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Imaging the square of the correlated two-electron
wave function of a hydrogen molecule

M. Waitz!, R.Y. Bello?, D. Metz!, J. Lower!, F. Trinter!, C. Schober!, M. Keiling1, U. Lenz!, M. Pitzer® 3,
K. Mertens® M. Martins?, J. Viefhaus>, S. KIumpp6, T. Weber’, L.Ph.H. Schmidt!, J.B. Williams8, M.S. Schéffler!,
V.V. Serov®, A.S. Kheifets'0, L. ArgentiZ'B, A. Palacios?, F. Martin21112 T, Jahnke' & R. Dérner®

The toolbox for imaging molecules is well-equipped today. Some techniques visualize the
geometrical structure, others the electron density or electron orbitals. Molecules are many-
body systems for which the correlation between the constituents is decisive and the spatial
and the momentum distribution of one electron depends on those of the other electrons and
the nuclei. Such correlations have escaped direct observation by imaging techniques so far.
Here, we implement an imaging scheme which visualizes correlations between electrons by
coincident detection of the reaction fragments after high energy photofragmentation. With
this technique, we examine the H, two-electron wave function in which electron-electron
correlation beyond the mean-field level is prominent. We visualize the dependence of the
wave function on the internuclear distance. High energy photoelectrons are shown to be a
powerful tool for molecular imaging. Our study paves the way for future time resolved
correlation imaging at FELs and laser based X-ray sources.
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mation on the properties of matter, accordingly, experiments the other hand. Our novel experimental approach allows us to

have pursued this goal since decades. For example, in solid visualize the square of the H, correlated two-electron wave func-
state physics photoionization is routinely used as a powerful tool'  tion. In the ionization step, one of the electrons is mapped onto a
for single-electron density imaging. Photon-based techniques detector and simultaneously the quantum state of the second
have the particular strength that they can be in principle imple- electron is determined by coincident detection of the fragments.
mented in pump-probe experiments opening additionally the
perspective to go from still images to movies. For atoms and Results
molecules photoionization has also been proposed as a promising Concept of correlation imaging. The properties of a photo-
technique to image orbitals?, but no positive outcomes were jonization event, given by the ionization amplitude D, are
reported so far. The reverse process of photoionization, namely  determined (within the commonly used dipole approximation) by
high harmonic generation, has succeeded in accomplishing this  only three ingredients: the initial state of the system ¢, which we
goal of orbital imaging3. Further techniques for imaging mole-  want to image, the properties of the dipole operator /i (respon-
cular orbitals are electron momentum spectroscopy” or strong  sible for the photoionization) and the final state representing the

I maging the wave function of electrons yields detailed infor- on the one hand and coincident detection of reaction fragments on

field tunnel ionization’. remaining cation and a photoelectron with momentum k, yi:
While the toolbox to image single electrons is well equipped,

endeavors to directly examine an entangled two-electron wave D= / o (0)ia(t) ) (r)dr, (1)

function have, so far, not been successful and corresponding

techniques are lacking. This is particularly unfortunate, as elec-
tron correlation which shapes two-electron wavefunctions is of
major importance across physics and chemistry. It is electron
correlation which is at the heart of fascinating quantum effects
such as superconductivity® or giant magnetoresistance’. Even in
single atoms or molecules, electron correlation plays a vital role
and continues to challenge theory. For example, the single-
photon double ionization, i.e., the simultaneous emission of two
electrons after photoabsorption, is only possible due to
electron—electron correlation effects, as the photon cannot
interact with two electrons simultaneously. Instead, the second
electron is emitted either after an interaction with the first elec-
tron (which is typically described as a “knock-off process”) or
because of the initial entanglement of the two electrons due to P )
electron correlation prior to the absorption of the photon (in a d(cos 0)dk = k*(2x)
“ 7\ 8 .

