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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
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1)

2)

3)
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Important Characteristics of Synchrotron Radiation

Continuous
spectrum

IR X-Ray

Emission in small
solid angle

Solid angle

Pulsed time structure

Ll

Time

High degree of
polarisation

hw

Properties can be calculated/predicted



Synchrotron Radiation Sources

Dipole Magnet
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Flux = photons/sec

Fux 1
SxSyS'xS'yBW

Brilliance (or Brightness) =

I = electron current in the storage ring
SxSy= the areafrom which the SR is emitted

sy  =thesolid angleinto which the SR is emitted
BW = photon energy bandwidth

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



ELETTRA's Brightness Curves,
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The Practical Meaning of Brilliance

Mirror Entrance Grating Exil Slit
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Source must be demagnilied
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The electron beam

emittance = e = s S'c = constant
ey = C e

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

case of ELETTRA

horizontal emittance e, = 7.0 nm-rad

coupling factor = 1%

beam dimensions in the straight sections
(horizontal/vertical) in um 241/15

beam divergence in the straight sections
(horizontal/vertical) in prad 29/6



The radiation emission process

effectivesize s,
opening angle s’

Total

St= yS¢ +S7

St=+S'g+s'?



Dipole magnet

effective size

Gt = Ge

vertical opening angle

0.43
1
o' (rad) = 0.57 (ij - for 0.2 <2< 100
A Y M.

C

L. = critical wavelength
ho . = critical energy

1 CL
Y= = = relativistic factor
1-P
v=1957 E
E3
ho, =2218 — =667 B E’
P

E = energy of the electrons in GeV

p = radius of curvature of the electrons in the dipole
magnets in meters

B = magnetic field amplitude in Tesla

ho . = critical energy in eV
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| g 400 mA

flux [photons/s/0.1%bw(/mrad)]

0’
photon energy [eV]

Spectral flux of radiation sources in the storage ring at 2 GeV.
case of ELETTRA

E =2 GeV
p=35m
hw, = 3.2 KeV

y = 3914

5 )04
O'w (rad) = 0.57 [}L—) - 255 prad
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horizontal opening angle
defined by the geometry of the front end

a ELETTRA: 6 or 7 mrad



Layout of a Wiggler, Undulator




magnetic field strength parameter K

& el B,
© 27tme

K = ﬂ+g 34 }LqBa

Ao = length of the undulator period in cm
B, = magnetic field amplitude in Tesla

K = dy

atK=11sd=11



Wiggler

K>>1

vertical opening angle

S'w=S"v (dipole)

horizontal opening angle

s'm=d/2=K/2g

vertical source size

Y& 3 9 g 2

horizontal source size

where Dqg is the half opening angle of the optical system



Wiggler W14.0 of ELETTRA at 2 GeV

L=45m

Ao = 140 mm
B=15T,K=19.6

2A0 = 1.5 mrad H x 0.28 mrad V

K
XOZ—h =112 um

Y 2W
separation between the two "eyes"of the wiggler

ho,=4.0KeV

0.43
A 1
G'w (rad) = 0.57 (K_j ; =108 urad (at 7o = 8 KeV)

G'm = 2500 prad
Gry = 105 um

G =575 um



Undulator

0<K =23
I ? 2.2
I —Cl+— + -
29%ke 2 T9
D _1 D _1
kN T 2kN

k = number of the harmonic
N = number of periods of undulator

NI , =L =total length of undulator

s' = width of the central radiation cone

K2
| kN " g JNK
D 1 , I
= SI’: —




Typical Undulator Spectra

Typical undulator spectra: A, = 70 mm, N = 35 and E,j = 800 MeV. The envelope
of the spectra is determined mainly by the transmission of the monochromator used
to record them [2.7].

a. Spectra of the first harmonic for different values of K. The acceptance of the
monochromator was 0.13 mrad.
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Intensity (au)
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b. The first three harmonics for K = 1.09. The acceptance of the
monochromator was 0.13 mrad.
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Slr:» E

diffractionlimitcase: s, -s' =1 /4p

1

=Lt
4p

Sr

caseof ELETTRA

L=45m

es. aw =100 eV, thatisl =12.4 nm
s’y =52 urad

S;=19um



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



Reflectivity of Au at angles of incidence
80°, 82°, 84°, 86°, 88°

200 400 600 ¢00 1000



d(sino+sinf)=kA

k N A =sin o + sin 3

k = order of diffraction: 0, £1, X2, etc.
N= 1/d = line density



Slit Limited Resolution

£ o 1 <
ntrance: = ——cosa

TNk

_ 1 ¢
Exit: Dl oit = ———cosb

Nk r



Grating density N
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Example: the low energy grating of the
BACH beamline at ELETTRA
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a. Toroid (p < R) or sphere (p = R)

