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(== PSI with accelerators, Aare river and Alps

Alps
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BS X-ray Free Electron Laser SwissFEL
the new large research facility at PSI

accelerator

electrons

X-FEL principle

High energy electrons interact with periodic magnetic field
of undulator magnet to build up an
extremely short and intense X-ray pulse.
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What is the X-FEL good for?
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space

=> X-FEL allows for flash images with
* space resolution on scale of atomic bonds
» time resolution on scale of fastest chemical processes
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observe structure

‘ observe function

RS TN e
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Louis Jacques Mandé Daguerre Eadweard Muybridge
Portrait M. Sabatier-Blot,1844 The Horse in Motion, 1872

exposure time: few minutes Exposure time: few milliseconds
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[(F=)» X-FEL schematic

undulator

laser-pulse
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electron beam

accelerator VA VAVAVYA

EM wave

bunch compressor

photo cathode



womaw Koy enabling technologies for X-FELSs
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Free electron laser, John Madey,

Magnetic bunch compression
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Vertical focusing mirror

High precision X-ray optics

Kirkpatric-Baez(K-B) optical system
(Total reflection and elliptical mirror)

Linear collider R&D
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* Better power tofield efficiency . =~
* Beam quality conservation M.,.‘TJ
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[({=J» SwissFEL in a nutshell

1t Construction phase, ARAMIS 2nd construction phase
2013-16 2017-20 ATHOS 0.7-7nm

BEF| user
2.6-3.4 GeV stations

Linac 3 ()‘% =

0.35 GeV 2.0 GeV 3.0 GeV 2.1-5.8 GeV

UInjector(j

Aramis 0.1-0.7 nm

ARAMIS Main parameters
Hard X-ray FEL, A = 0.1-0.7 nm

Linear polarization, variable gap, in-vacuum undulators
First users 2017 Photon energy  0.2-12 keV

Wavelength from 1 A-70 A

ATHOS Pulse duration 1fs-20fs

Soft X-ray FEL, A =0.7-7.0 nm e  Energy 5.8 GeV
Variable polarization, Apple Il undulators )
First users 2020 e Bunch charge 10-200 pC

Repetition rate 100 Hz
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((=J» X-FELSs worldwide

| Eu-XFEL &

LCLS AN G
\"fg;{, b i A i
/ N SwissPEL [ 5 AT /
2017 0= "N PAL-XFEL

- N 2016

2019
el 2011

Going great guns . g
Three new free electron lasers (FELs) are set to open up in the next year. The European XFEL gets its high repetition
rate from the superconducting cavities that drive its electron beam.

UNTED  UNITED  SACLA/ XFEL/ . SWISSFEL/  SOUTH
NAME/COUNTRY STATES STATES JAPAN GERMANY SWITZERLAND KOREA
Date of first x-rays 2009 2020 2011 2017 2017 2016
Cost (in U.S. millions) $415 $1000 $370 $1600 $280 $400
Number of instruments 7 9 8 6 3 4
Max. electron energy (GeV) 14.3 45 85 175 58 10
Min. pulse duration (femtoseconds) 15 15 10 5 2 30
Pulses per second 120 1,000,000 60 27000 100 60

*SACLA s the Spring-8 Angstrom Compact free electron Laser and PAL-XFEL is the Pohang Accelerator Laboratory X-ray Free Electron Laser

sciencemag.org SCIENCE
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o(=HJ» Building

The SwissFEL Building Site

The two passages for wild game crossing.

D

On the first floor the

RFmodulators and other
supply systems
are situated.

[ P
Photon Beamlines,

Experiments
and Preparation Laboratories

ARAMIS Undulators

Situation of SwissFEL next to PSI campus

Linear Accelerator

——

- Injector

PSI campus

Swiss Light Source m
Central Control Room @ - N \Q
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[({=J» SwissFEL building evolution I

May 2013
Construction site after
forest clearance
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Injector

SwissFEL building evolution II

construction site, July 2014
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G SwissFEL building evolution III
completed building, Jan’16

R

wild game
crossing bridges
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(F={J» Jan’16, wild game crossing commissioned with first users
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Sy dav & night
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(== SwissFEL technical highlights I

RF photo injector with Cs,Te cathodes §
= record Iow ince emittance

—e—uncompressed (meas. 1)
—=—uncompressed (meas. 2)
% —s— uncompressed (meas. 3)
300 _W """""" —=—compressed (meas. 1) || E}ﬁ\

S —=—compressed (meas. 2) —
:¥ compressed (meas. 3)

