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Symmetry breaking in the body-fixed electron emission pattern due to electron-retroaction
in the photodissociation of H+

2 and D+
2 close to threshold
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We present an experimental investigation of symmetry breaking of H2 and D2 molecules after single
photoionization due to the Coulomb field of the emitted slow electron interacting with the parent cation during
dissociation. The experiments were carried out by measuring the three-dimensional momentum vectors of
the photoelectron and recoiling ion in coincidence using a reaction microscope. For photon energies close to
threshold, the low-energy photoelectron influences the dissociation process, which results in an asymmetric
molecular frame photoelectron angular distribution. This can be explained by the retroaction of the Coulomb
field of the photoelectron on its parent ion and has been recently experimentally demonstrated by M. Waitz
et al. [Phys. Rev. Lett. 116, 043001 (2016)], confirming theoretical predictions by V. V. Serov and A. S. Kheifets
[Phys. Rev. A 89, 031402(R) (2014)]. High-momentum resolution and a new series of photon energies just above
the dissociation threshold enable the observation of a strong influence of the electron energy and nuclear kinetic
energy on the electron localization process for energies below ∼100 meV, which so far has neither been observed
nor discussed by theory. Exploring the limitations of the retroaction mechanism at our lowest photon energy, we
are able to single out a sensitive testbed and present data of non-Born-Oppenheimer dynamics of the simplest
molecular system for future benchmark computational treatments.

DOI: 10.1103/PhysRevResearch.1.033140

I. INTRODUCTION

Symmetry is an important property of atoms and molecules
in photoionization processes. It sets strict rules for the emis-
sion patterns of electrons with respect to any distinguishable
axis, such as the direction of the light polarization vec-
tor or the molecular orientation. In homonuclear molecules,
symmetry restrictions allow the electronic eigenfunction to
have either gerade or ungerade parity. Consequently, for the
photoionization with subsequent dissociation of homonuclear
diatomic molecules, the perfect symmetry of the electronic
wave functions leads to an equal probability for creating a hole
at either one of the two fragments.

There are, however, several possibilities to break this in-
trinsic symmetry of a homonuclear molecule such as H2.
The most straightforward way to actively do so is by cou-
pling gerade and ungerade wave functions of energetically

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

degenerate final target states via an external field. The super-
position of gerade and ungerade contributions then results in
an asymmetric photoelectron angular distribution or, in other
words, this asymmetric electron emission pattern stems from
a localization of the remaining bound electron at a particular
nuclear fragment. There have been several experiments in
recent years utilizing a strong laser field to induce symmetry
breakdown in the dissociation of H2 molecules [1–7].

Symmetry breaking via superposition of states with gerade
and ungerade symmetry can also be achieved without external
fields. In the photodissociation of H2 molecules with linearly
polarized light, the coherent superposition of gerade and
ungerade electronic states, caused by autoionization, leads to
an asymmetric photoelectron emission pattern that is highly
sensitive to the kinetic energies of the electron and recoiling
nuclear fragments. Full quantum calculations are able to de-
scribe this process very accurately [8]. It is conceivable that
they can provide the starting point for an accurate theoretical
description of a new way of symmetry breaking and beyond,
as reflected on later in this paper.

In this paper we focus on a recently discovered fundamen-
tal way to coherently mix states of gerade and ungerade parity,
using an internal field. In this scenario we lower the photon
energy toward the threshold of dissociation, creating ever

2643-1564/2019/1(3)/033140(8) 033140-1 Published by the American Physical Society

https://orcid.org/0000-0003-2488-3461
https://orcid.org/0000-0002-6214-3520
https://orcid.org/0000-0002-3728-4268
https://orcid.org/0000-0002-4621-4552
https://orcid.org/0000-0003-3756-2704
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.1.033140&domain=pdf&date_stamp=2019-12-03
https://doi.org/10.1103/PhysRevLett.116.043001
https://doi.org/10.1103/PhysRevLett.116.043001
https://doi.org/10.1103/PhysRevLett.116.043001
https://doi.org/10.1103/PhysRevLett.116.043001
https://doi.org/10.1103/PhysRevA.89.031402
https://doi.org/10.1103/PhysRevA.89.031402
https://doi.org/10.1103/PhysRevA.89.031402
https://doi.org/10.1103/PhysRevA.89.031402
https://doi.org/10.1103/PhysRevResearch.1.033140
https://creativecommons.org/licenses/by/4.0/


