Accelerator Science and Technology Centre

Insertion Devices

Lecture 1
Introduction to Synchrotron Radiation

Jim Clarke
ASTeC
Daresbury Laboratory

: o | Science &Technﬂlﬂg?

The Cockcroft Institute

Science and Technology



Accelerator Science and Technology Centre

Program

15t Feb 10.30
8 Feb 10.30
22" Fep  10.30
1stMarch 11.45
8h March 11.45
15" March 11.45

Introduction to SR

Wigglers and Undulators
Undulator Radiation in Detall
Permanent Magnet Undulators
Additional Magnet Designs

The Application of
Superconductors

Please interrupt and ask questions during the lectures !!!
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Course Book

The vast majority of the material presented is from my book,
you will find much more detail in there, derivations of the
equations that | will just quote here, and also other
supplementary information.

The Science and
Technology of Undulators
and Wigglers

The Science and Technology of
Undulators and Wigglers,
J. A. Clarke, Oxford University Press, ‘
2004

(Oxford series on Synchrotron
Radiation - 4)

OXFORD SCIENCE PUBLICATIONS
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Introduction to Synchrotron Radiation

Synchrotron Radiation (SR) is a relativistic effect

Many features can be understood in terms of two basic
processes:

Lorentz contraction and
Doppler shift

Imagine that a relativistic charged particle is travelling through
a periodic magnetic field (an undulator)

In the particles rest frame it sees a magnetic field rushing
towards it

If in our rest frame the magnet period is A« then because
of Lorentz contraction the electron sees it as Au/7v

v IS the relativistic Lorentz factor
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Lorentz Factor

’}’—E_O ﬁ—\/l—? B =wv/c

c is the velocity of light in free space

v Is the velocity of the electron

B is the relative velocity of the electron

E is the Electron Energy (3000 MeV in DIAMOND)
E, is the Electron Rest Energy (0.511 MeV)

So in DIAMOND, y ~ 6000

This yfactor turns up again and again in SR!
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Relativistic Doppler Shift

BLUESHIFT REDSHIFT
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Relativistic Doppler Shift

In the relativistic version of the Doppler effect the frequency
of light seen by an observer at rest is

Source travelling away from

J = 'Yf’(l — [ cos 9!) the observer

where fO0 I's the freqguencybbe mis
the angle at which the source emits the light.

With the source travelling towards the observer 6’ =7 so

f=~f(1+5)

In terms of wavelength
! !
P SR
y(1+8) 2y ;
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Combining Lorentz and Doppler

So the particle emits light of wavelength Aw/~

Since it is travelling towards us this wavelength is further
reduced by a factor 2+

So the wavelength observed will be ~ Ay /272

For GeV electron energieswithyof 10000s, an |
a period of a few cm will provide radiation with wavelengths of
nm (X-rays)
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Angle of Emission

In the moving frame of the electron, the electron is oscillating
In the periodic magnetic field with simple harmonic motion

It therefore emits in the familiar dipole pattern that has a sin” ¢’
distribution

Electron
acceleration

A

N
N
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Angle of Emission

In the moving frame of the electron, the electron is oscillating
In the periodic magnetic field with simple harmonic motion

It therefore emits in the familiar dipole pattern that has a sin” ¢’
distribution
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Electric field lines due to a vertically
oscillating dipole 10
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Angle of Emission

A second consequence of Doppler is that the angle with which
the observer views the source will also be affected

sin 6’

v(cos @' — f3)

tanf =

So the point at which the electric dipole has zero amplitude
(60 =/2) appears at the angle 6 ~ 1/y

The peak of the emission is orthogonal to the direction of the
electrons acceleration so for an electron on a circular path the
radiation is emitted in a forward cone at a tangent to the circle

11
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Effect of Relativity

Acceleration
Electron Orbit
[ 5 ‘"‘“E“E”'a“”)”_ Cone aperture
S~y
L 2 T —
Case II: g =1
Casel: %-::-:1 rspoAs ohans
At low electron velocity (non- When the electron velocity
relativistic case) the radiation is approaches the velocity of light, the
emitted in a non-directional emission pattern is folded sharply
pattern forward.

Fernando Sannibale, USPAS, Jan 2006 12
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Electromagnetic Radiation

Electromagnetic
Radiation covers the
spectrum from Radio
Waves through to
Gamma rays

13
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SR smoothly covers a wide part of the spectrum

The Electromagnetic Spectrum
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Now generated by
today's SR sources !

14
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SR from Bending Magnets

A bending magnet or dipole has a uniform magnetic field

The electron travels on the arc of a circle of radius set by the
magnetic field strength

Horizontally the light beam sweeps out like a lighthouse - the
Intensity is flat with horizontal angle

Vertically it is in a narrow cone of typically +£1/y radians

15
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SR from Bending Magnets

Viewed from above Stop observing

here

when electron
: reaches here
Start observing
when electron \ /\

> QObserver

Electron path

The electrons in a bending magnet are accelerated as

they are forced to bend along a circular path in a strong
magnetic field.

16
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Typical Wavelength

Pulse Length = Time for electron - Time for photon

~ 3
3Cy
So, AT i cal Wavet—enegtHho
y P For DIAMORD, =
AR R~7.1m,y~ 6000
N —— Wavelength ~ 0.04 nm

17
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Summary of the Three Basic Sources

Bending magnet or
Dipole

(a)
Electron

~______—"" trajectory

(Multipole) Wiggler ®)

Undulator “ \s%
\/
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A Typical Spectrum

| Undulator

Multipole wiggler
- —

Bending magnet

S —

[ntensity
|

Photon energy
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Definition of SR

Synchrotron Radiation is electromagnetic radiation that is
emitted by relativistic charged particles due to their
acceleration.

20
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The First Ever Recorded Observation

The Crab nebula is
the expanding
remains of a star that
was seen to explode
by Chinese
astronomers in the
year 1054 AD.

At the heart of the nebula is a rapidly-spinning neutron
star, a pulsar, and it powers the strongly polarised bluish
'synchrotron’ nebula.

21
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A Brief History of SRT Early Theory

1897

Joseph Larmor derives an expression for the
total instantaneous power radiated by an
accelerated charged particle

Alfred Lienard in Paris (before relativity!)
derives the radiation due to charges moving
close to c & the energy loss of an electron on a
circular path

22
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Li enardodos Paper
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A Brief History of SR - up to WW Il

1908 G.A. Schott (Wales) confirmed the results and also
derived the angular distribution, polarisation
characteristics & the spectrum

1940 The first Betatron is operated with 2.3 MeV electrons
(Donald Kerst, University of lllinois, USA)

Isaak Pomeranchuk in Russia looks again at radiation
loss from high energy electrons T start of significant
Soviet studies

340 MeV Betatron
Kerst
2.3 MeV Betatron

24
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A Brief History of SR - The War Years

1941 Betatron with 20 MeV electrons operated
1945 Betatron with 100 MeV electrons operated

John Blewitt realised that radiation should be
emitted but he looked at long wavelengths 1
unaware of the impact of relativity

He was unlucky as the betatron vacuum
chamber was opaque, otherwise he would
have Nseen thtsh;whyitlsrgoht
call ed nBetatron ad

0
I a

He indirectly observed the electrons lose
energy (orbit shrinking) and correctly

attributed this to emission of radiation .
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A Brief History of SR - Observation

1947 70MeV electron synchrotron at General Electric
Research Lab in Schenectady, NY.

A bluish-white light is observed through the glass
vacuum chamber (24" April) i thought to be sparking
Initially but measurement of linear polarisation

confirmed it was SR
) f.!"