For Qz= 200pC (SwissFEL nominal)

» Core slice emittance smaller than 200 nm
(design value for SwissFEL is 430 nm)

» Slice emittance preserved in the core
when compressing to 150 A

250

200

Normalized emittance [nm]

Slice index
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(== SwissFEL technical highlights II

C-band Linac with BOC pulse compression
and IGBT switched klystrons

=> record low energy consumption per GeV
=> only 4 RF stations/GeV

#® — integrated design with preassembly of
structures, waveguide-network and BOC
in cIeanroom

—5 ‘lup;—fp .m

l

¢’
. f
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(5 C-band Structure Cups: production by VDL-ETG Switzerland
machined “on tune’
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Typical examples of metrology on a structure: on top histogram iris diameter ,
on bottom histogram iris cell diameter
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(5 2 m C-band structure: longitudinal field distribution
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(== C-band BOC Pulse compressor

RF design:

v’ Single cavity

v" Whispering gallery mode
v" intrinsic high Q>200000

Mechanical design:

Simple and robust design:

d v Inner body from a single piece
v" Two brazing steps

v" Machined on tune
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Beam energy
SwissFEL 5.8 GeV
SACLA 8.0 GeV

LCLS 13.6 GeV
\

small emittance
short period undulators

LCLS

=

Effective* Impedance
SwissFEL 168 MQ/m
SACLA 125 MQ/m
LCLS 80 MQ/m
G J

*not classical shunt impedance
but with correction for pulse compression

C band frequency
structure geometry
pulse compression

electric power consumption (MW)

(Klystron power to effective energy gain)

10

Accelerating field
SwissFEL
SACLA

28 MV/m
35 MV/m
17 MV/m

Comparison power consumption for RF plants

compromise between
power consumption
and facility length

r

<

——LCLS
——SACLA ||
SwissFEL

20

40

;
60

r r
80 100 120

rep.rate (Hz)



Cost
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(== Cost optimization for SwissFEL linac

Cost vs. gradient for S-band with 45 MW klystron,
S-band with 80MW klystron
and C-band with 50 MW klystron

100 / /
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- — . —’—
\-—‘—__ _——’—
60 —845 tOta| P N.'N--~ __.__————
[ ~ Bl T p——— - —
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Advantage of C-band is in real-estate needs and electricity consumption
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BS Reference distribution and LLRF
Results with I-Tech/PSI S-band (2.9988GHz) link

4 . — I — 1 ——

Influence of temperature, wi added tlmmg 5 IR
humidity variations and jitter L e
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15 Solid-state modulators

Two types were successfully qualified at PSI

50 MW / 3us RF, 370kV / 344A / < 15 ppm voltage stability pulse to pulse @ 100 Hz

N
AMPEGCN Nova

B F »
= '\ 5 -
- I

AMPEgay

13 modulators (Linac 1, Linac 2) 6 K2 type in operation (injector)
4 in operation, 4 under commissioning 1 K2-3 type (Linac 3) under commissioning
5 expected July - October 12 K2-3 expected July — November

= delivery schedule drives commissioning schedule
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(F={J» Energy recovery for SwissFEL

Heizungs Netz 34/28 °C

'Y

Klima Kiihinetz 17/23 °C; 1'700 kW

1 Maschinen Kihinetz 34/37 °C; 1"500 kW OEMOSewWasser
1 WRG- / Kihinetz 58/80 °C; 2200 kW Osmosewasser
; i
-— |~
4 N
80°C —
e[ ] g - Warmenetze
2643°C -y PS5l Areal Ost
it ev.
FEE a7 ¢ . Riickspeisung REFUNA
i — - Y o = méglich
T .
<! 1 Toshiba E37212 ol
£ =y 24:02°C
= ]
21 | klystron with 80°C collector n
2 . ==
| | developed for SwissFEL ]
3
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5 4 ,
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N e EH
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L3
B WWRG-/Kihinetz 80055 °C
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o S-+ C-Band 22 2 a
= 30 Collectars &
% - max TEEW
= -Betrieb 58K n_eJ T Ferrlsitung zu PS| Areal Ost Warmenetz PSI
Potenzial nutzbar= 5000 MWh's 765G
80" |— nur wenn Abwdome -
nicht ganutzt wird Jahriicher Bezug van Refuna 3600 Mh/a
affektiv nutzbare Warme in Abklarung
i 20°C

