PAUL SCHERRER INSTITUT

=1

The PSI Particle Accelerators

Thomas Schietinger
with help from Joachim Grillenberger, Andreas Streun, and many others

PSI, 16 July 2014
e



PAUL SCHERRER INSTITUT

Content BE

* The 1970s: the Proton Ring Cyclotron

 The 1980s: the High-Power Upgrade
- Proton therapy
 The 1990s: the Neutron Spallation Source — SINQ

 The 2000s: the Synchrotron Light Source — SLS

* The 2010s: the X-ray Free-Electron Laser —
SwissFEL

 The 2020s: SLS-2.0

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014 p. 2/66



PAUL SCHERRER INSTITUT
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In the 1970s... Spet
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In the 1970s... Spet

...the Proton
Ring Cyclotron
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Cyclotron principle
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External beam

Early cyclotrons
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Ring Cyclotron RS

» Advantage:
Accelerating (RF resonators) and
bending (magnets) components
can be separated into sectors

 Disadvantage: Injection!
A dedicated accelerator
for injection is needed!

Extraction region Beam

Oscillator

Q

Gap chegg.com
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Ring Cyclotron

» Advantage:
Accelerating (RF resonators) and

bending (magnets) components
can be separated into sectors

e Disadvantage:
A dedicated accelerator
for injection is needed!

09T
sector =
magnet

50 MHz 150 MHz (3™ harmonic)
resonator resonator
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PSI ring cyclotron

Sector magnet field 06-09T
Magnet weight 250 t
Cavity voltage 850 kV
Frequency 50.63 MHz
Beam energy 72 — 590 MeV
Beam current (max.) 2.4 mA
Extraction radius 45m
Number of turns 185
Relative losses (2.4 mA) 1-2x10™

Thomas Schietinger (SH84)
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Proton cyclotron in 1974
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Proton cyclotron in 2009
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Original injector cyclotron

Commercial cyclotron
(Philips, 1972)

72 MeV energy, limited current

Later used stand-alone for
isotope production

* Decommissioned since 2010

» Will be shipped to China for
further use.
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In the 1980s... RS
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In the 1980s... -

...the High-Power
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Injector-2 Cyclotron (72 MeV) o =

 Also ring cyclotron design
* Needs its own injector!

Sector magnet field 0.33-0.36 T
Magnet weight 180 t
Cavity voltage (50 MHz) 450 kV
Cavity voltage (150 MHz) 40 kV
Beam energy 0.87— 72 MeV
Beam current (max.) 2.7 mA
Extraction radius 3.5m
Number of turns 81
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Cockcroft-Walton Pre-Accelerator e [—

HV cascade 810 kV

Parameter Value

Beam energy 870 keV
Beam current (max.) 30 mA
Beam current (op.) 10 mA

Isolation Transformers
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Development of peak current ol ] e
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Proton sources worldwide ol ] e

PSI current: 2.2 mA = 1.3 MW
Upgrade plan: 3.0 mA £ 1.8 MW
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Applications of the proton facility
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 Main interest is in secondary particles. Two targets (thick and thin) produce:

- Pions
elementary particle research (rare decays)
early trials with particle therapy (“piotron”)
- Muons (decay product of pions)

Elementary particle research (decay constants, rare decays,
e.g., M — ey, 4 — eee).

Muon spin spectroscopy (MSR) — use the muon as a magnetic
spin probe in materials.

* Neutron production:

- Small lead spallation source (since 2010) for the production of
ultra-cold neutrons (elementary particle research, e.g. neutron EDM)

- Large lead spallation source (since 1994) for the production of a
wide spectrum of neutrons (— SINQ)

* Protons: no direct scientific application, but proton therapy
— Initially directly at the proton cyclotron
- Now with a dedicated small cyclotron (— PROSCAN project)

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Proton Facility Layout (HIPA) ol ] e

SINQ (neutron spallation source)
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— |
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Pre-accelerator

P Target E
Target M M .
s . MSR facility

Meson beamlines

Injector-2 ¢ g

Ring Cyclotron ﬂ

I
/
Ultracold
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Proton therapy — PROSCAN ol ] e

s P 5 Why protons?
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COMET cyclotron CESIE

« Compact cyclotron optimized for
proton therapy

 Collaboration between PSI| and
industry (Accel, now Varian)

Diameter 3.175m
Height 1.38 m
Weight 90t
Magnetic field 24-3T
Beam energy 250 MeV
Beam current 1-850 nA
Number of turns 630
Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Project PROSCAN

COMET

250 MeV Cyclotron

Optis

Medical Center
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In the 1990s... RS
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In the 1990s...

