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ultrafast spectroscopy

Study and possibly control of ultrafast dynamics from atoms to solids
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ultrafast spectroscopy: methodology

Ultrafast spectroscopy: “pump-probe” approach

energy
conduction band

EF

core orbitals

valence band

pump

XUV probe



5

Why ultrafast spectroscopy

in the soft x-rays?
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EUV and SOFT-x electromagnetic spectrum

Extreme ultraviolet (EUV or XUV):

from 124 nm to 10 nm (10 eV up to 124 eV)

Soft x-rays: 

from 10 nm to 0,2 nm (124 eV to 5 keV ) 

Hard X-rays:

above 5–10 keV, below 0.2–0.1 nm wavelength

water window:
region of the electromagnetic spectrum in which water is transparent to soft x-rays
From the K-absorption edge of carbon at 282 eV (4.40 nm) to the K-edge of oxygen 
at 533 eV (2.33 nm wavelength)

source: wikipedia



✓ High Spatial resolution

Wavelength scale:

Carbon k-edge 280 ev (44 angstroms)

Bond length in methane 1 angstroms

✓ High Temporal resolution

Time scale:

Bohr orbital period in hydrogen atom 150 as

Hydrogen molecules vibrational period 8 fs

✓ Chemical sensitivity

Focus on individual atoms within molecules to study electronic and nuclear 

dynamics on their intrinsic scales (attosecond and angstroms)
7

Properties of SOFT-x
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The ideal source

✓ broadband X-ray continuum for chemical sensitivity 

✓ full polarization control

✓ extreme temporal resolution

✓ high brightness



9

table-top sources vs free electron lasers

• price

• Flexibility

• Temporal resolution (50 as) 

• Accessibility

• Structured light

• Intensity (1020 W/cm2)

• Instrumentation

• Spectral purity

• Polarization control
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High order harmonic generation

I. the laser field detaches an electron from the valence shell by tunnel ionization

II. the free electron is accelerated by the  laser field

III. the energy gained by the electron is released through the emission of a XUV photon
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odd harmonics of the 

fundamental frequency

train of attosecond pulses

frequency
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High order harmonic generation

hωcutoff = Ip + 3.17 Up

Up ~ E2λ2
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How to increase the hhg cutoff

• Increase Ip

• Increase the driving intensity

• Increase the driving wavelength

Larger wavepacket diffusion

→ Lower recombination probability
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Phase matching in HHG

single atom phase matching

• phase-matching depends on:

• gas medium

• driving wavelength/intensity

• geometry of the interaction
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t. Popmintchev et al., SCIENCE 336, 1287 (2012)

Phase matching in HHG driven by long wavelength
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Table-top soft x-rays sources

State of the art
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Water window hhg sources

Biegert: S.M. Teichmann et al., Nature comm. 7, 11493 (2016)

Legare: v. Cardin et al., J. Phys. B: 51 174004 (2018)

Kaertner: G. Stein et al., J. Phys. B: 49 155601 (2016)

Marangos: Johnson et al., Sci. Adv. 4, eaar3761 (2018)

Keller: J. Pupeikis et al., Optica 7, 168 (2020)

Takahashi: Y. Fu et al., Communication Physics (2020)



SOFT-X attosecond sources
Group of Jens Biegert

isolation of individual attosecond pulses at the carbon K-edge by 

wavefront rotation pulse duration below 400 as and with a 

bandwidth supporting a 30-as pulse duration

Francisco Silva et al., Nature Comm. 6, 6611 (2015)

Group of Zenghu Chang

2-cycle OPA at 1800 nm, Polarization gating 

53 as, 200 eV bandwidth up to the carbon k-edge

PROOF method for the temporal characterization

J. Li et al., Nature Communication DOI: 10.1038/s41467-017-00321-0 (2017)

Group of HANS JAKOB WoeRNER

2-cycle OPA @ 1800 nm, amplitude gating 

43-attosecond

100 eV bandwidth reaching photon energies up to 180 eV

T. GAUMNITZ et al., Optics Express 25, 27516 (2017)
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Transient absorption in the water window

Biegert:

