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Abstract
We have studied the dissociative ionization of DCl in 4 fs laser fields at 720 nm central
wavelength using intensities in the range (1.3–3.1)×1014W cm−2. By employing the phase-
tagged velocity-map imaging technique, information about the angular distribution of deuterium
ions as a function of their kinetic energy and the carrier-envelope phase is obtained. On the basis
of the experimental data and semi-classical simulations, three regions are distinguished for the
resulting D+ ions with different kinetic energies. The one with the lowest kinetic energy, around
5–7 eV, is from dissociation involving the X-state of DCl+, populated through direct ionization
with the laser field. The second region, around 7–11 eV, originates from rescattering induced
dissociative ionization. Above 2×1014W cm−2 D+ ions with kinetic energies exceeding 15 eV
are obtained, which we ascribe to double ionization induced by rescattered electrons.
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1. Introduction

Short laser pulses of near single-cycle duration open the
possibility to control and trace even the fastest molecular
processes. In intense laser fields, the ionization of a molecule,
the recollisional excitation of a produced ion and its frag-
mentation can be controlled with the waveform of the electric
field [1]. The carrier-envelope phase (CEP) is a commonly
used parameter to tailor the electric field E(t)=E0 f(t)
cos(ωt+ψ), where E0 is the field amplitude, f(t) the envelope
function, ω the angular carrier frequency, and ψ the CEP. For
optical wavelengths the CEP permits to alter the waveform
with sub-femtosecond precision.

The effect of sub-cycle modifications of the electric field
on molecular processes is of interest both from a fundamental
coherent control point of view and in terms of applications of

charged-directed chemical reactions [2]. Additionally, such
studies also provide fundamental insight into strongly coupled
electron-nuclear dynamics, in particular when combined with
synchronized attosecond light pulses [3], and into correlated
processes such as non-sequential double ionization and how
they influence subsequent reaction dynamics [4]. The influ-
ence of the CEP on molecular dynamics has primarily been
studied for molecular hydrogen and molecular hydrogen ions,
both theoretically [5–13] and experimentally [14–25]. The
strongly driven electron-nuclear dynamics typically needs to
be described by quantum dynamical models beyond the
Born–Oppenheimer approximation, which remains challen-
ging for multi-electron molecules. Work on systems beyond
molecular hydrogen is therefore desirable, but has so far still
been limited. Experimental examples include the sub-cycle
control of the ionization and dissociative ionization of
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diatomic molecules such as O2 [26], CO [27–30], DCl [31],
and recently also of more complex molecules, including CS2
[32], N2O [33], C60 [34] and hydrocarbons [4, 35, 36].

The laser intensity is naturally an important parameter in
strong-field molecular processes. As an example, recent stu-
dies on H2 [37] and on hydrocarbons [4] have shown that the
peak intensity of a few-cycle pulse serves as a control para-
meter for the electron recollision induced population of
excited electronic states of the molecular ion. Another, more
extreme example at very high intensities shows that nuclear
reactions may be induced by CEP-controlled proton recolli-
sions in molecules [38].

With its large dipole moment, HCl and its isotope DCl
are interesting targets for strong-field ionization studies. The
potential energy curves and fragmentation channels of the
molecular ion have been well documented (see e.g. [39–41]).
The interaction with an intense few-cycle pulse leads to
tunnel ionization of DCl with the population of the X and
A-state of DCl+ [42]. Both states are stable and dissociation
of the molecular ion therefore has to occur through further
excitation (e.g. by electron recollision) and/or laser-induced
coupling to dissociative states. Akagi et al studied the dis-
sociative ionization of HCl in circularly polarized laser fields,
omitting electron recollision as an excitation mechanism [42].
Recorded molecular frame photoelectron angular distributions
permitted to identify different ionization paths, where the
ground X-state is produced by tunnel ionization from the
highest-occupied-molecular-orbital (HOMO), and the A-state
from the HOMO-1. Dissociation of the molecular ion via
bond softening [43] can occur through various photon number
pathways via laser-induced coupling of the A state with the
dissociative 22Σ+-state [42].

