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What is a synchrotron?
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What is a synchrotron?

= Answer 1: (from wikipedia.org)

A synchrotron light source is a source of electromagnetic radiation

produced by a synchrotron, which is artificially produced for scientific and

technical purposes by specialized particle accelerators, typically accelerating electrons.

Once the high-energy electron beam has been generated, it is directed into auxiliary components such

as bending magnets and insertion devices (undulators or wigglers) in storage rings and free electron lasers. These supply

the strong magnetic fields perpendicular to the beam which are needed to convert the high-energy electron energy into light or some
other form of EM radiation.....

= Answer 2:
— A synchrotron is a source of very powerful x-ray beams
— It works by some form of physics magic

— It provides x-rays with high flux, tunable energy, intense
brightness, and other advantages

— Can be a very useful tool for solid state chemistry and
materials science research

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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X-rays: a high-energy form of electromagnetic
radiation (light)
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Synchrotrons Around the World

http://www.diamond.ac.uk/Home/About/Synchrotrons/World/largemap.html

‘ ‘ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



Synchrotrons in Western Europe
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Parts of a “Synchrotron” Light Source

A ELECTRON GUN

B. ELECTRON LINEAR ACCELERATOR

{-'., [‘ ‘-.Il'l.' .: -‘.;_l r.‘.\.\l

C. PARTICLE ACCUMULATOR RING

)l..‘ 'i' ‘v‘l';"l' 4 SU "‘, ’:"\"

D. BOOSTER SYNCHROTRON
7 GeV nominal energy

£. STORAGE RING

7 GeV nominal energy
E1 INSERTION DEVICE
£2 BENDING MAGNET



How does a synchrotron make light (x-rays)?

When a charged particle is accelerated (its momentum is

changed), light is produced (ref: Maxwell’s equations). -
Deflecting an electron beam to make it go round in a circle \“\9______0_,
produces light. V

= Synchrotrons use very high energy electrons (typically 3-7 GeV) to produce x-rays with
minimal deflection of the electrons.

=  When synchrotrons were first invented, the light they produced was initially
considered a nuisance. First “2"d generation” source opened 1980 (Daresbury UK)

=  Where does the energy in the light come from?

— The electrons lose a little bit of their energy and slow down a bit. RF fields in the storage ring
pump in energy to keep the electrons at constant energy.

=  Modern synchrotrons use two types of components to produce x-rays: bending
magnets and insertion devices (wiggler or undulator)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Interior view of APS booster synchrotron




Bending Magnet

Required to make the “circle” - but also used for experiments
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Bending magnets produce a broad spectrum
with horizontally diverging (spreading) beam

o : )

e '07f 1
B nm ’

E W Fe
£ ) |

e .“° :

E 107} 1

e "

> 10 3 1

G | | Magnet Synchrotron
® a0 ‘ ] ;
g 107} | Light
L: ! [ |

8 o ,

g " | l

;‘, 0")L__Q4A_A.0A-“L [ S Y N VY . R R T I W W AN EEE— .-c-“-o-’

= L.,-'l P . L A

, C 10 10 10

~hoton Energy (eV)

(’-)\\\\ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
» \"

0; b, V=
| N
O S—



Insertion Devices Produce Intense X-rays
where the path of electrons is straight

e A undulator has more
magnets than a wiggler

* Both set up a resonance
condition that favors
certain x-rav_ wavelengths
L ’ '



Spectra Comparison
Undulator, Wiggler and Bending Magnet

Brilliance

Undulator

Wiggler
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Bending magnet
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Photon Energy [keV]

30

ient of Energy Office of Science by Argonne National Laboratory

Undulator spectrum is
dictated by design (number
and strength of magnets) but
also the size of the gap
between the magnets.

The gap is usually adjustable
so that the spectrum can be
changed so that a peak can be
located where data are being
collected.




Synchrotron Experiments
are performed in a Beamline “Hutch”
Beamline can have a nhame or number

Plan of beamline “I-11” at Diamond (UK)
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Typical Synchrotron Beamline Layout
Optics - Experiment Hutch - Controls Area ESRF website

PR } photoelectric
X-ray fluorescence

Incident Attenuated (transmitted beam, |,)

beam, |, Inelastic scatter

Scattering
Elastic scatter (diffraction)
Material
‘ ence by Argonne National Laboratory
° = 15




Detectors are equally important at Synchrotrons

Remember: Many types of x-ray detectors for many types of x-ray science!