S. HECK et al. PHYSICAL REVIEW RESEARCH 1, 033140 (2019)

slower photoelectrons in a series of measurements. For such
low-energy photoelectrons, the Coulomb field of the outgoing
electron, scaling as 1/r, is strong enough to couple the 1sσg

and 2pσu states of the parent ion and break the symmetry
in the direction to which the bound electron localizes via
retroaction. The term “retroaction” for this post-ionization
interaction is used to stress the point that the slowly departing
photoelectron still influences the left behind molecular ion
during its dissociation process. At the limit of this special
ionization process, a recapture of the electron can occur,
preventing the dissociation of the parent molecular cation
to take place. In this paper we again study the retroaction
process in the photodissociation of H2 and D2 molecules,
in order to shine more light on its sensitivity to the kinetic
energies of the free particles and the coupling of electron
and nuclear dynamics during the dissociation, which is of
particular relevance when light atoms such as hydrogen are
involved [9,10].

II. EXPERIMENTAL APPROACH

To investigate electron-retroaction in high detail, we
conducted several photoionization measurements on H2

molecules, with photon energies of 19.8, 18.5, 18.3, and
18.16 eV, and on D2 molecules with an energy of 18.5 eV. The
measurements were carried out with monochromatic linearly
polarized VUV light at the undulator beamline 10.0.1 of the
Advanced Light Source (ALS) synchrotron facility, located
at Lawrence Berkeley National Laboratory. The energy offset
of the monochromator of the beamline was determined with
photoeffect measurements on helium atoms to be �50 meV.
The photon energy resolution was �15 meV. A vibrationally
cold H2 or D2 molecular beam (temperature ∼80 K) was
produced via a supersonic expansion through a 50-μm nozzle
and two skimmers, collimating the beam laterally. The photon
and target beams were crossed inside a three-dimensional
(3D) momentum imaging spectrometer at right angle, result-
ing in photoionization events with a rate of less than one
event per shot. For each single-ionization event the charged
particles, i.e., one electron and one ion, were detected in
coincidence with 4π solid angle, using the COLd Target
Recoil Ion Momentum Spectroscopy (COLTRIMS) technique
[11,12]. The expected heavy reaction products can either be a
parent ion H+

2 (nondissociative ionization) or a proton H+ and
a hydrogen atom H (dissociative ionization).

Exploiting momentum conservation, it is straightforward
to determine the momentum vector of the neutral fragment of
the dissociation H, as long as all other charged particles, i.e.,
the electron and proton, are detected. In general, due to the
very low photon energies, the photoelectron energy Ee, and
hence the momentum of the electron, is small compared to the
momenta of the molecular fragments. Here, we are interested
in small changes at low nuclear kinetic energies, and therefore
it is necessary to correct for the electron momentum transfer
onto the molecule during the ionization process. As noted in
Ref. [13], this is achieved by calculating

�kc.m.
p � �klab

p + 0.5 · �klab
e , (1)

FIG. 1. Measured electron energy distribution for the nondisso-
ciative channel (black line) and for the dissociative channel (red line)
in the single ionization of H2 molecules with a photon energy of
18.5 eV. The counts from the dissociative channel are multiplied by
10 to allow for comparison.

where �kc.m.
p and �klab

p are the proton momentum in the H+
2

center-of-mass frame and the laboratory frame, respectively;
accordingly, �klab

e is the electron momentum in the laboratory
frame.

III. PHOTOELECTRON ENERGY

Our highly differential electron-ion coincidence method
allows the complete separation of the predominant nondisso-
ciative photoionization channel:

H2 + hν → H+
2 + e− (2)

from the dissociative channel:

H2 + hν → H+ + H + e−. (3)

Figure 1 shows the kinetic energy distributions of the collected
photoelectrons Ee of these two channels. The black line cor-
responds to the nondissociative single-ionization channel, and
the sharp peaks represent the different vibrational levels of the
H+

2 final state. The full width at half maximum (FWHM) of
those peaks are a good measure of our electron energy reso-
lution, which was on average �100 meV. The red line in the
lower left corner originates from the dissociative ionization.
We focus on this faint channel throughout the remainder of
this paper.

