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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 issuesin TPSII
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Overview
Synchrotron Radiation dBasic

Goal: Accelerator as a SRsource

Particle, energyé

How to achieve the goal?

Generation of particle beam, acceleration, control the beamé




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.
Linear Circular
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U Applications
A particle physics, nuclear physics (collider, neutrino source)

A particle therapy radio-isotope production ion implanters
A Biomedical and condensed-matter physics (neutron, muon source)

A SR source & FEL e.g. 3 GeV, 518.4 m TPS, 1.5 GeV, 120 m TLS
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Radiation Therapy
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Beam transport

Short Iength compact system (BTS)
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X-Ray Data Booklet
https://xdb.Ibl.gov/Section2/Sec_2

Discovery of synchrotron radiation

General Electric Research Laboratory in Schenectady, New York, on April 24, 1947
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Radiation from Electrons in a Synchrotron

F. R. ELDER, A, M. GUREWITSCH, R. V. LANGMUIR,
AND H. C. PoLLock
Research Laboratory, General Electric Company,
Schenectady, New York
May 7, 1947

HIGH energy electrons which are subjected to large
accelerations normal to their velocity should radiate
electromagnetic energy.l™¢ The radiation from electrons
in a betatron or synchrotron should be emitted in a narrow
cone tangent to the electron orbit, and its spectrum should
extend into the visible region. This radiation has now been
observed visually in the General Electric 70-Mev synchro-
tron.5 This machine has an electron orbit radius of 29.3
cm and a peak magnetic field of 8100 gausses. The radiation
is seen as a small spot of brilliant white light by an ob-
server looking into the vacuum tube tangent to the orbit
and toward the approaching electrons. The light is quite
bright when the x-ray output of the machine at 70 Mev
is 50 roentgens per minute at one meter from the target
and can still be observed in daylight at outputs as low as
0.1 roentgen.
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PHYSICAL REVIEW

VOLITME 74, NUMBER 1 JULY 1, 19248

Radiation from Electrons Accelerated in a Synchrotron

F. R. ELpEr, R. V. Lancmuir, anp H. C. PoLrock
General Electric Company, Schenectady, New York
(Received March 15, 1948)

High energy electrons subjected to large radial accelerations radiate considerable energy in
the optical spectrum. The distribution of energy in the light from a synchrotron beam has
heen measured and compared with theory at several electron energies up to 80 Mev. The
results indicate reasonable agreement with theory, Measurement of total light output allowed
an estimate of electron current in the beam. High speed photography of the light permitted
observation of the size and motion of the beam within the accelerator tube.

1. INTRODUCTION

URING the early operation of a 70-Mev
synchrotron' in this laboratory, intense
visible radiation from the high energy electrons
was observed? through the glass wall of the ac-
celerating tube. Almost fifty years ago Lienard?

pointed out that electrons rotating in a circle
chanld radiate enerov and he eave a farmnla far

tron orbit, In our machine the beam is first
visible at about 30 Mev as a dull red spot. At
80 Mev, the present peak energy, the light is
very brilliant and a bluish-white color. The
spectral distribution of the radiation has been
determined during the acceleration of electrons
to several different levels of peak energy and in
this paper is compared with the theory.




Light to Explore the extreme resolution
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Properties of Synchrotron Radiation
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V Excellent collimation-~ 1r)
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Overview of SR andLinac-FEL Facilities

Bending
Quadrupole magnet

magnet

Insertion
Sextupole device

m magnet ; ’

(mmm.N G) o Storage ring

Radio-frequency system

Radio-frequency cavity

ya— G em— &
Linear accelerator -

‘x

@ Transport line A © Injector

© Beamline - ay,,, Boosterring
—m

40 Experimental end station

X-ray pulse

LINACFEL

(LINEAR'ACCELERATOR:FREE'ELECTRON LAS|

Schematic design of the Free Electron Laser
with different components

1) Electrongun
2) Injector

3) Accelerator
4) Undulator

Linear-accelerator

2

bunch compressor

Injector-accelerator . . .
[Ref]: https:/iwww.psi.ch/en/swissfel/how-it-works

Electrongun
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Wor |l dos St or age

