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History of

Synchrotron Radiation
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The parasitic use of synchrotron
radiation from accelerators
originally designed for particle
physics research

SURF

SURF (USA)
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DESY (Germany)
SOR (Japan)

1980s 1990s 2016 ~ Future

Production of synchrotron radiation Introducing “undulators” From rearranging magnet lattice,
dedicated SO|E|y to experiment and ”Wigg|ers" to produce more generatlon of brlghter, smaller

with bending magnet powerful synchrotron radiation and more cohgrent synchrotron
) radiation
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Next?

. Magnet Lattice

PLS-II (2612)
PLS-Il (South Korea)

ESRF (Europe)

APS (USA)

\ A
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Major Parameter of PLS-II

Parameter | Value

Beam energy 3 GeV

Beam current 360 mA( Max. 400 mA),
Top-up mode

Lattice structure Double-Bend
Super-period 12

Emittance 5.8 nmrad
Tune(H/V) (15.375/9.145)
RF frequency 499.96 MHz
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Three Forms of Synchrotron Radiation
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Synchrotron Radiation Produced by BM and Undulators
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Characteristics of Synchrotron Radiation
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- Very high brightness(high spatial resolution, high spectral resolution)
- Tunability

- High degree of coherence

- A pulsed nature

- Linear circular polarization

- High flux
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Si 2pap 5 A oxide X 10 [T
- e Left-handed _
hv =130 eV X-ray Synchrotron radiation \ S il Euopean . ~*Sacta
2 light bulb Electron pulse 5 % Wi 3
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c <
g Photon ener . - . g L =
2 oy Figure 13. Schematic illustration of the 2
§ bunched structure of an electron beam - ) 5 107 PETRAII SFinEs ]
g circling in a storage ring and the y z 8 r SR h
o corresponding pulsed nature of the E: 102 o 3
l synchrotron radiation. At the ALS, for = L =
2 example, 250 electron bunches circle the Figure 25. The unique property of 3 102k E
Si(111) - A ring. Each has a duration of about 35 circularly polarized light is the spiral path = L BESSY
S Y B S W 5| —efle— -5 =102t010* picoseconds. The spacing between of its electric-field component. This o T e R I\ el
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Figure 19. Photoemission from Si(100) with a 5-A 500 eV | T
oxide surface, shown as a function of initial-state
energy. The oxidation states of Si are shown to be Photon energy
resolved. From Himpsel, McFeely, Taleb-Ibrahimi,
Yarmoff, and Hollinger, Physical Review B 38,
6084 (1988). (Measurements made at the National
Synchrotron Light Source.)
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Researchers using Synchrotron Radiation
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Absorption-edge energies of the elements HEolzioh Al
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Figure 7.9 The universal curve. Plot of the inelastic mean free path (IMFP) of electrons emerging from the surface

Figare7.28 Absorptiansedgerenergies of the elements beiween hydrogen andiureium, Solt xeray RIXS/machies of condensed matter, as a function of electron kinetic energy &,. The solid blue line describes the general expression
cover approximately the energy regime highlighted in yellow, hard x-ray RIXS equipment the range in blue. Ao = A/ + B\E,, encapsulating both the low-energy (below 15 V) and high-energy (above 150 eV) limiting phys-

ical cases. The best least-squares fit results in A = 1430 and B = 0.54 if &, is expressed in eV. The yellow points are
experimentally determined values, mainly from elemental samples. The red points are for water, important data for
solid-liquid-interface data in high-pressure XPS experiments. Adapted from [3] with permission from John Wiley.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd. WILEY
An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.

© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd. WILEY
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A Typical X-ray Beamline

Source

Beam-defining
aperture

) 8[/)‘5”’/'/7@ (;/: Me o, Primary optics:
- (o) ) )
. F/’/terc/r the Soaﬁg%r o ¢ mirrors and
/so/afeo"f the € ,Oa,TaCC@,OZ. € bhoy ~£I7d monochromator
e b, Portio, O ., 20e ~N pg, Detector
a/h// " Of t/)eay /'eg/. ,’7
Yacy,,, Yy, n angy Secondary
M ’;/l;ed Spel‘b o, ‘ optics
e st C”Urr) Sty ?
l‘ag ah u T
e . .
9 Vac aticy, Beam-intensity 3
monitor Sample

Figure 5.1 Typical components found at an x-ray synchrotron beamline. BPM = beam-position monitor. By installing
two or more BPMs, both the beam height and the tilt angle can be determined. BSB = sstrahlung blocker. The
precise nature of each component can vary significantly from beamline to beamline, while not altecomponents shown
here are necessarily used.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd. WILEY



Optical devices and Vacuum system

v' Making the emitted photon suitable for practical experiments : Optical devices

v" Deliver meaningful photon flux to Exp. Station : Vacuum system

< Absorption lengths for X-rays in gases

“

< Absorption lengths for Be

1 keV 3 keV 10 keV "
Hydrogen 1.52 m 19.8 m 28.86 m °
Helium 0.85 m 29.56 m 286 m - °
Nitrogen 0.236 m 538 m 1.739 m ®

Absorption Lengthlimm)

v" Transmission optics for synchrotron radiation is
difficult(or impossible).

