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Vibrationally resolved structure in O+
2 dissociation induced by intense ultrashort laser pulses
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Laser-induced dissociation of O+
2 is studied in the strong-field limit using two independent methods, namely

a crossed laser–ion-beam coincidence 3D momentum imaging method and a supersonic gas jet velocity map
imaging technique (790 and 395 nm, 8–40 fs, ∼1015 W/cm2). The measured kinetic energy release spectra
from dissociation of O+

2 and dissociative ionization of O2 reveal vibrational structure which persists over a wide
range of laser intensities. The vibrational structure is similar for O+

2 produced incoherently in an ion source and
coherently by laser pulses. By evaluation of the potential energy curves, we assign the spectral energy peaks
to dissociation of the v = 10–15 vibrational states of the metastable a 4�u state via the dissociation pathway
|a 4�u〉 → |f 4�g − 1ω〉—a mechanism equivalent to bond softening in H+

2 .
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I. INTRODUCTION

Intense ultrashort laser pulses have many applications
in the physical, chemical, and biological sciences as they
provide an opportunity to manipulate reaction dynamics.
In particular, they have proven invaluable for imaging and
controlling molecular dynamics through their nonlinear inter-
action with molecules (e.g., Refs. [1,2]). Typically, however,
molecular imaging in strong laser fields has been limited
to electronic states (e.g., Refs. [3–8]), as high-resolution
studies of individual vibrational (v) states in strong fields are
challenging and rare. The ability to perform v-state-specific
studies, for example, opens the door to better control of
molecular reactions as each v state can react in a different
way to the strong laser field [9]. With advances in time-
and position-sensitive imaging detectors, and better imaging
techniques such as reaction microscopes [10,11] and velocity
map imaging (VMI) [12,13], experimentalists are in a better
position to target v-state-selective studies.

One place to look for vibrational structure, which survives
the strong-field interaction with a molecule, is in the disso-
ciative ionization of H2. This process involves dissociation
dynamics of the intermediate one electron H+

2 molecule.
Generally, only two electronic states are involved in H+

2
dissociation dynamics, the 1sσg ground state and the 2pσu first
excited state. Higher-lying electronic states can be neglected
in most cases, although they do occasionally play a role (see,
e.g., Refs. [14–16]). In spite of the simplicity of, and the
multitude of studies on, H2 [17,18], observations of vibrational
structure in its dissociative ionization, such as that by Zariyev
et al. [19], are extremely rare. Indeed, this study was carried
out using relatively long laser pulses (160 fs) that have a
narrow bandwidth, which is good for spectral resolution but
not amenable to time-resolved imaging experiments.

In contrast, vibrational resolution studies of H+
2 ion beam

targets are considerably more common [20–26]. Typically
the high v states of H+

2 dissociate by one-photon excitation
to the repulsive 2pσu state on the low-intensity leading edge
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of the laser pulse, a fact that helps preserve the vibrational
energy structure upon dissociation.

It is less intuitive that vibrationally resolved structure will
appear in dissociation of more complex diatomic molecules
driven by strong fields [27]. Normally the large multitude of
potential energy curves and possible dissociation pathways,
even in relatively simple systems like N+

2 or O+
2 , can lead to

interference between pathways, or overlap in kinetic energy
release (KER) peaks, that simply inhibit the observation of
vibrational structure. Arguably this is the main reason for the
absence of vibrationally resolved spectra in such molecules to
date.

In light of these issues, it is perhaps surprising that we
do observe vibrational structure in strong-field dissociation
of a multielectron molecule, O+

2 —as we present here. Using
intense 790-nm, 395-nm, 40-fs pulses, we demonstrate clearly
the presence of structured peaks in the KER spectrum
following dissociation of an O+

2 ion beam target that can be
assigned to specific v states. Even more surprising, we have
observed the equivalent structure in the dissociative ionization
of an O2 gas target with even shorter pulses of 8 fs (FWHM).
It is important to note that these two targets differ in how O+

2 is
prepared—a coherent vibrational wave packet if starting from
an O2 gas target and an incoherent ensemble of v states if
starting from an O+

2 ion beam target [22,28,29].
Our choice of O+

2 to look for vibrational structure is
triggered by the fact that we have explored this system
previously with an intense laser, particularly its dissociation
as an ion beam [30,31]. From this earlier work we believe that
we can identify a large number of its dissociation pathways.
Unfortunately, at that time our imaging resolution for the ion
beam fragments was insufficient to discern vibrational peaks in
KER had they been present. After significant development of
our crossed-beam coincidence 3D momentum imaging setup
we can now measure vibrationally resolved KER spectra in
H+

2 [24], and also in low energy dissociation of O+
2 , presented

in this work.