i) Diamond Light Source (DLS)
@) SOLEIL Synchrotron

€) European Synchrotron Radiation Facility (ESRF)
— European XEEL %agggirasu 7 Advanced Light Source (ALS)
Deutsches Elektronen-Synchrotron (DESY) Canadian Light Source (CLS)
MAX IV Beijing Synchrotron Radiation Facility (BSRF) B Advanced Photon Source (APS.
| National R ch Conter Shanghai Synchrotron Radiation Fm"ity (SSRF) Cornell High Energy
1 Kuruchatov Institute ohang Accelerator Laboratory (PLS) %g}_f'\gshsr)otron Source
Ly (KSRS) =
' [——QSOLAR'S Synchrotron : 3 National Synchrotron
* «—(D SPring-8/SAC Light Source II =
BESSY Il B o —LCLS (NSLS-II)
—{) Elettra Sincrotrone Trieste — nford Synchrotron Radiation
10 —0 @ Stanford Synchrotron Radiati
(ELETTRA) D Siam | Lightsource (SSRL)
— SWissFEL ; NSLS-II
@ swiss Light Source (SLS) 4D Singapore Synchrotron ource(SSLS) @ 2016
) ALBA Synchrotron
Laboratorio Nacional de
Dz Sincrotron (LNLS) ———
SIRIUS
«—D Australian Synchrotron @ 2020

Encyclopedia of the Synchrotron Radiation Facilities

Nuan-Ya Huang@ 2024 FEL Summer School https://www.aps.anl.gov/spring-8-encyclopedia-of-synchrotron-radiation-facilities%E2%80%932nd-edition
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Synchrotron Radiation - Basic




What Is synchrotron radiation

, All the radiation that generated by a synchrotron? x No

Broad sense: Ultrarelativistic charged particle with acceleration

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

Charged: electromagnetic radiation

Ultrarelativistic :[] 1, velocity is close (not only comparable) to c=299792458 m/s

Non-quasi-constant

20
10
Normal acceleration : perpendicular to velocity ” -“”du'aV

10
g 2 [E 5 RS | i\

| \ZR o8 fiFh 13
10" | wiggler

(EsEmE 2 AR

1
2
3.  Suitable: acceleration is low enough
4
5

Quasi-constant acceleration : duration the pulse

14

x ldentical spectrum (universal function)

Not necessary in a synchrotron or using magnetic field

7 ( Photons / s / mrad -/ mm" / 0.1%BW )
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Non- ultrarelativistic

https://www.nsrrc.org.tw/chinese/lightsource.aspx up to 150 keV(0.64 c)
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Why use B but not E for deflecting beam in an accelerator @

n{8 T Gaussos | aw for magn
nto Gaussods | aw
= 10 3
n — Faradayos | aw
0]
S $
n O T— D Amp reds | aw
0
O 106 'O

T T 7 ,the permittivity

James Clerk Maxwell RS )
1831 1879 hthe permeability

— 24 1
C&80 92458 10 m/sec
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What Is synchrotron radiation: 1. Charged

Why charged particle radiation?

. cis finite

Lorentz transformation

[P MO Ho

>
>

, There is also no electromagnetic waves

Wave equations

A
n-“A ?‘RT_‘ Q'A
wTlo GO H
pT B g ™
nNRg =
w'To




What is synchrotron radiation: 1. Charged

Why charged particle radiation?

— \/

Static Constant motion
(by Lorentz transformation)

e




What Is synchrotron radiation: 1. Charged

Why charged particle radiation? Radiation 2D

Ver. 2.0 April 25. 2003

Tsumons Shintake, RIKEN/SPring-8
[C) Copyright = 0K Free

Transverse
Poynting vector e

|

acceleration
JAzimuthaI

Longitudinal
electric field

magnetic field

. . ) Transverse
Static , short acceleration , Constant motion poynting vector

Total time: t

Tsumoru Shintake, NIMA, 507, 1&, 89, 2003
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What Is synchrotron radiation: 1. Charged

The wave equation in free space y! The continuity equation
’ P:observation point
@ X N T n .
- . n & ~£ T_ ‘ —. Ni{p T
5 n & E: b 1o
» ) wTo - .
N T ; ” e Z'
@) —(‘) Ne N e 7& T : ® L - /
L ) T o) - r r
O
(.. ' pohoia .+ Y(0) . #Becausef the finite velocityof light
PYWH — ——— QoQomQa © 0 —xz—h_ ™= | -
. Y ~ w  theintegralsmustbe evaluatedunderthe retardedtime.
. P " ofofa R: the distance between the observation point
e YD v ‘ QO Qw'Qa andthe charge element at the retarded time
T - ' ‘ S
\ =~ . Y the vector pointing from the
Y b bh € 757 charge element to the observation
| YI point

