
PHYSICAL REVIEW A 99, 023414 (2019)

Dissociative frustrated multiple ionization of hydrogen chloride in intense femtosecond laser fields
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The dissociative frustrated multiple ionization of hydrogen chloride (HCl) molecules in intense femtosecond
laser fields is investigated by employing the coincidence measurement technique in cold target recoil ion
momentum spectroscopy. Various dissociative frustrated multiple ionization channels caused by populating one
or two electrons to highly excited Rydberg states can be clearly distinguished for HCl in linearly polarized intense
laser fields. The excited charged fragmentations, depending on their occupied principle quantum numbers, can
be either directly identified forming a “knee” structure in the kinetic energy release spectrum, or singly ionized
by the weak electric field in the spectrometer, or by blackbody radiation after the conclusion of the laser pulse.
The inherent feature of the potential energy curves of HCl plays an important role in the strong-field dissociative
frustrated multiple ionization process.
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I. INTRODUCTION

Tunneling ionization is one of the most fundamental man-
ifestations of the interaction between strong laser fields and
atomic molecular systems such that the bound electron can
escape from the atomic and molecular potentials which are
dramatically distorted by the intense oscillating electric fields.
It built the foundation for a wide range of fascinating phe-
nomena in strong-field physics such as the high-harmonic
generation [1–7], nonsequential double ionization [8–12], and
electron diffraction [13–15]. In addition to the tunneling ion-
ization channel, there exists a neutral exit channel when atoms
or molecules are exposed to intense laser fields, i.e., the frus-
trated tunneling ionization (FTI) channel, where the ejected
electron cannot obtain enough drift energy from the laser field
to overcome the attractive Coulomb potential of the parental
nucleus and thus will eventually populate high-lying Rydberg
states [16–18]. The underlying physics related to FTI has been
explored not only for homonuclear diatomic molecules such
as hydrogen [19–23] and nitrogen [24] but also for complex
molecular and cluster targets [25–27]. There is a certain prob-
ability that the excited neutral or charged fragments formed by
recapturing of tunneled electrons can be directly detected by
the reaction microscope [20–27]. Moreover, the phenomenon
of two Rydberg electrons localizing at two nuclear cores has
been observed in argon dimer [28]. Although the dissociative
FTI has been observed for various targets, there are still a
lot of dissociative excited fragments with very high principal
quantum numbers that cannot be detected in a straightforward
way. These fragments can be ionized by the weak dc field
in the spectrometer or by blackbody radiation (BBR) before
they reach the detector and therefore contribute to the signals
of different final charged states [29–32]. As a result of this,
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experimental studies rarely appear for the molecular dissocia-
tive frustrated multiple ionization (DFMI) where the underly-
ing physics is yet unclear.

Hydrogen chloride and its isotopes have been investigated
as interesting systems with fascinating properties such as large
dipole moments in strong laser fields [33–35]. In this work, we
study the dissociative multiple ionization channels in HCl by
detecting the fragmentations in a reaction microscope when
the molecules interact with intense femtosecond near-infrared
laser pulses. Since the hydrogen can only be ionized to form
the singly ionized charge state, the multiple ionization of HCl
provides us an ideal covalent bond molecule to investigate
the multiple population of the electrons on the ejected chlo-
ride fragment. The coincidence measurement allows us to
unambiguously identify the DFMI signals through analyzing
the kinetic energy release (KER) and momentum angular
distributions for different final charge states.