Theoretical studies suggested that due to the influence of
the permanent dipole moment, CEP-controlled, linearly
polarized few-cycle fields can also induce directionality in the
fragment emission in the laser-induced (bond-softening) dis-
sociation of the HCl+ ion [44]. Further investigations show
very large directionality of the D+ emission from DCl+ in
such laser fields at long wavelengths [45]. An experimental
investigation on the dissociative ionization of DCl with few-
cycle pulses at 720 nm was conducted at a peak intensity of
1.3×1014W cm−2 [31]. It was observed that the recollision
with the electron released in the tunnel ionization of DCl
leads to dissociation via excited states of DCl+. The CEP-
dependent directional emission of D+ and Cl+ fragments
occurs into opposite directions and the optimal CEP for a
certain direction is independent of the kinetic energy of the
fragments. This behavior was interpreted in terms of an
orientation dependence of the tunnel ionization of DCl in the
asymmetric few-cycle laser field [31].

Here, we report on extended studies on DCl, where the
dissociative ionization in 4 fs laser fields at 720 nm was
interrogated for several intensities. In contrast to the studies in
[31] the CEP was not stabilized, but instead measured pre-
cisely for every single laser shot. This phase-tagging approach
[46] provides an improved signal-to-noise ratio in measure-
ments of CEP-dependent molecular processes (see e.g.
[35, 36]). The emission of D+ ions from DCl was monitored

with velocity-map imaging (VMI) providing access to their
momentum distributions. The angular distribution as a func-
tion of CEP provides further insight into the population
mechanisms of excited states of the molecular ion.

2. Experimental approach

The phase-tagged VMI setup has been described in detail in
[47]. Briefly, a beam of 25 fs pulses centered at 790 nm with a
repetition rate up to 1 kHz is obtained from the frontend of the
Petawatt-Field Synthesizer at the Max Planck Institute of
Quantum Optics [48]. Few-cycle pulses are generated by
spectral broadening in a hollow core fiber in combination with
pulse compression with chirped mirrors. The resulting pulses
have a duration of about 4 fs and are centered at 720 nm. In
order to carry out the phase-tagged VMI experiments, the
beam is split into two arms, one is sent to a single-shot VMI
spectrometer [47] and the other directed to a single-shot phase
meter [49], which enables recording the CEP for every single
laser shot [46].

The linear polarized 4 fs laser beam is focused into the
VMI chamber and intersects with an effusive beam of DCl
molecules. The laser intensity is adjusted by a neutral density
filter and the peak intensity is estimated from the cutoff
energy of rescattered electrons from Xe recorded under
identical experimental conditions. The intensity fluctuation of
the 4 fs pulses is less than 10%. D+ ions resulting from the
laser–target interaction are projected by the electrostatic lens
of the VMI onto a microchannel plate (MCP)/phosphor
screen assembly and light flashes from the phosphor screen
are recorded with a complementary metal-oxide semi-
conductor camera at the full repetition rate of the laser. Here
the detector lies in the x–y plane, with the laser being polar-
ized along the y-axis. In order to select an ionic species, the
MCP voltage is gated by a high-voltage switch at a variable
delay with respect to the laser pulse. The gating time window
is about 150 ns. The phase-tagging approach permits to record
the CEP for each VMI image. The measured CEP has a
constant offset to the absolute CEP. In the post-analysis, the
recorded data for a CEP range of 2π is binned into 20 images.
Finally, the VMI images are inverted to extract a 2D cut
around the pz=0 plane from the 3D momentum distribu-
tions [50].

3. Theoretical method

Tunneling ionization is the very first and the most important
process for strong field and matter interactions. We describe
the process using a single-active-electron model. The single-
electron Hamiltonian is approximated

= + + +H T V r V r V r , 1Cl 1 D 2 C( ) ( ) ( ) ( )

with T the kinetic operator, / /V rDCl 1 2( ) the potential of the
active electron due to the interaction with Cl/D ions and r1/2
the distance of the electron to the Cl/D nucleus. The term

a= /V r r rErf ,C ( ) ( ) a positive potential, is introduced to
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compensate the spurious Coulomb interaction when the DCl
is in the united atom limit with r being the distance from the
electron to the geometrical center. VCl is calculated from
density functional theory with self-interaction correction [51].
We chose α=0.48 since the ionization potentials of HOMO
and HOMO-1 obtained from the model potential are in good
agreement with the reported ones [52]. With the diatomic
molecular model potential we calculate the ionization
probabilities of DCl in a 5 fs Gaussian pulse (static field) by
solving the time-dependent Schrödinger equation in spher-
oidal coordinates [53, 54]. The Cl atom is assumed to be
placed in the positive direction of the molecular axis. The
orientation dependent ionization probability mimics the π

orbital electron density with minimum along the molecular
axis and maximum in the perpendicular directions. Due to the
unbalanced electron nuclear core interaction, the ionization
probability reaches a maximum at about θ=60°.