IV. ENERGY CORRELATION MAPS

The dissociative single-ionization threshold for H2

molecules is Ediss(H2) = 18.078 eV [9] [Ediss(D2) =
18.158 eV [14]] and the remaining kinetic energy
Esum = hν − Ediss is shared between the nuclei and electron.
The distribution of this constant sum energy Esum between
the nuclei and electron can be seen in Fig. 2 for all photon
energies measured in the molecular hydrogen case. In those
two-dimensional (2D) energy correlation maps we plot the
yield of the dissociative channel as a function of the kinetic
energy of the photoelectron (Ee) and the kinetic energy
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FIG. 2. Energy correlation map between the electron energy Ee

and the kinetic energy release KER in the H+
2 dissociation channel

for photon energies of 19.8 eV (a), 18.5 eV (b), 18.3 eV (c), and
18.16 eV (d). The yield is given as a linear color scale in arbitrary
units. Note: The yields in the panels are not internormalized to each
other.

release (KER) of the nuclei. The diagonal structures represent
the constant sum energy

Esum = KER + Ee = hν − Ediss, (4)

which arises due to conservation of energy. The width of
these distributions is determined by the resolution of our
spectrometer, which is strongly dependent on the magnitude
of the electromagnetic extraction fields. We optimized these
parameters for each photon energy to achieve highest possible
energy resolution and attained values ranging from 20 meV
for 18.16-eV photon energy to 200 meV for 19.8-eV photon
energy.

As can be seen in Figs. 2(c) and 2(d), for the two lowest
photon energies 18.3 and 18.16 eV, the energy resolution is
high enough to resolve the initial rotationally excited states
of orthohydrogen and parahydrogen. They show up as faint
parallel diagonals with slightly different sum energy. For
example, for a photon energy of 18.16 eV in Fig. 2(d) we find
Esum = 34, 45, 75, and 125 meV.

V. MOLECULAR FRAME PHOTOELECTRON
ANGULAR DISTRIBUTION (MFPAD)

Plotting the angle between the molecular axis represented
by �kc.m.

p and the photoelectron momentum vector allows for
the investigation of the molecular frame photoelectron angular
distributions (MFPADs) of the ionization process. For the
photon energies used in this experiment, the Franck-Condon
overlap of the H2 ground state with the energetically acces-
sible part of the 2pσu nuclear wave function is vanishing.
Therefore, the photoionization process has long been thought
to result in a nuclear wave function of pure gerade parity and
a continuum electron wave function of pure ungerade parity.
The outcome in this case would be a completely symmetric
angular distribution of the photoelectron with respect to the

FIG. 3. Polar angular distribution of the ejected photoelectrons
in the molecular frame (MFPAD) for the H2 dissociation channel,
where the angle between the electron momentum vector and the
molecular axis is shown for KER <0.1 eV and photon energies of
19.8 eV (a), 18.5 eV (b), 18.3 eV (c), and 18.16 eV (d). The statistical
error bars are smaller than the symbols. For each histogram, the
image is mirrored along the horizontal axis for easier inspection.

charged H+ and neutral H side of the fragmentation. As shown
in the MFPADs of Fig. 3, a striking asymmetry, where the
photoelectron is preferentially emitted in the direction of the
charged nucleus H+, is observed.

A theoretical explanation for this effect has been provided
by Serov and Kheifets [15], who showed that the retroaction
of the Coulomb field of the slow photoelectron onto its
dissociating parent ion can lead to a coherent superposition of
the nuclear wave functions 1sσg and 2pσu at an internuclear
distance R where the two states approach the same energy.
For photoelectrons with low kinetic energy, the continuum
electron interacts with the dissociating parent molecular ion
as the internuclear distance reaches a value sufficient for
strong coupling. An efficient coupling to the 2pσu state is
expected at an internuclear distance Rc, where the kinetic
energies of the nuclei equal approximately the KER value we
measure, based on the relationship U2pσu (Rc) − U2pσu (∞) ≈
KER, given by Serov and Kheifets [15]. This expectation is
confirmed by the increasing asymmetries of the MFPADs with
decreasing photon energy. This can be seen in both the former
experiment [16] and the present experimental results, shown
in Fig. 3. Here, the MFPADs, integrated over all directions
of polarization and photon propagation are plotted with a
KER limited to be less than 0.1 eV. In both cases, the yield
nH+ of electrons emitted along the charged H+ side of the
dissociation increases with decreasing photon energy.

