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Accelerator driven applications to meet the needs of society

Advanced instruments for basic and applied science

Analysis of physical, chemical and biological materials

Modification of physical, chemical and biological properties of matter
Medical: diagnostics, treatment and targeted drug design

Security: cargo scanning, IT hardware

Environment

Energy



A beam of particles is a very useful tool.

A beam of the right particles with the right energy at the

right intensity can shrink a tumor, produce cleaner energy,
Spot suspicious cargo, make a better radial tire, clean up dirty
drinking water, map a protein, study a nuclear explosion,
design a new drug, make a heatresistant automotive cable,
diagnose a disease, reduce nuclear waste, detect an art forgery,
Implant ions in a semiconductor, prospect for oil, date an
archaeological find, package a Thanksgiving turkey

or

discover the secrets of the universe
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https://lpap.epfl.ch/wp-content/uploads/2018/10/Report.pdf

The role of accelerators in Physical
and Life Sciences

Fusionstudies

Heavy particle therapy
Nuclear reaction

" &l dAT odxl Kd C"Ox " WG+ 24 “AC

They do not merely follow theory; often they Y Micromechanics
determine theory, because instruments o alithography
determine - W Proteomics
what is possible, and what is possible Radioisotopg, production
determines to a large extent what can Semiconduct CYCLOTRON

EDICALURAPPLICATION

be thought. The telescope, the microscope,
the chronograph, the photograph: all gave
rise to a blossoming of theoretical
understanding

| 2K AzddGbW+ b+izi+ KC+

Hankins & Silverman,
Instruments and the Imagination

NUCLEAR PHYSICS



24 Nobel Prizes in Physics that had direct contribution from accelerators

Year

Name

Accelerator-Science Contribution to Nobel Prize
Winning Research

1939

Ernest O. Lawrence

Lawrence invented the cyclotron at the University of
Californian at Berkeley in 1929 [12].

1951

John D. Cockcroft and
Ernest T.S. Walton

Cockcroft andNValton invented their eponymous line:
positiveion accelerator at the Cavendish Laboratory|
Cambridge, England, in 1932 [13].

1952

Felix Bloch

Bloch used a cyclotron at the Crocker Radiation
Laboratory at the University of California at Berkeley
in hisdiscovery of the magnetic moment of the neut
in 1940 [14].

1957

TsungDao Lee and Chen Ning
Yang

Lee and Yang analyzed d
from Bevatron experiments at the Lawrence Radiati
Laboratory in 1955 [15], which supported their idea
1956 that parity is not conserved in weak interactior|
[16].

1959

Emilio G. Segre and
Owen Chamberlain

Segre and Chamberlain discovered the antiproton i
1955 using the Bevatron at the Lawrence Radiation
Laboratory [17].

1960

Donald A. Glaser

Glasertested his first experimental sich bubble
chamber in 1955 with higenergy protons produced K
the Brookhaven Cosmotron [18].

1961

Robert Hofstadter

Hofstadter carried out electratattering experiments
on carborl2 and oxygei6 in 1959 using the SLAC
linac and thereby made discoveries on the structure|
nucleons [19].

1963

Maria Goeppert Mayer

Goeppert Mayer analyzed experiments using neutrg
beams produced by the University of Chicago
cyclotron in 1947 to measure the nucleardimg
energies of krypton and xenon [20], which led to hel
discoveries on high magic numbers in 1948 [21].

1967

Hans A. Bethe

Bethe analyzed nuclear reactions involving accelerg
protons and other nuclei whereby he discovered in
1939 how energy iproduced in stars [22].

1968

Luis W. Alvarez

Alvarez discovered a large number of resonance stq
using his fifteerinch hydrogen bubble chamber and

high-energy proton beams from the Bevatron at the

Lawrence Radiation Laboratory [23].

1976

Burton Richte and
Samuel C.C. Ting

Richter discovered theY/particle in 1974 using the
SPEAR collider at Stanford [24], and Ting discoverg
the J¥ particle independently in 1974 using the
Brookhaven Alternating Gradient Synchrotron [25].

1979

Sheldon L. Glashow,
Abdus Salam, and
Steven Weinberg

Glashow, Salam, and Weinberg cited experiments ¢
the bombardment of nuclei with neutrinos at CERN
1973 [26] as confirmation of their prediction of weak

neutral currents [27].

