EUROPEAN

MFEL

HUB-POLAND

¥

XFEL radiation sources and
properties

Ryszard Sobierajski
(Institute of Physics Polish Academy of
Sciences)



D
‘!« What will it be about...

Interdisciplinary research with the use of X-ray free electron lasers in the fields of
physics, materials sciences, chemistry and biology.
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principles of operation and radiation properties of XFEL sources,
X-ray interaction with matter
basic x-ray research techniques

examples of XFELs applications in:
- protein crystallography,
- photochemistry,
- dynamics of atomic and electronic structure of materials,
- magnetism
- matter under extreme pressure and temperature conditions,
- non-linear x-ray optics etc.

the instrumentation used in XFEL facilities
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3. Main properties of the XFEL
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4. XFELs in the world - comparison [f B bl
5. Typical XFEL applications
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XFELs—generaI layout )(FEL

source: xfel.eu
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XFELs of the World ')(FEL
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XFELS vs .)(FEL

lasers and synchrotrons HUB-POLAND

Temporal Order
resolution
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Pulse duration Coherence
Synchrotron
Lamps Radiation

source: xfel.eu
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g XFELSs vs

lasers and synchrotrons
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atomic nucleus

Core-shell electrons
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X-ray sources: Laser-produced .)(FEL

plasma HUB-POLAND
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Calculated X-ray spectrum from laser heated Al target irradiated at intensities of 1013 and 1014 W/em? [67].

DOI: 10.1007/BF02874624
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PHYSICAL

Letter to the Editor

REVIEW VOLUME 65,

ROMPT publication of briel reports of dmportant dis-
coveries in physics may be secured by addressing them
fo this department. The closing daie for this depariment is the
third of the month. Because of the late closing date for the sec-
ton no proof can be shown fo authors. The Board of Edilors
does not hald itself responsible for the opinions expressed by
the corves pondents. Communications should not in general ex-
ceed 600 words in lenghh,

On the Maximal Energy Attainable
in a Betatron
D Iwanenko avp L PoMeERascnuk
Fhysical Institule of ihe Moscow Slate Unisersity, Moscow, and

FPhysico-Technical Institule of lhe Academy of Su(u(ri af the
« R, Lewingrad, . 5. 5. R.

May 18, 1044

Y means of a recently constructed induction accelera-
tor-betatron, Kerst succeeded in obtaining electrons

up to 20 Mev.! The principle of operation of the betatron
is the acceleration of electrons by a tangential electric ficld
produced by a changing magnetic flux, which is connected
with the magnetic field keeping electrons on the orbit by a
simple relation. Incontrast toa cyclotron, whose applicabil-
ity is essentially limited to the non-relativistic region on the
ground of defocusing of orbits due to the change of mass at
high energies, there is no such limitation for the betatron,
We may point out, however, that quite another circum-
stance would lead as well to the existence of a limitation
for maximal energy attainahle in a betatron. This is the
radiation of electrons in the magnetic Geld. Indeed, elec-
trons moving in a magnetic field will be accelerated and
must radiate in accordance with the cla 1l electro-
dynamics, One can easily see thal quantum effects do not
play here any important role as the dimension of the orbit
is very great. As wasshown by one of us?an electron moving

NUMBERS 11

Synchrotron radiation

AND 12 JUNE 1 AND 15, 1944

in a magnetic field H radiates per unit of path the energy

— (dE/X) =23 (mcA(Efme [ V/OHT (1)

where ¢ is the charge, m the mass, V the velocity, and E the

energy of the electron; £ is assumed much greater than me®,

In the betatron V is normal to H and practically for the
whole path equal to ¢, Then we have

—(dE[dX) = 2(3(e2/mc)*( EH [ me?). (2)

The limiting value of energy Eq is to be determined from

the condition that the radiated energy (2) will be equal to

energy gained by the electron in the electric field produced

by magnetic flux per unit of path:

2 fEs ‘_8|dd7.-"d1]_e ;
o mf) A o) it @
H=dHldt  ry=c'm®.

Here Rq is the radius of the orbit, ¢ is the induction flux.!

Henee: X .

