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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(electromagne4c(radia4on(
produced(by(a(synchrotron,(which(is(ar4ficially(produced(for(scien4fic(and(
technical(purposes(by(specialized(par4cle(accelerators,(typically(accelera4ng(electrons.(
Once(the(highEenergy(electron(beam(has(been(generated,(it(is(directed(into(auxiliary(components(such(
as(bending(magnets(and(inser4on(devices((undulators(or(wigglers)(in(storage(rings(and(free(electron(lasers.(These(supply(
the(strong(magne4c(fields(perpendicular(to(the(beam(which(are(needed(to(convert(the(highEenergy(electron(energy(into(light(or(some(
other(form(of(EM(radia4on…..(
$

!  Answer$2:$
–  A$synchrotron$is$a$source$of$very$powerful$xLray$beams$$

–  It$works$by$some$form$of$physics$magic$

–  It$provides$xLrays$with$high$flux,$tunable$energy,$intense$
brightness,$and$other$advantages$$

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

$
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X-rays: a high-energy form of electromagnetic 
radiation (light) 
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Synchrotrons Around the World  

hQp://www.diamond.ac.uk/Home/About/Synchrotrons/World/largemap.html$
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Synchrotrons in Western Europe  
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Parts of a “Synchrotron” Light Source 
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How does a synchrotron make light (x-rays)? 

!  Synchrotrons$use$very$high$energy$electrons$(typically$3L7$GeV)$to$produce$xLrays$with$
minimal$deflecBon$of$the$electrons.$$

!  When$synchrotrons$were$first$invented,$the$light$they$produced$was$iniBally$

considered$a$nuisance.$$First$“2nd$generaBon”$source$opened$1980$(Daresbury$UK)$$

!  Where$does$the$energy$in$the$light$come$from?$

–  The$electrons$lose$a$liQle$bit$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$xLrays:$bending$

magnets$and$inserBon$devices$(wiggler$or$undulator)$

When$a$charged$parBcle$is$accelerated$(its$momentum$is$
changed),$light$is$produced$(ref:$Maxwell’s$equaBons).$
DeflecBng$an$electron$beam$to$make$it$go$round$in$a$circle$
produces$light.$$
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Interior view of APS booster synchrotron  
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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 
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•  A$undulator$has$more$
magnets$than$a$wiggler$

$

•  Both$set$up$a$resonance$
condiBon$that$favors$
certain$xLray$wavelengths$

•  The$xLray$beam$from$an$ID$
has$very$liQle$divergence$

Insertion Devices Produce Intense X-rays 
where the path of electrons is straight  
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Spectra Comparison 
Undulator, Wiggler and Bending Magnet 

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.$
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Synchrotron Experiments 
are performed in a Beamline “Hutch” 
Beamline can have a name or number   
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Plan$of$beamline$“IL11”$at$Diamond$(UK)$
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ESRF$website$
Typical Synchrotron Beamline Layout 
Optics – Experiment Hutch – Controls Area 

Detector$$



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

Detectors are equally important at Synchrotrons 

Sensor:$
•  Converts$xLrays$to$a$useLable$

electrical$signal$
•  SemiLconductor,$scinBllator,$etc$
•  Key$parameter:$$$$Efficiency$

(Probability$xLray$will$convert$in$
media)$

Electronics:$

•  Recognize$and$process$
xLray$signal$$

•  Pass$data$to$
acquisiBon$system$

•  Key$parameter:$$
SignalLtoLnoise$raBo$

Data$acquisi9on$system$

•  Runs$detector$control$
solware$for$user$

•  Writes$data$to$
permanent$storage$

•  Some$quick$data$
processing$

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

HighLspeed$
data$link$

Bradford$Robert$<rbradford@aps.anl.gov>$
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Counting Detectors 

!  Counts$#$of$xLrays$striking$face$of$detector$
–  Intensity$at$one$point$in$space$

!  Example:$$Diodes,$scinBllaBon$counters$

!  To$think$about:$
–  Detector$has$an$upper$limit$on$rate$at$which$it$can$

count$

–  Ex:$$ScinBllaBon$counters$usually$limited$to$<500$
kHz,$but$limit$depends$on$speed$of$amplifier.$$