1980 | James W. Cronin and Cronin and Fitch concluded in 1964 that CP (chargg
Val L. Fitch parity) symmetry is violated in the decay of neutral K
mesons based upon their experiments using the
Brookhaven Alternating Gradient Synchrotron [28].
1981 | Kai M. Siegbahn Siegbahn invented a weddcusing principle for
betatrons in 1944 with which he made significant
improvements in highesolution electron spectroscop
[29].
1983 | William A. Fowler Fowler collaborated on and analyzed accelefossed
experimentsn 1958 [30], which he used to support h
hypothesis on stellgusion processes in 1957 [31].
1984 | Carlo Rubbia and Rubbia led a team of physicists who observed the
Simon van der Meer intermediate vector bosons W and Z in 1983 using
CE RNO s -antiprotdn aatlider [32], and van der
Meer developed much of the instrumentation neede
for these experiments [33].
1986 | Ernst Ruska Ruska built the first electron microscope in 1933 ba
upon a magnetic optical system that provided large
magnification [34].
1988 | Leon M. Lederman, Lederman, Schwartz, and Steinberger discovered tH
Melvin Schwartz, and muon neutrino in 1962 u
Jack Steinberger Gradient Synchrotron [35].
1989 | Wolfgang Paul Paul 6s idea in thientrgpar |
grew out of accelerator physics [36].
1990 | Jerome |. Friedman, Friedman, Kendall, and
Henry W. Kendall, and on deep inelastic scattering of electrons on protons
Richard E. Taylor bound neutrons used the SLAC linac [37].
1992 | Georges Charpak Charpako6s devel opment of
chambers in 1970 were made possible by accelerat|®
based testing at CERN [38].
1995 | Martin L. Perl Perl discovered the tau
SPEAR collider [39].
2004 | David J. Gross, Frank Wezek, | Gross, Wilczek, and Politzer discovered asymptotic
and freedom in the theory of strong interactions in 1973
H. David Politzer based upon results from the SLAC linac on eleetron
proton scattering [40].
2008 | Makoto Kobayashi and Kobayashi and Maskawads

Toshihide Maskawa

1973 was confirmed by results from the KEKB
accelerator at KEK (High Energy Accelerator Reseq
Organization) in Tsukuba, Ibaraki Prefecture, Japan
and the PEP Il (Positron Electron Project Il) at SLA(
[41], which showed that quark mixing in the gjMark
model is the dominant source of broken symmetry [4

2013: FrangoisEnglert and Peter W. Higgs
"for the theoretical discovery of a mechanism
that contributes to our understanding of the

origin of mass of subatomic particles, and

which recently was confirmed through the
discovery of the predicted fundamental
particle, by the ATLAS and CMS experiments
at CERN'sLarge Hadron Collider"



20 Nobels with X-rays

Chemistry

1936 Peter Debye

1962 Max Perutz and Sir John Kendrew
1976 William Lipscomb

1985 Herbert Hauptman and Jerome Karle

1988 Johann Deisenhofer, Robert Huber and
Hartmut Michel

1997 Paul D. Boyer and John E. Walker
2003 Peter Agre and Roderick Mackinnon
2009 V.Ramakrishnan Th. A.Steitz, A. E.Yonath

2012 Robert J.Lefkowitz and Brian K.Kobilka

Physics

1901 Wilhelm Rontgen

1914 Max von Laue

1915 Sir William Bragg and son
1917 C. G. Barkla

1924 Manne Siegbahn

1927 A. H. Compton

1981 Kai Siegbahn

Medicine

1946 Hermann Muller

1962 Frances Crick, James Watson and Maurice
Wilkins

1979 Alan Cormack and Godfrey Hounsfield
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Imaging things
on all length and time scales
using accelerators,

e.g. latest X-Ray and
computational technologies
(developed at accelerators)

Spatial Scales
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Accelerators had
an impact on a
wide range of
materials
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Synchrotron Light Sources: about 50 storage ring based
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The «rightness» of a light source

Source
area, S

Angular
_ ) divergence, W Flux, F

|:
SxW

Brightness = constant X
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Brightness: disruptive change

X-ray Tubes
Storage Rings
FELS

? Compact sources ?
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Sources of Synchrotron Radiation



Bright beams of particles : phase space density

Incoherent, Coherent, stimulated

spontaneous emission of light
emission of light:

CONE
OF X-RAYS

Large phase space

ELECTRON X- RAYS
TRAJECTORY

“ _/,/"\\\_ A ~.\// ™\

J(Pflt Synchrotron Radiation Physics, Applications, L. Rivkin, Windhoek, 9 July, 2018




Undulators
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3 types of storage ring sources:.

1. Bending magnets: B ~ N

Q\

o\.—é detector

broad
hn-band

time frequency



3 types of storage ring sources:.

