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Non-linear X-ray optics (FWM) with FELs 

  

 

C. Masciovecchio 
Elettra – Sincrotrone Trieste                   
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Conventional lasers  
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HPE FELs  

HHG in gases 
Plasma lasers 

Imaging with high Spatial Resolution (~ l): fixed target imaging, particle injection imaging,..    

Dynamics: wave mixing (nanoscale), warm dense matter, extreme condition, .... 

Resonant Experiments: XANES (tunability), XMCD (polarization), chemical mapping, ……   

Why Free Electron Lasers ? 
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Pump & Probe 

Signal The pump pulse produces a change in the sample 
  

- stimulate a chemical reaction  

- non-equilibrium states  

- extreme thermodynamic conditions 

- ultrafast demagnetization 

- coherent excitations 

- .................. 
 

that is monitored by the probe pulse  
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Jitter  ~ 5 fs 

M. Danailov et al., Opt. Exp. (2014) 

WORLD RECORD !! 
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The Advent of Lasers 

T. H. Maiman  

Recognized Stanford Engineering Hero  
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Lasers and Nobel Prizes 

  1964: A. M. Prokhorov, C. H. Townes & N. G. Basov   fundamental work in theory 

  1971: D. Gabor  theory of holography in the late 1940's developed thanks to the laser advent  

  1981: N. Bloembergen & A L. Schawlow   laser spectroscopy and non-linear optical effects 

  1989: N. F. Ramsey  hydrogen maser 

  1997: S. Chu, C. Cohen-Tannoudji & William D. Phillips  laser cooling 

  2001: E. A. Cornell, W. Ketterle & C. E. Wieman  laser cooling (Bose-Einstein condensation)  

  2005: J. L. Hall & T. W. Hänsch  optical frequency comb technique 

  2006: J. C. Mather & G. F. Smoot   measure the cosmic microwave background radiation  

  2009: C. K. Kao   development of fiber optics in telecommunications 

  1999: A. Zewail   femtosecond spectroscopy (femtochemistry) to picture chemical reactions  

 20XX X. Xxx  Free Electron Laser ? 
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1) to measure sample properties that cannot be addressed by 

conventional linear optical spectroscopy or 

  

2) to obtain spectroscopic information with a higher resolution or    

sensitivity than that associated with linear spectroscopy 

Non-linear Optics 

Non linear techniques are powerful experimental tools when one wants  

N. Bloembergen 1981  
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Famously, when published in the journal Physical Review 

Letters, the copy editor mistook the dim spot (at 347 nm) on 

the photographic paper as a speck of dirt and removed it 

from the publication. 

Second Harmonic Generation 
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≈ 10-12 m/V 

Polarization and Susceptibility 

≈ 10-23 m2/V2 ≈ 1 

The atomic field is Ea ≈ 0.5∙1012 V/m 

When the electric field of the light is intense, χ itself depends on the electric 

field and thus the polarization can be expressed in a power series of E 

1015 (100 fs, 10 mJ, 10mm)  1012  
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Second Order Non-linear Susceptibility 
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Second Order Processes 



School on Synchrotron and Free-Electron-Laser Methods for Multidisciplinary Applications, ICTP Trieste 7-18 May 2018 

Second Order Processes 
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Second Order Processes 
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Media with inversion symmetry are forbidden from generating second 

harmonic light  

 

 

 

 

 

surfaces and interfaces make interesting subjects for study with SHG and SFG 

 

In fact, second harmonic generation and sum frequency generation 

discriminate against signals from the bulk, implicitly labeling them as surface 

specific techniques. 

Second Order Processes 

Imaging of lamina cribrosa collagen structure 

in the optic nerve of the eye 

 

Reduced photo-toxicity  

  biological imaging  
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t < 100 fs 

Flux < 1014 ph/pulse  

E ~ 20 - 800 eV  

Total Control on 

Pulse Energy 

Time Shape 

Polarization 

E. Allaria et al (2012) 
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FEL 2 

FEL 1 

FEL1 and FEL2 

E. Allaria et al., Nat. Phot. (2014) 

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



School on Synchrotron and Free-Electron-Laser Methods for Multidisciplinary Applications, ICTP Trieste 7-18 May 2018 

R. Lam et al., PRL (2018) 

Second Harmonic Generation @ FERMI 
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2nd harmonic generation from graphite  

FEL primary beam at about 4 nm (C K-edge) 

Spectrum from graphite in transmission geometry from single shot 

Second Harmonic Generation @ FERMI 

2ND HARMONIC ~2 nm 

Fundamental ~4 nm 
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NO thickness dependence of SHG signal 

Measure local geometric and/or electronic 

structure of a single atomic layer 

H. Kroemer 2000  

 The interface is the device! 

