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Synchrotron Radiation World! :} HEolers A2

There are more than 50 light sources in the world (operational, or under construction). This page lists all the members of the lightsources_ org collaboration.

EtE7] | AT dO/E ©£2025 ©2025 O10]X] NASA, TerraMetrics | SF2t

?Orange pins on the map represent members of the lightsources. org collaboration.
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Figure 2: Principle of the original Van de Graaff generator.
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Figure 6: Effect of shims on the magnetic field (Lawrence and Livingston. 29).
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In May 1947, Elder, Gurewitsch, Langmuir, and
Pollock published a letter entitled "Radiation from
Electrons in a Synchrotron," in which they reported

their visual observation of synchrotron radiation
from the 70-MeV electron synchrotron (shown
above) at General Electric Research Laboratory,
Schenectady, NY.

"If the accelerator tube of the 100-MeV betatron at
Schenectady had not been opaque, the visual
observation would probably have been made three
years earlier by Westendorp or Blewett soon after the
publication of your letter to the Physical Review
(Phys. Rev. 5:343, 1944).
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®SNS (Oak Ridge Nat. Lab)
® JPARC (JAEA)
® ESS (ESS at Lund)
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BFAFE (High Brightness Photon Source)

® Bremsstrahlung X-ray & Synchrotron Radiation
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AM|CH 2ALZTtE 7] (X-ray Free Electron Laser) &%

I X-ray Free Electron Laser 3HoZ 2E8E[0 HZTE 48

LCLS, SCULA, PALXFEL, European XFEL, Swiss FEL

Output
radiation

Input
radiation

Injected
electron beam
micropulse

I Energy Recovery Linac

A

5)

oj2}7|t 747
HZQIZM Aplet

acceleration
STYTIX] DO HAIZS M A|MO| g 7\
\’/dcu-.:lcmliun
JL
- VYV
® > *>—
o IIIINT
superconducting linac
injector dump
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AMICH S ArE7t=57]12] 5% (Ultra-fast, Ultra-small) & P

o 52 Z7HAUIA
1S e Lol - TS 24
e s w7 27

Without Spatial Coherency

disorderd
nano-objects

X-rays

coherence length
smaller than illuminated area

larger than domains _
disorderd

nano-objects

With Spatial Coherency

small angle scattering

Ilsmck[e patlern“

incoherent

pinhole
aperture

SR or ERL

Spontaneous Radiation

spatially

coherent coherent

PPy,
F L Ll
1 ,-//f_/_.” /7 // Ll r

Wavelength
filter

FEL: Free Electron Laser

Coherent Radiation

AV/AV/AV/AV/A
\7

i

4} HEolzigh AEt

: A
COherent r 3 N-electrons Espt -~ \/ﬁ E1 N-electrons Ecoherent ~ N E1
x-[ays — random distribution Pspt ~ NP1 micro-bunched Peonerant ~ N2P1
coherence Iength = Optical Power Enhancement
larger than illuminated area _— x10~10°
2025-02-28 POSTECH 7187 gias |

40



- o
4MIEH ‘SAHE 715712l 58 (Ultra-fast, Ultra-small) :) ol e

=

i NG agnetic recording
Computing time ™ ; s .
i ot perbitis ~ ns  meperotis~2ns|  Photon Wave TrainO| Of %
moecues 1100 : e IS 0|28} Z1}7t
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3 - B2 40| ol SHEENE
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10 s 1 1ps current switch ~ 1ps x**xl '—I- T S o—l '—IOH
Shock wave propagates §?._| %1@-0' |_|- EI-Ll-;IAle-R

by 1 atom in ~ 100fs

Water dissociates in ~10fs

-

o
? [+ Od 0 &0
4 Hl 2 roy
=~ . = U= Al8olH
Light travels
T in 3fe AVAVAVAVAV:
@ sl o= W N
Bohr period of Shorlest laser  Oscillation period of MN
valence eleotron pulse is ~ 1fs  visible light is ~ 1fs
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(e‘ o478t 7147
WA mzolziery Aetct

