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Towards a femtosecond 100-kHz

Compton source at Uppsala University

|.  Project in a nutshell

1. X-ray technology evolution &
Compton sources

I11. Layout & ideas behind the project
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Uppsala University

Oldest university in Scandinavia (1477)

~ SVERIGE ...~ ==
Schadon e
— 11 million (pop.), 450'000 km?, 600 GEur (GDP)
 Uppsala
— 25'000 students, 9'000 staff, 900 MEur annual budgé
— faculties of theology, law, medicin, pharmacy, = i P

arts, social sciences, languages, educational sciences,
science and technology

— university library and hospital
* Science and technology
— 10'000 students, 1'800 staff

— historical profiles: Linnaeus, Rudbeck, Celsius,
Angstrom, Siegbahn, Svedberg

— R&D areas =ity

* physics, chemistry, biology, earth science
engineering, mathematics, IT
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UEEsala Accelerator Historz

1940's: The(odore) Svedberg proposes to build a cyclotron

e Gustaf Werner synchro-cyclotron (1947 - 2015)f ; \ .
— nuclear physics & cancer treatment | J l w

* CELSIUS ring (1984 - 2005)
— nuclear physics

* CTF3/CLIC (since 2005) e e, ==

* ESS (since 2009) B - | [ &l

* FREIA laboratory (since 2011)
e Skandion clinic (2015)

— cancer treatment
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Accelerator physics at FREIA in Angstrom
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Inverse Compton scattering source

L. Assoufid et al. Optics and
Photonics News (2015). 0
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Angstrom laser — a SC-linac based fs X-ray source

X-ray output parameters Optical Broadband beamline Mono-beamline
undulator (at the sample) (at the sample)
X-ray energy range 2-13 keV 2-13 keV 2-8 keV
X-ray energy bandwidth 1% 1% ~0.02 %
X-ray pulse duration (FWHM) <200fs <200 fs <200 fs
Flux (s-1) at 100 kHz repetition rate 1010 109 107-108
X-ray spot size (FWHM) 8.0 um 35 um 41 pm




Angstrom laser — a discovery tool for material science
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X-ray technology evolution
& Compton sources
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Technological evolution of X-ray generation

EuXFEL
2017

2009 2011

3rd generatior

1020

AL
ColLl

Booeiie
!

1% generation

X-ray tubes 0 Jeceoecccce

e

1010

brilliance (photons/[s mrad® mm” 0.1% bw))

1900 1925 1950 1975 2000 2025
year

Valerio Cerantola et al 2021 J. Phys.: Condens. Matter 33 274003
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Synchrotrons & FELs vs X-ray tubes

X-ray tube

* wide availability & ease of use
* next-door sample analysis

e capability to test new ideas
Synchrotrons & FELs are a fantastic without the barriers of

tool but a high access price... schedule, travel and expenses

Our objective is a femtosecond laboratory X-ray source

based on inverse Compton scattering
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The landscape of Inverse Compton Sources
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Compact synchrotron technology

RF photocathode gun

UV laser .

>

Linear accelerator

g—

2 A
-
‘<Mirror e ' -
X ’ ~<,_’_<¢
\ | & ® X -

Y a

’\ Storage ring

Mode locked laser
Interaction point

i - Mirror )
Figure 4 Representation of the CLS 300 Optical cavity \

Courtesy Lyncean Technology
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Commercial compact synchrotron: Lyncean Tech.

Source parameter Value e

Source size ~50 um
Bandwidth 3-5%

Flux, 0.1%BW @15keV 5 108 ph/s
X-ray energy 15 — 35 keV
X-ray pulse length 60 ps
Repetition rate 65 MHz

Advanced

Operated at Photon Source
Munich
university

-

Lyncean Compact
Light Source

1 Meter

X-ray pulse length ~ 60 ps
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Project at Arizona State University

Parameter 0.1% 5% Units
Bandwidth Bandwidth
Average flux 5x10° Ix101 photons/s
Average brilliance 2x1012 5x10!2 photons/(s .1% mm’mrad?)
Peak brilliance 3x101? 9x1018 photons/(s .1% mm?mrad?)

