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Quantum correlation of electron and ion energy in the dissociative strong-field ionization of H2
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We report on the strong field ionization of H2 by a corotating two-color laser field. We measure the
electron momentum distribution in coincidence with the kinetic energy release (KER) of dissociating hydrogen
molecules. In addition to a characteristic half-moon structure, we observe a low-energy structure in the electron
momentum distribution at a KER of about 3.5 eV. We speculate that the outgoing electron interacts with the
molecular ion, despite the absence of classical recollisions under these conditions. Time-dependent density
functional theory simulations support our conclusions.
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I. INTRODUCTION

Ionization of atoms and molecules in strong laser fields is
often successfully modeled as a tunneling process [1]. After
tunneling, the electron’s trajectory is governed by the time-
dependent laser electric field and the potential of the parent
ion. Consequently, the time-dependent laser electric field can
be used to control the trajectory of the liberated electron. For
linearly polarized light or for suitable two-color laser fields the
electron can exchange energy with its parent ion by inelastic
recollisions. Examples for processes which are enabled by
electrons that return to their parent ions are the recombination
of the tunneled electron with its parent ion [2,3], which can
lead to the emission of high order harmonics [4–6], excita-
tion of the parent ion [7], or nonsequential double ionization
[8–14]. Previous studies in the strong field regime observed
such energy exchange only if the electron recollided with its
parent ion during the photoionization process.

In this Letter, we report on the single ionization of
molecular hydrogen by a corotating two-color (CoRTC) field
accompanied by dissociation of the molecule: H2 → H +
H+ + e−. The CoRTC field is created as a superposition of
two circularly polarized laser pulses with the same helicity
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and central wavelengths of 790 nm and 390 nm. The inten-
sity of the fundamental laser pulse (780 nm) and the second
harmonic one (390 nm) were set to 3.3 × 1013 W/cm2 and
5.4 × 1013 W/cm2, respectively. The CoRTC field ensures
that recollisions are negligible during the photoionization pro-
cess [13,15,16]. The Lissajous curves of the laser electric
field and the corresponding vector potential are depicted in
Fig. 1(a). Figure 1(b) shows the projection of the measured
three-dimensional (3D) electron momentum distribution to
the polarization plane py pz. As expected, the most probable
electron momentum is close to the value of the negative vector
potential that belongs to the peak of the electric laser field
[17–19].

After one of the two bound electrons of H2 is liberated, the
electron’s trajectory is governed by the driving laser electric
field and the interaction with the H+

2 ion. The second electron
remains bound in the energetically lowest molecular orbital
(1sσg) of H+

2 while the occupation of the antibinding orbital
(2pσu) remains negligible. This scenario is ideally suited to
study the interaction of the liberated electron with its parent
molecular ion in strong field ionization. The molecular ion
with its 1sσg and 2pσu state can be approximated as a two-
level system, which has an energy spacing that depends on
the internuclear distance. Our results show evidence that the
escaping electron drives an excitation in this two-level system
by transferring a fraction of its energy to the H+

2 parent ion.

II. EXPERIMENT

A. Experimental method

In our experiment, the CoRTC field is generated by an
interferometric two-color laser setup. Multicycle laser pulses
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with a central wavelength of 780 nm, a pulse duration of 40-fs
FWHM, and a repetition rate of 8 kHz (KMLabs Dragon) are
frequency doubled in a β-barium borate crystal to create light
pulses at a central wavelength of 390 nm. The two pulses
with different wavelengths are spatially separated for inde-
pendent modification of their polarization state and intensity.
The relative phase between the two pulses is controlled using
a nanometer-delay stage. A beam combiner merges the two
single-color laser pulses. The two-color laser field is focused
onto the H2 target inside a vacuum chamber by a spherical
mirror ( f = 80 mm). The optical setup is the same as in
Ref. [20].

