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Origin of light

And God Said
v D = Plree
V. B=0
¥V x E = —Q,E
M _— 1. Charge: a source of
¥ oD .o — —
V x H I Jies + = electric field, D = &,E.
2. Charge motion results in
and then there was variable field, 8D/dt # 0,
hght. a source of perpendicular
- magnetic field, B = u,H.
o
7 3. Variable magnetic field,
£ 0H/dt = 0, a source of
§ L) perpendicular E field ...
S
S
s Emission of light (E-M wave)
L requires that 92E/dt? # 0,
S i.e. acceleration of charge
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S
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Origin of synchrotron light

Electric dipol

Electron in ring Electron in ring
centripetal force relativistic
__ymc ta
a P = eB !
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Synchrotron light spectrum
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MWIJJ Outline

Development of SR sources
Properties of SR, instrumentation

Applications of SR
« diffraction

* imaging

* spectroscopy

Applications to magnetism

* magnetic structure

« element selective magnetometry
* magnetic imaging

« time resolved study

* extreme conditions
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Theoretical and experimental foundations

1865: J.C.Maxwell’s paper A Dynamical Theory of the Electromagnetic Field

1887: experimental observation of E-M waves by H.Hertz

M

Spark gap Receiver
transmitter

Appleyard R. Electrical Communication 6 (1927) 63

1897: discovery of electron by J.J.Thompson
1898-1900: Liénard and Wiechert formulate the theory of retarded potential

1907: G.A.Schott’s formulates the full theory of radiation from electrons
travelling at close to the speed of light
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Cyclic particle accelerators

1932: First cyclotron build by S.Gaal and
E.O.Lawrence (4.8 MeV, & = 69 cm)

1935: First betatron build by M.Steenbeck
(original concept from Rolf Widerge)

1944-1945: First synchrotrons by Vladimir Veksler and Edvin McMillan’s

wikipedia.org

(o)
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Discovery

1944: Ivanenko and Pomeranchouk calculate energy loss of electrons in betatron

1945: observation of modified trajectory of electrons in 100MeV betatron (Blewett),
no traces of radiation detected

1947, April 24: Pollock, Langmuir, Elder
and Gurewitsch observe light
produced inside vacuum tube of
newly built 70MeV synchrotron
(GE, Schenectady, Nowy Jork),
called synchrotron radiation

1949: Schwinger’s theory of SR

1969: Ginzburg & Syrovatskiy publish
Development of the Theory of
Synchrotron Radiation and Its
Reabsorption
based on Shklovsky’s theory of
cosmic radiation

ESM-2018, Krakow, 26/9/2018



Synchrotron lattice

Replenishment of electron
energy and longitudinal S
focussing using RF

cavities Vier

»Race track” synchrotron by D. Crane
(Univ. of Michigan, 1949)

insertion
device

booster
ring
front end

beamline

bending

magnets
storage \  hutch

ring \

Guiding and lateral focussing of el. bunches using magnets:
dipole, quadrupole, , N-pole ...

‘0
=
=
w
Willmott P. An Introduction to Synchrotron Radiation, Willey 2011
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Insertion devices

Maximum angular deviation
of the electron orbit, ¢4,
define undulator parameter:
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Willmott P. An Introduction to Synchrotron Radiation, Willey 2011 Photon energy [keV]
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Generations of SR sources
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Willmott P. An Introduction to Synchrotron Radiation, Willey 2011
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Generations of SR sources o[ T
- 10925 at LCLS ’ ““’;
5 10°F 4 4
5 _F i :
S0 E
4th: optimized for coherence 105k :
free electron lasers (FEL) OE' e '8'0'3

& diffraction limited |

storage rings (DLSR)
1020

1019

3rd: optimized for brilliance >

- - - 18
(insertion devices) 10

1017

bénding ma@gnets and
1016 o WIGYITS
normal 5 :

2nd: dedicated storage rings P

Brilliance [photons/s/mrad?/mm?/0.1% BW]

1st: refurbished storage rings 1015 ............... ............ ................ ..............
& parasitic operation . righ B (superconducting)
14 é é é
100,01 0.1 1 10 100