2025-05-02 POSTECH  5is7| ygus

G. Magaritondo, Introduction to synchrotron radiation(1988)
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Beam-position monitor(BPM) ) Mol AE

(@ ®) > ©

Figure 5.2  Different designs for beam-position monitors: (a) a simple 1D wire monitor, (b) a 2D blade monitor, and
(c) a diamond CVD profile monitor.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd. WILEY
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Beam-position monitor(BPM) “2) R olziats Aol

Figure 5.3 Beam-defining primary apertures. Normally the first component downstream of the source, these water—
cooled apertures define the angular range to the beamline and often have a rectangular cone shape, in order to
distribute the thermal load over a larger area. Because the outer parts of the synchrotron radiation contains lower-en-
ergy photons than the central cone, these apertures also act as high-pass filters.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Lid. Published 2019 by John Wiley & Sons Ltd. WILEY
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High-pass filter “E’ -

(a) (b)
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Figure 5.4 High-pass diamond front-end filters used to remove the low-energy component of the x-ray spectrum. (a)
The transmission curves for various thicknesses of diamond filters, assuming a density of 3.5 g cm™. (b) A 100 pm-thick,
ultra-high-vacuum-compatible, water-cooled diamond window, used to remove soft x-rays and provide isolation
between the storage-ring vacuum and the beamline vacuum. Courtesy of Max Kleeb, Paul Scherrer Institute.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Lid. Published 2019 by John Wiley & Sons Lid. WILEY
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Available x-ray optical techniques

‘(A_ Oj2H 7|8t 7147)
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Reflection
Mirror Multilayer Capillary
=l —
AN o = V35
6 \\ m = 2d sind
A
Diffraction
Grating Zone plate
A
1. (li 5 \~\\\ ""‘__‘ D =4NAr
I \ |
— //( ~J Sin0 = 1/2Ar
=i
E— N A
I~ - : S \
Sing=nvd f=4N(AD/A
Refraction
e RS Compound refractive lens
_— B S—— f=R/2NS
\
> > — %
—_— / —i
n=1-56+iB
Soft X-rays and extreme ultraviolet radiation,
David Attwood(2016)
2025-05-02 POSTECH  5157| 483s i



A Fresnel zone plate lens multilayer-coated two-bounce Schwarzschild . .
multilayer Laue lens Full-field TXM
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A-ray CCD

-y
]

e
\" Multilayer coated

Aperture elliptically bent mirrors

Synchrotron radiation

Scanning stage

‘ g ﬁ Detector Solid-state
detector

Zone-plate-based STXM

Fluorescent
X-rays

N. Photonics, 4 840(2010)
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Mirrors for Synchrotron Beamlines

Reflect

Focusing

Harmonic Rejection(filter ultra-violet and X-ray)
Power Reduction
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X-ray Mirrors for Synchrotron Beamlines

(a) :
atomic
incident beam roughness reflected beam

Figure 5.17 X-ray mirrors. (a) A reflecting flat x-ray mirror has a residual mesoscopic/macroscopic ‘wobbliness’ to it,
referred to as the slope error, which causes the beam profile to become more irregular. In addition, the roughness on
an atomic scale must not exceed a few angstroms. (b) A bendable silicon mirror at the Materials Science beamline.
The usable length is 400 mm. The footprint of the grazing-incidence beam is shown as the narrow yellow ellipse.
Courtesy Dominik Meister, Paul Scherrer Institute.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd. WILEY
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Different Monochromator Type

Wavelength [nm]
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Figure 5.20 Different monochromator types. A selection of grating (red), multilayer (yellow), and crystal (blue)
monochromator element periodic spacings d and the typical energy range that they serve.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
©2019 John Wiley & Sons Lid. Published 2019 by John Wiley & Sons Lid. WILEY
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Monochromators: Crystals and Gratings

v' Diffraction from periodic structures is used to select
the desired energy from the “white” synchrotron

radiation.
v Crystals used at hard X-ray energies Bragg's law:
2dsmO =mA
I O = S =52 =
a-quartz (5052) 1.624 8.0 — 88 keV
Silicon (311) 3.274 4.0 - 44 keV
Silicon (220) 3.84 3.4 - 37 keV N
Diamond (111) 4.118 3.2-35keV
Silicon (111) 6.2712 2.1-23keV
InSb (111) 7.4806 1.7-19keV
Beryl (1010) 15.954 0.82 -9 keV

Source: ALS/CXRO X-ray Data Booklet & XOP Double CryStaI Monochromator

2025-05-02 POSTECH &7 ASAL o



Double Crystal Monochromator

(a)

Beam offset

(b)

Figure 5.27 Double-crystal monochromators. (a) The geometry of a DCM. The first crystal monochromatizes the
incoming polychromatic light, while the second crystal redirects the monochromatized beam parallel to the incoming
beam. In order to keep the offset between the incoming and exit beam height constant for all photon energies (and
monochromator crystal angles), the horizontal separation between the two crystals must be variable. (b) The seconed
crystal can be dynamically flexed to *sagittally’ focus the beam in the horizontal plane. The bending radius of the
crystal depends on the angle of incidence (in other words, the Bragg angle ) and the desired focal position, and can
be calculated using Equation (5.11). () A technical rendition of the DCM at the Materials Science beamline, Swiss
Light Source. The path is shown of the incident polychromatic beam (shown in red) on the first crystal (X1) and the
monochromated beam (in yellow) incident and diffracted off the second crystal (X2),

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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A= mgoiziond Areist
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undulator beam shows
a 0.3 micron bump.

