
Basic Accelerator Physics

HAO-WEN LUO, JAN.2026
luo.hw@nsrrc.org.tw



2

SLAC

Statistical optics based study on the undulator radiation of double minimum beta -y section in TPS

Adjustable phase undulator study for TPS

Design of a new booster to storage ring transfer line in TPS

Injection simulation of nonlinear kicker in TPS

Eddy current in the Ti-coating layer on the inner surface of a nonlinear kicker

Transverse coupling issues in TPSII
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Overview

Synchrotron Radiation ðBasic

Goal: Accelerator as a SRsource

Particle, energyé

How to achieve the goal?

Generation of particle beam, acceleration, control the beamé
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Overview
A particle accelerator is a machine that uses electromagnetic fields to

propel charged particles to very high speedsand energies, and to contain them in

well -defined beams.
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e-gun

LINAC

Storage Ring (SR)

Booster Ring (BR) 

üTypes

https://zh.wikipedia.org/zh-tw/%E5%A4%A7%E5%9E%8B%E5%BC%B7%E5%AD%90%E5%B0%8D%E6%92%9E%E6%A9%9F

https://lcls.slac.stanford.edu/overview

Linear Circular

Hadron (proton, ion é)SNS, J-PARC LHC

Lepton (electron, muon é)SLC, LCLS ALS, PF, TPS

LHC @ CERN (6.8 TeV, 26.7 km) LCLS @ SLAC

üApplications

Ą particle physics, nuclear physics (collider, neutrino source)

Ą particle therapy̘radio-isotope production̘ion implanters

Ą Biomedical and condensed-matter physics (neutron, muon source)

Ą SR source & FEL e.g. 3 GeV, 518.4 m TPS̘1.5 GeV, 120 m TLS  

TPS @ NSRRC
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Radiation Therapy

https://www.shi.co.jp/industrial/en/product/medical/prot

on-therapy/proton-therapy-system.html
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Discovery of synchrotron radiation

General Electric Research Laboratory in Schenectady, New York, on April 24, 1947

X-Ray Data Booklet

https://xdb.lbl.gov/Section2/Sec_2 -2.html
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Light to Explore the extreme resolution

Lecture of ¬Foundation of FELº, Takashi Tanaka, RIKEN SPring-8 Center, ISBA 2022.

Nuan-Ya Huang@ 2024 FEL Summer School
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Properties of Synchrotron Radiation 
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VHigh brightness (>>106 x  Solar radiation)

VTunable wavelength (extend to hard-X-ray)

VExcellent collimation (~ 1/‎)

Vsmall spot size and divergence

VFull polarization

VPulsed time structure (several pswith spacing of  ns) 

ὄὶὭὫὬὸὲὩίί [
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Nuan-Ya Huang@ 2024 FEL Summer School
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Overview of SR and Linac-FEL Facilities

SR
(STORAGE RING)

LINACFEL
(LINEAR ACCELERATOR FREE ELECTRON LASER)

[Ref]: https://www.psi.ch/en/swissfel/how-it-works

Nuan-Ya Huang@ 2024 FEL Summer School
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Worldõs Storage Ring Facilities

10
Encyclopedia of the Synchrotron Radiation Facilities 

https://www.aps.anl.gov/spring-8-encyclopedia-of-synchrotron-radiation-facilities%E2%80%932nd-edition  

TPS 

@ 2016

SIRIUS 

@ 2020

Nuan-Ya Huang@ 2024 FEL Summer School

EBS 

@ 2020

MAX-IV 

@ 2017

NanoTerasu

@ 2024

NSLS-II

@ 2016
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Worldõs Free Electron Laser Facilities

SACLA
@2011

LCLS@2009, 
LCLS-II@2022

FLASH

EURO-XFEL@2017

FERMI FEL

iFEL

FELIX

PAL XFEL
@2017

SXFEL

SwissFEL@2017

JLAB FEL
TARLA

FELBA
CLIO

ITST

FEL-TUS

DCLS

http://sbfel3.ucsb.edu/www/vl_fel.htmlNuan-Ya Huang@ 2024 FEL Summer School
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Synchrotron Radiation - Basic
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What is synchrotron radiation
¸All the radiation that generated by a synchrotron? × No