II. EXPERIMENTAL SETUPS

The momentum distributions of the fragmenting electrons
and ions from HCl exposed to the intense femtosecond laser
pulses were measured in coincidence in a cold target re-
coil ion momentum spectroscopy (COLTRIMS) [36,37] as
schematically illustrated in Fig. 1. A beam of femtosecond
pulses (25 fs, 790 nm, 10 kHz) produced from a multipass
Ti:sapphire amplifier was focused onto a HCl molecular beam
(propagates along the y direction) by a concave reflection mir-
ror ( f = 75 mm) inside the vacuum chamber. The supersonic
gas jet was produced by coexpanding a mixture of 5% HCl
and 95% He through a 30-μm nozzle with a driving pressure
of about 2.0 bars. The laser field polarization was adjusted us-
ing a quarter-wave plate (QWP) and a half-wave plate (HWQ).
The peak intensities of the linearly and circularly polarized
laser fields in the interaction region were estimated to be
∼5×1014 and ∼9×1014 W/cm2, respectively. According
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FIG. 1. Schematic diagram of the experimental setup.

to the first ionization potential of HCl (about 12.7 eV), the
corresponding Keldysh parameters for the linear and circu-
lar polarization conditions were estimated to be ∼0.48 and
∼0.35, both lying in the tunneling regime. In the spectrom-
eter, the emitted ions were accelerated by the static dc field
(∼22.2 V/cm), and a homogeneous magnetic field of 13.0 G
was applied to guide the electrons. On the other hand, the pro-
duced excited neutral fragments in the dissociative frustrated
ionization of HCl can also be detected if they fly toward the
ion detector and exhibit initial energies larger than the work
function of the microchannel plate (MCP) [20]. Other neutral
fragmentations with lower energy or larger incidence angle on
the MCP cannot be effectively detected. Three-dimensional
(3D) momentum distributions of the fragmentations can be
reconstructed from the times of flight (TOFs) and the positions
of the impacts in the postanalysis procedures.

III. RESULTS AND DISCUSSIONS

Figure 2(a) shows the measured ion yield from HCl as
a function of TOF and y position when the laser field is
linearly polarized along the y axis. Besides the major signal
distributions around the TOFs of 2253, 2752, and 3891 ns,
corresponding to dissociative fragments of Cl3+, Cl2+, and
Cl+ from HCl, there exist special distributions extending from
the main distributions of, e.g., the Cl(q+1)+ fragment, all the
way toward the lower charged state of Clq+, as pointed out
by the blue dashed arrows in Fig. 2(a). In this plot, we obtain
two pairs of such distributions between the Cl+ and the Cl2+

peaks (located between 2752 and 3891 ns), of which the outer
line extends within the displacement of about ±2.8 mm to
±5.5 mm in the y direction (indicated by the “Cl+∗ → Cl2+”
in the figure) while the inner pair lies at smaller y positions
with |y| < 2.8 mm. Another pair of the extension can be
distinguished between the signals at about 2253 ns (Cl3+) and
2752 ns (Cl2+) which is indicated by the “Cl2+∗ → Cl3+”.
Moreover, there is a long linear distribution starting from
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FIG. 2. (a) Ionic yields as a function of times of flight and
displacements in the y direction from HCl interacting with linearly
polarized femtosecond laser field. The polarization direction is indi-
cated by the red arrow. A couple of postpulse ionization channels for
the highly excited ion fragments are pointed out by the blue dashed
arrows. (b) The PEPICO spectrum of the HCl(1, q∗ → q + 1) chan-
nels (q = 0, 1). (c) Retrieved survival time distributions of the chlo-
ride ions from the HCl(1, q∗ → q + 1) channels (q = 0, 1).

the Cl+ peak (around 3891 ns) and occupying the long TOF
region along the y = 0 axis (indicated by the “Cl∗ → Cl+”).
Within all these elongated distributions, the inner line pair
(with smaller displacements in the y direction) between the
TOF of the Cl+ and the HCl2+ (which is close to the TOF of
Cl2+) can be attributed to the delayed Coulomb explosion of
the long-lived HCl2+ ions during the flight to the detector [38].
The outer line and other extended distributions are, however,
formed through a different mechanism which will be focused
on through this paper.