Electronics:
* Recognize and process
X-ray signal

* Passdatato
acquisition system

* Key parameter:

Signal-to-noise ratio

Data acquisition system
* Runs detector control
software for user
 Writes data to
permanent storage
 Some quick data
processing

High-speed
data link

Sensor:

* Converts x-rays to a use-able
electrical signal

* Semi-conductor, scintillator, etc

e Key parameter: Efficiency
(Probability x-ray will convert in
media)

Bradford Robert <rbradford@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

S



Counting Detectors

Counts # of x-rays striking face of detector
— Intensity at one point in space

Example: Diodes, scintillation counters

To think about:

— Detector has an upper limit on rate at which it can
count

— Ex: Scintillation counters usually limited to <500
kHz, but limit depends on speed of amplifier.

Bradford Robert <rbradford@aps.anl.gov>
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Energy Dispersive Detectors

= Counting-like detector capable of
measuring x-ray energies

= Examples: Silicon drift detectors,
germanium detectors

=  When combined with MCA,
provides an energy spectrum

104

Amptek Silicon Drift Detector (5001 “'Fe Spectrum

gt ! 125eVEPAVHM @59 keV
{ PIB(591 keV) 20,0001 ﬂun
= To think about: e n
— Count rate limitation: ~100 kHz 10Ee0s | I‘ ‘ |||
| -
— Energy resolution: £ 1oeeat | Ao | Ll i
S { s
. 120eVforsi T o~ |
1080 . L K ¥
e 200 eV for GeGe more efficient o TL /“--u' | “R i
than Si above 15 keV, but e r 'l| \
requires use of LN2 1 Naise Comer m
10801 4 : 3 ,,L‘Lh,‘t
0o 20 40 a0 8o 100 120 140

Bradford Robert <rbradford@aps.anl.gov>

Energy (keV)
http://www.amptek.com/drift.html

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Area Detectors

2D array of detectors record both

position and intensity in single
exposure

= | ots of different kinds

Film

Image Plates

CCDs

Hybrid Pixel Detectors (Pilatus)
Amorphous silicon flat panels
CMOS detectors

= To think about:

spatial resolution / pixel size

Frame rate, dynamic range, and field of
view vary widely for area detectors,
and need to be chosen carefully.

Bradford Robert <rbradford@aps.anl.gov>
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Synchrotron Scattering
Crystalline and Amorphous
Materials

320

Temperature (K)

100 105 155 16.0 165 170 175 3
26 (") =041358 A Al Pt . -
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Synchrotron for Single Crystal Diffraction

exposure time exposure time
120 second Synchrotron 0.2 second

In-house

—_————. - S s P —— R——— —— -_)
’

No structure determined Synchrotron data:
e Much less exposure time
e Strong data in 9.00- 1.78 & region
e Still significant intensity out to 0.69 A

Chen Yu-Sheng <yschen@cars.uchicago.edu> at ChemMatCARS, APS Station 15-ID-B

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Advanced (single) Crystallography at APS

Photo- crystallography Low temperature crystallography

Oxford Helij A

sample
+ fluid media
+ pressure marker

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne Ch en Yu_Sh e ng

<yschen@cars.uchicago.edu>



Powder Diffraction at the APS

powder XRD is performed at multiple instruments (often called beamlines)

Argonne Natlonal Laboratory B
- i R -

urce |

L.mC..{wu.;; w Advanced Photon So

11-BM

= Highest 20 Resolution
= Superb Sensitivity

\. RA Mail-In Program

4 )

[ 17-BM
= |n-situ Studies
= Flexible Set-Up
= Rapid Scans

\ J

“ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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APS Powder Diffraction Beamlines

Fast Area Detector (17-BM)

17-BM is a powder diffraction instrument at the APS
optimized for in-situ experiments under non-ambient
conditions. A state-of-the-art area detector enables fast
data acquisition, and on-site users benefit from a wide
variety of flexible sample environments.

Instrument Specifications
Energy Range: 7 - 20 keV
Resolution: Ad/d = 1x10°3
Scan Time: 0.1 - 60 seconds

$ <

Sample Environments
Flowcell Reaction Furnace (<900 °C) 4
Oxford Cryostream (100 - 450 K)
In-Situ Controlled Atmospheres
Diamond Anvil Cells (<10 GPa)

S

Greg Halder <halder@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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APS Powder Diffraction Beamlines

Greg Halder <halder@aps.anl.gov>

Guest-dependent high
pressure behavior in a MOF

o
N

Jahn-Teller switching in a
molecular magnet

N
o

lattice dimensions | A
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APS Powder Diffraction Beamlines

High-Resolution (11-BM) ST Anaiyeor betector
11-BM is a dedicated high resolution powder diffraction . [ WA\
instrument at the APS. It affords powder diffraction data
with world-class resolution and outstanding sensitivity.