Effect of Heat Load on Monochromator First Crystal

Thermal gradient = “Thermal Bump”

AN—N N

No heating of first crystal Heat “bump” on first crystal

Liquid Nitrogen Cooled Silicon “Inclined Geometry” Crystal

2025-05-02 POSTECH 7i27| A8As .
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A =
Double Crystal Monochromator (DCM): Energy selection(10C XAFS BL,PLS-II) E} i =i

Si (111), Si(311), Si(220)..

2nd Crystal X
’ Monochromatic
X-ray

- /](E)
‘ Bragg's law
2dsin® = A

s = hc/E

/ 1t Crystal

0 4 Si (111), Si(311), Si(220)..

‘e ] ‘f 3

S B

2A(E)

Dr. MGKim
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Multilayer
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Figure 5.31  Multilayers used in monochromators. (a) The simulated reflectivity curve at an incident angle of 1.15°
as a function of photon energy for the Rw/B,C multilayer fabricated for the BM5 beamline at the ESRF. (b) A schematic
of the structure [12].

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd. WILEY
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Three Common Grating

Lamellar Sinusoidal Blaze

Figure 5.21 Three common grating profiles used to disperse ultraviolet light and soft x-rays.

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Lid. WILEY
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Diffraction Gratings E} Heolsiots Al

v" The grating equation. <

d(sin ff —sin@) = mA

d = grating line spacing LW

Groove depth :© h
Duty ratio cad

{®]

= Unlike crystal diffraction, all energies are diffracted all the time. An exit
slit is needed to select a monochromatic beam.
= Zero order is not dispersed (grating acts like a mirror, ie o = f).

» Diffraction gratings are used from
visible (and beyond) to soft X-ray
energies. Gratings can function up to and
above 2 keV, with decreasing efficiency
*Practical limit on line spacing is about
2000 lines/mm

*Most monochromators use first order
diffraction

*Most gratings are “blazed”, ie the groove
profile is figured to optimize for certain

angle/wavelength ranges.

2025-05-02 POSTECH J1£7) ASAS
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Grating's groove depth, width and photon energy

Density[mm']  Groove depth[mm] Photon Energy 1A[7]
: Range[eV]
HEG 6 15008V ~ 32008V HEG  1500%1% 9+3 nm 1,500 ~ 3,200 177.2
MEG | “—gimw-tmw ME 600+1% 12+4 nm 1,000 ~ 2,500 176
G
LEG ,' :
BT 0V~ TI0E LEG 400+1% 1624 nm 90 ~ 1,500 172
T T T T T T ] L] ¥ I L] L)
30000
S S S (PN I S ¥ !Eﬁ?
20000 '—‘3Cﬂ.15m.l'l,1ﬂnm
— 1.5CHf,1500/1,10nm
E —— 2C#,15004,10nm 31BN
S
g 10000 - E 1E134
g 5
o s ERITE [1GSH]
tE124——" B
- R
2G4, 15001 10nm
1E11 4 ki | | ]
2000 Exit sit(20um), Slope ermor(1urad. ). Reflectivity(1degree)
- ! - v " ! = ) v ¥ " ! T T T T T T T T T T Y T
S0 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Photon energy(eV) Photon energy(eV)
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Beamline Design Goals E’ Amieteid Ao

= Deliver the required X-ray beam to the experiment:
v Energy and bandwidth
v Spot size
v' Divergence/convergence
= Preserve source characteristics eg intensity, brightness,
coherence
» Handle the heat load of the beam
= Optimize signal / background
= Be very stable and reproducible, in position, intensity
and energy
= Be safe to operate
= Be user friendly to operate
= Achieve all the above within a reasonable budget !

2025-05-02 POSTECH  J147| d8ds 2
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Layout of Soft X-ray Beamlines(8A) E‘ Bt Afelct

» Photon Source : Undulator (Out vacuum undulator)
= Vacuum system

= Optical system : Mirror, Plane Grating Monochromator,
= Beam diagnostic system

= Slit

= Experimental system

= Utilities

= DAQ

= Electrical system

» |nterlock system

= Safety : Radiation Safety, Gas safety, Laser safety

2025-05-02 POSTECH 7127 A3AS Courtesy of YDYousn



Layout of hard X-ray Beamlines(3C)

"z oj2H7|et 7k

A= mgoiziond Areist

Photon Source : Undulator (in-vacuum)

Vacuum system

Optical system : Mirror, Double Crystal Monochromator,
Beam diagnostic system

Slit

Experimental system(inside Hutch)

Utilities

DAQ,

Electrical system

Interlock system

Safety : Radiation Safety, Gas safety, Laser safety

2025-05-02
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Example) What we did to congiggrt 8A Beamline

Keyword for Required Beamline m T L
: High Photon Flux BA1 SPEM 2w N
: Cover Wide range of photo' ) % - ; s00ey more st
> 10A beamline branching gg = | o e
Keep 10 A'] STXM as |t iS. mml);:\;'r::ed.x;te(tials(2017) BRI - - Phot;mEneTgy(;\j)ao ” anion
Accept 8A2 HR-PES Il user nanoseee | sl
> 10A1 STXM/10A2 HR-PES II ™" Binding Enerey(@)

