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A method for determining the laser-induced dissociation pathways of multielectron diatomic molecules is
developed. Despite the abundance of possible dissociation pathways inherent to such molecules, this technique
allows one to resolve the dissociation pathways that contribute to the measured intensity-dependent three-
dimensional momentum distribution. To illustrate this method, the unique dissociation mechanisms and path-
ways producing a few predominant features in the laser-induced dissociation momentum distribution of O2

+ are
determined.
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I. INTRODUCTION

There is a great deal of ongoing theoretical and experi-
mental work concerned with understanding the dynamics of
diatomic molecules in intense short pulse laser fields. How-
ever, interpretation of the experimental results for multielec-
tron molecules has been crude compared to the extensive
theoretical and experimental studies of H2-laser interactions
discussed in several excellent papers and reviews �1–26�.
This is mainly due to the more complex electronic structure
of multielectron diatomic molecules as is evident in Fig. 1
for O2

+. The abundant work with H2 has given rise to a con-
ceptual understanding of molecular dissociation in terms of
the Floquet picture. Others have used parts of this picture to
reduce the number of possible electronic states involved in
the laser-induced ionization and dissociation of multielectron
molecules. For example, Hishikawa et al. used angular dis-
tributions to limit possible dissociation pathways �27�, and
Alnaser et al. used kinetic energy release �KER� to find ini-
tial and final states in double ionization �28�. Taking this one
step further, by combining all the information given by the
Floquet picture with a complete intensity-dependent three-
dimensional �3D� momentum imaging technique, we suggest
a method to uniquely determine the laser-induced dissocia-
tion pathways of a multielectron diatomic molecule.

In the diabatic Floquet representation, which gives diaba-
tic field-dressed potential energy curves, the emission or ab-
sorption of n photons corresponds to the shifting of the po-
tential energy curves �PECs� up or down by the energy of n
photons �i.e., ±n���, respectively, where the shifted states
are denoted by the state followed by ±n�. For example,
2p�u−1� is the 2p�u state with absorption of one photon.
After the initial curves are duplicated in this way, the disso-
ciating nuclear wave packet can make a transition at any
crossing that obeys the molecular dipole selection rules. Fur-
thermore, the transition probability at each crossing is pro-
portional to the absolute square of the dipole matrix element.
In contrast to the diabatic Floquet picture, which is most
appropriate for laser intensities in the perturbative regime,
the adiabatic Floquet representation is best suited for laser
fields beyond the perturbative regime. However, one can still
use the diabatic representation for intense laser pulses by
including the effect of the laser field strength in the coupling
terms between these states. For example, this scheme was

used successfully to interpret the dissociation of Na2
+ by both

experimentalists �30� and theorists �31�. Furthermore, this
simplified representation helps one quickly explore possible
dissociation pathways without the additional calculations
needed to generate the adiabatic potential curves for each
laser intensity.

As seen in Fig. 2�a�, the small number of effective PECs
in H2

+ allows one to interpret the adiabatic Floquet picture
rather easily, thus giving rise to the concepts of bond soften-
ing, vibrational trapping �also called bond hardening�, and
above-threshold dissociation �6–9�. In contrast to the rela-
tively simple picture for H2

+, multielectron diatomic mol-
ecules such as O2

+ create a diabatic Floquet picture with a
plethora of PEC crossings, allowing for a multitude of laser-
induced dissociation pathways, referred to simply as path-
ways below. A discussion of the interactions of a variety of
“small” molecules, in particular diatomic, with intense laser
fields is found in the detailed reviews by Codling and Fra-
sinski �32�, as well as Posthumus �9�, and references therein.
The behavior of the oxygen molecule in intense laser fields,
in particular, has been widely studied for many years �see,
for example, Refs. �27,28,32–45��. More specifically, these
studies of the dissociative ionization of O2 spanned a variety
of wavelengths, pulse durations, and intensities along with

FIG. 1. �Color online� O2
+ Born-Oppenheimer PECs �29�. The

doublet and quartet states are separated into gerade and ungerade
groups and the two possible initial electronic states in this experi-
ment, X 2�g and a 4�u, are labeled.
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various levels of ionization. However, unambiguous determi-
nation of the dissociation pathways using a picture as el-
egantly simple as the H2