The beamline supports both on-site and rapid access
mail-in user programs.

Mounting St

Instrument Specifications
Energy Range: 20 — 35 keV
Resolution: Ad/d = 2x10*4
Scan Time: 10 - 60 minutes

>

Sample Environments
Oxford Cryostream (100 - 450 K)
Cyberstar Hot Gas Blower (25 - 900 °C)
Helium Flow Cryostat (5 - 150 K) & -
Gas Reaction/ Flow Cells High-Throughput 7 %
High Temp (>1000 °C) furnace (underway) Samle Loading Robot &

R I

/. The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Why Use a Synchrotron for Powder Diffraction?

Sentendendeedesbaedand D R R R R A R T R A T N O T T A O O R T TIPS~

‘ Powder XRD data from
: LaB, Standard Reference
‘ Sample (NIST 660a)

2
1 Modern Lab J:

‘ Powder Diffractometer :
| 20 = 130° for Cur=1.54 A

y | Q max = 7.5 (A'") ”
O ¥ |

‘P - - —— - ' g

5 10 15 20 25 30 35 40 45
20 (A = 0.41 A)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Why Use a Synchrotron for Powder Diffraction?

Semfenlon A Cu Ka1 T B | STV BSSTSSN
: | I;';ig‘ij:;i Powder XRD data from ;
: LaB, Standard Reference :
Sample (NIST 660a) f
3t Cu Ka, !
1 :
? R i

Greater “Q” Range
(more reflections)

\
\

: \N
wl

\J\J,:
i [ 9 e | A J:d \“JV"L\:{'
Enhanced Sensitivity
L T eI .
5 10 15 20 25 30 as 40 45

20 (L = 0.41 A)

‘ ‘ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

28




Rapid Access Mail-In Measurements @ 11-BM

<> Short Proposal, Fast Review

TR

Open to US & International Users
Limited to 8 Hours per Proposal

Free (no cost!) for Non-Proprietary Work
Sample Mounting Kits Provided

Scans at Ambient or 100-450 K

Fixed Energy 30 keV (0.41 A)

Download Data in ~ 4 weeks

(=] g I

R R R R

more information
http://11lbm.xor.aps.anl.gov
email: 1llbm@aps.anl.gov

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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11-BM Mail-In = High Impact Science

nature Barpanda, Tarascon et al, - |
IS Nat. Mater. 10, 772 (2011)

materia

= Li-ion fluorosulphate
electrode materials

=  Track structural trends
in Li(Fe, ,Mn,)SO,F

ntersdy (b units)

= Quantify 0.6% volume
change with Li -insertion

20() (A =04132 A)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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T3E3 HF Zn inculin ET 1. Smn cap 1401107 &23+624
Lanmbda 1401l A, L-5 cwcle

3

H1luE

Count=

High Resolution X-ray Powder Diffraction on Proteins

Hi =t 1
126 Obeod. sand Diff. Frofiles
! ! ! T !

1st Molecular replacement solution!!
3 parameter problem

J- L S il e ',-f::.’!-==~#.-mfﬂmﬁ*aﬁrﬁhﬂ%ﬁ*wﬁm

= 1.0 1.5 ] 2.5

2-Thetas, deg ¥ivE 1

Zn insulin structure determined from
powder diffraction data

*R3 unit cell a=81.276A,c=73.037A
*Indexed from pattern
*\VV=418,000A3!!

*>1600 atoms!!