...the Neutron Spallation

e (SINQ)

Sourc
S e | i

Erter—" | )
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Neutron spallation

© Neutron
® Proton

» Spallation: safer and more efficient
than fission!

« Beam power on lead target: 0.75 MW
 Neutron flux: 10" n/cm?/s

Proton beamline to
spallation target (side view)
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SINQ hall and beamlines ol ] e
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Neutron scattering off crystal structures
determines atom configurations and
interatomic distances!

« Crystal cell

i « Wavelength

neutrons: ~0.1 nm

size: ~0.1 nm
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Neutron imaging (radiography) ESE

Scanning of large objects without destruction, even during
use (e.g. engines). Hidden objects become visible!

X-ray image Neutron radiography
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In the 2000s: RS

facebook.

Google
You [T

Broadcast Yourself™

iPod (1w
[Plagiists |
Artists >
Songs >
Contacts >
Settings >

4

o
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In the 2000s: =

facebook.

...the Synchrotron Light
Google
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From the cyclotron to the synchrotron em|—{— jm

» Cyclotrons and synchro-cyclotrons Accelerator types (scientific American, May 1953)
(larger orbit with increasing energy)

become impractical at higher energies

: : Linear accelerator
» Synchrotron solution: one orbit for all

) — + = e — + —
energies! — B pp— ——— : ———
- The magnetic bending field must Cyclotron Synchro-cyclotron Synchrotron
increase synchronous to the energy gain N J—
of the particles /7 A\ o "
o 1 g, S T / e
. e B e R Y 1/ W
- The accelerator becomes a true ring! s m / 177\ ( * \
(L)) (e ) ) |
“ : ” \ SEE TSN W\ ] \ § f
- So-called “strong-focusing” scheme A /] =)/ ' /
allows efficient use of magnetic P8 =51 N} :
components
L4 A” mOdern CerUIar h|g h-energy ACCELERATOR TYPES are shown in diagram above.  tron (bottom center) send particles repeatedly through
. In linear accelerator (top) bunches of particles cross the same gap in larger and larger circles. Synchro-
maCh|neS (H ERA Tevatron LHC ) are each gap hetween drift tubes just when the oscillating tron (bottom right) keeps particles on same circular
! T Lo charges on the tubes are such as to give an accelerat- path for whole acceleration by changing the strength of
based on the SynCh rotrOn prlnC'ple. ing kick. Cyclotron (boittom left) and synchro-cyclo- the magnetic field that makes particles travel in cirele.

SLS: two-ring concept!
* Booster synchrotron to accelerate electrons to 2.4 GeV
« Storage ring to keep electrons at constant energy for stable X-ray emission
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Swiss Light Source (SLS)
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Swiss Light Source (SLS)

Booster Synchrotron

Beam energy 100 MeV
Beam energy 0.1—24GeV RF frequency 2997.92 MHz
Circumference 270 m Cycling rate 3.125 Hz
Magnetic bending field 0.72T Charge / pulse 1nC
RF frequency 500 MHz
Peak RF voltage 0.5 MV
Beam current (max.) 12 mA

Storage Ring

Beam energy 2.4 GeV /
Circumference 28
Magnetic bending field 14T
RF frequency 500 MHz /
Peak RF voltage 2.6 MV

Beam current 400 mA
Radiation loss per turn 512 keV

Beam lifetime ~8 h
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SLS tunnel RS

Storage
Ring

Thomas Schietinger (SH84)

Booster

Focusing magnets
(quadrupoles and

sextupoles)
¥ Bending magnet

(dipole)

Girder
structure
(adjustable)

PSI Summer Student Lecture, 16 July 2014




PAUL SCHERRER INSTITUT

Two light sources... o
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SLS spectral brightness sl
A

10 Mio. — intensity
1 Mio. =

10000 =
1000 =

100 = } |
' | |
| | | |

0.1 =
| | >
0.01 mm 1 um 0.1 um 0.01 um 1 nm 0.1 nm 0.01 nm wavelength

viruses T NN 3 % %
cells 2/

molecules atoms
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SLS spectral brightness sl
A