+ Floquet picture has been absent
until recently. Recent kinematically complete studies of the
dissociation into O++O+ following double ionization had
sufficient resolution to identify the transient electronic state
of O2

+ �28�.
In this work, we utilize an O2

+ beam target and coinci-
dence three-dimensional momentum imaging to perform
measurements with similar resolution for the dissociation of
O2

+ into O++O without the need for the laser to first ionize
the target. Furthermore, we use what is known about the
dynamics of H2

+ in intense laser fields, where nonperturbative
behavior dominates, as a foundation for determining the
most probable dissociation pathways of O2

+ from the mea-
sured intensity-dependent momentum distribution of the dis-
sociation fragments. The abundance of photodissociation
pathways in the diabatic Floquet picture of O2

+ may make this
task seem insurmountable. However, by evaluating the dis-
sociation distribution, most, if not all, noncontributing path-
ways can be eliminated. This is accomplished using four
conditions outlined here and discussed in detail momentarily.
First, the intensity at which a dissociation feature is predomi-
nant, Ipred, is related to the sum of absorbed and emitted
photons, n, required along the pathway, i.e., higher n corre-
sponds to higher Ipred. Second, the shape and position of the
KER peak generated by a particular pathway is influenced by
the shape of the PECs comprising it. Third, the number of
transitions favoring internuclear alignment parallel and per-

pendicular to the laser polarization required along a pathway
will determine the angular distribution of the channel.
Fourth, all transitions involved in a pathway must obey the
molecular dipole selection rules. In addition, we assume that
all dipole matrix elements for the relevant allowed transi-
tions are of comparable magnitude.

II. EXPERIMENTAL METHOD

Using an 8 keV O2
+ ion beam produced in an electron

cyclotron resonance �ECR� ion source and a coincidence 3D
momentum imaging technique, we performed kinematically
complete measurements of the laser-induced dissociation of
an O2

+ target. The O2
+ molecular ions are formed by electron

impact ionization in the ion source. This process produces an
O2

+ beam that is predominantly in the X 2�g and a 4�u elec-
tronic states, the former comprising about 2 /3 and the latter
about 1 /3 of the beam �46�. X 2�g is the electronic ground
state of O2

+, and a 4�u is metastable and the lowest-lying
quartet state. For the sake of brevity, only the dissociation of
O2

+ at intensities up to 1015 W/cm2 will be discussed here.
Under the conditions of this study, dissociation of highly

excited vibrational states of O2
+ plays an important role. The

lowest electronic states in both the doublet and quartet mani-
folds of this molecular ion have a broad vibrational popula-
tion. Typically, molecular ions produced by electron impact
ionization in an ion source have a population distribution
roughly determined by the Franck-Condon factors �see, for
example, �47� for the population of H2

+�. Deviations from the
Franck-Condon distribution can occur, especially when ion-
ization of higher electronic states, which feed the lower state
by cascades, are significant. This is the case for the a 4�u
state of O2

+ �48�. However, the resulting vibrational popula-
tion is still broad and falls off for the highest vibrational
states. Furthermore, it is important to note that in the upcom-
ing interpretation of the dissociation data, the only relevant
facts are that high vibrational states of O2

+ have significant
population and that the population of these states, particu-
larly for the doublet, falls off for very high vibrational states.

The laser beam, which is provided by a Ti:sapphire
chirped-pulse amplification laser system with a central wave-
length of 790 nm, a Fourier-transform-limited pulse duration
of 35 fs �full width at half maximum �FWHM� in intensity�,
a 1 kHz repetition rate, and a pulse energy of about 1 mJ, is
stretched to 40±5 fs by introducing a positive chirp. The
linearly polarized pulse, which is focused by an f =200 mm
lens, is incident upon the center of the ion beam, and the
laser polarization, laser propagation, and ion beam are nor-
mal to one another. The fragments from the dissociation, O+

and O, are separated in time by the constant weak electric
field of a spectrometer in the ion beam direction and are
detected by a time- and position-sensitive microchannel-
plate delay-line detector, which records time and position
information for all fragments created in each laser pulse.
This time and position information allows for the reconstruc-
tion of the initial 3D momenta of the O+ and O fragments.
True dissociation events are distinguished since both frag-
ments, O+ and O, are recorded in coincidence with a particu-
lar laser pulse. In addition, we require that momentum is

