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From Atoms to Molecules

R. Doérner, H. Schmidt-Bocking, V. Mergel, T. Weber, L. Spielberger, O.
Jagutzki, A. Knapp, H.P. Brauning

14.1 From Atoms to Molecules

14.1.1 Introduction

In the present chapter we discuss direct photo double ionization by single
photon absorption (section 14.1.2) and Compton scattering (section 14.1.3).
We do not discuss the closely related phenomenon of multiple ionization
by two step processes such as photoionization followed by single or multi-
ple Auger decay. We concentrate on the two most fundamental two electron
target systems: the helium atom (sections 14.1.2 and 14.1.3) and molecular
hydrogen (deuterium) (sections 14.1.4). The subject of photo double ioniza-
tion of Helium is a mature field now in which an impressive experimental
and theoretical breakthrough has been achieved in the previous 10 years.
The theoretical progress is described in chapter 2 of this book, we there-
fore restrict ourselves here to a phenomenological description and intuitive
interpretation of the physical phenomena. For the problem of two electron
processes in molecules in contrast the major challenges for experimentalist
and theoretician lie still ahead.

14.1.2 Double Ionization of Helium by Photo-Absorption

Energy, Momentum and Angular Momentum Considerations Dou-
ble ionization of helium by photo-absorption becomes possible if the energy
of the photon is higher than the sum of the binding energies of both electrons
(Ei; =24.6eV +54.4eV =T79eV). The excess energy Eoxc = E, — Ei; can
be shared among the two electrons in the continuum E; + Fy = Ecy.. The
energy of the He?' nucleus is negligible due to its heavy mass. In momentum
space however the momenta of the electrons and the nucleus are of the same
order of magnitude. From momentum conservation we obtain (assuming the

atom at rest in the initial state):
kA/ =k1+ ko + kgeo+ (14.1)

At non relativistic energies the photon momentum can be neglected against
the electron and ion momenta (k, ~ 0). Hence in the final state the sum
of the two electron momenta is balanced by the ion (see section ?? for a
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more detailed discussion). At photon energies of below typically 1keV the
dipole approximation is expected to hold. Therefore, the absorption of the
photon leads to AL = 1 and a change in parity between the initial and final
state. Since the He ground state is an S state with gerade parity the three
body final state is ! P°. Angular momentum is not a good quantum number
for the individual electron, but the two electrons have to couple to angular
momentum 1 with odd parity. This ' P° character of the 3-body final state
shapes the momentum and angular distributions as will be discussed below
in more detail.

The criterion for the validity of the dipole approximation is k,r << 1,
where r is the typical size of the system (e.g. 1 a.u.). For single ionization
there are detailed calculations including higher order contributions [1], con-
firming the validity of the dipole approximation at E, < 1keV. For double
ionization no experimental evidence of any deviation from the dipole approx-
imation have been found so far. Kornberg and Miraglia [2] performed the
only theoretical study of double ionization beyond the dipole approximation.
They find no deviation for the ratio of double to single ionization cross sec-
tion R, and only small deviation in the angular distribution at 1keV. The
further discussion in this chapter will therefore be restricted to phenomena
and arguments within the dipole approximation.

The three particles in the final state are determined by 9 momentum
components. Due to momentum and energy conservation however only 5 of
them are linearly independent. The double ionization process is therefore fully
determined by a 5-fold differential cross section (FDCS). Sometime this is also
called a triply differential cross section. In this notion the linearly independent
polar (¥) and azimuthal (@) angle of the electrons are combined to a solid
angle (£2), the fully differential cross section is then noted as d®c/dEd§2,d(2s.
The dipole approximation results in a further symmetry axis in the final
state (rotational symmetry around the polarization axis for linear light). This
results in a further reduction to a only four-fold differential cross section. To
measure such a cross section the experimentalist can freely choose which 5
out of the 9 momentum components to measure. Using dispersive [3-9], time-
of-flight [10,11] electron spectrometers or advanced imaging techniques [12]
several groups succeeded in detecting the momenta of both electrons without
detection of the ion. Alternatively COLTRIMS has been used to measure the
momentum vector of the ion in coincidence with one of the electrons [13-19].