The 3D electron and proton momenta are measured in
coincidence using a COLTRIMS (cold target recoil ion mo-
mentum spectroscopy) reaction microscope as in Ref. [21].
The charged particles are accelerated by a homogeneous elec-
tric field of 17 Vcm−1 and a parallel magnetic field of 10 G
onto position- and time-sensitive detectors [22]. The length
of the electron spectrometer is 378 mm and the length of
the ion spectrometer is 68 mm. Making use of momentum
conservation, the detection of the proton and the electron
allows for the calculation of the kinetic energy release KER =
(pp+0.5·pe )2

mp
, where pp and pe are the momenta of the detected

proton and electron, respectively, and mp is the proton mass.
The background from false coincidences and the contribution
from events in which both electrons are liberated has been
subtracted for all experimental data that are shown.

Measured electron momentum distributions from the ion-
ization of argon by circularly polarized light are used to
calibrate the laser intensity of the two colors separately. Thus,
the intensity calibration has been done in situ and takes vol-
ume averaging into account. For the laser pulse at a central
wavelength of 780 nm the drift momentum is used to calibrate
the intensity taking nonadiabaticity into account as described
in Ref. [20]. For the laser pulse at a central wavelength of
390 nm the shift of the above threshold ionization (ATI)
peaks is used for intensity calibration as in Ref. [12]. The
relative phase between the two colors, which determines the
orientation of the combined electric field in the plane of po-
larization, was actively varied during the measurement. These
variations are compensated during the offline data analysis as
in Ref. [20].

B. Experimental results

The measured electron momentum distribution that is
shown in Fig. 1(b) is very similar to previous findings for
atoms [15,20,23]. In particular, the choice to investigate the
reaction H2 → H + H+ + e− enables us to resolve the mea-
sured electron momentum distribution as a function of the
KER of the ions. The measured KER is shown in Fig. 2(a).
The most probable KER is 1.2 eV. Figures 2(b)–2(d) show the
3D electron momentum distributions and the corresponding
two-dimensional projections for three different KER ranges
as indicated in Fig. 2(a). All electron momentum distributions
show a characteristic half-moon structure. For a KER of about
3.5 eV, there additionally exists a pronounced low-energy
structure. Such low-energy structures in CoRTC fields have
been observed for atoms before [15] using different laser
parameters [24]. However, the low-energy structure in our

FIG. 1. (a) The Lissajous curve of the laser electric field and
the corresponding negative vector potential. The arrows indicate
the temporal evolution of the laser electric field. The dots indicate
the peak of | �E (t )| and the corresponding negative vector potential.
(b) Measured electron momentum distribution for the laser field that
is shown in (a) with a logarithmic color scale.

measurement solely becomes visible for a specific KER re-
gion and is not present for other KERs.

To further investigate the relation of electron energy and
KER, Fig. 3(a) shows the correlated yield of these two quan-
tities. Column-wise normalization of the data from Fig. 3(a)
results in Fig. 3(b), which shows two remarkable correlations
between the electron energy and the KER. Firstly, for KER
<3 eV we find diagonal structures spaced by 1.6 eV reflect-
ing the quantized absorption of energy from the field. This
ATI structure is well documented in the literature [25–27].
Further, the electron-nuclear sharing of the absorbed photon
energy has already been investigated for H2 [28,29] and other
molecules [30,31]. The second feature is the appearance of the
low energy electrons for a KER range of 3 eV to 6 eV. Within
this region, the most probable electron energy is lower than
that for a KER below 3 eV and there is a sharp edge at a KER
of 3 eV. What is the reason for this correlation of KER and
electron energy?

