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Abstract
Light-field driven electron localization in deuterium molecules in intense near single-cycle
laser fields is studied as a function of the laser intensity. The emission of D+ ions from the
dissociative ionization of D2 is interrogated with single-shot carrier–envelope phase
(CEP)-tagged velocity map imaging. We explore the reaction for an intensity range of
(1.0–2.8) × 1014 W cm−2, where laser-driven electron recollision leads to the population of
excited states of D2

+. Within this range we find the onset of dissociation from 3σ states of
D2

+ by comparing the experimental data to quantum dynamical simulations including the first
eight states of D2

+. We find that dissociation from the 3σ states yields D+ ions with kinetic
energies above 8 eV. Electron localization in the dissociating molecule is identified through an
asymmetry in the emission of D+ ions with respect to the laser polarization axis. The observed
CEP-dependent asymmetry indicates two mechanisms for the population of 3σ states: (1)
excitation by electron recollision to the lower excited states, followed by laser-field excitation
to the 3σ states, dominating at low intensities, and (2) direct excitation to the 3σ states by
electron recollision, playing a role at higher intensities.

Keywords: carrier–envelope phase, strong-field physics, electron dynamics, molecular
dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

Intense, laser pulses with well-defined waveforms have been
used to control and investigate sub-femtosecond electron
dynamics in atoms [1, 2], molecules [3], nano-systems
[4, 5] and solids [6–8]. The control over the electric field of the
light pulses permits the force acting on electrons on attosecond
timescales to be controlled [9]. An approach to interrogate
field-driven dynamics is to alter the carrier–envelope phase
(CEP) of few-cycle laser pulses interacting with the target.
The electric field of light pulses, e.g. given as E(t) = E0(t)
cos (ωt + φ), depends on the envelope function E0(t), the

angular frequency ω and the CEP φ, where for decreasing
pulse duration the CEP plays an increasing role in the pulse
waveform. The recent development of CEP-tagging [10–12],
where instead of stabilizing the CEP [13], its value is measured
for every single laser shot together with the data from the laser–
target interaction, has given rise to a significant improvement
in the signal-to-noise ratio of related experiments [14–16].
Here, we employ the technique in studies on the intensity
dependence of the dissociative ionization of D2 molecules in
near-single cycle laser fields.

The hydrogen molecule and its isotopes are model
systems in strong-field molecular physics and related studies
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have been a key in improving our understanding of the
interaction of strong fields with molecular targets. Since the
first experimental work on controlling electron localization
in the dissociative ionization of D2 in intense few-cycle
laser fields [17], further studies have been carried out on
molecular hydrogen and its isotopes using CEP-stabilized
few-cycle near-infrared [18–21] and mid-infrared pulses [22].
Sub-cycle control has also been achieved and investigated
with two-colour synthesized femtosecond pulses [23, 24],
angular streaking with circular polarized pulses [25] and
with a combination of attosecond extreme ultraviolet and
near-infrared pulses [26, 27]. With the advent of the CEP-
tagging technique, experiments have become possible on
hydrogen molecular ion beam targets [28, 29]. These previous
experimental studies on electron localization in molecular
hydrogen addressed the principal control mechanisms,
reaction pathways, and the wavelength and pulse duration
dependence of the control [3]. However, despite this significant
progress and theoretical predictions [30, 31], the intensity
dependence of the electron localization has not been
explicitly studied experimentally. Here, we study the intensity
dependence of the dissociative ionization of D2 molecules and
CEP-control of electron localization in the reaction. Using
near-single cycle laser pulses allows us to investigate a larger
intensity range as compared to the situation with longer pulses
[32], where significant double ionization occurs that hampers
the observation of the directional ion emission.

Many theoretical studies have addressed the mechanisms
of the sub-cycle control of electron localization (see e.g.
[30, 31, 33–38]). While the strong-field interaction with
the hydrogen molecular ion can be treated exactly with
quantum mechanical computations (see e.g. [29, 33, 34,
39]), this has been difficult for the interaction of strong
fields with neutral hydrogen molecules [36]. The development
of suitable theoretical models that accurately describe the
interaction of strong fields with neutral hydrogen molecules
and predict experimental results is thus very desirable. The
development of such models largely benefits from multi-
dimensional experimental data that provide rigid constraints
for testing the models.

