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Molecular physics: Break-up breakdown
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Molecules ionize and fragment when subjected to energetic radiation. The
behaviour of a simple molecule, deuterium, can now be tracked through this process
in greater detail than ever before.

It is said that when physicists want to know what is going on inside a microscopic
object, they just blow it up and see what happens. This reductionist approach has
certainly proved useful in particle physics and in studying the structure of atoms,
molecules and nuclei, using a variety of projectiles. The explosive experiments
reported by Weber et al.X on page 437 of this issue demonstrate that even simple
molecular hydrogen is full of surprises. Their study addresses the fundamental
question of what exactly happens to an atom or molecule when it absorbs sufficient
energy to fragment completely. Put another way, what governs the motions of the
free charged particles in a so-called Coulomb explosion?

If a molecule absorbs enough energy, bonds can be broken and ions can form,
allowing neutral and charged constituents to react with neighbouring molecules.
These processes occur everywhere, from car engines to industrial chemical plants.
Molecular ionization and fragmentation also occur naturally in Earth's upper
atmosphere, driven by the Sun's energy, and are the mechanisms responsible for
radiation damage to our bodies. In general, the more energy that is absorbed —
either from light or through a collision with another energetic particle — the greater
the number of possible reaction pathways and the greater the 'damage’ done to the
molecule itself and its nearest neighbours.

The removal of two electrons from helium, the simplest multi-electron atom, leaves
behind a completely bare nucleus — an x-particle. Thus, the double-ionization
process produces three charged particles: the positively charged nucleus, and two
electrons that escape under the influence of the long-range Coulomb force. In the
case of molecular hydrogen, once the electrons have been ejected, the 'glue’ that
held the molecule together has gone and the protons explode apart in opposite
directions, because like charges repel. One of the initially surprising results, for both
helium and hydrogen, was that if the two escaping electrons have equal energies,
they do not leave in opposite directions, as might be expected. Quantum mechanics,
as well as the Coulomb force, determines the outcome.

It should be emphasized that, even when it is energetically possible, the double-
ionization process in helium and hydrogen is still about 30 times less likely to occur
than the ejection of a single electron. This is because the process for the
simultaneous emission of two electrons is dominated by interactions between the
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electrons themselves — they must be treated as a correlated pair and not as
independent particles — and this improbability makes the experiments much more
difficult. Ultrafast timing techniques are used to ensure that the pairs of electrons
detected really do come from the same atom or molecule. Even so, as the two
electrons can be emitted in any spatial direction, efficient methods of particle
detection are needed that cover as large a solid angle as possible. Completely new
instruments have been invented to enable the fragment products to be detected and
to measure both their energies and their angles. Some groups have developed
doughnut-shaped 'toroidal' analysers to view the process in one plane®*, while
others have produced an elegant three-dimensional detection system>~Z. All of these
experiments have benefited from technological advances at synchrotron sources, as
ideally they require extreme-ultraviolet radiation with 100% linear polarization to
initiate the Coulomb explosion.

The new study by Weber et al.! builds on earlier experimental studies, by this group>
& and others®* 819 Their three-dimensional momentum-imaging approach has
reached new heights of sophistication, giving a view in unprecedented detail of the
molecular double-ionization process for the hydrogen isotope deuterium. The
experimental set-up is surprisingly simple in principle. In the central interaction
region, deuterium molecules are ionized by a beam of synchrotron light. A controlled,
uniform electric field surrounds the interaction region and accelerates the two
positive ions in one direction and the electrons in the opposite direction. After the
charged particles have left the electric field, they drift onto position-sensitive
detectors. The final ion energies (about 9.5 electronvolts) are governed by the
repulsive Coulomb force between the two deuterium nuclei and depend on their
initial separation in the neutral molecule. The electrons, however, can have any
amount of energy — as long as energy is conserved overall.

A uniform magnetic field is imposed along the symmetry axis of the apparatus to
constrain the trajectories of fast electrons and to ensure that they are able to reach
the detector. This creates complicated spiral trajectories for the electrons but does
not significantly perturb the motion of the much heavier ions. For each charged
particle, the position of impact on the detector and the overall 'time of flight' are
measured, and from them the initial momentum of all four particles can be deduced
directly. Even more excitingly, in the case of hydrogen, the ions leave in opposite
directions so quickly (compared with their rotational motion) that even the alignment
of the molecular axis can be determined with respect to the polarization direction of
the incident light. Thus, this gives a three-dimensional '‘photograph' of the Coulomb
explosion.

Weber et al. have, for a specified direction of one electron, determined the spatial
distribution of the other escaping electron as a function of the alignment between the
molecular and polarization axes in the double ionization of deuterium (Fig. 1). From
their data, it is clear that the degree of alignment of the molecular axis affects the
escape directions of the electrons and that those directions do not depend solely on
the polarization of the synchrotron light. This is no surprise, but the fact that the
effect can now be measured is truly impressive. As if that were not enough, by
carefully selecting the energy of the ions, the electron emission patterns can be
probed as a function of the initial internuclear separation of the ion cores, just before
the double ionization happens. This sensitive three-dimensional molecular camera
captures images of the Coulomb explosion at various bond lengths, as the molecular
bond stretches and contracts through its own vibrational motion.
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Figure 1 A three-dimensional 'pho’[ograph'l of the double
ionization of deuterium molecules, initiated by the absorption of

photons. Full legend

High resolution image and legend (56k)

In the past, theories have generally had to integrate over molecular orientation and
internuclear separation — smearing out interesting physics — just to be able to
compare with experiment. Those days are now apparently over. These remarkable
experimental results create a timely theoretical challenge: to describe the
observations accurately and predict new areas of interest. The next obvious
development is to study a molecule comprising one hydrogen atom and one
deuterium atom — still a simple molecule, but with its symmetry broken. In this
case, the orientation of the molecular axis, not just its alignment, can be determined
— that is, which end is 'up’, not just which way it is pointing; chiral effects are also
anticipated with circularly, instead of linearly, polarized light. In terms of the 'big
picture', these studies will provide remarkable physical insight into multi-electron
processes whose effects are even more significant in larger atoms and molecules.
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