process termed “shake off”)°. Although the importance of electron
correlation is intuitively understandable in processes which
obviously involve two electrons, it turns out, that even for bound = 12 (22)"?|ghy (k). (3)
stationary states of atoms and molecules, electron correlation
contributions are crucial: within the commonly used Here @ denotes the polar angle with respect to the molecular axis
Hartree—Fock approximation, the calculated values of binding and ¢ the corresponding azimuthal angle. Thus, by choosing
energies are often in no satisfying accordance to those actually high-photon energies and restricting the measurement of the
occurring in nature. Here the basic cause is that the Hartree~Fock MFPAD to the polarization plane (¢ =90° and 270°) of the cir-
approximation is a mean-field theory, which considers only an cularly polarized light, the initial electronic wave function is
overall mean potential generated by the ensemble of electrons, directly mapped onto the emitted photoelectron. Figure 1 illus-
and as such neglects electron—electron correlation by definition.  trates this mapping procedure for the ground state of Hj (Fig. 1a:

In this manuscript, we show that the correlated molecular wave  electronic wave function in coordinate space; Fig. 1b the square of
function can be visualized by the simultaneous use of two well-  the Fourier transform of Fig. 1a; Fig. 1c the same in logarithmic
established and well-understood methods: photoelectron emission  color scale). As can be seen from Fig. 1d, the MFPAD for an

where r represents the coordinates of target electrons. The initial
wave function is directly accessible provided that the other two
constituents do not introduce significant distortions. This is the
case when utilizing circularly polarized light and examining high
energy electrons (Born limit) within the polarization plane. As an
illustration, let us consider the one-electron H; molecular ion. At
a high enough energy, the continuum electron can be described
by a plane wave. In this case, the photoionization differential
cross section in the electron emission direction (6, ¢) (the so-
called molecular frame photoelectron angular distribution,
MFPAD) is simply proportional to the square of the Fourier
transform (FT) of the initial state, ¢o(k) (see methods section):

2
— / o ()™ dr (2)
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Fig. 1 Imaging of the H one-electron wave function. a The electronic wave function of HJ in the polarization plane for an internuclear distance R=1.4 a.u.
The positions of the two nuclei are indicated by black dots. b The square of the Fourier transform of a in the (k,, k,) plane. ¢ The same as (b), but in
logarithmic color scale. Notice the appearance of nearly vertical fringes, when |k| is significantly different from zero. The approximate periodicity of these
fringes is Ak, ~ 2z/R. The dashed line indicates the region of momentum space associated with an electron kinetic energy of 380 eV (i.e., a radius of
|k] = 5.3 a.u.) and 8 is the angle with respect to the molecular axis. d Polar plot of the intensity distribution in ¢ along the dashed line (red) and the
corresponding MFPAD in the plane of polarization of the ionizing radiation obtained from nearly exact calculations (green)
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Fig. 2 Correlation imaging of the H, two-electron wave function. a-f Momentum distributions of electron A resulting from the projection of the two-
electron wave function of H, onto different Hz+ states of electron B; a, ¢ uncorrelated Hartree-Fock wave function; d, f fully correlated wave function.
The different quantum states of electron B are 2po, (a, d), 256, (b, @) and 1so, (¢, f). Circular lines show k| =53 au.(c d ) and k| = 5.2 a.u. b, e which
correspond to ionization by a photon of 400 eV energy. g-i ground state wave function (intensity distributions along the circular lines shown in (d, f).
j-1 Experimental and theoretical MFPADs (symbols and green line, respectively) obtained after photoionization with circularly polarized photons of an
energy of 400 eV for the same final states of electron B measured in coincidence. lons and electrons are selected to be in the plane of polarization of the
jonizing photon and data for left and right circularly polarized light are added. Molecular orientation as indicated. The error bars indicate the standard

deviation of the mean value

electron of 380eV is very similar to |¢,(k)|> for the chosen
momentum k (the square of the FT along the dashed line shown
in Fig. 1¢c). Notice that, due to the smallness of the cross section at
such high electron momentum, the main features of the FT are
only apparent in the logarithmic plot shown in Fig. lc.