B. Buades et al., Appl. Phys. Rev. 8, 011408 (2021)

Leone:

A. R. Attar et al., Science 356, 54 (2017)

Itatani:

N. Saito et al., Optica 6, 1542-1546 (2019)

Woerner:

Y. Pertot et al. Science 355, 264 (2017)
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Novel strategy for the generation

Of bright attosecond pulses in the soft-X:

Hhg in a chip
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the idea: HHG + MICROFLUIDIC

✓ flexible platform

✓ increased efficiency

✓ extended bandwidth

✓ polarization manipulation (?)

by R. Martinez Vazquez & R. Osellame

1 cm

Femtosecond Laser Irradiation followed by Chemical Etching



the idea: HHG + MICROFLUIDIC
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driving pulse

valve

XUV

Gas jet dimension
~ hundreds-µm

Gas backing pressure: 
> 1bar

gas jet 

gas jet

6 mm

Channel diameter
≈140 µm

Gas-filled chip

Continuus flow 

Gas pressure:
10-900 mbar

Top view of the device 130 µm 

1
5

0
 µ

m
 

gas-distribution channels

capillary

Circular housing
for o-rings



CHIP vs PULSED VALVE
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x 10

He, 800 nm, 20 fs, same pulse energy, single shot

A.G. Ciriolo et al., J. Phys. Photonics 2, 024005 (2020) 



HHG in CHIP: gas density profile
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A.G. Ciriolo et al., J. Phys. Photonics 2, 024005 (2020) 



CHIP ENGINEERING
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phase matching optimization

𝐿

✓periodicity of nozzles

✓diameter modulation

✓nozzle shape and dimension



MODULATION of GAS DENSITY
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microscope view

Gas reservoir

Hollow

waveguideDe Laval 

nozzles

Gas exits

L

De Laval micro-nozzles

microscope view



HHG in NEW CHIP
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First generation

straight channels

Second generation 1.0

with 4 nozzles

Gas density profiles

He, 800 nm, 20 fs, single shot



multiple exits

single exit

He gas, single shot

How to improve the gas density modulation
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Multiple exits

Single exit



How to shape the HHG
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4 nozzles arranged in a 

PERIODIC structure (L=1.2 mm)  

3 nozzles arranged in a

NON-PERIODIC structure

L 1.9 mm 1.4 mm



HHG in CHIP: Summary
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(same background pressure)

Gas density profiles

First generation Second generation 1.0 Second generation 2.0

He gas, single shot
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Deliverables of this webinar

Outline:
 Relevance of new functional nanomaterials 
 Challenges in technology miniaturization
 Collectives from building-blocks with tailored properties
 Ultrafast techniques: general concept
 Probing heterogeneity & dimensionality:

 Spectroscopy: Polaronic non-thermal photo-activation in CsPbBr3
 Diffraction Imaging: mechanical stiffness in Au-NPs
 Coherent EUV Imaging: Thermal and acoustic dynamics in waveguides



"Everything changes at the nano-level"

Healthcare  Drugs

Communication  data 
storage & security

Economy
Sensors

Magnetic 
switching

Optoelectronics

Renewable energy

Targeted drug 
delivery

Signaling & 
Respiration

Technology miniaturization:   
Functional materials engineered 

in the deep nanoscale regime

Bulk macroscopic models cannot predict heat, charge or spin transport 



Healthcare  Drugs

Communication  data 
storage & security

Economy
Sensors

Magnetic 
switching

Optoelectronics

Renewable energy

Targeted drug 
delivery

Signaling & 
Respiration

We need new characterization tools!

Correlate macro- & microscopic properties 
while functionality occurs

Current grand challenge: 

"Everything changes at the nano-level"



100 10-3 10-6 10-9 10-12 10-15 10-18 10-21 
100

10-3

10-6

Time (s)

Le
ng

th
 (m

)

10-9

10-12 

10-15 

Ultra-small

Ultra-fast

Electrons

Chemical 
reactions

Combined!

