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Part I : Accelerator light source
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What is accelerator light source

(Ғ ԏ ) ?

An electromagnetic wave emitted by a 
relativistic electron beam deflected by an 
magnetic field.
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Why the world needs accelerator 
light source?

Ӣ♄Ể ֵֻԏ :ы ԏȳ ᾚȳ
ȳњ ȳLEDȳ ᷾

ȼȼȼ



Bringing Science Solutions to the world
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Plastics are man-made and continuously to 

improve stability and durability since 1990. 

(2019produce : 353 million tons per year)

=> ᴞ ꜜ ḥ ӢᾬȲҠѿ ҏ ẃ
и ȴ

Hung-Hsuan Chao, Greenpeace, Taiwan

ᶺ ᾼӢ׀Ӕ −ֵᾼ֚ ȲẔМПϚPlastic pollution( ᴁ╬)

ṭ ệᶃ Ȳ (ᴞӦ )Ȳ2023
https://news.ltn.com.tw/news/life/breakingnews/4198513
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Bringing Science Solutions to the world

Ϡ Ȳ
ᶺ Ҡѿ≢ ?



Bringing Science Solutions to the world
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Lasers in X-ray Region?

ᴟЭҠậ ᾼ

юX-ray laser!

courtesy of T. Tanaka,Spring8, B.A. Tech. school, 2018

Ғ ԏ Ҡѿ ẁX- ray laser - like ᾼԏ
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What is accelerator light source

(Ғ ԏ ) ?

An electromagnetic wave emitted by a 
relativistic electron beam deflected by an 
magnetic field.
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Light from a relativistic electron beam



A relativistic electron 
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Lorentz Factor  g

Ὁ ‎ ‍

1 MeV 1.95 0.869

100 MeV 195 0.9999869

1 GeV 1956 0.999999869

3 GeV 5870 0.99999998549

Electron Total Energy  Ὁ ‎άὧ ‎Ὁ
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Electron velocity

Any particle with non zero mass cannot exceed speed of light.

Speed of light in vacuum: 

c = 299792.45 m/s



Light from a relativistic electron 
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Radiation cone(Ὲ )  

Rest frame

Laboratory frame

qqô
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ÅFor a rest electron, isotropic 

emission. 

ÅFor a relativistic electron ‍
ρ, the radiation power is 

condensed to a narrow 

forward cone with a vertical 

angle of .ρ

‎

electron

Lorentz (Length) contraction

ρȾ‎=0.17mrad for 3GeV electron



Light from a relativistic electron 
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Light from a relativistic electron 
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Time squeezing ( )
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ObserverR(tô)
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For— π(on-axis observation),     
Time squeezing 

Ὠὸ
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Ὠὸ= one year (3.15x107 sec)

‎=5870 for 3GeV electron

Ὠὸ=0.45 sec
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Periodic emitter

electron

emission points
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On axis Off axis

Periodic emitter_Wavelength

i i+1
s
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TPS 3 GeV, lu=48 mm, lr = 7Å

F
lu

x

Photon energy

On-axis

Off-axis
non zero angular 

acceptance

light



Wave packets generated from 

undulator

TingYi Chung , 2026, FEL

Electron

Single wave packet

undulator, N periods
Pulse length : Nl(₩10 nm, typical)

Single electron snaking in the undulatorgenerates single wave packet.



Trajectory in a planar ID
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Equation of motion of an electron in a magnetic field B,
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In the coordinate frame, 

small angle approx.

electrons travelling in the z  
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Deflection angle:

Position:

Deflection parameter
(Multiple times the natural divergence angleρȾ‎)

z

@ὓὥὼ‍
@‍ π

TPS 3 GeV, lu=48 mm, K=2, 

peak deflection =0.34 mrad, max dis.=2.6 mm.  

Electron trajectory

(First field integral)

(Second field integral)



Undulator Radiation
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Average velocity

Oscillating term

K can be understood as how 

much the longitudinal velocity 

is slowed down due to the 

undulator magnetic field.

A slippage of an electron behind the wavefront over one period : Ä
‗

‍
‗ὧέί—

—: observed angle

The average velocity can be adjusted 

by the magnetic field strength.



Undulator Radiation
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Å A magnetic field dependent wavelength.

Å Increase B(also  increase K), the output wavelength increase (photon energy 

decrease).