*Rietveld refinement (GSAS)
*Ryp=3.74%

R.B. Von Dreele, Advanced Photon Source

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Pair-Distribution Function (PDF) measurements:
Area detectors + High Energy X-rays

— The structure factor S(Q) measured as a function of diffraction angle using monochromatic X-rays
— Area detectors collect all data simultaneously to yield more rapid measurement

Measured Diffraction Intensity

\Si-o 1.6A
0...0 2.6A
z < / Si...Si 3.2A
G(r)
G(r) = 4aurip(r)-p,]
0 2 4

I’/A6 8 10

Karena Chapman <cha£mank@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility ope:rat=d for thc 11.S. Departrnert of Energy Cffice o f Scicpce by Argonr e Naticna! L2Kora’ory
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A Pair Distribution Function
- a weighted histogram of ALL atom-atom distances

Peak Position ﬁ Atomic distances
Peak Area 4mm) Coordination number Structure

Peak Width 4mmms) Disorder Modeling
Peak r,,,, 4mm) Particle size, coherence Ay

real-space Rietveld”

r

L)

0 v “ " " »

Karena Chapman <chapmank@aps.anl.gov>
(I\E. The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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PDF as a function of temperature, reaction progress and
guest-loading now relatively routine

a)
=
(O]
S
o
L)
- 3
(\5 A
A S
° 2 3 ol A

Karena Chapman <chapmank@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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FeOF in situ PDFs: First Electrochemical Cycle

. 6
: 1st Discharge ’ 1st Charge
. A ) :
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Kamila Wiaderek <kwiaderek@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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PDF Studies of Vanadium Clustering in Na,,,VO,

(a) 300 K
350K

-

14 I{ ;‘

o | |||
0- s
IR

N

N

100 ;

-

Vanadium clusters
at 300 K

-

Lack of Vanadium
clusters at 350 K

310 320 330 340 350
Temperature (K)

Guignard et al, 2103 submitted

" The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Aerodynamic levitation with laser heating

studying meta-stable structures in liquids/glasses
S

m,o-Xylene

m,o-Fluorotoluene

Chlorobenzene
Toluene
o-Terphenyl

K + Bi**CI
K'Ca?"NO;

GeO.)
.
-
.l
L)
-
[T
rats ile
1 1

Log (viscosity in poise)
> O0O @ ¢ 0 0 «

« 400W CO, laser

« Temperature range 1500 to >3300°C

* Fast measurements (every 200ms) possible on 21 '
“fragile” liquids & glasses 4=

Frag
ST

* G.N. Greaves et al. Science, 322 (2008) 566.

Chris Benmore <benmore@anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Acoustic Levitation
Synthesis and characterization of amorphous Pharmaceuticals

* Amorphous drugs have enhanced solubility
and faster dissolution rates.

* Enhanced amorphization from saturated

solutions or by laser heating in acoustic
levitator.

« 10W CO, laser heating system needed for
in-situ measurements.

e C.J. Benmore et al. J. Pharma. Sci. 102
(2013) 1290.

£

Blood Levels for
Amorphous HIV
drug Ritonavir

. antinode

w

Plasma Concentration (pg/mL)

Crystal

o 2

4 6 8 10
Hours After Dose

Transducer

The Advanced Phutuii suuice 15 an uiiite un suenie user rauny uperated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Acoustic Levitation Movie

\(il'] Tube J acoustic levitation youtube Q

Acoustic levitation

o ArgonneNationalLab - 154 videos 1.449 390
# e P About il N

http://www.youtube.com/watch?v=669AcEBpdsY

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Resolution & penetration depth

Spatial resolution

0.lnm Inm 10nm 100nm Ium 10um 100um Imm 10mm
Surface

TEM SEM/ Auger Optical
1-100nm Incidencs
Reﬂectivit;/

5 1 Mm ............... T T T T T TR T T T T | ....... ]
8" Focusilgtg optics Synchrotron
_8 ‘Wide angle’
§ 100 um  scattering |
% S:::tltl;::fgle — HE Synchrotron

T mm pcusing —
A ptics —(E=80 keV)

10 mm
Neutron
10 Cm ............... mnsle s ds s s s s s s nnnnnnndnnnnnsy ;E lefraCtlon

Jonathan Almer <almer@aps.anl.gov>



High-energy x-ray strain and microstructural mapping

S

Single-grain diffraction
tomography (HEDM) +
absorption tomography

Grain-average scattering
tomography + absorption
tomography

Conical slit diffraction

Incident beam E= 50-120 keV
Scattering angles <10 deg

N\
=
=
o
—
v
Rotation &
loading axis

Bulk samples (mm’s)

Jonathan Almer <almer@aps.anl.gov>
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\
High-energy Experimental Setup

SAXS detector

GE detector fo

Specimen

N-ray beam

Applied Stress (MPa)
g & & &8

=]

0 5 10 15
Engineering Strain (%)

Average grain size ~ 20um

Colors ~ grain orientation vector

Jonathan Almer <almer@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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In situ strain evolution in all phases of NF616 steel

0012 After necking, particles started to
necking detach from the matrix.
001 = “===- non-necking ] Consequently, lattice strain in the
particles dropped.

