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What’s a synchrotron radiation source? A Light for Science

An extremely intense source of X-rays (also IR & EUV)

Typically produced by highly energetic electrons (or positrons)
moving in a large circle in the synchrotron (or more usually

Storage Ring).
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Beamline ‘ e S Storage ring

*Highly collimated X-rays are emitted tangentially to the
storage ring and simultaneously serve multiple beamlines for
scientific applications spanning physical, chemical and life
sciences
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Origin of synchrotron radiation st forscience

L. Shklovsky (1953)

« Synchrotron radiation is electromagnetic
energy emitted by charged particles
(e.g., electrons and ions) that are moving
at speeds close to that of light when their
paths are altered, e.g. by a magnetic field.

» Itis thus termed because particles moving
| at such speeds in particle accelerators
known as a synchrotrons produce
electromagnetic radiation of this type.

The Crab Nebula — a natural SR source
CHANDRA (2001)
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o Basic Princip|es A Light for Science

orbit

Centripetal
acceleration

Isotropic emission Emission concentrated
within a narrow forward cone

— Ee
/ mc*

/ E.=6GeV (ESRF)
mc? = 511keV

W_ 10 rad = a few 103 deg
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I‘ad | at | on A Light for Science

1947 EVOLUTION
. . | 1930

First observation First particle

of synchrotron accelerators

radiation at

General Electric Eirst ob .
IrSt observation

(USA)' 1947 of synchrotron
radiation

More and more

energetic
particles,
Bigger and
Considered first as a nuisance machines c .
) . onstruction
by particle physicists, gf:jhe ﬁrsg
. . icat
synchrotron radiation was o ohos
recognised in the 70s as
having exceptional properties Particle Synchrotron
physics radiation

to explore matter.
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o 3'd Generation Storage Rings  atightforscience

ESRF
Storage ring: 844 m circumf.

1994
ESRE 6 GeV ele.ctrons
~200 mA fill current
Typical beam lifetime ~ 50 h
é?él — Reinjection twice/day
24 hour operation 6
days/week
1968 —
Tantalus Fully optlmlzed to produce bright X-ray beams
1961 ~
Parasitic use |
Polygon
1 5 =\
1947 =‘= AICs
Observation + /

Insertion
Device

Straights
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Synchrotron Radiation Sources A Light for Science

Major X-Ray sources in the world

ESRF was the world’s first 3™ generation hard X-ray source
. v~ .\ J m T

Other hard X-ray sources: APS (USA) - SPring-8 (Japan) — Petra-lll (D)

New national sources in Europe: Swiss Light Source (CH), Soleil (F) in 2006,
Diamond (UK) in 2007, Petra-lll (D) in 2009, ALBA (E) in 2010, Max IV
(Sweden), Poland, Russia......

New plans also in Brasil, China, India, .....
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o Figure of Merit of the source: brilliance A Light for Science

Brilliance or Brightness (flux density in phase
space) is an invariant quantity in statistical

mechanics, so that no optical technique can 4 generation FELS
improve it.

photon flux

Brightness = A (A0)

. _ photon flux " o ,
Spectral Brightness BA) 30 (AN / generation

®
() 2nd generation

wiggler ®
)

1st generation
Synchrotron sources

[Photons/sec]

X-ray tubes @

[mm]? [mrad]? [0.1% bandwidth]
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The ESRF storage ring A light for Science

Bending magnets

Focusing

magnets Insertion devices

(undulators/ wigglers)
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A Light for Science
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Insertion devices A Light for Science

A Periodic magnetic field causes local
oscillations of electron trajectory. The
influence of the field on the electron
motion is characterized by
the deflection parameter K

K=0.934 A, [cm] B, [T]

» The maximum angular deflection of
the orbit is K/

« K>>1 Wiggler regime
radiation from different parts of the electron
trajectory adds incoherently

— interference effects are less important

« K< 1 Undulator regime
radiation from different periods interferes
coherently

— strong interference phenomena
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Undulator Radiation — K< 1 A Light for Science

Fundamental + harmonics

F Undulator radiation

fi
NN - On-axis

L% _
Undulator %/% A, 1 K?
radiation P % /11 - 2 2 ( +7)

N ] 4
%/ . 0.949 E2(GeV)
, | E(keV)=—""——e2""

K
A, (cm)(1+ 7)

Tot K t ergy:

0 wea_ 1:(or 0 scan) energy AL 1
 E=f[K] TN

* K=1[B(z)]

* B(z) = f[gap]
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Three forms of Synchrotron Radiation e gnt for science