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

!  CounBngLlike$detector$capable$of$
measuring$xLray$energies$

!  Examples:$$Silicon$dril$detectors,$$
germanium$detectors$

!  When$combined$with$MCA,$
provides$an$energy$spectrum$

!  To$think$about:$
–  Count$rate$limitaBon:$$~100$kHz$

–  Energy$resoluBon:$$$
•  120$eV$for$Si$
•  200$eV$for$GeGe$more$efficient$

than$Si$above$15$keV,$but$
requires$use$of$LN2$

$
hQp://www.amptek.com/dril.html$Bradford$Robert$<rbradford@aps.anl.gov>$
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Area Detectors 
!  2D$array$of$detectors$record$both$

posiBon$and$intensity$in$single$
exposure$

!  Lots$of$different$kinds$
–  Film$

–  Image$Plates$

–  CCDs$

–  Hybrid$Pixel$Detectors$(Pilatus)$

–  Amorphous$silicon$flat$panels$

–  CMOS$detectors$

!  To$think$about:$
–  spaBal$resoluBon$/$pixel$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  
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InLhouse$ Synchrotron$

Synchrotron data: 
•  Much less exposure time 
•  Strong data in 9.00- 1.78 Å region 
•  Still significant intensity out to 0.69 Å 

exposure$Bme$
120$second$

exposure$Bme$
0.2$second$

Synchrotron for Single Crystal Diffraction 

No$structure$determined$

Chen$YuLSheng$<yschen@cars.uchicago.edu>$$at$ChemMatCARS,$APS$StaBon$15LIDLB$
$
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Oxford Helijet (15k)) 

PhotoLcrystallography$ Low$temperature$crystallography$

High$pressure$(GPa)$Lcrystallography$

Chen$YuLSheng$$
<yschen@cars.uchicago.edu>$

Advanced (single) Crystallography at APS 

DAC cell 



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

Powder Diffraction at the APS 
powder XRD is performed at multiple instruments (often called beamlines)  
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17-BM 
!  InLsitu$Studies$
!  Flexible$SetLUp$
!  Rapid$Scans$

11-BM 
! Highest$2θ$ResoluBon$
!  Superb$SensiBvity$
!  RA$Mail?In$Program$

Chicago$
Argonne$Na9onal$Laboratory$

Advanced$Photon$Source$
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APS Powder Diffraction Beamlines 
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Fast(Area(Detector((17EBM)(

Instrument$Specifica9ons$

"  Energy$Range:$7$–$20$keV$
"  ResoluBon:$Δd/d$≈$1×10L3$

"  Scan$Time:$0.1$L$60$seconds$
$

Sample$Environments$
"  Flowcell$ReacBon$Furnace$(<900$oC)$4$
"  Oxford$Cryostream$(100$L$450$K)$
"  InLSitu$Controlled$Atmospheres$
"  Diamond$Anvil$Cells$(<10$GPa)$

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.  

 

Greg$Halder$<halder@aps.anl.gov>$



Jahn?Teller$switching$in$a$

molecular$magnet$

Guest?dependent$high$

pressure$behavior$in$a$MOF$

Greg$Halder$<halder@aps.anl.gov>$

APS Powder Diffraction Beamlines 
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APS Powder Diffraction Beamlines 
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HighEResolu4on((11EBM)(

Instrument$Specifica9ons$

"  Energy$Range:$20$–$35$keV$
"  ResoluBon:$Δd/d$≈$2×10L4$

"  Scan$Time:$10$L$60$minutes$
$

Sample$Environments$
"  Oxford$Cryostream$$(100$L$450$K)$
"  Cyberstar$Hot$Gas$Blower$(25$L$900$°C)$
"  Helium$Flow$Cryostat$(5$L$150$K)$
"  Gas$ReacBon/$Flow$Cells$
"  High$Temp$(>1000$°C)$furnace$(underway)$

11-BM is a dedicated high resolution powder diffraction 
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. 
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Why Use a Synchrotron for Powder Diffraction?  

 
 

Modern Lab  
Powder Diffractometer 

 

2Θ ≈ 130° for Cu λ = 1.54 A 
Q max ≈ 7.5 (Å-1) 

 

2Θ (λ ≈ 0.41 A) 

 
 

Beamline 11-BM  
standard scan 

 
 

Powder XRD data from 
LaB6 Standard Reference 

Sample (NIST 660a) 
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Why Use a Synchrotron for Powder Diffraction?  
 
