Joint French-Swedish school on X-rays and Neutrons techniques for
the study of functional materials for energy

13-17 May 2019 Lund (Sweden)

history of MAX IV (we are at 4, why?),

why this synchrotron is particular,

how the beam is generated,

what instruments are present and for what kind of

purpose/experience.

PWwnNR

“...fit for “scattering” students”
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MAXIV

A staff working environment (~250)

A tool/
Seryj
Vice for scientist &
SOciety (
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MAXIV

A staff working environment (~256
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Why MAX IV?
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MAX-lab

1911 Cassiopeia

MX & SAXS

MAX IV

5/16/2019

N\/\}( 1\/ Ana.Labrador@maxiv.lu.se



THE MACHINE
OPERATORS
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MAX IV Laboratory established in 2010 to include both

== .
] A L | /b jﬂ
o - J@W C \\ﬁﬂ
1.5 GeV ﬁ%nz/—r ( \
ring %
1 3PS
1. the operation of the [)
MAX-lab facilities \\ 5 & ~ }
(MAX 1, 11, 1) \\\? Y s
N e o

2. the MAX IV Projeég

aiming at constru@ng
the new MAX IV facility
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MAX IV Laboratory established in 2010 to include both
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aiming at constru@ng
the new MAX IV facility
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THE FIRST SEVEN BEAMLINES AT MAX IV

— and a more than thirty year long common hie#~-



THE FIRST SEVEN BEAMLINES AT MAX IV

— and a more than thirty year long common hie#~-



Visions, Goals, ‘Dresnms

the world's The Lunds kommun vision
leading research for Lund NE/Brunnshog
facilities

consists of three main

/ | | headlines
E
a Europea . V

model fo or
sustainabl
urba

development D
A - recreation

5/16/2019 MAX IV
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Why MAX IV?

1. many applications

2. unique tool

3. run by experts




the scientific use of x-rays

was well established

before synchrotron
radiation was observed

Synchrotron-_radiatic;r.] is a natural phenomenon
that has existed since the Big Bang.




Electromagnetic spectrum

Longitud

de onda(cmilkiOx -
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MONTANAS d L]

Radiation is energy travelling e o ommm
through space or through a material medium ot -
in the form of waves or particles




Heated filament
emits electrons by
thermionic emi

Electrons are accelerated

by a high voltage.

ssion
o

X-ray tube

Glass envelope

Copper rod for
heat dissipation

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/xtube.htmi

MAX

X-rays produced when
high speed electrons
- Nit the metal target.

7

m: Ag Tar:

Mini-X Output X-Ray Sé

Ag KB

e

25 30 35 40

5 10 15 20

o 45

Energy (keV) L
http://amptek.com/cdte-application-note-characterization-of-x-ray-tubes



characteristic radiation emission

Target atom o '.
Elictonetiols | . Ejected . . .

Nucleus

i
4 o . » .
Incident electrons :,-o K ' : .
3 40. f: @ 3 :'=.4 9?23';?2:2?; y.
2e :: . .
'e G | B ¥

- 2 Close interaction
> Moderate energy

- .
- -
(N —

-
-----
---------

Distant interaction

Impact with nucleus Low energy

Maximum energy

J. Anthony Seibert J. Nucl. Med. Technol. 2004;32:139-147
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Radiation by moving charges

Center of mass frame Laboratory frame

eoce aCoe y
/e/'e ” e/'e ’/ .
’0/7 <

http://photon-science.desy.de \
AVA". MAX IV



Radiation by moving charges

Laboratory frame

¥ electromagnetic radiation .
emitted when charged particles =
2 are radially accelerated '
(move on a curved path)

N
L]
L4
&

\ ........ -4 Synchrotron

radiation

/V\@ﬂv Ana.Labrador@maxiv.lu.se 5/16/2019
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Basic Properties of Synchrotron Radiation

1. HIGH INTENSITY/BRIGHTNESS

2. BROAD ENERGY RANGE - Tunability

3. POLARIZATION (linear, elliptical, circular)
4. PULSED TIME STRUCTURE (0.01 - 1 nsec)
5. SMALL SOURCE SIZE (< mm DOWN TO nm)
6. HIGHLY COHERENT

7. HIGH STABILITY

/\/\/\}( I\/ Ana.Labrador@maxiv.lu.se 5/16/2019 MAX IV



MAX IV HIGHLY COHERENT
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*Image from www.psi.ch
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MAX IV Accelerators

-

. S B

3 GeV Ring

Electron source & _

—

Pictures and animation by S.Werin







Synchrotron Ilght sources

£ = b 2 : w.ah...,,,._,___, A+ i w
o Y _.:.e«‘:ﬂ?:.a-n 7-;- _‘ oy _:z-“w‘. e s =
- - —, e % B = . i " - i

More photons and
highly collimated

LABORATORY
/\/\/\v\( I\/ Ana.Labrador@maxiv.lu.se 5/16/2019 MAX IV



It’s all about the emittance!