II. EXPERIMENTAL METHOD

The laser used for these studies is a Ti:sapphire chirped-
pulse amplification system operating at a repetition rate
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of 1.5 kHz, with an output central wavelength of 790 nm,
a Fourier-transform-limited pulse duration of 40 fs (FWHM
in intensity), and a pulse energy of up to 1 mJ. The pulses
can be compressed in duration to 8 fs using a hollow-core
fiber filled with neon gas and a chirped mirror compressor
or, alternatively, converted in wavelength to 395 nm using
a second-harmonic-generation β-barium borate crystal. The
linearly polarized pulses are either focused onto the O+

2 ion
beam target using an f = 203 mm off-axis parabolic mirror,
generating intensities up to 4 × 1015 W/cm2, or back-focused
onto the O2 supersonic gas-jet target by an on-axis f = 75 mm
spherical mirror, generating the 1014 W/cm2 intensity used in
our VMI measurement.

For our O+
2 ion beam measurements, oxygen gas was

ionized by electron impact in an electron cyclotron resonance
(ECR) ion source. This produced O+

2 ions with about one-third
of the molecules in the metastable lowest quartet state, a 4�u,
and the remaining two-thirds in the doublet ground state,
X 2�g (see, for example, Ref. [32,33]). The approximately
Franck-Condon vibrational populations of these two electronic
states differ, as shown in Figs. 1(a) and 1(b). As will be shown
later, the main channel of interest in this study involves the
dissociation of the a 4�u state.

Following acceleration and momentum selection of the
ions, the 7-keV O+

2 beam was transported to the laser
interaction region where it was crossed orthogonally by
the focused laser beam, with the laser polarization oriented
perpendicular to both beam directions. The choice of ion beam
energy was a compromise, maintained low to improve the KER
spectral resolution but high enough to assure an acceptable
detection efficiency, especially for the neutral fragments. A
static electric field applied in the interaction region using a
longitudinal spectrometer accelerated the charged molecular
fragments toward a time- and position-sensitive detector such

FIG. 1. (Color online) Diabatic dressed potential energy curve
(PEC) diagram of O+

2 depicting the main dissociation pathways (see
text) of the (a) X 2�g doublet ground state and (b) a 4�u lowest
quartet state, yielding low KER. The PECs were taken from Ref. [34].
The vibrational populations, shown in the insets, are the Franck-
Condon (FC) factors for vertical electron-impact ionization in the
ion source. We used the phase-amplitude method [35] to evaluate
the vibrational wave functions needed for the overlap integrals. A
schematic vibrationally resolved low-KER spectrum is also shown in
each panel.

that all fragments, neutral and ions, were separated by time-
of-flight (TOF) and measured in coincidence. The primary
O+

2 beam was collected in a small on-axis Faraday cup.
Therefore, this measurement relied on the fragments having
sufficient dissociation momenta transverse to the O+

2 beam
to separate them from the Faraday cup—with the drawback
that those that had insufficient energy (KER <∼ 0.1 eV) were
blocked.

Our coincidence imaging technique allows us to cleanly
separate the dissociation channel of interest, namely O++O,
from other dissociative ionization channels. For this channel,
we evaluate the momenta of both dissociating fragments
from the TOF and position information, recorded event by
event, therefore retrieving the complete kinematic information
about the process under study. From these momenta the KER
and the direction of the dissociating fragments (θ,φ) relative
to the laser polarization are determined (see further details in
our previous publications [22,28–31]).