§

Lattice strain in the matrix became
non-uniform after necking: the value
was higher in the necking region than
the non-necking region.

Lattice Strain
:

g

0 = The BCC matrix yielded at
0 5 10 15 20 2% strain, while the
Engineering Strain (%) particles were still under

elastic deformation.

Jonathan Almer <almer@aps.anl.gov>

/. The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



TGO growth and creep strains
are critical to engine’s fatigue life

HE X-ray

2D pattern of TGO (alumina) and spinel

| Strain distortion
SiC igniter heater e

The sample was heated up
to 2000°F in air and the
temperature was monitored
by Pt thermal expansion and
pyrometer.

SEM micrograph

Intensi;c.;;.w

=

Azimuth Angle (degree)

Suzuki, Gao, Lipkin, Singhal (GE), Almer (APS), Pollock (UCSB)

D spacing (A) D spacing (A)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Synchrotron
Spectroscopic Methods

Co K-XAS 1.0-Cl EXAFS Spectra ———————
0.5/
e
O
8-
= 2 0.0
)
<
-0.5
i \J 40—

7400 7600 7800 8000 8200 8400 8600 8800
Energy (eV)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Many Spectroscopic Abbreviations

X-ray Absorption Spectroscopy (XAS)

Extended X-Ray Absorption Fine Structure (EXAFS)
X-ray Absorption Near Edge Structure (XANES)
X-ray Absorption Fine Structure (XAFS)

Resonant and Non-resonant X-ray Emission (XES)

X-ray (Non-resonant) Raman Scattering (XRS)

Combine above methods with microbeams to obtain elemental-chemical-

structural information with micron-scale spatial sensitivity

Coupled to the time structure of the synchrotron radiation provides access to

processes in the ultrafast time domain.

Mali Balasubramanian <mali@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



Basic X-ray Absorption Spectroscopy

= X-ray Absorption Spectroscopy

Element specific, sensitive to dilute constituents (sub-mono layer coverage),
short-range order probe

s XANES is strongly sensitive to formal oxidation state and site symmetry
*» EXAFS is used to determine the distance, coordination humber, disorder and
type of the neighbors in the local and medium-range ( ~ 6 A)

= Hard X-ray Non-resonant Raman

Utilize in situ capability of hard x-rays with the power of soft x-rays, g-dependence
provides additional information

e  Uses High Flux Tunable Energy at Synchrotrons
e  Chemical and structural information
e  Short and medium range order probe

e Allows in situ/operando studies

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



Operando XAFS: Rhodium Catalyzed Hydrogenation of Benzene

s
o 4
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A continuously stirred reactor for the operando-XAFS :
[RhCp*Cl,], at 100 °C and 50 atm initial H, pressure.

Mali Balasubramanian <mali@aps.anl.gov> Linehan, Fulton et al. (PNNL), Finke (CSU)

/. The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



Diamond-window transmission XAFS cell for low-Z lons

Cell used to study low-Z ions:
CI',K"',CaZ"' solution

hydrothermal water
solution

supercritical water cell design

® 500°C, 600 bar

e Beam size: 50-100 microns diameter,

e Window: [110] diamond 10 microns thick
e [owest Energy: 2750 eV.

1 2

H He

3 4 5 6 7 8 9 10

Li Be B c N Q E

11 12 13 14 15 16 17 18

Na Mg Al E s Cl Ar

N9 g0 7L T AT U ST 56 BT 2k 96 A AL IE A 6 AN Fulton et al: Rev. Sci. Instrum.
K Ca 8¢ Ii ¥ Cr Mn Fe Co Ni Cu 2n Ga Ge As Se Br

75 (12), 5228-5231 (2004).

Mali Balasubramanian <mali@aps.anl.gov>
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Element specific local structure: Li(Li, ,Co, ,Mn,,)O,

Mn-edge

§°§pvﬂf/\ﬁnAA Z
W WELYT

— Mn:Co

k?x (k)

1 3 5 7 9 11
k (A™)

*Mn XAFS very similar to Li,MnO;
*Co XAFS very similar to LiCoO,

Bareno et aI., Chem. Mater. DOI: 10.1021/cmZOOZSOa Mali Balasubramanian <mali@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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X-ray Raman Scattering (XRS)

XRS is an inelastic x-ray scattering process

TM redox chemistry can be studied using ‘ ,Z
K-edge XAS 9‘

y
Current scientific interest : | ~ z
understand the role played by oxygenin e <
charge compensation and also role of the X y
TM d-states
O K-edge and TM 2p and 3p edges %
traditionally studied using EELS or soft-XAS (S S

XRS: In situ alternative to soft—XAS or EELS

Mali Balasubramanian <mali@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



How to measure XRS efficiently?

