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Why Free Electron Lasers ? q .
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Imaging with high Spatial Resolution (~ A): fixed target imaging, particle injection imaging,..
Dynamies: four wave mixing (nanoscale), warm dense matter, extreme condition, ...

Resonant Experiments: XANES (tunability), XMCD (polarization), chemical mapping, ......
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The FERMI Free Electron Laser q .
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Shoton; ARTICLES q e
p otonics PUBLISHED ONLINE: 23 SEPTEMBER 2012 | DOI: 10.1038/NPHOTON.2012.233 Trieste

Highly coherent and stable pulses from the
FERMI seeded free-electron laser in the
extreme ultraviolet

E. Allaria et al., Nat. Phot. (2012)

1.0+ "
- FEL 8 (32.5 nm)
= Seeding (260 nm)
| At <100 fs
Flux ~ 1013 ph/pulse
3 06 E~10-500eV
: Total Control on
& o4- Pulse Energy
. Time Shape
Polarization
0.0

T T T T T T T
-60 -40 -20 0 20 40 60
Photon energy offset (meV)

Nobel Symposium on Free Electron Laser Research, June 14-18, Sigtunahdjden, Sigtuna


http://www.esrf.fr/

nature .
photonics

ARTICLES

PUBLISHED ONLINE: 20 OCTOBER 2013 | DOI: 10.1038/NPHOTON.2013.277

Two-stage seeded soft-X-ray free-electron laser

T 2
E
[ =
Rel
=
Q
E
o
T -1
=
= -2
-3 | |
10.7 10.75 10.8
Wavelength (nm)
b

Vertical dimension (mm)

5.38 540 542
Wavelength (nm)

E. Allaria et al., Nat. Phot. (2013)

10.85

544

1.0

109

('n'e) Ajsuaiul wnijoads

('n'e) Aysuaul wniyoads

€ 10.820 d 10.820
10.815 4 10.815
£ 10810 4 = 10810
£ <
= 10.805 ~ = 10.805
& 10.800 | & 10.800
10.795 10.795
10.790 ; ‘ 10.790 ; ; ;
0 500 1,000 1,500 5 10 15 20
FEL shot (no.) Distribution (%)
e 015 f o015
. 0.0 : : .. 010
IS i . ORI =2
3 S
N = 0.05
0.00 . ‘ 0.00 T T T
0 500 1,000 1,500 5 10 15 20

o

Spectrum intensity (a.u.)

FEL shot (no.) Distribution (%)

10.74 1076 10.78 10.80 10.82 10.84 10.86
FELA (nm)

Elettra
Sincrotrone
Trieste

Nobel Symposium on Free Electron Laser Research, June 14-18, Sigtunahdjden, Sigtuna


http://www.esrf.fr/

The Experimental Hall q
EIS (Elastic & Inelastic Scattering)

C. Masciovecchio et al., J. Synch. Rad. (2015)

TIMER
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EIS-TIMER

EIS-TIMER itchin TIMEX

LDM (Low Density Matter)

DIPROI (DlIffraction & PROjection Imaging)

F. Capotondi et al., J. Synch. Rad. (2015)

MagneDYN (Magnetic Dynamics)
TeraFERMI (THz beramline)

Nobel Symposium on Free Electron Laser Research, June 14-18, Sigtunahdjden, Sigtuna


http://www.esrf.fr/

The Experimental Hall -
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DIP ROI High/igh 1 q Elettra

nature \ - .
COMMUNICATIONS A. Martin et al. (2014)

X-ray holography with customizable reference
Ideal FTH - overcoming restriction due to the reference wave - single-shot imaging

Conjugate-gradient algorithm to recover the image

FTH with an almost unrestricted choice for the reference

Combining Extended Reference Holegraphy with particle injector
Longitudinal
mjector | CONEIENCE
matters!!

TCMP

200 nm
(]

500 nm
(==

Reference
Waves

Hologram refined
with RAAR phase
retrivial

Edge Holography FAST
L Scattering Mask classification

output 1 FFT step
Pulse
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LOM Highlight q
Sincrotrone
Caherent control at the attosecond time scale freste

K. Prince et al., submitted

Interference effect among quantum states using single and multiphoton ionization

C. Chenetal., PRL (1990)
Intensity = | M1 + M2(¢)| = | M1J2 + [M2(¢)|? + 2 Re(M1 M2(¢))

Use of first (62.974 eV ) and second harmonic on 2p°4s resonance of Ne

Change of the phases among the two harmonics ‘invented’ by Allaria et al.,

== Asymmetry 0.9
e Agymmetry 05

Control 0.9
0.1

012
-0.14
0.16
0.18

Signal detected as function of phase on the VMI detector

Control of the phase among the two pulses!
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The pump pulse produces a ¢change in the sample

- stimulate a chemical reaction

- non-equilibrium states N
- extreme thermodynamic conditions |
- ultrafast demagnetization

- coherent excitations

that is monitored by the probe pulse

Nobel Symposium on Free Electron Laser Research, June 14-18, Sigtunahdjden, Sigtuna


http://www.esrf.fr/

Sincrotrone
Trieste

FEL-pump & Laser-probe q .