III. RESULTS AND DISCUSSION

A. O+
2 beam target

Typical dissociation spectra for O+
2 are shown in Fig. 2. The

angle θ is between the molecular dissociation axis and the laser
polarization. This spectrum is rich in structure and many of the
dissociation pathways responsible for the features have been
identified in our earlier work [30], as well as by others (e.g.,
Ref. [36]). Specifically, the peak labeled α at about 2.3 eV is
due to three-photon absorption via the pathway |a 4�u〉 →
|f 4�g − 3ω〉 [30]. The peak labeled β at about 1.5 eV
can be assigned to the more complex dissociation pathway
|a 4�u〉 → |f 4�g − 1ω〉 → |4�+

u − 2ω〉. Additionally, the
peak labeled γ at about 0.7 eV is associated with dissociation

FIG. 2. (Color online) (a) KER-cosθ density plot of O+
2 dis-

sociation in a 790 nm, 40 fs, 4×1015 W/cm2 laser pulse.
(b) the KER spectrum evaluated by integrating over all angles in
panel (a). The labeled KER peaks are associated with the following
dissociation pathways (see text): (α) |a 4�u〉 → |f 4�g − 3ω〉,
(β) |a 4�u〉 → |f 4�g − 1ω〉 → |4�+

u − 2ω〉, (γ ) see Ref. [37], and
the feature of main interest here (δ) |a 4�u〉 → |f 4�g − 1ω〉 for
v = 10–15 – depicted in Fig. 1(b).
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FIG. 3. (Color online) The low-KER spectrum of O+
2 dissociating

into O++O in a 790-nm, 40-fs, 4 × 1015 W/cm2 laser pulse. The fit
function (thick red line), consisting of the γ (dash-dot magenta line)
and δ (dashed green line) contributions (see text), is in good agreement
with the data (open blue squares). A tail of the peak centered around
1 eV (see Fig. 2) is also visible at high KER (dash-dot magenta line).
Note that the v = 12 is suppressed (see text). The blue vertical ticks
at the top mark the expected positions for dissociation of the X 2�g

state, following the pathways shown in Fig. 1(a) (see text)—note that
these KER values do not match the data as well as those associated
with the a 4�u state indicated by the green vertical ticks.

of the O+
2 a 4�u state to the 4�+

u state dressed by three photons,
although the exact pathway connecting these states requires
further discussion [37].

While these features are interesting in their own right, the
focus of the present work is on the series of closely spaced,
narrow, low-KER peaks labeled δ that have not been observed
or discussed before. For visualization, we zoom in on the
KER spectrum below 0.8 eV as shown in Fig. 3. Based on
their energy we suggest that all the KER peaks labeled δ

are due to dissociation of the v = 11–15 states bound in the
a 4�u potential, along the pathway |a 4�u〉 → |f 4�g − 1ω〉
[see Fig. 1(b)]. This is a net one-photon bond softening
process similar to the one commonly observed in H+

2 [38,39].
Specifically, the peaks are centered about the energies one
would expect for dissociation by absorption of a 790 nm
photon, marked by vertical ticks on Fig. 3.

The data in Fig. 3 is in good agreement with a fit
function consisting of the sum of Gaussian peaks centered
at the expected positions for a 4�u(v) (v = 11–15) to f 4�g

transitions, and a couple of additional peaks at higher KER
(specifically the γ peak and one additional Gaussian to
represent the tail extending to lower KER from the peak(s)
centered around 1.0 eV in Fig. 2). A common width was used
for the first 5 δ peaks as expected for similar transitions [3],
while the width of the remaining 2 peaks were free parameters.
Note that the lowest expected KER peak (v = 10) cannot be
measured in our setup due to losses of very low KER fragments
in the Faraday cup, and for the same reason the centroid of

FIG. 4. (Color online) A polar plot of the O++O dissociation
direction relative to the laser polarization (the distribution was
reflected about the polarization axis to generate the bottom part of
the polar plot). Error bars are smaller than the symbols. The solid red
line is a cos2 θ distribution that fits the data well, while the dashed
blue line indicates a sin2 θ cos2 θ distribution which does not match
the data (see text).

the v = 11 peak is slightly shifted to a higher energy (the
magnitude of this shift is consistent with the one expected when
convoluting the response function due to Faraday cup losses
with the v = 11 Gaussian). Additionally, the dissociation of
the v = 12 state appears to be suppressed relative to the other
states (see discussion below).