We assume that the orientation dependent tunneling
ionization rates are expressed as

q q=R E R R E, , 21 2( ) ( ) ( ) ( )

with R1(θ) the orientation dependent part, which is propor-
tional to the ionization probability calculated above and R2(E)
the field strength dependent part, which is calculated by the
modified atomic tunneling ionization model [55]. Note that in
reality, the orientation dependent ionization rates also depend
on the peak intensity. Thus the total ionization probability of
DCl in an oscillating field can be expressed as
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Here f is the CEP. The laser intensity and CEP information is
included in E(t) , which can be expressed as E(t)=E0 f(t)
cos(ωt+ψ). From a symmetry point of view, the dissociation
DCl+→D+Cl+ occurs through a σ orbital, or the
HOMO-1 orbital. From earlier results obtained for DCl
[31], we can infer that the dissociation is not sensitive to the
CEP, thus we calculate the dissociation yield on the up/down
half-sphere as
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Here we assume the dissociation rate is proportional to cos2θ
since the major dissociation channel correlates with the
HOMO-1, a σ state. The asymmetry parameter is defined as
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Similarly, the rescattering induced double ionization
probability is estimated as
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Here Pres is the rescattering electron impact ionization
probability, which includes two simulations. We first calcu-
late the returning electron energy and impact parameter from
a semi-classical simulation and then calculate the impact
ionization probability by using an empirical ionization cross
section as in [56]. With P++(θ, f), the asymmetry parameters
due to rescattering induced double ionization can be obtained.

4. Results and discussion

4.1. Momentum distributions and kinetic energy spectra of
D+ ions

Momentum images and the corresponding angle integrated
energy spectra of D+ fragment ions from the dissociative
ionization of DCl at several intensities are shown in figure 1.
These images are cuts through the 3D momentum distribu-
tions around pz=0 obtained by inversion. The background
signal below 8 a.u. (0.2 eV) is mainly from leakage of the
neighboring H+ signal due to its close time of flight, therefore
it is subtracted from the D+ images.

For the lowest intensity we explored, the momentum map
is similar to what was observed in a previous study [31]. The
angular distribution of D+ ions peaks at about 60° with
respect to the laser polarization direction. This angle is in
good agreement with expectations for the tunnel ionization
from the degenerate HOMOs of DCl as further detailed
below. A few sharp rings are visible in the D+ momentum
distribution, which indicate contributions from several excited
states of DCl+. As the laser intensity increases, ions with
higher momenta are obtained. This becomes more obvious in
the energy spectra shown in figure 1(e). These spectra are
obtained from integration of the D+ momentum distributions
within an angle range of ±20° with respect to the y-axis. For
the highest intensity used in our study, peaks in a high kinetic
energy region (above 15 eV) can be distinguished, which lie
at around 16.8 eV and 19.3 eV. In the presence of the strong
laser field, the required energy for the population of highly
excited dissociative states of DCl+ can be acquired via elec-
tron recollision. The maximum recollision energy can be
classically estimated as 3.17 Up, where Up is the ponder-
omotive potential, defined as Up=I/(4ω2) (a.u.) for the laser
intensity I. Within the studied intensity range we obtain
maximum recollision energies between 20 eV
(1.3×1014W cm−2) and 47 eV (3.1×1014W cm−2). These
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energies are sufficient to populate the excited states of DCl+

and the intensity dependence of the maximum recollision
energy can explain the increasing peak height of higher
energy contributions in the D+ spectra in figure 1(e). By
inspection of the data shown in figure 1 we can conclude the
following: (i) dissociative ionization involving DCl+ is the
main channel for the production of D+ ions between momenta
of 33 and 54 a.u., and (ii) D+ ions with higher momenta
above 60 a.u. (kinetic energy above 15 eV), marginally
observed for the highest intensities, might arise from Cou-
lomb explosion of DCl2+.

4.2. Directional emission of fragment ions

The CEP-dependence of the directional emission of D+

fragments from the dissociative ionization of DCl is investi-
gated by analyzing the energy-dependent asymmetry para-
meter, which is defined as

f
f f
f f

=
-
+

+ -

+ -
A W

N W N W

N W N W
,

, ,

, ,
, 7( )

( ) ( )
( ) ( )
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with W being the ion kinetic energy, and N+(W,f) and N−(W,
f) being the yields in positive and negative py direction,
respectively. The resulting asymmetry maps are shown in
figures 2(a)–(c) for intensities of (1.3, 2.5 and 3.1)
×1014W cm−2, respectively. Experimental data are
obtained for CEPs from 0 to 2π. For better visibility, the
data from 2π to 4π are reproduced from the measured data.