¸Broad sense: Ultrarelativistic charged particle with acceleration

¸Narrow sense: Ultrarelativistic charged particle with suitable quasi-constant normal acceleration

Charged: acceleration : duration the pulse

× Identical spectrum (universal function)

¸Not necessary in a synchrotron or using magnetic field

https://www.nsrrc.org.tw/chinese/lightsource.aspx

Non-quasi-constant

Non- ultrarelativistic

up to 150 keV(0.64 c)

undulator

wiggler

Bending (dipole) magnet

1. Charged: electromagnetic radiation

2. Ultrarelativistic : ‎ḻ1, velocity is close (not only comparable) to c=299792458 m/s

3. Suitable : acceleration is low enough

4. Normal acceleration : perpendicular to velocity

5. Quasi-constant acceleration : duration the pulse

× Identical spectrum (universal function)
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Why use B but not E for deflecting beam in an accelerator

Gaussõs law

Faradayõs law

Amp¯reõs law

Ὀ ‭Ὁ, ὄ ‘Ὄ, 

‭ ‭‭ ,  the permittivity 

‘ ‘‘ȟthe permeability

Ã ςȢωω792458 108 m/sec

James Clerk Maxwell
1831 1879
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Nuan-Ya Huang@ 2024 FEL Summer School

Gaussõs law for magnetism
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What is synchrotron radiation: 1. Charged

Why charged particle radiation?

¸c is finite

Lorentz transformation

¸There is also no electromagnetic waves

Wave equations
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What is synchrotron radiation: 1. Charged

Why charged particle radiation?

v

Static Constant motion

(by Lorentz transformation)
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What is synchrotron radiation: 1. Charged

Why charged particle radiation?

Static ˽ short acceleration˽ Constant motion

Total time: t

v
r=t/c

Tsumoru Shintake, NIM-A, 507, 1ð2, 89, 2003

acceleration

Azimuthal

magnetic field

Longitudinal 

electric field

Transverse 

Poynting vector

Transverse 

Poynting vector
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What is synchrotron radiation: 1. Charged

Why charged particle radiation?
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What is synchrotron radiation: 1. Charged
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The wave equation in free space

ᴆὃὙȟὸ
‘

τ“

ᴆὼȟώȟᾀ

Ὑ
ὨὼὨώὨᾀ

•Ὑȟὸ
ρ

τ“‐

”ὼȟώȟᾀ

Ὑ
ὨὼὨώὨᾀ

ᴆὃὙȟὸ
‘

τ“

ή

Ὑ

ᴆὺ

ρ ὲẗᴆ‍

•Ὑȟὸ
ρ

τ“‐

ή

Ὑ

ρ

ρ ὲẗᴆ‍

# For the moving chargeĄ Liénard-WiechertPotential# For a point charge e at rest
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R: the distance between the observation point 

and the charge element at the retarded time 

z
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P: observation point

R
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the vector pointing from the 

charge element to the observation 

point 

# Becauseof the finite velocityof light,
the integralsmustbeevaluatedunderthe retardedtime.
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‬ὸ
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The continuity equation

19[ref] Helmut Wiedemann, Particle Accelerator Physics, 3rd edition, Springer.Nuan-Ya Huang@ 2024 FEL Summer School
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What is synchrotron radiation: 1. Charged

Theradiation observedat point P,time t is the sumof all radiation arrivingsimultaneouslyat P.

For the caseof moving charge,the above integral can not be replacedby q/R directly, it must be integrated over a

finite volumefollowed by a transition to charge. (Themovementof chargemuchbe taken into account.)

