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Inelastic VUV Scattering from Synchrotron to FEL
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Why Disordered Systems ?

Condensed matter physics

Amorphous solids
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?

UUnsolved problems in physics

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 Tg depends on the quenching rate � one cannot define an order
parameter showing a critical behaviour at Tg
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Density Fluctuation Measurements
The study of Atomic and Molecular Density Fluctuations (Vibrational Spectrum, 
Sound Modes, etc.) is of great importance to understand many physical properties 

of gases, liquids and solids 

Crystals: Heat Capacity, Thermal Conductivity, Superconductivity

In Disordered Systems the lack of translational invariance has delayed 
experimental studies in the Mesoscopic region

The presence of Diffusional and Relaxational processes strongly affects 
the collective dynamics making experiments even more difficult
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The Dynamic Structure Factor S(Q,��)
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The dynamical properties associated to density fluctuations can be studied by 
means of scattering experiments which allow the determination of the

Dynamic Structure Factor (Density Fluctuation Spectrum)

�� ),(( tn r

),( tn r Particle Density Operator

Thermodynamical average of the Density

In Crystals one can measure S(Q,�) in any Brillouin Zone (no kinematic limitations)

This is not the case for disordered systems were the ill definition of BZ makes 
impossible detecting phonon-like excitations out from the first pseudo BZ
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S(Q,��) Crystal vs Glass
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Interest in measuring S(Q,�) in Disordered Systems 
in the largest possible Kinematic Region
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Investigations at the nanoscale

Liquids - Fluids
• Transition from the Hydrodynamic to the Kinetic regime in Simple liquids and fluids.

• Effect of the Local Structure on the Collective Dynamics in Molecular liquids and H-bonded liquids. 

• Water-mixtures (peptides, ionic liquids, etc.,..) to study i.e. effect of H-bonds in protein functionality. 

Glasses
• Nature of the Vibrational Modes in the Mesoscopic space-time region. 

• Relaxation Processes in Super-Cooled liquids and their relation to the Glass Transition.

• Vibrational and Relaxational Low Temperature Properties of Fragile and Strong glasses.

Resonant Scattering (Tunability)
• Low count-rate experiments.

• Determination of Partial Dynamic Structure Factor in gas and fluid mixtures. 

• Resonant Raman on Nanostructures.
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Inelastic VUV Scattering 

� Incident Energy in the 5 – 11(30) eV range (� ��240 – 110(40)nm�

� High h Resolving Power (� 10 5 – 10 6)

� High incident photon n Flux on the Sample (    10 12 photon/s )

~1 count/s
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The Beamline Design and Construction

Linear Undulator ?
4.5 m length, 125 mm period, 400 mA

2 •1015 photons/s/0.1% bandwidth
1.5 kW on the first mirror

Np = 32
� = 140 mm
Kx = 3.4
Ky = 9.4

Figure 8 solution

22 W on first mirror !!
2·1015 photons/s/0.1% BW  (2·1012 photons/s)
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The NIM Monochromator

Normal Incidence Monochromator (Czerny-Turner design)

6
101

16
)70(50

2
�

�
�

�
��

��
m

ctgm
F

ctg
E

E
O

Source Monochromator Sample Analyzer



ICTP School on Synchrotron and FEL sources - 2010 

The Beamline

Scanning Resolution: 80 nrad

Autocollimator Control: 50 nrad

Slits Opening: 5 – 12000 �m

Grating Dimensions 420 × 220 mm

Monochromator Length 8 m

Vacuum: 10-8 mbar (stability)

Temperature Variation: 0.01oC 

12 reflections

120 m beam path

Filter power above 80 eV

Filters power above 15 eV
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The Gratings

Efficiency: 60% @ 250 nm
50% @ 200 nm

Ghost Intensity < 1 · 10-4 PL
Slope Errors ~  0.2 arcsec

Dimensions: 420 × 220 mm
Groove Density: 52.67 g/mm
Coating: Al + MgF2 (25 nm)
Blank Material: Zerodur
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The Monochromator/Analyzer
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The Spectrum

500 1000 1500

 
In

te
ns

ity
 (a

rb
. u

ni
ts

)

CCD pixel

Image on CCD detector – Spectra can be collected in one single shot

Glycerol @ 260 K
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Glass is a very general state of condensed matter

glassundercooledliquid

gmm TTT > T

Elements (Sulfur, .....)
Oxides (SiO2, .....)
Chalcogenides (As-S, .....)
Halides (ZnCl2, .....)
Molten Salts (KNO3Ca(NO3) 2, .....)
Aqueous solutions (LiCl + RH2O, .....)
Organic compounds (Glycerol, .....)

simulations1012 K/s

real105 K/s

Quenching Rates

Studies on Water and Vitreous Silica

The viscosity � increases by lowering T and presents one of the largest changes 
of a physical measurable quantity of a material (14 orders of magnitude)
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Glass-Forming Systems