The interaction of the neutral hydrogen molecule with
a strong laser field typically results in the generation of the
cation through an initial ionization by the laser field. Previous
experimental and theoretical studies have established that
electron localization in the dissociating hydrogen molecular
ion, which can be detected by the directional ion emission
upon its fragmentation, is induced by the coupling of odd
and even states by the laser field(s) [3]. The molecular cation
may also be formed from highly excited states of the neutral
molecule, which are populated by the laser and autoionize [27,
40]. The latter process has been studied in detail theoretically
by Martin and coworkers [27, 40–43] and has been invoked as
a possible explanation for the directional emission of fragment
ions in the dissociative ionization of molecular hydrogen in a
pump-probe experiment with attosecond extreme ultraviolet
and few-cycle near-infrared pulses [27].

The pathways which result in the population of excited
states of the hydrogen molecular ion can be controlled by the

laser pulse duration and intensity [44]. Many of the earlier
studies have focused on the low fragment ion kinetic energy
channels that correspond to dissociation by bond softening
(BS) [45] or through above-threshold dissociation (ATD) [21].
High-energy fragment ions can be created through population
of higher lying excited states of the cation. One route for the
population of the 2σ state of H2

+ and its isotopes and also of
higher lying states is the recollisional excitation (RCE) of the
ground state molecular ion with the laser-driven electron from
the initial ionization. Directional atomic ion (H+/D+) emission
at kinetic energies in the range 3–8 eV was assigned to this
dissociation pathway [17]. Although higher kinetic energies
for atomic ions from the dissociative ionization of molecular
hydrogen and its isotopes have been observed [17, 19, 22, 46],
the directional control of the ion emission at such energies has
not been reported.

Here, we use near-single cycle laser pulses of 4 fs duration
at 730 nm to study the dependence of the electron localization
in the dissociative ionization of D2 on the CEP and laser
intensity. We report on the observation of the directional
ion emission for D+ kinetic energies above 8 eV. Quantum
mechanical simulations show that dissociation from the 3σ

states of D2
+ is responsible for the observed CEP and laser-

intensity dependence.

2. Experimental approach

The experimental apparatus was discussed in detail in [47].
Briefly, few-cycle pulses are generated by sending a beam of
25 fs near-infrared pulses (centred at 790 nm) at a repetition
rate of 1 kHz through a hollow core fibre (HCF) and chirped
mirror compressor. The HCF is filled with 2 bar of Ne gas. The
compressor delivers 4 fs pulses centred at 730 nm that are split
by an 80/20 broadband beam splitter. The main part is sent to
a single-shot velocity map imaging (VMI) spectrometer and
the small portion to a single-shot stereo-ATI phasemeter [12].
Wedge pairs are installed in both beam paths for dispersion
compensation.

The linearly polarized 4 fs laser beam is focused onto
an effusive gas jet in the VMI chamber by a mirror with
f = 25 cm. The laser polarization is vertical (along the
y-direction) and parallel to the VMI detector plane (x–y).
A continuous variable neutral density filter served to adjust
the laser intensity. Electrons and ions from the laser–target
interaction are projected by the VMI electrodes along the z-axis
to the two-dimensional detector assembly consisting of micro-
channel plates (MCPs) and a phosphor screen (Hamamatsu
F2226–24P136). The light flashes on the phosphor screen are
recorded at a kHz rate with a complementary metal-oxide
semiconductor (CMOS) camera (GSVitec).

Typical D2 gas pressures used in the chamber are of the
order of 10−7 to 10−6 mbar with a background pressure of
about 5 × 10−9 mbar. The target gas pressure is adjusted for
different laser intensities to obtain moderate signal counts for
each laser shot and avoid space charge effects. The voltage on
the MCPs is gated by a high-voltage switch to record D+ ions.
For each laser pulse that is sent to the VMI, the CEP can be
obtained from the corresponding data point on the parametric
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asymmetry plot (PAP) [48] detected by the phasemeter. In
the data analysis, the obtained PAP is divided into 20 equal
angle ranges. The corresponding VMI images within the same
angle bin are summed up, resulting in 20 images for the CEP
range from 0 to 2π . Higher CEP resolution can be obtained by
choosing a larger number of bins. Note that the CEPs obtained
here are relative phases; there is a constant phase shift between
the pulses that are measured by the phasemeter and those in
the VMI spectrometer. The resulting VMI images are Abel
inverted [49], permitting slices to be extracted through the
3D momentum distributions (here we show slices at z = 0).
Laser intensities in the experiments are varied with a neutral
density filter and estimated by measuring the cutoff energy of
rescattered electrons from Xe under identical laser conditions.