In the strong-field dissociative ionization of HCl molecules
by using linearly polarized femtosecond pulses, there is a
certain probability that the released electrons driven by the
external electric field be finally recaptured by the extending
Rydberg orbitals of the dissociating compounds. These re-
captured electrons can occupy highly excited Rydberg states
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localizing very close to the ionization threshold. If the elec-
trons populate the states with high principle quantum num-
bers, they have a certain chance to be ionized by the dc field in
the spectrometer or by the BBR before they reach the detector
[29,31]. To provide a rough estimation, the lowest principle
quantum number of a neutral Rydberg state (nF ) being ionized
can be calculated using the saddle-point approximation of the
field ionization threshold which is expressed as Fdc = 1/(9n4

F )
in atomic units [29,39], where Fdc is the field strength. For
Fdc = 22.2 V/cm, Rydberg electrons with n > nF = 70 can
be freed through over-the-barrier or tunneling ionization for
neutral Rydberg atoms. For the case of charged Rydberg
states, the influence on the charge needs to be considered
as Fdc = Z3/(9n4

F ) where Z represents the charge state [40].
On the other hand, the influence from the photoionization by
BBR mainly dominates the very long emission times and the
induced ionization rate would be orders of magnitude lower
than that induced by the dc field in single ionization [29,31].
In the measurements of multiple ionization the influence from
BBR radiation is very limited, and thus will be neglected in
the following discussions.

Starting from two extreme cases, one possibility is that
the dissociative excited fragments Clq+∗ are formed by elec-
tron recapture to the chloride core ionized by the dc field
immediately after the interaction with femtosecond laser
pulses; then the outcoming ion TOF will be the same as
that of the Cl(q+1)+. On the other hand, there is the pos-
sibility that the excited fragments Clq+∗ are ionized right
before they arrive at the ion detector; thus the detected TOF
will be the same as that of Clq+. The fragments which
are dc field ionized in between these two extreme cases
will occupy the linear distributions between the TOF peaks
of Clq+ and Cl(q+1)+ as shown in Fig. 2(a). In particular,
for the case of q = 0, the dc-field-ionized fragments Cl+

(Cl∗ → Cl+ + e−) will take a longer flight time toward the
detector compared to the Cl+ fragments generated in laser-
molecule interactions since dc field acceleration is absent for
neutral particles, which can explain the linear extension of
the Cl∗ → Cl+ process. All the above-mentioned processes
involving electron-recapture-induced excitation and postpulse
field ionization can be formulated as HCl → H+ + Clq+∗ +
(q + 1)e− → H+ + Cl(q+1)+ + (q + 2)e−, and will be de-
noted as HCl (1, q∗ → q + 1) channels. In our experimental
technique, 4π sr acceptance angle can be achieved for the
detection of higher-order excited fragmentations, while the
acceptance angle of neutral excited particles is limited to a
small range (0.9π sr) [20]. In this sense, reaction microscopy
provides a power tool to explore the DFMI process in complex
molecules.

One of the questions related to the DFMI is when would the
dissociative highly excited fragments Clq+∗ be ionized during
their flight toward the detector. This can be retrieved from
measuring the photoelectron photoion coincidence (PEPICO)
spectra. As displaced in Fig. 2(b), the long-lived highly
excited fragments Clq+∗ can be easily distinguished with
diagonal distributions. Due to the extremely low signal rate
of the higher charged channels, only the HCl (1, 0∗ → 1) and
HCl (1, 1∗ → 2) channels will be discussed here. The sur-
vival time of the fragments Clq+∗ can be estimated as Telec–T0,
where T0 is the most probable TOF for electrons released

in the strong-field ionization (here T0 = 36 ns); Telec is the
measured TOF of individual electrons. The retrieved survival
times of the fragments Clq+∗ in the HCl(1, q∗ → q + 1) chan-
nels (q = 0, 1) are plotted in Fig. 2(c). Compared to the early
measurements [29], the delayed ionization shown in Fig. 2(c)
is dominated by a single exponential decay that could stem
from dc-field-induced over-the-barrier or tunneling ionization.
Decay rates of 5.0×10−3 and 6.9×10−3 ns−1 can be obtained
for the HCl (1, 0∗ → 1) and the HCl (1, 1∗ → 2) channels by
fitting the data with an exponential formulism. In our study,
we did not observe significant contribution from the BBR
ionization which, in principle, occupies the signal at much
longer flying times.