> 8A beamline reconstruction
Photon energy : 200 ~ 2000eV(Practical)
(100 eV ~ 3000eV, available)
Photon Flux : ~ > 1013
Beam size : < 50um
Resolving power : > 4000 ~ 10000
-> 8A1 SPEM/8A2 KBSI - PAL APXPS

2025-05-02 POSTECH 7147 dgds
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Resources for 8A Beamline E} Heolsiots Al

A

Photon Source Deflection parameter K

Electron Beam

:Undulator v = Botu
Parameter Value 27tmec
Beamenergy 3GV Device total length : 3.3 m e 2ny?hc
B t -~ A (Max. A i 1 . - 2
sam eniren 2RI M A ae ) Periodic length(1,) : 6.8 cm 2.1 L K2 g2
Lattice structure Double-Bend u 2 14
Super-period 12
- 1st
Emittance 5.8 nmrad 1E18 3rd
Tune (H/V) 15.3759.145 — 5th
RF frequency 4£99.96 MHz 1E17
Energy spread 0.1%

1E16

Major Parameter for PLS II

1E15

Y
m
-
B

1E13

1E12

Flux Density (ph/s/mrad?/0.1% B.W.)

1E11 +——

1 T T T T ]
100 1000
Photon energy (eV)
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Mirrors spec.

Shadow

'f 27|t 7157

ATEN xizolzior Ajeict

—

pre- Grating M3(8A2) M3'(8A1) HK
Max. S|ze@m|rror(f
8306\/, FWHM M1 (1.29) Grating
. e InC|dent Angle 86~88.6  86.45~89.09
503 urmx 52 1236 um x 606 um 1331 um x 606 um 1342 um x 606 um 351 um x 2729 um Max. Beam size(H) 1 .67 1,87 1.91 1 .65 0‘91 0,67
- M1 footprint M2 footprint Grating footprint M3 footprint
B— U N— Max. beam size(V) 1.53 1.42 1.42 6.34 3.5 3.96
58.4 mm x 606 um 11.6 um x 606 um 68.6 um x 606 um 52.3 mm x 2729 um
Clear Aperture 140 110 112 66 196
VKB (2.0°) HKB (1.5%)
Mirror Size(L x W) 200 x 40 x 50 380x80x5 (80x10) x4 160 x50 x5 120 x 50 x 5 240 x 50 x 5
0 x 20 0 0 0
Sample position £t slit
845 um x 1551 um
st Cooling Internal Internal In-Ga
VKB footprint HKB footprint
78.3 um x 41.3 um 283 um x 7.1 um
. i R Function
47.1 mm x 759 um 33.1 mm x 1555 um
Tangential® infinite infinite infinite 400000 320000 108800 75500
sagittal® 8012.3 infinite infinite 3138 4400
2025-05-02 POSTECH  J147| d8ds
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Monochromator(VIA-PGM)

Needed photon specs. (cover 200~2,700 eV, >~1012 photons/sec)

< Variable inclusive angle for covering wide photon-energy range.

« IA" = 180 - IA (inclusive angle)
» Angle accuracy: < 105

DMG (mm

3 357.889 mm y ) D(mm)  IAC) «()
I™ i Z:
: [ g Min. 85.069 15 10 86
| | 85.069 mm
| | Max  357.889 15 2.4 89.5
A Fol
84 : ;
8 Grating pivot
3 3 D=15 mm
10 p=|22.5 mm
Wsive, anglep
7 17 T T b - s
L_i““‘-—————____ —r
PN
Pre-mirror @ H“‘j
g8 . pivot
= density (/m | Groove de o
m) oth (nm) range IA - - ﬂpm 15 pm
LEG: G2 400 16 250-900 | 175 |Beam size at grating at 89 ©: ~40 mm (dc)
HEG: G4 600 9 700-2000 | 176
Al 350 22 100-400 | 172 Courtesy of JYBack
LEG HEG Al A2 1A 500 8 1200-3000 | 177.2

[ = — & i 7 == u |
POHANG UNIVERSITY OF SCIENC 0LOGY

£ AND TECHNO

7T

=71 25

JALA
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Courtesy of KWIhm & JYBacly
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Monochromator, Resolving powers (ray-tracing) E) Amieteid Ao

%+ Total resolving power: main: 5,000~18,000, aux: 3,000~25000 ¢ = cosﬁfcosa - focus constant

