J_r_‘___:_\_‘f H;JUFU IDOURGCES REE

. ; N T . L  J-TaY -
= 'Mé,.‘.:.t‘,w e — _— \ % ¥ A s ] 'f-"._. h A -
- TN .‘“ : ;'i::; ..."-‘: ey o T pise 2

»FEL productlon characférlstlcs and properties
of FEL light.

» Selected application examples.
»What is next?
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q FEL PRODUCTION: Electron motion in a very long
undulator evolves to a free electron laser

With a very long undulator the radiated fields become stronger and lead to microbunching, i.e.
transform the random positions and motions of electrons into correlated waves of electrons,
emitting radiation in phase.

[ SASE spectrum.
anD o |
23 l
gl <3 o ool N :;4* i |
o Ly
] o 20 o i 0
Bl
1.552 1‘554 l 556 1.558
wavelength (Angstrom)
Unmodulated * ‘ Increasing “ Fully — * WNU\F
(random positions) modulation modulated ‘
: rd
- o 4th
Spontaneous Radiation generation  Self Amplification of Spontaneou: Coherent Radiation generation
Synchl‘otron EmISS|on T synchrotron
L3 : ' AW/AY/A
10°+ V \7
E 10°4 NN N\
1074 _Xﬂ'
10°+
N-electrons Esot ~JN Ef 3 ] M-electrons Ecoherent ~ N E1
random distribution Pspt~ NP1 ©or A e 80 hicro-bunched Peonere ~ N2Ps

Courtesy of K-J. Kim
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q SASE-FEL Physics: increase of coherence power N as result of
constructive interference of emitted radiation

[N] [S] [N] [s] [N] [S]

Elettra Sincrotrone Trieste

R The Physics
of Free Electron
Lasers

€S 0—0—0—0—0-00000—>

 Uniformly distributed particles (beam) into undulator.

* Emission of radiation (“spontaneous” emission).

» Wave grows enough (undulator radiation) to begin affecting.
particle dynamics through ma = —E radiation.

 Transverse coupling between E;aq and transverse velocity vy

(in undulator) leads to energy exchange between fields and particle

d
(zero net at first) Te = mc? d—z =F-v=—E - vy

* Modulated velocities with increments in vy lead to bunching on axis. _

* Electron density modulation leads to stronger radiation,
P Q4 "y Nz et Time/energy structure: envelope of a series of sub-pulses
Tot & 1\72 n? * with random intensity, time duration, bandwidth and phase. ~V "V "

« Stronger fields (wave) drive stronger transverse velocity. *

« Stronger vy drives stronger bunching, . . . stronger fields, . . . FEL action.

FEL_physics.ai
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=/

Elettra Sincrotrone Trieste

> First undulator generates SASE.

SASE-FEL.: self-seeding for improving spectral (1) purity

» X-ray monochromator (grating for soft X-rays or Si/diamond crystal for

hard X-rays) filters SASE and generates seed.

» Chicane delays electrons and washes out SASE micro-bunching.

» Second undulator amplifies seed to saturation.

chicane

1st undulator

grazing

2" undulator

i+++++|++|++*|+é|+++

\mirro rs

[VIALV[$1v AT+ [H[v[4] ¢ #V [R]V]H]

[ [ATv[R]v[4]v[H][vI4]v 4]+ [#]v]4]
slit

SASE FEL
6 narrow bandwidth
i » enhanced peak power
f 40

EEl I EL,} 1 (b) Seeded average
‘f’ 4t ‘ !I :liﬂ . 3 — ;ASFda»cragc
E L i ..qg : o 30 -1 20,000 shots l
=3 i i ? § i. | 25
E a9l il EI i uij%‘" :g . | - LCLS /,\urA
o wee

0 &1»1»&':'..‘»’!55}?1\1!@_:‘_ Ll ._T_:li___!_h__n%;gé!k}lm\mMWe# 10 —7’f /| I""vﬁ— 30eV

EZNE N S / [ \
wavelength (Angstrom 5 ) [\ \.
0 4+— ”,.// *.—J \—- “\""— N—

-40 =30 -20 -10 0 10 20 30 40
Relative photon energy (eV)
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Elettra Sincrotrone Trieste

&Y Seeding SASE-FEL using optical laser

“SASE” FEL - several

High Gain Harmonic e 0 n Q separate “waves”