 

Increased 
Resolution 

 
 

Greater “Q” Range 
(more reflections) 

2Θ (λ ≈ 0.41 A) 

 
 

Enhanced Sensitivity 

 
 

Cu Kα2 

 
 

Powder XRD data from 
LaB6 Standard Reference 

Sample (NIST 660a) 

11-BM 

 
 

Cu Kα1 
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Rapid Access Mail-In Measurements @ 11-BM 

29$

 more information  
http://11bm.xor.aps.anl.gov 

email: 11bm@aps.anl.gov'

"  Short$Proposal,$Fast$Review$
"  Open$to$US$&$InternaBonal$Users$
"  Limited$to$8$Hours$per$Proposal$

"  Free$(no$cost!)$for$NonLProprietary$Work$$

"  Sample$MounBng$Kits$Provided$

"  Scans$at$Ambient$or$100L450$K$

"  Fixed$Energy$30$keV$(0.41$Å)$$
"  Download$Data$in$~$4$weeks$
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11-BM Mail-In = High Impact Science  

30$

!  LiLion$fluorosulphate$
electrode$materials$

$$

!  Track$structural$trends$
in$Li(Fe1LxMnx)SO4F$

!  QuanBfy$0.6%$volume$
change$with$Li$LinserBon$

Barpanda,$Tarascon$et(al,$
Nat.$Mater.$$10,$772$(2011)$
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High'Resolu7on'X9ray'Powder'Diffrac7on'on'Proteins'

Zn insulin structure determined from 
powder diffraction data 
• R3 unit cell a=81.276Å,c=73.037Å 
• Indexed from pattern 
• V=418,000Å3!! 
• >1600 atoms!! 
• Rietveld refinement (GSAS)  
• Rwp=3.74% 

1st Molecular replacement solution!! 
3 parameter problem 

R.B.$Von$Dreele,$Advanced$Photon$Source$

$
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–  The$structure$factor$S(Q)$measured$as$a$funcBon$of$diffracBon$angle$using$monochromaBc$XLrays$

–  Area$detectors$collect$all$data$simultaneously$to$yield$more$rapid$measurement$

P.J. Chupas, X. Qiu, J.C. Hanson, P.L. Lee, C.P. Grey, S. Billinge, 
J. Applied Cryst., 2003, 36, 1342-1347. 

Pair-Distribution Function (PDF) measurements:  
 Area detectors + High Energy X-rays 

Karena$Chapman$<chapmank@aps.anl.gov>$
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A Pair Distribution Function 
- a weighted histogram of ALL atom-atom distances 

rmax$

Structure 
Modeling 

e.g. “real-space Rietveld” 

Peak Position             Atomic distances 
      Peak Area             Coordination number 
    Peak Width             Disorder 
        Peak rmax             Particle size, coherence 

Karena$Chapman$<chapmank@aps.anl.gov>$
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PDF as a function of temperature, reaction progress and 
guest-loading now relatively routine 

N2 

Pt$
PtO2$

Karena$Chapman$<chapmank@aps.anl.gov>$
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FeOF in situ PDFs: First Electrochemical Cycle  
 

Kamila$Wiaderek$<kwiaderek@aps.anl.gov>$
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PDF Studies of Vanadium Clustering in Na1/2VO2 
 

300$K$
350$K$

Guignard$et$al,$2103$submiQed$$
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•  400W CO2 laser  

•  Temperature range 1500 to >3300oC 

•  Fast measurements (every 200ms) possible on 
“fragile” liquids & glasses 

•  G.N. Greaves et al. Science, 322 (2008) 566. 
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(a) (b)

Figure 8: (a) A laser-heated sample in the aerodynamic levitator chamber. The chamber totally encloses the X-ray beam to enable a class
I system operation despite containing an embedded class IV laser. (b) An acoustic levitator, comprising of two transducers (blue) with a
camera focused on the levitated droplet and an area detector in the background.

Figure 9: A time dependent sequence showing the melting and
subsequent vitrification of an oxide melt in the aerodynamic
levtator.

formalism [252] commonly used for liquids and glasses
where for X-rays,

SX(Q) =
∑

α,β

cα fα(Q)cβ fβ(Q)〈
f 2(Q)