Retarded position of a moving charge distribution
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# Considerthe contribution from all chargescontainedwithin a
sphericalshellcenteredat Pwith a radiusRandthicknessdr to the
observationpoint Pat time t
#1 field observedat time t is originate from the fractional charge
within the volumeelementd d̀r
#2. Element of this radiation is coming from different charge
elements at different time and locations. (Dependingon the
directionof particlevelocity,there isanincreaseor decreaseof the
radiationfield at P)
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20[ref] Helmut Wiedemann, Particle Accelerator Physics, 3rd edition, Springer.Nuan-Ya Huang@ 2024 FEL Summer School
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What is synchrotron radiation: 1. Charged
Fora chargeq movingwith velocity v, the field canbe calculatedfrom Liénad-Wiechertpotentials

Ą

Velocity field (coulomb regime) Accelerationfield (radiation regime)

Ὁ
‬ᴆὃ
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Ὁ
ẗ ẗ

,    ὄ ὲ Ὁ

Thefirst term of the E field dependson the particle velocity
and is inverselyproportional to the square of the distance
betweenradiationsourceandobserver. Forthe particleat rest,
this term will convergeto the Coulombfield of a point charge
q. The field is directed toward the observer for a positive
chargeat rest. It tilts into the direction of propagationas the
velocityof the chargeincreases. Forhighlyrelativisticparticles,
this field becomesverysmall. Forgeneralcase,we ignorethis
velocity field, and we are interested only in free radiation
whichisnot anymoreconnectedto electriccharges.

The second term depends on velocity and accelerationof the
charge. This term scales linearly inversely proportional to the
distancesothis rangereachesto largerdistancefrom the radiation
source. This term is non-zero only if the particle is accelerated.
ĄChargedparticlesradiateEMwavewhenaccelerated.

21[ref] Helmut Wiedemann, Particle Accelerator Physics, 3rd edition, Springer.Nuan-Ya Huang@ 2024 FEL Summer School
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Introduction to special relativity
¸Assumptions

1. c is a constant in all reference frames, c=299792458 m/s

2. All physics laws are the same in all inertial frames

¸Properties

1. Limit of speed (i .e. c) of all particles with finite rest mass

2. Energy and momentum relations

3. Lorentz factors : ‎and ‍

Ὁ ‎άὧ ‎ ράὧ άὧ Ὁ άὧ

Kinetic energy

Rest mass

Total energy

‍ ὺȾὧ
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ρ ὺȾὧ

ρ

ρ ‍
‍ ρ

ρ

‎
ρ

ρ

ς‎
‎ḻρ

ὴ ‎άὺ

Momentum

Ὁ ὴὧ άὧ

Normalized velocity

Rest mass of electron

ά πȢυρρ-Å6ȾÃ

Taiwan photon source (TPS)

Ὁ σ'Å6O‎ υψχπ

‍ πȢωωωωωωωψφ
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What is synchrotron radiation: 2. Ultrarelativistic

¸Ultrarelativistic : ‎ḻρ

The divergence of power distribution decreases as kinetic energy increases
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Movies in the next slide are with averaging over •

Trajectory of charged particle

‍
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What is synchrotron radiation: 2. Ultrarelativistic

24[ref] https://demonstrations.wolfram.com/RelativisticAberrationAndDopplerShift/

ü an evenly distributed light 
rays  incident on an 

observer at rest

ü Relativistic aberration effects: Ą Excellentcollimation of SRlight (~1/‎)

For a moving observer, light rays appear to be tilted in the direction of motion

ü Doppler effect:
light that comes from the direction of motion is blue-shifted, while light from the opposite

direction is red-shifted

Nuan-Ya Huang@ 2024 FEL Summer School
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What is synchrotron radiation: 2. Ultrarelativistic

acceleration

velocity



26

What is synchrotron radiation: 2. Ultrarelativistic

¸Ultrarelativistic : ‎ḻρand corresponding instantaneous divergence of radiation beam

♬ ♫ ○Ⱦ╬ Ⱦ♬(mrad)

1.005 0.1

1.155 0.5

2.294 0.9

7.089 0.99 140 (~8 degree)

2935 (TLS) 0.999999942 0.34

5871 (TPS) 0.999999986 0.17 (~0.01 degree)
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What is synchrotron radiation: 2. Ultrarelativistic

¸High ‎ short radiation pulse
observer

Without Doppler effect
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What is synchrotron radiation: 2. Ultrarelativistic

¸High ‎ short radiation pulse
observer

Without Doppler effect
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What is synchrotron radiation: 2. Ultrarelativistic



30

What is synchrotron radiation: 2. Ultrarelativistic

¸Ultrarelativistic : ‎ḻρand corresponding instantaneous divergence of radiation beam

