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State of the Art Accelerator Facilities

Ringcyclotron 590 MeV protons superconducting
cyclotron

1.4 MW average Beam Power

/ \ Re;;iation Therapy

high Intensity Muon Beams Spallation Neutron with Spot Scanning
50 nt/s, 1@8m/s Source 1®n/s and rotating Gantry

Swiss Light Source SLS
2.4 GeV Electron Storage Ring

A extremely stable photon beanis 0.5mm)
AAtapfi and Afast orpit feedback

W.Joho 2009




PAUL SCHERRER INSTITUT N ‘%
([ SIS

Nobel Prize in Chemistry 2009 !

V.Ramakrishnan won Nobel prize in chemistry

He Is a user of a protein crystallography beam line at

the SLS at PSI

Investigation of Ribosomes with x -ray diffraction
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3 Probes for Material Research

only at PSI and Rutherford Lab

Photons (SLS) => Electron Cloud
Neutrons (SINQ) ==> Atomic Nuclel
Muons ( nBbR) ==) |nternal magnetic

Fields in Crystals
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Facilities in Europe
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Size comparison Nucleus => Atom

100 m
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SLS

Aurora (Japan)

a very compact Storage Ring ,
orbit radius = 0.5m

superconducting magnet, B=4.3T
E = 650 MeV (Injection at 150 MeV)

critical wavelength of
synchrotron radiation = 1 nm

X-RAY MICROSCOPY
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FLUORESCENT X-RAY ANALYSIS
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Spring8 (Japan)

the largest Synchrotron

Radiation Source

8 GeV electrons

circumference of
storage ring: 1435 m
(circling a 60m high
mountain!)

EXFERIMENTA
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Production of X-rays

Synchrotronlight —~ crystal

N
R \

W\

Production with X-ray Tube Produktion of X-rays with fast Electrons
(60-90kV) In magnetic field
broad beam => big objects Intensive, laser-like beam

=> Microstructures

W.Joho 2009
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1)

2)

3)

Electromagnetic Waves

RF-fields shake the electrons back and forth in an antenna
=> Radio/ TV/ Radar-waves

in a X-Ray Tube electrons are accelerated to 50-90 keV and then

stopped in an electrode

=> X-Rays

Electrons are deflected in a magnetic Field B through the

Lorentz Force e(vxB)
=> | Synchrotron Radiation

increases dramatically with Energie E = gnc?

SLS

W.Joho 2009
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Synchrotron Radiation

Alaser-like Beams (polarised),

generated by high Energy Electrons
A very high Intensity (Brightness)
A free choice of Wavelength

from infrared to hard X -Rays

what Is needed?

Ve

Y a Storage Ring (with many Magnets), where

Electrons can circulate for hours

W.Joho 2009
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electromagnetic Spectrum

Wavelength| |Energye | -UE1.24 nm-keV
FM-Radio (100 MHz) 3m
Radar (3 GHz) 0.1m
Infrared light 1-1000 nm | 1-1000 meV
red light /700 nm 1.8 eV
violett light 400 nm 3 eV
vacuum ultra violett 4-200 nm 6-300 eV
soft X-Rays 0.4 nm 3 keV
hard X-Rays 0.04 nm 30 keV
GammaRays 1-10 MeV

Synchrotron Radiation: free choice of wavelength |

W.Joho 2009



PAUL SCHERRER INSTITUT

o] e

'A
=
'A

Accelerators

A Electron gun
A LINAC
A Booster, 3 Hz

SLSComponents
Beamlines
90 keV A Protein Cristallography

100 MeV A Material Sciences

0.1-2.4 GeV A Surface Microscopy

A Storage Ring, 288m 2.4 GeV A Surface Spectroscopy

A environment sciences
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Quality

Flexibility

Stability

SLS

SLS Strategy

A high brightness , small emittance,
=) |arge circumference with many magnets

A large spectral range (VUV to hard x-rays)

A straights of 4 m, 7 m and 11 m => choice for undulators

A separation of building structure from floor

A stable temperature in tunnel and experimental hall

A positioning of the magnets on rigid girders

A fast orbit feedback (up to 100Hz)
with high accuracy (< 0.5 pm)

A constant beam current with top -up inje ction (every 2 min)
mm) constant heatload on optical components
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SLS

stable Beams with small Emittance

big Storage Ring with many Magnets

mechanical
Stability

/

\

Temperature

Stability

Hall

Magnet
Girder

Hall \

i Tunnel Optics
NO0.2° || N0.03° || Comp.