〉
[
Sαβ(Q)− 1

]
, (9)

where α and β represent different atom types. A discussion of
the density related behavior of the intensity of the so-called
“first sharp diffraction peak” related to intermediate range
ordering compared to that of the second diffraction peak
(related to chemical or extended range ordering) in several
binary liquids and amorphous materials has been given by
Benmore et al. [253]. The Sine Fourier transform given
in (8) yields the pair distribution function GX(r) which is
commonly used by the liquids community to emphasize local
structure. The neutron glass community on the other hand
tends to use the distribution function TX(r) = 4πρrGX(r)

since the resolution function is symmetric leading to more
accurate fitting for extracting coordination numbers [23].
However, for X-rays peak and coordination number fitting
is often done in Q-space using equation (6) due to the need
to include Q-dependent form factors [33]. The differential
distribution function DX(r) = 4πρr[GX(r) − 1] with the
bulk density removed is used for glasses and molecular
liquids to highlight ordering at longer distances or for
systems where the density is not known [23]. Expressing
the GX(r) representation in terms of partial distribution
functions is not so straight forward as for neutron diffraction
because the element specific partial weighting factors in
reciprocal space are Q-dependent. The expression can be
simplified by using the approximation fα(Q)/〈 f 2(Q)〉 $
fα(0)/〈 f 2(0)〉, where fα(0) = Zα as has been described by
Neuefeind and Poulsen [13] and Keen [252].

The Bhatia-Thornton formalism [254] is also sometimes
used to provide information on the topology and chemical
ordering in a liquid or a glass. For a binary system the
Bhatia-Thornton representation is straight-forwardly linked
to the Faber-Ziman formulation using linear equations
which convert the element specific partials to the number-
number, concentration-concentration, and the cross term
number-concentration partial structure factors. The Bhatia-
Thornton formalism has been successfully used to explore
the extent of longer range correlations in real space known
as “extended range ordering” [255]. However the magnitude
of these oscillations show that the degree ordering only
represents a very small fraction of the bulk material [256].

Partial extraction or elimination of one or a group
of partial structure factors from the measured total is
most commonly achieved experimentally by combining
high energy X-ray diffraction data with other techniques,
such as neutron diffraction or anomalous X-ray diffraction.
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Thornton formalism has been successfully used to explore
the extent of longer range correlations in real space known
as “extended range ordering” [255]. However the magnitude
of these oscillations show that the degree ordering only
represents a very small fraction of the bulk material [256].

Partial extraction or elimination of one or a group
of partial structure factors from the measured total is
most commonly achieved experimentally by combining
high energy X-ray diffraction data with other techniques,
such as neutron diffraction or anomalous X-ray diffraction.

Aerodynamic levitation with laser heating  
studying meta-stable structures in liquids/glasses 

Chris$Benmore$$<benmore@anl.gov>$
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 Crystal 

Amorphous 

•  Amorphous drugs have enhanced solubility 
and faster dissolution rates.  

•  Enhanced amorphization from saturated 
solutions or by laser heating in acoustic 
levitator. 

•  10W CO2 laser heating system needed for 
in-situ measurements.   

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

Blood Levels for  
Amorphous HIV 
drug Ritonavir  

Acoustic Levitation  
Synthesis and characterization of amorphous Pharmaceuticals 

Chris$Benmore$$<benmore@anl.gov>$
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hQp://www.youtube.com/watch?v=669AcEBpdsY$

Acoustic Levitation Movie 

Chris$Benmore$$<benmore@anl.gov>$



Resolution & penetration depth 
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Neutron 
Diffraction 

Focusing optics 

0.1nm 

 
HE Synchrotron  

(E = 80 keV) 
 
 

focusing 
optics 

‘Wide angle’ 
scattering 

‘Small-angle’ 
scattering 

Jonathan$Almer$<almer@aps.anl.gov>$

Grazing  
Incidence,  

Reflectivity 
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High-energy x-ray strain and microstructural mapping 

!  SingleLgrain$diffracBon$
tomography$(HEDM)$+$
absorpBon$tomography$

!  GrainLaverage$scaQering$
tomography$+$absorpBon$
tomography$

$

!  Conical$slit$diffracBon$$

Polycrystal$

Matrix$

Fiber$

Bulk$samples$(mm’s)$

RotaBon$&$
loading$axis$

Jonathan$Almer$<almer@aps.anl.gov>$

Incident$beam$E=$50L120$keV$
ScaQering$angles$<10$deg$

~$2um$
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High-energy Experimental Setup 

Jonathan$Almer$<almer@aps.anl.gov>$

Colors$~$grain$orientaBon$vector$

Average$grain$size$~$20µm$
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In situ strain evolution in all phases of NF616 steel 