Generation (HGHG): e | u::::m‘p:':‘”‘

seeding (modifying) %’ i Less peak power, broader

the emitting electron - B it spectrum.

bunch with an 5

external laser pulse B SRl The properties of the FEL

controlled in all the el radiation are entangled
relevant photon LSO @t with those of the seed

parameter laser. Defined energy-time
profile.

bunch compression
<1 ps electron bunches

31.8 32 322 324 326 328 33
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&Y Free Electron Lasers in operation and coming 2016

Elettra Sincrotrone Trieste

. PAL Shanghai
o _ A Curiea o
LCLS LCLS Eu-XFEL SACLA FLASH FLASH FERMI SwissFEL YFEL XFEL
Shortest 154 1A 0.5A 1A 40A 40A 40A 1A 1(0.6) A 1A
wavelength
Undulator Variable Variable In- " Variable Variable
hardu)'ir{; YPe | Fived gap Can Cean vacuum n.a. n.a. n.a. vacuum R Comn
y- gap gap Var. gap var.gap gap gap
Undulator type Variable Variable . Variable -
soft X-ray. n.a. gap gap n.a. Fixed gap gap Apple Il Apple Apple
Iniector S-band S-band L-band Puked L-band L-band S-band S-band S-band S-band
) RF gun RF gun RF gun Diode RF gun RF gun RF gun RF gun RF gun RF gun
Cathode Cu Cu CsyTe CeBs Cs;Te Cs;Te Cu Cu Cu Cu
themmianic)
Main linac n.c. n.c s.C n.c. S.C. s.C n.c. n.c n.c n.c
technology Pulsed pulsed pulsed pulsed pulsed pulsed pulsed pulsed pulsed pulsed
RF frequency S-band S-band L-band C-band L-band L-band S-band C-band S-band C-band
RF Rep. rate 120Hz 120Hz 10Hz 60 Hz 10Hz 10Hz 10-50Hz 100Hz 120Hz 60 Hz
FEL pukes/RF 1 1 2700 1 2700 2700 1 2 1 1
pulse
max. bunch 0.25nC 0.25nC 1nC 0.2nC 1nC 1nC 0.5nC 0.2nC 0.2nC 0.2nC
charge
Qﬁ;;lwmn 13.6GeV | 14GeV 17.5GeV 8 GeV 1.2GeV 1.2 GeV 15GeV | 58Gev 10 GeV 6.4 GeV
Mo. RF stations 81 81 29 69 5 5 15 34 49 ?
gﬂg;ﬁ*' facilty 1.7km 1.7km 3.4km 0.8km 0.32km 0.32km 0.5 km 0.7km 1.1km 0.6 km
Startoperation 2009 2017 2015 2011 2005 2013 2010 2016 2015 2019

6
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&Y  Probing matter on nm length scales and

Elettra Sincrotrone Trieste

100 nm

10 nm

10-9m
1 nm

0.1 nm

9-2008
8777A6

and fs time scales

Characteristic Nanoscales in Matter Characteristic Times in Matter

Unique new opportunities thanks to the distinct properties of FEL
light: pulses with (i) High peak power, (ii) Ultrashort and (iii) Coherent 1 neV

I 7 FEL 1012 photons |

50 GW peak power
~30fs

<

1 meV

= N
flux

1eV
~ 30 ps, 108 photons
Synchrotron S0 W peak power

S

1 keV

time
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=/ FEL: temporal and spatial coherence

Elettra Sincrotrone Trieste

A source with finite size and spectral bandwidth, restricted to radiate over a narrow solid
angle, generates fields with strong phase and amplitude correlation to a limited extend

Transversa (spatial)
coherence

A, Ak | Transverse (spatial)
. \ P, - Coherence:
f \ ,r\ depends on the source size,
- \,4‘ : \\ | S, and angle of emission, O.
i | '\‘p Longitudinal (temporal)
RS hasy- Coherence:
‘I depends on the finite
T ~ spectral band width, ANA .
Source of finite si;e divergence Longitudinal These requirements become
& duration coherence length very stringent for shorter
wavelengths.

|+ :‘.—:-| ‘+¢1 180 phase shift

- - - - -~ -~ 1.00
ﬂx ﬁ‘ /f;)\\\ /r,}\\‘ m ‘1\“ \\/’\r x\/\;’ ' .
VVARYARVENTENTAY VAVVAV.VAY