On the other hand, one may ask about the influence on
the KER and momentum angular distributions by electron
recapture and the postpulse ionization processes in the DFMI
scenario. Figures 3(a) and 3(b) show the measured ion yields
for the HCl(1, q∗ → q + 1) channels (q = 0, 1) as a function
of the ion TOF and y positions which are selected based
on momentum conservation of the measured nuclear frag-
ments. The tiny recoil momentum of the ejected Rydberg
electrons from the dc-field-induced ionization of the Clq+∗
fragments is neglected here. The retrieved KER and mo-
mentum angular distributions are shown in Figs. 3(c)–3(f)
(the red solid curves). For comparison, the corresponding
results from the Coulomb exploded HCl (1, 1) and HCl (1, 2)
channels [i.e., the HCl → H+ + Clq+ + (q + 1)e− channels,
denoted as HCl (1, q)] measured under the same experimental
condition are shown by the black solid curves. We can see that
similar KER spectra and angular distributions were obtained
for the HCl(1, q∗ → q + 1) and HCl(1, q + 1) channels. The
KER distributions of the dissociative double ionization chan-
nel, i.e., the HCl (1, 1) channel, show nice agreement with
previous measurements driven by femtosecond laser fields
[35,38]. However, the fine structure cannot be well distin-
guished for the DFMI channels, which might be attributed
to the limited statistics of the acquired data. We can see in
Fig. 3(e) that the two channels exhibit similar narrow angu-
lar distributions along the laser polarization direction (along
90° and 270°) which indicate that the dissociation process
took place within a short timescale. This provides further
evidence for the suggested mechanism such that the electron
is populated to an excited Rydberg state when dissociation is
approaching its end; thus the modification on the ion KER
and its momentum angular distributions will not be signif-
icant. The situation is similar for the HCl (1, 1∗ → 2) and
HCl (1, 2) channels, as shown in Figs. 3(d) and 3(f). In brief,
the formation of the HCl(1, q∗ → q + 1) DFMI channels
(as shown in Fig. 1) can be described as follows: The HCl
molecule undergoes multiple ionization and dissociates into a
H+ and a Cl(q+1)+ ion when exposed to a linearly polarized
strong laser field. By populating an electron to the chloride
side, a highly excited fragment ion Clq+∗ can be formed. In
the case that Rydberg states with high principle quantum num-
bers are occupied, the excited fragment Clq+∗ can be further
ionized under the influence of a weak spectrometer field and
will emit a Rydberg electron that will thus be detected as
Cl(q+1)+. The similar angular distribution characters between
the HCl(1, q∗ → q + 1) and HCl(1, q + 1) channels show
that the dissociative fragments H+ and Clq+∗ are produced on
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FIG. 3. (a,b) Ionic yields as a function of TOF and y positions for the HCl(1, q∗ → q + 1) channels (q = 0, 1). (c,d) The KER spectra of
the HCl(1, q + 1) and the HCl(1, q∗ → q + 1) channels in linearly polarized laser field. (q = 0, 1). (e,f) Polar plots of the momentum angular
distributions for the HCl(1, q + 1) and the HCl(1, q∗ → q + 1) channels (q = 0, 1) in the polarization plane (the y−z plane).

a femtosecond timescale, which is a different scenario com-
pared to the delayed dissociative double ionization channel of
HCl [38].

Up to now we have discussed the DFMI channels related
to highly excited Rydberg states with large principle quantum
numbers. Then one may ask, what will happen to the disso-
ciative excited chloride fragments Clq+∗ with low principal
quantum numbers? These fragments surviving in the post-
pulse ionization will be detected in the HCl (1, q) channels.
Figures 4(a) and 4(b) show the measured KER spectra of the
HCl (1, q) Coulomb explosion channels in both the linearly
and circularly polarized laser fields. In Fig. 4(a), we can see
clear “knee” structures showing at the high-energy side of
the main peak for the HCl (1, q) channels. Interestingly, the
knee structure from the HCl (1, q) channels approximately
lines up with the main peak of the HCl(1, q + 1) channels,

