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review of the sources of synchrotron radiation

the brilliance

geometrical characteristics of the radiation from the
different sources:
- bending magnet
- wiggler
- undulator

gratings

mirrors

figure accuracy/ heat load on the optical elements

an example of focusing system

guidelines in designing a beamline

three examples of monochromator/beamlines











Flux = photons/sec

Brilliance (or Brightness) = 
Flux

I
 

1
σ xσy σ' x σ ' y BW

I = electron current in the storage ring
σxσy = the area from which the SR is emitted
σ'xσ'y = the solid angle into which the SR is emitted
BW = photon energy bandwidth

units = photons/sec mm2 mrad2 0.1%BW
    for given ring current I (typically 100 mA)







The electron beam

emittance = ε = σeσ'e = constant

εy = C εx

C = coupling factor (constant), typically 1-10 %

case of ELETTRA

horizontal emittance εx = 7.0 nm·rad
coupling factor = 1%
beam dimensions in the straight sections
(horizontal/vertical) in µm 241/15
beam divergence in the straight sections
(horizontal/vertical) in µrad  29/6



The radiation emission process

effective size σr

opening angle σ'r

Total

σt = σe
2 + σ r

2

σ't = σ ' e
2 +σ ' r

2



Dipole magnet

effective size

�t = �e

vertical opening angle

�'rv (rad) = 0.57 
�
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for 0.2 <
�

� c
< 100

�c = critical wavelength
���� c  = critical energy

� = 
1

1� �2
 = relativistic factor

� = 1957 E

���� c  = 2218 
E 3

�
 = 667 B E2

E = energy of the electrons in GeV
� = radius of curvature of the electrons in the dipole
magnets in meters
B = magnetic field amplitude in Tesla
���� c  = critical energy in eV





horizontal opening angle

defined by the geometry of the front end

at ELETTRA: 6 or 7 mrad







Wiggler

K >> 1

vertical opening angle

σ'rv = σ'rv (dipole)

horizontal opening angle

σ'rh = δ/2 = K/2γ

vertical source size

σrv = 
σ' ev
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horizontal source size
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where ∆θ is the half opening angle of the optical system



Wiggler W14.0 of ELETTRA at 2 GeV

L = 4.5 m
�o = 140 mm
B = 1.5 T, K = 19.6
2�� = 1.5 mrad H 	 0.28 mrad V

xo = 
K
�

�o

2�
 = 112 µm

separation between the two "eyes"of the wiggler

�
c = 4.0 KeV

�'rv (rad) = 0.57 
���

�

�
��
�

�

�
� 1

43.0

c
 = 108 µrad (at �
 = 8 KeV)

�'rh = 2500 µrad

�rv = 105 µm

�rh = 575 µm



Undulator

0 < K = 2-3

λ = 
λ o

2γ 2k
1+

K2

2
+ γ 2θ2 

 
 

 

 
 

kN
1

=
λ
λ∆

 or 
kN2
1

=
λ
λ∆

k = number of the harmonic
N = number of periods of undulator
Nλo = L = total length of undulator

σ'r = width of the central radiation cone

kN
1

=
λ
λ∆

σ'r = 
1+

K2

2
γ

1
Nk

kN2
1

=
λ
λ∆

σ'r = 
λ
L







σ'r = 
λ
L

diffraction limit case: σr · σ'r = λ/4π

σr = 
1

4π
λL

case of ELETTRA

L = 4.5 m

es.   hω  = 100 eV, that is λ = 12.4 nm

σ'r = 52 µrad

σr = 19 µm



Constraints in designing the optical system

- in vacuum operation
- only reflecting optics available
  grazing incidence, limited reflectivity
- no lenses, no prisms
  no multielement optical groups
  for an aberration corrected system







Slit Limited Resolution

Entrance:∆λent = 
1

Nk
s
r

cosα

Exit: ∆λexit = 
1

Nk
s'
r'

cosβ















Heat load on the optical elements: cooling is needed

example:
first mirror of the SuperESCA beamline at ELETTRA
source: U5.6 undulator

max absorbed power: 75 W

max induced slope error: 2 arcsec









Example of extreme demagnification

magnification M = 
r'
r

demagnification = 
1

magnification

Source parameters

γ = 3327 (E = 1.7 GeV)
εx = 6 nm·rad
C = 0.10
εy = 0.6 nm·rad
σeh = 219 µm
σev = 42 µm
σ'eh = 27 µrad
σ'ev = 14 µrad

undulator length L = 4100 mm
σ'rh = 160 µrad
σ'rv = 40 µrad or 80 µrad
r = 17000 mm