CCD
GaAs or
Si3N4
PROBE crystal
Laser 780 nm,
100-120 fs
5° PUMP
FEL ~42 nm,

~100 fs

Pt mirror

Jitter <715

AR/R

WORLD RECORD !! |

1 1 1 1 1 1 1 1 1 1

_ 14 o0 1 2 3 4 5 6 7 8 9
M. Danailov et al., Opt. Express (2014) Time (sec) 12
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Elastic and Inelastic Scattering (ELS)
The Sample Side

Short pulses with very high peak power

What happens to the Sample?

=/

At ~ 100 fs ; Peak Power ~5 GW ; E ~ 100 eV
Non-equilibrium distribution of electrons

Converge (electron-electron & electron-phonon collisions) to equilibrium (Fermi-like)

The intensity of the FEL pulses will determine the process to which the sample will
undergo: simple heating, structural changes, ultrafast melting or ultrafast ablation
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RE P{:}RT S F. Bencivenga et al., (2014) Trieste
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relative absorbance variation

] 1 2 3 4 3 6 7

pump-probe delay (ps)

Upon the absorption edge (Fermi level) the
spectroscopy Is sensitive both to the Fermi
function smearing (red curve) and to the
shift of the edge due to the metallization of
the sample (blue curve)

Pump & Probe on Germanium s
- T T T T T T T ] Sincrotrone
pump: q Trieste
r 1.60 eV -
~ 40 mJ/em?
] il Pump 800 nm
B IEE% 7
j 4 1 -
i iy ] Probe FEL

E. Giangrisostomi et al., in preparation
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EIS - TIMER
q Tedte

MERTI ME-Resolved spectroscopy of mesoscopic dynamics in condensed matter

Challenge: Study Collective Excitations in Disordered Systems
in the Unexplored o-Q region
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Why Disordered Systems ? Cltta
;' 1':?4, - q Sincrotrone
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1

UNSOLVED PROBLEMS IN PHYSICS

Condensed matter physics

WIKIPEDIA

Amorphous solids Tv Froe Encychpedia
What is the nature of the transition between a fluid or regular solid and a glassy phase? What are the
physical processes giving rise to the general properties of glasses?

High-temperature superconductors
What is the responsible mechanism that causes certain materials to exhibit superconductivity at
temperatures much higher than around 50 Kelvin?

Sonoluminescence
What causes the emission of short bursts of light from imploding bubbles in a liquid when excited by
sound?

Turbulence
Is it possible to make a theoretical model to describe the statistics of a turbulent flow (in particular, its
internal structures)? Also, under what conditions do smooth solution to the Navier-Stokes equations

exist?

Glass is a very general state of condensed matter - a large variety of systems can be
transformed from liquid to glass

The liquid-glass transition cannot be described in the framework of classical phase
transitions since T, depends on the quenching rate - one cannot define an order parameter
showing a critical behaviour at T
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Why at the nanoscale ?

10" ——rrm .
@ XS (1620 K)
¢ POT (300 K)
10'24 A BUVS (300 K)
v BUVS (300 K)
— 1 & BLS (300K) J
T 10''4 Vv BLS(5K)
= ] o TJ(1K)
e ] Y
— 10_
g 1073
c :
@ _
© 109'5
< E v
: -
&
o 107 & %
10"
] v 4
’ A%
10° —
101(} 1011 ,1012
Frequency (Hz)

Elettra
Sincrotrone
Trieste

2ar (V-Si0O,)
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Why at the nanoscale ? .
Sincrotrone
Water exhibits very unusual properties: q frieste

- Negative volume of melting “...water’s puzzling properties are not understood
- Density maximum in the normal liquid range and &3 anomalies that d'St'ngu,',Sh water from
h | ibili . . in the liquid other liquids remain unsolved....” H. E. Stanley,
- Isothermal compressibility minimum in the liqui Physica A (2007)
- Increasing liquid fluidity with increasing pressure
T Th Tw

nature International weelkly journal of seience

Ultrafast X-ray probing of water structure below the
homogeneous ice nucleation temperature