Angular Spectral Flux at the Brilliance Limit

Emittance= ¢

1x10 MAX IV
Graph: Erik Wallén

NSLS |

X10 Energy® . 1
e=C,—— Brilliance o« —;
Nmagnets &
MAX IV | Diamond  ESRF
x10
Circumference [m] 528 561 844
_ Energy [GeV] 3 3 6
x10 Nr of straights 20 22 30
Hor emittance [nmrad] 0.24 2.7 4
Current [mA] 500 300 200
%10 Hor RMS beam size [um] 45 123,178  40-60
Vert RMS beam size [um] 1-4 6-10 5-10

00 1000 5000 1x10 5x10°

Photon Energ

Brightness # of photons in given AL/A /sec, mrad 0, mrad ¢, mm?
MAX Flux # of photons/ s



New design




MAX IV unit cell

Many small gap dipole magnets

Machined out of bulk!

Strong focusing in each cell: quad-, sextu-, octopoles
= complicated optics & dynamics & modeling

» Vacuum & magnets considered together

Y YV VYV

» Low field & small aperture dipole

v" modest power consumption

v’ the synchrotron radiation losses small due to the
low dipole fields.

J. Synchrotron Rad. (2014). 21
D. Einfeld: Early history / P. Fernandes Tavares: MAX IV

MAKAN  Ana.Labrador@maxiv.lu.se 5/16/2019



The 7 bend achromat

Each achromat consists of five unit
cells plus two matching cells
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IDs: Insertion Devices

Electron gun
8 (undulator, wiggler)

4;uum chamber

; I
MAYTN  Ana.Labrador@maxiv.lu.se 5/16/2019



MAX IV has 2 electron guns

Thermionic RF gun produce electrons for
the two rings

Photo cathode RF gun produce electrons
for the Short Pulse Facility (SPF)

PCgun

/u \
)
w000c 2 >
E

hermionic gun

Solenoid
#

Waveguides

T

Solenoid

Energy filter
Solenoid
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IDs: Insertion devices
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X-ray tube

Heated filament Electrons are accelerated

emits electrons by by a high voltage.
thermionic emission

e re—
Copper rod for
heat dissipation

Glass envelope

x-rays produced when
high speed electrons
§ % hit the metal target.

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/xtube.htmi

Mini-X Output X-Ray Spectrum: Ag Target @ 40 kV

AgKa

Counts

Ag KB

0 S 10 15 20 25 30 35 40 45
Energy (keV)

http://amptek.com/cdte-application-note-characterization-of-x-ray-tubes

MAXTV

Synchrotron X-rays

Multipole Wiggler

- ~ _

| | Undulator
Q
o o
=)
8
T k
@ Wiggler

[ Undulador

LRV B i v —
Bending magnet
| 1 | 1 1

5 10 15 20 25 30
Photon Energy [keV]




Insertion Device X-ray Optics Endstation(s)

(energy range & polarization) (energy selection, focusing) Sample environment
Undulator

Angle defining aperture & CVD diamond filter Detectors

Data acquisition
. Beamline control
Horizontally focusing mirror - 25.8 m camil .
Horizontally diffracting crystal monochromator - 28.0 Data analysis & storage

Secondary source aperture (SSA) - 51.0 m

Front End




%M% FORMAS
VINNOVA ... novo ey
i ng Energimyndigheten g nordisk OMEg e,
LUNDS d‘: A . fonden SEE
UNIVERSITET  Vvetenskapsradet Vppet e LUNDS
XY
o \#j cuesens  CRIVERITET

X-ray microscopy
& coherence
318 — SoftiMAX

107 — FlexPES /
Flexible User operation
Commissioning

photo-
emission i
Construction

304 - DanMAX mmm

Imaging & diffraction

Protein structures
312 — MicroMAX

310 — CoSAXS

MAX IV Beamlines """

309 - ForMAX
Wood based material



Many Beamlines

What they have in common?