Spectro-electrochemical cell

X-ray window

Cathode can
Cathode
Separator/Electrolyte
Anode (Li metal)
Gasket

Anode can

Side View

APS Beamline 20-ID Mali Balasubramanian <mali@aps.anl.gov>

‘\ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory



Other Inelastic X-ray Scattering

Inelastic X-ray Scattering (IXS)
Resonant enhancement 100 times larger than non-resonant

Resonant Inelastic X-ray Scattering (RIXS)
measures both the energy and momentum change of the scattered photon

200

—-

o)

o
1

-

D

o
1

-

B

o
1

Charge Transfer

-
n
o

-
=2} o
o o
| I |

Intensities (arb. units)
B [=23
o o

P

~n
o
| |

] 50 meV 500 meV 15eV 2eV Energy

E=11.216 11217 11218

o

N
K X K

T T T T T T T
11.214 11.216 11.218 11.220 11.222
Scattered photon energy | (keV)

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

S

53



Time-resolved X-ray spectroscopy and scattering

Studying electronic and structural dynamics of processes related to
energy conversion and storage

TR-XAFS or TR-WAXS

Electronic structure
Local coordinate
Global shape
Oxidation state

Distance to
e ¢ " time neighboring atom

Number of neighbors

excited

Intermediate
excited states

v,
YV V V V VY

Y

Reaction Coordinates

Scientific Areas: Multiple time scale:

80ps-1ms

=  Photochemistry
=  Pphotophysics of transition metal complexes

»  Structural dynamics in photovoltaic solar cells

Multiple length scales:

M~ 1Ato1mm!
= (Catalysis and Fuel Cells s

= Time-resolved x-ray science in geochemistry

Xiaoyi Zhang <xyzhang@aps.anl.gov>
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Magnetic X-ray Scattering Polarization analysis system
X-ray magnetic circular dichroism (XMCD)

Spm up » Spin down

E ! v v vy by by e by by .;
700 705 710 715 720 725 730
Energy (eV)
I*+I- — Chemicadl

I*-I- — Magnetic

Choi Yong <ychoi@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

S



N |
XMC D Exa m p leS Spectroscopy (Vary Energy)

. . . == Electronic configuration
X-ray Magnetic Circular Dichroism (XMCD)

"Fe L edge
I* + |

B o Ly by by by by by
700 705 710 715 720 725 730

Energy (eV)

Absorption difference when change chirality of x-ray beam
Elemental Hysteresis (Vary Field)

Photo-electron imaging (Timing) = Sample Magnetization

== Magnetic Domain Structure

Co
A

1

I i |
-6000 -4000 -2000 ] 2000 4000 6000

v H (Oe)
Choi Yong <ychoi@aps.anl.gov>

.~ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Circularly polarizing undulator

Normal planer undulators
produce linearly
polarized light even off-
axis
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Particle beam moves in
helical rather than
planar orbit.
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Synchrotron
Imaging, Tomography and
Elemental Mapping

Hand of his wife Anna Bertha Ludwig
wife of Wilhelm Rontgen ~ 1895

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Imaging / Tomography / Elemental Mapping

e 2D -Real Time (20Hz) and High Speed (>200 kHz)
« 2D - X-ray magnifying optics: 30 nm resolution
* 3D for micro Computed Tomography) CT (1 to 100 Hz)

Xrays

Cormventioral krege | perring Method
Absor ption Contrast

Derary dMervrce thn
o shaorption o X1y

Nerw irwge T orrming Method
Phase Contrast
Ewrarty #Marvrds On

.-
by the phjes ,‘un'." WA T
1"
',;.:H S s vwttenl haayn
JTITH A e Ryt Agart frove 18 S ieitr,

11104
Wage stae veve

Derse Spure Deme

+ inve

Francesco De Carlo <decarlo@aps.anl.gov>

Q ‘ The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Micro Tomography of Static Samples

