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SWiSSFEL: Athos upgrades: e

ESASE: Aseed = 267/400/800 nm Seifuby FEL U =SS D i

The Blg PlCture EEHG: A = 267 N Variable polarization, APPLE-X undulators
Commissioning 2022-24 First users 2021
First phase Second phase Athos 0.65-5 nm
2013-16 2017-20 user
BC1 BC2 2.7-3.3 GeV stations
Injector — 7N - Linac1 — ( ) - Llinac2 — — Linac3 NN HE
0.3 GeV 2.1 GeV 3.0GeV  2.1-6.2GeV Aramis 0.1-0.7 nm
Linac: Aramis:
Pulse duration : 1-20fs Hard X-ray FEL, A = 0.1-0.7 nm

Electron energy : up to 6.2 GeV
Electron bunch charge: 10-200 pC
Repetition rate: 100 Hz, 2 bunches

Linear polarization, in-vacuum,
variable-gap undulators

First users 2018
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SWiSSFEL: Athos upgrades: e

ESASE: Aseed = 267/400/800 nm Seifuby FEL U =SS D i

The Blg PlCtllI'e EEHG: A = 267 N Variable polarization, APPLE-X undulators
Commissioning 2022-24 First users 2021
First phase Second phase Athos 0.65-5 nm
2013-16 2017-20 - % user
BC1 BC2 2.7-3.3 GeV stations
Injector — 7N - Linac1 — ( ) - Linac2 — — Linac3 HE
0.3 GeV 2.1 GeV 3.0GeV 2.1-6.2(7.0) GeV Aramis 0.1-0.7 nm

-y Eoier

Porthos 0.12-1.2 nm?

Planned phase
2030s

Linac: Aramis: Porthos:

Pulse duration : 1-20fs Hard X-ray FEL, A= 0.1-0.7 nm  Hard X-ray FEL, A =0.12-1.2 nm?
Electron energy : up to 6.2 GeV
(7 GeV after upgrade)

Electron bunch charge: 10-200 pC

Repetition rate: 100 Hz, 2 bunches
(3 bunches after upgrade)

Linear polarization, in-vacuum, Variable-polarization undulators
variable-gap undulators (technology to be decided)

First users 2018 Construction: 2030s
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(= SwissFEL key systems

Electron source
* RF gun:
- 2.6-cell S-band gun

- 100 MV/m (57 MV/m at
emission)
- Cs,Te coated Cu cathode

Undulators
* Hard X-ray (Aramis U15):
- 13 modules, each 4 m long

Linear accelerator - Planar in-vacuum dESign

- 265 x 15 mm periods
- NdFeB magnets, CoFe poles, 1.3 T

¢ S-band booster:
- 6 S-band cavities (3.0 GHz)

o Gun |a.ser S.ystern.s: - 80 MeV per cavity (20 MV/m) « Soft X-ray (Athos U38):
) L\g?cld; nt'hc.al szhd Tta;e * C-band linac: - 16 modules, each 2 m long
arr;plai\ﬁfa:v:/:fr?exlzlélls;t - 27 C-band modules (5.7 GHz) - Apple-X design
stability and uptime. - Four 2-m cavitie.s per module - 50 x 38 mm periods
- Cs,Te cathode installed since - Barrel Open Cavity (BOC) - SmCo m.agne':ts, 11T
2019 with stable performance RF pulse compressors - Magnetic fhlcar:,es between
- 240 MeV per station (30 MV/m) modules (“CHIC”)
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(= Transverse deflecting cavities for Athos

Two X-band transverse deflecting RF cavities installed for post-undulator diagnostics in Athos

Available since June 2022 (last major component of the SwissFEL baseline design!)

Resolution below 1 fs demonstrated. ) ) )
Horizontally streaked beam in vertically

Essential for setup of many Athos modes! dispersive beam dump section:
FEL power profile reconstruction!