Photons per pulse
RMS pulse length

Repetition rate
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ASU’s instrument makes its first X-rays

% ASU News

ate
U ty A Explore v Expert Q&A  Video esv

¥y f in &

Discoveries

First-of-its-kind mstrum‘e'ﬂ |
ushers in new era of}-ray scl ar

Tempe campus

February 3, 2023

Vitaliy Goryashko



ASU’s compact coherent FEL

ES.] ASU News

i t - .
,Z'if,‘;',‘;f;‘a ° & Explore v Expert Q&A  Video series v agazine

¥y f in &

Discoveries

National Science Foundation awards
$90.8M to ASU to advance X-ray
science

Tempe campus

March8 2023



Angstrom Laser in Uppsala:
layout and 1deas behind
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Angstrom Laser @ FREIA

conceptual optical layout 1-8 keV

ICS 25em ~ collimating 1.2% BW
B _ paraboloid 20-200 fs

10x12 um

9
1-8 keV >10° ph/s  2-8 keV
1.29% BW <1.3 er
20-200 fs al-2SH1 15
7x8 um

>1010 ph/s
ph/ >10% ph/s




Enabling technologies for a compact X-ray laser
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Blow-out bunch generation
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« p(r,z) = 0py/1 — (r/R)26(2)

* Aflat charged disk can blow out into
a fully fledged ellipsoidal bunch, O.J.
Luiten, PRL 094802 (2004).
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Superconducting RF technology
mp 30 million electron x volts 4=

E field at time ¢,

Beam
> 7 direction of
propagation

E field at time t,+7;/2
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kW-class IR laser: thin-disk Yb:YAG technology

Thin-disk Yb:YAG lasers from
TRUMPF at 1 um:

o Off-the-shelf: 0.75 kW, 20-100
kHz, up to 150 mJ, < 1 ps

 Demonstrated: 1.9 kW, 20 kHz,
upto 95 mJ, <1 ps

* On special order: 5 kW, 100
kHz, 50 mJ, <1 ps

Vitaliy Goryashko uu 22




Detection of photo-electrons

— Achromatic
—— k-image : : 25 2.0 1.5 1.0 0.5 0=k
y e Energy dispersion >
42 = — >
& ——
\ — 10 ns
— Spin filter i
" ./Z—‘I‘_‘ """" —
”-' ————— e
Zoom optics 1&\ Zoom optics 2
Sample Field-free drift section 3
Real-space image Delay-line
with field aperture detector < 7(ns)
Nature Mat. 16, 615 (2017)
a hv =357 eV b hv =574 eV c hv=1,200 eV
k, = 3.5Gy, k,=4.5Gy, k, = 6.5Gyo

Nt
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https://doi.org/10.1038/nmat4875

Accelerator

_—__———— = — —

rd .
/o Injection & e-beam N/ acceleration &
diagnostics | compression

0 0.13 2 29 3.6 4 8= m
Injector: 16 pC TESLA module: Tuning & focusing:
* energy: 1 MeV 16 MeV  10-22 MeV
» energy spread: 9.7 keV  30keV « 30-80 keV
* Xx-beam size: 240 um * 1000 um e 3-5um
» z-beam size: 770 um * 70 um 50 um
* duration: 2.66 ps * 0.23ps  0.1-0.2 ps
* Xx-emifttance: 65 nm 230 nm  100-200 nm
» z-emittance: 0.4 keV mm * 0.4 keVmm * 0.8-1 keV mm
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Beam evolution along the accelerator
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symmetry axis

10 cm

booster

Gun + booster

Parameter

Symbol Value Units

Peak accelerating field
Emission phase
Charge

Energy

Energy spread

rms z-bunch size

rms bunch duration

rms z-beam divergence

Face 35 MV /m

- 0 degrees

Q 16 pC

W 130 meV

ow 80 meV

Ox 107 um

o 30 fs

oo 2.47 mrad
44 nm

rms thermal z-emittance g4

Vitally Goryashko

N

150

0 50 100 200
z (mm)