0 w0 200 30m é\:,r'g;gl au“:'v 9 ) Tor'Sgring—S Us;-rs 2 ) - SPring
uilding i ! ~Slructural Biology Facility O
l (4 — Synchrotron Radiation Physics Faci SPl'lllg-S (8 GeV)
Guest House 1 ‘tl i ~— Highthroughput Factary
- . TN £ Annex of Materials Science

Guest House Reception
Caleteria /ATM
Shop Kirari

Utility Management Building —

Research Facility "HOUKQ

Main Building M=/ &

Reference Room —=

SPring-8
Storage Ring

e
Stockroom for | _1! |
Instruments f \

Storage Ring |
Annex West

RI Laboratory

—= o | XFEL- SF‘rmg 8
Medium-length E_, " Expenmemal Facility ‘

Beamline Facility =

/ TOYOTA By
Experimental Animal.Eacility 4 Expenmenl\

* 1436 m (1997'H)

I Advanced Photon Source (7 GeV)

i* 1104 m (1996'H)

“J | ESRF (6 GeV)

* 844 m (1994'H)
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MAX-IV - Sweden 20034 MAX-IV7} MA[E| D 20164 62 MHE
ScCIENCE DIiRECT® INSTRUMENTS
@ & METHODS 330 pm
IN PHYSICS
RESEARCH 7BA
ELSEVIER Nuclear Instruments and Methods in Physics Research A 508 (2003) 480486 - L — . e e
MAX-IV lattice, dynamic properties and magnet system i

H. Tarawneh®™*, M. Eriksson®, L-J. Lindgren®, B. Anderberg®

" MAX-Lab, Lund University, Box I8, Lund 221 (00, Sweden
PAMACC Uppsala, Sweden

Received 6 May 2003; accepied 8 May 2003 . » e
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DBA/TBA (Double/Tripple) LatticeOlA{
MBA (Multi-Bend Achromatic) =
® Off-axis injection0| M on-axis injection
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USR Robert Hettel
« The term “ultimate storage ring” was first use APSU Project director
in 2000:

A. Ropert, J.M. Filhol, P. Elleaume, L. Farvacque, L.
Hardy, J. Jacob, U. Weinrich, "Towards the Ultimate
Storage Ring-Based Light Source", Proc. EPAC 2000,
Vienna.

- “Ultimate” may have many meanings,
Including providing everything for every user

DLSR
- Diffraction Ilmlted storgge rl-ng o Er( /D —
- All storage rings are diffraction limited for some A [

4GSR o XFELS 4M[TH WAIZ7I47|2tD YHe 2e SHPHH Ho|D
« 4th generation storage ring 1MICH XFELO| X &+3}C}.
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Diffraction Limited Light Source :) HEolers A2

® Single Photon Diffraction - 0| 8¢ = Y= X4 2|12 4o| atA|7t AF

1.0E+02 ¢
=
9 HEPS
$ 1.0E+01 Y . =1A
e
g ESRFHl  Springd-l MBA
g .Diamund ﬂ
T} L e S p——— — o
€ 1.0E+00 | e A =1nm
° : SLSII PETRA-
£ .
o
. TPS ® APS .
1
L |z ELE;_SULEIL‘—__"GiaTnErﬁ___".___‘EEW@_--— “““““ A =10 nm
5 1.0E-01 Janka o S .
e .ASP. * SSRF ESRF /
e ELETTRA
CANDLE ® e PLS DBA/TBA
SPEAR3 J—
CLS
1.0E-02 . . oo g poae ! . .
100 1000

- readapted from G. Schroer (DESY,
Circumference (m) J ( )

Courtesy R. Bartolini
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Higher Brilliance = Smaller emittance

Higher transverse coherence
Smaller photon beam size
Smaller photon beam divergence

Cleaner spectral flux

Additionally, Shorter electron pulses (Time resolved) & Round Beam

Emittance vs. MBA lattices

900
850 BMBA lattices for Elettra [ |

750 ®1MN"3 scale
700 =9
650

pm-rad
.
o
=}
»
I
(o)

0 B =140

Number of dipoles / achromat
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Advanced Light Source Advanced Light Source Upgrade
(Triple Bend Achromat) (Multi-Bend Achromat)

500

y [um]

y [um]
=]

250 um
(rms)