10 Mio. — intensity
1 MiO. =

10000 — @ o
s — | *

light bulb
| >
0.01 mm Mm 0.1 um 0.01 um 1n 0.1 nm 0.01 nm wavelength
. viruses %‘ | j % %
cells proteins molecules atoms
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SLS spectral brightness sl
A

10 Mio. — intensity
1 Mio. =

» o \8 Swiss Light
10000 Z A 4 Source (SLS)

(dipole radiation)

X-ra

| | >
0.01 mm 1 Mm 0.1 um 0.1 nm 0.01 nm wavelength
. viruses 3 é%
cells molecules atoms
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SLS beamlines (12/2013)
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wl=

SLS Beam Lines TomCat ADRESS PEARL
status 12/2013 UE44 Bend
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IRS / 5
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SLS applications (examples) o =

Microtomography Phase Contrast
Microscopy

Protein Cristallography

.l

Structures of two important enzymes of
Malaria agent.

Rat heart with conventional (left) and
phase contrast X-ray imaging (right).

Blood vessels in the brain
of mouse suffering from

Alzheimer disease.
Nanolithography
Nanopattern edged with
interfering X-ray beams.
Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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In the 2010s... RS
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In the 2010s... —

... the X-Ray Free-Electron
Laser (SwissFEL)

sgan bor wik] gams crossing

O i Al oo e
¥ rcchlalcr ] olfead
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s i whETE,
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Pholon Baamdings,
Expserimands
and Pregparaticon Laboratorias

ARAMIS Urdulators

Linzar Acoalerator

T The SwissFEL Building Site

Injecior
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Distances and time-spans in
nature and technology
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. Microgears:
Space . 2 10_91 00 Red blood cells: ~5 um
= Y\ T Virus:
0 i 200 nm Water
VAV, DNA helix: Bnﬁ"ﬁf;"e
N @ ~3 nm '
carbon J
AT nanotube:
Human hair: DVD track: Jd~2nm
Pin head: 1 mm @ 30 ym 0.74 um
i | | L | |
| | | | | | >
Magnetic ns
recgrding : PS  Laser pulsed fs
time per current switch: —>| |
bit: ~2 n ~1 ps Water dissociates
- Spin precession in ~10 fs
in 1 Tesla field: © Shortest laser
— 10 ps — o0 pulse (optical):
Hydrogen transfer e ~1 fs

time in molecules: ~1 ns H

— @ Computing S
time per bit:

~1 ns
Thomas Schietinger (SH84)

Shock wave propagates
by one atom in 100 fs

Bohr period

of valence @

electron is ~1 fs
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through time resolution o] -

© Irene Muller
www.pbase.com/daria90

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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through time resolution o] e

© Irene Muller
www.pbase.com/daria90
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AdvanCing knowledge PAUL SCHERRER INSTITUT
through time resolution =

Image: LCLS, SLAC
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Round or straight? RS

electron bunch

Circular accelerator:

» Electrons continuously emit light

e Electron bunches diverge

» Ultra-short pulses are not possible
(limit of ~100 ps from RF bunching)

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Round or straight? RS

~electron bunch

« Circular accelerator:

» Electrons continuously emit light

e Electron bunches diverge

» Ultra-short pulses are not possible
(limit of ~100 ps from RF bunching)

Linear accelerator:

* Electrons do not emit light

» Electron bunches remain compact

* Emission of ultra-short (order 10 fs) light
pulses is possible thanks to “undulator”

AW

compact
electron bunch

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Undulator radiation

The light waves of a certain wavelength add coherently (constructive
interference), if

« the electron beam has high brightness (low emittance at high current)
« the magnets have the right spacing and gap (undulator parameter K)
« the undulator is long enough (gain length)

“Free-Electron Laser” (FEL)

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Revolutionizing X-ray science

wl=

wavelength (m)

o
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10 TTF FEL / S
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O] <
8 2 2 (single pass)
®© | 19 TTF FEL
= ¢ (O
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X-ray FELs worldwide =