Probability and Mechanisms of Double Ionization The absorption of
a photon will lead in most cases to single ionization of the helium atom with
the Hel™ ion in the ground state. The two electron processes of ionization
plus excitation and double ionization are in the order of a few % of the ab-
sorption cross section. They are solely a consequence of the electron-electron
interaction. The absolute value of R, is settled today to an accuracy of a few
% experimentally and theoretically. R, rises almost linearly from threshold,
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reaches a maximum of 3.7% at E, = 200 eV and slowly approaches the high
energy asymptotic value of 1.67% (figure 14.1). Below 1keV the precision
experiments by Dorner et al. [20] and Samson et al. [21] are in good agree-
ment with each other and supersede older experiments which where about
25% higher (see [20] for a comparison and discussion of these older experi-
ments). In the high energy regime the pioneering work of Levin and coworkers
reported an experimental value of R, = 1.640.3% at 2.8keV of [22]. A mea-
surement by Spielberger and coworkers [23] at 7keV found R=1.72 + 0.12%
and thus confirmed that the high energy limit has been reached. A collection
of the data and some of the theoretical results are shown in figure 14.1.

What are the ”mechanisms” leading to the ejection of both electrons? This
seemingly clear-cut question does not necessarily have a quantum mechanical
answer. The word ”"mechanism” mostly refers to an intuitive mechanistical
picture. It is not always clear how this intuition can be translated into the-
ory and even if one finds such a translation the contributions from different
mechanisms have to be added coherently to obtain the measurable final state
of the reaction [24—-26]. With these words of caution in mind, we list the most
discussed mechanisms leading to double ionization:

1. Shake-Off: If one electron is removed rapidly (sudden approximation,
nonadiabatic) from an atom or a molecule, the wave function of the re-
maining electron has to relax to the new eigenstates of the altered poten-
tial. Some of these states are in the continuum, so that a second electron
can be ”shaken-off” in this relaxation process. The overlap of the ini-
tial state ¥(kq, ko) with the continuum depends on the momentum k; of
the primary electron [27]. Le. the shake-off probability for electron 2 is
a function of ki. Photo-absorption in the dipole approximation selects
the fraction of the initial state wave function where the initial bound
momentum is equal to the continuum momentum k; = v/2Fcx.. In the
limit k1 — oo one obtains a shake-off ratio of R, = 1.67% for the best
correlated initial state wave function [28,29], in perfect agreement with
experiment (see figure 14.1). In coordinate space this limit corresponds to
picking electron 1 at the nucleus. Due to this dependence of the shake-off
probability on ki, Compton scattering leads to a much smaller ratio R
(see discussion in section14.1.3).

2. Two-Step-One (TS1): A simplified picture of TS1 is that one electron
absorbs the photon and knocks out the second one via an electron-electron
collision on its way through the atom [30]. A close connection between the
electron impact ionization cross section and IR, as function of the excess
energy is seen experimentally [30] and theoretically [26], supporting this
simple picture.

Thus the high energy value of R, is given by the shake-off process, the
shape of the curve from threshold to a few hundred eV can be understood in
analogy to electron impact. The rise at threshold like ES,. with the Wannier
coefficient o = 1.056 is identical for double photoionization [36] and electron
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Fig. 14.1. Ratio of the total double to total single ionization cross section of Helium
by photo-absorption. Open circles: COLTRIMS data [20], open square: COLTRIMS
data for Photoionization only [23], full dots Samson et al. [21], full triangles [31],
full square [32], dotted and dash dotted line [26], short dashed line [33], long dashed
line [34], full line [35].

impact ionization [30]. It is a consequence of final state phase space density
and is described by the Wannier threshold law [37]. If one fragments a sys-
tem of charged particles with very little excess energy, the evolution of the
many body-continuum wave function is governed by the saddle region of the
potential energy surface in the continuum. The system does not carry any
memory of the ionization process nor of the initial state it emerged from. The
final state is however constraint by energy, parity and angular momentum
conservation laws. For two electrons and one positive particle the Wannier
configuration is simply given by the nucleus in the center between the two
electrons, screening their repulsion. This configuration is however prohibited
by the odd parity of the final state. Extending the description of the sad-
dle region to fourth order allows a reasonable description of even the fully
differential cross section up to about 20eV [38,39,13,14].