This tool of high energy photoelectron imaging can now be
combined with coincident detection of the quantum state of a
second electron to visualize electron correlation in momentum
space. We dissect the entangled two-electron wave function by
analyzing a set of conditional angularly resolved cross sections
corresponding to a high energy continuum electron (A) and a
bound electron (B) detected in a different region of the two-
electron phase space. Quantum mechanically, this is equivalent to
projecting the initial two-electron wave function onto products of
different Hy (bound) molecular orbitals (B) and a plane wave (A)
(see Methods section). In doing so, one can thus determine if and
how the density distribution of one electron changes upon
changing the region of phase space in which one detects the other,
correlated, electron.

NATURE COMMUNICATIONS | 8: 2266

Application on H,. Figure 2 illustrates this concept and high-
lights the differences between the uncorrelated Hartree—Fock
wave function and the highly correlated nearly exact wave func-
tion. The corresponding one-electron momentum distributions
resulting from the projection of the corresponding ground state
wave functions onto different states of the bound electron B, n,,
are depicted in Fig. 2a—c (Hartree—Fock) and Fig. 2d—f (exact) as
functions of the momentum components parallel (k,,) and
perpendicular (k, 4) to the molecular axis. The different rows
correspond to the different states in which the second electron B
is left after photoionization, i.e., they correspond, from bottom to
top, to projections of the ground state wave function onto the
n, = lsog, 25064, and 2po, states of Hj . Thus, as in our one-
electron example shown in Fig. 1, the different panels in Fig. 1
contain direct images of different pieces of the ground state of H,
through the square of the corresponding FTs. The role of electron
correlation is quite apparent in this presentation: Fig. 1a is empty
for the uncorrelated Hartree—Fock wave function, since projec-
tion of the latter wave function onto the 2po, orbital is exactly
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zero, while this is not the case for the fully correlated wave
function (Fig. 1d); also, Fig. 1b, ¢ for the uncorrelated description
are identical, while Fig. le, f for the correlated case are
significantly different. As in the example of Fig. 1c, a fixed energy
corresponds to points around the circumference of a circle. The
density distributions pertaining to points around the circles of
Fig. 2a—f are shown in Fig. 2g—i.

Experimentally, these conditional probabilities are obtained by
measuring in coincidence the momentum of the ejected electron
and the proton resulting from the dissociative ionization reaction

y(400eV) + H, — Hy (n;) + e~ (4)
N\
H(n) + H', (5)

which, as explained below, allows us to determine the final ionic
state characterized by the quantum number n,. Fig. 2j-1 depicts the
experimental results of the measured angular distributions of
electron A together with numerical data resulting from a nearly
exact theoretical calculation of the photoionization process. As can
be seen, the measured and calculated MFPADs shown in Fig. 2j-1
are very similar to the calculated projections in momentum space
of the fully correlated ground state wave function shown in Fig.
2g-i. In other words, the momentum of the ejected photoelectron
faithfully reflects and maps the momentum of a bound state
electron in the molecular ground state when the momentum of the
second bound electron is constrained by projection of the H, wave
function onto different molecular-ion states; this represents the
correlation between the two electrons. Note in particular Fig. 2g is
not empty and Fig. 2h, i are not identical, as it would be for an
uncorrelated H, ground state (compare with Fig. 2a—c).

Identifying the quantum state of the second electron. In more
detail, the angular emission distributions and the final quantum
state of electron B are obtained in our experiment by measuring
the momenta of the charged particles generated by the photo-
ionization process in coincidence. As the singly charged molecule
dissociates in the cases presented here into a neutral H atom and
a proton, we can obtain the spatial orientation of the molecular
axis by measuring the vector momentum of the proton (i.e., its
emission direction after the dissociation). The electron emission
direction in the molecular frame is then deduced from the relative
emission direction of the proton and the vector momentum of the
electron. Additionally, the magnitude of the measured ion
momentum provides the kinetic energy release (KER) of the
reaction. The latter enables an identification of the quantum state
of electron B (i.e., the H electronic state), which is demonstrated
in Fig. 3. Fig. 3a shows the relevant potential energy curves of Hj
and Fig. 3b the measured (and theoretically predicted) KER
spectra. From the measured sum of the kinetic energies of the
electron and the proton we furthermore identify the asymptotic
electronic state of the neutral H fragment (not detected in the
experiment), mostly H(n=1) and H(n=2).