SCSS, SPring-8, Japan

oject =

» .
o R
it o - =

=&
o

European XFEL, DESY, Hamburg

P \/m\l\’k\ AN A N\ =Y/
)." efe e % The European X-ray laser project XFEL
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T i
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. Beam Lines
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X-ray FELs worldwide
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LCLS SCSS European SwissFEL
(USA) (Japan) XFEL (CH)
Start of operation 2009 2011 2015 2017
Length [km] 3.0 0.75 3.4 0.7
Beam energy [GeV] 13.6 8 17.5 6
Min. wavelength A .. [nm] 0.15 0.1 0.1 0.1
Peak brilliance at A, 2.4 5.0 5.0 1.3

[1033 photons/s/mm?2/mrad?/0.1% BW]
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Ingredients of an X-ray FEL
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wl=

o

Experiments

Experiments

Generation of Electron beam X-ray generation X-ray transport
high-brightness acceleration with FEL process and focussing
electron beam (SASE)
/ Undulator | =\ N\ NN
Electron gun —— Linear accelerator < Undulator =\
Undulator =\ N\NN\N>

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014

Experiments




SwissFEL layout

©=420 Rgs=-55 mm
e ©=38°

US0: 1=0.4 m 0,=1.07 %

5 2

3 % BC 1

Gun Booster 1 Booster 2 Linac 1
Deflector

S band S band S band X band C band (36 x 2 m)
100 MV/m (2 x4 m) (4x4m) (2x0.75m) 26.5 MV/m, 19.3 °
51 ° from 10-20 MV/m 15 MV/m  15MV/m
0 crossing 0/0° 24° +176°

z=17m; E=130.4MeV, | =20 A
0,= 871 uym (2.9 ps)

0,=0.15%

Ensice = 023 m

Enpro, = 0-27 um

80m
330 MeV, 154 A
0,= 124 ym (413 fs)

Thomas Schietinger (SH84)
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2.5-3.4 GeV, 3 KA
389 m

466 m

Energy tuning
Cband (8 x2m)
max 28.5 MV/m, 0 °

Athos Undulators
12 x4 m; gap 24 - 6.5 mm
A,=40mm; K=1-3.2;L,=58m

Rs=-20.7 mm Athos Lina
©=215°
0,= 0.57 % : l) ')I);( OOHI
' \S(\;vrl(tfh Deflector 0.7-7 nm, 100 Hz; 360 pJ
BC2 > 1 nm: transform limited
Linac 2 Linac 3
C band (16 x 2 m) / Do, SONimEtion Aramis Undulators 5,20255(1'3%';15150 "
27.5MV/m, 0 ° Energy tuning etiector 12x4 m;gap 3.2—-5.5mm -—>
C band (52 x 2 m) A, =15 mm; K= 1.2; L= 58 m
max 28.5 MV/m, 0 °
273 m 5568 m
210 m 3.0 GeV 500 m
2.1 GeV; 3 kA 0,=0.34 % 2.1-5.8 GeV, 3 kA
0,=6 um (21 fs) Enpro, = 047 pm 0,=6.2 um (21 fs)
' o,= 0.006 %
£N.slice= 029 Um
Enpro, = 0-51 pm

SwissFEL key parameters

Final electron energy 5.8 GeV
RF frequency 3/5.7 GHz
Bunch charge 10-200 pC
1-20 fs
100 Hz
1-70 A

Pulse duration
Repetition rate
Photon wavelength
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SwissFEL building

A new large research facility for the
Paul Scherrer Institute

e
-----
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SwissFEL Construction Site (May 2014) el —]— Jm
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SwissFEL Construction Site (May 2014) el —]— Jm
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SwissFEL Construction Site (May 2014) el —]— Jm
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Project Schedule ol ]

Entwicklung, Prototypenbau und Test von
Komponenten grosser Stiickzahl
{z.B. HF Systeme, Undulatoren) Vorbersitung zukiinftiger
Ausbaustufen

Forschung und

Entwicklun
9 Entwicklung und Testen spezieller Komponenten

(z.B.5pezifische Detektoren, Injektoren)

Beschleunigung
und experimentelle Beschaffung der Komponenten, Empfang, Vormontage
Bereiche
Gebiude Vorbereitung Bau und Technische Installation Installation
der Konstruktion Infrastruktur Infrastruktur der Komponenten der Komponenten
Athos Undulatorlinie