Puzzling properties

Glass-transition mechanism
Relaxation processes
Thermal anomalies
Excess in the vibrational DOS
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The excess in the vibrational
density of states justifies the
observed thermal anomalies (like
the excess in the specific heat at
low T) in glass-forming systems.
Nevertheless the origin of this
peak (usually called the Boson
peak) in the V-DOS is still
unclear.
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The Structural Relaxation

Puzzling properties

Glass-transition mechanism
Relaxation processes
Thermal anomalies
Excess in the vibrational DOS
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Knowledge of Co(T), C� (T), �R(Q), C(Q,T)

Formulation of Models describing the 
Glass Transition

Structural Relaxation � cooperative processes by which the local structure, after being perturbed by 
an external disturbance or by a spontaneous fluctuation, rearranges towards a new equilibrium position 
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Water
Water exhibits very y unusual properties:

- Negative volume of melting
- Density maximum in the normal liquid range     
- Isothermal compressibility minimum in the liquid 
- Increasing liquid fluidity with increasing pressure

P. H. Poole et al., Nature (1992)

Liquid–Liquid Phase Transition

220 K – 100 MPa
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The liquid will experience spatial fluctuation
characteristic of the LDL and HDL phases even
though the liquid has not yet phase-separated
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Water
Water exhibits very y unusual properties:

- Negative volume of melting
- Density maximum in the normal liquid range     
- Isothermal compressibility minimum in the liquid 
- Increasing liquid fluidity with increasing pressure

P. H. Poole et al., Nature (1992)

Liquid–Liquid Phase Transition

220 K – 100 MPa

Pr
es

su
re

 (b
ar

)

Temperature (K)

0

1

2

3

4

  

 

100 150 200 250 300 350
100

101

102

103

104

 

 

Liquid

Solid

TMTHTg

LDL

HDL

LDA

HDA
CP2?

100
The liquid will experience spatial fluctuation
characteristic of the LDL and HDL phases even
though the liquid has not yet phase-separated

� �

coana
Rectangle



ICTP School on Synchrotron and FEL sources - 2010 

Inelastic Scattering applied to Water
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IXS F. Sette et al., PRL (1996)high frequency investigations:

low frequency investigations: Ultrasonic  and BLS A. Cunsolo et al., JCP (1996) 

For IUVS     T ~ 250 K

TNML ~ 230 K

Relaxation process in Water is strongly linked to Hydrogen Bonds
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IUVS experiment
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Water from liquid to undercooled state
Cell: Fused Silica Fluorescence standard Cell

Momentum Transfer: 0.1 nm-1 

Temperature range: 343   � 248 K 

C. Masciovecchio et al., PRL (2004)
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The Relaxation Time T-dependence

G. Monaco et al., PRE (1999)

C. Masciovecchio et al., PRL (2004)
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Let’s apply Pressure to Water

High Pressure Set-up (Up to 4 kbar)

UV-ray

Pressure
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Let’s apply Pressure to Water

High Pressure Set-up (Up to 4 kbar)
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LDL

HDL

A. K. Soper et al., PRL (2000)

M.-C. Bellissent-Funel et al., J. Chem. Phys.  (1995)

The Structure Behavior

Water Emulsions with INS
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 1015  kg/m3

 1065  kg/m3

 1105  kg/m3 

At fixed T � decreases with � ≠ with respect what is commonly observed in liquids
At fixed T � does not follow the trend of shear Viscosity

Change of structure (change in Entropy) to account for the observed behaviour 
Qualitative agreement with LDL-HDL phase transition hypothesis 

F. Bencivenga et al. JCP (2009)

Qualitative agreement w

Relaxation Time vs. Pressure
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Acoustic Attenuation in Glasses
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At low Q’s # exhibit a Q2 dependence at (and above) room temperature which does not 
extrapolate to the Q2 measured by IXS

Sound Attenuation in Glasses is very different from their Crystalline Counterpart   

Understanding of Thermal Anomalies (Specific Heat and Thermal Conductivity)   
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Vitreous Silica

Study of the Q – T dependence of the attenuation mechanism in V- SiO2

Anharmonic model: acoustic 
phonons couples with thermally 

activated vibrations                  
J. Fabian et al., PRL (1999)
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G. Ruocco et al., PRL (1999)

IXS 
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IUVS picture

C. Masciovecchio et al., PRL 2006

IUVS measurements demonstrate the existence of a $% of about &' nm

S(Q) maximum ~ 15 nm-1 � $% is in the range of 100 particle size

Discriminate among models describing thermal properties
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What could be the origin ?

A. Tanguy et al., PRB (2002)

Simulation of two-dimensional amorphous nanometric Lennard Jones systems

Existence of a characteristic length $$ below which the classical mechanical
approach becomes inappropriate. $ is about 30 particle sizes.
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Dynamics of Water and the Hydration Shell

F. D’Amico et al., submitted

Change of Dynamics from pure Acetic
Acid to water content >> than the
hydration shell.