Figure 3(c) shows the potential energy curves for the
ground state of H2, for a binding molecular orbital (1sσg),
and an antibinding orbital (2pσu) of H+

2 . The liberation of
the first electron is indicated by a vertical arrow labeled with
“two-color strong field ionization” in Fig. 3(c). The very pro-
nounced KER peak at about 1.2 eV is reached via subsequent
nuclear dynamics and absorption of a photon at 390 nm [21]
(indicated with the arrow that is labeled “2ω”). Analogous to
the 2ω-peak at 1.2 eV, the KER peaks at 0.2 eV and 2.8 eV are
caused by the absorption of one or three 780 nm photons. The
net-two-photon pathway, which corresponds to an absorption
of three 780 nm photons and a stimulated emission of one
780 nm photon [32], also leads to a KER peak at around
1.2 eV for our laser parameters. Thus, it overlaps with the
2ω-peak and is very weak, since this pathway is expected to be
less probable than the three-photon peak for 780 nm at 2.8 eV.
Hence, for the KER peaks below 3 eV, the reaction can be
separated into two steps. The first step is the same as it would
be for an atom: an electron is liberated and subsequently
accelerated in the laser field. The final electron momentum
pe roughly corresponds to the negative vector potential at the
instance of ionization − �A(t0). For close to circularly polarized

light, the ponderomotive potential Up is given by Up = p2
e

2me
=
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FIG. 2. (a) Shows the measured kinetic energy release (KER) distribution for the reaction H2 → H + H+ + e−. (b)–(d) show the measured
electron momentum distributions which are restricted to the measured KER intervals that are indicated in (a). The three-dimensional (3D)
electron momentum distributions are represented using five semitransparent isosurfaces encoding the intensity of the 3D histogram by color.
The py pz plane is the polarization plane.

e2 | �A(t0 )|2
2me

, where me [e] is the electron’s mass [charge]. For the
time t0 that belongs to the peak electric field, this leads to
a value of Up = 5.2 eV. Thus, the half-moon structure that
is observed in the current experiment is, as expected, very

FIG. 3. Experimental data on the strong field dissociation of H2.
(a) shows the energy of the electron as a function of the KER. In
(b) each column of the distribution in (a) is normalized to a maximum
of one. The horizontal line in (b) guides the eye and the green
square highlights the KER region in which there is the low-energy
structure. (b) reveals that low-energy electrons (Eelec < 3 eV) are
very pronounced for 3 eV < KER < 6 eV. (c) shows the potential
energy of the ground state of H2 and two states of H+

2 as a function
of the internuclear distance. The purple arrow marks the strong field
transition from the ground state to the 1sσg state. Two possible
transitions from the 1sσg to the 2pσu curve are marked by a blue
and a green arrow, respectively. The KERs that result from these two
transitions are marked by colored areas in the KER distribution in
(d). (d) shows the same data as Fig. 2(a).

similar as for the ionization of atoms [20]. In a second step,
there can be subsequent nuclear dynamics which occur on a
time scale of tens of femtoseconds [33,34].

Inspection of the potential energy curves in Fig. 3(c) sug-
gest the following physical picture: the KER of around 3.5 eV,
for which the low-energy structure is most prominent, indi-
cates that the transition from the 1sσg state to the 2pσu state
occurs at an internuclear distance of about R = 3 a.u. (neglect-
ing the kinetic energy of the nuclear wave packet after the
ionization step). At R = 3 a.u. the spacing between the 1sσg

and the 2pσu state is 5.6 eV as indicated by the vertical green
arrow in Fig. 3(c). Interestingly, this value for the energy split-
ting is very close to Up = 5.2 eV. In a first attempt, we tried
to explain the electron-ion correlation as an energy transfer
from the electron to the ion that occurs during a recollision. To
this end, we have performed extensive modeling of classical
dynamics including electron-electron interactions [35,36] and
trajectories with nonzero initial electron momentum at the
tunnel exit as predicted by SFA [20,37,38]. We have also
modeled the molecular geometry and classical ionic motion
during the photoionization process. None of these simulations
yielded a significant amount of recolliding trajectories [12]
with the required energy of at least 5 eV, or resulted in a
substantial amount of low energy electrons. Thus, these sim-
ulations allow us to rule out classical electron-ion recollisions
in our experiment, and verify that classical dynamics is not the
source of the observed effect.