I | — ———— 1

. . Science Conceptual Anfrage Anfrage Technical Start Uberaabe In Betriebs- Start In Betriebs-
Meilensteine Case Design beim beim Design Konstrukt- Geb?u de setzung routine- setzung
Report Report ETH-Rat Parlament Report tion 1. Phase betrich 2. Phase

Important milestones: 2010 Conceptual Design Report
2012 Approval by Swiss Parliament

2013 Start Construction
2014 Building Completed
2017 Start Operation (Phase 1)

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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SwissFEL Injector Test Facility

» Electron gun and first accelerating section (first
~50 m of SwissFEL)

« Test of components and procedures needed for
SwissFEL

 Will be moved to final SwissFEL location in 2015

¥ diok  } quadrupole 4+ BFMbsceen # sereen Injector hall (2009)

Deflecting Deflacting
cawvity 1 . . cavity 2
(S-band) Harmenic cavity (S ban d)

Acceleration (S4and) (X-band)

FODOD cells

....
- LU

Py o, bl Bl ] End End .
i Compression

Shand ZRBE WH: Shamd JBBE MHz
L= R E1 0 L T L1 B ) LU PR T
Wiods 200 ki — | 2 pe hyaron : THZ IR
Hyslrcn: THZ OOL
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SwissFEL Injector Test Facility

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014




PAUL SCHERRER INSTITUT

Official inauguration (24 August 2010) | ——] |m

F10D100_DSCR10_CCAM2

BE
28 Oct 2010 9:11 AM

1000

Keep it simple for the Federal
Councillor: one button, two signals

900

800

700

600

500

400

300

200

+ScreenMonitorTool

5 4 3 2 1 0 -1 -2 -3 -4 -5
horizon! tal mm

Beam on LUAG screen in front of Signal from Wall Current Monitor
beam dump. after the RF gun.

Button connected to laser shutter.

The Burkhalter beam:
« ~35pC charge

« ~160 MeV energy

Visit to the injector tunnel.

« ~0.5MeV energy spread
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In the 2020s... RS

BMW ZX-6 concept

yankodesign.com

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014




In the 2020s...

yankodesign.com
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..oLS-2.0!

BMW ZX-6 concept

PSI Summer Student Lecture, 16 July 2014
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SLS-2.0 Concept

 Improvements in magnet and other technologies
allow more compact components.

* New ring design with many short bending
magnets with small deflection angles gives
dramatic reduction in emittance, therefore much
higher brilliance.

e Design study in progress.

Image: ECOS

« Realization in the period 2021-24 (if funding can
be secured).

i Ea L
New SLS-2.0 lattice __ g vawt***™ "‘"m.‘,\
(concept) e
P
Existing SLS lattice
/

0 5 10 X [m] 15 20
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Summary ol ]

* By realizing about one large facility / upgrade per decade, the Paul Scherrer
Institute has been able to stay competitive throughout a wide spectrum of
natural sciences — since the 1970s!

* The availability of pions, muons, neutrons, and X-ray photons as probes in
the same lab is worldwide unique.

* With SwissFEL under construction and SLS-2.0 on the horizon, the future
looks even brighter!

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Thank you for your attention!
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Spare slides...
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Neutron imaging ol ]

Scanning of large objects without destruction, even during
use! The inner workings become visible.

Neutron radiography
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storage ring (2.4 GeV, 288 m)

undulators

Cern Courier

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014




June
June

Dec.

June

July
Jan.
May

Dec.

1990

1993
1997
1999

2000
2001

2001
2005
2006
2010
2011
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First ideas for a
Swiss Light Source

Conceptual Design Report
Approval by Swiss Government

Finalization of Building/

First Stored Beam T it gl

Design current 400 mA reached ' = TJH‘1&1‘_‘E|U|V.2UU1
Top up operation started

First experiments f==gy

Laser beam slicing “FEMTO”
3 Tesla super bends |
~completion: 18 beamlines |
Vertical emittance record: 1 pm
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SwissFEL site -

Das SwissFEL Bauprojekt ist umweltvertraglich und erfullt sehr hohe
wissenschaftlich-technische Anforderungen. Das Baukonzept halt den

Eingriff in den Unterwald am Standort so gering wie méglich und

erreicht eine optimale Landschaftseinbettung. Dadurch werden die

Auswirkungen auf Natur, Fauna, Wald, Landschaft und Erholung auf

ein Minimum reduziert. Die Anlage tritt optisch nur wenig in Erschei-

nung, und nach der Fertigstellung der Anlage entsteht ein O e
okologischer Mehrwert. SwissFEL Anlage haben eine

sehr positive Auswirkung auf
den Wildwechsel

Far die Forscher stehen for die
Zeit wahrend der Daver der
Experimente am SwissFEL
Labors z2ur Verfagung,

Im Geschoss 1 befinden
| sich die Versorgungsanlagen
der SwissFEL Anlage.