Willmott P. An Introduction to Synchrotron Radiation, Willey 2011

Photon energy [keV]

ESM-2018, Krakow, 26/9/2018

'—l
N



Unique properties od SR

e Stable, high flux source of photons
e Broad spectrum

e Collimated and coherent

e Discrete time structure

e Polarized
(linearly, circularly) WAL Gaussian puise

G, (rms)
= \Fwhm = 35 ps
|
|

-

rFWHM = 235 Og TilTle

328 buckets available,
nominally operated with
L some fraction unfilled.

ewnm = 35 ps (nominal) 500 MHz RF
Var /-\Time
> < AGZEEEA
V V \{ :--- 2ns --ll
|
—] —
35 ps 35 ps

Attwood D. Soft X-Rays and Extreme Ultraviolet
Radiation, Cambridge University Press 1999
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Synchrotron radiation labs

There are more than 50 light sources in the world (operational, or under construction).
Most of them offer free of charge access upon succesful beamtime applications (peer-reviewed).
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A’é SOLARIS Elements of X-ray optics
WIS~ Fowon e and instrumentation

www.synchrotron.pl

5 10 15 20 25

E = 200-2000 eV : i i i
(22,5) (24) (249) (26,5)

Bending magnet
source

Collimating mirror
(toroidal)

-,

Focusing mirror

Planehgratintg (cylindrical) Exit slits 4
S I Its end xs‘:gtion Refo(ctlcja?g;gar};irror
i \, end station
Mirrors Monochromators
deflecting -
& focusing Detectors/endstations
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http://ftp.esrf.fr/pub/scisoft/xop2.3/

X-ray mirrors

Cumulative transmission after optical elements
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Monochromators

I T =l
Pinhole — | =T
Pinhole
aperture
ae ]
a vy
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Grating
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Attwood D. Soft X-Rays and Extreme Ultraviolet Radiation, Cambridge University Press 1999
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Crystals, multilayers
hard X-rays

%,%%
Crystal
Bragg law
a ]
nA=2 sin6
VhZ + k2 +1?

Monochromators

Rowland Circle
Radius = R

(movublc alons
Rowland circle)

Entrance
Slit

bent crystals/gratings
Rowland circle geometry

Attwood D. Soft X-Rays and Extreme Ultraviolet Radiation, Cambridge University Press 1999
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f=R/2m5 Focusing optics

B
P =
Compound refractive lenses Coated glass capilary
hard X-rays hard X-rays
. F)n+2

Fresnel s lr' >

zone = 4y l ______________________ i

plates f _

soft X-rays

s 15KV 10000 I8 1.88Fm @ BO63

TN M

Willmott P. An Introduction to Synchrotron Radiation, Willey 2011
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Detectors

* lonization chambers \\
 Scintilators Fow

« Si/Ge pin diodes

« Silicon drift detectors (SDD)

« Avalanche photodiode (APD)

* Position sensitive detectors (PSD)

 Photocurent
 Drain current
* Phosphor screen + CCD

www.ketek.net; www.dectris.com; www.hamamatsu.com,; www.canberra.com
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MNUJ Outline

Development of SR sources
Properties of SR, instrumentation

Applications of SR
« diffraction

* imaging

* spectroscopy

Applications to magnetism

* magnetic structure

« element selective magnetometry
* magnetic imaging

e time resolved study

« extreme conditions
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Applications of synchrotron
radiation

X-ray diffraction

/
P —

Vimeo.com/diamondlightsource
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Applications of synchrotron
radiation

Crystal structure
of proteins

e.g. RuBisCO
enzyme

active sites,
where CO, is
bound

www.wikipedia.org
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Applications of synchrotron

Time resolved radiation
and in-situ study

Release of oxygen
from Myoglobine
protein

P

Courtesy: esrf.eu 3

P
‘:‘; 2‘ .
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Applications of synchrotron
radiation

Phase contrast image

Coherent photon beam
~20um lateral size
up to 150m projection

Contrast due to small
variations of refractive index

Courtesy: esrf.eu
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Applications of synchrotron
radiation