Hummingbird

Measuring functional response

Thermal 
transport

Molecular 
vibrations

Phonons



100 10-3 10-6 10-9 10-12 10-15 10-18 10-21 
100

10-3

10-6

Time (s)

Le
ng

th
 (m

)

10-9

10-12 

10-15 

Ultra-small

Ultra-fast

Electrons

Chemical 
reactions

Combined!

Hummingbird

Measuring functional response

Thermal 
transport

Molecular 
vibrations

Phonons



Tunable:
- Shape
- Size
- Composition

Tunable:
- Chemistry
- Interaction with membrane
- Drug delivery

Functional response
triggered by light

10-15s

2-100 nm

Building blocks...



...in new functional nanomaterials

LEDs and photovoltaics
Suppression of trap-assisted 
non radiative-recombination

3Dynamics tech
Higher thermal load coating–

automotive, aerospace

Extracellular inhibition, photostimulation
Theranostics, diagnostics

Cryo TEM

100nm

Nat. Mater. 17, 195-
204 (2018)

hours



 Electronic and optoelectronic applications:
 Active element: macroscopic arrays of nanoparticles

 Tailor size, shape, composition for fine-tuning of material physical properties
Charge-carrier dynamics, thermal transport, stiffness, long-term stability […]

 Functionalized nanoparticles: ligand length and order

P. F. Damasceno, M. Engel, S. C. Glotzer, Science 337, 453−457 (2012)
J. J. Choi, et al. J. Am. Chem. Soc. 133, 3131−3138 (2011)

M. A. Boles, D. V. Talapin, J. Am. Chem. Soc. 137, 4494−4502 (2015)

Structure-property relations



Ultrafast methods

Ultrafast lasers
• Pulse trains
• 10-15s pulse duration
• µm to nm wavelength

Pump pulse
• Initiates dynamics
• Reference point in time

Probe pulse
• Images and spectra show 

electronic/structural changes



Perovskites:
• Long carrier lifetime & diffusion lengths
• Pb-Br framework flexibility 

Wishlist for realistic applications:
• Understanding of the interaction between charge carriers and the polar lattice in out-

of-equilibrium conditions
• Comprehensive atomistic picture of light & thermal activations

Light-induced response in CsPbBr3

HAADF
STEM

>120 °C

25 °C

cubic

orthorhombic



TR-XAS: Br K and Pb L3 edges

O. Cannelli, et al. Accepted,
J.Am.Chem.Soc. (2021)



ab-initio, Core-hole final state effects

XANES spectrum: 
local reticular distortions

Br

LO phonon
18meV

Photo-induced polaronic distortions

Main results:
• Charge-carrier recombination unlocks polaronic structural distortions
• Specific activation of a longitudinal optical phonon mode at 18 meV via electron-

phonon coupling (RED)
• No interplay of light-induced orthorhombic-cubic phase transitions (BLUE)
• Auger recombination τ1=120±20 ps, Radiative recombination τ2=900±300 ps

M. Puppin et al., Phys. Rev. Lett. 124, 
206402 (2020



Ruling-out thermal effects in photo-induced activation



Ruling-out thermal effects in photo-induced activation

Thermal fluctuations & phonon 
anharmonicity

• Co-existing orthorhombic and cubic 
phases of CsPbBr3 in single particles 
at room T and high T

O. Cannelli, et al., In preparation. (2021)
Y. Yu et al., Nano Lett. 16, 7530-7535 (2016)

Systems too complex to be modelled 
from first principles with core-hole:

• Direct visualization of heterogeneity

• Straightforward visualization of the 
sample



• Direct-space imaging

• Imaging with 
phase retrieval

Ultrafast/high-resolution imaging

Microscope objective lens Image formation 

Chapman et al., Nature Photonics, 4, 833 (2010)
Chao et al., Nature 435, 03719 (2005)

Miao et al., Nature, 400, 342 (1999)
Fienup, Optics Letters 3, 27 (1978)

Rodenburg et al. Phys. Rev. Lett. 98 ,034801 (2007)
Seaberg et al., Optics Express 19, 22470 (2010) 

Miao et al., Science 348, 530 (2015)

