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e Outline

v Beamline
v' soft x-ray beamline optics
mirrors, Grating, monochromator, ...
v Example of some soft X-ray beamlines
v' Ray-tracing of a SpectroMicroscopy beamline of ILSF
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beamline

\ source

Front end

\ Optical section

Control
cabin

Experimental
section

(7p]
c
o
=
(qv]
=
o
o
<
(72]
)
ge
c
v}
c
o
=
=
o
C
o
c
o
| .
)
o
| .
c
o
c
>
(0p]
c
o
©
o
c
o
)
LL
(0))]
-
e}
=
™

Schematic figure of synchrotron and different part of beamline
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Optical section of Beamline  retocusing mireor

(ellipsoid)

Refocusing mirror |
(toroid)

Slits

Focusing mirror
(cylinder)

3661 cm 3761 cm

Apertures

Pre-mirror

3461 cm

Front-end
baffles Collimating

mirror (toroid)

3371 cm
3076 cm

Source

J— | 2125 cm

2000 cm

1775 cm
Fig: Sketch of the soft x-ray beamline

The beamline is the means of bringing the radiation from the source to the experiment
transforming the phase volume in a controlled way, that is:
demagnifying and monochromatizing the source and refocusing it onto a sample.
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- VUV, EUV and soft x-rays

% Wavelength

E 1um 100 nm 10 nm 1nm 0.1nm=1A
f/() 1 : T ] I L
= : I | |
1;3 ' | : | Cuk,,|

g ¥ L : 22
=) | '

I

S UV. Hard X-rays
- : Cu

o | | K

= | | | |

E feV 10eV | 100eV| tkeV ¥ 10keV
¥ Photon energy 4-30eV 30-250eV 250 — several KeV

‘g 300 — 40 nm 40— 5 nm

©

o

S

N These regions are very interesting because are characterized by the presence of
LL . : .

N the absorption edges of most low and intermediate Z elements

5
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mirrors

The mirrors which are included in a synchrotron radiation beamline perform different
function:

v’ Focusing the radiation

v" To split the radiation and send it to two or more beamline

v To filter off the high photon radiation or eliminating the higher order
output of the monochromator

Geometric shape of mirrors:

v’ Plane

v’ Spherical

v" Aspherical (elliptical, paraboloidal, and troidal)
v’ Bent plane mirrors
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Toroid

The toroid is generated by rotating a circle of radius p in an arc of radius R. In general, two
non-coincident focii are produced: one in the meridional plane and one in the sagittal
plane.

7 x> +y? + 2> =2Rx—2R(R-p) +2(R- p)\/(R—x)’ +y

! 1, COSQ:% Tangential focus

sagittal focus

C

—=cos’ @

0
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KB confoguration

The two mirror designed to separate to the functions of horizontal and vertical focussing
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Reflectivity of mirrors
Reflecting
R _a2+b2—28c0s0+c0s20 boundary
> a?+b2+2scos @ +cos’d '\
a?+b?—-2asinftan @ +sin 2O tan 2 0

=R
P S[az+b2+2asin6’tanl9+sin26tan26J
2a% = (nz—kz—sinzé’)z+4n2k2

_ -1
262 = |[(12-k2-sin26) +4n?k2| ? — (02 -k? - sin 29)

R.= Reflectivity of the component whose E vector is perpendicular to the plane of incidence
R,= Reflectivity of the component whose E vector is parallel to the plane of incidence
Complex refractive index:

N(E) = n(E) — ik(E)

n(E) is the real part and the usual index of refraction

k(E) is the imagainary part and extinction coefficient
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Grazing angles
G

Re(n, )Sing, = Re(n, )Siné,

Sing, = (1-5)Sin6, = 6, > 6,

o 50, =7/2

a“" =x/2-0"

Sing°™ = Sin(z/2 —a)=Cosa®™ =1-6
Cosa®™ =1-1/2(a°"f =1-5

— aCrit — /25

p: the number of electrons per unit volume
€y the electrical permittivity of free space
m,: the rest mass of the electron

c: the speed of light in vacuum

k: the wave-number of the X-ray radiation
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Grazing angles