~2%0 0 500 ~>%00 0 500
X [um] X [um]
Study mostly simply organized, Study more complex materials under
homogenous, and static materials dynamic conditions Courtesy of D. Robin
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D

Parameter Units ALS
Electron energy GeV
Horiz. emittance (2000 ) (<70)
Vert. emittance

g Beamsize @ ID -<<1Df<10
center (0,/0,)

o Beamsize @ bend mm 40/7 <5 /<7
' (0,/ay)
bunch length ps 60-70 120-200
(FWHM) ;;omc i“_{'T'I";'I'r;
500 cavity) cavity)

RF frequency MHz 500 200

- Circumference m 196.8 ~196.5

'59200 0 S00

% Jurm]

Courtesy of D. Robin
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Probe  —10x300 Probe

o 3M|CH WAL 7157\
collimatorE 0|25l A

o

round beam2 9IS,

o [t M0 RS

~10x 10 round beam
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W XEMICH 4GSR : 4MICH & YAFE 7157 (4t Generation Storage Ring)
= 7|FE 3M|CH AL ZHET] CHH| EH7|E 2F 1008 7H4AoF REMICH BEAREZEST] (Multi Bend Achromat Lattice)

= MY R XA SO 8 HSEE 71 e 9F 1008 2Faf
- S0t dEERS) Q] LAY dd, 3M|T BARE 7S 7| E0F O A M| A 2HE 7t
o L=k Jt&7|H 3224 7|E H| 2
- . = o ] _I'__) =
I a735S Intense competition drives urgency of APS-U
- MAX-1V(2 9|5l 7t& 3(16) ME
Our plans for the APS Upgrade enable SIRIUS(E.2IE) == M=
the United States to maintain a world
leadership position in storage ESRF-EBS(S & HEh IE5 70
ring-based x-ray sources
SPring-8 (¥ &) FHUF 7hd
-~ APS-U — ,
g2 Resume HEPS(Z=) Al 28T (~'25) NES
ss! operation
W in 2023 APS-U(O| =) &S 7o
HEPS (China) — Greenfield accelerator ALS-U(DI ﬂ) %?_I 7“&
facility to be built near Beijing; planned
completion in early 2020s SLS-"(ﬁ‘?’I ﬁ) %?J 7Hﬂ
SPring-8 (Japan) — Upgrading in 2021 timeframe
ESRF (F_rance) — second phase of L_.lpgr_‘ade incorporates PETRA-'V(%OEI) _’ISII_l % 7Hﬂ
6 four state-of-ne.art beaminepy 2022 o
-of-the- . RITL::] XX = A
SIRIUS (Brazil) — Completing final design; operational in 2019 Dlamond "( oa') TE S 7“ =
2015 MAX-IV (Sweden) — Commissioning under way; inauguration June 2016 SOLEIL 1I(Z Ec'!'ﬁ) FI = IHM
Al'ggmls_g Stuart Henderson - DOE Review of the APS Upgrade Project - July 2016 ELETTRA 2.0 $E % 7“&
Eg Ar onnei%, dUI% R '
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o HrALM(Radiation)2 Of| L X|2] S &0|LC}
SEHE MM 7= XM (n, p, d, B, «,..) EEE= FXpah(xM, ZH0OpM)
YutHo 2 HMe|HAdS et

o ARIHHY N H6x

"GOt S SR SR M B 7|Ef SOFH IR, S8R, A0k o A AM, 5 MXEE

® O|= NRC 10CFR20 (Standards for Protection against Radiation)

“Radiation means alpha particles, beta particles, gamma rays, X-rays, neutrons, high-
speed electrons, high-speed protons, other atomic particles capable of producing ion.
Radiation, as used in this regulation, does not include non-ionizing radiation, such as
radio- or microwaves, or visible, infrared, or ultraviolet light.”
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[ Galactic Cosmic Ray ]
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target container (S5316) 2
flow guide plates 1E+18 JSNS ESS
(grgac'? l‘:l'eh?lr":{") IBR-2 SNS P
~ 1E+16 HEIR RHF-ILL & 1SS __.—9
Japan Proton Accelerator Research Complex Q R MLNSG— J_ l
N MTR g, comereeeerss™] a o T FRM-2
Y . -
(J-PARC) £ 1E+14 NRX ¢ gy HPBR rg e = —
« High Intensity Proton Accelerators - LINAC (400 MeV) + Main Ring (MR) (30 GeV) O . \ = $-- f
+ Facilities to use the secondary beams - Rapid Cycling Synchrotron — Neutrino Facility E X10 IBR-30 . 4 -er T nasT SINQ LT
» Operated by Japan Atomic Energy Agency ~ (RCS) G GeV) — Hadron Hall X 1E+12 : =T o
(JAEA) and High Energy Accelerator — Material and Life 5 3 k1 IP'l'\lS
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Plasma
ﬁ" neutron