Top-up

Orbit
Stability

AFast

FeedB a c
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Allocation of space
for Storage Ring
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36m bends

288m
circumference

12 dioles of 14
24 dipoles of 8

80m straights

e

3 straights of 11.6m
3 straights of 7m

6 straights of 4m

1/2m optics

174 quadrupoles

120 sextupoles

diagnostics etc
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‘ what Is special at SLS ’?l

very good beam quality , high brightness

(requires large circumference, many magnets)
microscopy ( ca. 30 nm) , spectroscopy

small probes (microcrystals)

beamstability <0.5 nm (with fast orbit feed back)
large spectral range

Infrared to hard X-rays (6 decades!)
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‘ what Is special at SLS ?I

3. Short, Medium and Long Straights

A

(6adm3a7m,3all5m)
flexibel undulator schemes

(e.g. variation of the polarization in the kHz -region)

4. Top-up Injection :

A

constant beam intensity over days (beam lifetime is irrelevant !)

=> constant heat load on optical components

)
=



PAUL SCHERRER INSTITUT N\ ‘%
RS SLS

Research with Synchrotron Radiation

X-Ray Analysis X-Ray Microscopy
A Structure of Bio-Molecules (Proteins) A compact magnetic Structures
=> new drugs => Data Storage
A new Materials, Nano-Structures A Solar Cells
A Micro-Tomography A special Surfaces
(3-dim. Reconstruction (Catalysts, minimal Friction etc.)

e.g. biological probes)

A Detection of Trace Elements on

A high Temperature Superconductors Surfaces => Analysis of Impurities

W.Joho 2009
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Protein Cristallography

Structures of two important Enzymes of the Generator of Malarya
Growth of Bio Molecules to Crystals (size 550 nm)

=> Reconstruction with X -rays

W.Joho 2009
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conventional
Absorption a

(+ detailsc, e, Q)

X-ray Radiography of a fish

-
@

Phase contrast
Microscopy b

(+ details d, f, h)
(F.Pfeiffer)
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conventional
Absorption

X-ray Radiography
on the heart of a rat

SLN®

-
-

©

Phase contrast
Microscopy

(C.David, F.Pfeiffer)
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Microtomography uni | eth | zirich

Blood Vessels in the Brain of a Mouse
(infected by Alzheimer)

full size

insufficient Blood Circulation

Ve

Y Deficency in Oxygen
Y Protein Deposits

Y Alzheimer

W.Joho 2009
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Micro-Tomography | (M.stampanoni)
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Embryo of fossile Worm (Markuelia secunda), 500 Million years old
a) black point on tooth pick

b) from Analysis with Electron Scanning Microscope

c) tomographic reconstruction at SLS

d) Tail of Embryo (right)

e) total Reconstruction (Head on left side)

W.Joho 2009
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a voyage through
the lung of a rat

b
U prof. J. Schittny, University Bern, M.Stampanoni Model of Mewse



PAUL SCHERRER INSTITUT

o]

X-ray Tomography

Gas exchange region in the lung of a rat

60 mm daughter airway

25 mm pouches:
alveoli of lung

V4

Prof. Schnittny (Univ. Bern) et al

Tomogram taken at beamline XO4SA-MS, M. Stampanoni et al.

W.Joho 2009



-
@

PAHLS(HERRiI‘NSTITUT Sl‘si?