Emh "I P
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(=5 Young’s double slit experiments as measure
of spatial coherence

Sample plane Detector plane
,«':A‘ LT — 2 )- Z
A ., \ —
/' RS “\ F..‘: '''''' coh .
WO it 'S
D s the spatial distance
A ‘.‘ ) “‘ b N ‘.. RIZ T
AN YA 4 VA -:c_?,"j::: along the two generated
AANAMVVIV I et
RERRRRP RN et wavefronts out of phase by a
o Y } ; l' (/: ; : ' : """.-—:D
o[/ / /4 SNE N factor /2.
3 \': /(",}'\,/"\.' 0".""" u" "‘ :’-'::::-
> . § "'.. i '!‘ ' "' ‘; A '.“-.&-'_ o
. \‘\ "‘ .'/' "" "l' / ] '-.."’ — > — A
3 - .“k’ ' " ,'| ,' l' D:'».ﬂ;“ == Ol_ = - L D e e et e i ) B G S o e e S
\ R S pdbipret 09 Y
v A, e 3 Fr-vi .
R ST rpo X! O 038 ) o
! ! "‘ \,,\‘c" 'f;’:‘;l.. c ’ 6. ~ 3
. 7 80 sppmer Aty D o7 g . 1
P S B T 3 ) o N
S YIOF 7 Al | BBt 0:’ .: N =} § ii ~
! P b 9 081 =vs
< 4 o > 2k
< . f B SRS e j N
Wz &> -.3:::::'. o 08 B Exp. data unfocused beam - [ G
: il showac”e 8 0,44 @ Exp.datafocused beam i
5 - — Mode 0
@ 0,31 — — Mode1
< > o ~ Mode 2
0,2 . : . .
£ 0,00 0,25 0,50 0,75 1,00

Normalized distance D to beamsize
« Self-l ["IITEIT Crence ﬂ”%l‘-’ y * Phase coherent electnic fields
» Electric ficlds chaotic » Electric fields from all
» Intensities add particles imerfere constructively
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(=5 Coherent Diffraction Imaging (CDI):

s Tes:— fpaged upon the principle of coherent scattering in combination with a
method of direct phase recovery called oversampling

__- Incoherent illumination: coherence length larger than
~A/d the sample structures
' Diffuse scattering that averages over
all features resulting from slightly different wavefronts

«—o—p

__g==.  Coherent illumination: coherence length larger than the
< sample
- i Speckles due to interference of wavefronts scattered
— “, 0& from the features - information on the positions of each
d v feature, obtained inverting the pattern.

YYYVYY
e

«—a—>

::,.3

e, LEY o The scattered amplitude is Fourier transform
Conerentsoftxrays ZAAAAP G~~~ ‘ I(a) of real space electron density f(r) of the

=N~ N, ~

St object: F(k) = | f(r) e-2mi k - r dr

«  Proposed by Sayre to visualize the electron-density distribution in non-crystalline materials (1980)

« Pioneering experiments: Kirz, Miao, Chapman, Spence, Robinson, (Nature 400, 342; ibid. 442, 63; 448,
679; MRS Bull 29, 177, PNAS 102, 15343), Science, 316, 5830 etc)
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3D CDI of Ag cubes using synchrotron

Surface plots of
reconstructed shapes

<

Rocking scan of Ag
cubes with 0.01° steps,
courtesy K. Robinson, PRL 87, 195505
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q Resonant CDI: elemental and ‘dichroic’ sensitive

Elettra Sincrotrone Trieste
i

PRL 100, 025504 (2008) PHYSICAL REVIEW LETTERS g ek ending CDI iS a|SO SenSiti\Ie tO Ch&l‘hiC&' States V'a
near-edge resonances and can be extended

Nanoscale Imaging of Buried Structures with Elemental Specificity Using Resonant X-Ray

Diffraction Microscopy H
roscop: to exploit other contrast mechanisms
Changyong Song.l Raymond Bergslrom.l Damien Ramunno-Johnson,' Huaidong J']ang.l David Paterson,” - e
Martin D. de Jonge, Tan McNulty,® Jooyoung Lee,* Kang L. Wang,* and Jianwei Miao'** depend.ng On resona nt trans.t'ons SUCh as

x-ray magnetic circular dichroism.
electronic orbital as well as chemical state.