2/‎

2/‎

2/‎

2/‎

”
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What is synchrotron radiation: 2. Ultrarelativistic

¸Ultrarelativistic : ‎ḻρand corresponding instantaneous divergence of radiation beam

Ўὰ

Time for electron to travel the arc Ўὸ
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‎‍ὧ

Distance for photon to travel Ўὰ Ўὸὧ
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ὕ
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Doppler effect:
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time 

Intensity of radiation beam seen by observer 

Ўὰ
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What is synchrotron radiation: 2. Ultrarelativistic

¸Critical frequency
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Universal function of synchrotron radiation

Frequency spectrum (integrate over polar angle —) 

: a factor such that the integrated power 

below and above ‫ are the same.



33

What is synchrotron radiation: 3. low enough acceleration

¸Critical photon energy

ό ᴐ‫

ό ËÅ6πȢφφυὉ 'Å6ὄ4
Critical photon energy

Ὁ'Å6 ὄ4 ό

GE 0.07 0.81 2.64 eV

TLS 1.5 1.43 2.14 keV

TPS 3.0 1.19 7.12 keV

SPring8 8.0 0.679 28.9 keV

Dream 2000=2 TeV 1000 2.66 TeV

http://www.spring8.or.jp/en/about_us/whats_sp8/facilities/accelerators/storage_ring/

Visible light: 1.7~3.1 eV

2.66 TeV> 2 TeV Problem!!

Classical electrodynamics breaks down

Soft x-ray user

Hard x-ray user

https://www.nsrrc.org.tw/chinese/lightsource.aspx
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What is synchrotron radiation: 4. Normal acceleration

Longitudinal acceleration also generates radiation, and the power distribution also collimated along

the velocity direction when v is close to c.

For TPS

ὖ

ὖ

ρ

‍‎

Ὃ”

‎άὧ
Ὃ: accelerating gradient
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ᴼ
ὖ

ὖ
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What is synchrotron radiation: 5. Quasi -constant acceleration

Ўὸ

time 

Intensity of radiation beam seen by observer Bending magnet

Ὠ
”

‎

Field-free gap

Characteristic frequency changes

Discussion in A. W. Chaoõs Lectures on Accelerator Physics.
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Summary 1

1. Charged: electromagnetic radiation

2. Ultrarelativistic : ‎ḻ1, velocity is close (not only comparable) to c=299792458 m/s

3. Suitable : acceleration is low enough

4. Normal acceleration : perpendicular to velocity

5. Quasi-constant acceleration : duration the pulse

1. Which charged particle? Electron, proton or ions?

2. How large is ‎? 100, 1000, 10000 or even higher?

3. Included in 2 & 4?

4. How? Electric or magnetic field?

5. How long should the field in Q4 be?

Goals

Questions



37

Accelerator for Synchrotron Radiation Source
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1. Which charged particle? Electron, proton or ions?

¸Total radiation power

¸Ratio of the radiation power of electron and proton

ὖ ὅ

ὅ
τ“

σ

ὶ

άὧ

ψȢψτυρπ ÍȾ'Å6

τȢψτπρπ ÍȾ'Å6

χȢχψσρπ ÍȾ'Å6

ψȢψτυρπȾχȢχψσρπ ρȢρτρπ ρψσφ

Mass ratio

Advance photon source Large hadron collider 

Particle Electron Proton

Ὁ'Å6 7 7000

”Í 38.96 3096.2

Ὗ ὖ ς“”Ⱦ‍ὧ-Å6 5.45 0.006

ό ËÅ6 19.5 0.04=40 eV

Energy loss per turn

Synchrotron radiation from proton beam has beam observed decades ago

”: bending radius

Electron

Muon

Proton
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4. How? Electric or magnetic field?