10
Fy > :
= = -
ks S 05f
2 I |
0 2 4& 6 8 10 122 1u 0 o2 @8 & a1 =
Glancing angle (mrad) Wavelength (A)
0 = 3.8 mrad

constant™

A =1.54A

constant

m e glass “““-

8 (mrad)

Critical angles of total reflection at A=1.54A calculated for some mirror material
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Optical Path function

Fermat’s principle: ligth rays choose their paths to minimize the optical length.

F=AP + PB + NkAy

il N: line density
] | : ~ K: diffraction order,(x1, £ 2 ...)
kP A: wavelength of the light being diffracted
Perfect focus condition:
F=AP +PB + NkAy F_F
oz oy
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If x-y plane is a symmetry plane

a; coefficient:

Toroid . L o I 1 . 1
oroi e B = :
S e w awm T e T B
1
Aoy a, =0. a; =0

Sphere, cylinder and plane are apecial case of toroid:
R=p — sphere
R=0 —> cylinder
R=p=w0—> plane
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paraboloid:

Ellipsoid:
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a; coefficient

f5e 1 o _cosd = 3sin® &
P dfcodd’ F AF T T 33 ced’
; _tand ; _ _sindcosd
12 —ng » 3= 87

5sin” Jcos I sin” 9
Ay = =
41} 641> o 641 cos® 9

1 cos? b’ 51'11219_'_ 1

Ay =————; Ay=——: dy= — |;
s 4 f cosd? » 4f s 64f3cos’ 9 | b a

tan.? : 3
ﬂlﬁ,:# e’ —sin” ﬁm—& e’ —sin’ 3 ;
T 8f cosd?

b’ Ssin® @ cos™ @ Ssin’@ 1

Qgo = 3 3 2 - 2 +— |

641 cos 4 b a° a

sin® & 3 b? cos” & |

Ay =———5— cos. 1’5'——:, = |

16/ cos” 4 ; 2

1
1 1
where f={—+—,}
A
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Optical path function ’
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Most important imaging errors

F.p =0 =>sina +sin B = NkA Grating equation
2 2 .
Faoo :O:>£COS AL ’B]—Zazo(cosa+cosﬂ):0 Tangential focus
r r
1 1 :
Fppo =0 = —+——2a,(cosa +cos f)=0 Sagittal focus
ror
Example: Toroidal mirror l+l Cos‘gzi (1+lj l :l
rr) 2 R r r')2cosé p

The dispersive contribution to resolution,AA, caused by aberrations:

1 3 | 1 1 1 1
Ad = —{szoo +5 Y, |:300 +§ 22F120 +5 y3 I:400 +5 yZZFzzo + ZF111 +§ F102 +§ szoz + yZan---:|
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Nk
F200 defocus
Fozo astigmatism
F300 primary coma
Fi20 astigmatic coma
Fa00 F220 Foao spherical aberration
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Aberration

Spherical aberration:

Object point

Coma aberration:

Object point

Astigmatism:

(7p]
C
o
=]
(qv]
o2
o
o
<
(72]
)
e
c
v}
C
o
=
=
©
C
nd
c
o
S
)
(@]
| -
i
O
c
>
p)}
c
o
B
o
£
(&)
p)]
LL
)]
-l
©
=
o

ILSF-IPM, September. 2013 19



Slope errors

Slope errors = every deviation from the ideal surface with period larger then ~ 1, 2 mm
(measured by the long trace profilometer (LTP))
There is a significant difference in the effectiveness of tangential errors and sagittal errors.