N %

¢. Ellipse




Object

Image

meridional or tangential focusing

Y —
_r.#_

sagittal focusing

toroid (p < R) or sphere (p = R)

idional focusin [1 + : } 0 i RO
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Typical achievable figure accuracy

Surface shape Accuracy
(arcsec. RMS)
Flat <01
Spherical <01
Cylindrical <05
Toroidal 2 <05
Elliptical Tﬂrﬂld & <05
ParabolOdS st oo e me s | weS 10
ElipsEid, g = silea b gD

remember: 1 sec = 5 prad




Meridional and Sagittal Tangent Errors

a. Meridional tangent error: Aper

|
Source ‘]

Side View

Thus, As'per = 2rBmer

b. Sagittal tangent error: Asag see figure above
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Heat |oad on the optical elements. cooling is needed

example:
first mirror of the SuperESCA beamlineat ELETTRA
source:; U5.6 undulator

max absorbed power: 75 W

max induced slope error: 2 arcsec









The Kirkpatrick-Baez Optical System

Top View
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- separation of horizontal and vertical focusing

- the horizontal focusing mirror comes first:
it absorbs most of the heat load



Example of extreme demagnification

e r
magnification M = P
1

magnification

demagnification =

Source parameters

g=3327 (E=1.7 GeV)
e =6 nm-rad

C=0.10

ey = 0.6 nm-rad

Sen =219 um

Sev =42 um

S'eh=27 prad
S'ey=14 prad

undulator length L = 4100 mm
S'th =160 prad

S'w =40 prad or 80 prad

r = 17000 mm

effective source size = + 2s ¢, (includes 95% of total flux)
=168 um

try nominal demagnification = 24
entrance dlit size = 168/24 = 7 um



Focussing Characteristics of a Spherieal Mirror

To the left the spot diagram. To the right, the integrated vertical profile.
The angle of incidence, 8, is $7.5°.

a) Demagnification = 24, Oe=0 Opy = 30 prad
b) Demagnification = 24, op = | sec, Ty = 80 prad
¢) Demagnification = 24, O = 1sec, Opy = 40 prad
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Focussing Characteristics of a Plane Elliptical Mirror

To the left the spot diagram. To the right, the integrated vertical profile.

The angle of incidence, 8 , is 87.5°.

a) Demagnification = 24, G =0 Gy = 80 prad
b) Demagnification = 24, Oy = lsec,  Op = 850 prad
¢) Demagnification = 24, Tie = 2 58¢, Ty = 80 urad
a ] q L 1
= P ——— g_
h | T
c

¥
L
Ak
INTENSITY

L 1] 10 -0.04




spherical mirror
effective demagnification:

a 168/37=45
b. 168/53=3.2
c. 168/35=4.8

plane eliptical mirror
effective demagnification:
a 168/12=14

b. 168/48=3.5
c. 168/80=21



For nominal demagnification = 10

effective demagnification

sphere Se=0sec
Ste=1SeC

planeédlipse s=0sec
Ste=1sec

168/28 = 6.0
168/89=1.9

168/24=7.0
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)
- Fux at the sample
(- Spot size at the sample)

Constraints
- The effective source size s, is of the order of 20-50 pum

which makes 4s, = 80-200 pum.

- For high energy resolution the source must be
demagnified somewhere before the exit dlit of the
monochromator. For very high resolution down to
10 pm.

- 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 alimit on the
grating and other optical elements length, which defines
the maximum effective acceptance angless'y and s'y,
from the source.