VI. ASYMMETRY PARAMETER

To enable a more quantitative analysis of the dependence
of the asymmetry on the electron kinetic energy Ee and kinetic
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FIG. 4. Asymmetry parameter δ of the dissociation of H+
2 as a

function of the photoelectron energy for photon energies 19.8 eV
(black triangles), 18.5 eV (blue squares), 18.3 eV (green diamonds),
and 18.16 eV (red circles). The dashed black line shows the classi-
cally calculated asymmetry parameter β for 19.8 eV, and the blue
solid line shows β for 18.5 eV, with β = 1/{π ∗ [1 + b ∗ re(Ee)]},
where b19.8 eV = 66.6 and b18.5 eV = 125.

energy release KER, we introduce the asymmetry parameter

δ = nH+ − nH

nH+ + nH
, (5)

where nH+ and nH denote the yield of photoelectrons emitted
toward the proton H+ or opposite toward the hydrogen atom
H, respectively. Thus, an asymmetry parameter of δ = 0 cor-
responds to a symmetric dissociation and δ > 0 to an asym-
metric dissociation, with the electron preferentially emerging
in the same hemisphere as the ion H+.

In Fig. 4 the asymmetry parameter δ for H2 is plotted
as a function of the kinetic energy Ee of the photoelectron
for photon energies of 19.8, 18.5, 18.3, and 18.16 eV. The
general trend in our data is an inverse proportionality of the
asymmetry parameter δ to the electron energy Ee, as predicted
by Serov and Kheifets [15]. Under closer investigation, one
can clearly see deviations from this behavior for the higher
electron energies at each photon energy, which corresponds
to a KER less than ∼100 meV in each case. In these regions
(Ee = 150 to 200 meV for a photon energy of 18.3 eV, and 350
to 400 meV for a photon energy of 18.5 eV), the asymmetry
parameter δ drops in a linear fashion.

It appears that the asymmetry parameter δ is very sensitive
to the photoelectron energy Ee and the kinetic energy release
KER of the heavy fragments during the dissociation. We now
aim to quantify this relationship. We start by reflecting on
symmetry breaking without fields, which has been investi-
gated in detail in the past, and which may provide the basis
for a comprehensive theoretical description of the retroaction
process and beyond in the future.

VII. ASYMMETRY WITHOUT FIELDS

In general, changes in the asymmetry parameter δ, due
to interference between gerade and ungerade states, are ex-
pected. The asymmetric electron emission due to the coherent
superposition of gerade and ungerade states is known to be
highly sensitive to the photoelectron energy and KER, even
in the absence of any external or internal fields [15,16]. This
becomes more apparent when we take a step back for a
moment and consider higher excess energies. Here, we reflect

FIG. 5. (a) Asymmetry of the photoelectron emission repre-
sented as the yield (nH+ − nH) in linear color scale of the energy
correlation map, spanned by KER as a function of the photoelectron
energy Ee for the single ionization and subsequent dissociation of
H+

2 at a photon energy of 33 eV for a � to � transition (the
angle between the light polarization vector and the molecular axis
is smaller than 37◦). For better visualization of the asymmetry, the
difference between the yields along the proton (+) and hydrogen (−)
direction (nH+ − nH) was not normalized to their sum (nH+ + nH).
(b) Projection of the top figure to the electron energy axis for a small
slice of the sum energy 14.4 eV < Esum < 16.1 eV, with Esum =
Ee + KER.

on the photodissociation of doubly excited (Q2) states of
hydrogen molecules with [17] and without [8] external fields,
as mentioned in the Introduction.