Needs to go to higher Q values in order
to determine the HB activation energy.

There is a characteristic T around 325 K
which marks a crossover:
- At low temperatures hydration shell HB
are stronger than bulk water ones.
- At higher temperatures hydration shell
HB start to be weaker.

Loss of protein 
physiological functions

to go too higherr QQ valuesv
mine the HB activation
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YES ! with FEL based Transient Grating Spectroscopy

TIMER
TIME-Resolved spectroscopy of mesoscopic dynamics in condensed matter
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Standing Wave Periodicity $$ � �
�Q Q = 2kosin �s/2

The Technique in Detail

Sample

Induced Standing Wave
(Transient Grating)

Delayed Probe Pulse (Phase Matching)

Excitation Pulses Diffracted 
Probe Pulse

�s

Density Modulation Amplitude Monitored in Time by the Probe Pulse )( t,F Q

Eprobe

Esignal

Epump

Epump

Q(�,�)
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Optical absorption � Temperature Grating �Time-dependent Density Response              

(driven by thermal expansion)
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Glycerol  T=205 K
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DOE:
Phase Mask AL2

APD

Sample

Probe laser beam

Excitation laser beam

AL1

EL

Epr

DM

Eex1

Eex2

�1

�2=2�1

M

M

Delay Line

Es (Homodyne)
EL+Es (Heterodyne)

Beam stop (Homodyne)
Neutral Filter (Heterodyne)

Phase Control (Heterodyne)

Typical Infrared/Visible Set-Up

Challenge: Extend and modify the set-up for UV Transient Grating Experiments



ICTP School on Synchrotron and FEL sources - 2010 

First developments
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Vitreous Silica (IR-pump VIS-probe)

Source: table-top Ti:Sapphire

�t = 35 – 103 fs
E = 3.5 mJ

rep rate = 1 – 103 Hz

�1 (pump): 800 nm
�2 (probe): 400 nm

�t = 100 fs

Pump (λ1)

50-50 beam splitter Focusing 
lenses

Routing mirrors
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R. Cucini et al., in preparation
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FEL pulse

Plane Mirrors 

��s

CCD camera

Sample

��s

3rd harmonic �3

1st and 3rd harmonic (~ 1%)
�3 = �0/3

Delay line
ML mirrors

ML mirrors

R&D design and prototyping (06/2010)R&D design andd
Construction and installation (06/2011)Construction nd inan

Commissioning (12/2011)Commiss
User operation (06/2012)

The VUV Set-Up
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Other Possible Experiments 

Heat Transport, Diffusion phenomena, Flow Studies, Concentration Grating, Electronic
Energy Transfer, Photochemical Reactions, Optical Damage ………………

H. J. Eichler et al., J. Appl. Phys. 44, 5455 (1973)
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TG can excite Spin Waves using orthogonal polarization

Spin Dynamics 

Spin Diffusion and 
Relaxation in a 2-dim. 

Electron Gas
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“......High harmonic transient grating spectroscopy can be extended to all forms of
molecular excitation and to weak resonant excitation......”

The harmonic signal encodes structural information on the orbital � full reconstruction

HHG in a Gas Jet
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TIMEX TIme-resolved studies of Matter under EXtreme and metastable conditions

Short pulses with very high peak power ��t ~ 100 fs ; Peak Power ~ 5 GW ; E ~ 100 eV

What happens to the Sample?

The Sample Side

Non-equilibrium distribution of electrons 

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

During this complex dynamics atoms go through a relaxation process due to the dramatic 
changes of the potential energy surface 

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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Going Extreme with TIMEX: Warm Dense Matter (WDM), ultrafast heating
and melting, study of the dynamics of melting and nucleation

Hypothetical phase diagram of Carbon

A. Cavalleri et al., EPL (2002)

The phase diagram of carbon is poorly understood A. Ludwig, Z. Electrochem. (1902)

D. H. Reitze et al., PRB (1992) � N. Bloembergen, Nature (1992)
Pioneering Femtosecond Experiment 

“Femtosecond Experiments can be improved by using probe pulses in the VUV ...... to determine
individual Drude parameters....” � dielectric function �

“ .. mixture of the two coexisting liquid 
phases or in a supercritical fluid.....”

Time-Resolved X-Ray Abs Spectroscopy

Long Times (t > 100 ps), Tamped sample

J. N. Glosli et al., PRL (1999)

S. L. Johnson et al., PRL (2005)
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Use the FEL Tunability to measure a XANES spectrum

FEL 3rd harmonic 

Si foil

Detector

Pulsed Laser

EIS beamline - TIMEX

Jitter may be kept ~ 30 fs
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TiS (100 fs)

Si foil

Detector

SC (CaF2)

TIMEX first developments

F. D’Amico et al., in preparation