30000 10000 10000
270 eV, LEG 830 eV, LEG 1900 eV, HEG
250004 8000 2000
@ 20000 g 5
gl g_ 8000 4 g G000
B o] : .
= 2 =
5 = 4000 2 4000
E 100004 2 o 269.995~270.005
Sowrce 515 um x E Sowcs s15um | O Sowos 1.5 um Sl L
caii 2ot 20 um 20004 1 - 2000 4 Sl o820
5000 & 51-.\:::;.—0 1 f @ 50:::2"0 1- & E'Og:le‘:nl:; 1= “IHEG
I__'”'" . . . - L . T [ 5000/cm, K=1.014773
1] 1 2 3 4 5 (1] i 2 3 4 5 1] 2 3 4 5 ao . om “om 2 3 0
c ¢ £ HEG : R.P ~ 7000 @ 830eV
50000 10000
00 eV, AUXA 2700 eV, AUX2 E
40000 8000 - ]
glawoo- gL 6000 4 & 3
g 2 5 ]
E 20000 - £ 4000 £ 95~2700.05
o g TR o | i o 99.993-100001 |
2 Soweoe 515 wm r Sowrce 515 um ] sl
10090 4 Bt £ 20 um 20004 Ext =i I0 um 1 AUX1
O Stops err 04" 5 Siope =rr 04" b + 3500/cm, K=1.40378
—_—Tam — Tl 4 e e : alessian, sl
B 2 3 4 5 B ! 2 . 3 4 5 & ”‘C 25 20 AUX1 : R.P ~ 11000 @ 100eV AUX2 : R.P ~ 2000 @ 2700eV
c
% AE 1. entrance spread, AE 2: Exit width spread., AE 3: G slope Err. AE Tot: SR. sum
% Source width: 51.5 um, Exit slit: 20 um, Slop error: 0.1" (0.485 urad), D(StoSlit)=19, D(GtoExS)=7.5
2025-05-02 POSTECH 7i27| A8As

40



8A1 SPEM
8A2 APXPS

Goal for Optical design
: Photon Energy range : 100 ~ 2000eV
: Resolving power : 9000 ( < 700eV ), 3000 ( > 700eV ),
Photon flux : ~ 103 (photon/sec/0.1%B.W.)
Beam size : 40 um x 80 um @ APXPS, 100 nm x 200 nm @SPEM

A

T
2019.04.04
— % @8A2 KBSI-PAL
2 5000 | /\ _\- AP-XPS Beamline |
cC -
=1 \ / \
"~ 4000 |- Ll
o) [}
5 RIAY
L 3000 IRy \ /\
> v L /l [
= .
) 2000 [ !
< T L
9 s L
C 1000 ~ s S
0 1 !
400 401 402

Photon Energy(eV)
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Exp. Floor View

Cell #8 : Exp. Floor View

—— — 1

s B s

. L p—— L

) L
2 Electron analyzer

r

a Séntpie pre. Chamber
and load-lock chamber.
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Research Opportunities using Synchrotron Radiation
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Versatile Sample Systems J‘r’ -

adsorbed atom kink atoms terrace  adsorbed (liquid) molecule
(interstitial)

surface layers

adsorbed atom
(substitutiona)

vacancy

N By adsorbed (gas)
molecule
adatom - vacancy pair step atom adatom (mobile)
https://en.wikipedia.org/wiki/
Terrace_ledge_kink_model#/media/File:Crystal_surface.j
—'edge_Kini. rystal P9 Nature Methods 18, 431(2021) Chem. Rev. 117, 13123-13186(2017)
a . Comer  Temance D - 5 SR-based MAXRF___In situ MAXRF
ge 1C0Q £
- _'"5‘ STy %+— Stacking fault
Interstitial at: +44 b oS
detedeltetd <3
e ) O
x 4 v *—— Twin boundary
Grain boundary Sb
Vacancy
d Single atom metal
Hekeulatom doping  Defect site n::lelaloxlda N‘-da;ed carbo-n

He |
Adv. Mater. 2020, 32, 2002435 .

Phil. Trans. R. Soc. A 377: 20180240.

LA wnf\f‘ 41202
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Detectors

x-ray fluorescence @

WDX: I(A) 0

EDX: I(E)

Auger
XPS

SR
IC

X-ray
absorption
(ambient)

Figure 7.3 X-ray absorption and x-ray fluorescence experiments. Monochromatic synchrotron radiation (SR) is
allowed to Impinge on a sample. X-ray absofption spectra can be recorded by measuring the amount of light that
passes through a thin sample, The x-ray intensities before entering the sample (/,) and after (/) are measured using ion-
ization chambers (IC), or other beam-intensity monitors, and is particularly suited for samples that cannot be placed
in vacuum, such as in biological or catalytic experiments. The total electran current (A) can also be used to indirectly
determine the absorption spectrum. In this case, the sample and detectors must be in vacuum. X-ray fluorescence
spectra can be recorded, either using a crystal monochromator (XM) in wavelength-dispersive spectra (WDX), or by
using a dispersive solid-state semiconductor device (EDX). The integrated fluorescence yield can also be used as a
meastre of absorption strength. Unwanted detection of elastically scattered x-rays is best achieved by placing the
detector on the polarization axis of the synchrotron radiation (see also Figure 2.8).

An Introduction to Synchrotron Radiation: Techniques and Applications, Second Edition. Philip Willmott.
© 2019 John Wiley & Sons Ltd. Published 2019 by John Wiley & Sons Ltd.
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How to prepare a sample surface?