What makes the difference?



mteraction

/ - / A 'v A“
“Syachrotron Light

7,4 BM16, ESRF

atoms and molecules
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Range of the
electromagnetic
spectrum

covered at MAX IV

i

WIV Ana.Labrador@maxiv.lu.se

5/16/2019

Energy

lonizing
radiation

Extreme
ultraviolet

300 EHz 1pm | 1.24 MeV

Y

12.4 keV
300 PHz 1nm| 1.24 keV

l e
-

[
Mear infrared

- \\\\\\\\\\\\ .
.}

Extremely high | >00 GHz
e queey

Super high 30 GHz 1cm| 124 peV
SHF
frequency
= 3 GHz 1dm| 12.4 peV
Ultra high
) UHF
Micro- frequency
waves = 300 MHz 1m| 1.24 peV
Very high
VHF
frequency
and e 30 MHz 10m| 124 neV
; i freqtllincy
= 3MHz| 100m | 124 neV
waves Medium
MF
frequency
300 kHz 1km| 1.24 neV
Low
LF
frequency
T 30kHz | 10km | 124 peV
wF | oy “ow
i s o 3kHz | 100 km | 12.4 peV
ULF | Ultra low frequency
300Hz| 1Mm| 1.24 peV
Super low " pe
SLF
frequency
30Hz | 10 Mm | 124 feV
ELF Extremely low
frequency 3Hz | 100 Mm | 124 feV MAX IV




Photoelectric effect

Coherent
Thomson (Rayleigh)
scattering

Incoherent
Compton scattering

MAXTV

Tl J.H.Hubbell (1999) Phys. Med. Biol
T LT e o, -
S ac B LEAD (Z=8B2)
T g‘%} o
c A =
& Yx fs Measurements -
ul - &
e % calculations .
me Ty + EXPERIMENT =
Teon ™

CROSS SECTION , BARNS /ATOM

| I l

| | |

. T Kn
Tincon /|
} bf= / ]
w / TeuN. ~
/ \.
ICm ! 1 'L
0av ikaV | MeV | GeV 100 Gev
: PHOTON ENERGY
MAX IV Beamlines
4 eV to 40 keV



these are competing possibilities... which one wins?

It depends on:

v’ the energy of the photon:
v’ the composition of the material:
v’ CHANCE!



X-ray interaction with matter

NN No interaction 98%  Direct beam
- oo e extremely important to
2 g ‘\\'Q mask in SAXS experiments
9o~ _.» Photoelectron
/‘C 4 ,/”"‘-\ Auger electrons
\/\M s Ef\:;" 3 O\ -
" : W ---'-L\ ,,,,,,,, Fluorescence Can produce interference

Incident X-rays. & ¢

NUClEUS% 7/\/\ i i *‘; e.g. K-characteristic x-ray phenomena and carry
\ h /

Energy EO ‘ ' structure information
0 o ; y
10100 key / 0,16%E|astic scattering. | everyilluminated electron
A 0.01-10 nm

Thomson E.=E T contributes the same
° 0 amount of scattered

,(30 Coherent scattering | radiation. Scattering cross
"o,\ e o e section or Thomson factor.
. . ¢ Recoil electron o=7.93977 10»26 sz

—

Inelastic scattering.
Compton E,<E,

Absorption & Transmission, Polarization, Heat, ...

MAX TV



photo-emission (electrons)
electronic structure

& imaging

KPEEIVI

/

inelastic

incident beam

SAMPLE

still incomplete

e

diffraction

crystallography

& imaging
o 7

™

/

/fluorescence
EXAFS
XRF imaging

scanning microscopy

\ absorption spectroscopy )

MAXKTN  Ana.labrador@maxiv.lu.se 5/16/2019

scattering

SAXS
& imaging

transmission

spectroscopy
EXAFS, XANES

& imagin
- N

MAX IV



Techniques using synchrotron radiation

X-ray absorption spectroscopy, including Powder diffraction, crystallography
X-ray magnetic circular dichroism Small angle x-ray scattering

X-ray emission spectroscopy Inelastic x-ray scattering
Photoelectron spectroscopy, including Magnetic scattering

Angle-resolved photoemission spectroscopy  Time resolved x-ray scattering
Vibrational spectroscopy

X-ray tomography X-ray lithography
Synchrotron infrared microspectroscopy
Photoemission electron microscopy
Scanning x-ray microscopy

Phase contrast microscopy

Lunds universitet / Fysiska institutionen / Avdelningen fér synkrotronljusfysikfrom Joachim Schna