FIG. 2. �Color online� �a� A schematic Floquet picture of the H2
+

diabatic PECs with adiabatic PECs superimposed at the one-photon
crossing �solid lines� for ��790 nm. The processes of bond soft-
ening �BS�, vibrational trapping �VT�, and above-threshold disso-
ciation �ATD� are depicted. �b� The initial vibrational distribution of
the O2

+ doublet ground state and a possible dissociation pathway
discussed in the text. The expected KER distributions for the
X 2�g→D 2�g−4� and BS pathways are displayed in �b� and �a�,
respectively. Note that only the relative heights in these distribu-
tions are meaningful.
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conserved, as the absorbed and emitted photons have negli-
gible momenta compared to the dissociating nuclei. A de-
tailed description of this apparatus and technique is given in
previous publications �49–51�.

The contributions to the total dissociation distribution that
come from a particular intensity range within the laser-
molecular ion interaction volume are distinguished using the
intensity difference spectrum �IDS� method �52�, which is
applicable because our ion beam width is much smaller than
the Rayleigh range and much larger than the laser waist �53�.
The IDS method allows one to subtract contributions from
the low intensity wings of the laser spatial distribution, and
thus determine the effects of a given intensity range or slice
�see Refs. �52,50� for details�. Conducting a sequence of
such differential measurements in intensity allows one to ex-
amine a feature’s behavior in these successive intensity
slices, therefore providing the intensity dependence of that
feature. We plot these distributions as a function of KER and
cos �, where � is the angle between the laser polarization and
the internuclear axis of the O2

+ being interrogated by the la-
ser. In the following interpretation of the measured angular
distributions we assume that the O2

+ molecular ions are ran-
domly aligned and that the axial-recoil approximation
�54,55� is valid. Namely, we assume that alignment effects
are negligible both during and after the laser pulse. It has

been recently shown that postionization alignment modifies
the angular distribution in double ionization of O2 if the in-
tense laser pulse is not sufficiently short �45�. However, one
would expect this phenomenon to be less important for O2

+

dissociation in our measurements because the number of
photons exchanged with the laser field is much smaller than
in double ionization of O2, therefore causing on average a
smaller angular momentum transfer.

III. RESULTS AND DISCUSSION

A. Determining laser-induced dissociation pathways

As one can see from the intensity-dependent KER-cos �
distributions in Fig. 3, the rich electronic structure of O2

+

produces numerous distinct features �56�, which give us in-
sight into the pathways. Although the number of electronic
states in O2

+ is formidable, the intensity-dependent laser-
induced dissociation distributions provide three pieces of in-
formation about the pathway of a particular channel.

First, since the IDS method allows one to determine at
what intensity each feature is predominant, one can narrow
down the possible number of photons and transitions in-
volved in a particular pathway. In general, features appearing
at higher intensities require more photons than those appear-

FIG. 3. �Color online� Experimental data for the dissociation of O2
+ in a 40±5 fs 790 nm laser field, where I0= �1.3±0.5�

�1015 W/cm2 and � is the angle between the laser polarization and the internuclear axis of O2
+. �a�–�d� The contributions of four different

intensity slices, which comprise the total ion-laser interaction volume, as a function of KER and cos �.
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ing at lower intensities. Furthermore, if one can determine
the pathway for any feature, that feature can then be used as
an intensity benchmark for other features. For example, if �i�
there are two features labeled 	 and 
, which appear at in-
tensities I	 and I
, respectively, �ii� 	 is known to correspond
to a pathway requiring three photons, and �iii� I
� I	, then
the pathway leading to 
 requires three or less photons. In
this way, lower and upper bounds can be placed on the num-
ber of photons involved in the pathway leading to a feature
by the identification of other features.

