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Synchrotron radiation (= # §5 %)
= History and general background (4 # z.p?)

» Properties (£ 4)
= Sources (bend magnets, wigglers, undulators) (& /&)

X-ray diffraction (Xt 3&5)

= History and general background (# # z.p?)
= Basics of crystal structure (i #2 5 1)

Applications (& * )
= Material science (+ 424 5)
= Protein structure (+ 4 + 1)
= X-ray cavity (X & J& i2-- Xk SE5 7 &)

TPS project (= &3 Rt 3§ )
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Synchrotron Radiation
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Discovery of X-rays

The Nobel Prize in physics in 1901 Réntgen used photographs of
his wife’s hand to publicize

“in recognition of the extraordinary services he has rendered by the his discovery.
discovery of the remarkable rays subsequently named after him”

They appeared in newspapers
of the time and captured the
publics imagination.

Wilhelm Conrad Réntgen

Hand des Anato
P

Roentgen’s Laboratory
in Wurzburg, Germany

Germany (1845-1923)

Rontgen performed experiments with cathode rays (electron beams) in 1895.



Heated filament
emits electrons by
tharmionic amission

Electrons are accelerated
by a high voltage,

Copper rod Ior
heal dissipation

x-rays produced when

high speed electrons
hit the metal targst.
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John Blewett Observed Effects of Synchrotron Radiation in
General Electric 100 MeV Betatron - 1945
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Radiation Losses in the Induction Electron Accelerator

Joux P. BLEWETT
Research Laboratory, General Eleciric Company, Schenectady, New York

{Received September 13, 1945)

This paper discusses the possibility that radiation losses because of the high radial accelera-
tions experienced by the electrons in an induction electron accelerator may introduce limi-
tations in the design of accelerators for energies above 100 million electron volts. The effects
of radiation losses on the electron orbits are calculated, and it is shown that not only should
the orbit shift pulse necessary to bring electrons to a target inside the equilibrium orbit fall
below the value expected in the absence of radiation, but also electrons should eventually
arrive at the target with no orbit shift pulse whatever, at a phase of the field wave predictable
from the theory. Both effects have been observed in the General Electric 100-Mev unit in a
manner consistent with the predictions of the theory. The radiation itself has not yet been

detected.

1. INTRODUCTION*

N the induction electron accelerator, the elec-
trons are subjected continually to radial
accelerations of the order of 10" meters per

* Symbols;:—Unrationalized m.k.s. units will be used
throughout: The [ulln“'in.% symbols will be employed:
A =peak value of applied magnetic flux density at the
equilibrium orbit (webers per sq. m)
A'=peak value of magnetic flux in orbit shrinking pulse
at the equilibrium orbit (webers per sq. %

By=applied etic flux density at the equilibrium
’ orbit m per sq. m)

second per second. It has been pointed out by

B, and B, are components of magnetic flux density
(webers per sq. m
c=vyelocity of light=23.0010* m per sec.
e=charge on the electron = 1.602 % 10" Coulomb
E; and E, are components of electric field (volts per m)
Ja and fi; are normal and tangential components of the
acceleration vector f (m per sec. per sec.)
Floet ) = (oot /sin wt)—cos wi—(2/3) sin® wf cos wl
k= Planck's constant=06.624 3 10~* joule sec.
H. and H, are components of magnetic field
I =heam current (amperes)
meg=rest mass of the electron =9.107x 1073 kg




Synchrotron Radiation was first observed in 1947 by Elder,

Gurewitsch, Langmuir and Pollock in a 70MeV synchrotron.




The Brilliance of X-ray Sources since their Discovery in 1895

UMAC driven sources
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Transverse (spatial)
coherence

Point source Longitudinal (temporal)
coherence
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How is it Practically Produced and Used for Research?