Parameter Symbol Value Units
Charge Q 16 pC
Energy W 420 keV
Correlated energy spread oW 5.3  keV
rms x-beam size Oz 2 mm
rms z-beam size lo g 0.46 mm
rms x-beam divergence o 24.4 mrad
rms normalised z-emittance e, 57 nm
rms normalised z-emittance e, 0.24 keV mm
ratio of z and y emittances 0.99

uu
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Half-wavelength bunching

—_—————————————————

acceleration &
compression

||||||||

0 0.13 2 \
£5=0.95
11700224,
15 c ST S
1 g
N chirp + _ 3
decelera eleration + =
0.5 locity bunching §
0
0 0
0 72 T 37/2 2T
21 ZI\
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pz [MeV/c]

ZQ=0

Zp = -A

very short compression length 1/2
strong compression

compression and acceleration
occur in the same structure

quite immune to the amplitude and
phase jitter of the field

compatible with classical velocity
bunching
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Scan over cavity parameters

Compression Emittance x (um)

100

Energy (MeV)

25 30 35 40 45 25 30 35 40 45
E [MV/m] E [MV/m]
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Beam evolution during compression

2 I T T T | |
= ———— _ 1 =
é 1 compression factor 125 105 é
o final rms duration 21 fs ' &N

0 0

04i 06 08 1 12 14 16
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Beam at the interaction point

As =-2.1mm

As =-1.1 mm
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-0.02 0 002
X (mm)

O 6pz/p20
I j (dQ/S/dt)
0.01
0
-0.01
t (ps)
I 1 Q/dx
0
-0.05
-0.1

30



Target parameters of our incoherent X-ray source

electron bunch charge Qp 16 pC

- number of electrons N, 108

S 2 bunch energy U, 16 MeV

—2 1;-"'_: relative energy spread b, 0.5%

S E fwhm bunch duration Tph <200 fs

E = bunch emittance € 0.4 mm mrad

L o, :

5 rms bunch size ap 3.5 um
geometrical beta-function Bq ~2 mm
laser wavelength AL 1.0 um

” rms laser pulse duration (73 1 ps
£ O )
S 9 rms laser beam size oy 4.9 um

- E Rayleigh length Zp 0.3 mm

3 O laser pulse energy EL 50 m]

3 & undulator parameter K 0.14
laser rep. rate f1 100 kHz
radiation wavelength A, 0.25 nm
photon energy Epn 4.8 keV

- rms X-ray pulse duration Ty <200 fs

= rms X-ray beam size Oy 3.7 um

i opening angle of radiation cone 6 1.75 mrad
= BW of acceptance cone, rms BWone 1%

ﬁ_ X-ray photons/shot Ny 2.2 104

! X-ray photons/second/0.1%BW Foay 7 4108
average spectral density within 8 D 1.510° ph/sec/eV




X-ray beamline

External-laser beam |
————————————— Insertable
i N

[ focusing

optics Aperture
|

Focusing \:l @ - ;_ie_—_.l_ﬁ Source
Laser Collimating

optics Monochromator

Photoemission . incoupling optics
station Transient

MONO BEAMLINE abe?rPUOn BROADBAND BEAMLINE

2-8 keV station 2-13 keV

<200 fs <200 fs

0.02% BW 1% BW

18 um at sample 15 um at sample

107-108 ph/s >10° ph/s
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X-ray beamline

. - 50 cm
conceptual optical layout  focusing L~ 1-8keV

paraboloi

ICS 43 €m collimating 1.2% BW
~—— " i / @ 20-200fs

. Paraboloid

- e y , 10x12 um

9
1-8 keV | >10° ph/s  2-8 keV
focusing 0.6-3.3 eV

1.2% BW - |

araboloid
20-200 fs | v 20-200 fs
>10%° ph/s y double-crystal 100 ¢m 50 &7 /X8 um

monochromator ~——//——><~——//—— >108 ph/s

Staged approach to short-pulse generation:
¢ <200 fs FWHM

e <50 fs FWHM

« train of attosecond pulses



