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We experimentally investigate the dissociative double ionization of hydrogen chloride (HCI) molecules in
intense femtosecond laser pulses. In addition to the prompt dissociation channels which occur on femtosecond
timescales, long-lived hydrogen chloride dications which Coulomb-explode in flight towards the detector are
clearly identified in the photoion-photoion coincidence spectrum. Different pathways leading to these prompt
and delayed dissociation channels involving various bound and repulsive states of the HCI dication are discussed
based on the observed kinetic energy release and momentum distributions. Our results indicate that the specific
features of the HCl dication potential energy curves are responsible for the generation of the delayed fragmentation
channels, which are expected to be general processes for the hydrogen halides.
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I. INTRODUCTION

When exposed to a strong laser field, a molecule can be ion-
ized through multiphoton [1-7], tunneling [8—14], or over-the-
barrier ionization processes [15], resulting in a certain charge
state that may be dissociative and lead to the fragmentation
of the molecular ion into several pieces. Among the abundant
laser-driven phenomena in molecules, the dissociative double
ionization exhibits a lot of intriguing characteristics, one of
which is the unexpected enhanced double ionization rate from
nonsequential double ionization [16—18]. For double ioniza-
tion, enormous efforts have been made to explore the correlated
dynamics for both the momenta and the kinetic energies of
the two freed electrons [19,20]. Meanwhile, a lot of insights
were gained for the molecular dynamics in the present of well-
controlled laser fields utilizing advanced coincidence detection
techniques [21,22]. The population of specific electronic states,
thus the reaction quantum path in molecular systems, can be
effectively manipulated by controlling the laser fields [23]. The
rich structure of molecules gives rise to even more degrees of
freedom for the dynamical manipulation.

Hydrogen chloride (HCI) [24] and its isotope DCI [25,26]
have drawn lots of attention in the realm of strong-field physics
due to their large dipole moments, well-studied potential en-
ergy curves (PECs), and rich fragmentation dynamics [27-29].
The tunneling contribution of the highest occupied molecular
orbital (HOMO) and of the next lower-lying highest-energy
molecular orbital (HOMO-1) can be distinguished for HCI,
due to their distinct profiles and large difference of the binding
energies [24]. The doubly ionized HCI molecule, which can be
regarded as a prototype of heteronuclear molecular dication,
still holds surprising, unique properties. In most cases, the
field-induced molecular fragmentation from a dissociative
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state occurs on femtosecond to picosecond timescales [30,31].
However, there exist some metastable states characterized by
deep minima in the PECs of the HCI**. The lifetime increases
for the lower vibrational states of these metastable states and
can reach nanosecond or microsecond timescales [32]. By
removing the electrons in low-lying molecular orbitals, excited
electronic states can be populated that might lead to delayed
fragmentation for HCI molecules.

In the present work, the dissociative double ionization of
hydrogen chloride molecules in femtosecond laser fields is
investigated utilizing coincidence momentum imaging tech-
niques. The neutral molecules are doubly ionized in the strong
laser field by removal of two electrons and then the molecular
dications dissociate through various pathways. Besides the
laser-induced molecular fragmentation from a dissociative
state which occurs on femtosecond timescales, molecular
dications with long lifetimes ranging from nanoseconds to
microseconds are also detected in our experiments. For the
long-lived dications, the three-dimensional (3D) momentum
distributions are found to be isotropic regardless of the laser
field polarization. The delayed fragmentations from hydrocar-
bon dications in femtosecond laser fields have been observed
in previous studies [33,34]. Our results demonstrate that such
phenomena do not exist only in organic compounds such as
C,H, and C,H, but also in inorganic molecules.