The storage ring circulates electrons,
where they are bent, synchrotron
radiation is produced

Klystrons generate high power radio wave
to sustain electron acceleration,
replenishing energy lost to synchrotron
radiation

. Bending Magnet
B CQuadrupole Magnet

= Pulsed Injection Magnet
[ Sextupole Magnet
HE RF Cavity

Electron gun
produces
electrons

P Tt B
- = = = R
N e

BOOSTER

Transport Line e

Wiggler / Undulator .
Beam lines transport radiation insertion devices eSS g
into “hutches”, where generate strong x- Linear accelerator/ booster
instrumentation is available for ray beams accelerate e” which are

experiments transported to storage ring




NSRRC TLS Beamlines Layout

24A BM - (WR-SGM) XPS, UPS

23A IASW - SAXS
21C BM - Beam Diagnosis

30 BLs, over 50 End stations

() White X-ray - SWLS 01A
() X-Ray Microscopy - SWLS 01B
EXAFS, Powder Diffraction - SWLS 01C

Gas Phase (HF-CGM) - BM 03A

21B U9 - (CGM) Angle-Resolved UPS, Spectroscopy
21A U9 - (White Light) Chemical Dynamics (3¢

20B BM - X-ray Instrumentation
20A BM - (H-SGM) XAS

NSRRC Beamlines
19B BM - Photo Stimulated Desorption
19A BM - X-ray Lithography

*IR, VUV

18B BM - LIGA » soft X-ray 11
18A BM - Beam Diagnosis - hard X-ray 112
17C W20 - EXAFS 20 » beam diagnosis :6

¢ —--under construction

17B W20 - X-ray Scattering

17A W20 - X-ray Diffraction

16A BM - Tender X-ray Absorption, Diffraction

15A |IASW - Long Wavelength MX

14A BM - IR Microscopy

13C SW6 - Protein Crystallography
13B SWG6 - Protein Crystallography

at Hsinchu, Taiwan

Beam Diagnosis - BM 04A
Gas Phase (Seya) - BM 04B

Soft X-ray Scattering - EPU 05A
Spin-Polarized PES, PEEM - EPU 05B

X-ray Scattering - IASW 07A

XPS, UPS (L-SGM) - BM 08A
XAS, XPS ( M-AGM) - BM 08B

SPEM, XPS - U5 09A
Beam Diagnosis - BM_10A

(¥) MCD, XAS (Dragon) - BM 11A

13A SW6 - X-ray Membrane Scattering

Beam Diagnosis - BM 11B

NSRRC Beamlines

SP12U Inelastic X-ray Scattering

SP12D __HE Photoemission at SPring-8, Japan
Protein Crystallography,

SP12B X-ray Absorption, Diffraction, < hard X-ray :3

Insertion Devices

EPUS.6: Elliptically Polarized Undulator

IASW: In-Archomatic Superconducting Wiggler
SW: Superconducting Wiggler (3.2 T, 32 Poles)
SWLS: Superconducting Wavelength Shifter
U5: Undulator (5 cm, 76 Periods)

U9: Undulator (9 cm, 48 Periods)

W20: Wiggler (1.8 T, 27 Poles)

(%) : Participating Research Group



Talwan Light Source
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NSRRC Photon Spectrum from Insertion Devices
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NSRRC Insertion Devices

U9 undulator EPUS5.6 undulator



Parameters of the Insertion Devices

aperture(mm?)

W20 LT 15 L'y EPLS 6 SWLS SWo
[y pe Hy brid Hy brid Hy brid Hybrid Pure SC SC
Ao |em] 20) 10 5 9 56 3256 6
Gap |[mm] 22 22 I8 | & | 8 56 | 8
N | 3 20 76 48 B |5 32
Photon energy 4-15 - (6-1.5 | 0.004-0.3 (06-1.3 4-33 f.5-19
(keV)
Deflection K 336 9 34 2.99 | ()5 3.5(2.35) ———- 7.9

