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Introduction to Synchrotron Radiation 
and its applications
Caterina Biscari
ALBA Synchrotron

Crab Nebula,(www.en.wikipedia.org/wiki/Pulsar)
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What is synchrotron radiation
Electromagnetic radiation is emitted by charged particles when accelerated

The electromagnetic radiation emitted when the charged particles are 

accelerated radially (v  a) is called synchrotron radiation

It is produced in the storage rings using bending magnets, undulators, and 

wigglers
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Discovery of synchrotron radiation (1946)

General Electric 
synchrotron accelerator - 300 MeV
2nd synchrotron ever built
Visible light through the glass vacuum 
chamber 
SR had been predicted, but its frequency 
was not known 
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Sources on earth
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Outstanding characteristic 
of synchrotron radiation

High brilliance and flux (combined with high collimation)

Wavelength tunability (depending of source & optics)

Beam size tunability (depending of source & optics)

(Partially) coherent radiation

Polarization (linear, elliptical or circular)

Time structure
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Generations of Light Sources

1970s : 1st Generation – HEP rings used 
parasitically for X-ray production

1980s : 2nd Generation – Dedicated X-
ray sources

1990s: 3rd Generation – Radiation 
facilities with wigglers, undulators, 
high brilliance

2010s: Ultimate Storage Rings (USR) –
Diffraction limited

2000s: 4th Generation – Free Electron 
Lasers driven by Linacs

Light source brilliance
photons/s/mm2/mr2/0.1%BW

photons per time, space, energy
definition

USRs
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NSLS II 
2014 1st beam
3 GeV
C = 620 m
e = 1.5 nm

ALBA
2011 1st beam
3 GeV
C = 269 m
e = 4.6 nm

MAX IV
2015 1st beam
3 GeV
C = 528 m
e = 0.3 nm

Increase C
Lower e

MBA*
Lower e

(Photos approximately in scale)

From 3rd generation of beginning of century to USR

8 October ‘15

*MBA: Multi Bend Achromats

In commissioning
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Synchrotron Light Sources key 

parameters

Photon beam property Accelerator property

Photon energy range Energy, magnetic field, insertion device parameters

Photon flux Energy, current

Brightness Energy, current, emittance

Polarization Magnetic field orientation

Time structure Rf frequency

Stability Feedback, beam lifetime, injection system

Beamline capacity Dipoles, insertion devices
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ALBA photon spectra 
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Critical energy and magnetic field

𝐸𝑐 𝑒𝑉 = 665.0255 𝐵 𝑇 . 𝐸[𝐺𝑒𝑉]2 =
1239.842

𝜆𝑐[𝑛𝑚]

Type equation here.

𝐸𝑐 =
3

2

ℏ𝑐

𝜌
𝛾3



Choice of Beam Energy

• Higher e- energy

• Harder X-rays

• Better beam lifetime

• More stable beams

• Lower e-energy

• Lower magnetic fields

• Lower emittance for the 
same lattice

• Less rf power

• Lower operating costs
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Radiation damping

Emittance going versus zero

Emittance equilibrium distribution
Natural bunch length
Natural energy spread

Quantum nature of 
radiation

Quantum excitation

+
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The emittance depends on the dispersion and on the betatron functions in 
the dipoles, and on the energy

Emittance in an e- storage ring

Jx is the Robinson partition number evaluated for the horizontal plane 
The  emission of photons is done in bendings, where there is dispersion. The 
electron amplitude oscillation afterwards is given by the dispersion, the original 
amplitude oscillation and energy  loss

The smaller the dispersion the smaller the final equilibrium emittance: 
increasing the n. of dipoles in a ring the dispersion decreases and so does 
the emittance

The emittance is determined by a balance between two competing processes: 
quantum excitation of betatron oscillations from photon emission and longitudinal 
re-acceleration within the RF cavities
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The evolution to Multi-Bend Lattice

Multi-Bend Achromat (MBA)
• MAX IV and other USRs
• No dispersion bump, its value is a 

trade-off between emittance and 
sextupoles (DA)

Double-Bend Achromat (DBA)
• Many 3rd gen. SR sources
• Local dispersion bump 

(originally closed) for 
chromaticity correction 
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The evolution to DLSR or USR 

(Diffraction Limited or Ultimate Storage Rings)

The brilliance of a synchrotron light source can be increased  by reducing  the emittance of the beam, up 
to the limit where the natural diffraction prevents any further reduction of the photon beam size and 
divergence.
Even in the limit of zero beam emittance the phase space of the radiation emission from an undulator is 
itself finite due to diffraction effects at the source. For single-mode photon emission, the corresponding 
diffraction-limited ‘emittance’ of the photon beam is given by

𝜀 𝑝ℎ𝑜𝑡𝑜𝑛 ≤
𝜆

4𝜋
= 0.159𝜆 = 98.66[𝑝𝑚 𝑟𝑎𝑑]/𝐸𝛾[𝑘𝑒𝑉]