LaRce(strain(in(the(matrix(became(
nonEuniform(aSer(necking:(the(value(
was(higher(in(the(necking(region(than(
the(nonEnecking(region.(((

The(BCC(matrix(yielded(at(
2%(strain,(while(the(
par4cles(were(s4ll(under(
elas4c(deforma4on.(

ASer(necking,(par4cles(started(to(
detach(from(the(matrix.((
Consequently,(laRce(strain(in(the(
par4cles(dropped.(

Jonathan$Almer$<almer@aps.anl.gov>$
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In9situ'Strain'Measurement'of'Thermally9Grown'Oxide'''

2D$paQern$of$TGO$(alumina)$and$spinel$

2Θ(HE$XLray$

SEM$micrograph$
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Strain$distorBon$

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

TGO$(∼$1$µm)$

NiLbase$superalloy$

SiC$igniter$heater$

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

Jonathan$Almer$<almer@aps.anl.gov>$

TGO'growth'and'creep'strains''
are'cri7cal'to'engine’s'fa7gue'life''
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Synchrotron 
Spectroscopic Methods  
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Many$Spectroscopic$Abbrevia9ons$$

!  X9ray'Absorp7on'Spectroscopy'(XAS)'
!  Extended$XLRay$AbsorpBon$Fine$Structure$(EXAFS)$
!  XLray$AbsorpBon$Near$Edge$Structure$(XANES)$
!  XLray$AbsorpBon$Fine$Structure$$(XAFS)$
!  Resonant$and$NonLresonant$XLray$Emission$(XES)$

!  XLray$(NonLresonant)$Raman$ScaQering$$(XRS)$

!  …$

$$

$

$

Mali$Balasubramanian$<mali@aps.anl.gov>$

Combine(above(methods(with(microbeams(to(obtain(elementalEchemicalE
structural((informa4on(with(micronEscale(spa4al(sensi4vity(

(

Coupled(to(the(4me(structure(of(the(synchrotron(radia4on(provides(access(to(
processes(in(the(ultrafast(4me(domain.(
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!  X9ray'Absorp7on'Spectroscopy'
Element$specific,$sensiBve$to$dilute$consBtuents$(subLmono$layer$coverage),$

shortLrange$order$probe$
$ $XANES$is$strongly$sensiBve$to$formal$oxida9on$state$and$site$symmetry$

$ $EXAFS$is$used$to$determine$the$distance,$coordina9on$number,$disorder$and$
type$of$the$neighbors$in$the$local$and$mediumLrange$($~$6$Å)$$
$
!  Hard'X9ray'Non9resonant'Raman'
UBlize$in$situ$capability$of$hard$xLrays$with$the$power$of$sol$xLrays,$qLdependence$

provides$addiBonal$informaBon$

$

$

Basic$X?ray$Absorp9on$Spectroscopy$

•  Uses$High$Flux$Tunable$Energy$at$Synchrotrons$

•  Chemical$and$structural$informaBon$

•  Short$and$medium$range$order$probe$

•  Allows$in$situ/operando$studies$
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A$con9nuously$s9rred$reactor$for$the$operando9XAFS':'
[RhCp*Cl2]2$at$100$°C$and$50$atm$ini9al$H2$pressure.$

Operando$XAFS:$Rhodium$Catalyzed$Hydrogena9on$of$Benzene$

Linehan,$Fulton$et$al.$$(PNNL),$Finke$(CSU)$

Rh$K$–$edge$
23.220$KeV$

Mali$Balasubramanian$<mali@aps.anl.gov>$
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Diamond9window'transmission'XAFS'cell'for'low9Z'Ions'

• (500°C,(600(bar(
• (Beam(size:(50E100(microns(diameter,((
• (Window:([110](diamond(10(microns(thick(
• (Lowest(Energy:(2750(eV.(

supercri4cal(water(cell(design(

Cell$used$to$study$low?Z$ions:$

$Cl?,K+,Ca2+$$

Fulton$et$al:$Rev.$Sci.$Instrum.$$
75$(12),$5228L5231$(2004).$$

Mali$Balasubramanian$<mali@aps.anl.gov>$
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Element$specific$local$structure:$Li(Li0.2Co0.4Mn0.4)O2$
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• Mn$XAFS$very$similar$to$Li2MnO3$$