# For a point charge at rest # For the moving charde LiénardWiechertPotential

. ( C .
PYD m PV —a
5 0 Q ) T "Yp gfrp
« Yo ——= ,
T-Y . VD pn P
L T= Yp ¢irp

[ref] Helmut Wiedemann, Particle Accelerator Physics, 3rd edition, Springer.
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What Is synchrotron radiation: 1. Charged J

v _#particle trajectory )
T 11 ‘Y
charge g at ime t ) s
i A Pixy2) N T heooa
P(x'y'2 _ T - Y
observation \
Tt gt polnt

charge q plx ¥ .2')
at time t' —™ radiation emitted at

time t' toward
observation point

Retarded position of a moving charge distribution
Theradiation observedat point P,time t is the sumof all radiation arriving simultaneouslyat P

Forthe caseof moving charge,the above integral can not be replacedby g/R directly, it must be integrated over a
finite volumefollowed by atransition to charge (Themovementof chargemuchbe takeninto account)

# Considerthe contribution from all chargescontained within a A ’Qr’][ " Q, [‘ iz, 'Q})

sphericalshellcenteredat Pwith a radiusRandthicknessdr to the " (p 3 't'TD) Q, Qi
observationpoint Pat time t
#1 field observedat time t is originate from the fractional charge ( © B
within the volumeelementd" dr P ——
#2. Element of this radiation is coming from different charge T Yp £iP
elements at different time and locations (Dependingon the 4 ,
directionof particlevelocity,there isanincreaseor decreaseof the e VIO PN P
radiationfield at P) \ T* Yp gfP
Nuan-Ya Huang@ 2024 FEL Summer School [ref] Helmut Wiedemann, Particle Accelerator Physics, 3rd edition, Springer.




What is synchrotron radiation: 1. Charged @

Fora chargeg movingwith velocity v, the field canbe calculatedfrom LieénadWiechertpotentials
= 1@ . » ‘
O ——= neh 6 n @&

T O

—

A (1) () ’

Velocity field (coulombregime) Accelerationfield (radiation regime)
Thefirst term of the Efield dependson the particle velocity The secondterm dependson velocity and accelerationof the
and is inversely proportional to the square of the distance charge This term scaleslinearly inversely proportional to the
betweenradiationsourceand observer Forthe particleat rest, distancesothis rangereacheso largerdistancefrom the radiation
this term will convergeto the Coulombfield of a point charge source. Thisterm is non-zero only if the patrticle is accelerated
g. The field is directed toward the observerfor a positive A Chargedparticlesradiate EMwavewhenaccelerated

chargeat rest It tilts into the direction of propagationasthe
velocityof the chargeincreasesForhighlyrelativisticparticles,
this field becomesverysmall Forgeneralcase we ignorethis
velocity field, and we are interested only in free radiation
whichis not anymoreconnectedto electriccharges

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

, Assumptions

1. c is a constant in all reference frames, ¢=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
Total energy Kinetic energy

“ /

O ra [ padw aw O 4qw

/ Momentum \ Rest mass
n raov
0O (Mw @Gw)
3. Lorentz factors:| and]
e Normalized velocity
f (&)

P P
(T p T

N

v/C

Rest mass of electron

4 T ppABA
Taiwan photon source (TPS)
O o A8 vuvyyxm

I T WWWWWwWwY @

1.0}

0.8




What Is synchrotron radiation: 2. Ultrarelativistic

, Ultrarelativistic : 7 | p
The divergence of power distribution decreases as kinetic energy increases
AD P OEJAT O

— 6 — — Al —
A G 1 ATD|P T 1ATD P 1 ¢ g
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Movies in the next slide are — with averaging over e

X y P Trajectory of charged particle




What Is synchrotron radiation: 2. Ultrarelativistic

>
L

-

=
E-.____\‘___‘
U Relativistic aberration effects: A Excellentcollimation of SRlight (~1/)

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

U an evenly distributed light u_ Doppler effect:

T light that comes from the direction of motion is blue-shifted, while light from the opposite
rays incident on an direction is red-shifted
observer at rest

aaaaaaaaaaa @ 2024 FEL Summer School

——

\

N 4

F

[ref] https ://[demonstrations.wolfram .com/RelativisticAberrationAndDopplerShift/
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What is synchrotron radiation: 2. Ultrarelativistic
7 = 1.00

v velocity

acceleration

7 = 1.00

25



What Is synchrotron radiation: 2. Ultrarelativistic

, Ultrarelativistic : 7 | p and corresponding instantaneous divergence of radiation beam

2 otk 75 (rao)

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)




