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Dissociative single ionization of H, induced by extreme ultraviolet photons from an attosecond pulse
train has been studied in a kinematically complete experiment. Depending on the electron kinetic energy
and the alignment of the molecule with respect to the laser polarization axis, we observe pronounced
asymmetries in the relative emission directions of the photoelectron and the H* ion. The energy-
dependent asymmetry pattern is explained by a semiclassical model and further validated by fully
quantum mechanical calculations, both in very good agreement with the experiment.
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Molecular hydrogen is the simplest molecule that exhib-
its electron correlation and doubly excited states. Having a
total energy above the ionization threshold, they are
embedded in the single-ionization continuum and thus
autoionize via emission of an electron on a time scale
that is comparable to the dissociation time. The dynamical
interplay between the electronic and nuclear motion in
autoionization has been the subject of research [1,2]. It
has raised particular attention with the advent of ultrashort
light pulses whose durations may permit real-time imaging
and control of these processes [3].

Theoretical investigations suggested that the symmetry
of hydrogenic molecules (H,, D,, HD) can be broken after
light-induced ionization [4—6]. This is a consequence of
interferences arising from a coherent superposition of ionic
molecular states with different parities resulting in the
localization of the remaining bound electron. Several
experiments demonstrated this for multiphoton processes
[3,7-10] as well as for single-photon transitions [6,11,12].
However, a fully differential analysis of the asymmetry
arising from electron localization in photoionization
induced by spectrally broad laser pulses has never been
reported.

Here, we present experimental data on H, photoioniza-
tion using an attosecond pulse train. Using a semiclassical
model [13-15] based on the WKB approximation, we
demonstrate that both the origin of the observed asymme-
try and its oscillations as a function of the kinetic energies
of the charged fragments can be accounted for fully. The
present findings are further confirmed by a fully quantum
mechanical calculation.

In the experiment (35 * 10) fs IR pulses, provided by a
commercial laser system, are spectrally broadened in a
hollow core fiber and recompressed to (15 = 5) fs using
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chirped mirrors. Using high harmonic generation [16] in
argon followed by an aluminum filter to remove the fun-
damental light, we reach extreme ultraviolet (XUV) photon
energies between 16 and 37 eV. The high harmonics are
emitted as attosecond pulse trains where the number of
pulses depends on the duration of the generating laser pulse
and is here estimated to be less than 10. The XUV beam is
then focused into a supersonic jet of hydrogen gas. The
focal spot is placed in the center of a reaction microscope
[17] enabling the measurement of the individual momenta
of all charged particles emerging from the ionization reac-
tion allowing us to completely characterize the kinematics.
Moreover, it allows the identification of ion species via
their mass-to-charge ratio and consequently to distinguish
between possible ionization channels. In H,, these are the
dissociative ionization and dominantly the production of
stable molecular H3 ions.

Here, we concentrate on the dissociative ionization
channel

H S H+H* + e, (1)
which has significant contributions from autoionization of
doubly excited states. The momentum of the neutral H
atom cannot be measured directly, but it can be deduced
from conservation of momentum. For further analysis we
introduce the kinetic energy release (KER) as the sum of
the proton and the neutral hydrogen energy.

Figure 1 shows the measured energy correlation between
KER and the electron kinetic energy E, for events where
the proton momentum vector deviates less than 35° from
the polarization axis. We will refer to this situation as
parallel transitions. Assuming single-photon absorption,
events involving the same photon energy E,, need to appear
in Fig. 1 on diagonals given by
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FIG. 1 (color online). Distribution of nuclear kinetic energy
release (KER) versus electron kinetic energy (E,) measured for
dissociative photoionization of H, aligned parallel to the polar-
ization at photon energies between 25 and 37 eV.

KER + Ee + Elimit = Ey, (2)
where Ej,; is the potential energy of the final system for
infinite internuclear separation. For HJ , the two lowest val-
ues for Ej;,; are 18.08 and 28.28 eV with respect to the H,
ground state. The first value corresponds to the limit of the
two lowest states X and A (see Fig. 2) of the H; ion. Only
these states contribute significantly to our data, since disso-
ciation to the second limit would create additional lines in the
energy correlation map (Fig. 1) at 10.2 eV less energy which
are not present in the data. Therefore, setting Ej. =
18.08 eV in Eq. (2) and considering a photon energy of
1.7 eV for the fundamental laser beam, the three prominent
lines in Fig. 1 with KER + E, = 10.8, 14.2, and 17.6 eV are
assigned to the harmonic orders HH17, HH19, and HH21,
respectively. These allow for direct dissociative ionization via
the A 23, state and the excitation of the doubly excited Q,
states, as can be seen in the potential energy curves of Fig. 2.
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FIG. 2 (color online). Potential energy curves for the relevant
H, and Hj states. Two possible dissociation pathways yielding
the same KER and electron energy are indicated: direct ioniza-
tion to the dissociative A 23, state of the Hy (dashed line) and
excitation of doubly excited states of the H,(Q; '=;") manifold
followed by dissociation and subsequent autoionization to the
Hy (X 22;) state (dotted line). Figure adapted from [6].

