
PHYSICAL REVIEW A 105, 043101 (2022)

Direct evidence of the dominant role of multiphoton permanent-dipole transitions
in strong-field dissociation of NO2+
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We study laser-induced dissociation of a metastable NO2+ ion-beam target into N+ + O+, focusing on
the prominent contribution by molecules breaking parallel to the polarization at high peak laser intensity
(∼1015 W/cm2). Our experimental results and time-dependent Schrödinger equation calculations show that,
contrary to commonly held intuition that electronic transitions always prevail, the dominant process underlying
this highly aligned dissociation is a multiphoton permanent-dipole transition involving only the electronic
ground state and leading to its vibrational continuum. Strong-field permanent-dipole transitions should thus
be considered generally, as they may play a significant role in other heteronuclear molecules. Moreover, their
role should only grow in importance for longer wavelengths, a trending direction in ultrafast laser studies.
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I. INTRODUCTION

Photochemical control is one goal at the heart of atomic,
molecular, and optical physics [1–5]. Intense, femtosecond
laser pulses possess fields comparable to the binding fields of
molecules’ valence electrons and temporal durations shorter
than typical molecular vibration and rotational periods. As
such, a multitude of studies over the past decades have es-
tablished these pulses as promising tools for manipulating
strong-field molecular processes and have gradually improved
our understanding of them; see, e.g., reviews [2,4–9] and
Refs. [10–17].

A framework for understanding the interactions of laser
pulses with small molecules has been realized in studies of
the simplest diatomic molecule, H+

2 [7,18]. All the main disso-
ciative mechanisms in this benchmark system, bond softening
[19], above-threshold dissociation (ATD) [20], etc., rely solely
on the laser-induced coupling of different electronic states.
Following the natural progression from simple to more com-
plex, we build upon this framework to explore strong-field
dynamics of multielectron molecules, applying the fundamen-
tal concepts developed in H+

2 studies. Among multielectron
systems, heteronuclear molecules present intriguing complex-
ities. For instance, their nonzero permanent dipole moments,
created by the offset between their centers of mass and charge,
allow transitions within the same electronic state to occur,
opening up more pathways for dissociation and control.

Several theoretical studies have noted that permanent-
dipole transitions can play an important role in strong-field
dynamics [21–37]. While the wealth of theoretical results is
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compelling, there has been little experimental consideration of
strong-field-driven permanent-dipole transitions. Few experi-
mental studies have highlighted strong-field permanent-dipole
transitions, and the existing work has been controversial or
did not present any direct evidence. For instance, Kiess et al.
reported the first experimental evidence of permanent-dipole
transitions in the benchmark heteronuclear diatomic molecule
HD+ [38], but this measurement lacked the ability to distin-
guish H and D fragments. Utilizing a coincidence technique,
McKenna et al. later attributed the same kinetic energy re-
lease (KER) peak to a one-photon bond softening mechanism,
which does not involve the permanent dipole moment [39].
Recently, Wustelt et al. [40] attributed an intensity-dependent
KER shift in HeH+ to stretching prior to ionization, which
involves vibrational excitation of the electronic ground state.
However, they were unable to measure dissociation, leaving
open the question of whether the stretching occurred on the
ground state or excited states, i.e., whether this dissociation
mechanism is driven by the permanent dipole or not.

In many molecules, the permanent dipole moment is gen-
erally quite weak compared to the transition dipole moment
[41]. In HD+, discussed above, for example, the magnitude
of the 1sσ–2pσ transition dipole moment at the one-photon
crossing in the light-dressed diabatic Floquet picture [42,43]
is more than 3.5 times larger than the 1sσ–1sσ permanent
dipole moment at the internuclear distance relevant to the
two-photon process proposed by Kiess et al. [44]. Hence,
one might expect that permanent-dipole transitions have much
smaller probabilities in comparison to electronic transitions.
Indeed, in interpretation, it has generally become a common
tendency to ignore permanent-dipole transitions in molecules
in favor of electronic transitions; see, e.g., Refs. [45–58].