What is synchrotron radiation: 2. Ultrarelativistic

, Hight short radiation pulse

observer

Without Doppler effect

27




What is synchrotron radiation: 2. Ultrarelativistic

, Hight short radiation pulse

observer

Without Doppler effect
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What is synchrotron radiation: 2. Ultrarelativistic




. Ultrarelativistic

What Is synchrotron radiation: 2. Ultrarelativistic
ol

p and corresponding instantaneous divergence of radiation beam

2 il -
————— "N 20t
\ T ST =
\ 1 i T =
1 I 2/F _______
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What Is synchrotron radiation: 2. Ultrarelativistic

p and corresponding instantaneous divergence of radiation beam

_ Ultrarelativistic : [ |
Intensity of radiation beam seen by observer

A

Time for electron to travel the arc YO [’?T)
Distance for photon to travel Ya Yoo S Doooler effect: 1 Yo P
Y PP U 5 :
o Ya 1"
0O —= —
W )

Pulse duration for an observer




What Is synchrotron radiation: 2. Ultrarelativistic

~

(0)

" of w Intensity of radiation beam seen by observer
, Critical frequency 7 —— N
C
—. a factor such that the integrated power
below and above] are the same. /\
| — > time
. ) l . T” ” . |-> (:)
yO Gl ~O -,
| | I
0.100¢ I
| |
'>3_ 0.010% : Frequency spectrum (integrate over polar angle —
’ | | | Ao oo, , .. [
0.001:; I A_ A LIJ‘ I ([:) _|_
[ : :
: |
L0 e T o010 6100 1 0 Universal function of synchrotron radiation
® .. o,
[ Yw) Fw Uy WahAwee




What Is synchrotron radiation: 3. low enough acceleration @

, Critical photon energy
0 9 N
Critical photon energy

6 EAG © ' A6o 4
e Visible light: 1.7~3.1 eV \

E 1020 \l
R 2 0] '
-007_ - o 57 [rmmemedaTY,
£ - AR E S 2 RS Es I
TLS 1.5 1.43 214 keV «— Softx-ray user g0 |
€ _ 12
~ 10
P 20 — r12keV. <—— Hard X-ray user 2 [ R 2 ES R :
. c 10 |
SPring8 8.0 0.679 28.9 keV ,:g F Xﬁﬂéﬂgzﬁﬁth |
Dream 2000=2TeV 1000 2.66 TeV %10 RES " Xﬁwéﬂﬁze:y—\
IR 10 . 5
2.66 TeV> 2 TeV Problem!! R 10* 10 107 0! 10
yc%asz(kew

Classical electrodynamics breaks down

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

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




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.

C Ca

p ( !:O?, ) "0 accelerating gradient
I JVaw
For TPS
raw o' A6
‘O p w67
ug i

C

@)

c8tu p T
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What Is synchrotron radiation: 5. Quasl -constant acceleration @

Bending magnet Intensity of radiation beam seen by observer

)

/ — . \ — > time
Q = Yo
[
\ Characteristic frequency changes
Field-free gap
Di scussion in A. W. Chaods Lectures on Accelerator Ph

e




Summary 1

Goals
1. Charged: electromagnetic radiation
2. Ultrarelativistic :[] 1, 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
Questions
1.  Which charged particle? Electron, proton or ions?
2. How large isT ?100, 1000, 10000 or even higher?
3. Included in 2 & 47
4.  How? Electric or magnetic field?
5. How long should the field in Q4 be?
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Accelerator for Synchrotron Radiation Source




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

(0)

o
w&_ Nuclear Instruments and Methods
~ ELSEVIER
wr Volume 164, Issue 2, 15 August 1979, Pages 375-380

, Total radiation power §y —0 — " : bending radius

Observation of visible synchrotron
radiation emitted by a high-energy proton

LI-EHJ UL p T I’ T(. A)G E|eCtrOn beam at the ecl,geT ota‘mlagnetic field

.l. 14 ‘l )
— w@tnpmn 7 A Muon e -
O- (a 00) Ve . + Addto Mendeley o Share 99 Cite
X& LlJ 0 p T[ I 7( A)G PrOton hitpsifjdoi.org/10.1016/0029-554X(75)90258-0 A Getrights and content 2

- " Mass ratio Abstract
Ratio of the radiation power of electron and pryon e e o e e

light range, by a high-energy proton beam.

Experiments have been carried out at the CERN Super Proton Synchrotron (SPS) in

T U ' l T G ' l T ’ | G order to check for the validity of the theory and measure the properties of the
p X p p p p (p emitted light.