Nodal structure of the wave function. Our experimentally
obtained spectra not only show the imprint of correlation, but also
allow us to separate the contribution of different pieces of the
electronic wave function to this correlation. Indeed, the momen-
tum distribution of electron A depends strongly on the properties
of electron B. The most dramatic example can be seen by com-
paring the upper and middle rows in Fig. 2, which show electron
A under the condition that electron B is detected in the 2po, and
250, states of Hy, respectively. Upon this change in the selection
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Fig. 3 Correlation diagram and kinetic energy distribution for dissociation of
Hj a Potential energy curves for the ground state of H, (lower curve) and
the 1soy, 2504, and 2pa, ionization thresholds (upper curves). The latter
correspond to electronic states of HJ. The violet shaded area represents
the Franck-Condon region associated to the ground vibrational state of H..
Notice the break in the energy scale for a better visualization. The dashed
violet line shows how the initial internuclear distance of the molecule is
mapped onto the kinetic energy release (KER) of the reaction applying
the"reflection approximation”®. b KER distribution obtained after single-
photon ionization of H, employing photons of hy =400 eV. Symbols:
experiment, lines: theory. The calculation depicted by the black curve
includes the twelve states with the highest photo ionization cross sections
(up to n=4). The main contributions (besides 1sc, at low KER) are shown
in blue (2s6,) and red (2pa,), others are not visible on that scale. The
shaded areas indicate the regions of KER selected in Figs. 2d-f and 4a, c

of electron B, the maxima in the momentum distribution of
electron A become minima and vice versa. This can be intuitively
understood in coordinate space. The maxima in the k-space dis-
tribution correspond to the constructive interference of the part of
the electron density close to one or the other nucleus spaced by R.
Thus, inverting maxima to minima in k-space corresponds to a
phase shift of 7 between the wave function at one or the other
nucleus in coordinate space. For H,, the two-electron wave
function is gerade, i.e., it has the same sign of the overall phase at
both centers. For a large part of the two-electron wave function,
this symmetry consideration is also valid for each individual
electron (it reflects the fact that both electrons occupy the 1sog
orbital most of the time). Therefore, both electrons have the same
phase at both nuclei, which, in turn, is directly reflected in the
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Fig. 4 Dependence of the momentum distribution on the internuclear distance R a-¢ and KER d-f of the molecule at the instant of photoionization.
Molecular orientation as indicated. a to ¢: Square of the correlated wave function, as shown in Fig. 2h, but for internuclear distances as stated in the
legends. Electron B is projected onto the 2so, state while electron A is depicted. d-f: Experimental and theoretical MFPADs (symbols and black line,
respectively) for the KER ranges corresponding to the internuclear distances in a, ¢ resulting from applying the reflection approximation through the 2so,
potential energy curve. The error bars indicate the standard deviation of the mean value

maximum at k,=0 and the corresponding maximum in the
direction perpendicular to the molecular axis in Fig. 2e, f. Due to
electron correlation, however, this is not strictly true for all parts
of the wave function: Projecting electron B onto the 2po, state
highlights this small fraction of the wave function where electron
A has the opposite phase at the two nuclei. As explained before,
this part of the wave function does not exist for a Hartree-Fock
wave function and Fig. 2a is therefore empty. This phase change of
the wave function between the nuclei leads to the nodal line
through the center in Fig. 2d and the nodes in Fig. 2g, j in the
direction perpendicular to the molecular axis.

NATURE COMMUNICATIONS | 8: 2266

In addition to identifying the final state of electron B,
the measured KER provides further insights into the ionized
H, molecule. As soon as the potential energy curve relevant for
the process is known, one can infer the internuclear distance R
of the two atoms of the molecule at the instant of photoabsorp-
tion by using the reflection approximation’ (see Fig. 3). This
allows us to investigate more details of the two-electron wave
function: The distributions in Fig. 2d—f shows nodal lines
that lead to corresponding nodes in the angular distributions in
Fig. 2g—i. As mentioned above, these nodes in k-space are
separated by Ak, = 2z/R. Within the range of R covered by the
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Fig. 5 Geometrical definitions: polar angle 8 and azimuthal angle ¢ defining
the direction of the electron momentum k with respect to the plane defined
by the internuclear axis (x) and the propagation direction k,

Franck-Condon region, the nodal structure of the electronic wave
function changes significantly and Fig. 4 demonstrates how the k-
space distribution of the two-electron wave function changes
accordingly as a function of R (or KER respectively). The
corresponding experimental and theoretical MFPADs resulting
from high energy photoionization follow a similar pattern.