As an example, in Fig. 5 we plot the asymmetry as the yield
of the energy correlation map, spanned by the KER versus
the photoelectron kinetic energy Ee for the direct dissociative
ionization of H2 molecules by a single linearly polarized
photon with an energy of 33 eV (compare to [17]) in the
absence of any internal or external fields. Note that in this case
the asymmetry is only the difference between the yields along
the proton and hydrogen directions (nH+ − nH); for visual
clarity in this spectrum the difference has not been normalized
to the sum of both yields (nH+ + nH). To grasp the evolution
of the asymmetry, we project a thin slice of the distribution
14.4 eV < Esum < 15.1 eV to the electron energy Ee axis in
Fig. 5(b). Here, the asymmetry and its evolution are apparent
for almost all photoelectron energies due to the interference
of resonant photoionization pathways through the 1sσg and
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FIG. 6. The dissociation time τ (starting from the mean equi-
librium distance of H2) for the internuclear separation to reach a
distance Rc, where the overlap of the 1sσg and 2pσu wave functions
is sufficient for interference to be observed as asymmetry in the
molecular frame photoelectron distribution.

2pσu dissociation channels by autoionization decay. It shows
linear and sinusoidal regions that could perhaps be accurately
described within the Born-Oppenheimer approximation by a
state-of-the-art fully quantum mechanical calculation [8].

However, with photon energies ever closer to threshold, at
one point electronic and nuclear coupling via Coulomb inter-
actions can no longer be neglected and the Born-Oppenheimer
approximation is expected to eventually fail. This near-
threshold regime demands a comprehensive quantum mechan-
ical approach including interference effects of gerade and
ungerade states depending on the excess energy. To the best
of our knowledge, such calculations are not yet available
in the energy regime close to threshold, where electronic
and nuclear dynamics may not be well described within
the Born-Oppenheimer approximation. Despite this, we per-
formed some purely classical estimates of the nuclear and
electronic motions for photon energies below 20 eV, in order
to explore if the dependence of the asymmetry parameter on
the kinetic energy release KER and electron energy Ee can be
explained by the kinetics of the particles involved.

VIII. CLASSICAL RETROACTION MODEL

In the following, we return to the investigation of the asym-
metry induced by the retroaction mechanism in the molecular
dissociation close to threshold. We first calculated the time
τ it takes for the dissociating molecule, starting from the H2

equilibrium coordinate Re, to reach an internuclear coupling
distance of Rc, which corresponds to the KER we measure
[15]:

U2pσu (Rc) − U2pσu (∞) = KER. (6)

In this step of the calculation we assumed the velocity of the
nuclei at any distance R to be given by the energy difference
between the 2pσu and the 1sσg potential curves. For small
decreasing KER, the modeled dissociation time τ increases
very quickly to large values, as can be seen in Fig. 6, where
the calculated time τ is plotted as a function of the measured
KER. This fast divergence is most rapid just below 100 meV.

In the next step, we estimate the photoelectron distance re

from the center of mass of the molecule after the dissociation
time τ to be

re(τ ) = τ
√

2Ee/me. (7)

This allows for a simple estimate of the asymmetry parameter,
which we call β in the following, in order to distinguish
between our measured asymmetry parameter δ. The modeled
asymmetry parameter β is expected to scale with the coupling
strength of the two states, which is induced through the
Coulomb field of the electron (∼1/re). We hence assume the
following relation:

β(re) = a/[1 + b ∗ re(Ee)]. (8)

Here, the factor a is the maximum amplitude of the asymme-
try, which is a function of the electron emission θ angle in
the molecular frame: a = cos(θ ). This maximum amplitude is
zero for a perpendicular electron emission θ = 90◦ and +1 for
a pinpoint emission toward the proton H+ with θ = 0◦. Since
we want to model the positive asymmetry parameters in Fig. 4,
we integrate over all electron emission angles, which point
into the same direction as the charged fragment H+. Accord-
ingly, the factor a amounts to 1

2π

∫ π

−π
cos(θ )dθ = 1/π . The

factor b is a fit parameter, chosen to match our experimental
data. In Fig. 4, two examples of the asymmetry parameter β

are shown as a function of the photoelectron energy Ee for
a photon energy of 18.5 eV (blue solid line) as well as for
19.8 eV (black dashed line). This simple calculation agrees
surprisingly well with our experimental data for both energies
in the region where the photoelectron energy is higher than
the nuclear kinetic energy, i.e., Ee > KER.