Streaking at arbitrary angles

0 deg 10 deg 20 deg

«s Lasing
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Variable polarization
of the streaking field
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Athos 0.65-5 hm

SwissFEL experimental stations

user
stations
— - M
Attosecond and

Aramis 0.1-0.7 nm

20=

nonlinear X-ray
science
(in preparation)

Athos

Exit slit

Hor. Focus

Atomic, molecular and
nonlinear X-ray physics
and chemical dynamics

Mer. Cylinder

VLS-grating

o | |

. . Cylinder
Experimental stations are flat /4 km
named after Swiss passes Exit slit Ultrafast dynamics
in quantum matter
Fur.kapass “ KB-mirrors | Ultrafast dynamics of
2436 miiM.g | H ) KBh "N\ =1 photochemical and
Ara mis DCM1 HIOS-mirrors  sy4 KBv photobiological systems
AU4 Mis o ==
Offset mirrors v 812 mrad . Ultrafast phenomena in
A Bernina densed
P 2-32 mrad aus . KB-mirrors condensed matter systems
AUB 6 mrad Bmrad __—"¢ mrad 8-12 rrad
W . l _—*
t 6 mrad 6 mrad ‘Qﬁ}\}bﬂ}#{fCMz P KBv KBh
My My M Mp My My oee—— .
= o Cristallina Quantum science and
I S ris structural biology
e OMVd
M: Mirror .\ﬁ_ .
DCM:  Double-Crystal Monochromator
CRL:  Compound Refractive Lens KBv  KBh
KB: Kirkpatrick-Baez Mirror KB-mirrors

Thomas Schietinger (PSI)
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(= SwissFEL timeline

Alvra: Pilot User Operation
Ar am iS Bernina: Pilot User Operation
(Hard X-rays)
Cristallina: Pilot User Op.
Athos Diavolezza: 2026+
(Soft X-rays) Maloja: Pilot User Operation
Furka: Pilot = User Operation

2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 2024 >

Commissioning Athos commissioning
| ] | ]
1 1 1 1

“ Facility construction | Athos construction . IAthos upgradesI
I [} 1 1 1
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Scheduled shifts
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()= Aramis operation (1.8—12.4 keV) peclomnon

Shutdown

Beamline Setup
. . Development o5 5
- SwissFEL Aramis :
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K value

Thomas Schietinger (PSI)

==

SwissFEL Aramis
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SwissFEL Athos, circ. pol.
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==

SwissFEL Athos, circ. pol.
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Alvra

www.blueconemonochromacy.org

/how-the-eye-functions/
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==

Choroid

Cornea

Ciliary body

Inside the rod cells (outer segment):
N
FoFo{ 1 ps,Jrmsd 4.0

Glu113

a

Thomas Schietinger (PSI)

SwissFEL experiment highlight (also SACLA)

nature

Ultrafast structural changes direct the first
molecular events of vision

https://doi.org/101038/541586-023-05863-6  Thomas Gruhl', Tobias Weinert'?, Matthew J. Rodrigues'?, Christopher J. Milne®®,

Giorgia Ortolani®, Karol Nass?, Eriko Nango**, Saumik Sen®’, Philip J. M. Johnson?,

Claudio Cirelli?, Antonia Furrer'?°, Sandra Mous®?, Petr Skopintsev'?, Daniel James'?,

Florian Dworkowski'®, Petra Bath?, Demet Kekilli', Dmitry Ozerov™, Rie Tanaka®?,

Hannah Glover', Camila Bacellar?, Steffen Briinle'*, Cecilia M. Casadei®,
Azeglio D. Diethelm', Dardan Gashi?, '*, Ramon Guixa alez®,

Yasumasa Joti*, Victoria Kabanova®", Gregor Knopp?, Elena Lesca", Pikyee Ma',

Membrane
shelves
lined with Outer
segment
rhodopsin 4l Article
or color
pigment
Mitochondria .
% segment
(&
cms = Received: 2 April 2022
Quter limiting Accepted: 17 February 2023
membrane Published online: 22 March 2023
Cones Nucleus
and Rods Openaccess
® Check for updates
Synaptic
body

.\

Isabelle Martiel"®, Jonas Miihle', Shigeki Owada®", Filip Pamula'?, Daniel Sarabi®,
Oliver Tejero', Ching-Ju Tsai', Niranjan Varma', Anna Wach'”, Sébastien Boutet',
Kensuke Tono", Przemyslaw Nogly®?®, Xavier Deupi'®’, So Iwata®?, Richard Neutze®,
Jorg Standfuss', Gebhard Schertler'*™ & Valerie Panneels'™

7~ N\

SwissFEL Status, FLS 2023

e

Fo-Fo{ 100 ps)rmsd 4.2

T. Gruhl et al., Nature 615 (2023) 939-944
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[ )= Aramis advanced modes — overview

Short pulses v

(beam tilt) Large bandwidth mode v

(large energy chirp from linac
wakefields)

“Attosecond” pulses v
(three-stage compression)

Large bandwidth mode
with spatial chirp v
(additional spatial chirp from
dispersion in undulator)

v ready for experiments!