Second, the position and shape of the KER distribution
for each peak, as seen in Fig. 4, allows one to determine the
height and general shape of the barrier over which the vibra-
tional wave packet dissociates. This can easily be seen in the
contrast between the expected KER distributions from the
curves displayed in Figs. 2�a� and 2�b�. The BS pathway in
H2

+ will produce a KER distribution peaking around 0.8 eV
as that is the position of the diabatic Floquet curve crossing
above the 2p�u−1� dissociation limit. The width of the
KER peak should correspond to the gap between the adia-
batic curves weighted by the vibrational population. In con-
trast, the O2

+ PECs, shown in Fig. 2�b�, will produce a KER
distribution peaked at 0 eV that dies off exponentially with
KER. This is because the D 2�g−4� dissociation limit is
above the PEC crossing and the vibrational distribution of
X 2�g tails off exponentially at this point.

Third, the angular distribution of a particular feature
points to the number and type of transitions involved in its
pathway by way of the angular momentum quantum number
�. Each transition from one potential curve to another can be
classified as either a parallel transition ���=0�, which de-
pends on the laser field strength parallel to the internuclear
axis, or a perpendicular transition ���= ±1�, which depends
on the laser field perpendicular to the O2

+ axis. Furthermore,
only different pathways that begin and end on the same PECs
can interfere. Therefore, pathways with unique ending and/or
starting points can be treated incoherently. The vast majority
of O2

+ pathways fall under the latter case. Thus, one would

expect a solitary KER-cos � feature produced by a single
pathway to have a cos2n� sin2m� distribution, where n and m
are the number of photons emitted and absorbed in parallel
and perpendicular transitions along the pathway, respectively
�27�.

In addition to these three constraints imposed by the data,
molecular dipole transition selection rules for homonuclear
molecules apply, thus allowing us to further weed out inef-
fectual crossings and determine the most likely pathway. In a
laser field, doublet and quartet states only interact with other
doublet and quartet states, respectively. Thus, the set of all
O2

+ electronic states, which consists of doublet and quartet
states, can be separated into two mutually exclusive sets.
Furthermore, only transitions that obey dipole selection rules
are allowed. Thus, for an n-photon transition, if n is odd, the
transition must be gerade �g� to ungerade �u� or u to g, and if
n is even, the transition must be g to g or u to u.

B. Examples

1. Peak �

To illustrate this procedure, we will detail the determina-
tion of pathways that lead to two distinct KER-cos � fea-
tures,  and � as denoted in Figs. 3 and 4. The most distinct
feature of channel  is its sharp peak around the laser polar-
ization, as seen in Fig. 5�a�. This peak is best fit by a cos2n �
function if n=3. Therefore, after implementation of the
aforementioned transition rules, the pathway can be assumed
to have only parallel transitions, as any perpendicular transi-
tions along the pathway would create an angular distribution
greatly different from the one measured. Thus, the pathway
must consist of X 2�g followed by 2� states or a 4�u fol-
lowed by 4� states, provided that the axial-recoil approxi-
mation is valid. Furthermore, pathways involving more than
five photons can be excluded as the error in the cos2n� fit of
the data doubles from its minimum at n=3 if n�5. This
greatly reduces the number of combinations, allowing us to
determine that the pathway producing the 2.3 eV KER peak
is most likely the three-photon ATD, a 4�u→ f 4�g−3�,
pathway shown in Fig. 6�a� �the 2.3 eV is the sum of the
2.0 eV marked on the figure and the vibrational energy,
as explained in Sec. III C 1�. Other doublet and quartet path-
ways, such as a 4�u→ f 4�g−1�→ 4�u

+−4� �see Fig. 6�b��,
which produce the correct KER but the wrong angular
distribution, fulfill some requirements, but only a 4�u
→ f 4�g−3� fulfills all the necessary conditions.