Side view End-on view
As’ .= 2r’o, As’ .= 2r’sinB.o;
= 2r'6. o

AS'tan 1 ~ 2r'Atan 9 A

AS' 2r'9. A % A
Ssag r g~ sag sag
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0,=2°=3.5x 107 rad; A, =29 A,
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@ The effect of Tangent Errors on Line Width

Angle of incidence 6g=2°=3.5%102radian  Source: 0.001lmm? X,y

-

o

= Arm length r=r’=6000 mm 1mrad FWHM divergence in the x and
(&)

= , , lanes

§ AS mer=2r Amer y p

PR 2%6000%1.14% 10~rad=0.14 mm

= ? 7

= As sag=2r GgAsag

=8 2x%6000%3.5%x10?rad x1.14%10°rad=4.8%X10° mm

% ? ?

'-cas As sag=2r GgAsag

adll 2x6000%3.5%107?rad %1.14%10°rad=4.8%103 mm

c

o

ISl Lmer= 1 secC Do A .. FWHM,,(mm) | FWHM,, (mm)
é GgAsag=(1/29)><3O ~1 (sec) (sec)

> _ -
2 Aslmerz 0.11=2x6000xAmer 1 O O 1,0)(10 3 1,0)(10 3
i; A,...=0.81 sec 2|0 1 1.1x103 0.134
B A',,,=9.5%103=2X6000%3.5x107A,,, [ 37 5 1971073 L 0x103
7N A ,.=2.0 sec

7 4| 30 0 0.14 1.1x10°3
—l

= 5] 30 1 0.14 0.14

i 6| 2 0.9 8-11x103 0.11
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Surface roughness

Roughness: Every deviation from the ideal surface with period smaller then ~ 0.5 -1 mm
(determind by an interferometric microscope (IM))

R=R, exp[-(4m osinB,/A)?]
R,: smooth surface reflectivity
R: attenuated reflectivity

o : micro surface roughness in rms <0.5 nm

1.0
B, : glancing angle of incidence -} 03%Loss

09 | ,/\
08 |

The effect of surface roughness on a 07 |-
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platinum coated mirror for energies > o6 !
50-1500 eV is shown. Z os|
The loss of reflection at 100 eV is only § 04 |- .
0.3% whereas at 1000 eV the loss is ;02 03| f\
25%. 02} 25%Loss S
o1 F
0.0 [ - A i n L i i i L | L L i L
0 500 1000 1500

Photon energy (eV)
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Gratings

The core of a vacuum ultraviolet/soft x-ray monochromator is the diffraction grating.
A reflection diffraction grating consist of a reflecting surface with a periodic array of lines.

Incidence ray

Sina +Sinfg =NmA
m=0, £1, £2,...
a and B: incidence and diffraction angels

m: order of the diffraction
N: line density
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Grating profiles

Blaze

Reflection into proper diffraction order

Reflection at bad angle F

Almost normal incidence

Reflection into proper diffraction order
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& Reflection at bad angle Blaze gratings: Higher efficiency
“\l—f Laminar gratings: Higher spectral purity
Higher resolution
Dead space
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The resolving power of a monochromator is a measure of how finely it is able to
distinguish between photons of different energies.

The resolution, AE, is a measure of smallest amount by which two energies can differ and
still be distinguished (or resolved)

A : . =
= Nml Diffraction limit =\
Aﬂ’ ______.--""_'_--_ ;)//""
AE Energy resolution ety - . i R

(E/AE) Resolving power 6 @5 00 05 10

| grating length )
Entrance slit

contribution

[Mj:COS(a) Aa =2 Mnpes = ——cos(at)

entrance N k r

Sina +Sing =NmA
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Exit slit
contribution
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Contribution of the Grating Tangent Errors, o,,, to resulution

1 As' As'=2x2.35r'o,, _ 2x2.350,cos 3

Aﬂ’exit :m r COSﬂ > Aﬂ‘te kN

The resolution, AE, being the Gassian sum of different terms such as the entrance and
exit slit dimensions, the slope errors, and the residual aberrations.

dispersion

The angular dispersion is the rate at which the diffraction angle changes with energy.
The spatial dispersion is the physical spacing on the focal plane of two lines of different

energies.