3. Theoretical modelling

3.1. Model for the quantum mechanical simulations

In our simulations we assume a two-step process for the
creation of D+ ions in the intense laser field: (1) the formation
of ground state D2

+ from D2 by tunnelling ionization,
occurring at time t0, and (2) the dissociation of D2

+ in the
remainder of the laser field either directly from the ground
state of D2

+ or dissociation of D2
+ from excited electronic

states that are produced through recollision excitation when
the ejected electron returns to the parent core at time tr. The
returning time tr and the returning energy Er of the electron
are obtained by a semi-classical simulation [50]. Then the time
evolution of the D2

+ nuclear wave packet in the laser field can
be obtained by solving the following coupled channel time-
dependent Schrödinger equation (TDSE),

i
∂

∂t
�i,s(R, t) = Hi,s(R)�i,s(R, t) +

∑
j,s′

V j,s′
i,s (R, t)� j,s′ (R, t).

(1)

Here the index i or j stands for 1σ , 2σ , 3σ and π states and s (s′)
stands for the gerade or ungerade states, Hi,s(R) = −∇2/2 +
Ui,s(R) is the Hamiltonian associated with a given potential
curve Ui,s(R), and V j,s′

i,s (R, t) is the interaction between the i, s
and j, s′ states coupled by the laser field.

For a given initial state created at time tr, we propagate the
NWP (nuclear wave packets) in the IR field by equation (1).
When the IR field is over, the NWP can be expressed as

�(R) =
∑

i

∫
[Ci,g(E )χi,g(R, E ) + Ci,u(E )χi,u(R, E )] dE,

(2)

which depends on the initial condition, laser parameters and the
angle between the IR field and molecular axis. Here χi,g(R, E )

is the energy normalized continuum nuclear wavefunction for
a given dissociative energy E, and Ci,g is the amplitude.

We have not accounted for an energy shift due to the
screening effect from the ionized electrons [51]. If we assume
that the screening parameter (the Debye length) is λd =
20+5∗R2, the kinetic energy of D+ ions can shift by about 1 eV.
Deviations between the theoretical and experimental kinetic
energy spectra may originate from such screening effects.

Figure 1. The first eight potential energy curves of D2
+ used in the

simulation. The curves were calculated in prolate spheroidal
coordinates as detailed in [52].

For linearly polarized ultrashort pulses with the
polarization in vertical (up–down) direction, the electron
localization to the up or down direction with the dissociation
energy E is

Cup(E, t0) = 1

2

∑
i

|Ci,g(E ) exp[iδi,g(E )]

+Ci,u(E ) exp[iδi,u(E )]| (3)

and

Cdown(E, t0) = 1

2

∑
i

|Ci,g(E ) exp[iδi,g(E )]

−Ci,u(E ) exp[iδi,u(E )]|, (4)

where δi,g(E ) and δi,u(E ) are the phase shifts for the gerade
and ungerade states at a given dissociation energy E. The first
eight potential curves of D2

+, which lead to dissociation to
D(n = 1,2) states, where n is the principle quantum number of
hydrogen atoms, are shown in figure 1.