2. Peak �

The most probable pathway leading to channel � will be
determined using the same set of tools described above with
the additional information gained by determining the path-
way for . Since channel � is predominant at a much lower
intensity than channel , one can assume that the pathway
producing � requires a total emission and absorption of three
or fewer photons, if the relevant transition matrix elements
are comparable. Furthermore, all pathways starting from the
X 2�g state can be excluded, as pathways starting from this
state that involve three or less photons will produce KER

FIG. 4. �Color online� The measured KER distributions of O2
+

dissociation for the same four intensity slices shown in Fig. 3 inte-
grated over cos �. Lines indicate splines through the data points and
the dissociation pathways yielding the KER peaks labeled as , �,
and � are discussed in the text.
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distributions peaked at zero as discussed earlier. Thus, the
benchmark, channel , and the selection rules have made the
task of determining the pathway producing � much less ar-
duous. Furthermore, the angular distribution, shown in Fig.
5�b�, clearly indicates that the pathway must include both
parallel and perpendicular transitions, as the distribution
does not peak at 0° or 90°. These requirements and the axial-
recoil approximation leave only one possible pathway,
namely a 4�u→ f 4�g−1�→ 4�u

+−2�, which is analogous
to a “double bond-softening” pathway as shown in Fig. 7�a�.
Again, other pathways, such as X 2�g→A 2�u−5� shown in
Fig. 7�b�, will produce a KER distribution peaking around
1.5 eV; however, all will generate an angular distribution
inconsistent with the data and require more photons than
indicated by the intensity dependence of this feature.

C. Comparison with previous work

Though the main objective of this paper is to present the
experimental method that allows us to identify the specific
dissociation pathways in a many-electron molecule, it is in-
teresting to compare the dissociation pathways we have iden-
tified with those previously found by Hishikawa et al. �27�. It
is important to note that in their measurements the O2 gas

(a)

(b)

FIG. 5. �Color online� The measured angular distributions for
two O2

+ dissociation features. Panels �a� and �b� correspond to a
range of KER values within peaks  and �, respectively. The size of
the data symbols represents the error and data for ��180° is mir-
rored for display purposes. Fits corresponding to possible dissocia-
tion pathways described in the text are shown as lines. Note that
with the aforementioned laser pulse, the molecule is predicted to
rotate only slightly �24,45�. Therefore, we neglect the effect of these
angular distortions here.

FIG. 6. �Color online� �a� The pathway for  and the approxi-
mate initial vibrational population of the a 4�u state �see text�. �b�
A pathway leading to the measured KER peak for , but failing to
produce the observed angular dependence.

FIG. 7. �Color online� �a� The pathway for � as discussed in the
text. �b� A pathway starting from the doublet ground state, X 2�g,
which leads to the measured KER peak for �, but fails to produce
the observed angular and intensity dependence.
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target was first ionized, creating O2
+, and subsequently disso-

ciated by the same laser pulse. In contrast, in our measure-
ments the ionization step is not necessary since the O2

+ is
generated by electron impact ionization. Therefore, some dif-
ferences between the two measurements might be expected.
The most noticeable difference is that in addition to features
strongly aligned along the laser polarization such as those
observed by Hishikawa et al. �27�, we also observe dissocia-
tion pathways that involve perpendicular transitions, which
result in an angular distribution that is not tightly aligned
along the laser polarization. They identified two dissociation
pathways of the a 4�u state of O2

+, which we will discuss
below in further detail. Earlier work on the dissociation of
O2

+ �36,37� cannot be compared in detail because signifi-
cantly shorter wavelengths were used. However, some of the
KER structures observed in this work have similar features
to those observed earlier.

Before comparing specific dissociation pathways to previ-
ous measurements, it is worth noting that the features we
presented originate from the a 4�u state and not from the
X 2�g O2

+ ground state. In some previous studies, dissocia-
tive ionization through the a 4�u state has been suggested to
explain some observations �27,34�. In other studies, there
was no indication for this intermediate state, and all the ob-
servations were consistent with ionization through the O2

+

ground state �35–37�.