III. TIME-DEPENDENT DENSITY FUNCTIONAL THEORY

To further investigate the correlation of electron energy
and KER we perform ab initio simulations that fully in-
corporate the ionization dynamics of electrons, as well as
ion motion. The electronic degrees of freedom are treated
quantum mechanically by time-dependent density functional
theory (TDDFT) [39] within the local density approxi-
mation and the adiabatic approximation with an added
self-interaction correction term that leads to the correct long-
range Coulomb behavior [40]. This approach incorporates
mean-field electron-electron interactions, as well as interac-
tions of electrons with the incident laser fields, and nuclei. The
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FIG. 4. Theoretical data on the ionization of H2 in a CoRTC field.
(a) shows the electron momentum distribution with a logarithmic
color scale that is obtained using a time-dependent density functional
theory (TDDFT) approach. (b) shows the ionization probability as a
function of the final electron energy and the internuclear distance R
(upper horizontal axis) of the H2 molecule. ATI peaks were removed
by applying a low-pass filter to the electron energy distribution.
Each column of the distribution is normalized to a maximum of
one. The lower horizontal axis shows the corresponding estimated
KER, which is derived from the 2pσu curve (see text). The black line
indicates the ponderomotive energy Up = 5.2 eV. The green square
highlights the same KER region as in Fig. 3(b).

nuclei motion is treated classically by coupling Newtonian
equations of motion to TDDFT [41], such that ions are driven
by interactions with the time-dependent electric field of the
laser, neighboring ions, and the electrons’ charge density (ion
motion is initiated in the ground vibrational state of H2). Most
importantly, this approach allows for energy exchange and
coupling between the ionic and electronic degrees of free-
dom through Coulomb interactions. The photoelectron spectra
are calculated with the surface flux method, T-surff [42–44]
employing the dipole approximation (velocity gauge). All
calculations are performed with octopus code [45–47], and
utilize a Cartesian grid with a spacing of 0.4 Bohr, and a
spherical boundary shape with a radius of 45 Bohr. We use
a complex absorbing potential (CAP) with a width of 15 Bohr
(time step of 2.6 attoseconds). The photoelectron flux is calcu-
lated at the spatial onset of the CAP. Our calculations assume
that the hydrogen molecule is aligned along the y axis, in the
laser polarization plane (the result was seen largely indepen-
dent of the molecular orientation). The simulation uses the
same laser parameters as in the experiment with the differ-
ence that in the simulation a shorter pulse duration of nine
femtoseconds (FWHM in intensity) is used (envelope’s shape
taken from Ref. [48]). The phase between the H2 zero point
energy vibration and the laser is averaged over. Figure 4(a)
shows the calculated electron momentum distribution. The
low-energy structure is reproduced and its relative yield of
about 1% compared to the main half-moon lobe, is in agree-
ment with the experiment [see Fig. 1(b)].

In a next step, the nuclei’s coordinates are frozen in the
TDDFT simulations, which implies that one uses an inac-
curate internuclear distance for the ionization step, and a
static internuclear distance for the modeling of the subse-
quent electron-ion interaction. This allows one to disentangle
the role of electron-ion energy exchange, because it sam-
ples the contribution of a single ionic configuration to the
photoemission process by using a well-defined internuclear

distance. Figure 4(b) shows the intensity as a function of the
final electron energy and the internuclear distance R of the H2

molecule. The lower horizontal axis shows the corresponding
estimated KER, which is obtained by subtracting the energy
of the 2pσu state for R → ∞ from the energy of the 2pσu