B (re 1y ®

me? \2rgtc H?,
Taking for A and £ the values now being in use we get
L= 52108 ev, which is only fve times as great as the
energy which one expects to obtain in the betatron now
under construction. From (4) one sees that Es is inversely
proportional to the magnetic field applied and propor-
tional to the square root of energy gained in the rotation
clectric field per unit of path. All this requires the using of
smaller /¥ or of higher frequencies with the purpose of
getting higher limiting values of Es,

The radiative dissipation of energy of electrons moving
in a magnetic ficld must be also of importance for the dis-
cussion of the focusing of the electronic beam, as the energy
of particles being accelerated will grow more slowly with
the growth of I if the radiation is taken into account.
This latter question may deserve a separate discussion.

! D.W. Kerst, Phys. Rev. 61, 233 (1942},

‘1 Pomeranchuk, J.
. W. Kerst and K. Serber, Phye, Rev. 60, 53 (1941).
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Synchrotron radiation .)(FEL

discovery THE POLAND
PHYSICAL REVIEW

eA journal of i I and the ical physics blished by E. L. Nichols in 1893

Seconp Semies, Vor. 102, No. 6 JUNE 15, 1956

Spectral and Angular Distribution of Ultraviolet Radiation
from the 300-Mev Cornell Synchrotron*
D. H. TouovLIAN AND P, L. Hartman

Depariment of Physics, Cornell Unisersity, Ithaca, New Vork
(Received November 22, 1955)
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Fie. 11. Diagram showing the arrangement to be used for Frc. 12. Reproduction of a plate obtained with the arrangement

27 04 1947 Ge ne ra | r('curclmg the radiation from essentially monoe: ncrgzt:c electrons, of Fig. 11, showing spectra of the continuous radiation emitted
. . For work in the vacuum ultraviolet the rol.mn" disk is enclosed, by essentially monocnergetic electrons. The various exposures

the drive shait coming through a vacuum

Electric Research Laboratory- first Howee e pao i 1 v i
observation of synchrotron radiation

So far the disk has correspond to electron energies ranging from 60 Mev at the top to
ultraviolet spectrum. 110 Mev at the bottom. An exposure at 50 Mev is not visible in
cd with this arrangement  the reproduction. The exposures were adjusted so that, in each
here, case, approximately the same total number of radiating electrons
was involved.

DOI: 10.1103/PhysRev.71.829.5
Science with X-ray Free Electron Lasers

21.10.2024
(XFELs)

12



Electric field of a static charge .)(FE L

vs. electromagnetic wave HUB-POLAND

Static electric field Electromagnetic wave

¥

ELECTROMAGNETIC WAVE

Electric Field

Science with X-ray Free Electron Lasers
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Radiation of an accelerating ")(F E L

charged particle — Purcell method HUB-POLAND

Science with X-ray Free Electron Lasers
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21.10.2024 14



Electric field — charge at const. . .)\FE L

velocity HUB-POLAND
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Radiation of an accelerating . ')\F E L

charged particle — Purcell method HUB-POLAND

Congider the case of o point charge ¢ initially moving at speed wp & o which then stops,
deeelerating uniformly for a duration of #5. At a time T % ¥ after thiz happens, the puls=
of radiation has reached a rading of R = &7, as shown below.

For an arbitrary fisld line at an angls €, the geometry of the “kink” requires that the ratio
of the transverse field to the radial fisld be

Ey wplzind  oRand
E = 0’50 = 82 (4}

where o iz the magnitude of the particle’s aceeleration. Bub the radial field iz given by
Coulomb’a law, 20 the transrerss fi=ld iz

_ [ eRsind g g esind
ﬂ_( o2 )(4?1’&0}-?2)_4?1'&0&2 - (5)

Matice that this falls off with distenes az 1/R, not 1/R? The energy per unit volumes
stored in this field, proportional to |.E-}|2? therefore falls of a= lfRQ? zo the tobal energy
contained in the shell iz unchanged a2 the shell spands. To caleoulate the power radiated
you have bo average over angles (which gives a factor of 2/3) and also multiply by 2 ta
inelude the equal energy stored in the magnetic field. The result is the Larmor formula,

tm
e

qﬂaﬂ
Power radiated = W. (6}
Science with X-ray Free Electron Lasers 16
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HUB-POLAND

