
Ultrafast sources 2021, Lecture 26: 
Laser-induced electron diffraction

• Motivation and alternative techiques (presented in Lecture 25) 

• Some basics about strong-field electron rescattering 

• Fundamental concepts for a LIED experiment 

• Recent advances
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Motivation
We want to take snapshots of matter in action

Electronic wave function:  
attosecond dynamics

Structural imaging: 
~1-10 pmO

C

S

~ 116 pm

Real-time observation of electronic wave function and structural dynamics:  
we need attosecond temporal resolution and picometer spatial resolution

We need an ultrafast imaging technique
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Option1: time-resolved X-ray diffraction
One of the most promising and successful time-resolved diffraction of large molecules

Nature 470, 73–77 (2011)

Sample: nano crystals of Photosystem I 

Light source:  
photon energy = 1.8 KeV (7 Å wavelength) 
flux = 1012 photons/pulse 
Rep. rate = 30 Hz (1800 patterns per minute) 

Time duration = 10-200 fs (mitigation of damage!) 
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Option1: time-resolved X-ray diffraction

State of the art: 
Spatial resolution: 10-11 m 
Temporal resolution: tens of fs. 

Low cross-section ( 6 orders of magnitude lower than electrons)

One of the most promising and successful time-resolved diffraction of large molecules

Nature 470, 73–77 (2011)

Imaging light atoms (hydrogen) is extremely challenging

Low-angle diffraction pattern 15000-crystal pattern structure retrieval
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Option2: Ultrafast electron microscopy and 
diffraction

State of the art: 
Spatial resolution: 10-11 m 
Temporal resolution: a few fs (challenging but  
possible).

Electron guns with energies in the range of 
tens of KeV to MeV. 

J. Phys. Chem. 98, 2766-2781 (1994), Nature 386,159–162 (1997), RSI 86, 073702 (2015)

Imaging light atoms (hydrogen)  
is extremely challenging
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Option3: Strong-field physics

e-

dir
ec
t

rescattered Direct electrons: 

Photoelectron spectroscopy of ionised orbitals 
Strong-field ionisation physics

Electron recombination: 

High Harmonics Generation (spectroscopy)  
Attosecond pulse generation

Electron rescattering: 

Laser-induced electron diffraction (LIED) 
Photoelectron holography 

Electron impact ionisation is another extremely intriguing channel

Nature 417, 917–922 (2002)
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Outline

• Motivation and alternative techiques (as explained in Lecture 25) 

• Some basics about strong-field electron rescattering 

• Fundamental concepts for a LIED experiment 

• Recent advances
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The physics of strong-field electron rescattering
Simple approach with some approximations

1

2

3

.

In atomic units: 

Cutoff for direct electrons: 

Ponderomotive energy:                         

2 

PRA 79, 033409 ( ︎2009 ︎)

Tunnelling ionisation regime:    Ip > 1014 W cm�2
<latexit sha1_base64="m2bcKPM8U+Hz20qfIuzTvBnAaJM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN5akFnQlRTe6q2Af0KRhMp20Q2eSMDMRSghu/BU3LhRx61e482+ctllo64ELh3Pu5d57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eS0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+6Hritx+IkDQK79U4Ji5Hg5AGFCOlJc88uPVieAltq5fatcyBbQdi3ktPq5lnlq2KNQVcJHZOyiBHwzO/nH6EE05ChRmSsmtbsXJTJBTFjGQlJ5EkRniEBqSraYg4kW46fSGDx1rpwyASukIFp+rviRRxKcfc150cqaGc9ybif143UcGFm9IwThQJ8WxRkDCoIjjJA/apIFixsSYIC6pvhXiIBMJKp1bSIdjzLy+SVrVin1Wqd7Vy/SqPowgOwRE4ATY4B3VwAxqgCTB4BM/gFbwZT8aL8W58zFoLRj6zD/7A+PwB37yVLw==</latexit>
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9

The physics of strong-field electron rescattering
Returning energy and rescattering cutoff 

For rescattered electrons:

Returning kinetic energy:  3.17

PRA 79, 033409 ( ︎2009 ︎)

Condition for recollision 

After rescattering: 

Back-scattered electrons 
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The physics of strong-field electron rescattering
Photo-electron distribution

Direct electrons

rescattered electrons

2Up 10Up

EL(t)

Is there here  
any signature of diffraction?
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Outline

• Motivation and alternative techiques (as explained in Lecture 25) 

• Some basics about strong-field electron rescattering 

• Fundamental concepts for a LIED experiment 

• Recent advances
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The first hint
A bit of history…

H H2 (R = 20 a.u.) H2 (R = 30 a.u.)

PCL 259, 313-320 ( ︎1996 ︎)
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ATI photoelectron spectroscopy or diffraction? 
Experimental results

PRL 100, 143002 (2008)

Xe

EL(t) 7-fs, 800 nm

Why they needed to increase the intensity?
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What do we really need for LIED to work?
Let’s do a step back

O
C

S

~ 116 pm

�db = 100 pm

Edb(e
�) =

p2

2m
=

h2

2m�2
db

= 150 eV

Emax
db (e�) = 3.17 Up

Edb(e
�) = 3.17 Up = 150 eV

Up / I�2 ' 50 eV I = 1 ⇤ 1014 W

cm2

� = 2.3 µm

T = 7.7 fs

We need infrared driving lasers Back-scattered photo-electrons  
upon IR photo-ionisation 

PRA 82, 033403 (2010) 

q = 2krsin(✓/2)