Significant asymmetries within the energy ranges of the
detected species are observed. They vary as a function of
CEP, demonstrating the strong-field control of the processes

leading to the dissociative ionization of DCl. These processes
involve the ionization of DCl, electron recollisional excitation
and potentially also laser coupling between DCl+ states
during the dissociation. In contrast to the observation in a
previous study [31] (which employed phase stabilization
instead of phase tagging and therefore had limited signal-to-
noise ratio), the oscillation of the asymmetry parameter with
CEP for the D+ ions is found to be kinetic energy dependent.
Two major regions can be distinguished for D+ at about
1.3×1014W cm−2 (figure 2(a)), one at 5–7 eV and the other
at 7–11 eV, with a characteristic phase offset in the asym-
metry oscillation between them. The phase shift between the
above two regions can be clearly distinguished in the plot of
energy-integrated asymmetry parameters in figure 2(g). The
first region (5–7 eV) can be assigned to dissociation involving
the X-state of DCl+. The population of the X-state occurs
through direct ionization with the laser field, and the asym-
metry consequently peaks around CEP=0 at
1.3×1014W cm−2. The second region, found at higher
energies (7–11 eV) and exhibiting higher asymmetry values,
yields a phase shift in the asymmetry oscillation of about 0.2π
with respect to the low energy region (5–7 eV). Ions in this
region might originate from dissociation involving the A-state
of DCl+, populated by rescattering induced ionization. The
angular distribution of the asymmetry amplitude in the range
of 7–11 eV resembles the orientation-dependent ionization
probability of the HOMOs of DCl, which is shown in figure 3
and generally agrees with earlier observations [31].

With the intensity increasing, as shown in figures 2(a)–
(c), the amplitude of the asymmetry oscillation within the
energy region of 5–7 eV becomes smaller, and the maximum

Figure 1. (a)–(d) CEP-averaged momentum distributions of D+ ions from the dissociative ionization of DCl with 4 fs pulses at 720 nm at
intensities of (1.3, 1.9, 2.5 and 3.1)×1014 W cm−2, respectively. Note that the intensity uncertainty is around ±20%. (e) The corresponding
energy spectra for D+ for the above intensities, respectively. The spectra are normalized to the peak at 6.8 eV, the strongest peak observed.
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is shifted toward negative CEPs. Our simulation results
represent a similar trend for the asymmetry amplitude as a
function of laser intensity, with some discrepancy in the
absolute values, as shown in table 1. For sufficiently intense
laser fields, in which the DCl+ ions can be dissociated
completely at any CEP, the asymmetry amplitude would go to
zero. Table 1 shows this trend. The relative asymmetry phase
shift for this region can be attributed to a change in return
energy of the released electron as a function of intensity.

The third region with even higher kinetic energy
(>12 eV) is observed for intensities of 2.5 and
3.1×1014W cm−2. In this region, the asymmetry exhibit
high amplitude (up to about 30%) with its maximum at
around 0.63π. Such a phase shift with respect to direct ioni-
zation is indicative of a double ionization process induced by
rescattered electrons, see e.g. [33, 57, 58]. The separation of
the dissociation into three regions is further supported by the
plots of energy-integrated asymmetry as a function of CEP, as

Figure 2. (a)–(c) Asymmetry maps for D+ ions as a function of CEP and kinetic energy at intensities of (1.3, 2.5 and 3.1)×1014 W cm−2,
respectively. For better visibility, the data within 2π to 4π is reproduced from those from 0 to 2π. The sudden change close to the cutoff
region is due to the selection of an extra factor which is added to the denominator when calculating the experimental asymmetry parameter
(as is shown in equation (7)). Distribution of the absolute value of the asymmetry amplitude (d)–(f) as a function of angle and kinetic energy
for the intensities mentioned above. Here the angle is defined with respect to the laser polarization direction. These plots are symmetrized
around 0°. (g)–(i) Energy-integrated asymmetry parameters as a function of CEP for the direct ionization (DI), the rescattering induced single
ionization (RISI), and the rescattering induced double ionization (RIDI) regions, at the above intensities, respectively. The dashed curves are
the fitting results to a cosine function.

Figure 3. Polar plot of the energy-integrated (7–11 eV) asymmetry
derived from figure 2(d) and the calculated ionization probability
(solid line) from the HOMOs of DCl.
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shown in figures 2(g)–(i). There are clear phase shifts between
the three regions mentioned above.