NN\  Xray

.

proton
Solid Target

H.A. Baldis, E.M. Campbell, W.L. Kruer. “Hand
book of Plasma Physics”, Chapter 9, Elsevier Sci
ence Publishers, (1991).

When a high power laser pulse strikes a solid target

A hot, dense plasma is produced

 Hot electrons are produced and accelerated as a result of the resonant interaction
between the laser and the plasma

 Hot electrons produce bremsstrahlung radiation when they interact with the target

e Xrays produce high energy neutron by photonuclear interactions

* Energetic protons can also be produced by electrostatic field generated inside the target
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Particle Accelerators

Primary Cosmic Rays

Electromagnetic |
Hadron
v Cascade
L

Shower
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Reactions at Electron Accelerator =N mzoiziors st

pair creation

10%

T LERELE T LI 1 LR I Ty 1 LI T LIRS T T

Illl

Compton

/ scattering

remssirahlung

photoclectric
absorption 103

photonuclear
reaction

1ol

LAY e

L1l

o (barn/atom) (1024 cm?2)

° ° ° 101 F -
Major Reactions and Particles SN — " -
. - \ \V/ Epf()t(:' \\,\”<\Pair—Production(NucIeus) e
« Electromagnetic Shower + 100 b Yt AN .
. C \\\\ // NN \/Compton-Effect .
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10" L__ Rayleigh- A\ ('y,n), - N .\P r-Production
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Reactions at Proton Accelerator, etc

first stage: intranuclear cascade /‘:; a < FAST PROCESS > < SLOW PROCESS >
high-energy proton INCIDENT
o
—~— PARTICLE
®p
\ Intranuclear e
o, Cascade e SRR
TARGET Process - HIGHLY EXCITED p: RESIDUAL |
1
& NUCLEUS ] NUCLEUS i NUCLEI
______________
intermediate stage: preequilibrium / @ Fission Process,
/ Fragmentation
v __
1
FISSION
./ E%s%‘d _>: PRODUCTS, :
m v | FRAGMENTS 1
® TSN DI ! -y LI |
CASCADE | i !
second stage: evaporation  and/or fission - i NUCLEONS ! B ‘e
/ ! : FRAGMENTS
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Figure 4-1. Interacticn processes.
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General flow of shielding analysis and safety system design
for high energy accelerator

Conceptual Design

Radiation Shielding Design

Evaluation of Radiation Safety

Issues for Specific Accelerator Estimation (Phase 1)
- Bulk shielding

- Streaming (Duct, Passage) '

Tech. estimation or benchmark - Skyshine
of methodology of shielding - Activation
analysis A

Design Condition for Accelerator

- Architectural Plan

- Equipment Plan

- Accelerator Operation Mode L Source Term Evaluation
- Beam Loss (1% phase)

Arrangement of Radiation Safety
System

. > - Streaming (Duct, Passage)

Technical Design

Estimation (Phase 2)

S

AT=

—/

| - Detail shielding >

| - Skyshine

A

- Activation

v

Design for Execution

- Architectural Design

- Equipment Design

- Safety Program Development

I Radioactive Material Handling A
. System Design
! _RI 1
| - Waste

- Nuclear

T

! Radiation Safety System Design
| - Radiation Monitoring System

- Radiation Monitoring System
- Personal Safety & Interlock System

—»  (Area, Env. & Personnel)
| - Personal Safety & Interlock
System
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General flow of shielding analysis

Bulk Shielding - Penertration
- Using present empirical formula
- Using simple program like BULK II

Bulk Shielding - Penetration
- Developing new parameters

Source Term Evaluation

FLUKA, PHITS, MCNPX, MARS
- High/Low energy particle flux
- Point/Distributed beam loss

Shielding Analysis

Skyshine Estimation
- Using present empirical formula <
- Using simple program like SHINEIII

AT

—/

\ 4

Dose level at site boundary

Dose level at controlled area

Attenuation Length Evaluation
FLUKA,PHITS, MCNPX, MARS
- Single/Double layer
(En > 20 MeV or E,, > 8 MeV)
- Low energy particle contrib.