• Co$XAFS$very$similar$to$LiCoO2$

Bareno$et$al.,$$Chem.$Mater.$DOI:$10.1021/cm200250a$ Mali$Balasubramanian$<mali@aps.anl.gov>$
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X?ray$Raman$Scahering$(XRS)$
XRS$is$an$inelasBc$xLray$scaQering$process$

TM$redox$chemistry$can$be$studied$using$

K?edge$XAS$

$

Current$scien9fic$interest$:$

$understand$the$role$played$by$oxygen$in$$$$$

charge$$compensa9on$and$also$role$of$the$

TM$d?states$

$

O$K?edge$and$TM$2p$and$3p$edges$

tradi9onally$studied$using$EELS$or$soi?XAS$

$

XRS:$In$situ$alterna9ve$to$soi–XAS$or$EELS$

Mali$Balasubramanian$<mali@aps.anl.gov>$
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Spectro9electrochemical'cell'

q

analyzer 

θ

detector 

sample 

How$to$measure$XRS$efficiently?$

APS$Beamline$20LID$$Mali$Balasubramanian$<mali@aps.anl.gov>$
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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 
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Scien7fic'Areas:''
!  Photochemistry((
!  Pphotophysics(of(transi4on(metal(complexes(
!  Structural(dynamics(in(photovoltaic(solar(cells(
!  TimeEresolved(xEray(science(in(geochemistry(
!  Catalysis(and(Fuel(Cells(

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

%  Electronic structure 

%  Local coordinate  

%  Global(shape 
%  Oxidation state 

%  Distance to 
neighboring atom  

%  Number of neighbors 

TR-XAFS or TR-WAXS 

Multiple time scale: 
80 ps – 1 ms 

 
Multiple length scales:  

1 Å to 1 mm! 
(

Time-resolved X-ray spectroscopy and scattering 

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

730725720715710705700
Energy (eV)

Fe L edge 

I+ - I- 

I+ + I- 

I+ + I-       Chemical  
I+ - I-       Magnetic  

Choi$Yong$<ychoi@aps.anl.gov>$
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Spectroscopy'(Vary'Energy)'
�'Electronic'configura7on'

730725720715710705700
Energy (eV)

Fe$L$edge$

I+$L$IL$

I+ + I- 

XMCD Examples  
X?ray$Magne9c$Circular$Dichroism$(XMCD)$

Elemental'Hysteresis'(Vary'Field)'
�'Sample'Magne7za7on'

!1
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Photo9electron'imaging'(Timing)'
�'Magne7c'Domain'Structure'

Io$
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It$
+,L$

IR$
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Ii(
+,L$

If(
+,L$

Ie$
+,L$

~25µm$

Absorp9on$difference$when$change$chirality$of$x?ray$beam$

Choi$Yong$<ychoi@aps.anl.gov>$
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Circularly polarizing undulator 

Particle beam moves in 
helical rather than 
planar orbit. 

Normal planer undulators 
produce linearly 
polarized light even off-
axis 
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Synchrotron 
Imaging, Tomography and 
Elemental Mapping 

58$

Hand$of$his$wife$Anna$Bertha$Ludwig$
wife$of$Wilhelm$Röntgen$ ~$1895$
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Imaging / Tomography / Elemental Mapping 

59$

•  2D$$L$Real$Time$(20Hz)$and$High$Speed$(>200$kHz)$

•  2D$L$$XLray$magnifying$opBcs:$30$nm$resoluBon$

•  3D$for$micro$Computed$Tomography)$CT$$(1$to$100$Hz)$

Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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Micro Tomography of Static Samples 
High$throughput$fully$automated$1µm$resoluBon$tomography$

Ceramic coating layers 

Self healing composite - healing 
efficiency  

New$Reusable$Solid$Rocket$Motors$
InsulaBon$$$$

Sam
ple$T

ray$

Robot$Tweezer$$$

CCD$Camera$$$

X?ray$beam$$$

Fatigue cracking (N. Chawla) 

Mechanical$behavior$of$sand$
under$compression$

Geopolymers 

Much$Data!!$$$~$5$TB/day$
$

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$NaBonal$Laboratory$

Micro Tomography of Dynamic Samples 

Fusseis & Xiao et al, Sol Earth 
2012 

3D rendering of porous Cu:Sn  
electrode cycled vs. Li metal 

Lynn Trahey et al., 221st ECS Meeting (2012) 

DehydraBon$of$Gypsum$

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

loading conditions.  
N. Chawla et al.  

