
X-rays vs electrons
• 4 th generation light source 10 6 photons  / Å 

single molecule imaging

• X-rays from conventional lasers will never be able to
compete

• But lasers can generate λ<1 Å electrons
conveniently
with high current density (~10-7 to 10-8 X-ray density)
short duration

• For diffraction, electrons are much more effective than
photons.



The key Idea

J ~ 1011 Amps/cm2;   ~ 1 fs;

Energy ~ 100-1000 eV; ~1.2 Å - 0.4 Å

such large current densities are unavailable from
any other source

To get the same wavelength in X-rays requires
>10keV photons

More than
50% re-
collide
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Attosecond Optical Pulses

X-ray
emission

Attosecond pulses are

•produced inefficiently

•focused poorly

•interact weakly

Perhaps the
electrons are as
important ----- or
more important  ----
than optical pulses
they produce



Outline

• Measuring: J=q/Area/time

the area   ----  ~ 50 Å2

the time   ----  ~1 fs

• Consequences:

short pulses are not essential for fast
measurements

electron diffraction from parent molecule

More than
50% re-
collide



Measuring time: Molecular clock
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 Strong Field Ionization
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Electron motion
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Measuring sub-cycle electron
dynamics

The acceptance angle is about 8º for 10 eV protons



Potential Energy surface of H2

In H2 an electron wavepacket is always
formed with a Vibrational Wavepacket
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Wave packet motion
§ Ionization forms a g wave packet

§ slightly distorted from the ground state
wave function of H2  --- due to the radial
dependence of the ionization potential

§ The wave packet evolves until the re-
collision electron excites H2

+ according to
published cross-sections

§ We predict the kinetic energy of the
fragments, adding each re-collision
incoherently



Time Resolution of Molecular Clock
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<10-4probability of instantaneous double
ionization
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Attosecond electrons
§ Attosecond electron bunches will gain equal footing

with attosecond optical pulses in attosecond
science -- fastest vibrational wavepacket motion
ever observed.

§ Femtosecond science has no convenient short
wavelength source for either pumping or probing.
Re-collision electrons can play that role.

l Elastic scattering ---- Electron diffraction

l Inelastic scattering
§ Single molecule imaging appears to be an important

enough goal to justify the 4 th generation light
source.  Re-collision electrons may have a  role by
allowing few molecule, gas phase imaging.



Measuring D2
+ vibrational wavepackets

with sub-femtosecond precision

§ For the past 30 years each advance in fast
measurement required shorter pulses.

§ Exploiting correlation is an alternate approach --- the
evolution of the correlated partners after their
formation largely determines the resolution

§ sub-femtosecond resolution over the first 5 fs
following the formation of a D2

+ vibrational
wavepacket --- using a 50-100 fs pulses



Using correlated wavepackets for
dynamics measurements
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Characteristics of electrons

•Broad distribution of electron energies

•Peaked near E~3.17 (q2E2/m_2)

(at 2 µm and 1014 W/cm2  E~120 eV)

(at 0.8 µm  and 1014 W/cm2  E~ 30 eV)

•Diameter of the returning wavefunction
increases linearly with time.
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Specialized problem?

•Strong fields control electrons

In molecules:

•Harmonic emission

•Elastic scattering

•Inelastic scattering

In electron correlation dynamics:

•Energy and direction of correlated electrons

•Superstrong fields control protons



Elastic scattering --- Molecular structure:
The most important implication

Elastic scattering --- electron diffraction

In any electron diffraction experiment only
the momentum transverse to the electron
direction is measured.

n  = d sin ( )



Our proposal for self-diffraction

•Use strong field molecular optics to align the
molecule

•Use a pump pulse to excite a process of interest
if needed

•Use strong ir beam to (multiply) ionize molecule
and give electron energy needed for self-
diffraction

Recollision electrons can explore
feasibility and procedures needed  for

femtosecond X-rays
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