On-axis —

Bending magnet

radiation
Horizontal linear polarisation ho FBM fE%1]
1
— A
-~
// . ; N
NE — F Wiggler radiation
N |:wiggler ~ 2N X |:BM
Horizontal linear polarlsatlon ho
1 A
- VN l = Undulator radiation
A ey < N2
A T |:undulator ~ N*x I:BM
Control of polarisation . l -
ho
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A Light for Science

Insertion devices

1 Bending magnet
SIaNCe e 210,19 Bw) 2 Wiggler
3 Undulator
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Filling patterns & radiation time structure  atight for cience

Number of bunches 992 870 24x8+1 16 4
Maximum current [mA] 200 200 200 90 40
Rms bunch length [ps] 20 20 25 48 55

Typical filling modes at the ESRF e

Hybrid 24*8
6%
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X-ray beams at 3" generation SR sources atigntforscience

» Brightness

« 10*?? ph/sec/mrad?/mm?/0.1% b.w. (10*1! higher than conventional
sources)

» Small source and highly collimated beam
e ~10pm and 10purad

» Broad emission spectrum: wavelength tunability
+ 0.leV < E <100keV or 1.2um < A < 0.01A

» Polarized radiation
« 100% linear or circular or elliptical

» Pulsed radiation
* 50 ps pulses every ns

» Power
 several kW total power, several 100 W/mm? power density.

» High degree of coherence
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SR Research

1. SR techniques

2. Some examples

“Whatever it 1s, it’s very, very little.”
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Interactions between light and matter atightfor science

Fluorescence

Electron

Transmission

Incoming
beam

Inelastic
scattering
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A complete suite of techniques A tight for Science

X-Ray S Y —
« Composition « Long/short range structure
« Quantification + Electron density mapping

» Crystal orientation mapping
Stress/strain/texture mapping

« Trace element mapping

Specific
®.
Sample environments

Absorption &
Phase contrast

X-ray imaging
« 2D/3D Morphology
« High resolution X-ray
« Density mapping frEE spectroscopy
FTIR-spectroscopy » Short range structure

* Electronic structure
« Oxidation/speciation mapping

Molecular groups & structure
High S/N for spectroscopy
Functional group mapping
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A Light for Science

Control cabin

http://www.synchrotron-soleil.fr/
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A broad range of applications

A Light for Science

Beamtime use at the ESRF

Other: Training,
feasibility tests,

proprietary research
Surfaces & Interfaces 4%

10%

Soft Condensed
Matter
10%

Methods &

Instrumentation
2% —

Medicine
4%

Macromolecular

Crystallography

15% Environment &
Culture

7%

: Disordered Systems
4%

Chemistry
12%

Electronic & Magnetic
Properties
12%

Crystals &Ordered
Structures
10%

Applied Materials,
Engineering
10%

Shifts delivered for Experiments, 2010
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List of ESRF beamlines A Light for Science

ID0% Axomalous saattering
ID02 Highrbriliangeaphy - Tonography
D03 SAMARERIIFRASRAIraction
ID06 I%ﬁ%ﬁl&%l&ﬁ) velopment
ID08 DPagsnv)Spettfosedpy -isifig
ID23 &%&H&B&&fﬂb@& @&Rbgraphy
ID09  BiBlogy-/ High pressiire”)
ID10 MBIt pUrposel «mission
IDY T Nﬁ@ﬂmmdifﬂaction
uip12  Cifedidrperirisation
ID13  MittefGéifsscritering
ID14  PRotem Cry/staRBEtaphy
ID15 High' energy/diffedetion e mic<ion
ID16; Inelastie Scdtteling faces

HMZ0 Meddcabtion spectroscopy

] BM20 ROBL (Germany)
\ BM25  SPLINE (Spain)

BM28  XMAS (UK)

\ BM30  FIP (France)
BM30 FAME (France)
‘ '
—

BM32 IF (France)
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One can better understand the
structure of matter at the center of
the Earth ... .

... by studying samples put under
extreme conditions of pressure
and temperature.

« 200GPa ( 2Mbar)
« T=3600K
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http://upload.wikimedia.org/wikipedia/commons/5/54/Anvil72.svg

A Light for Science

Molecular movies obtained
by using the pulsed time
structure of the SR

Migration of
photodissociated CO in
myoglobin (iron- and
oxygen-binding protein in
muscle tissue) using time-
resolved single crystal
diffraction in pump-probe
experiment

Courtesy: M. Wulff, ESRF
ID09

Srajer V, et al., Photolysis of
the carbon monoxide
complex of myoglobin:
nanosecond time-resolved
crystallography. Science.
1996;274:1726-1729
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Courtesy P. Tafforeau et al. ESRF-ID19 %
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TO go fu rther. . A Light for Science
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