Phase contrast tomography

Non-destructive
testing of fossils

e.g. anatomical
details of ancient
snakes

Courtesy: esrf.eu
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Interaction of X-rays with matter

hal CQ._/_[ http:/physics.nist.gov/PhysRefData/¥comhtmlfxcom1 . html

Nd2Fel4B Density=6.9, Angle=320.deg

excitation
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10° | . :
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K-ray )§{ g
photon :
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o
g henke.Ibl.gov
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X-ray fanimati ¥-ray photon
photon ? ionization ¥-p
%,:: """"" i)osnron
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X-ray absorption

http:/physics.nist.gov/PhysRefDatafXcomfhtmlfxcom1.html

———————————————————————————————————— | + 4p
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‘ -¥O0— 1s
10° -
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2 f///’ﬂff##fff—
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Element selective

& symmetry sensitive
probe of unoccupied
electronic structure

Pair Production
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3
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Magnetic scattering and absorption

Atomic form factor

f=f,+f(E)+if"(E)

Elastic Reflectivity Absorption 6

Magnetic vs. charge scattering

.

f

f __ charge
magnetic 1 0 2:4

Intensity [Arb. Unit]
[+ ]
(+661) g N9y 'SAyd “|e 1e oe) ‘DD

[a~]
T

f ~A-L+B-S

Spin

magnetic

0 Ly Ly .

| 1 I i ] L 1 I ] i 1

it} 780 790 800 810 820
Photon Energy [eV]
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X-ray magnetic circualar dichroism

XAS/XMCD
. minority
majority .
. spin band
spinband | °P 7 T Bext
n A
3d ; EFermi
Valence band

>

Hrl

2ps3); Spin-orbit split
2P/, core level

Mass absorption

G. van der Laan, J. Phys.: Conf. Series (2013)

Photon energy
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Sum rules

£ B.T.Thole et al., PRL 68 (1992) 1943
— P.Carra et al., PRL 70 (1993) 694
Ee
Unoccupied d-like (AM ij
0o/ final states with ..

EE L)

+1;4«p.8:.;.1,/.4..‘ /\m Ls;Lz
A4 \/ I(Au)jE QI(Au)dE

... pure

Q
< spin polarisation
e B S; = _n'
g ‘\ / I(Mo)dE
4
P = +3/4 L
— where n denotes the number of holes
u orbital polarisation in the final states
ho

Enable to separate spin and orbital moments
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Magnetic X-ray microscopy

XMCD using ultrasmall X-ray beam or magnification optics

STXM, SPEM

Monochromatic
X Rays

Jill

Photoelectrons Photons

Scanning
Sample Stage

X-Ray
Detector

TXM

Polychromatic
X Rays

i

Condensor
Zone Plate

Monochromator
Pinhole ~20um

& position sensitive detector for photons/photoelectrons

X-PEEM

Magnified
Image

Phosphor
1 /1Y

Projection

Lens EI D

— — ApOrUre

Objective

Lens

N0

Photoelectrons * A
X Rays

Sample

A.P. Hitchcock, J. Electron Spectrosc. Relat. Phenom. (2015)
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Wio 2p,,

2Dy

Magnetic X-ray microscopy

XMCD contrast proportional to the magnetization
projection on incoming photon direction

XMCD ~ <M> cos(M,L)

~

TEY (a.u.)

4

b
=)

| 'S

Lo L

775 780 785 790 795 800 805
Photon energy (eV)

Circular right Circular left

! —

e

=

F. Noltig in Magnetism and Synchrotron Radiation New Trends, Springer 2010
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=l 4p Similar information to XPS, X-ray Em ission
but for (diluted, insulating,

Er 3d buried ...) bulky samples
w 3p Sensitive to nominal spin of K
Z transition metals 3- p 13

—— 1S

Nominal Spin
- ]

(e}
L

g s Experiment
Kp ; " Firet Moment Postion [oV]
& KBy,5 g Kp'
O é
ﬂ § Fe,0; S=5/2
x 500 s | KsFe(CN)g S=1/2
K,Fe(CN)gs S=0 Theory
Kaz