The classical model is especially helpful for the interpre-
tation of our experimental data at the extreme ends of the
kinetic energies measured in our experiments, i.e., close to
zero Ee together with maximum KER and vice versa. As seen
in Fig. 6, our calculations of the time τ it takes to reach Rc sug-
gest that the superposition of 1sσg and 2pσu states, which is
responsible for the symmetry breaking, occurs on a timescale
of ∼15–20 fs for kinetic energy releases KERs higher than
∼0.1–0.2 eV. This agrees with a time-resolved momentum
imaging experiment, measuring the electron localization pro-
cess in H+

2 as completed within 15 fs by Xu et al. [6]. We
would like to stress that even though we did not perform time-
resolved measurements in our experiments, we have gained
indirect access to the timescale of the dissociation dynamics
by measuring and modeling the asymmetry parameter. If the
dissociation time τ becomes too large, the photoelectron has
moved too far away from the parent molecule to induce a
significant coupling. As can be seen in Fig. 6, τ increases
rapidly below KER = 0.1 eV. We therefore expect a sudden
decrease in the observed asymmetry for dissociations with
KER �0.1 eV. As presented in Fig. 4, this appears to be
true for the data measured with photon energies of 18.3, 18.5,
and 19.8 eV. This trend has not been observed experimentally
before. The chosen excess energy, the resolution in KER, and
the statistical error bars of Waitz et al. [16] are the reasons
for no indication of such a change in slope in the previous
data set. However, this finding agrees well with the predicted
trend by Serov and Kheifets [15], which also shows a sudden
decrease in the asymmetry for a KER �0.2 eV.
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FIG. 7. Asymmetry parameter δ for the dissociation of H+
2 with

Eγ = 18.16 eV plotted as a function of the electron energy Ee and
the kinetic energy release KER. Only contributions from the triplet
state with J = 1 (Esum = 45 meV) were considered since most of the
counts originated from this state [compare the yields of the diagonals
with slope −1 in Fig. 2(d)].

In the other extreme case, where Ee is very low and the
corresponding KER is high, the coupling of electron and
nuclear dynamics appears to be on a timescale faster than
15 fs, as seen in Fig. 6. Here, the emitted photoelectron
is still close to the molecular cation, and the coupling is
accordingly strong. This can also be seen in Fig. 4, where
a general increase in the asymmetry parameter is observed
for low kinetic energy electrons. The hyperbolic trend of the
asymmetry parameter as a function of the electron energy
has been predicted by Serov and Kheifets [15] and has been
seen by Waitz et al. [16] experimentally. However, with ever
smaller photon energy the asymmetry parameter appears to
saturate in our new data set, which is unexpected. We will
elaborate this finding by discussing the results for our lowest
photon energy in our measurement sequence as follows.

The dissociative photoionization of H2 molecules at a
photon energy of 18.16 eV shown in Figs. 4 (red circles) and
7 represents a special case. Here, barely above the dissoci-
ation threshold, both, electron energy Ee and kinetic energy
release KER are below 0.1 eV. Within the statistical error
bars of our measured asymmetry parameter δ in Fig. 7, the
distribution appears to be flat or perhaps shows an indication
of a broad minimum. This trend is not observed at higher
photon energies, where we mainly observe a monotonic de-
crease in the asymmetry with increasing electron energy. In
particular, Fig. 7 shows that the asymmetry is strong even
on long timescales of the nuclear dynamics, which cannot be
explained within our simple classical calculation, modeling
the retroaction of the electron. We suspect that the asym-
metry parameter δ saturates in our measurements instead of
approaching δ = 1. This would be expected for ever lower
photon and electron energies, which ultimately would result
in a recapture of the photoelectron and a truncation of the
ionization process. A possible reason for this saturation lies in
the definition of the asymmetry parameter δ in our experiment,
which compares the count rate in two half-spheres of the
body-fixed electron emission frame, defined in our offline
analysis. While further investigation is needed in this energy
regime, we believe that a localization beyond the retroaction
mechanism is taking place when the electrons and nuclei are