R. Lam et al., PRL (2018) 

Second Harmonic Generation @ FERMI 
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Second Order Processes at shorter l 

 New class of surface analysis  
 

 Significantly higher surface specificity than existing soft X-ray methods 

 Study of catalytic interfaces, electrode surfaces, photovoltaics, microelectronics ….  
 

As the surfaces and interfacial properties of materials are known to significantly affect their 

performance, understanding these properties is essential to improvements 



School on Synchrotron and Free-Electron-Laser Methods for Multidisciplinary Applications, ICTP Trieste 7-18 May 2018 

Second Harmonic Generation @ TIMEX 

    C&E News (ACS)    
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N. Bloembergen 1981  

Nonlinear Optics 

is the lowest nonlinear order for centrosymmetric materials   

         all materials have a third-order nonlinear response 

Is zero for media with inversion symmetry 
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Third Order Processes 

…….. N. Bloembergen  Nobel Lecture 1981       
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Transient Grating 

The phase matching ensures the signal cleanness  
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Refractive Index Changes 
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Q = 3 nm-1 

T = 175 K 

Challenge: Study Collective Excitations in Disordered Systems  

in the Unexplored w-Q region 

Determination of the Dynamic Structure Factor: S(Q,w)  

w
 =

 c
s ·Q

 
    Q (q) 

q 

Collective Dynamics at the Nanoscale 
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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? 

 

Unsolved 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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Acoustic Attenuation in Glasses 

a = 2pG/hcs 

e-a·x 

At low Q’s G 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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P. Benassi et al., PRL 77, 3835 (1996)   Existence of  propagating excitations at high frequency 
 

M. Foret et al., PRL 77, 3831 (1996)   They are localized above ~ 1 nm-1 

 

F. Sette et al., Science 280, 1550 (1998)  They are acoustic-like 
 

G. Ruocco et al., PRL 83, 5583 (1999)  Change of sound attenuation mechanism at 0.1-1 nm-1 
 

B. Ruffle´ et al., PRL 90, 095502 (2003)  Change is at 1 nm-1 
 

C. Masciovecchio et al., PRL 97, 035501 (2006)  Change is at 0.2 nm-1 
 

W. Schirmacher et al., PRL 98, 025501 (2007)  Model agrees with Masciovecchio et al. 
 

B. Ruffle´ et al., PRL 100, 015501 (2008)  Shirmacher model is not correct 
 

G. Baldi et al., PRL 104, 195501 (2010)  Change is at 1 nm-1 

 

 

PRL 112, 025502 (2014); Nat. Comm. 5, 3939 (2014); PRL 112, 125502 (2014)  

The nature of the vibrational dynamics in glasses at the nanoscale is still unclear (V-SiO2) 

Why at the nanoscale ? 

Fundamental to understand the low temperature anomalies in glasses  
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Eprobe 

Esignal 

Epump 

Epump 
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q 

 F(Q,t)  

Solution: Free Electron Laser based 

Transient Grating Spectroscopy 
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The Spectrum 

Optical absorption  Temperature Grating Time-dependent Density Response               

(driven by thermal expansion)      

Sound waves region S
(t

) 

 a region     
     

Thermal 
region     

S(t)  ( cost – F(Q,t))   

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 

l1 

l2=2l1 

 

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 
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@ sample position 
Vertical  

Horizontal 

“Original beam” 
Vertical  

Probe 

Pump1 Pump2 

Horizontal 

Beam waist 

Focusing 

mirror 

Plane Mirrors 

“beam splitters”  

3rd harmonic (probe) 

FEL pulse:1st and 3rd 

harmonic (λ3 = λ 1/3) 

Delay line: 4 ML mirrors 

(abs 1st, reflect 3rd harm), 

time delays up to ~ 3 ns 

1st harmonic (pump) 

2θ 

θB 

Beam parameters  
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absorption of pump radiation) 

2σ 
2c∙σt 

In
ten

sity
 (a

rb
. u

n
its) 

Adiabatic heating of the sample in the 

illuminated region < 3 °C 

x 

y 

Δρ/ρ(x,y,z) ~ αΔE(x,y,x)/(ΔVcvρ) 

25.5∙10-6 K-1 

840 J kg-1 K-1 

2200 kg m-3 
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Interference @ sample position 

(@ z=0, λ=60 nm, θ=9.2°) 

Expected TG formation 

Expected count rate:  1 – 104 counts per pulse  
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Ti:sapphire laser + regenerative amplifier 