Techniques using synchrotron radiation

Spectroscopy Scattering

X-ray absorption spectroscopy, including Powder diffraction, crystallography
X-ray magnetic circular dichroism Small angle x-ray scattering

X-ray emission spectroscopy Inelastic x-ray scattering
Photoelectron spectroscopy, including Magnetic scattering

Angle-resolved photoemission spectroscopy  Time resolved x-ray scattering
Vibrational spectroscopy

Imaging Microfabrication

X-ray tomography X-ray lithography
Synchrotron infrared microspectroscopy
Photoemission electron microscopy
Scanning x-ray microscopy

Phase contrast microscopy

Lunds universitet / Fysiska institutionen / Avdelningen fér synkrotronljusfysikfrom Joachim Schna




How do we perceive
and learn about

the physical world?



Interaction

two-way effect: two or more objects have an effect upon one another.

interactions of interactions within systems (interconnectivity):
combinations of many simple interactions can lead to surprising
emergent phenomena.

In physics, a fundamental interaction (depending on the nature of the
interaction, it might also be called a fundamental force) is a process by
which elementary particles interact with each other.



Fundamental laws and concepts of nature

1. Conservation Laws

some particular measurable property of an isolated physical system
does not change as the system evolves over time. This applies to:

* Energy
* Linear momentum
* Angular momentum

* Electric charge
e .7

2. Minimum total potential energy principle

tendency to the most stable configuration



if added energy...at the right frequency

3. Natural Resonances
Everything can store extra energy, I]ID U |]J u lll

Matter vibrates! Atoms vibrate ... molecules vibrate ... solids vibrate ...

Pushing swing (f = 0.3 Hz) Voice (f = 550 Hz)



if added energy...at the right frequency

3. Natural Resonances
an
Everything can store extra energy, I]ID U u III l].l
Matter vibrates! Atoms vibrate ... molecules vibrate ... solids vibrate ...
a

Pushing swing (f = 0.3 Hz) Voice (f = 550 Hz)

A notable difference among techniques
resides in the nature of the electronic transitions involved

@ UV (f = 2.5 x10'5 Hz)
http://www.abc.net.au/science/articles/2014/06/16/4022877.htm

NA

NAX IV



Fundamental parameters
that we use to perceive
the physical world

* Energy

* Position

* Time

Which information
can we extract?

Chemical

Imaging

Dynamics

Can map any atom’s position, identity, and dynamics

MAXTV



Fundamental parameters
that we use to perceive
the physical world

* Energy

* Position

* Time

Techniques that
we use to
measure them

Spectroscopy

Imaging

Which information
can we extract?

Chemical

Imaging

Dynamics

Can map any atom’s position, identity, and dynamics

MAXTV



Energy [kg-m?:s?]
Momentum [kg-m-s]
Position [m]

Time



Which information can we extract?

Chemical Structural Imaging
SPECTROSCOPY techniques SCATTERING or DIFFRACTION IMAGING techniques use
are used to study the techniques make use of the the light-source beam to
energies of particles that patterns of light produced obtain pictures with fine
are emitted or ahsorbed bv when x-ravs are deflected hv snatial resolution of the

SPECTROSCOPY SCATTERING

01 Low-Energy Spectroscopy 05 Hard X-Ray Diffraction
02 Soft X-Ray Spectroscopy 06 Macromolecular Crystallography
03 Hard X-Ray Spectroscopy 07 Hard X-Ray Scattering
04 Optics/Calibration/Metrology 08 Soft X-Ray Scattering
NUIIVIE dIlu Cicuu vl pruLEln 1D, 1dUiIvivgy, diiu A-lay
motion. tomography.

EXAFS, RIXS, XPS,... SAXS, MX, Powder,... Radiography (2D)

Tomography (3D), ...

Combination of techniques, In-situ, Kinetics, gracing incidence, etc.
NMAX TV



Spectroscopy

Imaging Diffraction/
WIV Ana.Labrador@maxiv.lu.se 5/16/2019 scatte 4 ng MAX IV



Techniques

Spectroscopy

NN [T AN

aVaVaVo g IRV V, V. o

Scattering & Diffraction

WA

Imaging & Tomography

Ana.Labrador@maxiv.lu.se

Information obtained

Chemical: What’s the material made of?

Cr3+
1.6 T T T T T B
14

1.2

1.0

=08
=

0.6

0.4
0.2
0.0

T T T T T T T

. | i . _Erin Brockovich
5980 5990 6000 6010 6020 6030 6040 6050
E(eV)

Structural: How are the atoms arranged?