Undulator eq.

n: harmonic number

For constructive interference between wavefronts emitted 

by the same electron, the slippage of the electron must 

be by a whole number of wavelengths over one period.

electron Constructive case

Non-constructive case



Spectrum of Undulator Radiation
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Å only even harmonic?

Å Peak height of  n=5 > 

n=1?

Only wavelengths that are integer multiples and satisfy the slippage condition 

will result in constructive interference, producing light.



Tuning curve
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Zero Em.

Zero E.S.

Scan a photon energy range => shift harmonic peak => tuning K generally via a 

gap change. 

The tuning curve is very valuable for 

end users.



Polarization

Å Polarization is described by the relationship between two orthogonal 

components of the Electric field.

Å However, the amplitude and the phase difference cannot be measured directly. 

TingYi Chung , 2026, FEL

Linear 

CircularElectric field

Phase difference

Stokes Parameters 

The intensity can be measured for different polarization directions: 

Ὓ Ὅ Ὅ Ὅ Ὅ Ὅ Ὅ
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Intensity of :

Linear erect

Linear skew

Circular
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Elliptically polarized undulator (EPU)
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Elliptically polarized undulator (EPU)

TingYi Chung , 2026, FEL

ÅPlanar undulator (vertical field) produces only linear polarization.

ÅElliptical undulator (vertical and horizontal field),
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Magnetic field

Velocity
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ρ

ς‎

ὑ

τ‎

ὑ

τ‎
‍

Wave length

Å The wave length is independent on the phase between the field.

Å Similar to the planar undulator



EPU radiation
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EPU48A_G13 symmetry mode

ÅBx=By, the circular trajectory, pure circular polarization.

ÅOn axis, only the first harmonic, a continuous electric field observed.



ÅTotal power is double that produced by a planar undulator with the 

same magnetic field.

ÅThe maximum power density is located at K/g.
ÅThe width ~ 1/g
Ålarger K, lower on-axis power density but greater total power.

TingYi Chung , 2026, FEL

Total power and Angular power density

Kx=Ky=3

0.38

10.98

1.37

5.14

10.18

5.37

4.16

0.21

(mrad)

Kx=Ky=2 Kx=Ky=1

(m
ra

d
)

kW/mrad^2TPS 3GeV, 0.5A, 4m



Part II :Magnetic field, material and 

Magnet



Magnetic field

Å Magnetic field are always the result of an electric charge in motion.

- Electric current flowing through a wire.

!ÍÐÅÒÅȭÓ ÌÁ×

ὧόὶὰὌ ᴆὐᵼ ὌɇὨᴆὰ ὐɇὨὃᵼὌ
Ὅ
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Biot Savart law

The magnetic field at a point P results from the 

superposition of the contribution from dl.

ὨὌ
ρ

τ“ὶ
ɇὍɇὨὰɇίὭὲ‌ᵼὌ

Ὅ

ςὶ

Straight wire

Single current loop

Uniform magnetic field

Å A pair of Helmholtz coils with diameter 2r and arranged by r.

Å A solenoid.
TingYi Chung , 2026, FEL



Magnetic material

Magnetizing winding

Searching winding

Å A ring specimen changes the flux circulation 

‰ , created by the magnetizing winding.

Å The flux ‰ is observed by the searching winding.

‰ ‰ : diamagnetic

‰ ‰ : paramagnetic and antiferromagnetic

‰ ḻ‰ : ferromagnetic

Rowland ring method (closed loop method)

-Entirely confined flux within the coil.

-Material of a ring without forming poles.

ÅḕϚ ᾬ צ ἤ ȲҬ╥ иⱢ Ϛ
ÅMagnetic field is always the result of an electric 

charge in motion.

=> Correct in matter ?

TingYi Chung , 2026, FEL



Magnetic material_

Å The orbital motion of an electron around the nucleus may be likened to a 

current in a loop of wire.

Å The spin of an electron.

Calculating magnetic moment of an electron according to Bohr model

‘ ὥὶὩὥέὪὰέέὴὧόὶὶὩὲὸ
ὩὬ

τ“ά
ωȢςχτɇρπ ὃά

Bohr magneton: natural unit of magnetic moment

The magnetic moment of an electron in the first (n=1) Bohr orbit.

The magnetic moment due to its spin to ρȢππρɇ‘

e-

nucleus

The magnetic moment of the atom is the vector sum of all its electronic moments.