. . B dg Nm : ,
Sina +SIng =NmA -
s 41 Cosp angular dispersion
The angle between the principle maximum of diffraction (]

(m=1) and its first Rayleigh minimum is given by:
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AN

ml cos
f dg _ dx _ Nmf Spatial dispersion is determined by [— — —
di diA cosf  dp/dAand focal plane (f) E —
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Grating efficiency

The efficiency of a grating, or the fraction of incident photons that it successfully
focuses onto the exit slit depend on ...

Geometric efficiency is the fraction of available photons that are successfully
transmitted through the system as a result of the sizes of the optical elements.

Effective area of the grating —— * Size of the grating
* Incidence angle

* Source — grating distance

a=0" —p T a=0’
r’=x r’'=2x
o= 86" - » < o= 86°

Diffraction efficiency is the fraction of the photons incident on a grating that are
diffracted into the desired diffraction order (m).

1) Line density (N), 2) Incidence angle (a), 3) Energy or wavelength of
photons (E,A ), 4) Groove profile, 5) Grating material (coating)
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Energy range

1. High-energy region (>~ 150 eV)
Grazing incidence (>~ 85 deg) monochoromator is inevitable
Except for multilayer grating

2. Low-energy region (< ~ 50 eV)
Near normal incidence monochromator is also available

3. Wide-energy beamline (e.g. 30 eV — 1500 eV)
Combination of grazing and normal incidence monochromators

Variable included angle monochromator

Interchangeable gratings \V
a
I
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Resolution and intensity

1. Energy resolution depends on...
Dispertion & Focus
Focus size depends on ... Farabolic mirror
(eollimatian)

Source size, demagnification, aberration, slope error, ... ;

Marabelic mirrer
(focusing}

Perfect monochromator, in principle, Plane grating Exlt sl

Excer it (e e (dlsperslon) (wavelength

. We must compromise !! walaciion]
opP Intensity, resolution, energy range, ... — free monochromator

2. Intensity depend on ...

Number of optical elements
Incidence angle & acceptance (larger incidence needs larger mirror)
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Exlt slit
Diffraction efficiency of the grating (wavslangh
. . . . . . Folnt soyfce ga@ actlon)
High groove density large dispersion but low efficiency
Minimum intensity loss (no mirror)
Focal condition depends on wavelength idlﬂgggﬁr&gg:mng}
Aberration might be serious The simplest monochromator
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Some hints for the choice

1. Grating shape (plane, spherical, ...)

Spherical: dispersion & focus —> small number of optical elements
be careful for aberrations

2. Groove density (uniform or varied)
3. Included angle (constant or varied)

Variable: higher degree of freedom — resolution & intensity in wide energy range
Scanning mechanism is more complicated

4. Entrance slit

Without slit: source size of SR itself directly affects
With slit: higher resolution can be achieved at the sacrifice of the resolution intensity

Pre-focusing optics is necessary
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L -’7',' Iranian Light Source Facility ” 5

Nanospectroscopy beamline " !

2 undulators, with phase modulation

Photon B‘ea
direction

&

2

I

S source:

= electromagnet
o

g Period (mm) 100

= polarisation linear horizontal, linear vertical, elliptical
(qv]

5 energy range 5-1000 eV

-c%; Effective size of the source (FWHM) 240 pm x 40 pm
p Flux density (Ph/sec/pm?) 14

o

= beam defining aperture size (10 m

o . 1x2 2

E, behind the source) < mm

>

‘g Acceptance angle of beamline 0.1 mrad x 0.2 mrad
o
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& Pinhole . Horizontal focus of mirror M1, 18 m from the
-% Source distance= 10 m source, this is the source for the following
= i mirrors in the horizontal plane

2 : |

. . H

= Side view i 5

S ; Vertical focus of mirror (M1) (entrance slit), 19 m
I5 Troidal mirror (M1) from the source, this is virtual source for the
© Source distance= 16 m monochromator

3

o : :

c Troidal mirror:

= Radius of curvature R=116.429 m, p= 15.43 cm
é Tangential focal point q,= 2m

o Sagittal focal point q.=3m

S Grazing angle 1.75°

[s)

% Horizontal demagnification 8

N : : :

L Mirror dimention 10x1cm

n

— Substrate Glidcop

ok Tang. Slope error rms 3—-4purad
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% lIranian Light Source Facility

Nanospectroscopy beamline

> Variable included Angle Spherical Grating Monochromator:

It can provide very high resolving power
To obtain very high resolving power, several gratings are required
The included angle working curve is flat

> A plane variable line spacing grating:

No high resolving power
It can cover a large energy rang with a relatively small change in the resolving power
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Included angle (20) (deg)

155 &= 1 1 ] | 1]
0

200 400 600 800 1000 200 400 600 800 1000

Photon energy (eV) Photon energy (eV)
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Nanospectroscopy beamline

must be chosen carefully.

Image

Shape Length
Spherical/flat Up to 500 mm
Spherical/flat > 500 mm

Toroidal Up to 500 mm
Toroidal > 500 mm
. ) ] Aspherical Up to 500 mm
Fig: KB configuration
Aspherical > 500 mm

Source
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bent it to a ellipse.

ILSF-IPM, September. 2013

A second horizontally focusing mirror has a demagnification factor greater then 10, so it

To produce a spot smaller then 5 um, 1 prad slope error is the minimum requirement.

rms errors
< 0.5 prad
1-2 prad
<1 prad

> 1 prad

2 prad
3-5 prad

The only way to have a real micro-focus is to start from a flat or spherical surface and

37



. Bendeble elliptical mirror PEM4
Nanospectroscopy beamline | 31 75m from source

6=2°
Dimension = 30 X 2 cm? sample
P=13.75m, g=1.2m, 1/M=11.45

Bendeble elliptical mirror PEM3
Face up 31.3 m from source
0=1.5"

Dimension = 30 X 2 cm?
P=8.3m, g=1.65m, 1/M=3.51

elliptical mirror EM1
34.55 m from source
B6=2°

Dimension = 20 X 2 cm?
P=1.6m, g=0.4,1/M=4

Bendeble elliptical mirror PEM2
37.5m from source

0= 2.5°

Dimension = 30 X 1 cm?
P=19.5m, q=1.4m, 1/M=13.92

Plane deflecting mirror (PDM)
1 m from exit slit

0= 2.5°

Dimension = 12 X 1 cm?

Bendeble elliptical mirror PEM1
37.05m from source

Side view 0=2.5"

Dimension = 30 X 2 cm? sample
P=14.05m, g=1.85m, 1/M=7.59
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brilliance

Photon flux = photons/sec
Photon Flux 1 | = electron current in the storage ring
I o,0,0',0',BW 0,0, =the transverse area from which SR is emitted
o’,0’, = the solid angle into which SR is emitted

BW= spectral bandwidth, usually AE/E=0.1%

Brilliance =

(72]
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KB 1he The brilliance of the source and not just the number of photons/second must be

o . .

= transferred as completely as possible through the optical system to the .
= experiment X
= - The surface error increase TS | i
(% - The cost increase E

c

° -

[s) —_———

)2 N v" Small focus volume

.l The source must be demagnified: x\\& v' Higher flux density

Lm" - The vertical aperture remains small 7 N
— - The optical aberration decrease R I TR
© o y N
= - The surface error decrease :'{'_Z; — ) /4

- The cost decreases
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Spot size and divergence of the photon beam for two different undulators length

-

=l (L=2.127 m and 6 m) at two energy values (1 KeV and 10 KeV).