Lorentz-contraction

-)FEL
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Electric field — charge in .)(F E L

bending magnet HUB-POLAND
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Electric field — charge in .)(F E L

undulator HUB-POLAND
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Intensity vs. Electric field ')(F E L

source: xfel.eu HUB-POLAND

Ny, Ny = # of magnetic periods
Ng = # of electrons in a bunch
(1 nC ~ 10° - 10%%electrons)

oc Ng
oc Ny, X Ng
ocNUZXNe

oc NU2 X Ne2
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source: xfel.eu

Synchrotron radiation sources

Ny, Ny = # of magnetic periods
Ng = # of electrons in a bunch
(1 nC ~ 10° - 10%%electrons)

oc Ng
oc Ny, X Ng
ocNUZXNe

oc NU2 X Ne2
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SASE - Self Amplified Spontaneous )(F E L

Emission HUB-POLAND
III@IIIIIIIIIIIIIIIIII
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Undulator

log(P) i

source: xfel.eu
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SASE - Self Amplified Spontaneous ")(F E L

Emission HUB-POLAND
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> Peak brightness of SR .)(FEL
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For comparison ')(FEL

HUB-POLAND

1875 1900 1925 1950 1975

10
Free-electron lasers
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light sources o .
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8
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o
L i = Intel Gore i7
tstgeneration M " x Intel Core 2 Quad
B Intel Pentium 4
s Inte! Pentium 10
Modern X-ray tubes % 0
=] Intel 8086
S Intel 4004
s
* 1

First X-ray tube

=== Relative peak brilliance (first X-ray tube = 1)
Number of transistors in processors

source: xfel.eu

Comparison in rates of development between X-ray light sources and computer processors. The rate of increase of
relative brightness of X-ray sources since the 1890s surpasses the increase in the number of transistors on a silicon
processor chip since the 1960s (the latter described as *Moore’s Law”).
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XFEL radiation properties )(F E L

. HUB-POLAND
Wavelength-50+ 0.5 A
Atomic spatial resolution

By, SOUTCE: xfel.eu . /\ &
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Ditacion patem mh = Zdhkl sin @

Science with X-ray Free Electron Lasers

21.10.2024 (XFELs)

27



XFEL radiation properties ')(F E L

. HUB-POLAND
Wavelength -50+ 0.5 A Empty 4

Photon energy —0.25 = 25 keV Valence “"0—% ==
Spectral bandwidth - 0.1%
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XFEL radiation properties ')(F E L

) HUB-POLAND
Wavelength-50+ 0.5 A

Photon energy — 0.25 + 25 keV XFEL 10 photons
Spectral bandwidth - 0.1%

Pulse energy — 1 mJ or 1012 photons
Pulse duration — 1- 200 fs

. ,Probe before destroy”
Lf‘ N5 —>|e— 100 fs
' | . .
& All information
i in one pulse
. .
o {\ﬁ Synchrotron 1(¢ photons

o

time

Science with X-ray Free Electron Lasers
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XFEL radiation properties ')(F E L

) HUB-POLAND
Wavelength-50+ 0.5 A

Photon energy — 0.25 + 25 keV
Spectral bandwidth - 0.1%

Pulse energy — 1 mJ or 101112 photon
Pulse duration — 1- 200 fs

Time-resolved studies
(pump-probe)

scattering pattern

opt. laser 0.5 ps

..
.~
........
-

XFEL 9.4 keV

Fe membrane

Science with )
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XFEL radiation properties ')(F E L

. HUB-POLAND
Wavelength -50+ 0.5 A X-ray non-linear

Photon energy — 0.25 + 25 keV optics

Spectral bandwidth - 0.1% -

Pulse energy — 1 mJ or 101112 photons T ptone MR

Pulse duration — 1- 200 fs

Peak Power ~ sub Terawatt
,Warm Dense Matter”

0.2 1Ge K-edge binding energ@% p
11.1 keV T

Ge plate

Monochromator

G Kafluorescence (photons/shot)

high intensity laser KB mirror ‘(\\,g‘c\' L

area detector - v RS
i 0.01 4 R
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‘ h » ] ro“é
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imaging crystal .
spectrometer ~-ray Free Electron Lasers
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XFEL radiation properties ')(F EL