Experimente
Im Jahr 2016 geht der SwissFEL In Betrieb, Er erzeugt sehr kurze Rontgenicht.
pulse. In Experimente werden Forschende extrem schnelle Vorgange, wie die
Entstehung neuer Molekule bei chemischen Reaktionen verfolgen kénnen, die
detaillerte Struktur lebenswichtiger Proteine bestimmen oder den genauen
Aufbau von Materialien klaren. Dabel werden die Forschenden Einblicke gewin-
e, wie sie mit heute verfagbaren Methoden nicht moglich sind.

Undulatoren
Die Magnete im Undulator
2wingen die Elektronen auf eine
Slalombahn, dabel entsteht das
Rontgenicht.

Optimale Einbettung in die Umgebung

Diverse standorte fur den Bau der SwissFEL-Anlage wurden untersucht, Dabel erwies sich der Standort Im Worenlinger
Wald als am besten geelgnet. Die Arbeltsgruppe ,Wald*, mit Vertretern aus Gemeinde, Kanton und PSI sowie externen
Forschung und Natur. Ein wichtiger Meilenstein fur das.

worde am 23 Jcht: Mit grosser Kanton Aargaus
entachieden, dass der

Paul Scherrer Institut (PS1) 12
st das grosste Forschungszentrum fur Natur- und Ingenleur- n

‘wissenschaften In der Schweiz, Wir betreiben Spitzenfor- .
schung In den Bereichen Materle und Material, Mensch und
‘Gesundheit sowie Energie und Umwelt

Swiss Light Source k1
beschleuniger auf nahe zu Lichtge- er SwissFEL stz sich auf die sehr wichtigen Erkenntrisse
schwindigkeit beschleunigt und Erfahrungen, die die Forschenden mit der SLS gewon- U\
nen haben. Der SwissFEL stellt eine wesentiche Erweiterung
der Forschnugsmoglichkeiten der SLS dar.

Zentrale Steuerung B
Maschinen Kontrollraum aller Beschieuniger Anlagen des P51
‘Auch SwissFEL wird von hier aus gesteuert werden.

swisre
Anlagekiihlung Grundwas:
Far die Anlage tonstant sein. Das Was (ca. 800 m lang)
der Aare hat far die hohe Temperatur und

Losung,

Das Rontgenicht for die
Experimente wird im Geschoss 0
des Gebiudes erzeugt, wo sich
Ijektor, Beschleuniger und
Undulatoren befinden

elne sie
nischer sicht moglich. Die lokal und reversibel, i nicht,

ektor
Im Injektor werden

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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SwissFEL Construction (Oct. 2013)
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SwissFEL Construction (April 2014)
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Microbunching | =

* Interaction with an external (seeding) wave or spontaneous undulator
radiation (SASE) gives rise to density modulations along the bunch.

« Coherent emission of radiation of wavelength A, with power P ~ N2.

» Increased field strength further amplifies the “micro-bunching”.

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Self Amplified Spontaneous Emission (SASE)am| —{ =] |m

A Pr(2) o exp (i) <

e During the build-up of the micro-bunch density modulations the output
intensity increases exponentially along the undulator

* At some point this process stops. This saturation point should be
reached within an acceptable undulator length (SwissFEL: ~60 m)

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Comparison to conventional Laser s |-

LASER FEL

Characteristics Source of narrow, monochromatic and coherent light beams
Configuration Oscillator or amplifier

First demonstration 1960 1977

Laser medium Solids, liquids, gases Vac::?o\éviiéhrﬁ;egc;t;%r; ?i:%m 1
ot ener et eneoy

Light or applied

: Electron accelerator
electric current

Energy pump

Relativistic mechanics

Theoretical basis Quantum mechanics .
and electrodynamics
Wavelength definition Energy Ievgls of EI_ectron energy, magn_etic
laser medium field strength and period

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Comparison to conventional light source [J:_
SLS SwissFEL

Peak brilliance 1021 1033
[photons/s/mm?2/mrad?/0.1% BW]

Average brilliance 18 29

[photons/s/mm?2/mrad?/0.1% BW] 5x 10 5x 10

Total photon flux 8 x 1020 26 x 1012
(around the ring)

Total photon power 200 kW 5 mW

Fractional energy loss of

electrons to photons 100% 0.05%

Average electron current 400 mA 20 nA

Photon pulse length 100 ps 20 fs

= SwissFEL is a very brilliant photon source, but a poor
source in terms of total photon flux!