¸Lorentz force

¸Magnetic force × Normal acceleration

ἐ ήἏ Ἶ Ἄ

ὺO ὧᵼ
Ὂ

Ὂ

Ἇ

ὧἌ

B=1 TᴼE~300 MV/m

Electrical breakdown for dry air ~3 MV/m
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2. How large is ‎? 100, 1000, 10000 or even higher?
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2. How large is ‎? 100, 1000, 10000 or even higher?

https://lhc -machine-outreach.web.cern.ch/components/magnets.htm

Since the magnetic field is ~ few T ˽‎: order of 10 3 ~ 104. Also, property 3 is satisfied in artificial accelerator.
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What is synchrotron radiation: 3. low enough acceleration

¸Critical photon energy

ό ᴐ‫

ό ËÅ6πȢφφυὉ 'Å6ὄ4
Critical photon energy

Ὁ'Å6 ὄ4 ό

GE 0.07 0.81 2.64 eV

TLS 1.5 1.43 2.14 keV

TPS 3.0 1.19 7.12 keV

SPring8 8.0 0.679 28.9 keV

http://www.spring8.or.jp/en/about_us/whats_sp8/facilities/accelerators/storage_ring/

Visible light: 1.7~3.1 eV

Soft x-ray user

Hard x-ray user

https://www.nsrrc.org.tw/chinese/lightsource.aspx
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5. How long shold the magnetic field be?

¸Constant field region > 2”/‎

For TPS2*8.4/5870~ 2.86 mm (easily to be satisfied)

2/‎

2/‎

2/‎

2/‎

”
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Undulator Radiation and Brilliance
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Undulator radiation

If property 5 is relaxed .

Insertion devices: special magnets that are installed in the straight sections

Wiggler and undulator : periodic magnetic field
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Undulator radiation

Wiggler

Undulator

Without Doppler effect
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Undulator radiation

Deflection parameter : ὑ

ὑ
Ὡὄ‗

ς“άὧ
πȢωστὄ4‗ ÃÍ

K/‎

‗

Period length of a wiggler or an undulator

Max deflection angle
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Undulator radiation

Typical on-axis spectrum of Wiggler(K>>1) and undulator(K~ 1)

K=1 K=15

Synchrotron radiation 

spectrum

Calculated by SPECTRA (Takashi Tanaka)

1st harmonic

3rd harmonic

5th harmonic
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Undulator radiation

Helical undulator : only fundamental harmonics for on-axis observer : constant longitudinal speed

By adjusting the relative longitudinal positions of 4 arrays of magnets

Any elliptical and inclined polarized radiation could be generated

ҦElliptical polarized undulator (EPU)
Shigemi Sasaki, Analysis of Advanced Planar Polarized Light Emitter

https://inis.iaea.org/collection/NCLCollectionStore/_Public/25/022/25022400.pdf?r=1

https://inis.iaea.org/collection/NCLCollectionStore/_Public/25/022/25022400.pdf?r=1
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Undulator radiation

On-axis spectrum

1st 

harmonic

3rd
5th

Calculated by SPECTRA (Takashi Tanaka)
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Undulator radiation

Spectrum of a small pinhole (center on the axis) at downstream of the undulator

1st 

harmonic

3rd

5th
2nd

4th

Calculated by SPECTRA (Takashi Tanaka)
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Undulator radiation

Overall spectrum 1st harmonic

3rd

5th

2nd

4th

Calculated by SPECTRA (Takashi Tanaka)
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Undulator radiation (1 st harmonic)
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Typical undulator

ὖ— Ὡ

„
‗

ςὒ

ὒ ὔ‗

„„
‗

τ“

„
ς‗ὒ

τ“

ὖὶᶿ “ ς3É
ς“

ὒ‗
ὶ

Ὤ ρȟσȟυỄ

‗ Ὤ‗ Ὤ
‗

ς‎
ρ
ὑ

ς

Gaussian approximation

„
„

‫ ‫
ς‎

ρ
ὑ
ς

‎—

Ὂ‫ ᶿÓÉÎÃ“ὔ
Ў‫

‫

Estimation 
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Property of Fourier transform

Far-field regionVirtual source point (center of undulator)
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Brilliance (brightness, spectral brightness)

¸Spatial (transverse) coherence

¸M2 factor

M2: measure of beam quality ͯ(divergence) (size beam waist)

ὡ „ͯ

„ͯ

Blue: Longitudinal beam distribution

Red: Asymptote for beam divergence

Green: divergence and size are determined by fitting data that 

measured at different longitudinal positions.

Direction of propagation