Pinhole
Guard Slit
Sample

Bi distribution in Si

Holographic image of random
magnetic domains in a Co/Pt ML
sample, Co L;-edge absorption edge.

§. Eisebitt', J. Liining”, W. F. Schiotter*~, M. Lérgen', 0. Hellwig'*,
W. Eberhardt' & J. Stohr’ NATURE, 432, 885 (2004)

Absorplion
Pt

STXM image

S—

Phase

Retrieval
Diffraction Patterns \

0.00
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&) X-ray exposure determines the achievable
o r@gQlution. Radiation damage sets the dose

For each scattered photon that contributes to the diffraction
pattern there are about 10 x-ray photons absorbed. This absorption

deposits energy into the sample and leads to sample degradation.
108

1016 i

—

o
-
=N

Radiation dose (Gray)
S o

—_

o
[02]
I

—_

o
(2]
I

Within damage limit
0.1 1 10 100

Resolution (nm)
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&Y  Coherent Diffraction Imaging:
Synchrotron vs FEL Radiation

long pulses (sub-ns) max ~108 photons/pulse ~ Fs pulses > 10" photons/pulse

Coherent Radiation

Spontaneous Radiation

N-electrons Espt ~ /N E1 N_.e|ectrons Econerent ~ N E1
random distribution Pspt ~ N P1 micro-bunched Peonerent ~ N2 Ps

x 10°..10 times higher

Synchrotron radiation:

\@ 4 pinhole and monochromators ;‘
ﬁ\w for spatial and spectral filtering, §

but at the expense of intensity!

FEL (FLASH, LSLS, SACLA, FERMI):
natural space coherence: each
electron - spontaneous emission
that overlap each other in phase

_‘pi
FEL pulsey

Ultra-short (fs) and ultra-bright coherent FEL pulses allow
imaging with single pulse before the radiation damage manifests
itself !

-~ &}
6
4
2
0

Peak Temperature (eV)

i /"'
A

1E3 0. 0.1 1 10
Time (ps)
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=" How matter will respond when exposed
to a very high power short fs pulses

FEL | g2 photons -t
T (ev) A o 50 GW peak power synChrOtron ol | 'y . ed
~30fs neutral positively charg
10 -t f\ electrons B Xenon cluster aloctron Xenon cluster
ok light pulse y\\ g, gx.g
AN
~ 30 ps, 10° photons
Synchrotron [V 50 W peak power beginning of the light pulse end of the light pulse
electron-phonon n
5 — energy transfer ar s

\p— | ime —p  Laser 2 %m"’a’{ ofn“:'*ied

’

- r 9

KA 2 Lo
AT 13 e
i o Aan> e

tons ANS @ P, o=

| | | | | - e P AR

' > ’ o time (psi_ FEL light pulse 29 3
- {
Exoti Warm dense matter ‘ H i =
state. ‘ ’< o™ beginning end
Density is constant (isochoric heating)

When matter is irradiated with very intense light, exciting deeper
electronic levels, unusual processes occur which do not happen upon
irradiation with less intense light: exotic non-equiliblium state with
electrons at temperatures tens eV) and ions at RT (< 100 fs), electron-
phonon energy transfer leading to warm dense matter (>1 ps), lattice
expansion (>5 ps) Coloumb explosion..
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“ordered” x-rays ordered
pattern

=/

Elettra Sincrotrone Triestd

X-ray laser

CDI@FEL

disordered [EEFPERES
sample

Acquire data in reciprocal space:
\_  Resolution: 5=\/sin@ /

nagre || e
physics

-
FLASH,
what a picture!

— = — N,

» i
l'—r

Chapman et al, Nature
Phys 2 839 (2006)

«* Structure and dynamic phenomena in
morphologically complex, disordered or
particulate matter.
«* Serial Crystallography
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Elettra Sincrotrone Trieste

Appealing to explore the new collective
properties resulting from the secondary
structures of the assembled NP

' | FELPpygeq
200 mg

) Phys, B 5 F:edersoli etal,
- Mol. Opt, Phys, 45 (2013) 164033
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&Y Fs Serial Protein Nano-crystallography

Elettra Sincrotrone Trieste

atomic
structure

shape of
nanocrystal

Front pnCCD
(z =68 mm)

Interaction
point

/"'. ™G
Am liquid Jet \

Randomly oriented patterns to be
assembled to recover 3D image

3 3um X-ray beam ’

~.