] I- I.' II.- -!‘ - I_. II_. J—..| =] - - -:i

B [Tl |5 1.0 (.64 | 25 06T (045) 5 3.2
Phase error & N/A 257 37 370 3 5° NSA MN/A
f,00,) [urad] N/A 15 0(6) 6(11) 200010y 10(15) N/A N/A
o (o) [um] NIA 512) T(10) 8 (2] 240 N/A NIA
Beam duct | T80 I 7x80 I 3x80 AxE0 | 3x80) 20100 | =80

Installation

Dec. 19494

Ot 1995

Mar 19497

Sep. 1999

Apr. 2002

lan. 20104




NSRRC Linear Accelerator




NSRRC Booster Synchrotron




Focusing Magnet




Synchrotron Radiation Centres
around the world
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BN B Large-scale Third-generation Facilities W Other Major Faciities

SR sources around the world
http://www.spring8.or.jp/ENGLISH/general _info/overview/sr.html



Two US 3rd Generation
facilities - among the
world’s first

1.9 GeV, vy :vé720, 197 m circumference

Advanced Light Source (ALYS), Advanced Photon Source (APS),
Lawrence Berkeley National Laboratory (1993) Argonne National Laboratory (1996)

National Synchrotron Light Source (NSLYS), Stanford Synchrotron Radiation Laboratory (SSRL),
Brookhaven National Laboratory (1982) Stanford Linear Accelerator Center (1974)

First US 2nd Generation facility World’s first SR storage ring x-ray user facility



European Synchrotron Radiation Facility (ESRF)
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6 GeV: 7/ =11800; 884m circumference




Spring-8 (Super Photon ring-8 GeV) Japan

8 GeV: Y =15,700; 1.44 km circumference
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X-ray Diffraction






Discovery of X-ray Diffraction

The Nobel Prize in physics 1914

“for his discovery of the diffraction of x-rays by crystals”
Max Von Laue A ~ "

Interference pattern observed by
von Laue and collaborators using a
photographic plate in 1912. The
large central spot is due to the
unscattered X-ray beam. The dark
spots correspond to directions
where x-rays scattered from crystal
(ZnS) layers interfere
constructively.

(1879-1960)
Germany

http://www.nobel.se/physics/educational/x-rays/what-4.htmi



Analysis of Crystal Structure

“for their service in analysis of crystal structure by means of x-rays”

Sir William Henry Bragg  Sir William Lawrence Bragg
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(1862-1942) (1890-1971)
United Kingdom United Kingdom

Determining the crystal structure NaCl, ZnS, Diamond,...

http://www.nobel.se/physics/laureates/1915/
http://www.nobel.se/physics/educational/x-rays/what-6.htmi



Crystal Systems- Body-Centered Cubic (BCC)

™ Indexing crystallographic directions ™ Unit cell
Miller indices

direction A = [021]

direction B =[001] \ |

N ™ Lattice constant
4 “ a,b, ¢, a,pB,y

[100] -

X (100) plane



3D: 14 Bravais Lattices, 7 Crystal Systems

Sravals Lattice: an infinite array of discrete points with an
arrangement and orientation that appears exactly the same from
whichever of the points the array is viewed.

Name
Triclinic
Monoclinic

Orthorhombic

Tetragonal
Cubic

Trigonal

Hexagonal

Number of Bravais lattices
1(P)

2 (P, C)

4 (P, F 1A

2R 1)

3(RFI

1(P)

1(P)

Conditions

d; #a, # dy
a#=PB#y

a; #a, # dg
a=p=90"=y
d; #a, # dg
a:B:y:QOO
d; = a, #d,
a=p=y=90
d; =a,=a,
Q:B:yzgoo
d; =a, =d,
a=p=y<120 =90
d; = a, # dg
o=p=90

vy =120°



\ scattered

A
2T wave Z .(r)
= |
E(F,t) = 7€, cos(ky — @ 1) o/
|
i . v !
X-ray f > ] ;/
X /0osgillation X N