High throughput fully automated 1um resolution tomography

Robot Tweezer

Mechanical behavior of sand

New Reusable Solid Rocket Motors under compression

Insulation

8

CC Camera

o I.\ Y R
~— > .
\.’“ + 9
.l;"d .,.,» '

TR

Fatigue cracking (N. Chawla)

Self healing composite - healing
efficiency

Much Data!! ~5 TB/day

Geopolymers

CWM%C@%@QS@%@E%n Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

> Francesco De Carlo <decarlo@aps.anl.gov>
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Micro Tomography of Dynamic Samples

3D rendering of porous Cu:Sn
electrode cycled vs. Li metal
Lynn Trahey et al., 221st ECS Meeting (2012)

Dynamic metal corrosion studies to
show a 3D cross section of a crack
under corrosive and cyclic fatigue

. Y Even More Data!! ~ 125 TB/day
loading conditions.
N. Chawla et al.

Francesco De Carlo <decarlo@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

Fusseis & Xiao et al, Sol Earth

2012

S



Data modeling
2D/3D of Juvenile Zebra Fish Retina

SPIE, (2010), 78040M. DOI: 10.1117/12.860783

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

> Francesco De Carlo <decarlo@aps.anl.gov>



Micro Tomography Science

in-situ studies of real size samples

Thermal expansion cracking in rocks
Carbon sequestration, mine and oil exploration
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Nature Vol. 459 18 June 2009 doi:10.1038/nature08051

Science 332, 88-91 (2011)' DOI: 10.1126/science.1202252’1””“9“ of Energy Office of Science by Argonne National Laboratory

Francesco De Carlo <decarlo@aps.anl.gov>



Micro Tomography Science

real size samples in real operational conditions

Mechanical Properties of Metal Matrix Composite Materials
transportation technology, new material, industrial applications

Fracture surface,

RIS oN

NS sy 450

Metal Matrix Composite

MINDCEE 104

N. Chawla J. Williams ASU

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

> Francesco De Carlo <decarlo@aps.anl.gov>



Nano-scale Imaging / Element Maps in 3D
Example: a study of Sulfur poisoning of solid oxide fuel cell (SOFC)

Computed
Tomography

TXM images of SOFC sample Volume Rendering of reconstructed
throughout 180-degree rotation. 3D volume data.
FOV ~ 25 um

Map 3D elemental composition with tens of nm accuracy and ~1% sensitivity.

%

Length (um)

Attenuation

- 8
ek

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

A (unpublished data) Wilson Chiu, Uconn/HeteroFoaM EFRC Francesco De Carlo <decarlo@aps.anl.gov>



Transmission X-ray Microscope

tomography o ima-ge plane
rotation axis objective ZP optically-coupled

sample ; CCD
7 \ / Au/phase ring \

capillary condenser

27 mm 27 mm 1~2.5 mm

i

(I\E. The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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Synchrotron

Small Angle & Surface Scattering
(SAXS, WAXS, GISAXS, USAXS)

10' v -
. Schultz distribution(unit: A)
1071 Polydisperse : '1
- i R =672, fwhm= 149
m 107 4 Monodisperse : ]
Q R. =424, fwhm=4.1
T 107+ 1
—
S - -3
S = 107 1
+ & 105 J
s " i
107 9 !
10”5 1
1074 -
0.01 0.1

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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\
Insights from Small Angle X-ray Scattering (SAXS)

Structure factor ->
1000 Particle to particle interactions

100

Peak position
Average size

a
o

Intensity [cm’ ]

o1 Peak width —>\

Size distribution and/or shape

0.01

1 T T T T 1T 1
9 2 3 4 5 6 7
0.1

-1
Al Smaller

T T 1T 111
3 4 5 6 78

N =

Larger
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<€ Particles

Kamila Wiaderek <kwiaderek@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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SAXS/WAXS Setup at Beamline 12ID-B (APS)
P * — ; > —
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@ 10 mse M 4 '

4
.

