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Optical components for hard x-ray 
beamline

Optical components for hard x-ray 
beamline

Most important optical 
elements:

• sources
• filters
• slits and pinholes
• mirrors
• monochromators
• detectors

mirrors

monochromators

slits filters

source

detectors

High brilliance and small electron beam emittance mean X-ray beams 
of high quality

High brilliance and small electron beam emittance mean X-ray beams 
of high quality

“ ...The finite quality and the fundamental limits of the 
optical components increase the emittance of the 

beam…….
The main aim of the optical design 

consists on minimizing the inevitable beam 
degradation…”

“ ...The finite quality and the fundamental limits of the 
optical components increase the emittance of the 

beam…….
The main aim of the optical design 

consists on minimizing the inevitable beam 
degradation…”Jean Susini “Design parameters for hard x-ray mirrors: the ESRF case”

OPTICAL ENGINEERING/February 1995/Vol. 34  2/361
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For x-rays the refractive index is n = 1- δ
with 0 < δ << 1, therefore is 0 < n < 1

If we consider ϑ as the angle that the incoming radiation does
with the mirror surface (grazing angle), the  photons will be totally
reflected if ϑ < ϑc

For x-rays the refractive index is n = 1- δ
with 0 < δ << 1, therefore is 0 < n < 1

If we consider ϑ as the angle that the incoming radiation does
with the mirror surface (grazing angle), the  photons will be totally
reflected if ϑ < ϑc

ϑ < ϑc

ϑ = ϑc
ϑ > ϑc

Mirrors 1: total reflection
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Reflectivity versus photon energy as function 
of  the grazing angle in deg.
Mirror coating : Platinum

Reflectivity versus photon energy as function 
of  the grazing angle in deg.
Mirror coating : Platinum
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* the bending magnet case 
* the extended source case

Mirrors 2: focussing
In the ideal mirror device all rays from one
particular point are reflected and focused into
another point according to 1/q + 1/p = 1/ƒ

Tangential focussing

Sagittal focussing

ELLIPSOIDAL SURFACE best approximation circle

ρtangential =

ρsagittal = 2f sinϑ

2f / sin ϑ
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Zero order

External Orders (-)

Internal Orders (+)
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the optical prism is used to separate the components 
of the white visible light

sampling the out-coming light with a couple of slits it is 
possible to select a part of the spectrum with a 
spectral purity which depends on the slits distance 
and aperture.
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d

2d sinϑ

ϑ

ϑ ϑ

λ

the Bragg’s law

Radiation of wavelength λ is reflected by the 
lattice plane.
The outgoing waves interfere. The 
interference is constructive only if the 
difference of optical path is a multiple of  λ:

2dsinϑ =nλ
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from the Bragg law

therefore 

and the Bragg angle is 90o

2dsinϑ=nλ

sinϑ =1  ⇒  λmax

λmax = 2d
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important properties for the
x-ray monochromators

- ENERGY RESOLUTION

∆ϑ has two contribution :
∆ϑbeam - beam angular spread (optics)
ωcrystal - intrinsic reflection width of the

monochromator

∆λ
λ

=
∆E
E

= ∆ϑ cot g ϑ B( )
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Case of     ∆ϑbeam >> ωcrystal

white beam with divergence in the plane of scattering

Case of     ∆ϑbeam >> ωcrystal

white beam with divergence in the plane of scattering

The crystal accepts all the rays with 
ϑmin ≤ ϑΒ ≤ ϑmax

The crystal accepts all the rays with 
ϑmin ≤ ϑΒ ≤ ϑmax

monochromatormonochromator

ϑmin / Emax
ϑmin / Emax

ϑmax / Emin
ϑmax / Emin

Emin

Emax
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Case of ∆ϑbeam << ωcrystal
white beam parallel in the plane of 

scattering

Case of ∆ϑbeam << ωcrystal
white beam parallel in the plane of 

scattering

monochromatormonochromator premirrorpremirror

parabolaparabola

The energy bandwidth is determined by the derivative 
of the Bragg’s law

∆E = ωcrystal cotg(ϑB)  E

The energy bandwidth is determined by the derivative 
of the Bragg’s law

∆E = ωcrystal cotg(ϑB)  E
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Dumond diagrams
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Second crystal in
non dispersive configuration

Second crystal in
non dispersive configuration

All rays accepted 
by the first crystal 
are accepted also 
at the second.