-Ex. Situ. Sample Analysis

as it is |43

Sample Transfer to

Vacuum Chamber

) - T T »
Si(100) oxidation--Si 2p
T =600°C

-In Situ. Sample

Intensity (AU)

Sample Transfer to
Vacuum Chamber

) :
Relative Binding Energy (eV)

/ Annealing & Flashing \
S LS e Evaporation
Sample Cleaning /
! Sputtering & annealin o
Reconstruction 5 p g g Ev%p;lrritéon
cocial BASSSAS ion beam \ Q@
. a Fluz of
CleaVIng \‘ & atorns
blade ﬂ ' Substrate
2025-05-02 \7\ rPOsSTECH 47| A 6.3*.2'3 - S
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Surface Study

% Electron Escape Depth

» Ring-Opening Reaction

~AMM1NNN CiivFarna

41 Elemental Solids: Optical theory,
>TPP-2M

= -
S <

Inelastic Mean Free Path (A)
o

————p
Typical XPS
R
Typical valence ARPES,

10° -
10" 107 10° 10*
Electron Energy (eV)
C. S. Fadley and S. Nemsak,
J. Electron Spectrosc. Relat. Phenom. 195,

409-422 (2014).

of Tetrahydrofuran on the

Energy (keal/mol)

oj2H7|t 7447
HEolziory Ajgict

oy
Sy

Exp. Beamline : 10A2

Tetrahydrofuran

304 | e G
i . BB T ,
i o ke \ M + M
o Impre-dinser patbwny | l‘. - ‘F' ‘l"‘
Y 1 —t I-, Trumsition state
1 Rengtanis _.'I § a '.I (Inger-dimer pathway )
il \ o %
=10 tr \\ ‘;-:;’,." \.\'; .
-20 atate -2L7 / . 55 y ‘;:'. - -:
4 ; . vl gyt
= i 4 B il xl\ )
- ’13? (G . — Al
407 Miokamlay D G sirastans’ IO raitare GOt wirwans

Reaction coordinate

= b Ols)| | € Cls
z
a =
=
=
E« .
=y
£
=
536 534 532 530 528 288 286 284 282
2 Binding energy (eV) a5

S. Park, et. al, ACS Omega accepted(2020)
48



. HEolziory Ajgict

% SrO,,, surface oxide (orange)

s SrTiO, lattice oxide (cyan)
> Nature of the surface space charge .- oo ’

layer on undoped SrTiO;(001) :2:35?2;?' - e

~

(rA‘ nj2}7]2t 7}47]
)

Exp. Beamline : 8A2
@ i, ® ©

020000000

Q
=
2
2
o
o

200000
XD
X0
XXX
s

As-prepared
¥

SRR
SITIO4(001)

- ABO;-type perovskite structure
Colossal magnetoresistance (CMR),
Metal-insulator transition (MIT),

High Tc superconductivity,
Two- dimensional electron gas (2DEG) .

- interfacial layers where different o e
complex oxides form are mainly - ﬂ ==
responsible for these exotic features | e m——— e % Characteristic binding energy
Binding Energy (oV) ERig Enegy (oY) positions of the SrTiO; lattice

component as a function of

annealing temperature

() Latice structure of SrTiO
© Reconstructed lattice structure

. @y I unitcell

Intensity (Arb. units)

STi0s(001) ~ c(62)

After UHV annealing ~ After O, annealing

*

% Comparison of Sr 3d spectra
at different probing depths

Journal of o (@ (b) )

Materia|S Chemistry C ;0.1 mbar 5315 _Probing depth = 1.5 nm - Electron v Srvacancy =~ Thermal excitation

ot o i ey T S o e
' ~A-240m(0;) - 24 nm (UHV) Sl R &P { (s000)

S50 —&—330m(0y) - -3.3nm(UHY) 5305

RO lnersm

8301 A\\‘/A
40 b = -7 Ti 2py, (UHV)
5 ‘/.’—\I. wil o g

‘_‘_,,..-4*—'"““*; 4585 ‘\‘_‘/‘

A
o
©

4

30+

Binding Energy (eV)
4
:
Intensity (Arb. units)

¥

Intensity (Arb. units)
[
=

Relative intensity ratio of Sr0,,, (%)
5 2
2

i B 1345[ -5 Sr 3 (UHV)
A—-—-""'_“_""H [ A8radi(©0)
° . -"," [ "‘*v ______ o
% Experimental scheme i oo
s 133 |
e A jaosl P
T 200 300 400 500 600 142 140 138 136 134 132
CS‘?@&SS@%; owe Fo W80} Temperature (°C) Binding Energy (eV)
—— N -
oF 1[Sr0,.,) + {SrTiOy)
L L L L i " i i i H
2025-05-02 o e 138 136 134 132 200 300 400 500 600 H. Lim et al, J. Mater. Chem.
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Semiconductor Industry

% Nano-Scale Analysis Using Synchrotron-Radiation

Hf-silicate

intensity fa.u,

Si2p

G00eY

inflensity [au.

% EUV patterning

08 104 -0z -100

binding enargy / e\

8

C-K edge
Hf-silicate O 1 S -
600V — 2 ha*
2
3
T
E I5-
o
E s
Q (|
T t T T T 0w
-536 -534 -532 -530 5B % X3 ' treatment
binding energy / eV E

on Si for comparisor

-— HP =11 nm HP = 10 nm HP = ¢ nm HP = 8 nm
|

80 285 290 295 300

Pa

100 105 110 115

Photon Energy [eV]

% lIrregularities in the square
structures: Several copper
interconnect structures, imaged
in positive phase contrast mode
in the ID21 transmission X-ray
microscope.