The lack of attention given to permanent-dipole transitions
is perhaps due to the widespread use of Ti:sapphire (800 nm)
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laser light in experimental studies. With their 1.5 eV energy
on the order of the electronic state spacing in typical diatomic
molecules, 800-nm photons are typically inefficient at incit-
ing and probing permanent dipole-driven dynamics. However,
with the trend towards use of mid-infrared sources to enhance
insight into tunneling ionization and high-harmonic genera-
tion [59], it is likely that permanent dipole-driven dynamics
are increasingly relevant to strong-field molecular processes.

In this paper, we show clear experimental and theoretical
evidence that the permanent dipole moment plays a key role in
the main strong-field dissociation peaks of NO2+. Specifically,
we observe dominant permanent dipole-driven, three-photon
transitions on the X 2�+ ground state, leading to dissociation
into N+ + O+. The permanent dipole moments of dications
tend to be larger than those of their neutral counterparts. In
the present case, the ground state permanent dipole moment
of NO2+ at the equilibrium internuclear distance is 0.75 a.u.,
whereas the corresponding quantity for NO is only 0.06 a.u.
[60]. The larger permanent dipole moment of the dication
makes it a good candidate for studying the impact of this
property on strong-field dynamics.

II. EXPERIMENTAL METHOD

In our experiment, a beam of NO2+ ions is produced
by fast electron impact on vibrationally cold NO gas in an
electron-cyclotron resonance (ECR) source and is acceler-
ated to 9.2 keV, momentum analyzed, and focused by an
electrostatic lens system. The resultant collimated 0.9 × 0.9
mm2 ion beam (∼0.5 nA) travels to the laser interaction
region, where this low density target (equivalent pressure of
about 2 × 10−13 Torr at room temperature) is crossed by the
laser beam. A multipass Ti:sapphire laser is used to produce
774-nm, 2-mJ, 27-fs pulses [full width at half maximum
(FWHM) in intensity measured with second harmonic gen-
eration frequency-resolved optical gating (SHG FROG)] at
2 kHz. These pulses are focused onto the target ion beam by a
90◦ off-axis, f = 203 mm parabolic mirror to a peak intensity
of up to ∼5 × 1015 W/cm2. The laser intensity is evaluated
by imaging the focus and is controlled in the experiment by
changing the position of the focus relative to the center of
the target ion beam (along the laser propagation direction)
[61]. This method increases the interaction volume and allows
us to maintain an N+ + O+ coincidence rate of about 1 Hz
even at the lower intensities. The laser-induced dissociation
fragments carry a few keV of energy in the laboratory frame
and are measured using a coincidence three-dimensional (3D)
momentum imaging technique that has been described in de-
tail in previous publications [62–64].

III. NO2+ TARGET PROPERTIES

In addition to its relatively strong permanent dipole mo-
ment, which is the main reason NO2+ was selected, the
electronic structure properties of this molecular ion make it
an attractive candidate for study. As NO2+ is metastable like
many other molecular dications [65–67], only certain states
survive from creation to interaction with the laser (∼20 μs
travel time in our setup). The three lowest states of NO2+,
X 2�+, A 2�, and B 2�+, shown in Fig. 1, as well as two

FIG. 1. (a) Lowest-lying doublet potential energy curves of
NO2+. The B 2�+ state dissociation limit is –0.42 eV, and that of
the X 2�+ and A 2� states is –3.96 eV, where zero is defined as
v=0 of X 2�+. The arrows represent X 2�+ → X 2�+ (navy) and
X 2�+ → B 2�+ (red) multiphoton transitions, both starting from
v=1, whose schematic vibrational wave function is shown in orange.
The navy and red hatched areas represent the vibrational continua
of the X 2�+ and B 2�+ states, respectively. The schematic peaks
with the corresponding colors on the right-hand side represent KER
distributions for these bound–free pathways. The X 2�+ permanent
dipole moment and X 2�+–B 2�+ transition dipole moment are
shown in the inset. (b) Franck-Condon (FC) population for the X 2�+

state of NO2+ resulting from NO → NO2+ vertical electron impact
ionization in the ion source followed by predissociation in flight to
the interaction region.

higher-lying states, C 2�+ and c 4�, are the only calculated
states with bound potentials in the Franck-Condon region.
The C 2�+ and c 4� states fragment rapidly via tunneling or
predissociation [68]. The A 2� and B 2�+ states have pre-
dissociative, tunneling, and radiative lifetimes ranging from
fractions of a microsecond to a few microseconds [69], leav-
ing only the electronic ground state populated when probed
by the laser.