J. A. Sellberg et al., Nature (2014)

The hope now is that these observations and our detailed structural data will

help identify those theories that best describe and explain the behaviour of
water.
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Why at the nanoscale ? q e
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...... only by treating water as a viscoelastic system is it possible to understand the microscopic

origin of water anomalies. The proposed scenario here has been developed using a dynamic

approach......
F. Mallamace et al., PNAS (2013)
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Optical absorption = Temperature Grating = Time-dependent Density Response
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Typical Infrared/Visible Set- Up q
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-

S

M

DOE: Phase Mask

7 A, Probe laser beam
Delay Line
A,=2), Excitation laser beam
Phase Control (Heterodyne) W .
Beam stop (Homodyne) 5555

NeuTr'a/ Filter (Heterodyne)

AL]. ex2

N 7
[ 11 AP
mgi _— D
Sample\
AL2 E, (Homodyne)

E +E, (Heterodyne)

Challenge: Extend and modify the set-up for UV Transient Grating Experiments
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3'd harmonic (probe)

Delay line: 4 ML mirrors Beam waist
(abs 1%, reflect 3 harm), “Original beam”
time delays up to ~ 3 ns Vertical

' Horizontal
Probe
FEL pulse:1stand 3™
harmonic (A; = A ,/3) \

15t harmonic (pump) 4
| @ sample position

Vertical

\

Plane Mirrors

Focusing “beam splitters”
mirror

Horizontal

R. Cucini et al et al., NIMA (2011)
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TG @ EIS laser lab
N\ Liquid sample (dimethylsolfossil)

Elettra
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TG signal

! ‘ Pump energy ~ 25 uJ/pulse
Probe energy ~ 5 wJ/pulse
Re’%,,bn Beam dimensions ~ 50+200 pum
‘ ‘ ‘ | 0 =26°, At=150 fs, =800 nm
O 3 6 9
< Signal ~ 0.1+1 pJ 2 Iggna/lrone =107
7 &V Surface (200 nm Au on Si)
0 600 1200 1800
t(ps)

Signal ~ [A-sin(wt)e T+ B(1-cos(wt))e ]

Sound velocity = 1486 +/- 2 m/s (OK)

F. Bencivenga et al., NIMA (2010), R. Cucini et al., NIMA (2011), 0 600
R. Cucini et al., Opt. Lett. (2011), R. Cucini et al., Opt. Lett. (2014)

TG signal

1200 1800
t (ps)
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Trieste

EXPeCfed TG Sigﬂa/ q Eletire
Sincrotrone
Interference @ sample position
S|02 Samp|e (@ z=0, A=60 nm, 6=9.2°)

Relative density variation
@ z=0, considering only optical absorption

(suun "gae) (AD)so0a(z'A'X)v

840 J kg‘lf\K'l
Ap/p(X,y,z2) ~ ixAE(x,y,x)/(AVch)
S /
25.5-10°6 K 2200 kg 3

Adiabatic heating of the sample in the
illuminated region <3 °C
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Transient Grating Experiments on V- Si0, q .

Sincrotrone
. Detector (EUV-Vis cross-corr.

Trieste
S|3N4 /I - = FEL2
reference ;' FEL,
sample /

0 = 3° A, =30 Nm
Bg = 45° Azeer = 390 NM

L
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Transient Grating Experiments on V- SiO, q _

FEL! M, Mo
v-SiO, sample &
Inprints on SiO,
Y - 20 =5.975°
M, Grating visibility after
FEL? multi-shot explosure
- FEL!-FEL? optical path
10F ' ' ' : :
Permanent gratings on difference < g
SiO, (after 1000’s shots __
@ FEL flux > 50 mJ/cmZ) =
~ O'
5 8

Clean sample

X (nm)
‘ g ‘
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Elettra
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do0i:10.1038/naturel434

Trieste

Four-wave mixing experiments with extreme
ultraviolet transient gratings F. Bencivenga et al., Nature 2015

TG signal

0500 05 10 15/ 70 100 130
At (ps) At (ps)
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Transient Grating Experiments on V- SiO, q _

m'TE- 110"
=
S |
3 10 -
10°L / RN s LTI ) {ETo
05 00 05 1.0 \5//10 40 70\ 100 130

At (ps) At (ps)

Hyper - Raman modes due to coupled
tetrahedral rotations v, =~ 4.1 THz

Raman modes due to tetrahedral Acoustic-like excitations
bending v, =~ 1.2 THz
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Heterodyning with FEL q ot
Heterodyning is a signal processing technique invented in 1901 by R. Fessenden

I = |laref|2 T |Es(t)|2 T 2|lareflas(t)|COS((”L(:'l"‘ij - ins)

Time independent local field

1500
1000

500

-500
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Heterodyne

q
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Heterodyning with FEL

Clear intensity increase !!!