3.2. Direct IR field dissociation

If we assume that the deuterium molecule is ionized by the
laser field at time t0, then the initial condition for equation (1)
is �1σg(R, t0) = √

W (R, t0)χg(R), where W (R, t0) is the
molecular tunnelling ionization rate [53] at a given nuclear
separation R and time t0 with the over-barrier correction [54]
and χg(R) is the vibrational ground state wavefunction of D2,
assuming that the Franck–Condon principle is applicable in
the tunnelling ionization process. The dissociation probability
is calculated from equation (1) with the given initial condition
for each time t0, then the dissociation of the D+ ion to the
up/down direction is expressed as

Pdis
up/down(E ) =

∫
|Cdown/up(E, t0)|2dt0. (5)

Note that the D+ goes to the opposite direction of the localized
electron.
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(a)

(d) (e)

(b) (c)

Figure 2. (a)–(c) CEP averaged inverted VMI images for D+ ions in a 4 fs laser field at intensities of (1.0 ± 0.3) × 1014 W cm−2, (1.8 ±
0.3) × 1014 W cm−2 and (2.5 ± 0.3) × 1014 W cm−2, respectively. (d), (e) Energy spectra for D+ ions from D2 obtained for the laser
intensities indicated in the legend (in units of 1014 W cm−2) for experiments and simulations, respectively. For better visibility of the
high-energy tail, the spectra have been normalized to their values at 4 eV.

3.3. Recollision-induced dissociation

For recollision-induced dissociation, we assume that the
D2 is ionized by the laser field at time t0 and the
electron returns to the parent core after time tr, then
the initial condition for equation (1) is � j,s(R, t0 + tr) =√

Pj,s(R, tr) exp(−iH1σgtr)
√

W (R, t0)χg(R), where Pj,s(R, tr)
stands for the electron impact excitation probability to the j,
s states at R position and H1σg is the vibrational Hamiltonian
associated with the D2

+ ground electronic state. Similar to the
IR field dissociation, the dissociation of D+ to the up/down
direction is expressed as

Pres
up/down(E ) =

∫
|Cdown/up(E, t0, tr)|2 dt0 dtr. (6)

The D+ ions emitted to the up or down directions depend
on CEP and their kinetic energy. The asymmetry parameter Ath,
indicating the directionality of the emission, is then defined as

Ath(φ, E ) = Pup(φ, E ) − Pdown(φ, E )

Pup(φ, E ) + Pdown(φ, E )
. (7)

4. Results and discussion

4.1. Momentum maps and kinetic energy spectra of D+ ions
for different intensities

Momentum maps and kinetic energy spectra of D+ ions
obtained from the experiments for different laser intensities
are shown in figure 2. The momentum maps may contain
small contaminations of H2

+ ions from the ionization of
background H2 (which appears as a dot in the centre of

the momentum maps). Contributions below 0.2 eV are thus
neglected in our discussion. The strong peak around 0.7 eV
(see figure 2(d)) arises from dissociation of the D2

+ ground
state via BS. The contributions with radial momenta pr =
(px

2 + py
2)1/2 around 12 au correspond to this region. The

higher energy contributions above 3 eV (with pr above 25
au) arise from dissociation of excited states of D2

+ that
are populated by either the laser field or recollision with
the electron from the ionization of the neutral molecule
(RCE) or both. As inferred from the very broad angular
distribution, for the intensity range used in our study, (1.0–
2.8) × 1014 W cm−2, and near-single cycle pulses, the
population of the excited states by a process involving electron
recollision is dominating.

A contribution at around 2–3 eV is increasing above
2.5 × 1014 W cm−2 (see figure 2(d)) and filling the gap
between the peaks for BS and RCE, which we assign to a
combination of ATD [21] and enhanced ionization [55]. The
main change in the spectra that we focus on in the present
study is the observation of D+ kinetic energies above 8 eV. As
the intensity increases from 1.0 to 2.8 × 1014 W cm−2, the
recollision peak becomes broader and extends into a higher
energy region. This contribution has been observed as a weak
signal in studies on D2 with few-cycle pulses at 760 nm [17]
and at 2.1 μm [22]. Its intensity dependence and the directional
emission of D+ ions in this region, which are analysed below,
have, however, not been reported. Figure 2(e) shows D+ spectra
obtained from the simulations. As we elaborate below, the
simulations indicate that the contribution above 8 eV originates
from the dissociation of higher-lying excited states of D2

+.
Note that the current simulations do not contain contributions
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 3. (a)–(c) Experimental asymmetry of the D+ ion emission as a function of kinetic energy and CEP at intensities of (1.0 ± 0.3),
(1.8 ± 0.3) and (2.8 ± 0.3) × 1014 W cm−2. (d)–(f) Simulated asymmetry maps of the D+ ion emission for the experimental intensities.
(g)–(i) Asymmetry oscillations obtained for integration over the regions of RCE-I (black triangles and lines for experiments and simulations,
respectively) and RCE-II (red bullets and lines for experiments and simulations, respectively). The ranges for the RCE-I and RCE-II regions
are given in table 1.

from autoionizing states of neutral molecular hydrogen which
can also result in such high atomic ion kinetic energies [43].
The relevant Q3 and Q4 states, however, have long lifetimes
which reduces their importance for electron localization [42].