To verify the pathway assigned above we present in Fig. 4
the angular distribution associated with events within the δ

peaks. The measured angular distribution (open circles) con-
forms well to a cos2 θ distribution as expected for a one-photon
�→� (�� = 0) transition (see Refs. [30,36]). Moreover, all
the peaks in the low-KER feature δ have approximately the
same intensity dependence and angular distribution as would
be expected for net one-photon transitions between the same
electronic states.

While so far we have discussed only dissociation pathways
involving the metastable a 4�u state of O+

2 , we can exclude the
X 2�g ground state from being responsible for the structure
δ for several reasons. First, we identify the most probable
dissociation pathways originating from the X 2�g state, shown
in Fig. 1(a), as

(i) |X 2�g〉 → |A 2�u − 1ω〉 → |2�+
g − 2ω〉 and

(ii) |X 2�g〉 → | 2�+
u − 1ω〉 → |2�+

g − 2ω〉 ,
following the procedures described in Ref. [30]. Both these
pathways involve consecutive one-photon transitions and
would yield the same KER since they connect the same initial
and final states. In principle, the resulting KER distribution
would exhibit vibrational structure over a similar energy range
to the δ peaks. However, as can be seen from Fig. 3, the
predicted peak positions for the dissociation of the a 4�u state
match the data considerably better than those of the X 2�g

state. Furthermore, as evident in Fig. 1(a) the Franck-Condon
population of the X 2�g v states involved (v = 16–19) is
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almost negligible as the population is strongly peaked near
the bottom of the well. Second, the suggested dissociation
pathways of the X 2�g state should have a sin2 θ cos2 θ

angular distribution, as they involve one parallel (�� = 0)
and one perpendicular (�� = 1) transition [30], but such a
distribution is inconsistent with the measured data, shown in
Fig. 4. Finally, the fact that the measured low-KER feature
δ persists to relatively low laser intensities (we observe it
down to 4 × 1013 W/cm2, the lowest we have measured) also
supports its assignment as a one-photon transition, unlike the
net two-photon transition involving the X 2�g state, which we
would expect to drop faster with intensity [30].

With this insight at 790 nm, we are able to predict the
outcome of dissociation driven by intense 395-nm laser pulses.
At 395 nm one expects that all the bound low-v states of a 4�u

should decay by |a 4�u〉 → |f 4�g − 1ω〉 as the crossing
between a 4�u and the dressed |f 4�g − 1ω〉 state is near
the minimum of the a 4�u potential as shown in Fig. 5(a).
The predicted positions of the KER peaks are indicated
by the vertical ticks in Fig. 5(c). Indeed they show very good
agreement with the measured KER spectrum in Figs. 5(b)
and 5(c). This is further illustrated by the nice fit of the
sum of Gaussian peaks with a common width centered at
the expected positions or, as shown in Fig. 5(c), allowing only
for a small (11 meV) common shift to compensate mainly
for experimental uncertainties. The fit function also includes a
couple of Gaussian peaks (due to other dissociation pathways)
on either side of the δ feature as their tails overlap somewhat
with this feature. Additionally, the angular distributions are
similar to those for 790 nm confirming the proposed net
one-photon dissociation pathway.

Careful inspection of Fig. 5(c) reveals an apparent suppres-
sion in the dissociation of particular v states, namely v = 3 and
5, relative to their neighbors, given that the initial vibrational
population in the a 4�u state is smooth as seen in Fig. 1(b). We
believe that the |a 4�u(vi)〉 → |f 4�g − 1ω〉 transitions for
v = 3 and 5 are suppressed due to the small magnitude of the
dipole transition moments coupling these states at this photon

energy (Cooper dissociation minima)—a phenomena we have
recently observed in H+

2 dissociation [24]. The same holds
for the suppressed dissociation of v = 12 at 790 nm shown in
Fig. 3. Further experimental and theoretical work is ongoing to
investigate this vibrational suppression phenomenon in more
detail.

B. O2 target

We have observed similar structure in the dissociative
ionization of an O2 gas target, using VMI as an imaging
technique. The specific setup is described elsewhere [40]. In
brief, the 790-nm, 8-fs laser pulses passed through the VMI
spectrometer and were focused back onto a supersonic jet of
O2 molecules to an intensity of 1014 W/cm2. The resulting
O+ fragments were projected by the ion optics of the VMI
spectrometer onto a microchannel plate (MCP) and phosphor
assembly. Here we preselected the O+ ions by gating the MCP
bias around the O+ TOF peak using a triggered high-voltage
delay switch.