Electron and Ion Momentum Distributions For single ionization the
ion and electron momentum distributions are identically, since momentum
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conservation requires back-to-back emission. An example for 80 eV linear po-
larized photons is shown in figure 14.7. The outer ring shows ions in the
ground state, which exhibit a cos?(1) dipolar distribution. The inner rings
are excited ions, corresponding to the satellite lines in the electron energy
spectrum. Figure 14.2 compares this to the momentum distributions of the
He?t ion and one of the electrons from double ionization. The nucleus clearly
shows a dipolar emission pattern as a result of the absorption of the photon.
This characteristics of the primary absorption process is completely washed
out in the electronic momentum distribution. This highlights the fact, that
the nucleus as the center of positive charge in the system always partici-
pates in the absorption of the photon. It is the electron-electron interaction
which always is required for double ionization which smears out this remi-
niscent of the photons angular momentum in the momentum distribution of
one single electron. A more detailed discussion of this problem can be found
in [13,40,39,15].
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Fig. 14.2. Density plots of projections of the momentum distribution from double
ionization of He by 80.1eV linear polarized photons. Compare to figure 14.7 for
the corresponding presentation for single ionization. The polarization vector of the
photon is in the horizontal direction and the photon propagates in the vertical
direction. a) The distribution of single electron momenta (ki or kz). Only events
with momentum components out of the plane of —0.1 < kge2+ < 0.1 are projected
onto the plane. The outer circle locates the momentum of an electron which carries
the full excess energy. (b) The recoil momentum distribution. The outer circle
indicates the maximum calculated recoil momentum (from [13]).

The energy distribution of the electrons is almost flat up to a photon
energy of about 100eV, i.e. all energy sharings are about equally likely [41—
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44]. Far from threshold, however, the electron energy distribution is extremely
u-shaped. The fast electron in this case has a 3 parameter of almost 2 !.
This indicates that at high photon energies the photon energy and angular
momentum is absorbed predominantly by one electron, which in addition can
be experimentally distinguished.
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Fig. 14.3. Photo double ionization of He at fiw = 529 eV. a) SDCS do/dE. The
line is the CCC calculation. The insets show the electron angular distribution
do?/(d2dE) at electron energies of E = 2 eV and 448eV (the vertical axis is
the light propagation), the line is obtained using equation 14.2. The experimental
data are normalized to the CCC calculation. b) The asymmetry parameter (3 versus

the electron energy. The full lines is a polynomial fit through points calculated in
CCC theory.

Fully Differential Cross Sections The internal structure of the square
of the correlated two electron continuum wave function is shown in figure

! The angular distribution of electrons and ions is given by

d2U(19,¢) o 3 2 1
— g = E(l + 5(5 cos 9 — 5)). (14.2)