4.2. CEP-dependence of the directional D+ emission

The CEP- and energy dependence of the directional
D+ emission from the dissociative ionization of D2 in the
intense, near-single cycle laser pulses can be analysed with
the experimental asymmetry parameter Aex that is defined as

Aex(φ, E ) = (Yup(φ, E ) − Ydown(φ, E ))/

(Yup(φ, E ) + Ydown(φ, E )), (8)

where Yup/down(φ,E) are the yields within a certain angular
range in the up/down directions along the polarization axis.

Figure 3 shows a comparison between the asymmetry
maps Aex from the experiments and Ath from the simulations.
The experimental asymmetry is obtained by integrating the
ion yield over an angular range of ± 45◦ around the laser
polarization axis. The observed asymmetries for three selected
intensities of (1.0, 1.8 and 2.8) × 1014 W cm−2 oscillate with
CEP within the entire range of detected D+ energies and show
relatively complex behaviour.

Experimental asymmetry contributions for the BS channel
(below about 2 eV) are weak (less than ± 0.1) and they
qualitatively agree with those reported by Kremer et al for
4.4 × 1014 W cm−2 at 760 nm [20]. Since BS requires

the cation to first stretch towards the crossing point for a
one-photon transition from the ground to the excited 1σ u

state, BS can be suppressed with few-cycle pulses [56]. The
fact that we still observe a very strong BS peak in the
experiment with 4 fs pulses is likely due to the pedestal of
the pulse, which can reach up to about 10% in intensity.
The pedestal, due to its long effective pulse duration of about
25 fs, does not significantly contribute to the asymmetries and
reduces asymmetry contributions from the 4 fs pulses. Larger
asymmetries for BS have been reported for few-cycle pulses
in the mid-infrared [22], where the pulse duration provides a
better match to the timescale for BS.

In contrast to the asymmetry at low D+ kinetic energies,
for higher energies we obtained asymmetries of about ± 0.4
at an intensity of (1.3 ± 0.3) × 1014 W cm−2. The conditions
of the experiment at this intensity are close to the study of
Kling et al [17] using 5 fs pulses, where similar behaviour in
this energy range was observed, only with smaller asymmetry
amplitude ( ± 0.2). The difference in asymmetry amplitudes
is assigned to the different pulse durations in both studies.
The high energy part of the spectrum can be separated
into different regions. The first one, which from here on is
referred to as the RCE-I region, is centred around 6 eV up
to 1.8 × 1014 W cm−2 and 7 eV at higher intensity. The
present study also reveals a previously unobserved asymmetry
contribution beyond the RCE-I region (from here on referred
to as the RCE-II region), which exhibits a phase shift in its
CEP-dependent oscillation of about π with respect to the
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(a) (b) (c)

Figure 4. Simulated contributions from various D2
+ states to the D+ kinetic energy spectra for intensities of 1.0 × 1014 W cm−2 (a),

1.8 × 1014 W cm−2 (b) and 2.8 × 1014 W cm−2 (c). The data are volume and alignment angle averaged.

Table 1. Integration ranges for the RCE-I and RCE-II regions that were used to obtain the one-dimensional asymmetry data for experiments
and simulations in figures 3(g)–(i).