X 8
! | ! I ! | ! | ! |
/ \ 6465 6470 6475 6480 6485 6490 6495 6500

5880 5900 5920 6480 6520 6560 Fluorescence Energy [eV]
Fluorescence Energy [eV]
P.Glatzel & U.Bergmann, Coord. Chem. Rev. (2005)
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Continuum (Resonant) Inelastic

0 - P Y I Energy X-ray Scattering
F : transfer
(loss)
Core level
Elastic ( R) IXS
s
.= Phonons
&
—_ Compton
gﬂ Magnon g
E Core
o || QuasiElastic
7 Plasmon
Valence
High resolution probe of
elementary excitations
including Q dependence

o* 100 10° 10" 10° 100 100 10
Energy Transfer to Sample [eV]

A.Baron, arxiv.org/1504.01098
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a)

\%\ spin flip
T —

b)

T ==

elastic

L. Ament et al., Phys. Rev. Lett. (2009)

ESM-201

8, Krakow, 26/9/2018

Resonant (Inelastic)
X-ray Scattering

Complete polarisation analysis
allows to disentangle the origin of
elementary excitation probed:

magnon

orbital (d-d) excitation

elastic scattering



M“]IIJ Outline

Development of SR sources
Properties of SR, instrumentation

Applications of SR
« diffraction

* imaging

* spectroscopy

Applications to magnetism

* magnetic structure

+ element selective magnetometry
* magnetic imaging

« time resolved study

* extreme conditions
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Femtoscale Magnetically Magnetic diffraction
Induced Lattice Distortions

in Multiferroic ThMnO; A . —
a8
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H. C. Walker,** F. Fabrizi, %% L. Paolasini,’ F. de Bergevin,! ]. Herrero-Martin,’

f' (e/atom)
ok
S o
T T Z :

6
| > 4t
A. T. Boothroyd,? D. Prabhakaran,® D. F. McMorrow® ! E 2¢ ° 4 |
Mn | I S “&e A !
3o} ! | ] goves SR S
1 I Tb I s = =
C Q=G o o I = 24l =6.85 keV |
el 4 o L
P.=(1 ¢.305226)/(1+003226)_HCP 1ok ! | N Z 2 & = ;'_ ]
k k' 4. P,=0 ---LCP t : : : 3 ol B T:W
o S ' 5 | I | 20 = =
- = ‘; B L .
il 3 3 ' ! ' &b °
Bl | L il L7 Bs £=7.77 keV
—O0——O——Of— 2 — | e
1
0

é@

| | | o
o0 1\—/— 0 L1 ! ! W
O Fnzrg won 0 45 90 135 0 45 90 135 180

0 e N (deg) 1 (deg)

P, =0 —RCP
4 P, ==+sin20 -=-LCP Mn

!
T
1
v

Photon intensity I(n) (arb. units)

! | 1 M
! I I i
: Tb ! ! !
G I—v--?m c:>---¢1----<:> -
! 1
Charge/Magn.=0.2 : : : E = m'tl;b
4 —RCP o) q-d) -0 =0 > kT
3 ---LCP : : b
i ! 81
2 ¢ ¢
: :
! 1
! I

v
-

0
0 30 60 90 120 150 180
n (deg)
b

SCIENCE VOL 333 2 SEPTEMBER 2011 1273

a o
il
o
v

-
}
>
o)
Il

ESM-2018, Krakow, 26/9/2018



Magnetic remanence in single atoms

F. Donati,’ S. Rusponi,’ S. Stepanow,? C. Wiickerlin," A. Singha,' L. Persichetti,”
R. Baltic,” K. Diller,' F. Patthey,' E. Fernandes,' J. Dreiser,"® Z. $ljivantanin,**
K. Kummer,® C. Nistor,2 P. Gambardella,?* H. Brune'*

XMCD spectroscopy
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o 0.01
(]
O
=
>
C
T T T T T T e S B T -
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@S 2f - 1 € | & O
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S 1r 1 € | % >
= E Bl S 1 d & = 0.2
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SCIENCE 15 APRIL 2016 = VOL 352 ISSUE 6283 319
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week ending