In all directions

J. J. Thomson (1906) analyzed scattering in detall.
Scattered intensity at a distance, r, from a single electron
for an source Is

(=1, K (1+cos vy

K = 7.94><1O_30 m’



Electric field of incident beam

Radiation field scattered by the electron

— 1 e .. A : —>
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Scattering from one atom

Classical approach ,dEa p(r): charge density of an
S-S, “ 45 atom

Assuming p(r) is spherically symmetric

X-rays
S — Ea(S): Scattering amplitude from
one atom
Ec(S): Scattering amplitude from
E.(S)=E.(S) | p(r)e® dv one electron

atom
=E.(S)I70 15,0157 p(r)rie®™>’ sinedrded ¢
, SIN27ars
27r'S

Librated
K-shell electron

=47 -E,(S)7 p(n)r dr

—h
If
jab)
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Kinematical theory  #2 4
1+cos’ 26
| Ry I -p- (5 5
sin“ @ -coso
Dynamical theory $> 4
8 e’ | N |Fy |(1+|00329|)
3r ‘mc*” zsin20 2

)-A(B)-e M One unit cell contains 4(Na*ClI")




Incident

constructive interference

* Bragg’s Law
constructive interference

2dsin@ =nA
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Applications



» Biological and chemical 3D molecular structure
determination (SCD)

 Qualitative and quantitative crystalline phase composition
analysis (XRPD)

« Material structure analysis (XRD, HRXRD, XRR, u-XRD,
SAXS)

— crystallite size / particle size in the nm range

— residual stress / fatigue stress
— texture / preferred orientation

and . thickness, layer sequence,
density, surface and interface roughness

analysis (particle shape, size and orientation)



X-ray powder diffraction (XRPD)

High resolution X-ray diffraction (HRXRD)
Single crystal diffraction (SCD)

Small angle X-ray scattering (SAXS)

X-ray reflectometry (XRR)

Grazing incidence diffraction (GID)

In-plane grazing incidence diffraction (IPGID)
X-ray resonant diffraction

X-ray multiple diffraction



incident x-ray

(in plane)
specular wave
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detector
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_ i ™
Structure of thin layers on substrate diffracted beam (GID)

Crystalline properties
mtrain in thin layers
NANOSTEUCTUORES

\. Phasetransitions A

II f reflected beam

den si rofile
th1|:1-:1!1:%sps
aurface roughness

. interface properties
buried lavers Y,

LS

B

Pl
1 Diffuse scattering (GISAXS)

Morphology ol nano-islands
Interfaces roughness & growth
Lateral surface structures
Structure of macro-molecules
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Relaxed SiGe

SiGe
Grade

Si substrate




Specular x-ray reflectometry - characterize e~ density profile normal to
the interface

Refracive index for x-ray:
n =1- 5+iP, less than 1, for X-ray!

O = rypoh?/2m (10 to 10°)
and 3 - absorbtion, 3= uA/4=n
[, - clasical electron radius
P, - electron density

1 - mass absorption coefficient incident n=1 reflected

beam \ / beam
Snell‘s law: - \“\‘

Ol

N, COS a; = N,COS O,
o, (a; for a,=0) = (28)1/2
o, ~0.1-0.6"for L =1.54

Samp|e n2<1 regracted
eam
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. Plateau: sample size, flatness, absorption, instrument

Critical angle: density

Distance of oscillations: layer thicknesses

/

o Amplitude: r‘::-ug_h ness, resnlt.ulinn.
interface quality,
Shape: —0_ density variations
roughness, backe ]
densi CEground:
R instrument \'

1.0 s 20 25 30 35
Angle of incidence 0 [deg]




X-ray crystallography Xsk & 8 &

1.Crystallization 2.Data collection 3.Phase determination

.
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6.Structure

4.Calculation & interpretation of electron density map

5.Refinement of the molecular model
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Diffracted
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X-ray Scattering BLO7A (NTHU, Tamkang U., T3)