X1l School on Synchrotron Radiation, September 14-25, 2015
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Relative intensity of Bragg peak

Need very short pulses

Photoelectron
C Auger electron ------
N Auger electron
O Auger electron

Number of secondary ionizations

100

0.1

008 E

wm

c

5

1008 §

[=]

o

o

004 E§

=

)

02 Pulse ~ 0.02 =

4
0 - : 0
45 40 -5 0 5 10 15

Time {fs)

FEL=~ 6-8 keV: radius of
gyration of the photoelectron
cloud can reach 300 nm, and

that of the Auger electron
cloud - 8 nm: photoelectron
cascade becomes bigger
than a typical nanocrystal
under consideration.
C. Caleman et al, ACS NANO 5, 136, 2011
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&) Response of solid state matter exposed to a
very high power short fs pulses: Al

o7

Al 35 nm (CXRO) —
t=0fs exp. (EIS-TIMEX) ——
COLD 06 |
electron

system

0.5 -

- E 04

E

Absorptio

0.3 -

t=100fs

HOT o2 L
electron
system

01 -

- 4]
Er E 71 71.5 72 72.5 73 73.5 74 74.5 75

photon energy (eV)

The smearing of the absorption edge indicates an ultrafast
rearrangement of the electron population around the Fermi level, driven
by the sudden electron temperature change. The thermalization of
conduction band electrons occurs within ~ 70 fs pulse duration, time
shorter than phonon-phonon scattering.

For E,no0n @DOVe Al 2p edge, the temperature of the electron sub-system
is estimated to be ~0.5 eV, well above the Al melting point ~ 0.05 eV.
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&)Y Magnetic domains exposed to a very high
power short fs pulses

Reorganization from aligned to labirinth domain structure & change
in the average domain period with increasing pulse power:
? is ‘damage’ threshold for dynamic magnetic studies.

Attenuated beam - integrative mode
2100 FEL shots b 50 FEL shots 9 50 FEL shots — i_
Wb,

Pulse energy 0.15 pJ Pulse energy 0.6 Pulse energy 1 pJ g \ N )
, g TS|
%, - 1 ‘ 2 d)

¥, 5 10 15
= l\J\'// \ c)
, o )

Energy density 0.9 mJ/cm?2 8pum \'\/\

a)

: 5 10 15

Exchange Momentum Ipm'1|

)

P Attenuated 1° full power
7.0 FEL pulses FEL pulse

T

o
Next full power FEL pulses

o
o

Peak S(Q) [um™]

o
o

T T T T T T T
0 1 2 3 4 5 6 7

Second shot 4
Average pulse energy density [mJ/cm?]
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q Towards fs-movie with single shot CDI

Elettra Sincrotrone Trieste

Microscopists dream

i

Challenging computational
task:

a) Collection of a speckle pattern not a real
space image. Phase retrieval algorithm.

b) Reconstruction algorithm has to catalog
orientation and “recognize” the frames
temporal evolution.

Particle injection

10 fs pulse

Using phase retrieval algorithm:
galopping horse movie can be
reconstructed

o, sJpues. Exp. 22, 8085 (2014).
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= Time-resolved Studies .

Elettra Sincrotrone Trieste -
Energy-time picture of x-ray material interaction 0 ’
v Temporal resolution of the
10 keV
X-ray . s
absorption Domain dynamics sample response is determined
1 keV auger .
emission . _ , by the duration of the probe.
electron Diffusion, chemical transformations etc
R e T v'For larger particles CDI spatial
article - - o
energy oo T e resolution becomes depended
1oV | [FEL puise T metting | [epaiiation | on longitudinal coherence and
duration mermal | | SEEDING is highly desirable.
0.1 eV fracture
11s 10fs 100 fs 1 ps 10ps 100 ps 1ns

time >

1. IR-UV pump/X-ray probe: X-ray pulse duration determines temporal
resolution: —dynamic study of transient phenomena - fluctuating and
fast evolving systems, structural dynamics on nanoscale resulting from
chemical or physical changes induced by IR and UV laser.

2. Ultrafast FEL pulse as a pump: X-ray or IR probe: a unique way of
depositing energy into materials and to create states of strong electronic
excitation, high temperature and pressure.