Helium-Atom

Electron (-)
Neutron

Proton (+)
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Photon

Electron
(fixed energy)

Photo Effect

outgoing Electron Photon in T Electron out

(Einstein 1905, Nobelprize 1921)

Energy Difference between
Electron and Photon gives
Binding Energy

(specific for each Atom)

W.Joho 2009
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Existance of Metals, Isolators and Supraconductors?

chemical Bond

Photon Electron

SLS



PAUL SCHERRER INSTITUT

SLS T Swiss Light Source

Nanolithography

-
@

A Nano-pattern, formed with
Synchrotron Light,

useful for:

A Initiating Crystal Growth of
Proteins

A Increasing the storage
Capacity of Memory Discs

A Microfilters

W.Joho 2009
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- magnetic Microscopy

XMCD (X-rayMagneticCircular Dichroism)

TEY (a.u.)
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Switching of magnetic domains

IBM / HITACHI (2005)
Microdrive, 6 GByte, Pentium IV: 3GHz
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Make movies of magnetic particles
nm & sub -ns

J. Raabe et al., PRL 94, 217204 (2005)
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Creating a fs pulse with a laser (ALS experiments)

fs laser radiation

W.Joho 2009

)
=



PAUL SCHERRER INSTITUT el‘e%
w={® FEMTO: femtosecond X -ray pulses .

Femtosecond Femtosecond Femtosecond
Laser Pulse Electron bunch X-Rays

ot § U
30-ps Electron _ggill M s
Bunch oy
ST
Princinle: Electron i Laser Pulse Ultra -short g.\_/v. SCr;cée;nlgguogtal.,
ple: Interaction Separation g X-rays 2§|3e7nce (2000),
fs-Laser Laser ocut
Shutter JE/\ﬂSlble SR oaut
Fast walve e =—BPM =— B Diaphragm Mirrar for Laser
Gat : w—EBEFmM BEearmatopD
Vclcl‘vg /7

Laser Mirror

—2.356
Laser Mirror in LIHY F.54 515"
ModL_.lIcltor
Hagter SLS Storage Ring: Straight 5L
:?—lcfl\:"?:::ourum Undulator
g Modulator: Angular Dispersion: Radiator: In - | 100fs X-rays
Realization: , — .
Wiggler Chicane = | vac Undulator == | nMXAS Beamline
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how fast are the electrons
In the SLS?

Generation of hard X-Rays requires very fast Electrons:
=> the electrons circulate with almost the speed of light:

1 Million turns per second in the Storage Ring !

Race between electron and light to the moon (1.3 seconds):

Electron looses by only 8m !

W.Joho 2009
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SLS Facllity

_ -
Linac

(100 MeV)

Booster
(2.4 GeV)

building diameter
140m

Storage Ring
(2.4 GeV, 288 m)

Undulators

W.Joho 2009
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SLS Layout

= °.> /

//,’_“
/*\\

Linac 100 MeV

\\

/ Booster 2.4 GeV

Storage Ring 288m

Building
140m
Diameter
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SLS Beamlinesl

2013:

21 Beamlines In
Operation:

10 with Undulators

3 from Superbends
8 from Dipoles

I\ Xd

\l [10S

O Undulator

@® Bending magnet

W.Joho 2009

)
=



PAUL SCHERRER INSTITUT N\ ‘%
RS SLS

O Beamlines from Insertions

No Beamline  Insertions Type Experiments

3M ADRESS UE44 APPLE Advanced Resonant Spectroscopy
4S MS W61 Wiggler Material Sciences

5L Femto/nXAS W138/U19 Wiggler/In-Vac Environmental/Material Science

6S PXI Ul19 In-Vac Protein Crystallography

™ LUCIA UES54/Cavity APPLE Environmental/Material Science

oL SIS UE212 Twin ELM Surfaces/Interfaces Spectroscopy
10S PX 1 ul9 In-Vac Protein Crystallography

11M SIM UES6 Twin APPLE Surfaces/Interfaces Microscopy

12S SAXS Ul9 In-Vac coherent small angle x-ray scattering

soft x-ray: flexible polarization
hard x-ray: small gap / small period, high harmonic operation