The rescattering electron impact ionization probability in
equation (6) is about 7 orders smaller than the dissociative
single ionization at 1.3×1014W cm−2 and 5 orders smaller
at 1.9×1014W cm−2 in our simulation. This can be under-
stood as that although at 1.9×1014W cm−2 the maximum
returning electron energy is about 30 eV, higher than the
ionization potential (23.8 eV) of DCl+, the rescattering elec-
tron yield is very small since it is created by tunneling ioni-
zation at a half cycle before the laser field reaches its
maximum. In contrast, for electrons tunneling out at the peak
laser field and successively accelerated by the laser field, the
return energy is lower than the ionization potential. Thus, this
channel for intensities below 2×1014W cm−2 is negligible.
However, for higher intensities, double ionization is only
about 2 to 3 orders smaller than the dissociative single ioni-
zation. Therefore the contribution to the asymmetry parameter
is significant. The fragmentation after double ionization
results in a high kinetic energy of the resulting ions through
Coulomb repulsion. The rescattering electron energy is sen-
sitive to the CEP and the asymmetry parameters will therefore
peak at a different phase. Figure 4 shows the comparison
between measured and simulated asymmetry parameters for
rescattering induced double ionization at intensities of 2.5 and
3.1×1014W cm−2. Experimental data show a decreasing in
asymmetry amplitude for higher laser intensity, with almost
no phase offset. The theoretical results can reproduce the
tendency in the change of asymmetry amplitude, with
somewhat discrepancy on the phase offset. Here we use a
two-step simulation. Firstly, the average returning time and
returning energy are calculated by a semi-classic trajectory,
and then we assume that the ions are ionized at the returning
time with the returning energy. There is a sharp returning time

and energy for a relative low intensity. But for high intensity,
the returning electrons exhibit a broad energy distribution and
we do not have reliable cross section information to model the
process accurately. The amount of theoretical work will
increase dramatically if we trace all the trajectories. On the
other hand, the asymmetry parameters obtained from
experiment are higher than the theoretical values, as is shown
in both table 1 and figure 4. The way of processing the
experimental data might play a big role here. According to
equation (7), by removing larger background signal, the
resulting asymmetry parameter will show a higher value.
Besides this, the tendency in the asymmetry amplitude is well
reproduced by the calculations and qualitatively explains the
change of the asymmetry amplitude for high and low kinetic
energy regions for different laser intensities.

5. Conclusions

We have investigated the dissociative ionization of DCl in
intense few-cycle laser fields within the intensity range of
(1.3–3.1)×1014W cm−2. Significant CEP-dependent asym-
metries in the directionality of the ejection of D+ ions are
observed. By investigating the asymmetry parameter as well
as its angular distribution, we find the following mechanisms.
(i) Dissociation occurring after single ionization through
tunneling dominates the directional ion emission at 5–7 eV.
As laser intensity increases, the amplitude of the asymmetry
parameter in this region becomes smaller, which can be
explained by the decreasing of sensitivity to the CEP and the
molecular orientation for higher laser intensities. (ii) Excita-
tion of the molecular ion via electron rescattering generates
D+ ions with higher kinetic energy (7–11 eV). (iii) For
intensities above 2×1014W cm−2, D+ ions above 15 eV are

Table 1. Comparison of asymmetry amplitudes for the direct ionization channel (5–7 eV) at different laser intensities.

Intensities (×1014 W cm−2) 1.3 2.5 3.1
Asym. amp. (experiment) (6.2±0.3)% (2.1±0.1)% (0.9±0.05)%
Asym. amp. (theory) 2.3% 0.8% 1%

Figure 4.Asymmetry parameters obtained from experiment (a) and semi-classical calculation (b) for rescattering induced double ionization at
intensities of 2.5 and 3.1×1014 W cm−2, respectively. The dashed lines in (a) are sinusoidal fits to the data.
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observed and originate from rescattering induced double
ionization. With a simple semi-classical model, we can qua-
litatively explain the characteristics of asymmetry in this
region. Theory results predict a smaller amplitude for the
asymmetry oscillation for higher laser intensity, which agrees
with the experimental results. However, the phase shift
observed is not well-reproduced by the simulation. The
agreement at 2.5×1014W cm−2 is better on both asymmetry
amplitude and phase, which shows that our theoretical model
works well for intermediate laser intensities. For high inten-
sity, the returning energy has a broad distribution. With
reliable cross section information and tracing all the trajec-
tories, it will be possible to obtain a better theory prediction
for what we observed here.
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