From the 3D momentum image, we evaluated the KER
distribution for dissociation events contained within ±15◦
along θ = 90◦, which is shown in Fig. 6. The low-KER
spectrum shown in this figure exhibits similar energy structure
as observed for the dissociation of the O+

2 beam target. Further-
more, we can identify the main features as the dissociation of
a 4�u v = 10–14 states via the pathway |a 4�u〉 → |f 4�g −
1ω〉 (see ticks), following the initial ionization of O2 (X 3�−

g ) to
O+

2 (a 4�u). Explicitly, the v = 11 state appears as a prominent
peak around 0.13 eV, while the v = 10 state appears around
0.04 eV, partly “masked” by the VMI conversion artifact near
zero-KER. Assuming that the v = 12 state is suppressed as
discussed above for the O+

2 beam target, the smaller peaks
around 0.25 and 0.38 eV can be associated with the v = 13–14
states, respectively. These peaks seem to be somewhat shifted
to lower KER from their expected field-free position. Such
energy shifts are expected in the presence of a strong laser field
(see, e.g., Ref. [20]). Moreover, the shift is expected to be larger

(a)

(c)

(b)
FIG. 5. (Color online) (a) Diabatic

dressed potential energy curve diagram
of O+

2 depicting the |a 4�u〉 → |f 4�g −
1ω〉 dissociation pathway in a 395-nm
laser field. A schematic vibrationally re-
solved KER spectrum is also shown in
the panel. (b) KER-cosθ density plot of
O+

2 dissociation in a 395-nm, 40 fs, 1 ×
1014 W/cm2 laser pulse. (c) The KER
spectrum evaluated by integrating over all
angles in (b). The measured peaks are in
agreement with the position expected for
|a 4�u〉 → |f 4�g − 1ω〉 transitions from
the v = 0–8—marked by the vertical ticks.
The nice fit to the data (thick red line)
consists of Gaussian peaks representing the
above transitions (dashed green line) and a
couple of free Gaussian peaks on either side
of the δ feature (see text). Note that a couple
of peaks (v = 3 and 5) are suppressed in the
spectrum (see text).
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FIG. 6. (Color online) The KER distribution derived after inte-
gration of θ over a ±15◦ range around the plane perpendicular to the
laser polarization (see text). Note that the spike at about 0.01 eV is
most likely an artifact of the conversion from the measured 2D VMI
image to 3D [40–42].

in this case because the transient O+
2 is “born” in a field that is

typically stronger than the fields initiating the dissociation of
the O+

2 beam target, where dissociation occurs at the leading
edge of the pulse (see, e.g., Refs. [3,43]). Note that the peaks
are a worse match to the expected positions for dissociative
ionization through the intermediate X 2�g state; however,
we cannot rule out some contributions from this state.
Pump-probe measurements of this process reveal the relative
importance of dissociative ionization via the a 4�u and X 2�g

states by analyzing the beat frequency of the vibrational
wave packet (see, e.g., Refs. [44,45]) and will be reported
elsewhere [42]. The similarities of this KER structure to the
one observed for the O+

2 beam target are remarkable given
the difference between the two targets, both in the ionization
mechanism forming the dissociating O+

2 and the nature of

their vibrational population—coherent for the O2 gas target
and incoherent for the O+

2 beam target.

IV. SUMMARY AND OUTLOOK

In summary, vibrationally resolved KER dissociation spec-
tra of a multielectron molecule, O+

2 , by intense ultrashort laser
pulses have been measured. The vibrational structure observed
persists over a wide range of laser intensities and is present
starting from both an O2 gas target and an O+

2 ion beam target.
We have identified the structure as arising from the dissociation
of a subset of vibrational states (v = 10–15) of the metastable
a 4�u state via the pathway |a 4�u〉 → |f 4�g − 1ω〉. In
effect this structure is equivalent to that observed previously
for bond softening dissociation of H+

2 , although it can be
considered as somewhat of a surprise that it survives for
a multielectron system considering the complexity of the
potential energy curves of O+

2 (see, e.g., Ref. [30]).
With the ability to perform vibrationally resolved studies

one is in a better position to carry out strong-field control
experiments targeting specific vibrational states and ultimately
leading to a higher level of control. For example, one can
envision a pump-probe study of the dissociative ionization of
O2. Since dissociation of individual v states of this molecule
can be imaged, as shown here, O2 would seem a natural
candidate to perform such studies, looking, for example, at
the effects of the pump pulse on vibrational population [46] or
imaging the beat vibrational period from the superposition of
neighboring v states [44,45].
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H. Schmidt, and H. Schmidt-Böcking, Rep. Prog. Phys. 66, 1463
(2003).