I = 1.0 × 1014 W cm−2 I = 1.8 × 1014 W cm−2 I = 2.8 × 1014 W cm−2

RCE-I Exp. 4–7.5 eV 3.7–7.3 eV 4–9 eV
Sim. 5–6.5 eV 5–7 eV 4–7.5 eV

RCE-II Exp. 8–9.5 eV 7.5–11.3 eV 9.5–11.8 eV
Sim. 6.5–8 eV 7–10 eV 9–10 eV

RCE-I contribution at (1.0 ± 0.3) × 1014 W cm−2. This
can be clearly seen from energy-integrated asymmetry plots
for these two regions in figure 3(g). The simulations, as shown
in figures 3(d) and (g), show the same pattern. The kinetic
energy ranges for the RCE-I and RCE-II contributions are
slightly lower in the simulations (potential reasons for the
deviation were discussed in section 3.1). This has been taken
into account in the integration ranges for the respective regions,
which are listed in table 1.

With increasing intensity, the observed energy range for
asymmetries increases and matches the range over which
D+ ions have been recorded for these conditions (see the
kinetic energy spectra in figure 2(d)). In particular, the
asymmetry contribution in the RCE-II region extends to about
12 eV already above (1.8 ± 0.3) × 1014 W cm−2. For the
highest intensity in our study, the experimental RCE-II region
is located in the range 9.5–11.8 eV, see figure 3(c) and table 1.
The phase offsets of the asymmetry oscillations with CEP in
the RCE-I and RCE-II regions are strongly dependent on the
laser intensity as can be seen from figures 3(g)–(i).

At and above 1.8 × 1014 W cm−2, the recollision energy
is sufficient for the direct population of higher-lying excited
states of D2

+ at 730 nm. Therefore, although the additional
contribution in the integrated D+ spectra is still small, the
asymmetry in the RCE-II region is assigned to dissociation
from these higher-lying states, where laser-induced coupling
of gerade and ungerade states after the population of these
states creates the asymmetry.

Although the absolute CEP has not been precisely
measured or assigned in our present study, the relative CEP
shift between the measurements for different intensities can be
analysed. The asymmetry oscillation near the spectral cutoff
in the RCE-II region can serve as a reference. With respect
to this reference, the asymmetry pattern for the RCE-I region
shifts towards larger CEP values with increasing intensity.
Furthermore, for intensities at and below 1.8 × 1014 W cm−2,
the asymmetry in this region does not show notable energy

Figure 5. Simulated dissociation yields through different D2
+ states

as a function of molecular alignment with respect to the laser
polarization axis for a laser intensity of 1.8 × 1014 W cm−2.

dependence, in agreement with an earlier study [17] carried
out at 1.2 × 1014 W cm−2.

To understand the physics behind these observations, we
analyse the simulation in detail by investigating the simulation
results before volume and molecular alignment averaging. We
find that (1) the lower energy D+ peak below 8 eV mainly
comes from 1σ , 2σ and 1π states while the high energy peak
above 8 eV mainly comes from 3σ states (see figure 4); (2)
the yield of 3σ increases as the alignment angle increases
and reaches a maximum at about 15 degrees and decreases
again as the alignment angle increases further, while the yield
of 1π states changes oppositely (see figure 5). According to
molecular tunnelling ionization theory [53], the tunnelling
ionization rate weakly depends on the alignment, and the
electron impact dissociation is isotropic if there is no influence
of an external field. For the dissociation from a given specific
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(a) (b)

(c) (d)

Figure 6. Momentum maps for the (a) amplitude and (b) phase offset (in rad) of the CEP-dependent part of the D+ ion emission at a laser
intensity of (1.0 ± 0.3) × 1014 W cm−2; (c) and (d) are the corresponding momentum maps for (2.5 ± 0.3) × 1014 W cm−2.

Figure 7. Phase differences between four groups of coupled excited
states of D2

+.

state the asymmetry parameters are always zero (conservation
of parity). To obtain an asymmetry, an external field is needed
to couple the gerade and ungerade parity states [57]. The total
dissociation probability weakly depends on the CEP. Thus,
when the 1π states (low D+ kinetic energy) are excited to the
3σ states (high D+ kinetic energy), the yield of D+ ions from
the 1π states is reduced while the one for dissociation via 3σ

states is increased.
For low intensities below 1.8 × 1014 W cm−2, the

returning energy is not high enough to directly excite the
D2

+ ground state to 3σ states, and the 3σ states can only
be populated by an additional laser-field-induced transition.
The field-induced transition results in a dipole-like ring that is
visible in the high energy part in figure 2(a). The phase offset
in the CEP-dependent asymmetry oscillation between the two
RCE regions can in this intensity range therefore be attributed
to the field-induced transition from 1π to 3σ states.