2. Wigglers:

time

large
undulations

Series of
short
pulses

frequency



3 types of storage ring sources:.

de_tector
3. Undulators: continuously
small illuminated
undulations

detector
B~N .N2, 6 x10 3

narrow T

hn-band hn/Dhn
8 N

time frequency




Anatomy of a light source

Wy e Storage Ring

Booster 2.7 GeV

)f

Undulators ps /

Beam lines




Undulator line width -
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Undulator of infinite Iength [|>__

Finite length undulator

Aradiation pulse has as many periods as
the undulator ST

Athe line width is | N,

DI_
Due to the electron energy spread  pkas




Undulator
based beamline

Spectrometer

?‘,

oo =
-
-
- -
-

Focusing
device

-
-
-
-
-
-
-
-

Synchrotron
storage ring

Monochromator

-
-
-
-
-
-
-
-

-
-
-
-
=
-
-
-
-
-




[
Phot§1 Energy [eV]

llllllll T

lllllll T

Illll

llllllll T

llllllll T

T

107 =
Undulator radiation E
10" E |+ = ) 4
"‘ : 0 _\ 7]
; 10 @
. 1\ Visible light \ S
i ] b}
E — | U‘) 1
. s g, :
i < 100 3 =
* 1 S E - He @
ﬂ{} . ;ED : % Lie
c>‘3]0'2—_ I*:15mm G
= 1073 S
o 2 ) . - "
/ _ / u %- 2 2 é :| Water window \ E W I ](C\:I) -
— 5 + 4+ g q ~ . %’ 0.
]0-3 E (D) < A!o
; =W -
- D: Cae
l (/) Fee
10 E 1A LL
: . 1+iK? .
1 / :M/u Gldo
1 2n
107 =
:I T T T llllll T T T |||||| T T T |||||I T
10’ 107 10° 10*

Electron Energy [MeV]



Particle beam emittance

Source
area, S

Angular
divergence, W

Emittance =S x W



X-ray emittance from electron source:
a convolution of electron and photon phase space

F SP=s2+s2  s=|L , i
Brightness= —; c Y CVL T 4
(2p)s,S,S,S,
Bx =10m X' I‘unL‘.I:"I;llﬂrI Bx =Lund fﬂ

=1.27m

- -

Photon Electron Total phase space
phase space phasespace ¢_,=57pm,[,=10m
g, =16 pm €. =20pm  g,,=36pm, B,=1.27m



Undulatorradiation
from 6 GeV beam with
Zero emittance, energy
spread (example ESR

Emittance 4 nm-rad,
1% coupling,
finite energy spread




Diffraction limited storage rings



HITTING THE
DIFFRACTION LIMIT

BRIGHTNESS

DFFR%:”ON LIMIT .~ Light of wavelength

I
focused to spot size
Medium E
3 GLS @ D)4
will diffract with angle
Dy =~ /Dx

B [ph/s / mrad?/ mm2/ 0,1% BW]

PHOTON ENERGY [eV]



Diffraction limited light sources

1 1 1 1 1 I T
10°F .
- cLse SSRL :
- Iie f Elettra ]
us
i ALBA SI_Ssole'l -
|
-7 L ALS poll Shanghai B
§ 10 E N ) Diamond E
— n N ] .
= i ~ ESRF i
. 8 Elettra2.0®, NSLS Il APS N
i rn
~, 10 F Soleill _ _ CHESSII 9 -
<= C [ Sirius PETRA Il -
® - : MAX-IV ]
w N e SLs20 N oon ]
5 ALS-U \Dlamond-ll ]
-9 N\ ® SPrings-||
10 F ESRF-EBS @ —
- -~ S
; @APS-U -
i N i
- ® HEPS |
PETRA IV @
1 0_1 O | ] | | ] ] ] ] I 1 \

Circumference [m]



D
O
(=
©
(@)
M
)
©

LEAPS is the largest consortium of analytical facilities wavide and further
expanding its service to an interdisciplinary European user community

19faclilities- 16 institutions- 10 countries

> 300operatingEndStations
> 1.000.000h beamtime/year
> 5.000publications/year

> 15spin off companies

> 35.00Qusers fromall EU &eyond
researchers from all research area

Construction and Operation(y nn a€ kK &S|
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Storage Rings

ESRF
ESRF EBS

PETRA I
PETRA V™

ALBA

ALBAI

ANKA
Diamond
Diamond N*
MAX IV 3 GeV
MAX IV 3 Gav™
ing upgrade
SOLEIL

SOLEIL nng upgrade
5LS

SLS2.0

MAX IV 1.5 GV
ELETTRA
ELETTRAN
BESSY N

BESSY NI*
SOLARIS
ASTRID2
MLS
DAFME-Light

Hard Energy X-ray Facilities

Medium Energy X-ray Facilitie

Soft Energy X-ray Facilities

|  ——— |
I |

I

| I I I

2015 2020 2025 2030 2035

¥acility planning

(subject to approval) .~ Construction

Planning Period

. User Operation



High Temperature Superconductors (HTS)
example of technology development



HTS superconducting magnet
technology: developments

Using non-insulated HTS tapes:

18.2 Tesla field reached recently




HTS superconducting magnet technology undulators

Using bulk HTS material: can reach 2 Tesla for very short period magnets

Put the structure into a solenoid
magnet, cool it and trap the field















