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Table 2 Results for the Li/°Li ratio, the total Li/H abundance and the K/Li
abundance ratio

Parameter o Per ¢ Per
"Li/Li ratio 3.6+06 10.6 + 2.9
17+03
Li/H abundance (9.8 +3.5)x107"° (122 £2.2)x 107
K/Li abundance ratio 65+ 4 42 =2
48 + 4

For our estimates of the total Li/H abundance, the electron density (ne) is obtained from N(C 1), the
total proton column density [N(H) = N(H1) + 2N (H,)], and the gas density (n). Since no precise
N(C 1) measurements exist for the direction toward o Per, the weighted mean interstellar ratio® of
N(Cu/NH) = (1.42 +0.13) X 10~ * was utilized, yielding N(C1) = (2.2 = 0.8) X 10" cm 2. The
value of N(C1)is (1.84 + 0.32) X 10'" cm~2 toward ¢ Per (ref. 25). The columns N(H) (refs 26, 27) are
(15.2 £5.3) X 10?° cm 2 toward o Per and (15.8 + 4.7) X 10?° cm ™2 toward { Per. Chemical
models for carbon-bearing molecules® indicate values for n of 800 and 700 cm™ toward o and ¢
Per, respectively. The total Li/H abundance is derived from {[N("Li1) +NCLipINH)} X [G/(an,)],
where a value of 41 was used for (G/e)y;, the photionization rate to recombination rate coefficient™®.
The ionization corrections for the two clouds toward o Per are assumed to be the same. The K/Li
ratios are based on column densities in Table 1 and a value of 9.4 for (G/a)x (ref. 18). For the "Li/Li
and K/Li ratios toward o Per, component 1 is the first entry and component 2 is the second.

The presence of deuterium as HD molecules toward o Per (ref.
21) implies that the gas within the superbubble cannot have been
totally depleted in Li initially. The D-containing gas may be largely
in the cloud for which we find "Li/Li = 4. Synthesis of D within a
superbubble is negligible. The existence of D may warrant con-
sideration of alternative hypotheses, including (1) isotopic fractio-
nation of Li in diffuse clouds and (2) the idea that pristine
interstellar gas has "Li/°Li = 2, the value for cosmic ray spallation,
and so varying degrees of contamination with ejecta from Li-rich
red giants drive the ratio to the higher values seen in { Per’s clouds
and elsewhere. O
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Electronic correlations govern the dynamics of many phenomena
in nature, such as chemical reactions and solid state effects,
including superconductivity. Such correlation effects can be
most clearly investigated in processes involving single atoms. In
particular, the emission of two electrons from an atom—induced
by the impact of a single photon', a charged particle’ or by a short
laser pulse®—has become the standard process for studies of
dynamical electron correlations. Atoms and molecules exposed
to laser fields that are comparable in intensity to the nuclear fields
have extremely high probabilities for double ionization*?; this has
been attributed to electron—electron interaction®. Here we report
a strong correlation between the magnitude and the direction of
the momentum of two electrons that are emitted from an argon
atom, driven by a femtosecond laser pulse (at 38 TW cm ).
Increasing the laser intensity causes the momentum correlation
between the electrons to be lost, implying that a transition in the
laser—atom coupling mechanism takes place.

The interaction of superstrong laser fields with matter has a wide
range of applications, from surgery to ignition of nuclear fusion;
however, there are still many open questions concerning the under-
lying fundamental physical processes of this interaction. An
extremely clean way to address them is to place just one single
atom in the laser focus and examine its reaction. In many cases, the
response of the atom to the strong laser field can be well understood
by considering only one of its electrons to be active; however, one
important experimental observation withstands explanation in
such simple terms: the production of doubly and multiply charged
ions is more effective by many orders of magnitude than predicted
by an independent-electron model*®. After this discovery, it was
agreed that models were needed that include electron—electron
correlation to explain this enhanced multiple ionization rate.
Intense efforts to model the two-electron process of double ioniza-
tion in a laser field have reproduced the main feature of a knee
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structure in the double ionization yield as a function of laser peak
intensity®!! and, moreover, yielded quantitative agreement with the
experiment in some cases'>",