SYNCHROTRON RADIATION NEWS, 32,22(2019)

Future (Blue-X)
UBL2

PAL-EUV AT BIH8
HE 7HE7| 715 24
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Cultural Heritage “Sﬁ} ERAH

Phar Lap’s preserved hide, which
is on display at Museum Victoria,
Melbourne, Australia.

Elemental maps, obtained on Vincent van
Gogh's “"Patch of Grass”, showing the hidden

portrait of a woman.

SR-based MAXRF In situ MAXRF

Sb |

2
s

2

~ =

=1
Position ;

Evii]

S
g =3

11869

g
Hm -
ene’
Figure 2. Analysis of Phar Lap's hair. An optical image shows the root
end of one hair with the root sheath intact (a). The hair was analyzed
with an X-ray microprobe that imaged the internal arsenic distribution
(b). The longitudinal profile reflects the hair growing outwards as the
arsenic is metabolized (c), while 2D XANES mapping reveals the
variation in arsenic speciation ratios (d).

Hg |8

Subcutaneous

FIG. 8. Elemental maps, obtained on Vincent van Gogh’s “'Patch of Grass’', showing the hidden portrait of a woman. (a)
and (b) show the Sb distribution, while (c) and (d) show the Hg distribution. (a) and (c) were acquired with MA-XRF at a
synchrotron source, while (b) and (d) are results of in situ measurements by means of the mobile scanner. (a) and (c) were
acquired with a step size of 0.5 mm and 2 s dwell time in two days, while (b) and (d) were acquired with a step size of 1 mm

and a dwell time of 5.1 s in six days.

Figure 4. Micro X-ray fluorescence maps of sulfur and arsenic. Arsenic
has a strong affinity for the sulfur-rich cuticle layer as well as within
1902 Horse Specimen the cortex, and to a lesser extent the root sheath.

J. Anal. At. Spectrom., 2011, 26, 899 -
T Angew. Chertrt—Ed: 49,
51
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Scanning/Transmission X-ray microscopy (STXM/TXM)

Batteries

v' In situ/operando synchrotron- Q2 oy absorntion specirzscopyioiad

H - Extremely surface sensitive - Morphology and micro-structure evaluation in

t?a S.ed X ray teC h n Iq ues fO r - Different modes with d_ifferent probing depth micro/meso/macro scale

I Ith ium-ion batte ry researc h ?ol.ltga?re::ill:rt;:l;?elﬂd (AEI):-loj:nT : Micro-crack, particle fracture, tortuosity
- Partial electron yielc! (PEY): ~5nm - Chemical information
- Total fluorescence yield (TFY): ~ 500nm (elemental/chemical mapping)

: concentration gradient, oxidation state in
L . - Requires UHV condition : limit in situ capability slngie/multlplgpa rticle level (chemical
= Lithium-ion batte ry (LIB) for liquid electrolyte inhomogeneity)
technology \ : / \ _ )

» Challenges such as energy
density, cycle life, and safety

» Fundamental understanding of
the reaction mechanisms in
various physical/chemical
processes during LIB operation

Bulk structure

e

Synchrotron X-ray

Surface/interface Morphology/micro-structure

" synchrotron based X-ray oo difiacion 1) R i dsviuionincion 20F) LM ¥ coepton e e O
characterization techniques are Averase crvstal structure bt i
powe rful tools for P rovidin g (Iong—rgngeyorder) - Total scattering -Valence state changes during

luable inf : b h - Lattice parameter (Bragg+diffuse scattering) electrochemical reaction
valuable information about the s - Local structure information : revealing charge compensation
complicated reaction - Strain : Inter-atomic distance, mechanism in elemental specific way
i - Atomic position coordination numbers - Coordination environment
mechanisms Sits Secparnicy (e.g., octahedral, tetrahedral etc.)
~Texture - Cover middle range structure - Local structural changes
- Stacking faults between XRD and EXAFS : bond length, degree of disorder
\ AN J\ P,
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CO Oxidation
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Characteristics of the active oxygen species of blue

TiO, with a higher concentration of oxygen
vacancies as a model catalyst with deposited

nano-sized Pt toward CO oxidation are unraveled

Surface lattice oxygen of blue TiO2 leads to the
high activity of CO oxidation
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Li1.2Ni0.15C00.1Mn0.5502