(qv]

(&)

g

2 E (KeV) 1 10

2 &, (nm.rad) 0.93 3.278 0.93 3.278

e

S Medium Long Medium | Medium Long Medium

c

= L= o, (1um) 58.1 153.4 156.4 57.0 153.4 156.2

= ,

§ 2.127m | o, (um) 52 8.3 10.3 3.5 7.32 7.3

= o' (urad) | 37.3 24.2 48.3 29.5 7.7 38.4

5 o' (urad) | 24.3 24.2 31.4 8.2 7.7 11

5 L= o (um) | 57.4 | 1535 | 1567 | 57.0 153.4 | 156.2

%) 6m |o.,(um) 7.6 9.96 14.7 3.9 7.5 7.9

c

= o' (urad) [ 31.9 14.4 41.7 28.8 4.6 37.6

®)

g o' (urad) | 14.7 14.4 19.6 5.4 4.6 7.7

)

%8 Table shows the results, as it can be seen the spot size has been reduced by a factor of
=8 2.7x2 in the medium straight section of low emittance case relative to high emittance, and
8l o it is greatly appreciated. It should be noted that the decreasing of spot size is mostly due

to using low value of B, .
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T3 D IPM
gz A

Iranian Light Source Facility
v

Spot size of the photon beam at the focal plane of KB mirrors Foot print of photon beam on
(spherical mirrors) with undulator source in two values of emittance:  the mirror with BM source
3.278 & 0.93 nm.rad.

€,=3.278 nm.rad

=00z a0a ooz Rl > . 0.0 004 0 1m0 2000 3000 400

X (cm)
» Increasing of Resolving Power

» Reduction of the photon beam aberration

» Reduction of foot prints on the optical elements (technically
and budget)
» Simpler beamline design by using higher quality and simpler ; € =0.93 nm.rad

. . X * *

optical element or lower number of optical elements, etc.

X (cm)
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/)-," Iranian Light Source Facility
Ray tracing:

In the vacuum ultraviolet and soft x-ray portion of the spectrum only three optical
principle are required for basic ray trace program:

a) The optical path between physical elements of the optical system is a straight
b) The angle of reflection is equal to the angle of incidence

c) Diffraction phenomena are governed by Bragg’s law

€4 Shadow YUI 1.07
ShadowWUI Edt Run  Results  PreProcessors Ukl Tools Help

" Geometical (% BM (" ‘Wiggler ¢ Undulat
I Xop Source Optics Tools Hep s e nedEersource
Loge | Tres |PT |cmd |cD | Modiy... | Run SHADOW /source |

|F'|Dt><‘|”:j |Hi$tn1:j InfoSh | Sourcinfo | Spectum |

W Add oe | Modify oe. .. ‘ Delete oe | Delete all ‘ Run SHADDW frace |

|F'IDt><Y: leistcﬂ:ﬂ“nfD aor; j BL'iewer

Macros:
macro

o

Add macro | Edit | Delete macro | Run macro

Wwhorking directon:
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Browser. .. |D:"asnmayeh\:-:np2.3'xtmp
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Power density calculations

P 0.5 5
p(@,w):10.84E4BOING|:1—(}L—0X?('OOIJ} 1 Sy x0.001) :
[1+ (yw x0.001) T 7[1+ yy x0.001)" ]
{K6+(24K4j+(4K) +16} ©: horizontal angular
G=Kx ’ _ ! displacement
(1+K2) W: Vertical angular

displacement in mrad
K: deflection parameter
G: normalizing factor

P() is the angular power density function in W/mrad? in the vertical only (6=0). ¥= o,
0.02, ..., 126.1mrad
P() is the angular power density function in W/mrad? in the vertical only (6=0). 0 = o,

0.02, ..., 126.1 mrad)
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Grating

Incidence ray

- 2
Lol e -
e Tt Rt

—2 i :
Variable line spacing grating Sina +Sinf =NmA

Entrance ' m=0, 1, £2,...
slit %\y S
4 AE Energy resolution

v : 4. -
T & | Exit siit AE = Nml (E/AE) Resolving power
" = B | grating length

3nd [LSF School on Synchrotron Radiation and Its Applications

A/IE ) = S'Cﬁ dp = Nm angular dispertion
ntrance Nmr dﬂ’ COS,B

Ly M AX = Cosfs Spatial dispertion
Exit Nmr' AL Nmf
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