II. EXPERIMENTAL SETUPS

The measurements were performed in a standard cold target
recoil ion momentum spectroscope (COLTRIMS) [35,36]
which is schematically illustrated in Fig. 1(a). Femtosecond
laser pulses (25 fs, 790 nm, 10 kHz) produced from a multipass
amplifier Ti:sapphire laser system propagates along the x
direction and are focused onto a supersonic gas jet in the
vacuum chamber by a concave reflection mirror ( f = 75 mm).
The molecular beam is produced by coexpanding a mixture of
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FIG. 1. (a) Schematic diagram of the experimental setup. The
laser-induced dications are accelerated by a weak electric dc field
and the fragments are detected in coincidence by the detector at the
end of the spectrometer. (b) Relevant potential energy curves and
vibrational levels of the HCI** dication (adopted from [32]). The
gray band indicates the Frank-Condon vertical transition region for
the photoionization of neutral hydrogen chloride.

5% HCI and 95% He through a 30-um nozzle with a driving
pressure of 1.1 bar. The intensity of the linearly polarized
laser field (polarized along the y direction) is estimated to
be around 3.4 x 10'* W/cm?. In order to trace the pathway
of various dissociation channels, the polarization of the laser
pulses is adjusted to be elliptical by using a half-wave plate
and a quarter-wave plate. The peak intensity and ellipticity of
the laser field are measured to be  ~ 9.0 x 10'* W /cm? and
& ~ 0.72, with major and minor polarization axes along the y
and the z axis, respectively. Such an ellipticity is selected to
optimize the data statistics and the momentum resolution in
the measurement [36,37]. For the laser intensities used in this
work, the Keldysh parameters are estimated to be smaller than
1 (the ionization potential of HCl is about 12.75 eV [24]); thus
it lies in the tunneling ionization regime.

In our experiment, the dissociative double ionization of
hydrogen chloride molecules is explored by detecting the
ionic fragments in coincidence. The ions ejected from the
multiply ionized molecules are accelerated and guided by a
weak homogeneous static electric field (~14.2V/cm) and
are detected by a time- and position-sensitive microchannel
plate detector at the end of the spectrometer. The 3D mo-
menta of the detected ions are retrieved from the measured
time of flights (TOFs) and positions of the impacts. Atomic
units (a.u.) are used throughout this paper unless otherwise
specified.

III. RESULTS AND DISCUSSIONS

The photoion-photoion-coincidence (PIPICO) spectra of
HCI for the dissociative double ionization channel is plotted
in Fig. 2(a). The Coulomb-explosion channel HCl — H* +
CIt + 2¢™ is denoted as HC1 (1,1) in the following discussions.
Two channels can be distinguished from the long parabolic
PIPICO curve: the prompt fragmentation channel that dom-
inates the yield of H* ions for the TOF smaller than about
1150 ns, and the long-tail distributions that extend beyond
1300 ns. These two channels overlap in the TOF region
between 1150 and 1300 ns and can be clearly distinguished
based on their inherent separation in the PIPICO which is
shown in Fig. 2(a). Note that the long PIPICO curves are
observed for both H¥Cl and H*'Cl. Here we focus on the
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FIG. 2. (a) The PIPICO spectrum of the hydrogen chloride
molecules for the dissociative double ionization channel, i.e., the
HCI (1,1) channel, induced by linearly polarized femtosecond laser
pulses at the laser intensity of 3.4 x 10'*W/cm?. (b) The ion
yield as a function of the TOF and the y position. The red arrow
indicates the position of hydrogen chloride dications. (c) Retrieved
survival time distributions of the hydrogen chloride dications fit-
ted with an exponential function of 288.8 exp[—(1.43 £ 0.067) x
103 ns~! x 7].