Å The magnetic moments of all the electrons cancel out, the atom no net 

magnetic moment: diamagnetism.

Å Partial cancellation, the atom is left with a net magnetic moment: the others.  

TingYi Chung , 2026, FEL



Magnetic material_

The magnetic moment of an free iron (Fe) atom,

4s

3d
‘ τ‘

Å In a solid, the energy levels 

of an atom are modified to a 

band structure.

Å No longer an integer.

Å The magnetic moment is 

influenced by crystal 

structure.

2.22
1.72

0.6

2.43

Slater-Pauling curve

The magnetic moment of an atom has a 

maximum for a iron-cobalt alloys, reflects 

the max saturation magnetization of the 

material. 

=> the origin of the magnetic moments is from 

spin and orbital moment in incomplete shells. 

TingYi Chung , 2026, FEL



Magnetic material_ҽ

J(=‘M)H/MH curve,
Magnetic polarization J

Magnetic field strength H

Magnetization M

MT curve
Temperature T

Arrangement of 

magnetic moments Magnet application,

Å High J at a small 

external field.

Å Permanent magnet. 

In addition to the 

external field, J depends 

on T.

At the Curie temperature Tc, the 

ferromagnetism becomes 

paramagnetism, the remanence and 

coercivity get zero.

Fe, Co and Ni are the main components 

for the magnet application. 

Material Tc (o C) Material Tc (o C)

Iron (Fe) 770 Nd2Fe14B 310

Cobalt (Co) 1125 SmCo5, Sm2Co17 700-800

Nickel (Ni) 360 AlNiCo 850

Gadolinium (Gd) 19 Permalloy 360-500

Terbium (Tb) -54 Vanadium Permendur

Co49Fe49V2

950

Dysprosium (Dy) -188 SiFe 500-750

TingYi Chung , 2026, FEL



Ferromagnetism characteristics

Hysteresis loop

Flux density B, 1 T=1 Vs/m2

Field strength H, A/m

Magnetization M, A/m

Permeability in free space ‘ τʌɇρπ Vs/Am(=H/m)

Relative permeability ‘,
In air‘ ρ, H : 1 A/m = 1.25 mT : B

ὄ ‘ Ὄ ὓ ‘‘Ὄ

M=0

M=Ms

H

H
MÒMs

H=0

Domain structure

MOKE image
A typical definition,

Hcj < 1 kA/m  soft magnetic 

Hcj > 10 kA/m  hard magnetic

(permanent magnets)

location of the knee of B:

- 2nd quadrant for soft magnetic

- 3rd quadrant for permanent magnets

Knee

TingYi Chung , 2026, FEL



Permeability

Permeability BH curve

-Hcb

Br

‘

‘

‘ initial permeability

‘ differential or maximum permeability  

Å The ratio of B to H.

Å Function of H and hence different terms in whole region.

Å One of two important terms for the soft magnetic 

application, the other is Ms

- Soft magnetic : 

- Hard magnetic : 

NdFeB, ‘᷆ ρȢπτȟ‘ ρȢρχ

TingYi Chung , 2026, FEL



Energy product

Energy product

Vacuumschmelze GmbH & Co. KG 

Å Energy density and a volume independent magnetic

characteristic.

Å The largest rectangle under the BH curve.

Å The main characteristic for a hard material (permanent

magnet).

V Application generally in air.

V Higher energy product

allows for a reduction in the

magnet volume.

V Working at BHmax, the

highest efficiency, the

highest Induction level at

the smallest volume, but

not the highest field, larger

volumes of the magnet will

produce larger magnetic

fields.

SmCo

NdFeB

1MGOe~8kJ/m3

Each magnet is 

designed to produce 

a field of 100 mT at 

a distance of 5 mm 

from the surface of 

the pole.

R
a
re

 e
a
rth

(R
E

) m
a
g
n
e
t 
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Hard magnetic material

Magnet type I

Å Hcj < Br

Å‘>>1

e.g. Alnico

=> High leakage flux, much 

energy stored in leakage field, 

not usable. 

Vacuumschmelze, Data leaflet

Magnet type II

ÅHcj > Br

Å ‘ͯ 1

e.g. RE-magnet

=> Low leakage flux.

TingYi Chung , 2026, FEL



Magnetic material_Summary

High field application. 

e.g. pole in insertion 

devices

Flux source in 

insertion 

devices

Field shielding

Increasing Hcj by Dy, but 

reducing energy product.