Thomas Schietinger (PSI) SwissFEL Status, FLS 2023

https://www.victorinox.com/ch/en/Products/Swiss-Army-Knives/
Small-Pocket-Knives/Classic-SD-Classic-Colors/p/0.6223.G
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PAUL SCHERRER INSTITUT o not yet attempted
(= Athos advanced modes — overview incommissioning

v ready for experiments!

Optical klystron) v Short pulses v
(Op y ) | ‘- (beam ftilt) Variable
- polarization v
Large bandwidth * / .
(energy chirp) \ > Two-color with
e fresh slices v

Ultralarge Q@ N |
bal?%\;ng)dth \ Short-pulse

high-power v
(superradiance)

High-brightness

SASE “Attosecond” pulses v

(three-stage compression)
Laser seeded modes:

Echo-enabled
harmonic generation
(EEHG)

Enhanced SASE v Mode-locked
lasing

Thomas Schietinger (PSI) SwissFEL Status, FLS 2023

https://www.victorinox.com/ch/en/Products/Swiss-Army-Knives/

Medium-Pocket-Knives/Fieldmaster/p/1.4713
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==

Thomas Schietinger (PSI)

Porthos user wish list...

SwissFEL Status, FLS 2023

(Victorinox Swiss Champ XXL,
CHF 349.-)

https://www.victorinox.com/ch/en/Products/Swiss-Army-Knives/
Medium-Pocket-Knives/Swiss-Champ-XXL/p/1.6795.XXL
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(.= Athos: variable polarization

Z (mm)

50

Generation: Athos
APPLE-X undulators

Y (mm)

Shift = u/4

(Right) circ
polarised x

X (mm)

Measurement: cold target recoil ion spectroscopy at Maloja experiment (Athos)

Rep. Prog. Phys. 78 (2015) 062501

Carolin Schmitz-Antoniak,

COLTRIMS linear horizontal linear vertical circular
lon 0
detector £
it
£
Electron . )
detector lonizing 5
radiation &
Supersonic - B
gas jet -8 0 4 8 -8 -4 0 4 8 -8 0 4 8

Py (atomic units)

H. Schmidt-Bécking et al.

Thomas Schietinger (PSI) Ann. Phys. (Berlin) 533 (2021) 2100134

SwissFEL Status, FLS 2023 Page 22
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(= Athos: short pulses with tilted beams

electron
900 eV 900 eV 500/760 eV 650 eV phase space:
a) Standard pulses b) Short pulses c) Two-colour short pulses d) High-power short pulses
2 o ) ) )
: B 2 TN - : Lasing on
s e - 5 S &
w w w L
- 4 50 0 50
e e B g Lasing off
8 s s s
w N8} w w
80
< 60 FEL power
profiles

(single shots,
average in bold)

10

20
t (fs) t (fs) t (fs)

Standard pulse duration  pown to 1.4 fs, peak About 5 fs each pulse, 2 fs pulse duration,
~16 fs (rms), peak power up to 60 GW 10 GW power ~200 GW power
power about 60 GW

Thomas Schietinger (PSI) SwissFEL Status, FLS 2023 Page 23
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Tilted Stage 1 Delay Stage 2
Quadrupoles\
Beam
= —HIHIN I HIHTTHITTR T
Undulator~”
Modules

S. Reiche, E. Prat, PUIsey Pulse 2 lPuIse 1
J. Synchrotron Rad. I ______I_ _____ e
23 (2016) 869-873 Axis

Betatron

Oscillation Pulse Delay

* Generate two colors in two undulator segments with two
(fresh) slices of the electron beam (with beam tilt)

* Wide tunability both in color and time separation.

* Separate polarizations for the two colors are possible.
* First demonstration in 2021.

* Now routinely used by experiments.

E. Prat et al.,
Phys. Rev. Res. 4 (2022) L022025

Thomas Schietinger (PSI)

SwissFEL Status, FLS 2023

(== Athos: two-color fresh slice technique

Example (Maloja, May 2023):
e Color 1: 531 eV (0O), ~110 uJ
e Color 2: 405 eV (N), ~170 W

time 10.0 4 FEL power profil

IGW)

P
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Multistage amplification (superradiance)

1000

= 800
2
>
20
2

S 600
3
=
o

400 |

¥ -

Electron phase
space plots:

‘N

—_—

Thomas Schietinger (PSI)

5 10
Undulator module

SwissFEL Status, FLS 2023

15

Power [GW]

t[fs] 2 0 shots

* Photon energy 520 eV
* Four amplification stages

(6+3+3+3 undulator modules)

* ~920 wWin ~1.3fs (rms) (>300 GW)
* FEL energy gain consistent with z%/2

tendency expected from FEL
superradiance regime.