The physical mechanism behind this nonsequential process is,
however, still debatable. The most widely accepted model is a re-
scattering mechanism®' in which the first electron is accelerated by
the laser field and later driven back by the field towards its parent
ion. The second electron is then liberated in an electron—ion impact
ionization (for example, see refs 6, 8—10 and 15 for arguments
supporting this model and refs 7 and 16 for those opposing it).
Alternatively, Fittinghoff et al.* suggested that the second electron is
shaken off by the same mechanism as in double ionization by a
single high-energy photon (for example, from synchrotron radia-
tion). Recently, Becker and Faisal'>' suggested a model of an
energy-sharing mechanism using Coulomb correlation represented
by a single Feynman diagram. Strong experimental evidence
supporting the re-scattering/energy-sharing mechanism is provided
by the suppression of double ionization in elliptically polarized laser
fields".

Here we report the direct experimental observation of strong
electron—electron correlation in the final state. We show that the
momentum of one electron strongly depends on the momentum of
the other electron. Such coincident electron momentum distribu-
tions serve as a detailed testing ground for the opposing theoretical
approaches. But they also yield direct and intuitive insight into the
dynamics of the laser—atom interaction and shed light on the
mechanism leading to double ionization. They answer the question
of whether the two electrons are pulled by the laser field to the same
side and whether the electron—electron repulsion pushes them to
opposite sites. The latter is observed with synchrotron radiation at
high photon energies, where the energy of just one photon is
sufficient to liberate both electrons'.

A first step towards differential information on the correlated
multiple ionization in strong fields has been gained by observing the
momentum distribution of the doubly charged ions for helium',
argon"” and neon targets®. All three studies found large ion
momenta which do not peak at zero, highlighting the correlated
nature of the process. In contrast, single ionization, and thus any
uncorrelated process'®, gives maximum ion yield at zero momen-
tum.

We have used the well-established technique of cold target recoil
ion momentum spectroscopy (COLTRIMS; see refs 21 and 22 for

letters to nature

reviews) for the experiment. The linearly polarized light from a Ti-
sapphire laser (800 nm, 220-fs pulse width) was focused by a 5-cm
focal length lens onto a pre-cooled supersonic argon gas jet.

The ions and electrons were guided by an electric field to opposite
sides towards two position-sensitive channel plate detectors with
delay-line readout. Their momenta were determined from the flight
times and the positions of impact. For more details of the experi-
mental setup and data analysis see ref. 23. The polarization axis of
the light was parallel to the electric field and perpendicular to the
direction of the gas jet. The peak laser intensity was determined by
measurements of ion yield to an estimated accuracy of 15%.

The local argon pressure in the gas jet was adjusted such that the
average ion count rate was about 0.04—0.08 per shot. The simulta-
neously measured coincidence between Ar' ions and electrons
allowed an online monitoring of the fraction of false coincidences,
in which the detected ion and electron are produced in the same
laser shot but do not come from the same atom. Such events (about
30% of the total counts) are localized outside the diagonal line in
Fig. 1. The contribution of false coincidences has been subtracted
from the Ar’*-electron coincidence data; however, this background
correction changes only the details, and not the principal findings of
our results.

The localization of the correlated events on the diagonal line
shows that the momenta of the Ar* ion and electron are equal and
have opposite signs for each single event. This proves that the laser
pulse is short enough to prevent the electron from leaving the focus
during the pulse. The momentum transfer from the optical field to
the electron and Ar" ion is therefore equal and opposite, at every
individual time interval and thus for the whole pulse duration. The
laser does not pass on significant net momentum to the electron—
ion system. The photon momentum is negligible on the scale of
interest here, as 1.5eV photons have a momentum of only
0.0004 a.u. (atomic units: 1a.u. of momentum is equivalent to
1.995 X 10 *kgms™"'). This is essential in this experiment,
because it ensures that for double ionization the ion momentum
ko, is given by the sum of the two electron momentum vectors
k., k., = — (k. +k,). We therefore measured ki,, and the
momentum of one of the electrons and could then deduct the
momentum of the second electron from momentum conservation.
The horizontal line structure that is visible in Fig. 1 results from
above-threshold ionization peaks (for example, ref. 24). These peaks
are resolved for slow electrons, whereas they are neither resolved for
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Figure 1 Momentum correlation between the Ar* ion and electrons created in the focus of
a 220-fs, 800-nm laser pulse at peak intensities of 3.8 X 10" Wcm 2, The horizontal
axis shows the momentum component of the Ar* ion along the polarization of the laser
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field; the vertical axis shows the shows the corresponding momentum component of the
detected electron.
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the ion momenta nor for faster electrons, because we used a time-of-
flight technique. The overall resolution (the width of the diagonal of
momentum conservation) is about 0.4a.u. (full-width at half-
maximum).