[12] A. T. J. B. Eppink and D. H. Parker, Rev. Sci. Instrum. 68, 3477
(1997).

[13] L. Dinu, A. T. J. B. Eppink, F. Rosca-Pruna, H. L. Offerhaus,
W. J. van der Zande, and M. J. J. Vrakking, Rev. Sci. Instrum.
73, 4206 (2002).

[14] J. McKenna et al., Phys. Rev. Lett. 100, 133001 (2008).
[15] T. T. Nguyen-Dang, H. Abou-Rachid, N. A. Nguyen,
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and A. Tabché-Fouhaillé, Phys. Rev. Lett. 37, 891 (1976).

[48] H. Helm, P. C. Cosby, and D. L. Huestis, J. Chem. Phys. 73,
2629 (1980).

[49] J. Moseley and J. Durup, Annu. Rev. Phys. Chem. 32, 53 (1981),
and references therein.

053405-6

http://dx.doi.org/10.1103/PhysRevA.73.023423
http://dx.doi.org/10.1103/PhysRevA.73.023423
http://dx.doi.org/10.1088/0953-4075/28/3/006
http://dx.doi.org/10.1088/0034-4885/67/5/R01
http://dx.doi.org/10.1103/PhysRevLett.70.1077
http://dx.doi.org/10.1103/PhysRevLett.70.1077
http://dx.doi.org/10.1103/PhysRevLett.85.4876
http://dx.doi.org/10.1103/PhysRevLett.85.4876
http://dx.doi.org/10.1103/PhysRevA.72.053413
http://dx.doi.org/10.1103/PhysRevA.72.053413
http://dx.doi.org/10.1103/PhysRevA.74.043411
http://dx.doi.org/10.1103/PhysRevA.77.053401
http://dx.doi.org/10.1103/PhysRevA.77.053401
http://dx.doi.org/10.1103/PhysRevLett.103.103006
http://dx.doi.org/10.1103/PhysRevLett.103.103006
http://dx.doi.org/10.1088/0953-4075/42/12/121003
http://dx.doi.org/10.1088/0953-4075/42/12/121003
http://dx.doi.org/10.1103/PhysRevA.81.023401
http://dx.doi.org/10.1103/PhysRevLett.95.073002
http://dx.doi.org/10.1103/PhysRevLett.95.073002
http://dx.doi.org/10.1103/PhysRevA.75.063420
http://dx.doi.org/10.1016/0301-0104(76)85008-2
http://dx.doi.org/10.1063/1.1668882
http://dx.doi.org/10.1063/1.1668882
http://dx.doi.org/10.1080/00268978200101591
http://dx.doi.org/10.1080/00268978200101591
http://dx.doi.org/10.1103/PhysRevA.60.3586
http://dx.doi.org/10.1063/1.1368383
http://dx.doi.org/10.1063/1.1368383
http://dx.doi.org/10.1103/PhysRevLett.64.1883
http://dx.doi.org/10.1103/PhysRevA.42.5500
http://dx.doi.org/10.1103/PhysRevLett.103.153002
http://dx.doi.org/10.1063/1.1406923
http://dx.doi.org/10.1103/PhysRevA.82.043409
http://dx.doi.org/10.1103/PhysRevLett.99.153002
http://dx.doi.org/10.1103/PhysRevA.82.013408
http://dx.doi.org/10.1103/PhysRevLett.92.163004
http://dx.doi.org/10.1103/PhysRevLett.92.163004
http://dx.doi.org/10.1103/PhysRevLett.37.891
http://dx.doi.org/10.1063/1.440476
http://dx.doi.org/10.1063/1.440476
http://dx.doi.org/10.1146/annurev.pc.32.100181.000413