* More details in Guanglei Wang'’s

contributed talk (TH2A3)
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(== Athos: sub-fs pulses (nonlinear compression)

electron phase space after

nonlinear compression:

R 56¢ lasing off
3375 3375
Athos 0.65-5 nm

user ~ <
e Teli| S S a0

BC1 BC2 %7_3.3 Gev stations = s

Injector —7 * & - Slinacky—3 \/’ ‘% L linec2y & —————- Aramis

0.3 GeV 2.1 GeV 3.0 GeV 3365 3365

* Three-stage nonlinear compression of low-charge electron
bunch (10 pC). Switchyard dogleg as third stage.

* Method similar to Aramis (energy collimator as third stage).

* Strong experimental interest to study coherent electron motion.

intensity (arb. units)

* Alarge fraction of the pulses (270%) are single spike.

* Paper submitted to Appl. Phys. Lett. Photonics

photon energy (eV)

Thomas Schietinger (PSI) SwissFEL Status, FLS 2023

lasing on
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(== SwissFEL Athos upgrades: HERO & EEHG

2nd Construction Phase 2017-20

o T o, - A ]

ﬂst Construction Phase
2013-16 ‘ ‘ dechirpers 2.color 8 UE38 + Chicanes
8 UE38 + Chicanes hicane
Athos 0.65-5 n

(Injector{} A\v/ '/A\ Lirfac 1()—@&( Linac 2( Linac 3 (% = user

i stations
\ 0.35 GeV. 2.1 GeV 3.15 GeV 2.1 62 GeV Aramis 0.1_0.7 nm

HERO Project 2020-22 (Phase 1)

« increase longitudinal coherence
U200 ‘ « generation of trains of mode-locked attosecond pulses (ESASE)

modulator M =

dechirpers HERO 8 UE38 + chicanes 2-color 8 UE38 + chicanes
chicane chicane

HERO = Hidden, Entangled and Resonant Order
(Title of European Research Grant paying for all this stuff...)

1st seed laser

Athos 0.65-5 nm

Thomas Schietinger (PSI) SwissFEL Status, FLS 2023 Page 28
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(== SwissFEL Athos upgrades: HERO & EEHG

2nd Construction Phase 2017-20

f
ﬁst Construction Phase

2013-16 ' '

2-color 8 UE38 + Chicanes

UE38 + Chicanes ;
N \_ l chicane Athos 0.65-5 n
[ Injector(] A\v/ '/A\ | ifac 1()—&%—( Linac 2( Llnac 3 (% <y user
) stations
\ 0.35 GeV 2.1 GeV 3.15GeV 2.1-6.2 GeV Aramis 0.1-0.7 nm
EEHG Project 2021-23 (Phase 2)
1st seed laser 2nd seed laser . .
« higher spectral brightness
U200 U200  X-ray pulses phase-synchronized with external source
modulator ‘ modulator
o\ om, o, -6 17} om0 o A2 e
dechirpers 1st EEHG 2nd EEHG 8 UE38 + chicanes 2.color 8 UE38 + chicanes
chicane chicane chicane

Athos 0.65-5 nm
EEHG = Echo-Enabled Harmonic Generation

Thomas Schietinger (PSI) SwissFEL Status, FLS 2023 Page 29
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L"_: EEHG inStaHationS Installed August ‘22

lfa';‘) \\ - pl Large magnetic chicane (EEHG):
it Installed Dec. ‘22

2nd Laser transfer line (EEHG): \ /

Installed Dec. ‘22/Jan. ‘23 & April ‘23

Small magnetic
chicane (HERO):
Installed and
commissioned!
(August '21)

* Installations for both seed lasers
including chicanes completed.

* First seed laser commissioned.

— Laser-electron overlap
\ 1st Laser transfer line (HERO):
Installed (Nov. ‘21) — Observation of ESASE

* Commissioning of full EEHG setup
V\ 1st U200 modulator (HERO): in late 2023 and 2024
Installed (April 22)

homas Schietinger (PSI) SwissFEL Status, FLS 2023 Page 30
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— Longitudinal ph t
AT Seeded modes (Athos) e e

Rse: 189.6 um

Enhanced SASE (ESASE)

* FEL seeding at 800 nm and 400 nm wavelength.