) HUB-POLAND
Wavelength-50+ 0.5 A

Photon energy — 0.25 + 25 keV
Spectral bandwidth - 0.1%
Pulse energy — 1 mJ or 10112 photons a Polarizer
Pulse duration — 1- 200 fs S
Peak Power ~ sub Terawatt
Polarisation — linear or circular

Magnetic measurements (e.g. Kerr effect)

Detector

< Probe laser
(XFEL)

Sci ith X Free Electron L DOI: 10.1002/adma.202301347
21.10.2024 cience wi ray Free Electron Lasers
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XFEL radiation properties ')(F E L

) HUB-POLAND
Wavelength-50+ 0.5 A

Photon energy —0.25 = 25 keV )C(;)rfréIgiilgﬁrjpf:gcroscopy
Spectral bandwidth - 0.1%

Pulse energy — 1 mJ or 10112 photons
Pulse duration — 1- 200 fs

20 pm pinbole

Peak Power ~ sub Terawatt O ,
Polarisation — linear or circular gt v :
. P y e
Spatial coherence L 1\“ L N 3
SIN. membrune "
\hﬁu\'(ir film

SEM

J.A.Nielsen, D. McMorrow, Elements of Modern X-ray Physics, Wiley (2011)
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‘!v: Coherence ')(FEL

HUB-POLAND
Coherent In-coherent

o ***»»)))))))))))) »»%?;})))})))}//

Saleh, Teich, Fundamentals of Photonics , Wiley 2007
Science with X-ray Free Electron Lasers
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Coherent properties of SASE u)\F E L
photon bunch HUB-POLAND

3D representation of the photon pulse exiting the undulator line
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XFEL radiation properties ')(F E L

o Time resolution in HUB-POLAND
Wavelength-50+ 0.5 A

micro-/milisecond domain
Photon energy — 0.25 + 25 keV

=
Spectral bandwidth - 0.1% HELS o e , N
Pulse energy — 1 mJ or 10112 photons e i 2°°ﬁie200:::’”s°‘ T
Pulse duration — 1- 200 fs _AAAAR MARRA oxow
Peak Power ~ sub Terawatt o k] “%le]c e
Polarisation — linear or circular '
Spatial coherence —

Pulse structure

Xray pulse
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XFELS vs .)(FEL

lasers and synchrotrons HUB-POLAND

Temporal Order
resolution

e ) Igh
Pulse duration Coherence
Synchrotron
Lamps Radiation

source: xfel.eu

microwaves infrared visible light ultraviolet soft

hard
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Spatial resolution
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European XFEL ')(FEL

. Atoms, molecules, clusters, . Matter under extreme conditions, :) LAN D

and gas-phase chemistry warm dense matter, and plasmas
Femtochemistry and solid- Soft condensed
The European XFEL and liquic-state chemisty mater
Il Hard condensed matter and Structural biology and
SASE 1 and 2 electronic properties biocrystallography
H ard x-rays (3 — ; Hard condensed matter, X-ray scattering, X-ray optics,
structure, and dynamics and instrumentation techniques
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High-field science and
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EuXFEL radiation properties ')(F E L

o HUB-POLAND
Wavelength — 50 + 0.5 A & 2-color
Photon energy — 0.25 + 25 keV
Spectral bandwidth - 0.1% & seeding ) R
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Pulse duration — 1- 200 fs & as “ommss

Polarisation — linear or circular

iag wstrzykiwanyc! o
Y A <Gl . T ’
Spatial coherence -
> ()
Pulse structure e
point (z =68 mm) '_'_ ’
LCLS “~ f " “ uuuuuuuuu
EuXFEL jhll;mim»sec ~t100fs ol L)L) -mirouse
LCLSHl — 7™
“e A AAAAARAAAARA s
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EuXFEL radiation properties ')(F E L

. HUB-POLAND
Wavelength — 50 + 0.5 A & 2-color

/ , r—

Photon energy — 0.25 + 25 keV A ﬁﬁﬁhm/&':{:‘
Spectral bandwidth - 0.1% & seeding v s
Pulse energy — 1 mJ or 10!!12 photons

XFEL-induced synthesis of €-iron nitride

o b 2 -—y

Pulse duration — 1- 200 fs & as
Polarisation — linear or circular
Spatial coherence