Aperture and Filter Slits-2 Slits-3
Slits-1 Screen-2 Shutter
Screen-1 Screen-3 Be Window-2
el
[ | | _
ﬁ-—-lc;_;'l I ‘ %"—' .-L.-.. l KB Mirror
i} = -
BPM-V oM SCM M T = -
BPM-H Be Window-1 PM | k# 00
O
1
Tungsten Block-1 - e
g Tungsten Block-2 I \

X-ray scattering/diffraction station




SPring-8 Taiwan Beamlines

BL12B2

SR '//'I//I//I//ﬂ/‘y/ //l//’/
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FM RS A

10Y review & 5Y contract renewal (2010/2/24)



Data Collection

CD) Lysozyme

Control PC system
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Data collection method: Rotation method

Ewald sphere




Diffraction Image of Lsozyme
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Photo: MRC Laboratory of

Molecular Biclogy Marsland/Yale University

Venkatraman
Ramakrishnan

® 1/3 of the prize
United Kingdom
MRC Laboratory of
Molecular Biology
Cambridge, United
Kingdom

b. 1952

(in Chidambaram,

Tamil Nadu, India)

Credits: Michael

Thomas A.
Steitz

3 1/3 of the prize
USA

Yale University

New Haven, CT, USA;
Howard Hughes

Medical Institute

b. 1940

Titles, data and places glven above refer to the time of the award.

Credits: Micheline

Pelletier/Corbis

Ada E. Yonath

3 1/3 of the prize
Israel

Weizmann Institute of
Science

Rehovot, Israel

b. 1939

Abcut Nobelprize.orng Privacy Policd Terms of Usd Technical Supporf

rsd

Source: Nobel Prize website

http://mobelprize.org/nobel_prizes/chemistry/laureates/2009/ 3 2 1 / 3t 3 [2009/10/8 T4 01:37:57)
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Realization of X-Ray Fabry-Perot
Cavity: A Synchrotron Diffraction
Experiment

X3k £ 3r92--X 5k YEb+R 5%

NTHU, NSRRC, SPring8/Riken



Optical Fabry-Parot Interferometer




R elative mtensity

My My

o | A |
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(a) (b) (c)

Schematic llustration of the Fabry-Perot optical cavity and its properties. (a) Reflected
waves interfere. (b) Only standing EM waves,maodes, of certain wavelengths are allowed
in the cavity. (¢) Intensity vs. frequency for various modesR 1s murror reflectance and

lower R means higher loss from the cavity.

© 1999 3.0, Kasap, Optoelectronies (Prentice Hall)



[nput light
i

Fabry-Perot etalon

Fabry-Perot optical resonator and the Fabry-Perot interferometer (schematc)

Cutput haht

/ FP etalon

g
Broad
fmotiochrofratic
SOULCE

© 1999 5.0. Kasap, Optoslzcironics (Prentice Hall)

Lens




X-ray Fabry-Perot resonator

<—d—>

“:;:

AO

4——2 —————

S1

4w & &F(back reflection)
Bragg angle=90 deg.



(a) (b) (c)
Photo-resist coating Alignment & Exposure Development

V Hew & 4% (lithography)

Photo-Resist
coating

(e)

Dry Etching Photo-resist Stripping

13RU B0 2%nm 5 Mlee r.oltm

FIG. 1. A SEM photograph of a thick two-plate (100/100) x-ray
Fabry-Pérot cavity of silicon. The width of the crystal plate is
800 wm, the height is 200 gwm, and the thickness is 100 gm. The
direction normal to the substrate plane is [001] and that perpendicu-
lar to the two crystal plates is [310].