As the intensity increases, a larger electron yield with a
higher returning energy is obtained. The returning electron
can now also directly excite the D2

+ ground state to 3σ states.
As compared to the field-induced transition process occurring
for lower intensities, the 3σ states created by the recollision
process should be in phase with other states. For high intensity
the competition of the two processes, which are out-of-phase
and in-phase, results in a complicated phase relationship
between the asymmetries in the RCE-II region. Supporting
this interpretation, in figure 2(c), the high energy contribution
shows an isotropic (recollision-induced) and a dipole-like
(field-induced transition) ring structure, which demonstrates
the co-existence of the two mechanisms. When the intensity
is increased further, the direct RCE of the 3σ states is gaining
importance and the in-phase behaviour becomes dominant.

4.3. Angular distribution of the CEP-dependent D+ emission

In addition to the analysis presented above, our phase-tagged
VMI approach also permits investigation of the amplitude and
phase of the CEP-dependent part of the ion emission as a
function of px and py momenta. Here, for each position in
momentum space, the CEP-dependent yield can be fitted with
the following function [47, 58]:

A(px, py, φ) = A0(px, py) cos[φ + �φ(px, py)], (9)

where px and py are the coordinates in momentum space,
A0 is the asymmetry amplitude and �φ is the phase shift
of the asymmetry oscillation with CEP. Note that φ is the
phase measured by the phasemeter and has a constant offset to
the absolute CEP. The momentum images are binned (within
2 × 2 pixels) in the fitting to improve the signal-to-noise ratio.

The amplitudes A0(px, py) and phase shifts �φ(px, py)

of the CEP-dependent D+ ion emission are shown in figure 6
for laser intensities of 1.0, 2.5 × 1014 W cm−2. The
contributions with radial momenta around 12 au and 40 au
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Figure 8. Amplitudes of the asymmetry oscillations for the two RCE regions as a function of the laser intensity obtained from experiments
and simulations.

correspond to the BS and RCE regions. At an intensity of
1.0 × 1014 W cm−2 (figure 6(a)) no significant asymmetry
is observed in the BS region (which we explained above
by the role of the pedestal of the pulse). Only at higher
intensities, starting at around 2.5 × 1014 W cm−2 (figure 6(c))
an asymmetry within an angular range of ± 60◦ is visible that
is assigned to ATD. The RCE contribution to the asymmetry
has a very wide angular distribution. A small depletion is
observed along the polarization axis, which becomes strong at
2.5 × 1014 W cm−2 (figure 6(c)). The depletion goes along
with the formation of an asymmetry contribution at slightly
higher radial momenta with narrow angular distribution along
the polarization axis. This contribution is assigned to the
asymmetry being generated via a sequential process that
involves RCE with subsequent laser-field-induced transition
to the 3σ states. The dissociation energies of the 1σ , 2σ and
1π states are close to each other, so we cannot distinguish them
in the kinetic energy spectra. From the alignment behaviour
(figure 5) and the asymmetry amplitudes in figure 6(c), we
may, however, conclude that the rings corresponding to the
RCE-I region are mainly from dissociation via 1πg, while the
outer rings in the RCE-II region are from dissociation via 3σ u

and 3σ g states. The electron density of the 3σ u state is narrowly
distributed along the molecular axis.

Figures 6(b) and (d) show the phase offsets in the
CEP-dependent asymmetry oscillations corresponding to
figures 6(a) and (c), respectively. Phase offset changes between
the RCE-I and RCE-II regions further support that different
mechanisms are responsible for the population of the states.
A more detailed analysis based on our simulations is given
below.

4.4. Physical origin of the energy dependence of the
directional ion emission

It is easy to understand that the asymmetry of the D+ ion
emission oscillates with CEP with a period of 2π , as shown

in figure 3. In order to understand the origin of the energy
dependence of the asymmetry, we analyse the phases of the
nuclear wave packets.