1. Peak �

The first dissociation pathway, denoted as channel 
above, involves a transition from the initial a 4�u to the final
f 4�g−3� state through the three-photon gap, as shown in
Fig. 6�a�. This dissociation pathway, identified also by Hish-
ikawa et al. �27�, yields a KER of about 2.0 eV for the v
=0 state of a 4�u. �All vibrational levels bound in the PECs
of interest were computed using the phase-amplitude method
�57�.� Higher vibrational states will also contribute, some-
what broadening and shifting the KER distribution to higher
values, namely 2.3 eV with about 0.5 eV FWHM in our
measurements. However, the yield of this path decreases rap-
idly with increasing v due to decreasing wave-function over-
lap �as is typical in this kind of curve crossing dynamics—
predissociation is another example �58�� and consequent
decrease in vibrational population, thus limiting the width of
the KER peak for this process.

Note that, after making the a 4�u→ f 4�g−3� transition,
the O2

+ dissociating along this pathway can either �i� continue
along the f 4�g−3� curve and dissociate as discussed above
or �ii� cross to the a 4�u−2� state through a one-photon
transition as indicated in Fig. 6�a�. The dissociating O2

+

reaches the f 4�g−3�→a 4�u−2� crossing �10 fs after
the three-photon transition has occurred. At this time the
40 fs FWHM laser pulse used in our measurements still pro-
vides strong one-photon coupling. Thus, a significant frac-
tion of the dissociating wave packet is expected to make the
transition to the a 4�u−2� final state yielding a smaller KER
of about 0.4 eV for the v=0 state. This contribution should
shift to higher KER values in a similar way as the  peak,
thus resulting in about 0.7 eV �this feature is marked by a
dashed arrow in Fig. 4�. Both these KER features, namely a

2.3 eV peak from the a 4�u→ f 4�g−3� pathway and
0.7 eV peak from the a 4�u→ f 4�g−3�→a4�u−2� path-
way, appear in the highest intensity data shown in Figs. 3 and
4. Furthermore, the latter is more likely as expected. Note
that the 0.7 eV peak appears also at lower intensities sug-
gesting contributions of additional dissociation pathways,
and therefore we cannot determine the branching ratio be-
tween these two pathways.

2. Peak �

The second dissociation pathway suggested by Hishikawa
et al. �27� involves a sequence of transitions though
one-photon crossings, explicitly, a 4�u→ f 4�g−1�
→2 4�u−2�→2 4�g−3�, which yields a KER of about
0.8 eV. All these suggested crossings involve parallel transi-
tions �i.e., � to �� and thus result in a strong angular align-
ment of the nuclear fragments along the laser polarization.
Furthermore, this dissociation pathway is expected to be
more efficient than the aforementioned three-photon pathway
as it requires three one-photon couplings rather than a direct
three photon transition, and thus it should occur even at
lower intensities. This KER peak around 0.8 eV also appears
in our data, but it vanishes at low intensities as can be seen in
Figs. 3 and 4. Moreover, �i� this peak appears at the same
intensity range as the peak labeled , which is associated
with a three-photon ATD dissociation pathway as discussed
above, and �ii� it has a strongly aligned angular distribution.
This suggests that a multiphoton mechanism of a similar
order is involved, explicitly, the a 4�u→ f 4�g−1�
→2 4�g−3� dissociation pathway, which is shown in Fig. 8
and later referred to as 1+2-photon ATD because the second
transition involves a two-photon coupling. The dissociation
pathway suggested here will have the same KER distribution
as the one suggested previously �27� because �i� it accesses
the same vibrational population through the initial a 4�u to
f 4�g−1� crossing, which occurs around v=9, and �ii� it has
the same 2 4�g−3� dissociation limit. However, assuming
dipole transition matrix elements of comparable magnitude,

FIG. 8. �Color online� Pathway for � as discussed in the text.
The vibrational level nearest to the crossing is marked. The inset is
an expanded view of the PEC crossings.
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the current pathway will occur only at intensities higher than
the previously suggested pathway due to the two-photon
transition. This example demonstrates the impact of the in-
tensity difference method on one’s ability to determine the
correct dissociation pathway.