Phase Retrieval algorithm
Computer



• Imaging with 
phase retrieval

Ultrafast/high-resolution imaging

Chapman et al., Nature Photonics, 4, 833 (2010)
Chao et al., Nature 435, 03719 (2005)

Miao et al., Nature, 400, 342 (1999)
Fienup, Optics Letters 3, 27 (1978)

Rodenburg et al. Phys. Rev. Lett. 98 ,034801 (2007)
Seaberg et al., Optics Express 19, 22470 (2010) 

Miao et al., Science 348, 530 (2015)

Phase Retrieval algorithm
Computer

X-rays: Coherent diffractive imaging, 
holography – full-field

Electrons: Diffractive imaging? 
Holography? Limited by coherence 
and flux – maximum likelihood



Probing speckles with electrons

Incoherent scattering

Coherent scattering

Symmetry retrieval from speckle analysis Kam, Z. Macromolecules 10, 927–934 (1977)
Altarelli, M., Kurta, R. P. & Vartanyants, I. A.. 

Phys. Rev. B 82, 104207 (2010).



G. F. Mancini et al., Nucl. Instrum. Methods Phys. Res. A 691, 113 (2012)
G. F. Mancini et al., NanoLett. 16 2705 (2016) 

Probing speckles with electrons

Ultrafast Electron 
Diffraction
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Diffraction Imaging: mechanical stiffness in Au-NPs

FT TEM 
exp

UED
exp

• Ligands (S,C,H) ordering & Au core 
dynamics in supracrystal - in the same 
experiment

Beyond established powder diffraction data analysis:
• Local order/disorder correlations, spatial 

organization & photodynamics



 C8: τ = 2.6 ± 0.3 ps. C12: τ = 12.1 ± 0.9 ps

 Intensity suppression: energy transfer between the electronic excitation and the 
structural degrees of freedom of each supracrystal.

 C8 supracrystal. Interdigitation: efficient channel for transferring energy between the 
initial electronic excitation to structural motions of the NPs.

 Local stiffness in a dense supramolecular assembly can be created by Van der Waals 
interactions up to a level comparable to systems characterized by covalent bonding.

G. F. Mancini et al., Struct. Dyn. 
6, 024304 (2019)

Ligand length dependent e--ph coupling



The nanoscale quasi-movie

Optically-induced ligand 
annealing & grain separation



sample

CCD

Pump

Probe

Tabletop microscopy from High-Harmonic Generation
Wavelength

Photon Energy

Extreme UV

Coherent EUV/X-rays :

 Penetration depth

 Capture dynamics 
relevant to function

 High coherence G. F. Mancini, et al., Opt. Express 26, 11393–11406 (2018), 
Nature Photonics 11, 259-263 (2017) 

E. Shanblatt et al., Nano Lett. 16, 5444–5450 (2016)

Quantitative : number of layers, 
oxidation and diffusion processes

120 nm



Si

Amplitude:
Material composition

Ti

Phase:
Topography

Ptychography with tabletop EUV light...

Separates object and 
illumination

Zhang et al., Ultramicroscopy 158, 98 (2015)

30nm

5Å
30nm



EUV
pulses

IR 
pulses

Snapshots of the 3D topology map upon impulsive 
excitation unravels waveguide dynamics 

& acoustic waves dispersion

In time...

Karl, Mancini, et al., Sci. Adv. 4,  eaau4295  (2018)



The nanoscale movie

• Impulsive expansion at the edges of 
the nanostructure

• Depression in the substrate 
immediately adjacent to the 
nanostructure

50ps 400ps

• Surface expansion of the 
nanostructure progressively 
propagates from the edges towards 
the center 



experiment
simulation

Visualizing thermal and acoustic dynamics

 Average height changes by ≈3Å in agreement with experiment

 Dispersion of generalized Lamb waves

 Surface acoustic waves propagating across the nanoantenna coupled 
into dispersive wave guide modes



Next frontier: probing heterogeneity

Correlates nanoscale form 
and mesoscale function

Real time
Easily accessible

Reliable

While functionality occurs

Response of objects too 
complex to be modelled 

from first principles

Correlative Ultrafast
Modalities
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