The asymptotic NWP in equation (2) can be written as

χi,g(R, E ) → exp[ikR + iδi,g(E )] (10)

and

χi,u(R, E ) → exp[ikR + iδi,u(E )], (11)

where k = √
2μE, μ is the effective mass, δi,g (E) and δi,g (E)

are the phase shifts for the gerade and ungerade states. Thus the
electron localization to the up or down direction depends on the
CEP as well as the difference between the paired phase shifts.
Directions of D+ ion emission are opposite to the electron
localization direction. Figure 7 shows the phase difference
between four groups of coupled states as a function of the
dissociation energy. For the 1σ states, the phase changes by π

per 2 eV near the energy range around 6 eV. For a high energy
channel which originates from dissociation via 3σ states, the
phase shift changes by π in the less than 1 eV energy range.

4.5. Amplitude of the CEP-dependent asymmetry as a
function of intensity

Finally, we analyse the amplitude of the asymmetry
oscillation as a function of the laser intensity for the
RCE-I and RCE-II regions for both experimental data and
simulations (see figure 8). The experimental results show the
maximum asymmetry amplitude for both regions at around
1.3 × 1014 W cm−2, with an amplitude of 0.43 and 0.24 for
the RCE-I and RCE-II region, respectively. For higher laser
intensities, the amplitudes for both channels decrease with
increasing intensity. The simulation results show a similar
trend. Furthermore, in the simulation the asymmetry for the
RCE-I region is higher than for the RCE-II region, which is
in qualitative agreement with the experimental results. The
simulations predict slightly higher amplitudes for both RCE
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regions, but within the error bars of the experiments, hence,
the agreement is very good.

The asymmetry of the dissociation mainly associates with
the time at which the dissociative states are created in the laser
field, or the initial time in equation (1). For lower intensity,
some excited states can only be created when the returning
energy is high enough (occurring within a narrow CEP range),
which results in large asymmetry. For high intensities, the
returning energy is high enough to create the excited states at
almost any CEP. The yield of the excited states at different CEP
depends on the energy of the returning electron [59]. When
the returning energy is higher than the excitation energy (high
intensity case), the yields of the excited states at different
CEPs are almost identical so that the asymmetry vanishes.
This explains the decrease of the asymmetry with increasing
intensity.

Although the intensity dependence of the maximum
asymmetry is in reasonable agreement between the experiment
and the simulation, larger discrepancies still exist in the lower
intensity region. In the present semi-classical simulations,
the predicted maximum returning electron energy is 3.2 Up,
while the actual returning energy obtained from a quantum
simulation is around 5–6 Up [60, 61], much higher than the
semi-classically predicted one. Here Up is the ponderomotive
potential and depends linearly on the laser intensity and is
given as Up = I/(4ω2). Therefore, the present semi-classical
simulation underestimates the return electron energy in the
lower intensity region, and in turn underestimates the yield of
the recollision-induced dissociation from higher excited states.
In the simulation, the dissociation mainly comes from 1σ states
at the lowest intensity. The asymmetry parameter is smaller due
to the large energy gap between the two 1σ states (as shown
in figure 1). This results in a stronger mismatch between the
maximum asymmetry in experiments and simulations at the
lower intensities.

5. Conclusions

We presented experimental and theoretical studies on the
directional D+ ion emission from the dissociative ionization
of D2 as a function of the laser intensity. A high-energy tail
for the production of D+ ions with kinetic energies above
8 eV is clearly identified in our studies and traced back to the
dissociation from 3σ states of D2

+ that are populated through
electron recollision. The observed directional ion emission
and angular distribution of emitted D+ ions indicate that two
mechanisms are responsible for the population of the 3σ states:
(1) RCE with subsequent laser-field excitation dominating at
low intensities (below 1.8 × 1014 W cm−2) and (2) direct
RCE at higher intensities. A decreasing asymmetry amplitude
for the asymmetry in the ion emission from recollision-
induced excitation is found which is explained on the basis
of the variation of electron return energy with CEP. Our
studies complement earlier work carried out at lower intensity.
The observed mechanisms for the population of high-lying
excited states of D2

+ and phase offsets in the CEP-dependent
asymmetries between the mechanisms are also relevant for
such processes in other molecules.
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