A light source is referred as ‘diffraction limited’ when the e- beam emittance is less than that of the 
radiated photon beam at the desired X-ray wavelength
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Low Emittance Rings Trend

Existing machines
In Construction
Advanced Projects
Concept stage

APS

SPring8

Sirius

3rd generation sources

Based on state of the art
technologies
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Storage rings going brighter by
Making very low emittances:

ESRF: brighter beams by 2020

Other facilities planning upgrades 
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UP PI: Preparing the UP Phase II
ESRF Phase II Upgrade

Present ESRF Arc Layout: Ex=4nm

New Low Emittance Layout: Ex=0.135nm

The 844m Accelerator ring consists of 32 identical Arcs.

Each Arc is composed by a well defined sequence of Magnets, Vacuum 
Components (vacuum vessel, vacuum piumps etc), sensors (diagnostic) etc.

All the Arcs will be replaced with a completely new Layout
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Improved Coherence

Hor. Emittance [nm] 4 0.15

Vert. Emittance [pm] 3 2

Energy spread [%] 0.1 0.09

bx[m]/bz [m] 37/3 4.3/2.6
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Brilliance
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BRILLIANCE AND COHERENCE INCREASE

Coherence

Source performances will improve by
a factor 50 to100 
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Photon sources: dipole fields

Dipoles determine:
• Property of SR from dipoles
• Natural energy spread and bunch length of beam
• Rf parameters
• Main energy loss per turn

Usually normal conducting dipoles are used
Bmax = 1.8 T
Busual = 1.5 T
E = 3 GeV 
B ~ 10 Tm =>  = 6-7 m 
Critical energy:

𝐸𝑐𝑟 =
3

2
ℏ𝑐

𝛾3

𝜌
≈ 9 − 10 𝑘𝑒𝑉
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Insertion devices

Type equation here.

𝐾 =
𝑒

2𝜋𝑚𝑜𝑐
𝐵𝑊𝜆𝑤 = 0.934 𝐵𝑊 𝑇 𝜆𝑤[𝑐𝑚]

Deflection parameter K:
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Undulators

Quasi-monochromatic spectrum with peaks 
at lower energy than a wiggler
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Insertion devices with short periods, such that K<1

wiggler - incoherent superposition K > 1
Max. angle of trajectory > 1/

undulator - coherent interference K < 1
Max. angle of trajectory < 1/

n = harmonic

Δ𝜔

𝜔
=
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Bandwidth

On axis
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Magnets, rf cavities, cooling systems, vacuum 

systems, instrumentation, controls
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Elettra
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Interaction between the light and the 

matter

From ‘An Introduction to Synchrotron Radiation’ Philip Willmott

Photons and electrons
produced during the
interaction contain
information on the
structure of matter, its
properties and 
composition
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Photon beam Crystal

Diffraction pattern

Scattering - Diffraction
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DNA
is constituted by two 

complementary filaments 
formed by regular sequences of 
small molecules, forming double 

helixes. It was the diffraction 
pattern of X rays from a pseudo 
crystal formed by DNA fibers, 
obtained by Rosalind Franklin, 
which allowed determining the 

form of this molecules.

DNA and X Rays

1952 
Photo 51: 

first image by X-ray 
diffraction
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Diffraction pattern of a protein crystal.
From position and intensity of the spots the protein structure can be defined
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Electronic density from which the 3D representation of the protein can be

obtained
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IMAGING

From the image of 
Roentgen’s wife hand 
in 1985

To the image of a cell in 3D (MISTRAL BL @ALBA)
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Reference: AJ Pérez-Berná, MJ Rodríguez, FJ Chichón, M Friederike Friesland, A Sorrentino, JL Carrascosa, E Pereiro, and P Gastaminza. Structural 
Changes In Cells Imaged by Soft X-Ray Cryo-Tomography During Hepatitis C Virus Infection. ACS Nano 2016 DOI: 10.1021/acsnano.6b01374

Violet: cell nucleus, green: healthy mitochondria, beige: healthy endoplasmic reticulum, yellow: altered endoplasmic reticulum

Hepatitis C Virus effect on a cell

HEALTHY Affected by virus

After 
treatment 

http://pubs.acs.org/doi/abs/10.1021/acsnano.6b01374
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Transmission 

microscopy 

ESRF: Villa di Ercolano papiri

Works of epicureo
Filodemo, teacher of  
Siron, teacher of Virgilio 
and Oratium
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Patrimonio
Cultural



ASP 2016 - Rwanda C.Biscari – ALBA SynchrotronSR and its applications 38

Spectroscopy

Photoemission

Dependence on energy of incident 
photons of the absorption, emission or 
fluorescence  
Deduction of composition, status, etc. 
The absorption energy and the fine 
structure of the absorption spectra are 
sensitive to the valence state of the 
absorbing atom
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CFN, BNL, US