Morphology: What does it look like?
in 2D and 3D?

Onentation maps from a deposited oxide film
and a textured mekel substrate obianed from

5/16/2019 i MAX IV



How to use the synchrotron light

o A |
X (\?\ / é / Uaﬁm N M- somple ‘E "“«\,\ bl
% 7k bl A/ st X'rGyS X‘TO)’S :_eé / T

%Mdetecfor o detector snay

; | imaging techniques |

| small-angle scattering | 4
e [y detector X

sample detector g 4 X-rays

X-rays £ | s
i H l e L)
sample
angle

| inelastic scattering| /TN Hidocins

e - | /T

»  different ener 5 ' \ 2 :
X-rays “:;\% F/;“ : 9 £ \ & T
= X-rays = '
s ' % energy shift T
detector waveleng
S detector
X-rays
——@ ]
sample
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What can happen when a photon enters
something that is not vacuum?



What happens to the photon

. It passes through
as it don't see the atom

“direct beam’

scattering

absorption
emission



Fix Energy hv
Varied Energy Ahv

absorbed

MAXAV  Ana.Labrador@manxi

Transmission
geometry

N ,V

N
~ ”
Total electron yield detection,

Grazing incidence geometry

B

scattered



« ! L 'll'lll L] L] llll'll L] L ] Illllll L L] ll'llll L]

"Universal " curve :

Regions for bulk sensitive
\/ photoemission cxpcrimcnlsx\
Region for standard photoemission

o

L] LA
I 4 1 4 41421

Il

100

L] lIlll'l

10 10

Electron Mean Free Path (Angstrom)

Il i lllllll s 1 lélllll

G. Panaccione, K. Kobayashi / Surface Science 606 (2012) 125-129

l L L lJlllll L L lllllll L L .I.l.lllll L L lllllll

1 10 100 1000 10000
Electron Kinetic Energy (eV)

* UHV techniques developments 1970
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Can map any atom’s position, identity, and dynamics

High penetration power
Non-destructive
”"Real” samples under "rea

III

conditions

High flux

Time resolution,
3D -> 4D imaging
Statics -> Dynamics

In-situ and

In operandi

Materials -> Processes
MAX IV



Chemistry - Spectroscopy

High penetration power
Non-destructive

”Real” samples under "rea
conditions

I”

_ High flux

2 e Time resolution,
- 3D -> 4D imaging

Statics -> Dynamics

In-situ and

In operandi
Materials -> Processes




Aplications -general

High spatial resolution (< a few nanometer)
Time resolved studies (< femtoseconds 101> s)

High chemical sensitivity (dilute samples or
detailed electronic structure)

Collimated beam -> complex structures

Coherence -> new possibilities for X-ray imaging

MAXTV

Nano engineering
Electronics

Fibers
Composites
Micro-fluidics

Phase transitions
Catalysts

Energy storage
Photo-biology

Environmental Sc.
Films and interfaces
Gases
Superconductors
Magnetism

Pharmacy (Proteins/
viruses)

Polymers

Cellulose

Metallurgy
Medicine



Synchro’cron




Synchrotron Radiation in our

Lives . o //
A — "

LY

.......

AL adapted from From H. Dosch, MPI ’ s B Ure journée typigue a Stuttgart ...
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Climate Science
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GPS Navigation
Functional Materials
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TiO, Nanoparticle
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LED Display

Photonic Materials
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CRYORIOLOGY . BIOLOGY

ONCOLOGY
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CHEMISTRY  MACROMOLECULES ELECTROCHEMIS TY
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VETERINARY GENETICS e
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MAXTV



Scale of the Universe

Parallel Universes?

Visible Universe

Milky Way

Solar System

Earth

Diameter in meters

Human

Cell

Atom

UGN

Particle

String Theory?