H*CI which exhibits larger natural abundance (around 75%).
According to previous studies on the dissociative double
ionization of hydrocarbon molecules in intense laser fields
[33], the long PIPICO curve may indicate high kinetic energy
release (KER) during Coulomb explosion. However, the TOF
of either the H or the CI™ corresponding to high KER only
extends in one direction as shown in Fig. 2(b), which infers
a different mechanism [38—40]. Moreover, when calculating
the KER for the long PIPICO curve based on the assumption
that the fragmentation is formed on femtosecond timescales,
the resulting KER ranges extend from several eV to hundreds
of eV as the TOF of H increases, which is counterintuitive.
On the other hand, a long PIPICO curve can likely be formed
when there is a delay between the ionization and the Coulomb
explosion; i.e., fragmentation occurs during the flight of the
long-lived HCI2* to the detector. Based on this, we solved the
Newton’s equations of motion for the charged fragments in the
weak dc field of the spectrometer to obtain the time interval
between the double ionization and the fragmentation [33]. The
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FIG. 3. (a) The momentum distributions of the ionic fragments in
the y-z plane and (b) the corresponding KER spectrum for the prompt
Coulomb-explosion channel in linearly polarized femtosecond laser
fields. The three distinct peaks centered around 5.7, 7.0, and 8.2 eV
are marked as peaks I, II and III, respectively. (c,d) The same as (a,b)
but for the delayed fragmentation channel. The red arrows in (a,c)
indicate the polarization direction of the laser field.

initial momentum of the dication is assumed to be zero in the
calculation. Before fragmentation, the dication flies towards
the detector as a whole. When fragmentation takes place, the
HCI?** dication breaks into H* and C1* ions which fly towards
the ion detector and hit at different times and positions. The
two fragment ions fulfill momentum conservation to ensure
coincidence selection in the off-line data analysis. In this case,
the neutral HCI molecules are doubly ionized by the laser field,
and the dications afterwards dissociate after a nanosecond to
microsecond lifetime. Note that such a “delayed channel” is
also obtained when using elliptically or circularly polarized
femtosecond laser pulses, which will be discussed elsewhere.

The momentum distributions in the y-z plane and the KER
spectra are shown for the prompt and the delayed Coulomb-
explosion channels in Fig. 3. Laser-induced molecular frag-
mentation from a dissociative state forms the prompt channel
which occurs on femtosecond timescales. For this channel,
distinct ring structures can be observed in the momentum maps
in Fig. 3(a). These ring structures form the peaks in the KER
spectrum centered around 5.7, 7.0, and 8.2 eV (marked as I, I,
and IIT) shown in Fig. 3 (b). As shown in Fig. 4(a), we note that
the yields corresponding to the KER peaks I and IT in Fig. 3(b)
exhibit broad angular distributions with more events being
detected along the polarization direction, while the higher KER
components beyond 8 eV show narrower angular distributions
around the y direction. Both the angular and the KER distribu-
tions agree fairly well with previous measurements performed
in few-cycle near-infrared laser fields [25,26]. The angular
distributions for peaks I-III can be attributed to orientation-
dependent ionization of the HCI molecules. Here, we focus
on the dissociative double ionization of HCI in strong laser
fields where several excited states of HCI>* are involved. The
relevant PECs of the HCI** are plotted in Fig. 1(b) [32].

B s
10 270
102 —g
E 8 180
10 Y4
90
4;
Py 1 o
-f80 -90 0 90 180 -4 -2 2 4
¢ (deg) pz,. (a.u.)
(C) —+—6<KER<7.5 (d) —<—6<KER<7.5
o —s— 4 <KER< 6 —4—7.5 <KER <9 k] —u—4 <KER< 6 —4—7.5<KER<9
@ 1.0r : 21.0
> I % > [
3 A Bn 3 AR
= Wi N 4R
=0.5 2 A, =0.5 \ by
: £
200 Py >0 z°00  PY'<0
4 2 0 4 z 2 0 2
pz,, . (a.u) pz. (a.u.)

FIG. 4. (a) The KER-dependent angular distributions of the ionic
fragments for the HCI(1,1) prompt channel in the polarization plane
(the y-z plane) in linearly polarized laser fields. (b) The KER-
dependent ion sum-momentum distributions along the z axis for the
HCI(1,1) prompt channel with the molecular bond oriented within a
cone of 45° about the y axis in elliptically polarized laser fields. The
projections over different KER ranges (as indicated in the figures) are
shown for the H" emissions to the (c) the +y direction and (d) the
—y direction, respectively.