B = 2 corresponds to a pure dipole distribution.
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14.4. Neglecting the (small) photon momentum the vector momenta of ion
and both electrons have to be in one plane. Figure 14.4(a) shows the electron
momentum distribution in this plane for linear polarized light. The data are
integrated over all orientations of the polarization axis with respect to this
plane, the x-axis is chosen to be the direction of one electron. The structure
of the observed momentum distribution is dominated by two physical effects.
First the electron-electron repulsion leads to almost no intensity for both
electron in the same half plane. Second, the ' P° symmetry leads to a node
in the square of the wave function at the point k; = —ko [45,3,46,47]. The
corresponding data for left and right circular polarized light are shown in
figure 14.4(b,c). They show a strong circular dichroism, i.e. a dependence on
the chirality of the light. This might be surprising since the helium atom
is perfectly spherical symmetric. Berakdar and Klar [48] first pointed out
that for circular dichroism to occur it is sufficient that the direction of light
propagation and the momentum vectors of the electrons span a tripod of
defined handedness. This is the case if the two electrons and the light direction
are non coplanar and the two electrons have unequal energy (see [49-51] for
a detailed discussion and experimental results [10,17,9,52,53]).
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Fig. 14.4. Photo double ionization of He at 20eV above threshold by linear (a)
polarized light, left (b) and right (¢) circular polarized light. Shown is the momen-
tum distribution of electron 2 for fixed direction of electron 1 as indicated by the
arrow. The plane of the figure is the momentum plane of the three particles. The
data of (a) are integrated over all orientations of the polarization axis with respect
to this plane. The figure samples the full cross sections, for all angular and energy
distributions of the fragments. The outer circle corresponds to the maximum pos-
sible electron momentum, the inner one to the case of equal energy sharing. In (b)
and (c) the light propagates into the plane of the figure, the electrons are confined
to the plane perpendicular to the light propagation (from [54] and [18] ).
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Fig.14.5. FDCS of the He photo double ionization at (a) 20eV and (b)52.9eV
excess energy. Electron a is indicated by the arrow, polarization horizontal. (a)
E, = Ey, = 10eV, (b) E, = 5¢eV, E, = 47,9¢V. Full line (a) fit with Gaussian
correlation function (see text), (b) full line 3C from Maulbetsch and Briggs [55],
dotted Pont and Shakeshaft [56], chain CCC [57](adapted from [3,4,58]).

The fully differential cross section for linear polarized light is obtained
from figure 14.4(a) by fixing also the direction of polarization and then
plotting the countrate along a circle. Data from the pioneering work of
Schwarzkopf et al. [3] for equal energy sharing (corresponding to the inner
circle in figure 14.4(a)) are shown in figure 14.5(a). Again the electron repul-
sion and the node for back-to-back emission is visible. The full curve shows a
fit using a parametrization suggested by Huetz and others [45,47]. They have
shown that within the dipole approximation the FDCS can be written as:

d*o
dE1d cos¥1d cos ¥adgp

~|(cos ¥y + cosVa)ay(Er,V12) +

(cos ¥y — cosVa)ay (Er,912)P (14.3)

with two arbitrary complex functions functions a, and a, of the angle be-
tween the two electrons 912 and the energy sharing. The amplitude a,, is
antisymmetric under exchange of the electrons so that a,, = 0 for F; = Ej.
The advantage of this approach is that it splits the cross section into a triv-
ial part which describes the symmetry of the 1 P° state and two functions
of lower dimension which describe the three-body dynamics. For a4, a Gaus-
sian with FWHM of 91 deg has been used in figure 14.5(a). For very unequal
energy sharing a, and a, contribute and the selection rules allow for much
richer pattern (figure 14.5(b) shows an example).

From equation 14.3 one can also read the 3 main selection rules [46] which
impose restriction on the cross section:

1. For equal energy sharing back-to-back emission is forbidden (see node in
figure 14.4). This holds for linear and circular polarization.

2. For equal energy sharing and linear polarized light ¢ # 180 — {5 where
¥ denotes the polar angle of the electron to the polarization. This node
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is a cone around the polarization axis and the back-to-back emission is
part of this cone.

3. For all energy sharings not both electron can emerge perpendicular to
the polarization (97 = ¥ = 90° is forbidden).

While at low energies the long range final state interaction shapes the
FDCS, at very high energies one electron leaves fast (see figure 14.3) and
clear traces of the shake-off and TS1 mechanism can be found in the angular
distribution of the slow electron (see also [44,25]). The shake-off electron is
expected to be isotropic or slightly backward directed with respect to the
primary electron, while TS1 will yield 90° between the two electrons. At
529 eV photon energy the electron angular distributions show a dominance of
the shake-off mechanism for secondary electrons which have very low energy
(2eV) and display clear evidence that an inelastic electron-electron scattering
is necessary to produce secondary electrons of 30eV [19] (see figure 14.6).

Fig.14.6. FDCS of the He PDI at 529eV photon energy. The primary photo
electron 1 indicated by the arrow, the polarization is horizontal, the angular dis-
tribution of the complementary electron 2 with energy E> given by the symbols.
a) 447 < E1 <450eV, 0 < E2 <3eV, b) 410 < E; <430eV, 20< E> <40eV. a)
shows the dominance of shake-off, the 90° emission in b) indicates the importance
of TS1 at this energy. The solid line shows the full CCC calculation, the dashed
line is the shake-off only part of the CCC calculation (from [19]).