Scale of the Universe Branches of Science = Hierarchy of Science

B

, > :
Parallel Universes: Sociology Astronomy

A law, ethics, planetary science,
Visible Universe - = N\ economics cosmology

Logic

String Theory? : :
reasoning, philosophy

_ PR B T Psychology Geoscience
|V|I||(y Way Social developmental, climate, geology,
k Science cognitive oceanography

= Functional Biology 1
v 5
= Solar SVStem physiology, medicine, ecology <
=
O Earth Science @n Cellular Biology E
5 : biochemistry, evolutionary biology 2
=
- .§.
-g Human Chemistry
Physical materials, chemical reactions §
: R Science é
Cell NI Physics =
e , 5 particle physics, thermodynamics ;
Atom 5
- I Mathematics 2
Particle : J qrma computer science, statistics S
: | Science g
&
5



taking up user operation
at a growing number of
beamlines



taking up user operation at a growing number of beamlines

We already have the tools and methods for
e structural biology,

* low-density matter,

* surfaces under ambient conditions,

* coherent nano imaging

* Jlow energy luminescence

We started offering new capabilities for:

* chemistry,

e catalysis,

* environmental research,

* surface structure determination on micro- and nanoscales,
e band-structure investigations.



Climate science

10% of fine particles over London
are fatty acid molecules
released into the air from cooking




) X-ray experim

il atmospheric aerosol droplet
of brine and oleic acid

i e

on oL A
o T A

Ultrasonic levitator



Self assembled 3D structures

=surfactant
molecule

Inverse micelle Close-packed inverse micelles Inverse hexagonal phase Lamellar phase* Micelle
I (a\ EAQmn Ik DR /s [N |~ 1

https://www.reading.ac.uk/news-and-events/releases/PR749129.aspx
https://www.bbc.com/news/science-environment-42081892
NATURE COMMUNICATIONS | 8: 1724 | DOI: 10.1038/s41467-017-01918-1

MAXTV



Self assembled 3D structures

Insight on further physical properties
fundamental to atmospheric research, such as

viscosity, diffusion or optical transparency.

“molecules from burning fat
could counteract global warming”

MAX TV
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17 meter long detector chamber delivered to
CoSAXS

A major milestone was reached for the CoSAXS project when the vacuum vessel was

recently delivered, installed and tested ©




From crystal and fiber diffraction to solution
scattering

Interference patterns of objects vary along with the samples’ nature, including the symmetry of matrix of
molecules embedded and the freedom of molecules in the matrix.

Single Crystal Fiber/ Powder/ Solution
Membrane Micro-crystals
Sample
states
Interference
pattern

Slide borrowed . Apologies for missing the source MAXAN



SAXS in a nutshell

SAXS (Small-Angle X-ray Scattering) has become a key technique providing
morphological information at molecular level (few to hundred nm) and the

possibility of studying a diversity of samples in their own natural environment or
under well controlled conditions.

Scattering: detector | P(q) Form Factor

- deviation from a straight trajectory .

- by localized non-uniformities: scatters | | S(q) Structure Factor

q
X-rays
ys 20\
|
Sample

& environments

\

researchers can work backwards to
discern the molecular morphologies
that scattered the X-rays.

MAXTV



WAXS & SAXS bt

Discrete (concentrated ) points in
S
Wer

reciprocal space (Bragg peaks) locN?

P

SAXS:
XS
SA continuous Fourier
X-ray beam \ ;i\ SAXS: 26 < 3° (0.1-10) spectrum (less intensity).
gt Nanometric sizes Diffuse scattering
e 1-100 nm

pctor radius

D distance sample to dectector \

WAXS 0.05-0.2 Arrangement of chain segments
MAXS 0.2:1 Liquid-crystalline structure, rigid-rod
H polymers
Same physical
SAXS =3 Nanostructure 3 -50 nm
phenomena _ ; |
GISAXS reflection mode Probes the particles on the surface layer
ASAXS

USAXS 6-15 Nanostructure 15 nm -2 pm
/\/\/Av\< Iv Ana.Labrador@maxiv..u..c R T



X-ray scattering by atoms:
Incident plane waves are reemitted as spherical waves

The EM field of The electrons start
the incident X- oscillating®, therefore
ray beam exerts emitting spherical

a force on the waves at the same
electrons within frequency as the

the atoms. incident X-rays

S

Measure averages
Large particles scatter more...
Aggregation/repulsion sensitive...

Emitted waves of neighbour
atoms oscillate synchronous to
each other: coherent waves
whose interference pattern at
the detector carries structural
information.

*free electron approx.