In conclusion, high energy angular resolved photoionization is
a promising route to access molecular wave functions in
momentum space. The process of molecular dissociation in
combination with shake up of the bound electron is universal by
its nature. Shake up of an electron into a continuum state instead
of a bound state, i.e., double ionization of the molecule, might
also come into play. Therefore, this approach can in principle be
extended to molecules with more than two electrons. In detail, it
depends on the shape of the potential energy surfaces which
determines to which extend different ionic states can be separated
by the kinetic energy of the fragments. Combined with
coincidence detection, this technique opens the door to image
correlations in electronic wave functions. Similar approaches have
also been proposed for imaging correlations in superconduc-
tors!?, With the advent of X-ray free electron lasers and the
extension of higher harmonic sources to high photon energies,
such correlation imaging bares the promise to make movies of the
time evolution of electron correlations in molecules and solid
materials.

Methods

Experiment. The experiment has been performed at beamline P04'! of the PETRA
II facility at DESY in Hamburg. The circularly polarized photon beam (400 eV
photon energy, about 1.3 x 10'> photons per second, 100 pm focus diameter) was
crossed with a supersonic H, gas jet (diameter 1.1 mm, local target density 5 x 10'°
cm™2) at right angle in the center of a COLTRIMS spectrometer'>~!%. A homo-
geneous electric field of 92 V. cm™! guided electrons and ions towards position-
sensitive micro-channel plate detectors (active area 80 mm diameter) with hex-
agonal delayline readout'®. In the ion arm of the spectrometer a 55 mm accel-
eration region was followed by a 110 mm drift region. The electron arm of the
spectrometer was formed by a 37 mm long acceleration region. A magnetic field of
35.5G parallel to the electric field guided the electrons on cyclotron trajectories.
The data was taken in 480-bunch operation mode, equaling a repetition rate of
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62.5 MHz. A residual gas pressure of 2 x 1071 mbar in the reaction chamber led to
about 200 Hz of ions detected without the gas jet in operation. The count rates
during the experiment were ~ 350 Hz on the ion detector and about 5 kHz on the
electron detector. Dissociative ionization events (reaction (5)) were selected by
gating on the ion and electron time of flight and on the ion kinetic energy. After all
conditions applied to the data, we end up with ~ 200,000 events which we analyze
in the MFPADs.

Correlation imaging. To first order of perturbation theory, the ionization ampli-
tude of a one-electron molecular system is given by (within the dipole approx-
imation)

D = (¢u(0)|i(r) 1 (1)) (6)

where ¢, is the initial state, /i is the dipole operator, and yj is the final state
representing a photoelectron with momentum k. At high photoelectron energies,
one can approximate the final state by a plane wave, y, (r) = . Thus, if we
consider circularly polarized light propagating along the z-axis and a molecule
fixed along the x-axis (see Fig. 5), the transition amplitude can be written, in the
velocity gauge:

D = (g (mla(e)e™)

= (gL +i5]e™) ()
= (=ky + ike) (g, (1) [e2).

The corresponding photoionization probability (or equivalently the
photoionization cross section), differential in the electron emission angles and
momentum (or MFPAD), is proportional to the square of the transition amplitude
(see Fig. 5 for notations):

ar 2 g2 ikr\ |2
Teosaragai = (B 6) @l ®

Restricting the detection of the electrons to the plane containing the molecule

and perpendicular to the light propagation direction, the above expression reduces
to:

dpr 2
— kZ ikr .
d(cos 0)dk }<¢n(r)|e >} ®)
This expression is only applicable to differential probabilities in the (x, y) plane.
It can be seen that the integral over r is proportional to the Fourier transform ¢,,(k)

of the ¢,(r):

2
dp

d(cos 8)dk

= K*(27)*/? (10)

where we have introduced a factor of (2r)*2 to make this relationship clearer, i.e.,

dp
= (11)
d(cos 6)dk
Thus, at high photon energies, the MFPADs measured in the polarization plane
of the circularly polarized light directly map the initial electronic wave function.
Let us now generalize this concept to the case of a correlated initial state as that
of the H, molecule. The amplitude describing photoionization from the ground
state, Wy(ry, 1), can now be written as:

D = (Py(r1,12)|O(r1, 1)@t (11, 12))

12 (21)" |, () .

