
Usually we want to know:

How big the surrounding objects are? We measure their size with rulers!

Ruler: A straight object marked at regular intervals.

The resolution of a ruler (How precise we can measure
distances) is the distance between two neighbouring mark.

How fast they move? We measure their speed with stopwatches!

Stopwatch: An object with periodic motion.

The resolution of a stopwatch is roughly the 1/60 part of the
periodic motion's period.

Bursts of light with ultrashort duration, which
For pulses generated by TiSapphir lasers is in the range of 10 fs.
For the HHG (high harmonic generation) laser pulses is in the range 0.1 fs.

Since the duration of these pulses is much shorter then the timescale of the
molecular motions, they can be used as stopwatches with a temporal
resolution of 0.110 fs during measurements in molecules.

Light is an electromagnetic wave, which has an electric and a magnetic
component periodic both in space and time.

By considering the spacial and temporal periodicity of the lasers shown on
Figure 1 and 2, the laser pulses can be used as

Rulers with a ~ λ/60 spatial resolution.

Stοpwatches with a ~T/60 temporal resolution.

For pulses generated by TiSapphire lasers:

spatial resolution is ~10 nm=100 A

temporal resolution is ~ 0.05 fs.

As a consequence TiSapphire laser generated pulses

can be used directly only for temporal measurements and

can not be used for spatial measurements in molecules.

Figure 1. The timedependence of the electric component. T is the
period of the electromagnetic wave.

Figure 2. The spacedependence of the electric component. λ is the
wavelength of the electromagnetic wave.

As an example H2, the smallest molecule will be used:

The equilibrium bond length of H2 is 0.75 A.
1 A (Angstrom) = 1010 m, which means that a distance of

1m can be bridged by 13 333 333 333 H2 bond lengths.

The rotational period of H2 is ~ 550 fs.
1 fs (femtosecond) = 1015 s, which means that in 1s the H2

makes ~1 800 000 000 000 rotations.

The vibration period of H2 is ~ 7.6 fs.

Thus if we want to perform distance and time measurements in molecules we
need:

A ruler with A spatial resolution!

A stopwatch with fs temporal resolution!
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with the help of ultrashort laser
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How we discover our surroundings? We measure it!

How big a molecule is? How fast it moves?

What are the ultrashort laser pulses?

Electronwave interference as a Ruler with A resolution.

When H2 molecules (we choose this target for the sake of simplicity) are bombarded with
ultrashort laser pulses they emit electrons. In a simplistic picture when a H2 emits an electron it
may come from either of the H atoms with the same probability. This translated to the language
of quantum mechanics means that both H atoms emit at the same time an electronic wave with
the same wavelength and with the same initial phase. Then these electronic wave interfere
leading to the amplification (Figure 7.) or supression (Figure 8.) of the electron emission.

In the case of constructive interference (Figure 7) the electronic waves emitted by the A and B
nucleus meet in phase and amplify each other leading to an enhancement in electron emission.

In the case of destructive interference (Figure 8) the electronic waves emitted by the nuclei
are out of phase and they cancel out each other leading to the supression of electron emission.
The conditions for constructive (ΔR = nλ) and destructive (ΔR=(2n+1)λ/2) interference are
simple, where n is an integer, ΔR is internuclear distance in the direction of the electron
emission, and λ is the de Broglie wavelength of the emitted electron.

In an experiment, the location (i.e. for which electron velocities it occurs) of the destructive
interference can be measured. From this the distance between the nuclei in the direction of the
photon emission can be directly calculated. The resolution of this measurement is proportional
with the wavelength of the electrons, which is in the range of a few As.

Thus, the electronic waves generated via the ionization of atoms/molecules can be used as
rulers for statial measurements in atoms and molecules.

Figure 7. Constructive interference. Figure 8. Destructive interference.

Attosecond streaking

A nice example on how ultrashort laser pulses
can be used for high resolution temporal
measurements are shown by attosecond streaking
measurements. The principle behind these
experiments can be understood using the following
analogy.

Let us consider two children (Alice and Bob)
playing on an platform, which can move periodically
up and down. Each of the children has an apple.
Alice can throw the apple up to a hA hight, while Bob
can throw the apple up to a hB hight (see Figure 3).

Each of them throws the apple after
receiving the "start" signal from their
parent. The children have their tA and tB
lagtime (reflextime), which is the time
interval between the start signal reception
and the throwing of the apple.

When the platform stands still the hight
reached by each apple does not depend
on the tS start signal receiving time.

When the platform oscillates and the
two children have the same lagtime, the
hights reached by the apples will oscillate
synchronously as function of tS as it is
shown in Figure 4.

This changes when the children's lag
time differs. The hights will no longer
oscillate in a synchronous manner and a
Δt shift will apear between them. This Δt
can be easily measured and it will be
equal with the difference between the tA
and tB lagtimes.

Apply this principle to a physical system:
(platform+Alice+Bob+apples) = Ne atom; Oscillation of the platform = NIR laser pulse;
apples = electrons(Alice2p; Bob2s); Start signal =XUV attosecond pulse;
hA ans hB = the energies of the 2p and 2s electrons

The outline of the experimental setup is shown in Figure 6. along with the
streking images which show the measured energies of the 2s and 2p electrons
as a function of the delay between the NIR and XUV laser pulse. From the
streaking image a 20 attosecond (1018s) delay between the emission of 2s and
2p electrons was measured.

Figure 3. Alice and Bob on an oscillating

hA hB

Figure 4. The height reached by the apples as a function of tS
start signal receiving time the children's lagtime is the same.

Figure 5. Same as Figure 4 but with different tA and tB lagtimes.

Figure 6. The experimental setup, and the streaking image obtained for the 2p and 2s electrons of the Ne atom. SOURCE: M. Schultz et.
al., delay in Photoemission, Science 328 (2010) 1658.