Tunability allows working above and below resonances, probing the
selectively the effect of excitation on the target constituents.
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L= Stroboscopic schemes for time resolved FEL

Elettra Sincrotrone Trieste

experiments: two color IR pump/FEL probe

IR-induced dissociation of CH;l following the energy of emitted | ions

Localized charge on | atom, created by X-rays may transfer to the methyl group

0.60

0.57

0.54

via Auger decay: event affected by the I-C distance
B C

r
.7‘07: - % .7‘..7\ % ‘7‘07:7‘

!

rojection of A

lon Energy (eV)

> ~®-- S R ;
NIR M X-ray NIR nﬁ =AX—ray NIR h =AX-ray (g‘ﬁé_? 2
> > i ———— 0
O delaytime g delay time B delay time % % %0 w0 1060 1200 1460 o
Calcu!lat::ed Izraternsuocleadrnbistszz,nces(é\l 70
} C ions mainly acquire their  _ e e e :
, { char_g_e.via e_Iec.tron .trar_15fer gm A1 " Pioh energy odne 6+
1 ﬁ 1 to initially ionized iodine. - TEY Magapppissitalig i
After ~ 100 fs the molecule oz
the charge becomes N I Fig il i ﬁ*’*‘*ﬁ*‘ﬁiﬁ
. : ; L ¥
ETH oo determlned by FEL E — .5 ffl’ —=— lowest energy iodine 6
“— I - - - 0.0 -
RN interaction with CH; and | S P S A o

0.51

T T T T SRARE RARSS) T T
=100 0 100 200 300 400 500 600 700 800
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&)Y Stroboscopic schemes for time resolved FEL
s axperiments: two color IR pump/FEL probe

Shedding light on lattice dynamics in individual
gold nanocrystals via coherent diffraction

Bragg peak shift with delay time
e

L=

|
e
-y

Angular deviation (mrad)
|
]
[1%]

X-ray /
probe Visible
Increasing delay Py -0.4;

time 100 0 100 200 300 400 500
Delay time (ps)

The evolution of the coherent acoustic phonons within the
nanocrystal through the Bragg peak shift: can be modelled as a
harmonic oscillator with two modes.

J. Clark, Science 341, 56-59 (2013)
XIll School on Synchrotron Radiation, September 14-25 , 2015 Maya Riskinova



&Y Time resolved resonant magnetic holography
with sub-100 nm spatial and 100-fs temporal resolution

R
4 "‘ A,} ",- " Yy _‘~
, } é ‘ : s
.I 'i X .
. ; " £

Magnetic sample 2
Holographic mask %
D

(2 o [ - ._ S “ ) r |
, ol §i , '
B , " ‘ - Y __!_ 2 exp. function
\ : L | [ U { | &
Circolar gl 'Y : |
7 ¢ 3 4 o \
G\ Left \ A N o
Circolar \ IR pulse % ' %o ' S . 7
Rioht \ =4 —od’ 03 06 09 12
- A LB | R = e c time (ps)

Ultrafast de-magnetization within 250 fs, spatially localized
via a tailored micro-resonator. Point out the important role
of ultrafast spin-electron transport.

C. Von Korff Schmising et al, PRL112, 217203 (2014).
XIll School on Synchrotron Radiation, September 14-25 , 2015 Maya Riskinova



q IR /FEL: Laser-induced surface reactions: map
transient changes of electronic structure by trRIXS (x-ray
emission/absorption spectroscopy - XES/XAS)

reactant

amount

reactant

o gasphase COz
S 555}
2
5 550}
0]
o
c 545}
g TS2
& 5401 o
o 181
5351 -] °

o

1213 14151617 1.8 1.9 20

O-CO distance (A)

H. Ostrom et al. Science 347, 978 (2015)

binding
energy

532.2

A O 2p
—1.510 3 ps
@ —_— -3 10 0 ps
5 Yy —— Curve fit
g
E=
£
<
=
2
&
= C= =0
(7] O,R 1 I O
<| FTTITTITTT i\
>\ rrrrm n C==0
AN ecacsacee
[ T B -~ .
7 AY s’ .~ _ - ™ -
] Ll\ q |d| 1 ‘P
528 532 536 540

Photon energy (eV)

O becomes activated on a
time scale below 300 fs,
whereas CO is activated on a
500-fs time scale and beyond
the transient states 1 and 2
are formed leading to CO,