(12)

where O(ry,1;) = ju(r)) + ji(r,) and @¢(r;, 12) is the final continuum state. At
high photoelectron energies, the latter can be approximately written as a product of
an Hj continuum wave function y, (r,) that describes a photoelectron with linear
momentum k and an Hy bound wave function ¢, (r;) that describes the electron
remaining in the jon:

D = (Po(r1,12)|O(r1, 12) [, (111 (12))- (13)

We now write the fully correlated ground state wave function of H, as a linear
combination of two-electron configurations expressed as antisymmetrized products

of Hartree—Fock (HF) orbitals
Wo= Lso" (r1)1so (r;) + 12508 (x1) 250" (r)

(14)
+ a2polF(1)2palF (1) + ...

where we have factored out the antisymmetric spin wave function corresponding to
a singlet multiplicity and ¢;, ¢, < 1. The first term in this expansion represents the
ground state of H, in the HF approximation,

W (H,) = Lso" (r1) Lsop " (r2),

(15)

which includes screening and exchange but neglects electron correlation.
Substituting Eq. (14) in Eq. (13), retaining the lowest-order non-zero terms, and
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using Eq. (11), the partial differential photoionization cross sections (or partial
MFPADs) associated with the lowest three ionization channels, 1sog, 250y, and
2poy, can be written (up to a trivial factor of k2(2n)3/2):

i (16)

. 2
|(‘P0\O|lsngxk>|zz ‘<15{7?F|15(rg>‘ ‘(/)lmgy(k)
; 2 2
| (ol Of2soge) = | {150 2507 ) [ e () (17)

~ 2
[(%0|0l2po ) = 2 (2901200 [ ers 00 (18)

where the dependence on r; and r, is now implicit in all equations. Hence, the
partial differential cross sections are proportional to the representation of the
ground state HF orbitals in momentum space and to the overlap between these HF
orbitals and the Hj orbitals that define the different ionization thresholds. As can
be seen, in the absence of electron correlation, i.e., when the initial state is simply
described by WET and therefore the c; coefficients are zero, ionization can be direct
(i.e., an electron is ejected into the continuum and the other remains in the 1so,
orbital, Eq. (16) or can be accompanied by excitation of the remaining electron into
the 250, state (shake-up mechanism, Eq. (17)). Ionization and excitation into the
2po, state is only possible when ¢, is different from zero (Eq. (18)), i.e., when
electron correlation is not negligible.

To get additional information about the relative magnitude of the partial cross
sections, we write the HF orbitals as linear combinations of H orbitals. To the first
order of perturbation theory,

lsagu; = 1sog + 412505 + ... (19)

2p6F = 2p, + A23poy + .. (20)
and so on, where 4; < 1. Substituting Eqs. (19) and (20) in (16), (17), and (18), and

retaining the lowest-order non-zero terms in 4;, one obtains the following
simplified expressions for the three ionization channels above:

(%0 10] 150 1) = [, )| (21)

[ (#o]Of2sogri) [ 4, (0] (22)

| (#o[Ol2pou 1) = 2, (B9 (23)

where we have used the fact that the HJ orbitals form an orthonormal basis. As
can be seen, the dominant mechanism is direct ionization from the 1sog orbital
(Eq. (21)). Ionization with simultaneous excitation of the remaining electron (Egs.
(22) and (23)) is much less likely, since both 4; and ¢, are small. Ionization through
other channels only contribute to second or higher order, thus explaining why they
barely contribute to the ionization cross section. According to this simple
formalism, for both the 150, and 2so, channels, the MFPADs map the 156, orbitals
in momentum space. The only difference between them is the absolute value of the
electron momentum (or electron kinetic energy) used to perform the mapping. In
contrast, the MFPAD for the 2ps, channel maps the 2pe, orbital in momentum
space. As explained in the text, these three channels lead to dissociative ionization
in different KER regions: 1sc, mainly contributes at low KER, 250, at intermediate
KER and 2po, at high KER. Therefore, the analysis of the MFPADs in different
KER regions provides information about the three different mechanisms: direct
ionization, shake-up ionization and ionization driven by electron correlation.