Pulse structure

+

High energy/intensity lasers

Diamond Anvil Cell (DAC) Science with X-ray Free Electron Lasers
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Biology — structure determination )(F E L

with atomic resolution HUB-POLAND

. Jack bean protein CTX-M-14 B-lactamase
Serial femtosecond crystallography (SFX)
um-size crystals ° 5 s
.Z( e
S Ap‘(l b ’-O
o o-‘A.-ﬂC ?;-A
®,
Pha223 \}1
% ‘ { Leu224
Rear pnCCD ‘ / e
< (z =564 mm) i \
i Front pnCCD A A
Intgroaiﬁ{lon (Zrc_)__negr;] s "L .T,,:‘,?, AP
H.N. Chapman et al., Nature 470, 73 (2011) Grinbein et l, Nat. Commupn. 9, 3487 (2018) Wiedon et al, Nat. Commun. 9, 4025 (2018)
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B
‘!« Molecular movies ')(F EL

HUB-POLAND

Photo-active Yellow Protein (100 fs to 3 ps):

INVN ‘epamep :Asaluno)

K. Pande et al.,
Science 352, 725
(2016)

~~of5fs | 1023 fs
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U |trafa St d |SO rder C Coherent D Order-Dlsorde)(F E L

Displacive Transformatlon
P P HUB-POLAND
Ultrafast disordering of vanadium {f | . e
dimers in photoexcited VO, E g ) K v\ @
. e : 3 g q \ - ') \ Y%
Simon Wall'*{, Shan Yang”t, Luciana Vidas', Matthieu Chollet®, James M. Glownia®, \ \ \ | -~
Michael Kozina®, Tetsuo K ®, Thomas Heni *, Mason Jiang®, | o \ g )
Timothy A. Mil‘ler', David A. Reis"®7, Lynn A. Boatner®, \ .I' \ s ‘
Olivier Delaire®®*, Mariano Trigo™%* : \ & o |
g » p “. " & \
A B ¢ &L\ 2 .
¢ P 2\ }. Science 362, 572-576 (2018)
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Fluence (mJ/cm?)

b 5 6 7 8 9 10 11

Ultrafast demagnetization

A.H. Reid, et al., Nature Commun. (2018) X-ray magnetic diffraction

-]
0.2 + t
d 004} e
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il
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Magnetism (XMCD)
<
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=

Lattice change

b Electronic stress Macroscopic stresses
0.998

Unstrained samples: CoPt nanoparticles

HOV ’EJO:">|!S'|/\|' :}\saimog J

. . 2000 5 | |
Magnetoelastic stress builds up on the sub-ps —7,
timescale, characteristic of ultrafast demagnetization < —_T,

5 L —T, ]
: g T _
Stress from transiently populated phonons takes 8 " e
over on the ps timescale — reduced magn. anisotropy  * %
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Self-Seeding - How to improve the .)\FEL

coherence time ? _
First undulator generates SASE RUEEFLERND

- X-ray monochromator filters SASE and generates seed
- Chicane delays electrons and washes out SASE microbunching
- Second undulator amplifies seed to saturation

chicane

1st undulator 2nd undulator

grazing

\mirrors

AP A A
A P A A A

VAL [A[V[A[F[A] V(A v [H] ¥ [A] V]
VAP [A[V [P [ YA v [ Y [A] [

SASE FEL

slit
Seeded FEL

grating

1. J. Feldhaus et al., NIMA, 1997.

2. E. Saldin et al., NIMA, 2001.

3. Y. Ding, Z. Huang, R. Ruth, PRSTAB, 2010. Courtesy: J.Krzywinski, SLAC
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> Hard X-ray self seeding at SLAC 5 o)(F E L

2012 HUB-POLAND

yaw
e__)__“ % m
pitch Spectrometer
N P

SASE Diamond crystal Seeded

P%efile Monitor XPP:OPAL1K:1 12—Jan—2012 13:04:53

diamond |

Profile Monitor XPP:OPAL1K:1 12—Jan—2012 13:11:36

|

y (mm)

—1k—0.45 eV
chicane

[0}
X (eV)

(o]
X (eV)

Demonstration of self-seeding in a hard-X-ray

free-electron laser Mature Photonics 6, 693—698 (2012} | doi:10.1028/nphoton.2012.180