Akin to CO2+, which we have studied previously [57],
the electronic ground state of NO2+ “cools” vibrationally via
predissociation, specifically spin-orbit coupling with the A 2�

state [69]. Given the ion travel time mentioned above, this
further limits the initial population to v = 0–12 of the X 2�+
state.

The laser field does not couple electronic states of dif-
fering spin, and the next-highest doublet state after B 2�+,
2 2� (not shown in Fig. 1), lies an additional 5 eV above
the minimum of the B 2�+ state. Therefore, our NO2+ ion
beam allows probing of the laser-induced response of a three-
channel system. Moreover, the X 2�+ and A 2� states are
strongly coupled by one-photon transitions in a typical intense
femtosecond laser pulse and are energetically well isolated

043101-2



DIRECT EVIDENCE OF THE DOMINANT ROLE OF … PHYSICAL REVIEW A 105, 043101 (2022)

FIG. 2. (a) and (b) Density plots of NO2+ → N+ + O+ dissoci-
ation as a function of KER and cos θ for laser intensities 4 × 1014

W/cm2 and 5 × 1015 W/cm2, respectively. θ is the angle between
the laser polarization and the N+ velocity vector. (c) and (d) One-
dimensional KER plots of dissociation at laser intensities 4 × 1014

W/cm2 and 5 × 1015 W/cm2, respectively. (e) Number of dissocia-
tion events as a function of cos θ . The 5 × 1015 W/cm2 data, shown
in navy, are for an 8.0–10.0 eV KER slice, and the 4 × 1014 W/cm2

data, shown in blue, are for a 7.0–9.0 eV KER slice. The lines show
functions fitted to the data, with horizontal error bars that are smaller
than the symbols.

from the B 2�+ state. Hence, X 2�+ → A 2� transitions are
expected to dominate the dissociation.

To calculate the initial vibrational population of the NO2+

beam, shown in Fig. 1(b), we assume that the ions are pro-
duced via vertical transitions from the ground state of the
neutral molecule to that of the dication [70]. The normalized
vibrational state wave functions necessary for this analysis
were calculated using a phase-amplitude method [71], yield-
ing vibrational energies that are consistent with those of
Baková et al. [69].

IV. RESULTS AND DISCUSSION

The main results of our measurements, of NO2+ dissocia-
tion to N+ + O+ at two laser intensities, are shown in Fig. 2.

Lower intensity pulses (� 1015 W/cm2) produce KER
spectra with a two-peak structure, shown in panels (a) and
(c), primarily resulting from dissociation perpendicular to the
laser polarization, as expected for a �� = 1 transition [72].
As described in detail in our recent publication [73], the lower

KER peak is due to single photon excitation from the X 2�+
ground state to the A 2� state followed by dissociation of the
latter state. The higher KER peak is predominantly the result
of two-photon absorption.

In contrast, higher intensity pulses (∼5 × 1015 W/cm2)
yield a prominent highly aligned feature at | cos θ | = 1, shown
in Figs. 2(b) and 2(e). Note that θ is defined as the angle
between the laser polarization and the N+ velocity vector.
This highly aligned feature cannot come from X 2�+ → A 2�

transitions because a �� = 1 transition should exhibit an
angular distribution peaked at | cos θ | = 0. Moreover, from
Fig. 2(e), it is readily seen that there are two angular features
in the different intensity regimes: (1) a sharp, aligned feature
and (2) a distribution peaking at | cos θ | = 0. The aligned
feature also extends to higher KER (8–11 eV), highlighted by
the | cos θ | > 0.9 slice in Fig. 2(d). This parallel, higher-KER
part of the high-intensity data is our focus.