Fluence to Dose Conversion
Factor Evaluation
- Data based on ICRP74, etc

A\ 4

Streaming — Duct, Passage
- Using present equation & parameters
- Using simple program like DUCTIII

» ( PHITS, MCNPX, Fluka )

Determine Shielding thickness

Design Condition for Accelerator

- Architectural Plan

- Equipment Plan

- Accelerator Operation Mode
- Beam Loss

A
|
[}
1

| Particle Cross-section for
| available energy range

Neutron flux, Particle flux,
2" gamma-ray

Detail Estimation for detail or whole
structure using Monte Carlo codes:

A

. 1
| Particle Cross-section for
| available energy range

\ 4

Dose level at complicated
structure: Maze, Target, etc.
Final Architectural Structure
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Fig. 6.1. The variation in dose-equivalent rates with time as observed at
the boundary of SLAC. The dose-equivalent rates due to both photons and
neutrons are indicated by solid lines; natural background due to each compo-
nent by dashed lines. Periods of intense accelerator operation are evident
from the fluctuations in neutron dose-equivalent rate (J enkins, 1974).
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Table 2. List of semi-empirical formulae and parameters 10-‘.! / "-‘ -
Semi-empirical formulas Parameters 10° 1 P '..
T — 3
Rindi and Thomas (1975) [2] ¢ : Neutron flux density 3 :‘ o
o(r) = C‘%—‘;;f—k a : Source enhancement factor 10-10_; . - _‘
H(r) = go(r) Q : Effective source strength (n/s) of neutrons emitted from the shield surface . : ; i : -, . 3

H : Dose equivalent for neutron
A @ Effective absorption length in air

Neutron fluence (neutron cm® electron™)

1
r : Distance from a source to a considering point 10"2} N roof | X
Stevenson and Thomas (1984) [4] k:1.5~30H(r)= L‘;:Qﬂx 107*® Sv.m?/n I ” | |h| “ "
A(E.) : Effective absorption length at cut-off energy, E. 10 ] mer—— e T A E
Stapleton and O’Brien (1994) [3] a: 2.0 x 10 Sv.m?/n — *  heutron fluence at the roof of funne ]
aQe "/ AMEC) 3 * 3
T+ e S ———————
10* 10® 107 10® 10° 10* 10° 10® 10" 10° 10' 10* 10° 10*
Neutron energy (MeV)

Fig. 6. (Color online) Neutron fluence at the roof surface
of accelerator tunnel with 2 m-thick concrete shielding (cal-
culated using the PHITS code).
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Fig. 9. (Color online) Comparison of the annual neutron
effective dose as a function of the distance from tunnel by
using Sakamoto’s dose conversion factors [15] with the dose
calculated by using various semi-empirical formulas: (a) up
to 1 km distance and (b) up to the PAL-XFEL boundary
from the accelerator tunnel. Rin75, STE84 and STA94 were
used with the semi-empirical formulas of Rindi and Thomas
[2], Stevenson and Thomas [4], and Stapleton and O’Brien
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Particle Accelerators
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Multiparticle Monte Carlo codes
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General MCNPX/ MCNP | GEANT4 FLUKA MARS PHITS

Version 270762 10.5 2011.2x.7 15 (2019) 3.1

Lab. Affiliation LANL CERN ESA CERN FINAL JAEA KEK,
IN2P3 PPARC INFN RIST, JAXA
INFN LIP SLAC Kyushu Univ.
KEK SLAC RIKEN
TRIUMF TU Wein, CEA

Language Fortran 90/C++ C+ Fortran 77 Fortran 95/C Fortran 77

Cost Free Free Free Free Free

Release Format Source & binary Source & binary Source & binary Binary Source & binary