PRL 107, 233401 (2011) PHYSICAL REVIEW LETTERS 2 DECEMBER 2011

Spin and Orbital Magnetic Moments of Free Nanoparticles

S. Peredkov," M. Neeb,” W. Eberhardt,' J. Meyer,® M. Tombers,” H. Kampschulte,® and G. Niedner-Schatteburg’
"nstitut fiir Optik und Atomare Physik, Technische Universitiit Berlin, Hardenbergstrasse 36, 10623 Berlin, Germany
2He.’mhrﬂIrz-Zenfrum Berlin fiir Materialien und Energie, BESSY 11, Albert-Einstein-Strasse 15, 12489 Berlin, Germany
SFachbereich Chemie und Forschungszentrum OPTIMAS, TU Kaiserslautern, 67663 Kaiserslautern, Germany
(Received 27 June 20011; published 30 November 2011)

XMCD - sum rules
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Element selective magnktometry

() Fe 1s2p RIXS-MCD

o1 Direct evidence for an interdiffused intermediate
layer in bi-magnetic core—shell nanoparticlesy

3 = Amélie Juhin,*® Alberto Ldpez-Ortega,*** Marcin Sikora,® Claire Carvallo,
8 Marta Estrader,”® Sonia Estradé,’ Francesca Peir6,” Maria Dolors Bard,”
§ A Philippe Sainctavit,? Pieter Glatzel' and Josep Nogués®™
> 709
5 (a)
w 708 05
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Mn;0,
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Nanoscale, 2014, 6, 11911
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IC microscopy

X-ray magnet

Spatially and time-resolved magnetization
dynamics driven by spin-orbit torques

Manuel Baumgartner'*, Kevin Garello"?*, Johannes Mendil', Can Onur Avci', Eva Grimaldi',
Christoph Murer', Junxiac Feng', Mihai Gabureac', Christian Stamm', Yves Acremann3,
Simone Finizio*, Sebastian Wintz*, Jérg Raabe* and Pietro Gambardella™
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Three-dimensional magnetization structures Tomography
revealed with X-ray vector nanotomography

Claire Donnelly', Manuel Guizar-Sicairos?, Valerio Scagnoli', Sebastian Gliga®?, Mirko Holler?, Jérg Raabe’ &
Laura J. Heyderman'~

Magnetization topology inside
GdCo, nanopillar
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Three-dimensional magnetization structures Tomography
revealed with X-ray vector nanotomography
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Electronic Transitions in Perovskite: Extreme conditions
Possible Nonconvecting Layers

in the Lower Mantle

James Badro,’* Jean-Pascal Rueff,> Gyérgy Vanké,>
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Synchrotron training

Organized by Université Grenoble Alpes
& Grenoble Institute of Technology

\
P e ocenonfin]
European School ! )

& Alpes

Home About the School Application Programs Resources

Neutrons & Synchrotron Radiation for
Science:

This 1-month school, established in 1991, provides
training for students, postdoctoral and senior
scientists from European and non-European
universities and laboratories, in the field of Neutron
and Synchrotron Radiation for condensed matter
studies (Biology, Chemistry, Physics, Materials
Science, Geosciences, Industrial applications).

\Chdnhn BROUDER (IMPMC)
Alberta BONANNI (JKU Linz)

It includes lectures, practicals, tutorials, and visits
of Large Facilities: ALBA in Barcelona, ANKA/KIT in
Karlsruhe, DESY and European XFEL in Hambourg,
ELETTRA and FERMI in Trieste, ESRF, ILL in
Grenoble, Soleil and LLB in Paris-Saclay, and
SLS/PSI in Villigen.

The next HERCULES session will take place from 18
March to 19 April 2019

)2 aC=e

GRENOBLE-ALPES
[RETE0EOLE)

Sclences de la Matitre Sciences du Vivant

CALIPSOplus
._)

For regional synchrotron schools and specialized workshops check
regularly at www.lightsources.org, www.calipso.eu and www.ceric-eric.eu CE RI c
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