14.1.3 Double Ionization of Helium by Compton Scattering

At photon energies above 6keV, the ionization cross section of helium by
Compton scattering exceeds the photo-absorption cross section [59,60]. To
experimentally determine the ratio of the total double to total single ion-
ization cross section it is therefore necessary to detect not only the charge
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state of the ions, but also determine wether they are created by absorption or
Compton scattering. This can be done most easily by measuring the ion mo-
mentum. Ions from photo-absorption compensate the electron momenta and
hence have comparably high momenta (section 14.1.2). In a Compton scat-
tering event however the electron momentum is provided by the scattered
photon while the ion core is only a spectator. As a consequence cold ions
are produced (see section ?7). This has been used by Samson and cowork-
ers to measure the single ionization Compton scattering cross section [61].
Spielberger and coworkers pioneered COLTRIMS to measure R for photo-
absorption (R.) and Compton scattering (R¢) [23] separately (see also [62-
64]). Figure 14.7 shows the measured Helt momentum distribution created
by about 9keV photon impact. The circular rim results from high energetic
ions from photo-absorption while the narrow peak at the origin are ions
from Compton scattering. Since Compton scattering produces a continuum
of electron energies, very high photon energies are necessary to approach
the asymptotic shake-off limit [63]. The shake-off probability for Compton
scattering is predicted to be 0.86% [63] and is not fully reached at 100keV
photon energy. R =0.86% differs significantly from R3°=1.67% because high
energy photo-absorption removes electrons with a high momentum compo-
nent in the initial state, while Compton scattering samples the full initial
momentum space. Up to today there are no differential experimental data
on double ionization by Compton scattering available. In principle 8 degrees
of freedom would have to be determined for a fully differential cross section.
Such data are very desirable for the future since they complement (e,3e) and
ion impact double ionization studies but avoid some of the problems since
there are only 3 charged particles in the final state.

14.1.4 Double Ionization of H,

Double ionization of Hs is from the experimental as well as from the theo-
retical side much more challenging than atomic double ionization, since it is
a 4-body problem. In most cases, however the electronic and nuclear motion
can be decoupled (Born-Oppenheimer approximation) (see [65,66] for a the-
oretical discussion and [67] for the relationship of ion and electron energies).
Within this approximation the four-body problem is reduced to the problem
of two electrons moving and scattering in a two-center potential. Long after
the two electron have left the molecule, the two protons will Coulomb explode.
Since the molecular rotation is slow compared to the fragmentation one ob-
tains the alignment of the internuclear axis at the instant of photo-absorption
from the measured direction of the protons (axial recoil approximation) and
the internuclear distance can be inferred from the proton energy (reflection
approximation). This technique for measuring electron angular distribution
with respect to the molecular axis for one electron is discussed in all detail
in two other chapters of this book (see e.g. [68-74]).
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Fig. 14.7. Momentum distributions of singly charged ions created by 80 eV photons
(photo-absorption only)(a) and 7keV photons (outer rim: absorption, narrow peak:
Compton scattering). The polarization is horizontal. See text.

The main difference between atomic and molecular photoionization is that
in the atomic case the angular momentum is a good quantum number of
the continuum electron wave function and within the dipole approximation
only transition with AL = 1 and a change in parity are allowed. For linear
molecules angular momentum conservation also requires AL = 1, but this
is the angular momentum of the total wave function, including the nuclei.
Total angular momentum is no longer a good quantum number of the elec-
tronic part of the wave function alone. Angular momentum can be exchanged
between the electronic and nuclear wave function. The electron(s) escaping
from the molecule can leave a rotating molecule behind (this rotation can be
seen experimentally [75]). Hence for a linear molecule only the projection of
the electronic angular momentum onto the molecular axis is a good quantum
number of the electronic wave function. One may think of the angular mo-
mentum transfer between electron and nuclei as a scattering of the electron
wave at the nuclei. At an electron energy of 1a.u. and a typical distance of
0.7 a.u. between the molecule center of mass and the nucleus one can expect
angular momentum exchange of up to a few a.u.. These higher angular mo-
mentum components in the electronic wave function allow for a rich structure
already in the angular distribution of one electron in the molecule fixed frame
[76-78]. For double ionization such higher momentum components are also
predicted [79]