15

—
o
1

Contrast (%)
(&1}
1

| | 1 | 1 I |
-1.5 10 05 00 05 1.0 1.5

Delay (ps)
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= Stroboscopic schemes for FEL/FEL
~ experiments: single color FEL-pump/probe

Single color FEL-pump/FEL- probe

FEL Pulse s
Split mirror

lm '/’ 5\- i - ; ;hm-_ﬂ_.ﬂ

1.8 m

Detector

X-ray Photon Correlation Spectroscopy (XPCS)

Measurement of the contrast encoded in the sum of two scattering pattern as a function of the time At | , _Comrst anlyss vs deay tme

Aty At Ats Atz un\
— P — e E“"
g 1 K 4 4 4 4 gt
i dd dd dd™ '
. ) J ) ;,‘ ) ) oo 02 Y] (73 [T |
4 4 4 4 b - 4 .
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q Producing plasma - highly ionized state of matter
weseaceree g pONItoring its evolution via FEL pump-probe

With an X-ray laser, plasmas can be created that are as hot as the interiors of
giant stars. At the same time, it will be possible to investigate the status of
created plasmas at varying intervals with another part of the laser beam and
thus to conduct research into the plasma state.

08T " k I M | S Tuy Ny

07 F
Target !
(e.g. gold foil)

o
o

o
(&)
T

+
+ @,
ANND B poms + 7+ 5
&

X-ray laser %

Time t0 Time to +T
create plasma investigate plasma

Transmission (%)
o o

w B
e

o
N
|

o
T

110 1x10° 1x10°
Energy Flux (J/m2)

Al foil irradiated with high energy 92 eV FEL photons becomes transparent
because both electrons from the 2p state are ejected and no more
photoionization of electrons is possible — blue shift in the L edge
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&Y  Generation of 2-color FEL pulses
separated in time

control the temporal delay
hetween the two-color pulses

SASE: dividing o Undulator 1 Undulator

the radiator in % U"’ tuned at K
two detuned

sections ! x-ray " color Magnetic 1 X-ray 2ndCDIOJ\ 1
chicane

FERMI: using the same electron bunch via Nat Commun. 2013 PRL 110, 134801

two independent seed pulses two FEL — i ]
pulses (A, and A, ) are generated M mm/\::; .
Electron bunch “'M ""“ ,7»:]\\“@
= fE&rgy « ==

2 = ./ kww,_

i BN A

/ _ —
“d bl ==
FEL am ,-f. 1 W%Jc

Two seeding Plifier Two FEL Z_M e

-
N

:
|
%

=)

Intensity [A.U.]

o

o

Laser Pulses Pulses J— ) -
Y1 #m2 :s w4 a5 7 phion energy [o¥]
> AM (0.5%) limited by undulator bandwidth; fnil?’) R
> At -0.2-0.8 ps (bunch compression), A <0.01% Shot-to-Shot % .0,5 % Shot-to-Shot
> |/, variable. | < 15% Shot-to-Shot | < 40% Shot-to-Shot
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q Diffraction from Ti grating using two color

Elettra Sincrotrone Trieste

FEL pulses

Diffraction from Ti Grating :
at high fluence - dramatic changes in
the Ti electronic structure: high degree

of ionization which makes the grating

‘transparent’.

- “e
on \—\Owe\e‘ |

Diffraction Pattern:
* A dependent peak intensity and angle;
» Abrupt changes at resonances;
* Ay Shift with the degree of
ionization.

Ti Density=4.54, Angle=90.deg
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&)  Four wave mixing: generation of VUV transient
weseseee Qrating in the SiO, using two coincident FEL pulses

ki At=0fs

7 "".‘I‘l"‘-‘ I I I ‘ ‘ 3
CCD detector 156107 # 115x10
@EUV dynamic grating . 1 o’ B ] 11.0x10°
= R : g
At // T 50d0% / 5.010°
29 BVt |~ 00lLo=0 0.0

05 00 05 10N15'10 40 70 10 130
At (ps) At (ps)

When the three beams arrive on the sample at the same
time (At = 0) a FWM signal is recorded, showing the
occurence of the wave mixing process. With time delay
of the optical pulse, intensity modulation of the
scattered signal are observed compatible with the i
excitation of Raman modfes (At < 1.5 ps) and
longitudinal acoustic modes (At > 10 ps).
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=/ Future developments (stero/strobo-CDI)