* Successful generation of attosecond
FEL pulse train

Mode-locked lasing (MLL)

* Use intraundulator chicanes to propagate coherence between ESASE pulses. —>

* Was attempted (and may have been successful) but clean experimental verification of
coherence not yet possible.

Echo-enabled harmonic generation (EEHG)

* The ultimate goal of the Athos seeding upgrade! EEHG simulation (S. Reiche)
° Hardware ready for AfFer 15t Modulator _ :’\fter 15t Chic.’irle. i
commissioning (2023/24)

* Seeding at 267 nm wave-
length.

AE (Mev)

) 10 20 30 40 50 60 70 80

0
t(fs) t(fs)

After 27Y Chicane

8 (rad) @ (rad)

8 (rad) & (rad)
SwissFEL Status, FLS 2023

Thomas Schietinger (PSI)
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S

Athos:
Soft X-ray FEL, A = 0.65-5.0 nm

Porthos upgrade

Variable polarization, APPLE-X undulators
First users 2021

First phase Second phase Athos 0.65-5 nm
2013-16 2017-20 user
BC1 BC2 % S fp— stations
Injector — 7N - Linac1 — ( ) - Linac2 — — Linac3 HE
0.3 GeV 2.1 GeV 3.0GeV 2.1-6.2(7.0) GeV Aramis 0.1-0.7 nm
_ge—— LE
Planned phase
- ?
20305 Porthos 0.12-1.2 nm?
Linac: Aramis: Porthos:
Pulse duration : 1-20fs Hard X-ray FEL, A= 0.1-0.7 nm  Hard X-ray FEL, A =0.12-1.2 nm?

Electron energy : up to 6.2 GeV
(7 GeV after upgrade)

Electron bunch cha

Linear polarization, in-vacuum, Variable-polarization undulators

variable-gap undulators (technology to be decided)
rge: 10-200 pC .
First users 2018 Construction: 2030s

Repetition rate: 100 Hz, 2 bunches
(3 bunches after upgrade)

Page 32
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==

Porthos

Porthos upgrade

* Preliminary plans for a third undulator line, dubbed “Porthos.”

* Firmly anchored in the Swiss Photon Science Roadmap
(published 2021)

New Porthos
experimental hall

85.50

* Science case still in preparation (international workshop in 4 o
November). Likely photon energy range is 1-10 keV. I S I Y - [ S e S A

J 2 Verkehrsfléche 810m?
d 3 Expzenmsnllaralea\e

450m"

9\
m mit Tageslicht |

' Pumplaser + Technik
Optikkanal 205m? .- 245m?

37.85

* Preproject period to develop undulator prototype and
implement various accelerator improvements towards Porthos.

————" | Oplikkanal 90"
Beam Dump HX2
HB 700

|- Opikkanal 1 =i
Technik ssﬁ

Technik 160m?

Aramis line (in operation)

NI P
= - - —‘ = 46 EH.050 EH.Q50a fJ | EH.053
i ) S EH.051 — = '—’
L i) e <L Jd == =
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new Porthos line (planned)

Space for RF and 20 x (3+1) m undulator modules Beam dump
beam manipulation devices =100 m undulator line .(al{eﬁddy)
(active and/or passive) (total,with large chicane) instafle
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PAUL SCHERRER INSTITUT

[IJ» Thank you!

Special thanks to the whole SwissFEL




PAUL SCHERRER INSTITUT

[ SwissFEL contributions to FLS ‘23

Contributed Orals:

* Th. G. Lucas: A High Brightness Travelling-wave C-Band Photogun for a Brightness Upgrade to SwissFEL
(WE3A6)

* G. Wang, E. Prat, S. Reiche, K. Schnorr: Progress on Fresh-slice Multi-stage Amplification at SwissFEL
(TH2A3)

Posters:

* G. Wang, E. Prat, S. Reiche, K. Schnorr: Simulation Studies of Producing Attosecond-terawatt X-ray FEL
Pulses Using Irregularly Spaced Current Peaks at SwissFEL (TU4P01 )

* Ph. Dijkstal, P. Craievich, E. Prat, A. Malyzhenkov: Measurements of Dipole and Quadrupole Wakefields
From Corrugated Structures at SwissFEL (TU4P02)
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