The main result of our work is shown in Fig. 2. The vertical axis
shows the momentum component of the measured electron in the
direction of polarization (k) and the horizontal axis the same
momentum component of the second electron. The data are
integrated over the transverse momentum of the first and second
electron. The momentum of the second electron is deduced from
the measured momenta of the first electron and the recoiling ion by
momentum conservation.

At 3.8 X 10" W cm 2, right at the ‘knee’ of the double ionization
rate (see refs 19 and 25), a strong momentum correlation between
the two electrons is found. There is a clear maximum for both
electrons being emitted with the same momentum component of
about 1a.u., whereas emission to opposite half planes is strongly
suppressed. At an intensity of 15 X 10" W cm ~2 (Fig. 2b), in the
regime where the ratio of double to single ionization steeply rises
with laser peak power, the correlation between the electrons is
completely lost. Because only one component of the electron
momenta is shown, Fig. 2a does not imply that the electrons are
really emitted in parallel. More likely, there is an angle between the
electrons owing to the repulsion.

175
150
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Kez o (a.u.)

-2 3.8x1014 W cm2

Kez o (a.u.)

-1

-2 15x 1014 W cm~2
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Figure 2 Momentum correlation between the two emitted electrons when an Ar>* ion is
produced in the focus of a 220-fs, 800-nm laser pulse at peak intensities of

3.8 X 10" Wcem ™2 (a) and 15 X 10" Wem 2 (b). The horizontal axis shows the
momentum component of one electron along the polarization of the laser field; the vertical
axis shows the same momentum component of the corresponding second electron. The
same sign of the momenta for both electrons means emission to the same half sphere.
The data are integrated over the momentum components in the direction perpendicular to
the polarization. The colour coding shows the differential rate in arbitrary units.
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The difference between Fig. 2a and b, which is accompanied by a
sixfold increase in the ratio of double to single ionization'*?, is a
direct experimental proof for the change of mechanisms for double
ionization as a function of laser power. In the region of the knee in
the double ionization rate, the two-electron process is mediated by
electron—electron correlation, whereas at high laser powers, double
ionization proceeds by sequential emission of the two electrons. As
there may be a random number of optical halfcycles between the
emission of the two electrons in this case, no directional correlation
between the electrons can be expected.

An instructive alternative perspective on Fig. 2 is obtained by
rotating the distribution by 45°. The diagonal coordinate frame as
indicated in the figure shows the sum and difference momenta
k™ =k, + k, and k= = k, — k, of the individual electron momenta
k;,. Owing to momentum conservation, k" is equal and opposite to
the Ar*' recoil-ion momentum (compare refs 18-20). Figure 2a
shows that the width of the k™ distribution is narrower than the
width in the k" direction. The coordinates k" and k™ are helpful to
illustrate the relative importance of the two counteracting effects of
electron—electron repulsion and acceleration of particles by the
optical field. Both influence the observed final state momenta in
different ways. Electron repulsion (and two-body electron—electron
scattering) does not change k" but contributes to the momentum k™.
On the other hand, once both electrons are set free, the momentum
transfer received from the field is identical. Therefore, this part of
the acceleration does not change k™ but adds to k*. The observed
wide k" and narrow k= distributions thus indicate that the joint
acceleration of the electrons in the laser field clearly dominates over
the influence of electron repulsion. Both electrons are driven by the
laser field to the same side. This experimental finding is in agree-
ment with theoretical results calculated using the model of the
energy-sharing mechanism®.