It is also notable that the � peak in Fig. 4 seems to sit on
top of a wider KER distribution, which is visible at the lower
intensities shown in the figure. This broad energy tail is most
likely due to the a 4�u→ f 4�g−1� dissociation shown in
Fig. 8, which produces a KER distribution similar to the one
shown in Fig. 2�b� because the crossing is below the disso-
ciation limit. This parallel one-photon transition, typically
referred to as bond softening �10,11� is expected to yield a
cos2 � angular distribution. Furthermore, we cannot totally
exclude contributions from the dissociation of highly excited
vibrational states of the X 2�g ground state of O2

+ through the
crossing with the A 2�u−1� state, which is also expected to
yield a cos2 � angular distribution. However, the population
of such highly excited vibrational states �v�30� is expected
to be negligible. Due to this KER tail, the angular distribu-
tion of the � peak is a mixture of a cos2 � distribution from
the aforementioned one-photon process and a cos6 � distri-
bution from the 1+2-photon ATD discussed above. This an-
gular distribution nicely fits the data as shown in Fig. 9.
However, the data is also consistent with a mixed cos2 �
+cos4 � distribution illustrating the difficulty in eliminating
possible pathways based only on their angular distribution.
Nevertheless, we have not found a two-photon pathway
which involves only parallel transitions and yields 0.8 eV,
thus we conclude that the pathway we suggest above is the
most likely one.

3. Peak �

The dissociation pathway denoted as channel � above has
a wider angular distribution and peaks at a KER of �1.5 eV.
We identified the dissociation pathway to be a sequence of
two one-photon transitions, namely a 4�u→ f 4�g−1�
→ 4�u

+−2� as explained earlier. It is important to note
that this dissociation pathway appears at lower laser
intensities than the previous two pathways as expected
for the lower number of photons involved in these transi-
tions. Furthermore, this dissociation pathway involves simi-
lar vibrational states of the a 4�u electronic state as the
three-photon ATD pathway to the 2 4�g−3� state, namely
v�7–9. More importantly, this dissociation pathway, which
dominates our low intensity spectra, was not observed previ-
ously �27�, most likely because the need to first ionize the
neutral oxygen target sets a limit on the lowest intensities at
which one can study O2

+ dissociation.

IV. CONCLUSION

In summary, using the intensity dependence, the shape
and position of the KER peak, the angular distribution, and
the dipole selection rules, one can determine the most prob-
able laser-induced dissociation pathway�s� for a feature that
has a distinct dissociation momentum distribution. Further-
more, once the pathway leading to a particular feature is
determined, it can be used as an intensity benchmark to set
the upper or lower limit of photons required along another
pathway of interest. This method can be extended to other
features in the KER-cos � distribution of O2

+ and is expected
to work for any diatomic molecule in a laser field that is
measured with a complete 3D intensity-dependent momen-
tum imaging technique. It is important to note that in order to
apply this method a few assumptions need to be valid,
namely �i� the axial-recoil approximation, �ii� dipole transi-
tion matrix elements for the relevant allowed transitions are
of comparable magnitude, and �iii� the conditions allowing
the use of the IDS method �52�.

Employing this method, we have investigated a few of the
O2

+ dissociation pathways in an intense 40 fs laser pulse and
identified them as �i�  — a three-photon ATD pathway
strongly aligned along the laser polarization occurring pre-
dominantly at intensities above 6�1014 W/cm2, �ii� � — a
dissociation channel involving two one-photon transitions,
one parallel and one perpendicular, that happens mainly at
lower intensities below about 1014 W/cm2, and �iii� � — a
1+2-photon ATD pathway occurring at similar intensities as
. All of these are dissociation pathways of the a4� meta-
stable state of O2

+.
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FIG. 9. �Color online� �a� and �b� Log-log plots of the measured
yield �symbols� as a function of cos � for the � and  dissociation
pathways, respectively. The lines shown in the figures are fits to the
data of N0 cos6 � �short-dashed line�, N0 cos2 � �long-dashed line�,
N0 cos2 �+N1 cos4 � �dash-dot line�, and N0 cos2 �+N1 cos6 �
�dash-dot-dot line�. The last distribution fits the data in panel �a�
best, but also the mixed cos2 �+cos4 � distribution is consistent
with the data as discussed in the text. The data in panel �b� nicely fit
by a cos6 � distribution.
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