X-ray photon (10% eV) >>>
electron binding energy (~10 eV)



Dilute

Monodisperse

Samples

Solids, liquids, gas, gels,
Heterogeneous domains,

Amorphous & Crystalline
rystal nucleus \_J

. X
s — T
Y, %’Eﬂ
%@% T
\ Ay

Identical in shape and size.

tie molecules

M)
Ny,
7 %f//

\ lamellar fibrils

http://www.pslc.ws/macrog/crystal.htm
a polymer crystalline spherulite

o

o

Anisotropic

-
Different shape and size No preferential orientation Oriented



Scattered patterns

scattering

BM16, ESRF




a high throughput beamline

for structural Biology

MAXTV



The VERITAS spectrometer

* >35000 resolving power
e 270-1600eV

e 10mlong
* 980 mm long collimating mirror to increase collection
efficiency ot

e 2 cylindrical gratings

* +/- 60 degrees rotation in the horizontal plane to
monitor momentum transfer

* Q-chamber manufactured and tested at Uppsala
University

* Polarization detection possible.

Slide from Conny Sathe MAXTV



X-ray Absorption and Emission

XAS XES

(R)XAS XAS (R)XES XES

‘o E ' o

f . ' | -
—0—

(a) (b)

Slide from Conny Sathe MAX IV

(@) (b) (c) I



RIXS: Resonant Inelastic X-ray Scattering

® Photon in — Photon out
Two step model not RIXS

Always a good enough E &

approximation. ]

Kramers-Heisenberg
formula derived in 1925.

[;is the intrinsic lifetime
of the intermediate state

(a) (b) '

To-f(hvy, hv,) «
2
V. |D|W,N¥;|D|W
Z Z( ¢ [D[¥:)(%] |i.°12_ §(Eq — E; + hvy — hv,)
f i EO—E,;+hV1+Tl

Slide from Conny Sathe MAXTV



How has resolution changed the game?

O-K RIXS on pi* of NO

Vibrations Lo Patit, Primce

-

Mon dessin ne représentait pas un chapean. 1l représentait

. T . | ! : N g
iz a5 4 55 a3 e un serpent boa qui digérait un éléphant

eV

lectroni
transition

Elastic

Jai alors dessiné £
lintérieur du se:?em boa, afin que les grandes personnes puissent
re.

comprendre. Elles ont toujours besoin d'explications

522 524 526 528 530 532

Slide from Conny Sathe MAXIV



RIXS RESONANT INELASTIC SCATTERING on molecular systems

Nuclear coordinate (arb. u.)

Energy loss (eV)

Slide from Conny Sathe

e T ! e T e
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i e | i
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i E——— Oxygen gas | g'
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§ E—— S’ |Uquid acetone \M.‘ ._«J il WP PP I
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constantly on the move

¢ =2.998 108 m/s.= 3 10° kmys
600 km/s (2.1 million km/h)
828.000 km/h

1.600 km/h

Milky way
Solar System
Earth's spin at equator

...and accelerating

Matter is as well in a
continual state of motion

The degree to which the
particles move is determined
by the amount of energy.they
have and their relationship to
other particles.

?m/s
Frequency: -> fs

SOLID

S 2 S S S
N A
A
o A
8 8 8
A
e AR e
OO O OO

o 60
I

bending
> >
symmetric stretching
P
asymmetric stretching

vibrational motion rotational motion

translational motion




BLOCH

v Rl

-\ ! He
Beamline dedicated to: \ g

4

high resolution
photoelectron spectroscopy,

encompassing angle-
resolved (ARPES),

spin resolved (spin-ARPES)

and core-level spectroscopy.

&

AN S
D % 4 4 4



https://www.ece.nus.edu.sg/stfp

: age/eleyang/proj_ti.html
Fermi level

BCB bttom

.
I 2 1 Y. Chen,lJ. Analytis, J.-H. Chu, Z.

Liu, S.-K. Mo, X.-L. Qi, H. Zhang,
ra

SRER R D, Lu X. Dai, and Z. Fang, Science

' SERRREEE 325 178 (2009).

. Dirac point

Band gap

|

Binding energy (eV)

Bulk valence
band (BVB)

01 005 0 005 0.1
k (1/A)

IVV VNIV



Electron

binding
energies
Bands Levels
in a solid in a free atom

1.0

ensity of state

8‘(5)'. Fermi or vacuutn level
05 energy gap
1.0 or band gap
IClosely spacgg 1(5) -
lorbitals~10 ““ e 2.0 1 valence v

.

1 band (VB) -

.

Insulator,
semiconductor,
conductor

Unoccupied states

: Core orbitals
Occupied states

Ground state

aQ/ Bohrradius 5.29x10'm=0.5A  |Inter-atomic distance
MAX TNV

ionization
potential
energies

-13.6 22 eV

For Hydrogen
like atom !