Even though in Fig. 2 only one Q, state is depicted, there
are bands of doubly excited states, each converging to a
one-electron continuum. In the limit of high excitations the
Q, states approach the Hj (A 2X;") state of the molecular
ion. All Q; states are antibinding and lead to the dissocia-
tion of the molecule.

Using dipole selection rules and symmetry arguments,
we identify the states contributing to the asymmetry effect
(Fig. 2). The point group of molecular hydrogen is D,
where the dipole operator for parallel transitions belongs
to the irreducible representation ;. As the ground state
of H, is of E; symmetry, only Q; states of X symmetry
are excited by one-photon transitions, while ionization
can in principle leave the molecular ion in any symmetry.
However, considering the available states converging to the
lowest dissociation limit, we only populate the Hy (X *3)
and the Hy (A 23,;7) states in the ionization process.

We are now investigating vector correlations between
the observed fragments. Therefore, we define a molecular-
frame asymmetry A using the angle a between the
momentum vectors of the proton and the electron

_ Negpe = Nxgpe

4= = s
N<gpe + Nxgpe

3)

with the number N~y of events where « is greater than
90° and the number N_gj- of events where « is less than
90°. In other words, A is a measure for the asymmetry of
the molecular-frame electron angular distribution with
respect to the (arbitrarily oriented) proton momentum vec-
tor. Measured electron angular distributions for positive
and negative symmetry are shown in the inset of Fig. 3(a)
together with the corresponding orientation of the molecu-
lar ion. In Fig. 3(a) the asymmetry is plotted in the energy
correlation map revealing oscillating structures. The oscil-
lation is mainly a function of E,, whereas the KER has
much smaller influence on the asymmetry. Figure 3 also
reveals that a projection of the data onto the KER axis, as
well as a projection onto the electron energy axis, may lead
to decreasing asymmetry when the spectral profile of the
photons is broad [18,19].

Asymmetry, as defined here, results from the interfer-
ence of two molecular states with opposite parity yielding
the same observables after dissociating along their individ-
ual pathways. This means in this context that both path-
ways (dashed and dotted lines in Fig. 2) have to yield the
same kinetic energy of the electron E, and the same KER.
In the present case, the two ionic states converging to the
first dissociation limit have opposite parity. From Fig. 2 we
can see that the direct population of the two ionic states
from the ground state with the same photon energy cannot
lead to any asymmetry because both the kinetic energies of
the photoelectron and the KER will be very different. But
the situation changes with the inclusion of the doubly
excited Q; '3 states. Because these states have autoioni-
zation times of a few femtoseconds, which are comparable
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FIG. 3 (color online). Asymmetry for electron emission in
dissociative photoionization of H,. (a) Measured asymmetry
and (b) results of the semiclassical simulation. The black con-
tours are lines of constant asymmetry A = 0 and copied to the
experimental plot for comparison. The inset in (a) features the
distribution of the electron-proton angle a for positive (circles)
and negative (triangles) values of A. (c) Fully quantum mechani-
cal calculation.

to the dissociation time of the molecule, the energy is
distributed between the nuclei and the ejected electron.
In the following we introduce a semiclassical model,
taking quantum-interference effects into account, describ-
ing the dissociation along two pathways (dashed and dotted
lines). The first pathway (dashed line) describes the direct
ionization into the Hy (A 23;7) state which leads to disso-
ciation of the molecule. In the second case the neutral H; is
doubly excited to one of the H,(Q13;") states. Since the
state is antibinding, the nuclei start to move apart. At a
certain internuclear distance the molecule may autoionize
to the Hy (X 23} ) state, ejecting an electron with an energy

corresponding to the energy difference of both states.
Interference occurs if the KER and the electron energy
are the same for both pathways.

The localization of the emitted electron e and the proton
p can be described in a “left-right” basis defined by

lp_)=1X?23) —1A°%F),

le_y=(loy) + o)),

lpo)y=IX227)+]A23)),
le)=(og)—lo), 4

where |X 237) and |A X)) describe the wave function of
the bound electron and |o,) and |o,) the wave function of
the emitted electron. With those definitions, a basis
describing co- and counterpropagation of the entangled
ion and the electron, as needed to describe the observed
asymmetry, is constructed:

lp=) = lp—) ®le_),
lp=) = Ip) ®le).

lp=) = p—) ®le),

)
lp=) = Ip-) @ le_),
In both basis sets normalization and antisymmetrization
are neglected.