J. Amann, W. Berg, V. Blank, F.-J. Decker, Y. Ding, P. Eml:na, Y. Feng, J..Frisch, D. Fritz, J.

Hastings, Z. Huang, J. Krzywinski, R. Lindberg, H. IS&I e nﬁﬂnw.mhlu)“r, baiétlFeEee E I ectron Lasers CO u rtesy . J Krzyw| ns kuﬁ LAC
2 1 102024 J. Rzepiela, D. Shu, Yu. Shvyd'ko, S. Spampinati, 5. Stoupin, S. Terentyev, E. (XFELS) e

Trakhtenberg, D. Walz + etal.
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i.!u 2 color XFEL

Photocathode

Pulse Laser Pulse
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High-intensity double-pulse X-ray free-electron
laser

A. Marinelli', D. Ratner', A.A. Lutman', J. Turner', J. Welch', F.-J. Decker', H. Loos', C. Behrens'?, S. Gilevich',
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Polarization control

Four independent rows
of permanent magnets
move longitudinally at
fixed gap

Science with X-ray Free Electron Lasers
21.10.2024
0-20 (XFELs)

-)FEL

HUB-POLAND

Courtesy: J.Krzywinski, SLAC



-)FEL

HUB-POLAND

Attosecond pulses

K-shell absorption edge

namre

photonics

ARTICLES

https:/ /101038/541566-019-0549-5

Tunable isolated attosecond X-ray pulses with
gigawatt peak power from a free-electron laser

3 ," T Joseph Duris @2, Sigi LI"*2, Taran Driver @4, Elio G. Champenois®, James P. MacArthur'?,
3 ;’ o ref. ', 650 as Alberto A. Lutman’, Zhen Zhang©', Philipp Rosenberger'5s, Jeff W. Aldrich’, Ryan Coffee’,
5 o | o ref. 6, 950 as Glacomo Coslovich', Franz-Josef Decker’, James M. Glownia', Gregor Hartmann’,
g 10 7,59(10) o ref. ?, 130 as | ‘Wolfram Helml ©54%, Andrel Kamalov2?, Jonas Knurr?, Jacek KrzywinskI', Ming-Fu Lin’,
® (12) 4 (16) o ref.” 260 as Jon P. Marangos @4, Megan Nantel'2, Adi Natan®?, Jordan T. O'Neal?*, Niranjan Shivaram®',
"—3" o(6) o ref. 9| 80 as Peter Walter', Anna Li Wang*™, James J. Welch’, Thomas J. A. Wolf?, Joseph Z. Xu™,
o o ref. ™ 130 as Matthias F. Kling @54, Philip H. Bucksbaum'2%%, Alexander Zholents", Zhirong Huang'?,
L e .
0(1 1) o(14) o ref. ||, 260 as James P. Cryan and Agostino Marinelli &"
107 L1BO () ©E0 o ref. %, 150 as |
o(7) o ref. " 375 as
(8) o ref. ', 500 as
o ref. ', 130 as
o ref. "%, 680 as
0(19) o(18) o ref. ', 200 as
f. ' 47 as
107 - o ref. 7,
0(9) o(18) o ref.”, 53as
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Further reading ')(FEL

HUB-POLAND
 D. Attwood and A. Sakdinwat, X-rays and Extreme Ultraviolet Radiation (Cambridge, UK
2017), Chapter 6,

YouTube lectures:
AST C210 EE C213 Spring 2021 Lecture 13 —YouTube
https://www.youtube.com/watch?v=v8 14dbYyR8
AST C210 EE C213 Spring 2021 Lecture 14 —YouTube
https://www.youtube.com/watch?v=peyl6aVXua4

* Philip Willmott, SLS, PSI, ,,An Introduction to Synchrotron Radiation”

* K.-J. Kim, Z. Huang and R. Lindberg, Synchrotron Radiation and Free Electron Lasers:
Principles of Coherent X-ray Generation (Cambridge, UK, 2017).

 P. Schmiiser, M. Dohlus, J. Rossbachand C. Behrens, Free-Electron Lasers in the Ultraviolet
and X-ray Regime(Springer, Heidelberg, 2014).
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https://www.youtube.com/watch?v=v8_I4dbYyR8
https://www.youtube.com/watch?v=peyI6aVXua4

S ->(FEL

HUB-POLAND
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