How does this finding relate to the two correlation mechanisms of
re-scattering and shake-off? The pure case for the latter is found in
single-photon double ionization, where the final state momentum
distribution is predominantly determined by the long-range Cou-
lomb interaction in the final state. It forces the electrons almost
completely to opposite half spheres (see ref. 1 for a review). At small
energies, which dominate in our case, k" is much smaller than k=
(see ref. 27). If a shake-off process were to take place in a strong laser
field, it would set both electrons free in a time interval that would be
very short compared with the optical cycle. Furthermore, shake-off
would have its highest probability at the maximum intensity of the
electric field, which is where single ionization also maximizes. After
being set free the electrons perform a quiver motion in the field. The
remaining net momentum transfer at the end of the laser pulse
depends on the phase at which the electrons are set free. Ionization
at the maximum of the field corresponds to zero net momentum
transfer from the field. Therefore, the field is not expected to have a
significant role in the final state electron momenta resulting from a
shake-off. Such electrons should be found either close to the origin
in Fig. 2 or in the region of opposite momenta due to electron
repulsion. Thus Fig. 2a is in clear contradiction to the expectations
of a shake-off model.

In the re-scattering or ‘energy-sharing model, there is one
particular process that produces electrons with similar momentum.
If the energy of the primary electron at its re-encounter with the ion
is equal to the energy needed to excite the second electron in the ion,
the excitation process would stop the primary electron. The excited
electron would then be set free with very little excess energy by the
laser. Both electrons will finally have similar momentum which is
only determined by the phase of the field at the re-encounter. The
momentum of about 1 a.u. corresponds to a phase at re-scattering of
35° and a return energy of the primary electron of about 18 eV. This
is sufficient for an excitation, as a broad band of many excited states
of the Ar" ion starts at about 16.5eV (the ionization energy is
27eV). We conclude that the re-scattering model provides a
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plausible scheme to produce the observed momentum correlation
of the electrons.

Our measured momentum correlation shows that it is not the
electron correlation in the initial ground state of the atom that leads
to the enhanced double ionization in strong fields, but rather a re-
scattering which is a result of the driving field. The magnitude of the
momenta of the electrons in the direction of the laser field provides
information on the phase of the field at the instant of recollision.
The width of the distribution in the k™ direction is sensitive to the
details of the re-scattering. Thus we expect that the momentum in
the k™ direction and the momentum correlation in the directions
perpendicular to the polarization will give further insight into the
details of the correlation mechanism in future studies.

Finally, we note that the observed emission of the electrons to the
same side confirms a prediction of Taylor et al.?®. They have solved
the time-dependent Schrodinger equation for two electrons in an
optical field in three dimensions and found that most of the double
ionization probability flux emerges to the same side. Similar
conclusions have been drawn from one-dimensional model
calculations™".

The findings of this work provide a benchmark for theoretical
efforts to calculate one of the most simple correlated two-electron
processes in nature. Our method, using many-particle momentum
space imaging for strong field physics, opens up the road for a
variety of applications. The study of electron correlation in strong
fields is now possible in molecules, clusters and solids (such as
superconductors). U
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Organic light-emitting diodes (OLEDs) represent a promising
technology for large, flexible, lightweight, flat-panel displays'~>.
Such devices consist of one or several semiconducting organic
layer(s) sandwiched between two electrodes. When an electric
field is applied, electrons are injected by the cathode into the
lowest unoccupied molecular orbital of the adjacent molecules
(simultaneously, holes are injected by the anode into the highest
occupied molecular orbital). The two types of carriers migrate
towards each other and a fraction of them recombine to form
excitons, some of which decay radiatively to the ground state by
spontaneous emission. Doped m-conjugated polymer layers
improve the injection of holes in OLED devices*; this is thought
to result from the more favourable work function of these
injection layers compared with the more commonly used layer
material (indium tin oxide). Here we demonstrate that by increas-
ing the doping level of such polymers, the barrier to hole injection
can be continuously reduced. The use of combinatorial devices
allows us to quickly screen for the optimum doping level. We
apply this concept in OLED devices with hole-limited electro-
luminescence (such as polyfluorene-based systems'®™'?), finding
that it is possible to significantly reduce the operating voltage
while improving the light output and efficiency.

OLED devices are typically fabricated using one transparent
electrode. The material most commonly employed for this purpose
is indium tin oxide (ITO), which serves as the anode. The electronic
work function ¢,, of ITO is generally smaller than the highest
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