For Hs double ionization in pioneering experiments Kossmann and Schmidt
[80] measured the angular distribution of the protons, without detecting the
electrons. They found a strong dependence of the double ionization cross
section on the molecular orientation, i.e. a strong anisotropy of the heavy
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fragments. No physical explanation for this observation has been reported so
far. Reddish and coworkers studied the angular correlation between the two
electrons without detection of the protons. They found a surprising similar-
ity between He and Hj (see figure 14.8 and references [81-83]). From these
experiments it seems that the molecular effects one the two electron wave
function are small at least for equal energy sharing. One reason for this sim-
ilarity between He and Hs is, that back-to-back emission of equal energy
electrons is forbidden also for Hs (see [84,79,85]). This is because in this case
the sum momentum of the two electrons vanishes. There is no momentum
coupling between electronic and nuclear wave function, the nuclei must have
opposite and equal momenta and hence defined gerade parity. The additional
selection rule prohibiting ©; = 180 — ¥} which is valid for He does not hold
for Do [84,85]. Due to a limited experimental angular resolution of the data
in figure 14.8, this gives rise to an apparent filling of the node [83,85].

a) o = 74° b) o = 144°

Fig. 14.8. FDCS for double ionization of D;. Both electrons have 10eV, the di-
rection of the first electron is indicated by the arrow, both electrons are coplanar.
The dashed line is a fit to the equivalent data for He with a gaussian correlation
function of FWHM 91°, the full line is FWHM=78°. From [81]).

First kinematically complete experiment in which both electrons and both
proton are detected in coincidence have been performed only very recently by
Weber and coworkers [86,87]. Some of the physical effects which have been
predicted by theory to become visible in such experiments are:
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1. Contributions from higher angular momentum components to the two
electron wave function [84,79] as discussed above.

2. Interference from the two centers in the Hy molecule [88,79].

3. Different electron emission pattern for parallel and perpendicular orien-
tation of the molecule to the polarization [79].

4. Dependence of the electron emission pattern on the internuclear distance,
i.e. on the kinetic energy release [65,66]. This can be expected because the
initial state electron wave function and in addition the scattering of the
electron wave at the nuclei in the exit channel depend on the internuclear
distance.

To explore this fascinating physics in the seemingly simple process of frag-
mentation of Hy remains a major challenge to experiment and theory.

14.1.5 Conclusions and Open Questions

Decisive experimental and theoretical progress has been made concerning
double ionization of Helium by photo-absorption. For ground state helium
very good agreement between theory and experiment has been reached for
experiment from FEe. = 100meV to Eo=450€V. It is however unclear at
which energies the dipole approximation will break down and which new
features in the differential cross section can be expected beyond. Also the
promise that photo double ionization can be used as a tool for correlation
spectroscopy of the ground state [89,90] has not been kept. For further work
in this direction comparison of ground state double ionization to double ion-
ization from metastable excited states of helium or even spin polarized triplet
state seems promising. Also the relation of double ionization by photons and
charged particle impact (double ionization and transfer ionization) is still
presently heavily discussed (see e.g. contribution by H. Schmidt-Bécking in
this issue).

For double ionization by Compton scattering only total cross sections are
available. Much work is required here on the experimental as well as on the
theoretical side. Experiments are particulary hard since the cross section is
only 10726¢m? and due to the photon in the final state there are 3 more
degrees of freedom compared to photo-absorption. Again the close relation-
ship between Compton scattering and ionization by a binary charged particle
collision further fuel the interest in this subject.

Due to the rapid progress in multi particle imaging techniques the step
from kinematically complete double ionization experiment in atoms to molecules
is feasible experimentally. First theoretical results in this field are available
already. The exciting prospects include the search for a breakdown of the
Born-Oppenheimer approximation, for a coupling between electronic and nu-
clear wave function and for a dependence of the double ionization process on
the internuclear distance.
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