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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SwissFEL site ol = e

O SoPEL Vemon: FELMPOS 2159

_~— Erstausbau: 1x hard X-ray (Bau & Maschine)
' 1x soft X-ray (nur Bau / ohne Maschine)

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Site optimization (task force “forest”) @ —|—1 |m

5" Meeting (Sept. 2010)

1%t Meeting (Jan. 2010)

el ProhBiieg Ausgangsiage EEIREES a(:[m Priorhélzliweg einseitig eingedeckt mit 1 Ubergang
ohne technischen Baumachutz
bestockt ”
1.1 15 o
8 %
g B 52
g if‘f’xl;‘! g =m
—_— ¥
v Fokr
x g ¥ g
s N £
—_— - -
Temporary Forest Clearing 4.6 ha Temporary Forest Clearing 4.2 ha
Permanent Forest Clearing 4.4 ha Permanent Forest Clearing 0.7 ha
Additional Investment - Mio. Additional Investment 12.1 Mio.

PSI Summer Student Lecture, 16 July 2014
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High-Tech — embedded in nature

BesranD

v 20n. _

= Dot CEFFLAIRULIG Fat
_j e ée-{*:b?{“

BAL HZ 07002010
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PSl-developed RF Gun

AN
* 2.5 cell copper cavity o e
TEMP (AVG,
* 2998.8 MHz (S-band) .,

e 2 us pulse length

* 100 MV/m gradient

* 100 Hz repetition rate

* 40° C operating temperature

30.437 32.402 34.366 36.331 38.295
31.419 33.384 35.349 37.313 39.278

Thermal analysis of cavity.

15 T
EE 'f daf norm

1

a]=]

Status:
» Design finished ..
* Production in 2013
* Integration into test |

facility in 2014

On-axis E-field

[1}] on [ B=) oz oz
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Main Linac: C-band technology ol ] e

SwissFEL will contain 104
C-band structures organized
in 24 linac modules (236 MeV
energy gain per module).
Dedicated test stand set up
(PSI East).

+ 2050 mm long structure )
110 cells per structure
« 5712 MHz (C-band)
« 28.8 MV/m gradient

Pulse compressor (SLED):
e accumulates the energy
of the incoming “long”
pulse and releases a

short pulse

* 40 MW, 2.5 ys —
120 MW, 0.5 ps

« Q=220'000

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Undulator development (hard X-ray) e jm

e Hybrid in-vacuum undulator
e 266 periods, each 15 mm
* Magnetic length 3990 mm
* Magnetic material:
Nd Fe Br + diffused Dy

« Gap varies between 3 and 20 mm
« Atagap of 4.2 mm,
maximum B is 1T

The SwissFEL ARAMIS beamline
will comprise 12 undulators of
this type. Test of prototype in
injector test facility in Jan./Feb.!

Thomas Schietinger (SH84) PSI Summer Student Lecture, 16 July 2014
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Photon beamline (hard X-ray) ol ] e

—y
[top view ) w o)

0
177

D
pri— ’ » Ongoing studies for photon beamline
» Melting limit of mirrors dictates large distances
» Candidate materials for first optics:
C, SiC, B,C
— L "
D e
( side view ]
flat focusing
undulator mirror mirror sample
45m 55m m
| | | 1
Om 45m 100m 101m
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Photon beamline (soft X-ray) ol ] e

-
(Ttopview ) 4@ I 7o s g

ﬁ—\
> Y B
— A I
( side view ]
collimating plane mirror focusing exit slit refocusing
undulator mirror plane grating mirror mirror sample
50m 8m 2m 40m 20m 2m
I | | | | | |
Om 50m 58m 60m 100m 120m 122m
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