FIG. 8. Asymmetry parameter δ of the dissociation of H+
2 (blue

squares) and D+
2 (red circles) for a photon energy of Eγ = 18.5 eV

plotted as a function of the KER. The blue solid line shows the result
of the classical calculation for the dissociation of H+

2 using Eq. (8).
The dashed red line shows the same, multiplied by the mass scaling
factor of 1/

√
2.

both very slow, i.e., approaching similar velocities during
the fragmentation process. In this case, the motion of the
electrons can no longer be decoupled from the nuclei, and
an instantaneous interaction of all particles during ionization
takes place, beyond the Born-Oppenheimer approximation.
Consequently, the definition of the molecular frame from the
final momenta of the three outgoing particles is questionable
in this energy regime since the MFPADs in our experimental
method ultimately depend on this approximation. A sophis-
ticated theoretical approach would need to account for the
complex few-body physics that emerges in this energy regime.

From the discussion above, we do not expect our classical
model to be applicable at very low excess energies Esum

(<100 meV). Therefore, we limit its application to investigate
the mass dependency of the asymmetry parameter to a higher
photon energy. We chose a photon energy of 18.5 eV to com-
pare the results from the H2 photodissociation (∼0.425 eV
above threshold) with those from the photodissociation of D2

with the same photon energy (∼0.342 eV above threshold).
In Fig. 8, the asymmetry parameter δ of the H2 and D2

photodissociation are plotted as a function of the KER. In both
cases, the change in slope to an almost linear dependence is
found below KER = 0.1 eV. In addition to this, we observe the
asymmetry in the D2 dissociation to be weaker than the H2

dissociation over the same range of KER. This is to be
expected because our classically calculated dissociation time
τ is proportional to

√
m, which results in the relationship

δ ∝ 1/
√

m, where m is the mass of the atomic fragment. This
relation is confirmed well by the calculated parameter βH

and βD = βH/
√

2, shown as blue solid and red dashed lines,
respectively, in Fig. 8.

IX. SUMMARY

In conclusion, we have performed a detailed investiga-
tion of symmetry breaking in the molecular frame photo-
electron emission pattern for the dissociative photoionization
of diatomic molecules H2 and D2. For low photon ener-
gies we find that the Coulomb field of the ejected electron
couples the electron and nuclear dynamics via retroaction,
which is sensitive to the kinetic energies of the particles. By
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interrogating a previously unexplored energy regime just
above the single-ionization threshold, we present highly dif-
ferential measurements in MFPADs and asymmetry parame-
ters that are exquisitely sensitive to the coupled electronic and
nuclear dynamics. The experimentally observed asymmetry
and dynamics as a function of the electron energy Ee, the
kinetic energy release KER, and the mass of the nuclei m
can be well described classically except for very low excess
energies Esum (<100 meV), where a more sophisticated treat-
ment appears to be required. In this low-energy regime, the
electrons are still about 10 times faster than the nuclei in the
dissociation process, but the asymmetry parameter δ shows a
noticeable deviation from the classical trend observed >100
meV above threshold. This may be a fingerprint of strong
electron-nuclei interplay that is beyond the concept of retroac-
tion, and requires a sophisticated model of the instantaneous
interaction between all particles during the ionization step,
which does not rely on the Born-Oppenheimer approximation.
Clearly, further experimental investigations and a better theo-
retical understanding of this few-body physics is necessary.

To date, quantum mechanical approaches exist to very
accurately describe symmetry breaking in the dissociative
photoionization of H2 molecules, in the absence of any fields,
such as presented in Fig. 5. Such treatments can serve as
the basis and a crosscheck to include nondiagonal matrix
elements, in order to push into the regime of non-Born-
Oppenheimer behavior in the photodissociation of this funda-
mentally simple molecule [18]. In best case, such a quantum
calculation is able to reproduce the symmetry breaking in H2

with and without an internal field. The experimental results
presented in this paper could serve as benchmarks and stim-

ulate such theoretical investigations to gain a deeper under-
standing of strong electron-ion interactions during molecular
ionization and subsequent dissociation processes.
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