.\-

LK
RS

Y o g

o "~'\‘
e
—
- B -
-

- -

>

-
P -

—-

Byeongdu Lee <blee@anl.gov>

e SAXS & WAXS => 1to 100 nm

e SAXS is from inhomogeneous e- density

WAXS from longer range periodic variations of e- density (polymer p-XRD)
 USAXS (Ultra Small) => (10 micron) 10,000 nm - 10 nm

. The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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FeOF in situ PDFs: First Electrochemical Cycle
“Conversion” type battery material

1st Charge
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Kamila Wiaderek <kwiaderek@aps.anl.gov>
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Small Angle Scattering Data Modeling

s0™ SAXS fom Sphencal particles )
* Data can be fit and modeled
w0}
o | ) 14.8 nm Au/Fe;0, sxperiment
o R Y . [ R o—— simulation
2-2) 1111 ’]"..
g ' UG
w0’ | | ‘ i ' 13.8 nh Fe;0;4
. refluxed
w0
10°
f;"m —_ 13.3 nm Fe;04
w0’ —
010’ 0" w0’ P ca—
alA’] -
'\
0", %. 12.3 nm Fe/Fe; ;04
| S
“ £
\ R—
10" \ | 5.2 nm Fe;0;
g 10. | \
w" |
,o.; mm}uﬁww ‘ T L] ¥ 2 P | T T
Som with 15% pobydapersay 0.02 0.04 0.1 0.5
Som with 20% polydiaparsty | Q (A-‘l)
1010’ w0” w0’
alA’) Byeongdu Lee <blee@anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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GISAXS Introduction

= SAXS for films and buried interfaces (SAXS + GID)

— Structural characterization of films on nm to um length scales
e Self-assembled structures

e Quantum dots

— Depth sensitivity via incident
angle variation and reflectivity

— In-situ processing (kinetics)
measurements

— Non-ambient environments

= But...

= Analysis complicated by
strong/multiple scattering

-0.8 -0.4 0.0 0.4 0.8

Joseph Strzalka <strzalka@aps.anl.gov>

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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How do | find a suitable beamline ?

A Advanced Photon Source ) R n | Off
Argonne , 9/ ENERGY |:

ToRY

* Facility Webpages

* Research Papers S Beamines Diectory

+ Find a Beamine Filter by:
Beaménes Diroctory
< Tec Dacipine: Al t Technigue: Al [

 Contact beamline staff !! S asion vy A Borires

« Status and Schecule

* Safety and Tesining Erargy Rarge Access  Opeestor Status
18N8 cC Masvas Scerce Srgio <rystal SN .30 ke x50 °
Physics White e sngie crysial-afvacton
Crergy dnpernve Y.res Aftearton A
ACCELERATORS A PARTICLE PHYSICS
14D8CE Ustoran Scerco Hgh-energy x-11 S -
Pryscs Rasogruny
c Smbarghnee USERS' AREA[ NEWS&EVENTS| FACILITIES[ HESEARCH| ABO
Florescencs s ’ ] ‘
waeid PHOTO ENC
up Home / Users & Science / Experimental facilities Home / Faciities / PETRA Ill / Beamiines

Photon Beamlines

Sector 1

Structure of materials
inelastic X-ray scattering and nuclear resonant scattering techniques with sg
the type of focusing optics used (beamline P01),

10-07-2013 Sector 2
shared by a hard X-ray beamline (P02), with one fixed energy end-station fo|
Beamlines experiments, and a beamline for micro and nano small-angle X-ray scatterin
Sector 3
« D01 Microdiffraction imaging %
o ID03 Surface diffraction iable polarization soft X-ray beamline (P04) using an APPLE-Il type undul
¢ ID11 Materials science, time-resolved
diffraction Sector 4
« ID15A/B High-energy diffraction/scattering imaging applicati prising a for tomography (P05, operated |
« D31 Powder diffraction prob line (P08) including spatially-resolved ption speckros
ID32 X-ray standing waves and surface
Electronic structure and LR o i Bl 9
diffraction (Closed December 2011 Sector 5
magnetism ( )

e Snapshots for the beamlines

a beamline optimized for very hard X-rays (>50 keV) dedicated mainly to ap
and DESY. '

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory

o 73



How do | have a Successful Synchrotron Experiment ?

= Normally you write a proposal that explains why one needs it.
— May need to register as a user in advance (Citizenship?)
— Proposal include What, Why, How, Who ??
— Note proposal deadlines
— Proposals are reviewed and judged on science quality merit.
— If new — good idea to contact beamline scientist(s) before submitting
— Accepted proposals schedule some months later
— Your team needs to travel to the facility
— Experiments typically run for 24 hours per day

= Limited number of Mail-In Programs Options

= Experiment time is usually free
— (exception is for proprietary commercial research)

= Be prepared and organized for the experiment (be nice to your contact)

=  Publish! (This is the “output” of a user facility )

The Advanced Photon Source is an Office of Science User Facility operated for the U.S. Department of Energy Office of Science by Argonne National Laboratory
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