state for the internuclear distance that is used in the TDDFT
simulations. To visualize the dependence of the envelope of
the calculated electron energy distribution as a function of
R, the ATI substructure has been smoothed using a low-pass
filter. Strikingly, also in the TDDFT simulations, the electron
energy depends on the internuclear distance. The black line
in Fig. 4(b) shows the ponderomotive energy Up = 5.2 eV. In
a simple man’s model [2], the peak of the electron energy
spectrum is at Up = 5.2 eV for circularly polarized light. If
one takes Coulomb interaction and nonadiabatic offsets of the
initial momentum distribution into account, the peak of the
electron energy spectrum typically shifts to slightly higher
energies [20]. We expect that these corrections to the sim-
ple man’s model do not depend on the internuclear distance.
Thus, we speculate that there is an electron-ion interaction that
decelerates the outgoing electron for an internuclear distance
of about 3 a.u. Such electron-ion correlations are inherently
included in our TDDFT simulation. A full understanding of
the microscopic mechanism that leads to the observed corre-
lations of electron and ion energy is beyond the scope of the
current work and warrants further research.

It is an important difference, as compared to the ex-
periment, that in Fig. 4(b) all electrons are shown. In the
experiment the measured electrons are detected in coincidence
with ions that predominantly dissociate via the 2pσu state.
However, TDDFT does not allow to distinguish the state of
the ion (e.g., 1sσg and 2pσu). As a result, the TDDFT result
misses the characteristic peaks for KERs below 3 eV that are
due to resonant coupling of 1sσg and 2pσu, which is due to
the absorption of photons from the driving laser field [32,49].
We expect, that the agreement of experiment and theory could
be further improved, if the final states would be projected to
the ionic 2pσu state, which is impossible using state-of-the-art
approaches.

IV. DISCUSSION

A microscopic reason for the observed correlation of elec-
tron energy and KER might be electron-electron interactions
[50]. We consider the excitation of the molecule to a neutral
excited H2 state and subsequently ionization via the 1sσg or
the 2pσu state to be unlikely, given that the KER is above
3.5 eV and that the average electron energy increases with
increasing KER (this is opposite to the expectation for energy
sharing) [51]. Alternatively, we speculate that our observa-
tions might be related to an antenna-like mechanism [52,53].
If the ponderomotive energy Up of the outgoing electron is
resonant to the energy spacing of the 1sσg and the 2pσu state,
then the electron can transfer this amount of energy to the H+

2
ion in a resonant process. The decelerated electrons form the
low-energy structure. For the CoRTC field that is used in our
experiment, the ponderomotive energy is close to 5.2 eV. If
the spacing of the 1sσg and the 2pσu state is higher than the
ponderomotive energy of the electron, then energy exchange
is very unlikely. This might explain why the low-energy elec-
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trons vanish for KERs above 6 eV. The sharp edge at a KER of
3 eV and the almost complete absence of low-energy electrons
for lower KERs is due to the fact that for these KERs resonant
few-photon transitions between 1sσg and 2pσu are dominant
(these are directly driven by the laser field). Another reason
why for low KER there is no energy exchange of electron and
ion is that low KER correspond to small spacings of 1sσg and
2pσu, which are not resonant to the comparably high value
of Up.

V. CONCLUSION

In conclusion, we have studied the strong field dissociative
ionization of molecular hydrogen. We observe a fingerprint of
an energy exchange of the liberated electron with its parent
molecular ion that occurs without recollision. We find that
for certain internuclear distances the outgoing electron has
an energy that is significantly lower than the ponderomotive
energy. The apparently missing electron energy equals the
energy spacing of the 1sσg and the 2pσu energy curve for
the internuclear distance that corresponds to the measured
KER of about 3.5 eV. We speculate that the electron might
transfer some of its energy to the H+

2 ion via a nonclas-
sical antenna-like mechanism [52,53]. This is in line with
our ab initio simulations that show a dependence of the

electron energy on the internuclear distance. Similar energy
transfer mechanisms are known for single photon processes
[54–56] but, so far, have not been observed in the strong field
regime.
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