Testing electron correlation by one photon two electron processes has a long
history (see, e.g., refs. 117 for early proposals). Previous works often focused on
the probability of double ionization (see ref. 18 for a review) or angular
distributions for double ionization of molecules (see, e.g., ref. 19). The present work
differs from these earlier ones by the high electron energy which allows for a direct
interpretation of the angular distribution as being an image of the ground state
wave function (plane wave or Born approximation). In contrast, at lower electron
energies, as they were used in previous works, the electron angular distributions are
shaped by the subtile interplay between three effects: electron correlation in the
initial state, scattering correlations during the ionization process>>?! and the ionic
potential.

It is worth noticing that the specific form of the MFPADs resulting from using
Egs. (16), (17), and (18) (or their simplified versions (21)—(23)) is the consequence
of the dipole selection rule that operates in this particular problem. As a
consequence, for transition operators O different from the dipole one, different
expressions would be obtained. Nevertheless, even in this case, one can anticipate
that in the absence of electron correlation, the matrix elements given by Egs. (17)
and (18) (or equivalently (22) and (23)) would be strictly zero.
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Ab initio calculations. The ab initio method used to obtain the dissociative
ionization spectra and the corresponding angular distributions has been described
elsewhere?>?3, Tt has been successfully applied to evaluate photoionization cross
sections and MFPADs of the H, molecule in both time-dependent and time-
independent scenarios®>°. Due to the high photoelectron energies produced in
the experiment, we have made use of the Born-Oppenheimer approximation,
which allows us to describe the initial and final continuum wave functions as
products of an electronic wave function and a nuclear wave function. The ground
state electronic wave function has been obtained by performing a configuration
interaction calculation in a basis of antisymmetrized products of one-electron H;
orbitals, and the final electronic continuum states by solving the multichannel
scattering equations in a basis of uncoupled continuum states that are written as
products of a one-electron wave function for the bound electron and an expansion
on spherical harmonics and B-spline functions for the continuum electron. The
multichannel expansion includes the six lowest ionic states (1sog, 2poy, 2pmy, 2564,
3doy, and 3ps,) and partial waves for the emitted electron up to a maximum
angular momentum /,,,, =7 enclosed in a box of 60 a.u., which amounts to around
61,000 discretized continuum states. The one-electron orbitals for the bound
electron are consistently computed in the same radial box using single-center
expansions with corresponding angular momenta up to I = 16. The electronic
wave functions have been calculated in a dense grid of internuclear distances
comprised in the interval R= [0, 12] a.u. The nuclear wave functions have been
obtained by diagonalizing the corresponding nuclear Hamiltonians in a basis of B-
splines within a box of 12 a.u. We have thus computed the photoionization
amplitudes and cross sections for circularly polarized light for the dissociative
ionization process from first order perturbation theory

D= <(Df(l'1, rz)ff(R)|O(r1 ,12) |‘I‘0(r1 R rz)éo(R)>. (24)

At variance with Eq. (12), the previous equation includes the initial &, and final &
vibrational wave functions and integration is performed over both electronic and
nuclear coordinates.

The present methodology does not account for the double ionization channel,
which is open at the photon energies used in the present work. However, this
channel is expected to have a marginal influence in the reported results since the
corresponding cross section is at least an order of magnitude smaller than that for
the single ionization channel. In addition, according to the Franck—-Condon
picture, double ionization could only contribute to the KER spectrum in the region
around 19-20 eV, i.e., outside the region of interest discussed in the present work.

Data availability. The data that support the findings of this study are available
from the authors on reasonable request.
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