Ek,CED = 10� 100 keV

Ek,LIED = 150 eV

We need large scattering angles

lied
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How does it work?
From the laboratory frame to the rescattering frame

: laser polarisation axesbz
D(k, ✓) =?f(kr, ✓r)

kz = kcos(✓) = ±A0 ⌥ krcos(✓r)

ky = ksin(✓) = krsin(✓r)

D(k, ✓) = W (kr)�(kr, ✓r) Quantitative Rescattering Theory

PRA 79, 033409 (2009)

10Up 4Up

Low Ionisation  
rate

kz = kcos(✓) = ±kr/1.26⌥ krcos(✓r)

ky = ksin(✓) = krsin(✓r)
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How to interpret the data?
Independent atom model (IAM)

PRA 82, 033403 (2010) 

D(k, ✓) = W (kr)�(kr, ✓r)

�(kr, ✓r,⌦L) =
X

i,j

fif
⇤
j e

i~q·~Rij

Independent atom model:
molecular structure!!

fi
~q
~Rij

: atomic scattering amplitudes

: momentum transfer

: internuclear distance

CO2

molecular contrast factor 

�(kr, ✓r,⌦L) =
X

i,j

fif
⇤
j e

i~q·~Rij =



17

Summary of the recipe

D(k, ✓) = W (kr)�(kr, ✓r)

�(kr, ✓r,⌦L) =
X

i,j

fif
⇤
j e

i~q·~Rij

EXPERIMENT 

We need ultraintense 
infrared driving lasers DATA ANALYSIS 

From the lab frame  
to the rescattering frame 

INTERPRETATION 

differential cross section  
of the molecular structure

MOLECULAR STRUCTURE RETRIEVAL 
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The first experimental breakthrough

Nature 483, 194 (2012) 

N2 O2

1700 nm 2000 nm 2300 nm

tr1-ti1 tr3-ti3tr2-ti2< <
Single bond retrieval in diatomic molecules
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Two bonds in coincidence
The importance of the molecular frame

Nat. Comm. 6, 7262 (2015)

EL(t) 
3100 nm, 160 KHz, 1013 W/cm2
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How good is our recipe?

D(k, ✓) = W (kr)�(kr, ✓r)

�(kr, ✓r,⌦L) =
X

i,j

fif
⇤
j e

i~q·~Rij

EXPERIMENT 

We need ultraintense 
infrared driving lasers DATA ANALYSIS 

From the lab frame  
to the rescattering frame 

INTERPRETATION 

differential cross section  
of the molecular structure

MOLECULAR STRUCTURE RETRIEVAL 

It’s quite a large  
approximation!
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Unexpected features of the returning wave packet

Sci. Adv. 4, 8148 (2018)  

EL(t): 1290 nm, 1013 W/cm2
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A new question can be raised

What is the real interplay  

between the molecular target and the driving field 

in a self-diffraction experiment?

The importance of the molecular frame
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Outline

• Motivation and alternative techiques (as explained in Lecture 25) 

• Some basics about strong-field electron rescattering 

• Fundamental concepts for a LIED experiment 
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Searching for the molecular imprinting
Strong-field rescattering from aligned OCS molecules 

Aligned molecules:

Driving laser:

The molecular alignment is parallel or perpendicular  
with respect to the driving laser polarizion axis. 

The photoelectrons are acquired  
in a velocity map imaging spectrometer.

The two photoelectron maps show different features, not only 
in the low-energy direct electrons. 
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Alignment-dependent rescattering cutoff
Slide subtitle

The cutoff of rescattered electrons 
is different for the two molecular alignments. 

The cutoff for parallel alignment is lower than  
the one expected by the classical theory 

The experimental observation is supported by  
ab-initio TDDFT calculations.  

What is the origin of such a difference 
in the high-energy cutoff?



26

Alignment-dependent photoionisation
Differential map (Parallel - perpendicular)

- Semiclassical trajectory simulation

Nat. Comm. 11, 2546 (2020)
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Rescattered photo-electrons 
Interplay between the molecular potential and external driving field

The final photo-electron momentum is strongly affected by the initial angle of ejection and by the action of the 
Coulomb potential of the molecular cation.

A complex energy-time relation is encoded in the photoelectrons. An opportunity for establish LIED spectroscopy 
at high temporal resolution?

ionisation

Nat. Comm. 11, 2546 (2020)

10
ionisation

9
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Time-resolved LIED?

e-

e-
e-

e-
e-

LIED is intrinsically  
a time-resolved method The temporal resolution  

may be different from  
what expected

The photoelectron clock allows  
for the development of experiments  

with sub-fs resolution 
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Single-field LIED vs. pump-probe LIED

e-

e-
e-

e-
e-

e-

e-
e-

e-
e-

pump-probe delay

In pump-probe LIED, the time resolution is defined by 
the convolution of the two pulses, taking into account the interplay with 
the molecular potential. 
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Interference between direct and rescattered electrons

Are such holographic features sensitive to dynamical 
molecular structures?

Rep. Prog. Phys. 83 034401 (2020)

Holographic features have been demonstrated to be sensitive  
to molecular orientation, orbital parity, nodal planes.
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Take-home messages

• LIED is a powerful and promising spectroscopical tool employing 
ultrafast laser sources to image molecular structures with pm and 
potential as resolution. 

• Driven by ultra intense laser sources. 
• Attosecond electron wave packet. 
• Extremely high current density (10^11 A/cm^2). 

• Time-resolved LIED requires a careful consideration of the 
contribution of the target. 

• Strong-field-driven rescattered electrons may contain more 
information than what explored so far. 