Homodyne
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Nonlinear Optics q Elettra
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N. Bloembergen 1981

P; =X E; + X{{E;Ey 5 ExE;+ - - -

"

IS the lowest nonlinear order for centrosymmetric materials =
—> all materials have a third-order nonlinear response.

FOUR-WAVE MIXING SPECTROSCOPY
The nonlinearity ¥~ describes a coupling between four light waves, and some

N. Bloembergen Nobel Lecture 1981
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Phase Matching q ot
Sincrotrone
Clean technique Trieste

k =
2 W2 Kou= Ka-Katky

out— W3-WyrtW,

AKpym = K- Koyt Ky, W

Phase matching for TG
(wout = w3'w2+w1:w3)

Phase matching — non linear emission from N
elementary emitters placed at different sample locations
within 26k (coherence length of the non-linear process)

‘-N “
adds in phase (intensity grows up as N?) along Kk, V’
Kout

= 0k > 0 because, e.g., bandwidth and divergence

. ]

Directionality + coherent addition may

lead to a dominating non linear signal FERMI: pulses with Fourier-limited
bandwidth = increase in dk* - substantial
(~N?) increase of I, along Kk,
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Four Wave Mixing at FEL's q .
AN Sincrotrone

Four Wave Mixing techniques are:
Stimulated Raman Gain Spectroscopy,
Photon Echo and Raman Induced Kerr
Effect Spectroscopy, Femtosecond
Stimulated Raman Scattering and Coherent
Antistokes Raman Scattering (CARS)

w3 wout

Za

atom-A

atom-B_

Measure the coherence between the two different sites - tuning energies and time delay makes
possible to chose where a given excitation is created, as well as where and when it is probed

delocalization of electronic states and charge/energy transfer processes.
S. Tanaka and S Mukamel, PRL (2002)
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Four Wave Mixing at FEL's
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—~ = Non-res.
i Foptical
1E-21
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1

F. Bencivenga et al., New. J. Phys. 2013
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— 10 3
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Q Molecular vibrations, polarons, etc. ] 7h
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3 > Optical ]
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. o
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F. Bencivenga et al., Adv. In Phys. 2015
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Multiple pulse configurations q et

Sincrotrone
Multiple pulses can be generated by double pulse seeding e
Temporal separation between 25-300 and 700-800 fs.

Shorter separations are accessible via FEL pulse splitting. Mahieu et al. Optics Express (2013)

Larger separations require the split & delay line.

. (]\ time [ [] (O O [ [ O JL A Spectral separation 0.4-0.7%
gain

bandwidth (E. Allaria et al., Nat. Comm 2013)
spectrum
RAD2 gain
f“ & bandwidth L J\\ Spectral separation 2-3%
spectrum or much larger if the two
MOD gain time [ [] O [ (N () [ [ radiators are tuned at
bandwidth RAD1 gain different harmonics
bandwidt (Sacchi et al., in preparation)
spectrum \
Two (almost) temporally
superimposed pulses at
e A harmonic wavelengths of the
MOD gain O [ o e e seed. They are correlated in
bandwidth phase that can be controlled
spectrum with the phase shifter

(K. Prince et al., submitted)
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Two-colour pump-probe experiments with a twin-
pulse-seed extreme ultraviolet free-electron laser

__ e

COMMUNICATIONS

3 A
A Twin seed
2 laser pulses
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F (J/cm?) F. Bencivenga et al., Farad. Discussion (2014)
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Pump FEL Pump & Probe on Silicon q .

Probe FEL 1*' stage - Pump
25.2 eV (49.2 nm)

High-pass :..E?ﬁ??.ggﬂ_ﬁﬁ?_-_i 2"! stage - Probe
Zr+Parylene : 108.8 eV (11.4 nm)
Filter L-PF

Si sample

phd ellips. mirror pd

Spectrometer
@ 11.4 nm

______ HPE E. Principi et al., in preparation
0.5 T T T I T T T T
2,000 - " one haso regime oa- Probe @ 108.8 eV .
Metallic liquid 03+ -
1,500}
- i . Diamond High density - 02 i
= 1,000 - 5 ol |
500 R S |
- 0.1 F —
0 L i | | L L L
0 5 10 15 0.2 1 ! I | | ! | !
P (GPa) -1.5 -1 -0.5 0 0.5 1 15 2
P. F. McMillan et al., Nature (2005) time (ps)
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« Charge transfer dynamics in metal complexes
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» Charge Density Wave

 Quasiparticle diffusion (Polarons)
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