Experimental set-up

422) -
—j_i* Q 4’ Pin Diode
w g e O
Sample g, tew

Spring-8 SR i Ton Chamber t dg
- Monochromator _
BL12XU . Sl(drll) . /
Undulator  Vronochromator

[310] [-130]

Si (12 4 0) back reflection
for E=14.4388 keV (0.8588 A)



The energy E scan of the forward-transmitted (000)

5 0.46-
3,
: PO
2 ous 'H’ ”‘,' double thin plates, t = 100pm dg = 150
E ) -
" §0.46
60  -40 2
=
S 0.44
=
A . 0.42-
~ V \f A A 3 20 40 0 10 20 30
g . '\I A E (meV)
v
AE(meV)

double thinner plates, t =70 pm dg =100 pm



AO- scans at AE =9 meV
The AB-scan at 0.002 deg./step

e M 3 AE=0.36meV
- <
303 = AEE=25%10%at
By % 14.4388keV (0.8588 A)
= g
z ) Ik
= 0.45 (a) Forward-transmitted
= ®) ‘\[5 (0 0 0) beam
V'J“v (b) Back-reflected
0.40} (12 4 0) beam
02 0.0 0.2 Silicon crystal

Aeideg)



Intensity distribution of resonance
interference at AE = 12meV
24-beam diffraction

Collaboration: NTHU, NSRRC, SP-8/RIKEN
S.-L. Chang, et al Phys. Rev. Lett. 94, 174801 (2005).
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Talwan Photon Source (TPS) Project



= 4L 3 Jh Taiwan Photon Source (TPS)



Taiwan Photon Source (TPS)
3 GeV, 518.4 m, 500 mA

==

man Light Source ‘ ’

(TLS) .
g J—J"

» "
" Natural emittance: 1. 6 nm- rad

Straight sections: 7 m (x 18); 12
6)

3D Aerial View of NSRRC Full capacity: 48 ports




Progress of Civil Construction

TLS 3 702 P B3 BT MAERAER - —ERRE BRI BRGSO R

“ﬂ%%ﬁﬁilgﬁi#a*m

TPS storage

R -8 H A

T — F = 8 AR B 3 b F =B A5 B A 98 b F — A& 0 KB 2R 1R 28



TPS Accelerator Design and Prototype

— &~ mﬁi-nﬁﬁﬁ

Fi t f QP | ti h E
our types of QP lamination s ape Three types of SP lamination shape

| Extended type .! .

Cutting type

H-type DP Iammallon shape

Standard_t_ype L

TREREBTREREERI
(CER- IR0

=N

Specification
Max. volt/cur.:

150V/£10A
Current ripple: 10 ppm

Short term stability: 5 ppm
Long-term stability: 10 ppm

Total 750 units to be fabricated by local company
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Recovery Oil Removal
and Gas Manager
System

The Layout of Refrigerator, Main Dewar,
and Valve box Area

Main Oil Removal and
Gas Manager System |

Passive Warmer Cold Box

80K adsorber
regenerator
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7000 liter main Dewar
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3D dipole Al chamber machining
1. Inclean room
2. Oil free environment

3. High precision on profile



TPS Phase | Beamlines

e i-focus macromolecular crystallography (2013)
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e High resolution inelastic soft-x-ray scattering (2013)
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e Sub-u soft x-ray photoelectron & fluorescence emission (2013)
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o Coherent x-ray scattering (SAXS/XPCS) (2014)
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e Sub-u x-ray diffraction (2014)
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o Nano-probe (2014)
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o Temporal coherent x-ray scattering (2014)
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(Nane-probe x-ray diffraction)
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(High resolution Inelaztic soff-x-ray scaffering)

oA ARENELRR

(Soft matter small angle scattering)
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(Sub- & x-ray diffraction)
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(Multi-purpose coherence x-ray scaffering)

_“"‘*-l-—-..!"‘-—#.a_-' i ot
—..__+__‘__'jr"'

W

16t Users’ Meeting-83

H.!-r



S 1!

Thank you for your attention !!
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