W.Joho 2009
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No

1DC

2DA

4DA

SDA

5DB

6DA

/DA

10DA SuperXAS

Beamline

IR

TOMCAT

VUV

OPTIC

SLS

8 Beamlines from Dipoles

Source Experiments

Dipole 1.4 T Infrared Spectroscopy
Superbend 2.9T Tomography

Dipole 1.4 T Combustion Reaction Analysis

Dipole 1.4 T Test of optical components

DIAGNOSTIC Dipole 14T Beam Diagnostic

PX I

POLLUX

Superbend 2.9T Protein Crystallography
Dipole 1.4 T Scanning Transmission X-ray Microscopy

Superbend 2.9T Absorption Spectroscopy

W.Joho 2009
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Beam Line

Air Jet

Booster

Transfer Line

Storage Ring
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SLS Tunnel

SLS

.+ Booster

air inlet Storage
Ring

LLL

1.4m

2.4m

% 0.4m

— 1m

— 1m
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‘ natural Background I

‘ Tolerance for SLS I

Shielding of
Accelerators

Radiation Dose

AViIIigen : 9 800 nbvlyear

( Davos, Locarno: ° 1 @6 nbv/year)
Ahuman, internal (K*° etc.) © 200 nSvl/year
Amedical Applications: ° 1 6 OrbWear
Ash Flight: © 200 ndv

Aoutside PSI: <50 nbvlyear
Ain SLS Building: <1000 nBv/year

ATunneI Walls: 1.0-1.3m
ATunneI Roof : 2 Concrete Layers of 0.4 m

W.Joho 2009
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prebuncher

/

/ bunchers

\

electron
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Layout 100 MeV Linac

accelerating
section 2

to Booster

gun
90 kV |

II||.

llll

500 MHz
RF source

accelerating
section 1
| I M
quadrupole
lenses
I| lll ||| ![[ Il I| ||I ‘]1 l[' I
3 GHz 3 GHz
Klystron Klystron

138

|
bending

magnet

beam dump
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LInac

Electron Gun 90 keV
Linac (11m long) 100 MeV
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‘ Booster Specialtyl

A Booster in same Tunnel

as Storage Ring A Top-up Injection

A => large Circumference A short refill every 2-3 min.
=> small Emittance => constant Beam Current

A efficient Injection into Storage Ring, A => stable Temperatures on
filling in 6 min. optical Components

A compact, economic Magnets A Energy Consumption < 20 kW

A simple Vacuum Chamber (30 x 20 mm)

W.Joho 2009
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Current inmA

500

450

i

Lifetime vs. Top-up Injection

ALS Stt_')l‘ﬂ%ﬂ Ring Status
230,140 m

Beam current

L N
WS N

2z 4 6 3 10 12 14 16 13 20 22 24

Time of Day, Fri May 09,2008

ALS(Berkeley , California):
Lifetime ~ 10 h,

Refilling every 8 h

Current: 400 => 200 mA

SLS (in 2008):

Lifetime ~8 h,

not relevant!

top-up every 2.5 min.
Current: 402 => 400 mA

W.Joho 2009
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Booster
FODGcell
5.4m long

Beam
Vacuum Tube Pump  Monitor

Flansh Dipole Correction- Dipole
BD 6.44 magnets BF 1.1%

1m

W.Joho 2009

)
=



PAUL SCHERRER INSTITUT

Booster

air jets
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vacuum pump in booster
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Booster cavity
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Energy [GeV]

3.0 |
2.5 ]
2.0

1.5

1.0

0.5

0.0

=

Acceleration in Booster

I |
Extraktion

] /

N /

1 L Injekti Injektion
N N§ 24

: T LLLIL TTT1 UL T T 1T 1 T 1 1 T TTIT 11 \I-I—( T 111
.50 0 50 100 150 200 250 300 350 400

Time [mS]

SLS

100MeV
Injektion

2.4GeV
Extraktion

100MeV
Injektion
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Parameter of 2.4 GeV Storage Ring

circumference

12 straights

current

emittance

lattice

tunes Q, , Q,
momentum compaction
RF frequency

peak RF voltage
radiation loss / turn
energy spread (rms)

damping times (X, vy, E)

288 m
3x11.7m, 3x/m, 6x4m
400 mA
5 hm
Triple Bend Achromat
20.44 , 8.74
0.6-103
500 MHz
2.6 MV
500 keV
9.104
9,9,45ms
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