TingYi Chung , 2026, FEL

Oliver Gutfleischat.al., Adv. Mater. 23, 821 (2011).



Sintered NdFeB

Courtesy of Vacuumschmelze

Å The Hcj increases with smaller grain size

Å Die pressing process:

Br : isostatic > transverse > axial

Dipole errors: isostatic > transverse, axial

Å Hydrogen decrepitation( ) destroys 

magnetic material.

Nd+H2O>>NdOH+H, H+Nd>>NdH

appropriate chemical additions between grains 

and coating on the surface avoid Hydrogen 

decrepitation.

TingYi Chung , 2026, FEL

Nd2Fe14B grains 

(monocrystalline)

RE rich constituents containing

Nd, Co, Cu, Al, Ga, Dy (area is exaggerated)

Nd oxides

Porous structure
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ID design_Halbach type
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t  : thickness of block

d  : the air gap between block

g  : gap

l0: period length

p  : blocks per period 

Derived by K. Halbach

p = 4,

The field only contains harmonics n = 1,5,9é. but dominated 

by the fundamental harmonic (n=1).

If t > l0/2ᵼ ρ ÅØÐς“ὲ ρͯᵼὦ πȢωȟὦ πȢρψȢ

Ý n=1 dominates

Sinusoidal along z.

Field decreasing with 

increasing gap and 

decreasing period

If d=0, sinc function, high harmonic decreasing.

Larger p, the less harmonics in the field. 

Block size effect
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ratio of the thickness to period length 

0.96

Block size effect

t to infinity only increases 

the field by 4% 

Harmonic field effect

TingYi Chung , 2026, FEL



Various technologies

gap

Pure permanent magnet (PPM) Hybrid, magnet + Iron Electro-magnet (EM), wire + Iron

Electron beam

ὄ ÁɇÅØÐÂɇ
Ὣ

‗
Ãɇ
Ὣ

‗

a b c

PPM 2.1 -3.2 0

Hybrid 3.7 -5.1 1.52

EM 1.8 -14.3 20.3

Derived by P. Elleaume

The performance of 

the Hybrid type is enhanced by the cryogenic technology;

the EM type by the superconducting technology.  

TingYi Chung , 2026, FEL



Typical structure

TingYi Chung , 2026, FEL

The ESRF standard support structure

Courtesy of J Chavanne. ESRF



TingYi Chung , 2026, FEL

Why does an insertion device need 

such a large and strong structure?



Magnetic force

TingYi Chung , 2026, FEL

Starting from the Lorentz force law and substituting by Gauss's law and 

Ampère's circuital law. 
f : the force per unit volume

s: Poynting vector

s: stress tensor   
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In the magnetostatic condition, 
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Normal stressShear stress

Force on the median plane(electron oscillation plane) 

Ὂȟȟ „ ȟȟ ύὨᾀw : the width of magnet block
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L : the length of ID

For a sinusoidal field with peak field B0, 

force between upper and lower girders.
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Construction challenges
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EPU suffers three dimensions of attractive or repulsive forces.

Ý In addition to mechanical lifetime, mechanical deformation causes systematic 

errors in the magnetic field.

Maximum 

magnetic 

force exceeds 

5 tons in TPS 

EPU.

Å Optimize mechanical structure: dimensions, supporting 

points, material..etc.

Å Gap variation < 20mm. 

Backing beam

Frame

TingYi Chung , 2026, FEL
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Soleil

Spring8



End pole design

TingYi Chung , 2026, FEL

An ideal ID no perturbs the closed orbit and the dynamics of the electron 

beam in a storage ring for any operation.

Å No net kick      => No net First field integral

Å No net offset    => No net Second field integral

The conditions are realized by an optimized end pole design.

J. Chavanne, PAC(1999)

For an antisymmetric field with 

respect to the center of an ID,

Å Principally, the first field 

integral is intrinsic zero.

Å A more sophisticated 

entrance and exit 

configuration to eliminate the 

second field integral.
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Typical magnetic field measurement system
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Standard field integral meas. ESRFStandard Hall meas., ESRF

Local field measurement Field integral measurement

ÅHall probe sensor

Å On-the-fly scanning

Å Laser Encoder

Å Essential for phase shimming 

Å Rotating multiturn coil or Moving stretched wire

Å Horizontal and Vertical first and second field 

integrals

Å Essential for multipole shimming 
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