What are the underlying dynamics of this aligned fea-
ture? Following the dominant line of thought in the field,
a purely electronic X 2�+ → B 2�+ transition would be a
natural choice. Such a transition starting from the peak of
the vibrational population (v = 1) would produce 8.7 eV
KER, as illustrated in Fig. 1(a), consistent with the data. Sim-
ilar X 2�+ → B 2�+ transitions starting from neighboring
vibrational levels can produce the remainder of the high-
KER, highly aligned feature. As mentioned above, however,
permanent-dipole transitions can also play an important role.
An intriguing possibility is a three-photon vibrational excita-
tion driven by the permanent dipole moment and involving
solely the X 2�+ state. Starting from the peak of the Franck-
Condon population, such a transition would produce 9.0 eV
KER, shown schematically in Fig. 1(a), also consistent with
our measurements.

The angular fits for the high intensity data in Fig. 2(e)
shed some light on what dynamics are occurring. These
support X 2�+ → X 2�+ transitions over X 2�+ → B 2�+
transitions. The fit function containing the cos6 θ term, which
corresponds to a three-photon parallel transition, fits the data
quite nicely, whereas the fit function containing the cos10 θ

term, which corresponds to a five-photon parallel transition,
is clearly too narrow and does not fit the data as well.
It is important to note that the angular resolution, δ, in
our measurements is a function of the angle θ , explicitly
δ(cos θ ) ∝

√
(1 − cos2 θ )/ KER [74], and it is best around

cos θ=±1, where the aligned feature peaks. As a side note,
the cos2 θ sin2 θ term corresponds to a X 2�+ → X 2�+ →
A 2� pathway, i.e., a parallel one-photon permanent-dipole
transition on the ground state followed by a perpendicular
one-photon electronic transition to the first excited state.

While our experimental results strongly support the impor-
tant role of permanent-dipole transitions, to further strengthen
our claims, we solved the time-dependent Schrödinger equa-
tion (TDSE) in the Born-Oppenheimer representation [75].
The necessary potential energy curves, transition dipole mo-
ments, and permanent dipole moments were obtained by
extending previous ab initio calculations [69]. These were
computed using the complete active space self-consistent
field (CASSCF) and internally contracted multireference con-
figuration interaction (icMRCI) methods as implemented in
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FIG. 3. Calculated KER spectra corresponding to (a) transitions
starting at v = 3 of the X 2�+ state and (b) transitions starting from
v = 0–12 weighted by their Franck-Condon factors. “PD” indicates
that the permanent dipole moment is included, and “no PD” indicates
that it is not included. Note that the X 2�+ → B 2�+ KER spectrum
(no PD) is too small in amplitude to be seen on the graph (dP/dE ∼
10−14 eV−1). These calculations were performed at a laser intensity
of 1014 W/cm2.

the MOLPRO suite of programs [76]. The full active space
consisted of 1σ–6σ , 1π , and 2π orbitals with all electrons
correlated, and the Dunning correlation consistent basis set
cc-pV6Z was used [77]. Relativistic corrections were carried
out using the Douglas-Kroll-Hess Hamiltonian as imple-
mented in MOLPRO [78–80]. The relativistic curves, which
we included in our TDSE calculations, differ by no more
than 0.1 eV from the uncorrected ones at any internuclear
distance.

In the TDSE calculations, the three relevant electronic
states (X 2�+, A 2�, and B 2�+) were considered, with initial
population in v = 0–12 (J = 0) of the X 2�+ state only. We
performed our calculations at 800 nm wavelength and 35 fs
pulse duration and repeated them at three intensities from
5.0 × 1013 to 2.0 × 1014 W/cm2. Vibration and nuclear ro-
tation were included, but ionization was neglected [75]. Our
calculations converged to about 1%.

The KER spectra obtained from our TDSE calculations
are shown in Fig. 3. As can be seen in panel (a), theory
predicts that X 2�+ → X 2�+ transitions are more likely than
X 2�+ → B 2�+ transitions by about five orders of mag-
nitude. Moreover, when the permanent dipole moment is
not included in the calculation, the X 2�+ → X 2�+ peak
vanishes, demonstrating that transitions driven by the perma-
nent dipole moment lead to this aligned, high-KER feature.