Material science

Identifying Graphene by counting atomic levels at 
CIRCE, ALBA
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Skyrmions - ALBA – for magnetic memory development

One thousand of mm

Magnetic skyrmions (nanoscale spin textures) observed at room temperature in materials 
compatible with the microelectronics industry.. These results break an important barrier for 
the use of skyrmions as nanoscale information carriers in our computers.
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Electronic and Magnetic Structure of Matter

Materials for batteries
Spin-orbit fields mechanisms for in-plane current induced 
magnetization reversal of magnetic tunnel junctions, and their 
optimization 
Fieldlike and antidamping spin-orbit torques in as-grown and 
annealed Ta/CoFeB/MgO layers

Physical review B 89 214419 (2014)

@ BOREAS

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.89.214419
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Environmental science – some example from ALBA

Speciation of selenium in 
wheat to know the Se 
level in comestibles 
plants

Analysis of 
Arsenicum in the soil 
of an old mine near 
Madrid for treating 
and recovering the 
contaminated soil

Develop better catalists
for industrial processes, 
electric cars, etc

Study the spatial 
distribution of Calcium in 
marinae algae to 
understand effect of 
climate changes
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 Venue: ESRF (Grenoble, France)
 Dates: 16-20 November 2015
 First in a series of conferences
 Venue was selected to be on the site of a premier 

international light source facility.
 Future conferences preferably will be held in 

Africa.
 Purpose was to develop a Roadmap and replace the 

Interim AfLS-SC with a fully mandated Steering 
Committee. 

1  Apr 2016 - La Havana AFLS Roadmap – C. Biscari High Brightness Beams Workshop 45

http://www.saip.org.za/AfLS2015/
http://www.saip.org.za/AfLS2015/
http://www.saip.org.za/AfLS2015/


 African researchers and students
 Representatives from international light sources
 European Commission, IUPAP-C13 Commission      
(Physics for Development), International Union of 
Crystallography 
 Government Policymakers 
 Industrial representatives
 Friends of Africa who support the vision for an 

African Light Source. 
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 First 2 days were a Conference, featuring 
invited speakers to review the world status 
of light sources and their achievements, and 
to assess the state of the African Light 
Source User Community.

 Last 3 days were a Workshop devoted to 
strategy and policy, informed by invited 
plenary presentations.
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Industry
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Paleontology
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Health

1  Apr 2016 - La Havana AFLS Roadmap – C. Biscari High Brightness Beams Workshop 51



Materials
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 Grenoble Resolutions that state the reasons for an 
AfLS

 Roadmap

 Election of a fully mandated African Light Source 
Steering Committee to drive the Roadmap
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 Advanced light sources are the most  
transformative scientific instruments similar to the 
invention of conventional lasers and computers.

 Advanced light sources are revolutionizing a myriad 
of fundamental and applied sciences, including 
agriculture, biology, biomedicine, chemistry, climate 
and environmental eco-systems science, cultural 
heritage studies, energy, engineering, geology, 
materials science, nanotechnology, palaeontology, 
pharmaceutical discoveries, physics, with an 
accompanying impact on sustainable industry.
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High Brightness Beams Workshop 55

 The community of researchers around the world are striving 
collaboratively to construct ever more intense sources of 
electromagnetic radiation, specifically derived from synchrotron 
light sources and X-ray free-electron lasers (XFELs), to address 
the most challenging questions in living and condensed matter 
sciences.

 The African Light Source is expected to contribute significantly 
to the African Science Renaissance, the return of the African 
Science Diaspora, the enhancement of University Education, the 
training of a new generation of young researchers, the growth of 
competitive African industries, and the advancement of research 
that addresses issues, challenges and concerns relevant to Africa.

 For African countries to take control of their destinies and 
become major players in the international community, it is 
inevitable that a light source must begin construction somewhere 
on the African continent in the near future, which will promote 
peace and collaborations among African nations and the wider 
global community. 
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 Train African researchers and students in the design, 
operation and utilization of advanced light sources.
 Establish formal partnerships with existing light sources.
 Promote the involvement of industry.
 Establish and enhance Africa’s critical feeder 
infrastructure that empowers light source science.
 Promote outreach and communication to policymakers 
and public.
 Study the feasibility of constructing African multinational 
beamlines at existing light sources, with partners .
 Develop a Strategic Plan for submission to African Gov’ts.
 Develop an AfLS non-site specific Pre-Conceptual Design 
Report.
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 Conduct a feasibility study, including costs, 
for an African latest generation light source, 
with requisite infrastructure.

 Develop a detailed Business Plan.

 Develop a Governance Model.
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 Complete the Technical Design Report (TDR)
with site selection.

 Establish the AfLS as a legal entity.  

 When approved by a sufficient number of 
African governments, begin the construction 
of an African latest generation advanced light 
source, with requisite infrastructure.
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