Availability ESICC Open web User’s Agreement | User’s Agreement | User’s Agreement

User Manual 470 /746 pages 391 pages 387 pages 150 pages 176 pages

Users

Web Site menp lanl gov geant web.cern.ch | www fluka org mars fnal gov phits_jaea go.jp

Workshops ~8/year ~4/year ~2/year ~2/year ~2/year

Input Format Free C++ main Fixed or free Free Free
Fixed geometry

Input Cards ~120/~128 N/A ~85 0to 100 ~100

Parallel Execution Yes Yes No / Merged Yes Yes
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Current Trends : Beam Line Builder :‘) g2 44

Extended Cross-over with beam transport simulation program
MARS15 + MAX-D (Imagine again HUGE facility!)
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Current Trends : Beam Line Builder =N it

Easy to get particle information at marked (scoring) points
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Current Trends : Beam Line Builder

A

Extended Cross-over with beam transport simulation program
- FLUKA Line Builder

» Super fast at stitching elements
(Element database)

 Easy to use once configured,
one command

« Easy to use accelerator
planning files as construction
plan

« Requires a Twiss file (output
from transport code), which is
prone to maths errors

 Accuracy with FLUKA ~ 1 um

» Easy to handle the complicated
element and strutures

Courtesy Cowley
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Simulation Capabilities (JPARC/MLF) :A) Heolsig eie

¢ 9540
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Simulation Capabilities (JPARC/MLF) :A) Heolsig eie

Distribution of nuclear heat on horizontal plane

around mercury target

Nuclear heat (W/cc/MW)

2025-02-28 94



Simulation Capabilities (JPARC/MLF) :A) Heolsig eie

Annual Dose in Shielding
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Simulation Capabilities (JPARC/MLF) :A) Heolsig eie

Table 2. Top ten flights globally, ranked by the dose for a single passenger. Results
shown for solar mean, and during solar minimum and maximum (which result in
maximum and minimum doses).

Passenger dose (u4Sv) Mean flights
required to reach

Rank Alrport pair Min Mean Max ICRP dose limit
1 Bangkok John F Kennedy 834 101.0 107.0 10 2 3 4 5 6 8 9
Suvarnabhumi Dose received ( pSv/hr )
2 Singapore Changi Hartford/ 79.5 100.0 108.0 10
Springfield Bradley Figqre 2. Global dose .rate maps at 35000 ft for (a) maximum, (b) mean, and (c)
3 Kuala Lumpur Newark Liberty 547 99 2 109.0 10 minimum solar modulation potential.
4 John F. Kennedy Beijing Capital 48.6 95.9 97.8 10
5 Detroit Wayne Hong Kong 68.8 949 1000 11 J. Radiol. Prot. 36 (2016) 93-103
County
6 Hong Kong Hartford/ 80.4 93.2 98.3 11
Springfield Bradley
7 Singapore Changi Washington Dulles  93.0 93.1 93.1 11
8 Atlanta Seoul Incheon 46.8 93.0 98.0 11
Hartsfield-Jackson
9 Cairo Los Angeles 92.6 92.6 92.6 11
10 Ahmedabad S. Newark Liberty 47.3 92.4 94.3 11

Vallabhbhai Patel

The minimum rate of 1.3 gSv h™! occurs during solar maximum at the equator. Conversely the

. ) iy e

maximum rate, 9.5 gSv h™!, occurs during solar minimum at the poles. - o ] O OO O g o

opsvin T 1) ) B 2 cusvin
Radiation dose rate map at flight altitude

during solar flare on Sep. 2017 Courtesy T. Sato
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1. Z+Z A|M ZEQ| TSt : FLUKA, PHITS, MARS, MCNP(X), GEANTA.

2. M2 WA 10| gt HI: Wake-field Accelerator, High power laser.

3. M2 2XH=0| LSt =H|: FCC, High Power Beam
High-energy, High-power particle induced damage issue.

4. tHI7|=2| Het 3 7=
5. HFAMH| 7| 2, S| M|of| L3 €1 (Upgrade Project?} 21 X)

6. 715 7|AlM B 7|3 SHAS A0 i3 oH| HEE FTIE
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Spallation Neutron Source, ORNL :) HEolsies Al
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