- The finite length of the grating defines am 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 TGM

the most commonly found type of monochromator at the
synchrotron radiation laboratories around the world

simplicity: except for a rotation of the grating everything
is fixed in space

A TGM for Photon Energies from ca. 15 to 160 eV

Shown is a typical toroidal grating monochromator with a 1:2 demagniﬁ!ring
preoptical system and refocussing mirror behind the exit slit. Three gratings
are used: 200 #/mm, 600 £/mm and 1800 #/mm. The acceptance is 10 mrad
(H) and 2.5 mrad (V) [6.21].

premirror focusing
8093 mirror exp't
T toroidal exit 990
3P P PR entrance grating

T e T T L bbbt who—

1200
r—
&
=
L=
1057

A TGM for Photon Energies from ca. 180 to 1100 eV

A toroidal grating monochromator consisting of a grating and an exit slit. The
electron beam itself serves as the source. Two gratings are used: 1100 £/mm
and 1500 #/mm. The radii are R = 116000 mm and p = 483 mm. The
acceptance is 6 mrad (H) and 1 mrad (V) [6.22].

172*

exit =lit

r'=11364mm

Sk

— T e i e R e e -

r=5000mm

toroidal
grating



design criterium: . _
minimize defocussing (Fago) and astigmatic coma (F;20)

1 Lo J
ﬁlz——[mF +—={“F
NE\ &2 e

resolving power E/AE = 200-500

The Performance of a TGM for 180-1100 ¢V Photons

a. The optimization curves for the toroidal grating monochromator shown in
figure 6.2.2 with an 1800 £/mm grating and an acceptance of 2.0 mrad (H) and

1.4 mrad (V) are shown for source sizes of 0.2 mm (upper curves) and 0 mm
(point source) lower curves [6.22].
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The SGM

the Rowland conditions

Zcos’a cosal

=0
g r R g
g&cos’b  coshd _ 0
e r R g
r=Rcosa and I'=R cosb
Fo00 =0 meridional focus
Faoo=0 primary coma

1 lal 16
Faoo = - 3 (cosa +cosb) + ~3ar t g



The Rowland Circle Monochromator

Rowland Circle Exit

Radius =R \Sﬁt

{moveable along
Rowland circle)

Entrance

Grating
Radius = 2R



The Constant Length Rowland Circle Monochromator

In the following design the arm lengths, r and r' are made variable but without
moving the slits in order to fulfill the Rowland conditions. This is
accomplished by moving the grating back and forth between the slits. Hence the
name constant length Rowland circle monochromator [6.32-6.34]. Note that only

one additional optical element is required, a plane mirror.

spherical 0 ":Pmu plane
mirro mirror
' Yy, experiment

dipole cylindrical / * +/-05 .
i -0.5m slit
magnet mirror spherical
grating
| [ | | | | b in |
0 7.65 B.65 10.66 12.85* 1280* 17.1517.50

Distance to Source [m)]



The resolution of a Rowland circle monochromator

Nkl =sna +39nb — =——cosb
M kN
| =< C=constant dl :%dE
E E
SI
db:—I
r
Rowland condition I'=Rcosb
2 2
DE:E cosbxgz SE
CkN r' CkNR

for a SGM severa gratings are needed for high resolution
in awide energy range



The magnification of a monochromator

(n | tn.

magnification M(l ) =

Nkl =sna +39nb

Dl at the two dlits equal

ﬂ = icosa

fa kN

m_1

b ~ N cosbh
S )

Da =- and Db=-
r r

cosa cosh

Nk Da. = Nk

sscosa _ <'>cosb

r r

_r'>cosa

Sl
S r>xosb

M) =



Case of the Rowland circle monochromator

r=Rcosa and r'=Rcosb

_ R>cosb:cosa
R >cosa xcosb

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



The exactly focussed SGM

Fi00 = NKI -(Sina+sinb) =0
(grating equation)

a&cos’a cosad acos’b cosbO
Fooo = € - THe——- =0

e r R g e r R g
(meridional focus)

for al energies

and Fspp = 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 dit
(Dragon Monochromator)

movable plane mirror inside the monochromator
(VASGM: Variable Angle SGM)
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Optical Design of the Petersen Plane Grating Monochromator Exit Slit

Focussing
F— Plane Mirror
Grating (Fixed)

Virtual
Source

(real, %




for aplanegrating R = ¥

' cos’h
Fooo=0 P —=-—
r cos’a

where ¢ 1S a constant
optimum value ¢y = 2.25

magnification

' scosa
r >xcosb

Mgaing = Mg =

"
r'+d

M mirror = Mm =

r
I XCy

M:Mg'Mm~

typical values Ci = 2.25

_Czﬁ

r = 13000 mm
r' = 5000 mm

energy resolution DE u E¥2
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