Amplifier output: 100fs/800nm/3mJ pulses 

@ 1 kHz repetition rate 

TG @ EIS laser lab 
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Pump energy ~ 25 μJ/pulse 

Probe energy ~ 5 μJ/pulse 

Beam dimensions ~ 50÷200 μm 

θ = 26°, Δt=150 fs, λ=800 nm 

Liquid sample (dimethylsolfossil) 

Sound velocity = 1486 +/- 2 m/s 

Layout tests @ laser lab 

R. Cucini et al et al., Opt. Lett (2011) 

Surface (200 nm Au on Si) 
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Beamstops 
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 Transient Grating Experiments on V-SiO2 

F. Bencivenga et al., NIMA (2010)  

R. Cucini et al., NIMA (2011)  

R. Cucini et al., Opt. Lett. (2011)  

F. Casolari et al., Appl. Phys. (2014) 

M. Danailov et al. Opt. Express (2014) 

R. Cucini et al., Opt. Lett. (2014) 

V-SiO2 sample 

Permanent gratings on 

SiO2 (after 1000’s shots 

@ FEL flux > 50 mJ/cm2) 
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M0 M1 

M2 

2θ 

2θ 

θ 
kFEL,1 

kFEL,2 

θB 

Transient Grating Experiments on V-SiO2 

F. Bencivenga et al., Nature 2015 

λopt 
CCD 

lFEL = 27.6 nm 

Hyper - Raman modes  coupled 

tetrahedral rotations n2 ≈ 4.1 THz  

Acoustic-like excitations 
Raman modes   

tetrahedral bending n1 ≈ 1.2 THz  
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After 12 months 

BK7 glass 

Reflection 

K. Nelson G. Monaco G. Knopp 
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Beautiful beating 

pattern of bulk and 

surface phonons 
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The Contrast 
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a-SiN sample 

LTG ~ 110 nm 

 (second FEL2 stage) 

(first FEL2 stage) 
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SiC sample 
LTG ~ 110 nm 

July 2017 (FEL1) 
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SiC sample 
LTG ~ 85 nm 

September 2017 (FEL2) 

FEL1 (fundamental + 3rd harmonic)             FEL2 (fundamental of 1st and 2nd stage) 

TIMER - All EUV pulses 
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a-SiN sample 

Acoustic modes is disordered systems at the nanoscale 

F. Bencivenga et al., in preparation 
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Liquid sample (dimethylsolfossil) 

 Diffusion Phenomena with TG 

R. Cucini et al., Opt. Lett. 2014 
R. Cucini et al., Opt. Lett. 2011 

T-dependence relaxation  

time in Acetonitrile 

Thermal diffusion   

The grating is washed out 

CCl4 
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 Smaller and Faster  
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Phonon-mediated heat transport at the nanoscale is a hot area of research   

                           thermal management of microelectronic devices and 

                               thermoelectric energy conversion  
 

 Heat Transport at the Nanoscale 
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Phonon heat transport in the ballistic regime is unknown   

                            

 Heat Transport at the Nanoscale 

At l ≈ to MFP of thermal phonons  

 

 

Fourier law breaks down  

Deviation from diffusive thermal 

transport due to ballistic phonon in 

Si propagation at distance ~ l 

J. A. Johnson et al., PRL (2013)  
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Si sample 100 nm TG period 
 

 Entering in the Ballistic Regime 

F. Bencivenga et al., in preparation 

Measured decay ~100 ps 

Expected DM decay ~ 2 ps 

In collaboration with:  K. Nelson, G. Knopp, G. Monaco 
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 Heat Transport at the Nanoscale 
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Coherent Antistokes Raman Scattering (CARS)  
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Coherent Antistokes Raman Scattering 
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Coherent Antistokes Raman Scattering 
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Resonant CARS 
 

ω1 

ω2 

ω3 ωout 

VB 

CB 

atom-A 

atom-B 

Δt 

S. Tanaka  and S. Mukamel, PRL (2002)  

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.  
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Exploiting Resonances 
 

F. Bencivenga et al., New. J. Phys. (2013) 



School on Synchrotron and Free-Electron-Laser Methods for Multidisciplinary Applications, ICTP Trieste 7-18 May 2018 

2D-transition metal have emerged as a new class of semiconducting materials featuring 

high charge carrier mobility and direct optical band gaps 
 

The strong optical response makes MoS2 good candidates for: optoelectronic 

applications (photodetectors), light-emitting diodes, and solar-harvesting devices 