Synchrotron radiation from proton beam has beam observed decades ago

_ Advance photon source Large hadron collider

Particle Electron Proton

0 A6 7 7000
Energy loss per turn n 38.96 3096.2

Y 0 ¢ Mo A6 545 0.006
60 EA®6 19.5 0.04=40 eV




4. How? Electric or magnetic field? @

. Lorentz force

B=1T© E~300 MV/m

Electrical breakdown for dry air ~3 MV/m

. Magnetic force x Normal acceleration




2. How large i1s [ ? 100, 1000, 10000 or even

q Photon Experimental Beamline Apply For
TPS Beamlines Source Techniques Directory Beamtime

44A Quick-scanning X-ray Absorption Beamline Home
Spectroscopy 05A O07A 09A 13A

Beamline SPecification 154 19A 20A 21A

23A 24A 25A  27A

L. Energy range: 4.5 - 34 keV 3IA 324 354 38A
« Flux (microfocused): 5 x 10" (2 x 109 s at 10 keV 30A 414 434

45A

. Beam size (microfocused): 60 (H) x 200 (V) (5 x 5) pm?
« Resolving power: 7000

. . . 4 Find a Beamline
- High harmonic ratio: < 10

44A Home

Beamline Layout

Specifications

Bending magnet

TFM Endstations

30m

i i Mask
Sample position #2 Siits 2 Siies 1
S2m

Sample position #1 Staff
45 m
. Slits 3 Q-Mono
b'.' . 26.2m oM Bremsstrahlung BL Schedule
. HHRM 23 m aperture 20.05 m
K-B mirrors 428 m Bremsstrahlung
HFM 514 m o
VFM 51.7 m RpEESdesil

Optical Layout
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2. How large is 7 ? 100, 1000, 10000 or even higher?

MAGNETS o E

N

Introduction Pictures Favourites Photo Gallery Blog

There are a large variety of magnets in the LHC. However the big ones are the main dipoles.

Main Dipoles

The main budget item and a serious technological challenge are the superconducting (1.9 K) dipoles which bend the beams
around the 27 km circumference of the LHC. At 7 TeV these magnets have to produce a field of around 8.4 Tesla at a current
of around 11,700 A. The magnets have two apertures, one for each of the counter-rotating beams. Each one is 14.3 metres
long. A total of 1232 are needed.

s Vertical B field in the dipole bends the beam round via the Lorentz force

e Need very strong magnets to get the high energy beam around the circle. Superconducting (1.9 K) dipoles producing a
field of 8.3 T - current 11.850 A

2-in-1 magnet design.

Bending magnets (dipoles): 14.3 metres long. Cost: ~ 0.5 million CHF each. Need 1232 of them

Quads etc to keep beam focused and the motion stable

Stored magnetic energy up to 1.29 GIJ per sector. Total stored energy in magnets = 11GJ

One dipole weighs around 35 tonnes.

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

Since the magnetic fieldis ~few T _ [ : order of 10 3 ~ 10% Also, property 3 is satisfied in artificial accelerator.




What Is synchrotron radiation: 3. low enough acceleration @

, Critical photon energy
0 9 N
Critical photon energy

6 EAG © ' A6o 4
T 0 Visible light: 1.7~3.1 eV \
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https://www.nsrrc.org.tw/chinese/lightsource.aspx

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




5. How long shold the magnetic field be?

, Constant field region > 2" f

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

20 - -
————— "N 20t
\ T ST =
1 1 . T ==
1 f 2/F _______
1 | =~
1 1
1 1
1 1
| I
1
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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

Q
‘Cee



Undulator radiation (<)

Undulator

Without Doppler effect

46



Undulator radiation @

Deflection parameter : U

Max deflection angle




Undulator radiation @

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

Synchrotron radiation
spectrum

K=1 K=15

, 1st harmonic
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Calculated by SPECTRA (Takashi Tanaka)




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
[HElliptical 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

Undulator radiation @

On-axis spectrum
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Undulator radiation @

Spectrum of a small pinhole (center on the axis) at downstream of the undulator
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Calculated by SPECTRA (Takashi Tanaka)




Undulator radiation

Overall spectrum / 1st harmonic
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Gaussian approximation

Undulator radiation (1 St harmonic)

Far-field region

Virtual source point (center of undulator)
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Brilliance (brightness, spectral brightness)

, Spatial (transverse) coherence

M2 factor

MP: measure of beam quality x (divergence) (size beam waist)

Wl
Mty

) —)

v Direction of propagation

Blue: Longitudinal beam distribution

Red: Asymptote for beam divergence

Green: divergence and size are determined by fitting data that
measured at different longitudinal positions.