All rays accepted 
by the first crystal 
are accepted also 
at the second.
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Second crystal in
dispersive configuration

Second crystal in
dispersive configuration

Rays incident at a lower angle 
than the central ray on the first 
crystal are incident at a  higher 
angle on the second crystal.

energy resolution
intensity of the reflection

Rays incident at a lower angle 
than the central ray on the first 
crystal are incident at a  higher 
angle on the second crystal.

energy resolution
intensity of the reflection
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two models for the x-ray 
diffraction in single crystals
two models for the x-ray 

diffraction in single crystals

kinematical modelkinematical model

apply this model for:

- thin perfect crystals
- distorted or mosaic crystals

apply this model for:

- thin perfect crystals
- distorted or mosaic crystals

dynamical modeldynamical model

according with Darwin model (1922)
the mosaic crystal is defined by two
general conditions:

- crystallites have to be
misoriented more than the
Darwin with of the perfect crystal
(loss of the phase condition)

- their dimensions have to be smaller
than the extintion length of the
considered radiation
(no second interaction)

according with Darwin model (1922)
the mosaic crystal is defined by two
general conditions:

- crystallites have to be
misoriented more than the
Darwin with of the perfect crystal
(loss of the phase condition)

- their dimensions have to be smaller
than the extintion length of the
considered radiation
(no second interaction)

a) we can’t longer consider
single interaction. 
(extinction length)

b) we can’t neglect, as well
as in the kinematical
model, the effect of the
radiation absorption

a) we can’t longer consider
single interaction. 
(extinction length)

b) we can’t neglect, as well
as in the kinematical
model, the effect of the
radiation absorption

apply this model for:

- thick and perfect crystal

apply this model for:

- thick and perfect crystal
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The Darwin curveThe Darwin curve

INTENSITY OF THE
REFLECTION

- reflectivity or peak reflectivity
- integral reflecting power

INTENSITY OF THE
REFLECTION

- reflectivity or peak reflectivity
- integral reflecting power

predicted by the dynamical theory

absorption effects
ωs

n order of the reflection
λ1          wavelength of the fundamental
e-M(n) temperature factor
V volume of the unit cell
ϑB Bragg angle
Re radius of the electron e2/mc2

ωs = 2
sin2ϑ

B

reλ
2

πV
CF
hr
e−M

Fhr real part of the structure factor related to the 
diffracted direction h(h,k,l)

angular shift due to the refractive effect
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the b parameter
defined as :

α is the angle between the Bragg plane and the
crystal surface

b=
sinα-ϑ

B
⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

sinα+ϑ
B

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 

ωo =
ωs
b

the angular acceptance as
function of the intrinsic width
and the b parameter:

T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1
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Bragg reflection width in case of
asymmetric cut crystal is defined by:

ωh =ωs b

Sh =
So
b

ωhSh=ωoSo

also for the beams sections

combining the two formulas we have the 
well known Liouville’s theorem

the angular acceptance as function
of the Bragg reflection width 

ωh=bωo

T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1



Sincrotrone Trieste S.c.p.A.
Hard-X Ray Optics 

Laboratory

T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1, edited by E.E. Kock
North-Holland Publishing Company, 1983
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T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1
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T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1
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T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1
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T. Matsushita and H. Hashizume X-Ray Monochromators
Handbook on Synchrotron Radiation, Vol. 1

Note as the refractive effect on the first crystal
has been totally compensated by the second one

Note as the refractive effect on the first crystal
has been totally compensated by the second one
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1
X2 +

1
Y 2 =

4
D2

Double crystal monochromator