effective source size = ± 2σev (includes 95% of total flux)
         = 168 µm

try nominal demagnification = 24
entrance slit size = 168/24 = 7 µm







spherical mirror

effective demagnification:

a. 168/37 = 4.5
b. 168/53 = 3.2
c. 168/35 = 4.8

plane elliptical mirror

effective demagnification:

a. 168/12 = 14
b. 168/48 = 3.5
c. 168/80 = 2.1



For nominal demagnification = 10

effective demagnification

sphere σte = 0 sec 168/28 = 6.0
σte = 1 sec 168/89 = 1.9

plane ellipse σte = 0 sec 168/24 = 7.0
σte = 1 sec 168/72 = 2.3

in practice nominal demagnification = 5-8



Beamline design

Requests
- Energy range
- Energy resolution
- Number of gratings to be used
  (available energy range without grating change)
- Flux at the sample
(- Spot size at the sample)

Constraints
- The effective source size σtv is of the order of 20-50 µm
  which makes 4σtv = 80-200 µm.
- For high energy resolution the source must be
  demagnified somewhere before the exit slit of the
  monochromator. For very high resolution down to
  10 µm.
- Depending on which kind of monochromator is used, a
  demagnifying mirror system might be necessary in front
  of the monochromator. Its maximum demagnification
  is of the order of 8-10.
- The angle of grazing incidence on the optical elements
  should be small enough to ensure reflectivity.
- Minimization of optical aberrations poses a limit on the
  grating and other optical elements length, which defines
  the maximum effective acceptance angles σ'tv and σ'th
  from the source.
- The finite length of the grating defines αmax and hence
  the low energy limit of the grating.
- The energy dependence of the resolving power of the
  grating poses a limit on the highest energy which
  can be reached with a single grating (see below).



Three examples of monochromators/beamlines

toroidal grating monochromator (TGM)

spherical grating monochromator (SGM)

Petersen plane grating monochromator (PGM)







The SGM

the Rowland conditions

set
cos2 α

r
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cos α
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 = 0

r = R cos α and r' = R cos β

F200 = 0  meridional focus

F300 = 0  primary coma

F400 = −
1

R3 cos α + cosβ( )+
1

R 2
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+
1
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The resolution of a Rowland circle monochromator

Nkλ = sin α + sin β 
∂λ
∂β

=
1

kN
cosβ

λ =
C
E

C=constant dλ =
C
E 2 dE

dβ =
s'
r'

Rowland condition r' = R cos β

∆E =
E 2 cosβ

CkN
⋅
s'
r'

=
s' E2

CkNR

for a SGM several gratings are needed for high resolution
in a wide energy range



The magnification of a monochromator

magnification M(λ) = 
s'
s

∂λ
∂α

=
1

kN
cosα

Nkλ = sin α + sin β
∂λ
∂β

=
1

kN
cosβ

α∆  = 
s
r

and   β∆  = 
s'
r'

λ∆  at the two slits equal
cosα
Nk

∆α =
cosβ
Nk

∆β

s ⋅cosα
r

=
s' ⋅cosβ

r'

M(λ) = 
s'
s

=
r' ⋅cosα
r ⋅cosβ



Case of the Rowland circle monochromator

r = R cos α   and   r' = R cos β

M = 
R ⋅cosβ ⋅cosα
R ⋅cosα ⋅ cosβ

=1

with a SGM no (or little) demagnification of the source is
possible: it is necessary to have a demagnifying mirror
system in front of the monochromator



The exactly focussed SGM

F100 = Nkλ - (sin α + sin β) = 0
(grating equation)

F200 = 
cos2 α

r
−

cos α
R

 

 
 

 

 
 +

cos2 β
r'

−
cosβ

R
 

 
 

 

 
  = 0

(meridional focus)

for all energies

and F300 = 0 (primary coma)

for one energy inside the grating's range

one additional degree of freedom is needed
besides the rotation of the grating

movable exit slit
(Dragon Monochromator)

movable plane mirror inside the monochromator
(VASGM: Variable Angle SGM)









for a plane grating R = ∞

F200 = 0 ⇒ 
r'
r

= −
cos2 β
cos2 α

 = -c2ff

where cff is a constant
optimum value cff = 2.25

magnification

Mgrating = Mg = 
r' ⋅cosα
r ⋅cosβ

Mmirror = Mm = 
r"

r' +d

M = Mg · Mm ˜  
r"

r ⋅cff

typical values cff = 2.25
r = 13000 mm
r" = 5000 mm

M ˜  1/6

energy resolution ∆E ∝ E3/ 2