Short review and explanation of relevant concepts: radiation and matter

e Historical overview * Electromagnetic radiation
e Synchrotron light
* The atomic model: electron cloud
* Interaction of x-rays and matter ~ SR techniques

MAX IV facility overview

Team, tasks, timeline Beamlines .

Photon Beam

. . R £

Technologies - S e N . Samples

v Electron gun “\(h * Sample environment

v Linac Detectors

v 7 bend achromat N » Data acquisition & analysis

o

v Vacuum system il ’

v Insertion devices, undulator & wiggler 3 y

v Two rings & one short pulse facility (SPF) "t&

Use of the facility
Science & research Access to MAX IV
. * Academy
3 broad categories & + Industry
* Training & education ™
Lots of examples!!!!!! + Users-to-be

MAXTN * Collaborations, ...
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Sweden 121

- Denmark, Finland, Norway 72
I Europe 63
Americas 9
120 — - Asia & Australia 8 - Submitted
TOTAL no of proposals 273 - Acce pt ed
100 — . .
Under review
80 — - Refused
60—
40—
20—
0

BioMAX NanoMAX HIPPIE



Many things to explore, to understand,

which had been achieved through

decades of developments and breakthroughs

in science and engineering

MAX TV



particles fields interactions forces

Classical Mechanics
Newton, 17t century Quantum Mechanics
Schrodinger (1926 electron cloud Pt rq
Wave model), Heisenberg 1927, Bohr, (~1920)
Huygens 1968 ,diffraction

Young 1801, interference JJ Thomson(~1900) Compton (1923)
Hertz 1887

Classical electrodynamics
Maxwell (~1860)

Wave-particle duality

Relativistic Mechanics
Einstein, (1905 Photoelectric, Nobel 1921)

(Special relativity) Quantum Field Theory R
Planck (1900) Dirac, Pauli, Schwinger, Feynman, g{ b
(~1930-...) e

Infi© Anala

Mechanics tells us how a system will behave when subjected to a given force. Kind of forces: Strong, Electromagnetic, Weak, Grvittlonal, more?



Standard model

(syrenb-1yue 9+)
syrenb g
A

(suogdar-13ue 9+)
suoydey 9
A

(+12 anti-fermions)
increasing mass —

(+1 opposite charge W)

].st 2nd 3rd generation Coldstone outside
standard matter unstable matter force carriers bosons standard model
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temporal resolution: 3 kHz effective
spatial resolution: 10-20 um

Daniel Schwyn

London

/\/\/\X |V Ana.Labrador@maxiv.lu.se



MAX IV LIFE
Biology at different length and time scales

NanoMAX
MedMAX IIl MedMAX Il MedMAX | SoftiMAX — DiffMAX coSAXS BioMAX MicroMAX FemtoMAX Balder
<€ >
10°m

Animals  Organs Tissues Cells Membranes  Micro- Molecular Biomolecules Atoms
Surfaces  structures complexes

“in/ex vivo” “In solution”
Small animals/  Histology/ Molecular Medicine/ Molecular Biology/
disease models  Histopathology Cellbiology = Chemical Biology Biochemistry

MAXINV



MAXTV

Cortical bone

1.5 mm _—

Rajmund.Mokse@maxiv.lu.s



Exploring the bone with coherent X-ray methods

Human vertebra

‘}v
H")//\‘(:\\/&
A ~7 B
et 1 DR FDFE

Single trabecula
mm scale

P Collagen fibrils
7L K nm scale
A\

/\/\/A\/\< |\/ Ana.Labrador@maxiv.lu.se 5/16/2019 vertebra drawing Paloma Agalal |V



CoSAXS: Coherent Small Angle Scattering

1-100 nm
>
: e
—— ———
——
—

Liebi, M. et al. Nanostructure surveys on macroscopic specimens by small-angle scattering tensor tomography. Nature 527, 349 (2015)

MAXTV






Microscopy: element specific

Elemental correlations within soil microaggregates,
J. Wan, et al. Geochim. Cosmochim. Acta 71, 5439 (2007)

Nutrients in soil/plant uptake;
Phytoremediation;
Metals in microbes/tissue...

SoftiMAX

MAX TV



BioMedMAX: imaging life dynamics at the
micrometer scale and beyond

Lungs
Barium clusters  macrophage

The whole organ

2mm//

Amyloid plaques in
Whole brain
Microvascular

network

Dendritic spines

Credits: Rajmund Mokso Human nerve

/\/\/\X |V Ana.Labrador@maxiv.lu.se 5/16/2019 MAX IV






Sample
preparation
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