Figure 3(a) also shows that the permanent dipole moment
plays a key role in X 2�+ → B 2�+ transitions, as without the
permanent dipole moment in the calculation, the X 2�+ →
B 2�+ feature is also absent. It is also worth mentioning that
the calculated transition probabilities, evaluated by integrating
each probability density shown in Fig. 3(a), indicate that both
the X 2�+ → X 2�+ (three-photon) and X 2�+ → B 2�+
(five-photon) transitions (explicitly having a probability of
10−5 and 5 × 10−10, respectively, for the initial v = 3 state)
are far from saturation in spite of the high intensity we used.

This dominance of X 2�+ → X 2�+ transitions over
X 2�+ → B 2�+ transitions by several orders of magnitude
persists even after Franck-Condon averaging over the initial
vibrational population, as shown in Fig. 3(b). The vibrational
structure seen in this calculated spectrum is not observed ex-
perimentally, as the resolution degrades with increasing KER.
Specifically, at 9.0 eV KER, a conservative estimate of the
resolution is 0.1 eV (1σ ) [63,81] for the present experimental
conditions, which in conjunction with the laser bandwidth
washes out the measured vibrational peaks.

One may wonder about the difference between the ex-
perimental and theoretical intensities. First, focal-volume
averaging tends to lower the effective intensity of the ex-
periment [43,82]. We note that under the conditions of our
experiment the interaction volume exposed to low intensities
is large [73]. Second, since including ionization in the theory
is currently beyond reach, the calculations must be limited
to intensities where ionization is acceptably small. We ex-
perimentally determined that this is true at 1 × 1014 W/cm2

(<1% of dissociation), but it fails at 1 × 1015 W/cm2 (∼25%
of dissociation) [73]. Thus, using intensities up to 2 × 1014

W/cm2 in the theory is a reasonable compromise given these
limitations.

The prevalence of X 2�+ → X 2�+ transitions over
X 2�+ → B 2�+ transitions is due in large part to the lower
number of photons required and the relative magnitudes of
the dipole couplings. The dipole moments are shown in the
inset in Fig. 1(a). At the internuclear distances near the X 2�+
minimum, the ratio of the X 2�+ permanent dipole moment to
the X 2�+–B 2�+ transition dipole moment is around 1.8 and
relatively constant. Moreover, it is possible that the dominance
of the permanent-dipole driven pathways is further enhanced
by intermediate resonant transitions to highly excited vibra-
tional levels of X 2�+. For example, the NO2+ molecule can
undergo resonant v = 1 → v = 8 and v = 8 → v = 16 pho-
toexcitations before subsequently absorbing a final photon to
arrive at the X 2�+ continuum.

Lastly, it is worth pointing out that our measurement
technique and ion beam target choice draw a noteworthy dis-
tinction between our study and the sizable body of existing
work on NO2+ [83–85]. The majority of the previous studies
are noncoincidence and utilize a neutral NO initial target.
An overarching conclusion of this previous work is that N+
and O+ fragments are mainly produced via indirect mech-
anisms that involve a series of dissociation and ionization
steps. Starting with an NO2+ ion beam target likely reduces
the number of intermediate states participating in the strong-
field dynamics, and thus interpretation in our case is simpler
and can potentially even involve fundamentally different
physics.
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V. CONCLUSION

In summary, elucidation of the plausible dissociation path-
ways underlying the high intensity data from our experiment
has proved to be an intriguing problem. Through the choice
of a molecule that happens to have a strong permanent dipole
moment, use of a powerful experimental method which af-
fords us the ability to isolate this pathway experimentally via
the KER and angular distributions, and theoretical support, we
have demonstrated that the commonly overlooked permanent
dipole moment can in some cases have a non-negligible and
in fact dominating influence on the laser-induced dynamics,
driving pathways involving a multiphoton vibrational exci-
tation. With the field trending towards longer wavelengths
and theory indicating that permanent-dipole transitions are
important, this work will likely be a significant factor for
strong-field physics researchers to consider in the future.
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