The three lowest electronic states G =, ' A, ! ©) of the hydrogen
chloride dications are metastable states which are formed by
removal of two electrons from the HOMO. The repulsive state
311 is, however, formed by removal of two individual electrons
from the HOMO and the HOMO-1, respectively.

For the prompt HCI (1,1) channel, an elliptically polarized
intense laser field is also utilized to distinguish the dissociation
pathways by omitting the recollisional processes. The electrons
being freed by the laser field pointing along the major axis
will end up with a final momentum pointing along the minor
axis due to the angular streaking of the rotating electric field.
For the counterclockwise rotating electric fields, the electrons
with final momentum along the —z/ + z axis are generated
in the ionization events when the instantaneous laser field
points to the +y/ — y directions [12,41-43]. The convoluted
momentum distributions of the sequentially emitted electrons
are mapped on the ion sum-momentum distributions of the
correlated ions (i.e., pZsum = PZion1 + PZion2) according to the
law of momentum conservation of the breaking molecule.
Figure 4(b) shows the KER-dependent ion sum-momentum
distributions of the HCI1 (1,1) channel along the z axis (the
minor axis of the elliptically polarized laser field). To optimize
the signal-to-noise ratio and to maintain enough data statistics,
only fragment ions emitting within a cone of 45° with respect
to the y axis are considered here. Three distinct peaks around
0 and £1.8a.u. can be identified which indicate different
emission properties of the sequentially released electrons in
double ionization [41-43]. The distribution around pzgm =
0 a.u. results from the double ionization events when the two
electrons are ejected to the opposite directions. The two side
peaks centered at pzgm = *1.8a.u. are mainly contributed
by events where both electrons escape to the same side of
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the molecules. As shown in Figs. 4(c) and 4(d), the KER-
integrated ion sum-momentum distributions show asymmetric
distributions when we select the H* ions emissions to the
+y or to the —y directions. These asymmetric distributions
are mainly governed by the shape of the molecular orbital
from which the electron is emitted [41,42]. The HOMO of
HCl is a 7 orbital which is homogeneously distributed around
the H and the CIl nuclei while the HOMO-1 (a o orbital)
exhibits asymmetric distributions [24]. In Figs. 4(c) and 4(d),
comparing to that of the two lower KER regions (<7.5¢eV),
larger asymmetry is obtained for the high KER range
(7.5-9 eV), which indicates a possible contribution from the
HOMO-1 in the double ionization process. However, if the
two electrons are both from the HOMO-1, higher excitation
states [not shown in Fig. 1(b)] will be populated which will
result in disagreement in the KER distributions to the present
measurements. Thus for the dissociative double ionization
channel of HC1 which yields ions with KER >7.5 eV it results
from one electron being removed from the HOMO and the
other is removed from the HOMO-1.

The three peaks in the KER spectrum for the prompt channel
shown in Fig. 3(b) are expected to occur via different pathways.
As shown in Figs. 4(a), 4(c), and 4(d), for the KER range
between 4 and 6 eV [corresponding to peak I in Fig. 3(b)], the
broader angular distributions in the polarization plane (the y-z
plane) and the smaller asymmetry in the ion sum-momentum
distributions can be produced by removing two electrons from
the HOMO and the population of the launched nuclear wave
packet (NWP) on the ground state 3 X of the molecular dication.
By absorbing one extra photon, the NWP can be excited to the
31 repulsive state and dissociate into H* and CI* ions. For
peak II (corresponding to KER in the range of 6-7.5 eV), two
electrons are removed from the HOMO and the NWP is excited
to the ' A state; then the NWP can be further excited to the
311 state by field-induced coupling, where dissociation occurs.
For peak III (with KER beyond 8.2 eV), the relatively narrow
angular distributions in the polarization plane and the larger
asymmetries obtained in the ion sum-momentum distributions
indicate that the two individual electrons are removed from the
HOMO and the HOMO-1, respectively, accompanied by the
NWP being excited directly to the higher-energy regions on
the repulsive *IT state.

