) dl

Fermatʼs principle

Light-rays choose their paths to minimize 
the optical length

n (�r)       is the index of refraction of the 
medium 
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Refraction index
In the Lorentz-Drude model we can write the refraction index as

where the ωs can be regarded as the absorption edges of the atoms 
constituting the medium. At high photon energies, the expression becomes:

Wednesday, July 10, 2013



n ≈ 1− δ + iβ

δ ≈ Ne2λ2

2πmc2

δ ≈ e2λ2

2πmc2

�����N + Nsgs

�
λ
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�2

ln

��
λs

λ

�2

− 1

������

Refraction index
so we can write the refraction index as

where, if we assume a single absorption edge at λs:

and for  λ<<λs (free electron limit):
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Refraction index

λ2 behaviour
λ & δ ≪ 1
δ crossover

ωIR ωUV ωK,L,M
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Mirror defects

Slope errors:
every deviation than from the ideal surface with period larger than ~ 1,2 mm
Typical definition is mrad 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

Roughness:
every deviation from the ideal surface with period smaller than ~ 0.5-1 mm
Typical definition is Å rms.
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 than wide 20-10 means 20/1000 of mm max scratch width 10/100 mm max 
dig dimension
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Roughness

Wednesday, July 10, 2013



Roughness

Shape Spherical/Flat Toroidal/aspherical

Roughness (Å) 3 typical (1 best) 5 typical (3 best)
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Thermal deformation
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Mechanical and thermal properties of selected mirror materials

Density
(g/cm3)

Youngʼs 
modulus

(GPa)

Thermal 
expansion
α (ppm/˚C)

Thermal 
conductivity
k (W/m/˚C)

Figure of merit
k/α

Fused silica

Zerodur

Silicon

SiC CVD

Aluminum

Copper

Glidcop

Molybdenum

2.19 73 0.50 1.4 2.80

2.53 92 0.05 1.60 32.00

2.33 131 2.60 156 60.00

3.21 461 2.40 198 82.50

2.70 68 22.5 167 7.42

8.94 117 16.5 391 23.70

8.84 130 16.6 365 21.99

10.22 324.8 4.80 142 29.58
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Induced slope errors for a 400W source

Wednesday, July 10, 2013



Induced slope errors for a 400W source
Density
(g/cm3)

Youngʼs 
modulus

(GPa)

Thermal 
expansion
α (ppm/˚C)

Thermal 
conductivity
k (W/m/˚C)

Figure of merit
k/α

Glidcop

Molybdenum

SuperInvar

8.84 130 16.6 365 21.99

10.22 324.8 4.80 142 29.58

8.13 145 0.06 10.5 175.00
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Induced slope errors for a 400W source
Density
(g/cm3)

Youngʼs 
modulus

(GPa)

Thermal 
expansion
α (ppm/˚C)

Thermal 
conductivity
k (W/m/˚C)

Figure of merit
k/α

Glidcop

Molybdenum

SuperInvar

8.84 130 16.6 365 21.99

10.22 324.8 4.80 142 29.58

8.13 145 0.06 10.5 175.00

Δh=6µm ΔT=130˚C

SuperInvar
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Side cooling
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Side cooling
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Internal cooling
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Internal cooling
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Internal cooling
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Soft X-ray monochromators
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Soft X-ray monochromators
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Grating profiles
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Grating profiles
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Grating profiles
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