Soft X-Ray Reflectivity:
from quasi-perfect mirrors
to accelerator walls
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Synchrotron Radiation in all colours

Charged particles,
moving close to the speed of light

when deflected by Magnets irradiate a “special light”:
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3rd Generation Light - our Product

R Undulators and Wigglers

Devices with a periodic array of magnets (Undulators, Wigglers) implemented in the
straight sections of the storage ring produce coherent, polarised radiation.
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OUTLINE

Photon-matter interaction (basic optics)

From mirrors to accelerator walls

Reflectometry

Experimental data at BESSY-II
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Photon-matter interaction

1T order processes:

- Photo-electric effect then:
l‘adlathf? d.ecay (photon) incident
non-radiative (electron) photon

- Scattering
elastic (E=E,)
melastic (E<E,)

- Pair generation e-
(E>2x0.511 MeV)

A. Simionovici SAS Berlin 1/2012
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Interaction processes

photoelectric
- oeffect

§ [Inelastic.
! scattering

A. Simionovici SAS Berlin 1/2012
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Fresnel equations: Reflectance, Transmission

E; (1, 1)=Eq, !(kr-dsp) y 5, €
.\

Augustin Fresnel
1788 - 1827

E.. mnq-cosl; —no-cosb

s T E.. ny-cosb; +ns-cosb,
b Eyg _ 211 - cos 0,
FE,e nq-cost; +ns-costh
Tsp=ltspl?
- E., _ Mg cos 0, — ny - cos b, . =lrle-ido
E;,  ny-cosby 4+ ng - cosb; P
Snells law:
t, = Eip _ 211 - cos b; sing; / sin®; = n,/n,

Eip,  ny-costy+ng-coséb;
Index of refraction:
NnA)=1-5-1kK

Willebrord von Ruijen Snell
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OPTICAL DATA TABLES
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Reflectometry for beginners: Fresnel Equa
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Fresnel reflectivity Al, Cu, SS
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OUTLINE

Photon matter interaction (basic optics)

From mirrors to accelerator walls

Reflectometry

Experimental data at BESSY-II
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Real Optics: Slope errors, Surface rouc

Surface composed of facets with angle Aa,

beams are deflected by 2-Aaq;

Slope error is the rms-value of the (gaussian)

angular distribution of the surface facets Aq, Aa.

Slope error gives rise to a blurring of the image

surface with facets

Reduction of specular intensity

Debye-Waller factor reduces reflectance R,

4 7o sin 0, jz

R:Roe_[ A

a: rms value of the height deviation

Note that FWHM = 2.3-0
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Debye Waller factor
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Metrology on surfaces: PSD - Power spectral density

Courtesy of V. Yashchuk, ALS
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Angular distribution of scattered power  courtesy of V. Yashchuk, ALS
Surface is sum over gratings
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factor =a OS

Scattering goes up with energy of the light--fast

Scattering goes down with higher incidence angle

Valid in the ‘smooth surface’ limit!!!
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Metrology at BESSY

NOM - The Nanometer Optics Measuring Machine

Reticle image
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Scanning Penta Prism — Set up

Reticle image Reticle image

at angle a a=0
Moving Penta Prism d =f tan(2a)
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slope [urad]

Mirrror Requirements for todays X-Ray Optics

the tip of the needle, not the head! -
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OUTLINE

Photon matter interaction (basic optics)

From mirrors to accelerator walls

Reflectometry

Experimental data at BESSY-II
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At-wavelength Metrology - Optics Beamline @BESS

R=498000

rho=1116.3 rho=689.4

top view

R=74610

176.093° rho=33.4
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Collimated Plane Grating Monochromator (PGM)
* 10 - 2000 eV

 polarization linear/elliptical

* higher order light suppression

* low divergence
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Reflectometer @ Optics Beamline

REFLECTOMETER
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Optics beamline

Photon flux Energy resolution
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White light irradiation tests
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Reflectometry

- Reflectivity
- surface roughness
- interface quality

£,

v

- layer thickness
- chemical composition
- optical constants

- TEST DRIVE for Optics
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Reflectometry facing reality

1.0
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OUTLINE

Photon matter interaction (basic optics)

From mirrors to accelerator walls

Reflectometry

Experimental data at BESSY-II

(Roberto, Takuya, Laura)
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Energy dependence of Reflectivity

Photon Reflectivity vs Photon Energy (CESR Cu sample1)

Photon Energy [eV]

Reflectivity vs Photon Energy (APS Al flat sample)

I I I
IS ] T T T T ] ] T T g = —— theta:1.5, twotheta:3, HG, ST_ref_0.28 -
el I T et 5 wonelad, 1S, rorel 0.2 - - theta:1.5, twotheta:3, LG, ST_ref 0.103
I eta:1.o, wotheta.s, L1, re_ret_u. } — theta:3, twotheta:6, HG, ST_ref_0.29
! T el wotnetad, S, ro el 0.242 \ - - theta:3, twotheta:6, LG, ST_ref 0.104
. —— theta5, twotheta:10, HG, rc_ref 0243 | o | T fhetars wothela:?0, 1S, STrel0-30
gl - - theta:5, twotheta0, LG, rc_ref 0.205 el S a-o, Womsta. 10, =2 9 e 0
S n theta:1b twotheta'éo H’G T r_ef.0244_ =} . —— theta:10, twotheta:20, HG, ST_ref_0.31
el I CK-edge| _ _ theta-10. twotheta-20. LG. rc ref 0.206 . - - theta:10, twotheta:20, LG, ST_ref_0.106
\ l theta:20, twotheta:40’ HG’ e ref_O- 245 \ —— theta:20, twotheta:40, HG, ST_ref 0.32
' o oy = ' -~ theta:20, twotheta:40, LG, ST_ref 0.107
) theta:20, twotheta:40, LG, rc_ref_0.207 < v
N ! £ N ! -
E o . 15 © \
o © zZ
z >
> =
= >
2 , 3
g ol ! 5 e i
R ol 1% s
o
\
' Cu L-edge
! AY
< l [ce]
N o -
i 7] o
o
1\
\
\J\
o | | | | | | | | | | | 1 1 1 | | |
20 178 336 494 652 810 968 1126 1284 1442 1600 20 336 652 968 1284 1600

Photon Energy [eV]

data from Takuya Ishibashi
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Al (ILC) Specular reflectivity - Photoyield
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Straylight distribution (twotheta scans)

quasi-perfect mirror accelerator wall
Twotheta scan (CESR Al sample1, 150 eV)
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Photoyield
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Conclusion

- Reflectometry is a multi-dimensional experimental challenge: photon
energy, angle, substrate, contamination, non-perfect surfaces (up to
sandpaper quality)

- Reflectometry is a nice and indispensible tool for a quality check of
optical elements

- It delivers information on the slope and roughness of the surface and
the optical properties - at the design wavelength

- Scattering is difficult to be treated mathematically - just on a
statistical basis

- Sample alignment is always a serious issue - a source of
misinterpreting the measured data

- Nevertheless we’ve measured photon reflectivity and photoyield for
some samples (Al, Cu, and SS) of vacuum chambers at BESSY II

- Photoyield data can be transformed quantitatively (electrons/photon)

- We need to analyze all the data (total 630 data sets) and see how it
compares with theory
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