We now discuss the formation of the delayed Coulomb
explosion of the long-lived dication. The momentum distri-
butions in the y-z plane and the KER spectra of the fragment
ions retrieved for the delayed fragmentation channel are shown
in Figs. 3(c) and 3(d). Homogeneous angular distributions
are obtained. The ion yield peaks at around 5.1 eV for the
delayed channel. The relative channel strength of the delayed
channel over the prompt one is around 1.6%. An intuitive
explanation, as illustrated in Fig. 1(a), could be that the delayed
fragmentation occurs during the flight of the long-lived HCI**+
dication towards the detector. Due to the fact that the survival
time of the HCI** dication is much longer than its rotational
period (~1.6 ps), an isotropic angular distribution is expected.
Such a mechanism is consistent with the distributions of the H™
and the CI" ions covering a wide shadow extending from the
two fragments all the way towards the HCI>* spot on the TOF
spectrum [shown in Fig. 2(b)]. The survival time of HCI2* is
estimated by fitting the measured TOF signal to an exponential

decay function S(z) = Spe~*, and the results are shown in
Fig. 2(c). A decay rate of o = (1.43 +0.067) x 103 ns~!
corresponding to a lifetime of 698 & 30 ns is obtained.

Here we provide an indication of the possible mechanisms
behind the long lifetime of the HCI>* dications leading to the
delayed fragmentation process. The bound states of HCI**
can be populated directly by removing two electrons from
the HOMO in the presence of strong femtosecond laser fields.
The launched NWP can populate a vibrational state near the
dissociation threshold of the 3% or the ! A state, which exhibits
a small barrier at the internuclear distance around 2.4 A, as
illustrated in Fig. 1(b). The dications can then dissociate into
an H' and a CI* ion after a certain lifetime through tunneling.
As theoretically predicted in Ref. [32], the lifetimes of several
vibrational states of the 3% and 'A states lie on the same
timescale compared to our fitted results. The lifetime of the ! &
ground vibrational states is comparably small [32]; therefore
the contribution from ' ¥ to the slow deprotonation process is
insignificant in our experiment. Note that the main interaction
components have been taken into account in the lifetime
calculations, while some missing aspects can still affect the
final results dramatically. For instance, calculations according
to the potential energy curves have shown that the lifetimes of
the vibrational states are very sensitive to the exact landscape of
the potential energy curves [44]. Another possible mechanism
could be that the NWP in the excited ' A state transits to the
repulsive state 3IT via spin-orbit coupling [33,44,45]. Such
process can also yield fragment ions within the KER range
that we detected here.

IV. CONCLUSION

In conclusion, the dissociative double ionization of hydro-
gen chloride molecules in intense femtosecond laser pulses
has been experimentally investigated. Both the prompt and
the delayed dissociation channels were observed. Significant
differences have been obtained between these two channels in
both the momentum distributions and the KER spectra. Char-
acteristic angular distributions originating from orientation-
dependent ionization were detected for different KERs for the
prompt channel, while the angular distributions were almost
isotropic for the delayed fragmentation channel. Elliptically
polarized laser pulses were utilized to distinguish various
pathways for the prompt channel. The three KER ranges have
been attributed to dissociative double ionization pathways
involving laser-induced coupling from several excited bound
states towards the 3T repulsive state following dissociation on
ultrafast timescales. On the other hand, the observed long-lived
(nanosecond to microsecond timescales) hydrogen chloride
dications can be attributed to tunneling from the long-lived
vibrational states near the dissociation threshold of the *%
and the ' A bound states or spin-orbit coupling between the
bound and the repulsive electronic states. Our method based
on coincidence momentum detection can serve as a general
tool to explore the various dissociation pathways in molecular
dissociative double ionization, including the dissociation of
long-lived molecular dications. Similar phenomena are ex-
pected to be observed in other hydrogen halides, such as HBr
and HI.
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