Furthermore, we need to describe our final state at the
detector. In the experiment the detectors are located far
away from the reaction volume; therefore, the contributing
doubly excited states will all have autoionized. The final
state can be written as

W) = ciIX*2) ®lo,) + )]A%E,) @ a,),  (6)

where |o,) is the photoelectron from the direct ionization
into the Hy (A 23 }) state and |o,) describes the state of the
electron that is ejected when the doubly excited state auto-
ionizes. It must be emphasized that, by reducing the final
state to the coherent sum of only two amplitudes in Eq. (6),
we have made two important assumptions: (i) only two
partial waves for the ejected electron contribute to the
angular distribution, i.e., the lowest angular momentum
(I = 0 associated to the A 23" state and [ = 1 associated
to the X 23 1), and (ii) the X ?Z state can only be popu-
lated by autoionization from one of the doubly excited
states. These are reasonable approximations in the photon
energy range considered in this work. To get the probabil-
ities ne<, no, n=, and n— that the system will end up in
either of the four states defined in Eq. (5), we project the
final-state wave function |¥) onto them.

With these probabilities one can define the asymmetry as

(nz +ne) — (nz + ns)
a= .
(nm + ne) + (no + no)

(7)

In the limit of many events, with n_, and n, contributing to
N-=gp- and n—, and n= to Ngp-, Eq. (7) converges to the
previously defined asymmetry A of Eq. (3). Carrying out
the projection, the asymmetry a defined by Eq. (7) can be
written as
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where r , describes the amplitudes of the occupation of the
states and y , their phases. Because r; , determine only the
magnitude of the asymmetry [see Eq. (8)], which is not under
investigation here, and can only be obtained by a full quan-
tum mechanical calculation, we assume them to be unity.
The phases, however, can be split into two parts, y;, =
@12 + &1, where &, are the phases acquired in the tran-
sitions between electronic states and ¢ , are the dynamical
nuclear phases. The £, , are accessible by the full quantum
calculation or by comparing spectra obtained from different
isotopes [20]. However, the dynamical phases ¢, can be
modeled by our semiclassical model. To compute them we
have to find the dissociation pathways for each set of photon
energy, KER, and electron energy. One possible set of path-
ways is depicted in Fig. 2. Once we know the two pathways
we can calculate the phases. In WKB approximation, we get

®i12 = /‘ P12(R)dR, (10)
1,2

where RY , are the internuclear distances at which the XUV
excitation occurs and p;,(R) the nuclear momenta. It is
assumed that the initial kinetic energy right after the excita-
tion is zero. Further, we assume that the kinetic energy at the
point of the autoionization (dotted pathway) is conserved.
The phases of these two integrals are then used together with
Eq. (8) to compute the asymmetry.

The result of the simulation [Fig. 3(b)], where we set
&, — & = m,isin very good agreement with the measure-
ment [Fig. 3(a)]. The value & — &, = 7 is close to that
obtained by averaging the phase difference resulting from
the ab initio calculation in the Franck-Condon region and in
the photon energy range considered in this work. The black
contour lines of symmetric ejection a = 0 are calculated by
the simulation and overlaid on both energy correlation
maps to enable better comparison with the measurement.

All phases are inherently accounted for in a fully quan-
tum mechanical treatment of the problems, which we have
performed using a previously described method [21]. The
resulting asymmetry, displayed in Fig. 3(c), yields the
same oscillations as the semiclassical simulation while
simultaneously reproducing the fading contrast at smaller
KER seen in the experiment.

In the case of perpendicular transitions, which we select
by choosing events with an angle of more than 80°
between the proton emission direction and the polarization

FIG. 4 (color online). Asymmetry in the perpendicular case.
Also note that there is an additional energy cutoff at 16 ev due to
a lack of statistics in this region.

axis, the dipole selection rule allows only the excitation of
doubly excited states of II, symmetry. Among these, the
Q111 states have a very long lifetime and therefore do not
efficiently contribute to the ionization. We therefore expect
no asymmetry. Figure 4, showing the experimental results,
however, still exhibits a significant asymmetry, which can
be explained by a different process taking the doubly
excited O, states into consideration as previously observed
and described by [6].

In conclusion, we measured and analyzed the energy-
dependent electron-proton asymmetry, caused by the inter-
ference of the Hy (X 23/) and the Hy (A ?3}) state in the
dissociation process. We found very good agreement
between the measurement and our semiclassical simulation
that fully accounts for the period of the oscillation and does
so with very high accuracy. Since it does not model the
transition from the H, ground state to the H,(Q12") and
the Hy (A 2%,) ionic state nor does it consider the decay of
the Q; state to the Hy (X 23/) state, it cannot describe the
amplitude of the asymmetry oscillation, which is success-
fully done by our fully quantum mechanical treatment.
Additionally, we have explained why this asymmetry is
much less pronounced in the case of the perpendicular
transitions which further confirms our analysis. Because,
in contrast to synchrotron experiments, we used attosecond
pulse trains which lead to broadband excitations, this ex-
periment paves the road for future pump-probe experi-
ments with control over the dissociative ionization of
molecules [22].
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