Elettra Sincrotrone Trieste

In collaboration with:
C.Masciovecchio, F.Bencivenga
(Elettra) MM,
S.Bajt, H.N. Chapman (CFEL-DESY)

FEL pulse

e

Fhamonic() R.Cucini et al. NIMA 2011 MM,

Possible experiments
A
&
(]4‘3 \)\Se Co
R % Diff i | 2, Res-CDI,
2 S | reer::;:fff:z:ﬂ = 3 Strobo FEL-FEL P&P
features. easier to experiment recorded by
\ < different CCD.
reconstruct and *26
perform a stereo-CDI o Strobo-CDI
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q Extended reference holography

Elettra Sincrotrone Trieste

FTH ideal case is to optimize the experimental geometry without restriction due to
the reference wave, permitting to optimize signal-to-noise and resolution.

Seed FEL pulse has an high degree of transversal and
longitudinal coherence.

1. Transversal coherence is the key element in CDI.
2. Longitudinal coherence is important in

holography when mask is decoupled from the
sample.

Combining Extended Reference Holography with particle injector

Injector

Hologram obtained
solving iteratively

Adata -A=C

ref ref,obj

200 nm KUUEICIGIRINED JIR) J

Edge Holography

: FAST
Scattering Mask

classification
output 1 FFT step

) Hologram refined with
F l \ ’ ’ RAAR phase retrivial FEL

Pulse

200 nm
-

A.V. Martin. et al. “X-ray holography with customizable reference” Nature Comm. 4, 2476 (2014).
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=/

Elettra Sincrotrone Trieste

XPS W4f Number of photons
Ms\e x107
e

Intensity (arb. units)

x10
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w “
| 1 2 i L O |
88 90 92 200 600
Electron kinetic energy (eV) ?fusmngra

PES with FELs??7?

Core-level PE was proven to be extremely useful tool for time-resolved

space charge (1mm spot)
> 108 phot/pulse
> 104 el/pulse

& Intensity

T . T T
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Peak broadening (eV)
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[ ---- directed

[ o Experiment
- = Fit to data |

' [Simulation: .
||| = Isotropic emission |
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|
|
J

emission

/
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Number of electrons

Momentum-Time resolved resonant inelastic x-ray scattering with high spectral resolution is

feasible and complementary.
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(=5 Imaging-resolution-penetration-time

Elettra Sincrotrone Trieste -
Size (m)

» Scanning microscopes monitoring electrons - limited to 1"

surfaces.

1 10-2

» Transmission electron microscopes can resolve even
atoms but are limited in penetration (samples thinner than
~ 30 nm).

» X-ray crystallography reveals the globally averaged 3D
atomic structures based on the diffraction phenomenon,
but requires crystals.

+ 10-3

Imaging

+ 104

+ 10-5

> Classical x-ray microscopy - limited in resolution and focal
depth by the optical elements. Temporal resolution - 2 ns ‘

+ 10-6

4 10-7

The optics depth and resolution limitations
can be overcome by image reconstruction
from measured coherent X ray scattering

+ 10-8

pattern visualizing the electron density of
non-crystalline sample.

$ 10-9

Scatterin

"\g +10-10
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=5 X-ray sources complementary used In
e material science: from static to dynamics

X
Light Bulb 12ys LASER

\\\

Synchrotron

' Apdid Energy-time picture of x-ray material interaction

X-ray Free
|[Electron Laser

. 10kev
X-ray
absorption Domain dynamics
1 keV auger
emission
electron Diffusion, chemical
10eV || slowing down transformations-ete—>
. non-thermal
52012 particle : ;
sszeAl energy ion motion
 e-spin dynamics electron-ion
“disordered” x-rays ordered 1eV thermalization -
iy~ ) pattern “ordered” x-rays ordered || FEL pulse | | | melting |M|
=¥ pattern duration
synchrotron ) 4 [ J thermal
#e 7= X-ray laser 0.1ev fracture
& other v : 1fs 10fs 100fs 1ps 10ps 100ps 1ns
ordered e 4 , time >
X- ~ray mICTOSCOPGS e disordered B
sample
« Micro-nanoscale order > Nanoscale order
A C i i <
< Equilibrium States new paradigm Jib Fas? dynam|c§ ps
% Slower processes > ps > Excited transient states
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