Even$More$Data!!$$$~$125$TB/day$
$

Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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Data modeling 
2D/3D of Juvenile Zebra Fish Retina 

100$μm$

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

Gordon$L.$Kindlmann$University$of$Chicago$

Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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inEsitu$studies$of$real$size$samples$

pores$distribuBon$

Thermal expansion cracking in rocks  
Carbon sequestration, mine and oil exploration 

Nature$Vol.$459$18$June$2009$$doi:10.1038/nature08051$

Micro Tomography Science 

200$°C$ 395$°C$
100$um$

2$cm$

4.5$
$
4.0$
$
3.5$
$
3.0$
$
2.5$
$
1.5$
$
1.0$
$
0.5$

µm$

Science$332,$88L91$(2011).$DOI:$10.1126/science.1202221$

$ Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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real$size$samples$in$real$operaBonal$condiBons$

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

Micro Tomography Science 

Metal$Matrix$Composite$

N.$Chawla$J.$Williams$ASU$

Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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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$
throughout$180Ldegree$rotaBon.$

FOV$~$25$um$

Volume$Rendering$of$reconstructed$
3D$volume$data.$

(unpublished data) Wilson Chiu, Uconn/HeteroFoaM$EFRC 

Map$3D$elemental$composiBon$with$tens$of$nm$accuracy$and$~1%$sensiBvity.$

Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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capillary$condenser$

sample$

objecBve$ZP$

Au$phase$ring$

image$plane$
opBcallyLcoupled$$
CCD$

tomography$
rotaBon$axis$$

27$mm$ 27$mm$ 1~2.5$mm$

30nm$

60nm$

Transmission X-ray Microscope 

SEM$XLRAY$Microscope$$

Francesco$De$Carlo$<decarlo@aps.anl.gov>$
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Synchrotron 
Small Angle & Surface Scattering 

(SAXS, WAXS, GISAXS, USAXS) 

67$
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Insights from Small Angle X-ray Scattering (SAXS) 

Peak$posi9on$

$Average$size$

Larger$
ParBcles$

Smaller$
ParBcles$

Structure$factor$?>$$

Par9cle$to$par9cle$interac9ons$

Peak$width$→$$

Size$distribu9on$and/or$shape$

Kamila$Wiaderek$<kwiaderek@aps.anl.gov>$
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SAXS/WAXS Setup at Beamline 12ID-B (APS) 

69 

Byeongdu$Lee$<blee@anl.gov>$•  SAXS$&$WAXS$=>$$1$to$100$nm$
•  SAXS$is$from$inhomogeneous$eL$density$$
•  WAXS$from$longer$range$periodic$variaBons$of$eL$density$(polymer$pLXRD)$
•  USAXS$$(Ultra$Small)$$=>$$$(10$micron)$10,000$nm$L$10$nm$

Pilatus$Area$detector$
@$10$msec$
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FeOF in situ PDFs: First Electrochemical Cycle 
“Conversion” type battery material  
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Kamila$Wiaderek$<kwiaderek@aps.anl.gov>$
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Small Angle Scattering Data Modeling 

Byeongdu$Lee$<blee@anl.gov>$

•  Data$can$be$fit$and$modeled$



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

GISAXS Introduction 

!  SAXS$for$films$and$buried$interfaces$$(SAXS$+$GID)$
–  Structural$characterizaBon$of$films$on$nm$to$μm$length$scales$

•  SelfLassembled$structures$

•  Quantum$dots$

•  …$

!  But…$

!  Analysis$complicated$by$
strong/mulBple$scaQering$$

$

–  Depth$sensiBvity$via$incident$
angle$variaBon$and$reflecBvity$

–  InLsitu$processing$(kineBcs)$
measurements$

–  NonLambient$environments$

Joseph$Strzalka$<strzalka@aps.anl.gov>$

DNA$+$Au$NPs$$
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How do I find a suitable beamline ? 

•  Facility$Webpages$

•  Research$Papers$

•  Contact$beamline$staff$!!$
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How do I 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$$(CiBzenship?)$$

–  Proposal$include$What,$Why,$How,$Who$??$

–  Note$proposal$deadlines$$

–  Proposals$are$reviewed$and$judged$on$science$quality$merit.$

–  If$new$–$good$idea$to$contact$beamline$scienBst(s)$before$submiáng$$

–  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$MailLIn$Programs$OpBons$$

!  Experiment$Bme$is$usually$free$
–  $(excepBon$is$for$proprietary$commercial$research)$

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

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