In situ XRD of Li2MoO3 and TR-XRD of —a 3 b
T 4 Jstoicharge 3 5
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‘s T T T T T 1 1stCharge: 320  1st Discharge: 252  2nd Charge: 260 3 L « NMC1C S w0
o E + NMC 10C 2w
RIA Capacity/ mAh g H T ol i
6 In situ XAS to investigate the different contributions of three transition metals to the electrochemical charge/discharge reactions in e CTarTa T B T R R R B R R
o] 10.15C00.1MNg 550,. @ The first charging curve of Li; ;Nig;5C0q ;Mg 550, during an in situ XAS experiment (current density: 21mAg™"). b Energy (eV) xinLi, Ni,;Mn,,Co,,0, RIA
g Normalized XANES spectra and ¢ the magnitude of the Fourier transformed Mn, Co and Ni K-edge spectra of Li; ;NiosCon 1MnssO; collected during Fig. 7 In situ TRXAS of LiNiysMi5Cor/50; and Lis 2Nig.CogMno.ss0; during constant current charging and constant voltage charging.
% the initial charging process. Inset: a schematic view of the coordination environment around the Mn ions. Quantitative correlation of the capacity Normalized XANES spectra of NMC at the a Ni, b Co, and ¢ Mn K-edges during 30 C charging. d The Ni K-edge eneray shift as a function of nominal
o | with respect to reaction sites. Evolution of d the half-height energy position of the Ni K-edge XANES spectra and e Debye-Waller factors of Mn-O and lithium content x in Li,_Ni,sMn, 5C0,,50, during the initial charge process at the current rates of 1, 10, and 30 C. Reproduced with permission'™.
& Co-O during in situ XAS measurements. f The capacity delivered in a corresponding voltage range. Reproduced with permission™. Copyright 2013, Copyright 2016, WILEY-VCH. e Magnitude of the Fourier transformed Mn K-edge spectra of Li; ;Nig 5C 1Mo s50; collected during charging with a
" WILEY-VCH 5V constant voltage. The projection view of the corresponding Ni-0, Co~0, and Mn-O peak magnitudes of the Fourier transformed K-edge spectra
as a function of the charging time. Reproduced with permission™. Copyright 2013, WILEY-VCH
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Fig. 3 In situ XRD of Li;Mo0; and TR-XRD of LiNi; 30, 3Mn;,30,. a The ¥AD pattem of a L, MoO; slectrede immediately after changing to 48V, Photon energy (eV)
b Contour plot of the diffraction peak evolution of the (003), {101), (104), (107}, (108), and (110} planas during delithiation. e The XAD pattem of the
Li,Mo0), electrode before charging. d Charge curve at a curtent density of 10mA g~ from the open-circuil voltage (OCV) to 48V during XRD data
eoliection; repraduced with permission™. Copyriaht 2014, Nature Pubiishing Group. @ In situ XRD of LiNi, e during the first charge.

Fig. 8 Operando sXAS results collected by using a LiNi;sMn,3C0,/302 /PEO-LITFSI/Li battery cell. a Ni L-edge sXAS TFY spectra of an NMC
cathode. Data collected simultaneously with electrechemical cycling at a C/5 rate. b Fe L-edge sXAS TEY spectra of the LiFePO, cathode in Cell 3 at

LTNU' plot of the (003} diffraction WE:G L sLe, b = 5 rging proce different electrochemical cycling stages labeled A-D in the initial charge cycle and after 14 and 40 h of relaxation. The line shape at L at
ECU fera, "‘[r‘ "hD] ,::I‘E‘J V“JH"J and 60 (). Dara were collected at X144 ar | i gth ¢ i % Y peTPsson approximately 706 eV and L; at approximately 719 eV fingerprints the oxidation state of Fe in LiFePO,, which does not show any change without
S— | Copyright L AVIEES VL long relaxation. Reproduced with permission'®. Copyright 2013, Nature Publishing Group
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Technigue Capability Limitation References 27|
4 ALEt

Batteries

X-ray Diffraction (XRD) - Average structure information Difficult to obtain information for  11-12,15-
- degree of crystallinity, phase purity, phase amorphous materials. 16,1819, 29
identification, atomic position, lattice parameter
% In situ SynCh rotron- based X- ray - Relatively easy to design experiments and in situ cells.
tech n |q ues a nd the| r X-ray Pair Distribution Function Analysis - Both shert-range and long-range structural - Limited resources (few number of 30-32
capa b | .t.es/l . m .tat.ons [XPDF) information capable beamlines)
HIT Imi |
p - Aremic pair distance, local erdering/disordering. - Require careful in-situ cell design

- Usaful to solve structure of amarphous, disardered

matesials
X-ray Absorption Hard X-ray absorption  XANES - Not capable to study low atornic 15, 32-39
% Various in situ/operando electrochemical spectroscopy  spectroscopy (XAS) _ aience stare changes, covalency, and local number elements

Ce” desig ns for SynCh rotron- ba Sed X_ray coordination enviranment in elemental specific way

characterization KA
- local structural changes of bond length, caardination

. cancasng . number, degree of disordering
Fi . o ﬁ Soft X-ray absorption - Surface sensitive technique 1o probe electiode - Requires ultra-high vacuum (UHV) 1357
o spectroscopy (SKAS) matefials condition for measurement
Mm“-mm" ;:.:/) :: - Different modes with different probing depth » Difficult to construct in situ cells
— Auger electran yield {AEY}: ~ 1 nm using liquid efectrolyte

Total electron yield (TEY): ~10nm
Partial electron yield (PEYY: ~5nm
Total flucrescence yield (TFY): ~ 500 nm

Scanning/Transmission X-ray microscopy - Morphology and structure evaluation in micro/macro - Relatively complicated in situ cell 14, 17, 20,
(STAM/TAM) scale design 40-60

: Capable to observe micro-crack, particle fracture,
tortuosity

- Can obtain chemical information (elemental/chemical

A e

mapping)
Elu;u:um : LK : concentration gradient, valence state in single/
| cxmoss ak multiple particle level (chemical inhomogeneity)
' e 1A - 3D tomography

- 3D images can be reconstructed using a series of x-ray

. . NPG Asia Materials (2018) 10: 563-580
images collected at different angles. 55
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MXH: 540,000’
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