Grundwasserkarte Warmerickgewinnung



(-5}~ SwissFEL technical highlights III

U15 undulator

In vacuum, variable gap undulators
=> smallest period undulators for X-FELs

A,=15 nmm
nominal working point | K=1.2
g=4.5mm

ists of I3 X UTI5
positioning mechanic

* Um precision
* tons of magnetic force

Mineral cast
support frame

ermanent magnets

[ Array of 1060
P

[Vacuum tank
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(== SwissFEL installation progress

Linac Sep’16

X

Undulator line Oct’16
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BS Installation of last Linac girder: Sept. 13, 2016
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BS Installation of last Linac girder: Sept. 13, 2016
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(= = 2016, October 7
Beamline complete from Photo-injector to beam dump

~




PAUL SCHERRER INSTITUT

o H» SwissFEL in 100 seconds
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(= Commissioning Progress SINEGO1-DSCR190

Min: 0 B Auto: xly/z: 1042, 447, 5 2 U/s

in 2016
August 24
First electrons

achievement

August 24 First free electrons from gun with 7.9MeV R =

September 7  First electrons to injector beam dump

September 8 First acceleration with one C-band module

Beam line injector to main dump
completed and under vacuum

October 7

First beam transport through undulators

to main dump e
-2 Dec17
December 2  First lasing at 345 MeV, 24 nm First FEL signal

November 11

December 5 Inauguration ceremony & party
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(== First lasing at moderate wavelength on 2.12.2016

1st Lasing SwissFEL , A = 24 nm (02-12-2016, 1:00h)
| I T I I

I

10°— -

FEl macropulse energy (arb. units)

| | | | | |
0 2 4 6 8 10 12 14

undulator modules closed

Obtained with only 345 MeV beam energy, signal measured with Si-Diode
(half the injector RF + 1 main linac C-band RF station)
Mainly a systems test!
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(=)= 5.12.2016 SwissFEL, the Inauguration

On December 5th 2016, PSI held an
inauguration ceremony for its new |
arge-scale research facility SwissFEL,
with Johann N. Schneider-Ammann,
President of the Swiss Confederation,

in attendance.
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2017

Winter:
Spring:
Summer:

Autumn:

Program 2017 & 2018

Shutdown for installations
Ramp up beam energy to 3GeV
Lasing at 3 keV

First pilot experiments at 3 keV

2018
Winter: Ramp-up beam energy to 5.8 GeV
Spring: Lasing & pilot experiments at 8 keV
Summer: Lasing at 12 keV

Autumn: Start of regular user operation
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(= Commissioning progress May 15, 2017

First Lasing in nominal SwissFEL
E - 091 | Gev wavelength range (0.1-5.0 nm)!

o 145 pC

FEL gain curve at 4.1 nm

b.l. (rms) | =0.4 ps measured with

K 1.2 Neon Gas )
intensity monitory”
10 FEL beam on YAG screen
Wee, ~30 ] e
>
(&)
o
-
L
Electron beam on v
main dump a
o

4 5 b / 8 9 10 11 12 13
number of undulator modules
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[((=J» Establishing SASE at 4.1nm

careful set-up of gun and cathode laser

careful transverse optics measurement and matching in injector region
computed optics in linac and undulators

set-up of bunch compression in BC1 with deflecting cavity

steering according to BPM centers

* so far no special alignment procedures were required in undulator region

* measured pulse energy is consistent with theoretical expectations

=> We are positive that with the addition of more RF stations
we can proceed to shorter wavelength
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5 Photon Beamlines and Experiments

ESB
Ultrafast dynamics in solid matter,
strongly correlated electron systems

ESB MX
structural biology

Ultrafast photochemistry
and photobiology
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BS ARAMIS beamline

Front-End

Optical hutch

ESA hutch

ESB hutch
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(== Preparation for ATHOS

| 2nd construction phase
2017-20 Athos 0.65-5nm

4‘ Construction phase
2013-16

(Injector)
\

ATHOS
Soft X-ray FEL, A=0.65-5.0 nm

0.35 GeV 2.0 GeV 3.0 GeV 2.1-5.8GeV p omis 0.1-0.7 nm

full polarization control withU38 Apple-X Undulators
Switch Yard: already installed in phase 1

Extraction done at constant energy of 3 GeV
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BS prototype construction has started

magnet arrays with

, , 7 4 longitudinal and radial shift
Length 2m : N 5 o ENT ey = = highest flexibility
Weight: 12 tons * ' = adjustable polarization
height: 1.7 m < B and gradient
width: < 1.4m == |

00000

S

T¢AA
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(== SwissFEL control room photo gallery (selection)