“Slow” ET processes: 1 – 500 ns 

Energy Transfer from Giant Semiconductor Nanocrystals to MoS2 Monolayers 

S. Sampat et al.,  ACS Photonics 2016 

 CdSe2 /CdS 

Excitonic Energy Transfer 
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Bandgap engineering of TiO2 nanostructures  to extend light absorption toward the 

visible region and thus increase the effective catalytic yield  

Photocatalysis is a promising ways of 

exploiting solar radiation for:  

• solar fuels production 

• fine chemicals synthesis 

• industrial waste removal 

• bacterial disinfection  

• pollution control  

The photocatalytic activity is mostly due to long lived photo-generated excitons 

that act as reductants and oxidants to other species 

TiO2 

ω1 

ω2 
ω3 ωout 

VB 

CB 

atom-A 

Δt 
Ti   

M edge ~  34 eV 

Lifetime ~ 10 fs 

 

O 

K edge ~ 540 eV 

Lifetime ~ 8 fs 
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Multiple Pulse Configurations 

Multiple pulses can be generated by double pulse seeding 

time 

spectrum 

gain  

bandwidth 

Spectral separation 0.4-0.7% 

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

time 

spectrum 

MOD gain  

bandwidth RAD1 gain  

bandwidth 

RAD2 gain  

bandwidth Spectral separation 2-3% 

or much larger if two radiators 

are tuned at different harmonics  
(Sacchi et al., Nat. Comm. 2016) 

spectrum 

time 

spectrum 

MOD gain  

bandwidth 

Two (almost) temporally 

superimposed pulses at harmonic 

wavelengths of the seed. They are 

correlated in phase that can be 

controlled with the phase shifter  
(K.C. Prince et al., Nat. Phot.2016) 



School on Synchrotron and Free-Electron-Laser Methods for Multidisciplinary Applications, ICTP Trieste 7-18 May 2018 

Multicolor at FERMI 
 

l1pump 

l2 

E. Allaria et al.,(2013)  
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Element selective magnetization dynamics 

Radiators at different harmonics 

T Ni0.81Fe0.19  

NiFe2O4 

E. Ferrari et al., (2016)  
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Signal detected as function of phase on the VMI detector 

Control of the phase among the two pulses! 

Interference effect among quantum states using single and multiphoton ionization  

Use of first (62.974 eV ) and second harmonic on 2p54s resonance of Ne  

Intensity = | M1 + M2(ϕ)| = | M1|2 + |M2(ϕ)|2 + 2 Re(M1 M2(ϕ))   

C. Chen et al., PRL (1990) 

K. Prince et al., (2016) 
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FERMI based CARS 

T T 

𝝀2  𝝀1 - 𝝀 𝝀1  26.17 nm 
THG 𝝀seed  261.7 nm 

OPA 𝝀seed variable 

2 colored  

FEL Pulses 

F. Bencivenga et al., in preparation 
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FERMI based CARS 

F. Bencivenga et al., in preparation 
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Slow relax    expected dephasing time of 

LO phonons    related to the fraction of 

non-crystalline diamond 
  

• transient amorphization? 

• phonon-plasmon hybrid modes? 

w1- w2 = 165 meV 

Fast relax   dephasing of the electronic 

excited states (an hot electron at ~45 eV 

plus a valence hole), which is expected to 

evolve fast (< 100 fs) through secondary 

processes (collisions, impact ionization, 

Auger decay) 

Diamond 
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Optical TG used for probing magneto-elastic waves in Ni  

one-to-one correspondence between acoustic and magnetic response 

50 nm NiO on a glass substrate 

A. Simoncig et al.,  PRM 2017 

J.Janusonis et al., APL (2015) 

Magneto-Elastic Coupling 

Circ. Pol. FEL pulses on the Ni M 

edge generate single-mode 

coherent magnon in a prototypical 

AF insulator 
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Other applications 

Example: J. Nelson et al, PNAS 16 2010 
The relationship of cell’s internal structures can 

only be determined accurately by full 3-D imaging 

FEL: 3D CDI-for 

random 

orientation 

delivery: via 

classification 
(Hajdu, Chapman) 

Example: stereo coherent diffraction imaging 

fs laser pulse 
for pump 

2θ 

http://www.sciencemag.org/cgi/content/full/316/5830/1444/FIG2
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Diffusion 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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Diffusion of Quasiparticles 

TG = Diffraction Efficiency 

R = Specular Reflection 

Diffusion of Quasiparticles is interesting for 
  

• SC X-ray Detectors 

• manipulation of SC based Qubits  

• mechanism of Cooper pair in HTSC  
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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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Spin Diffusion 
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HHG-TG to observe Chemical Reactions in Real Time 
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