which is manifested by the green guiding dashed lines in
the plot. This indicates that the signal in the knee structure
may be from the surviving highly excited DFMI channel with
lower principle quantum numbers. Sudden localization of the
Rydberg electron to the chloride core did not initiate signif-
icant modification on the KER distributions which indicates
that the Rydberg population may take place approaching the
end of the dissociation such that the potential energy curves
of involved final charge states do not exhibit much difference
[28]. The knee shape is absent in the circularly polarized case
as shown in Fig. 4(b) which provides a good verification for
the FTI assumption. This technique allows us to distinguish
the HCl (1, q∗) signal from that of the pure Coulomb exploded
channels HCl (1, q).

Finally, the cases where Rydberg electron localizing
on the hydrogen core, thus forming the DFMI channels
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FIG. 4. (a) The KER spectra for the HCl (1, q) (q = 1, 2, 3)
channels in linearly polarized laser field. (b) The same as (a) but for
circular polarization. (c) The KER spectra for the HCl (∗, 1) channel
in linearly polarized laser field (along z axis) and for the HCl (1, 1)
channel in both linearly and circularly polarized cases.

[HCl → H∗ + Clq+ + qe−, labeled as the HCl (∗, q) chan-
nel], will be briefly introduced. In our measurements we ob-
tain the signals for the HCl (∗, 1) channel, of which the KER
spectrum is presented in Fig. 4(c). The KER distributions
from the HCl (1, 1) channel are plotted in the same figure
for both linear and circular polarizations. By comparing with
the data from circular polarization, the knee structure can be
well recognized for both the HCl (1, 1) and the HCl (∗, 1)
channels. According to the above discussions on Fig. 4(a), the
KER distribution in the knee region of the HCl (1, 1) channel

can be attributed to electron recapture to the hydrogen core.
Interestingly, the knee structure around 11–14 eV obtained
for the HCl (∗, 1) channel could be from recapture of two
Rydberg electrons by both the chloride and the hydrogen
cores. In principle, the probability for such dual-recapture
hypothesis will be much smaller than that for the single-
recapture case, which qualitatively agree with the smaller
knee observed for the HCl (∗, 1) channel compared to that
from the HCl (1, 1) channel. The postpulse ionization of the
exited H∗ fragmentations by the dc electric field or by BBR
is not observed in the present experiment which might be due
to the fact that the principle quantum numbers occupied by
the H∗ fragments are too low. In general, our measurement
shows higher probability for the localization of the Rydberg
electron at the nuclear fragment with the higher charge state,
which agrees with early experimental studies on the multiple
electron recapture of the Ar dimer [28].

IV. CONCLUSION

In summary, we have investigated the DFMI of HCl in
intense femtosecond laser fields. By analyzing the KER and
momentum angular distributions for several final charge states
obtained in coincidence measurements, significant DFMI sig-
nals can be distinguished for linear polarization. The general
scenario of DFMI is found to be that the HCl molecules
undergo dissociative multiple ionization in the strong-field
regime while some of the tunneled electrons can be populated
to high-lying Rydberg states of the dissociating fragments. In
our measurement, electron recapture by both the chloride side
and the hydrogen side can be obtained. The excited charged
ions can be detected directly (when occupying states with low
principle quantum numbers) or will be ionized during their
flight toward the detector (when the states with high principle
quantum numbers are occupied) and are thus measured in
different final charge states. In the former case, a “knee”
structure can be formed in the KER spectra of which the
energy coincides with the KER distributions of higher charged
states. We find that the final KER distributions can be rarely
influenced by the electron recapture or by the postpulse ion-
ization processes. This might stem from the inherent feature
of the HCl molecule such that potential energy curves of the
involving charge states exhibit very small differences; thus
the sudden jumping between them caused by electron recap-
ture does not induce significant modification on the KER.
Our method based on coincidence measurement provides
a powerful tool to reveal the underlying physics of DFMI
processes in complex molecular systems.
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