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The kinetic energy release �KER� and angular distribution for dissociation and ionization of N2
+ in an

intense short pulse �7 fs� laser at 790 nm was measured by employing a coincidence three-dimensional mo-
mentum imaging method that provides kinematically complete information on the dissociation. At an intensity
of 6.0�1015 W /cm2 a high-KER peak ��6.1 eV� unexpectedly appears in the dissociation spectrum in addi-
tion to the usual low-KER peak ��0.6 eV�. Additionally, the KER distribution in ionization, which peaks
around 7 eV, has a tail that surprisingly extends well beyond the Coulomb explosion energy. Both these
high-KER contributions result from dissociation pathways involving highly excited states of N2

+ with steep
potential curves as indicated by the dressed state potential energy curves picture.
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I. INTRODUCTION

The interaction of an intense laser with diffuse matter has
been explored widely in the past decade �see reviews in Refs.
�1–3��. For this purpose, atoms, molecules, and molecular
ions are the most common targets. The simplest molecule
H2

+ has often been used as a testing ground for both theory
and experiment, since exploring the physics of this single
electron system is a much less demanding task than studying
a larger multielectron system. Some of the important phe-
nomena that have been observed in these studies include
bond softening �BS� �4,5�, vibrational trapping �VT, also
known as bond hardening� �4–6�, above-threshold dissocia-
tion �ATD� �7,8�, above-threshold ionization �ATI� �9,10�,
Coulomb explosion �CE� �11–13�, and above-threshold Cou-
lomb explosion �ATCE� �14,15�.

Typically, in a strong laser field, molecular dissociation
yields a kinetic energy release �KER� that is much lower than
what one would expect for photodissociation. This has led to
the discovery of the bond softening mechanism �4,5�. Figure
1 shows the laser-dressed diabatic 1s�g and 2p�u Born-
Oppenheimer potentials of H2

+ in what is referred to as the
Floquet representation �2,6,16–19�. In this representation the
up or down shift of the potential energy curves �PECs� by n
times the photon energy �n� corresponds to the emission or
absorption of n photons, respectively, and the resulting
dressed states are denoted by the state followed by the label
�n� in Fig. 1. This is equivalent to the alternative picture,
often used, where a transition between any two states is rep-
resented by vertical up and down arrows corresponding to
the absorption and emission of photons, respectively �see,
e.g., Ref. �20��. For convenience we will use the dressed
states picture.

On these dressed PECs in Fig. 1, the H2
+ wave packet can

make a transition at the crossings between curves governed
by molecular dipole selection rules. In addition to the diaba-
tic curves we have also shown the adiabatic curves, for
which the laser-molecule coupling is included, near the
crossing of the �1s�g-0�� and the �2p�u-1�� states. A wave
packet near this crossing dissociates through the process of
bond softening. In addition, a wave packet just above the

crossing, as shown in Fig. 1, may be trapped in the shallow
potential well formed above the crossing, a process appropri-
ately named vibrational trapping.

When more than the minimum number of photons needed
for dissociation are absorbed, e.g., �2p�u-3��, and dissocia-
tion occurs through this path, it is called above-threshold
dissociation �7,8� �in analogy to above-threshold ionization
�9,10��. A wave packet dissociating by ATD along the
�2p�u-3�� state can have two pathways, i.e., it can either
remain on the �2p�u-3�� curve or end up on the �1s�g-2��
curve by a transition at the next crossing between the
�1s�g-2�� and �2p�u-3�� states. The latter pathway results in
the reemission of a photon. A curved arrow is shown in Fig.
1 to indicate this latter transition. For both ATD pathways the
KER is larger than in dissociation by the bond softening
mechanism. In general, ATD has a higher KER and a lower

FIG. 1. �Color online� Born-Oppenheimer potentials of H2
+,

dressed by net absorbed number of photons n�. Also indicated are
the vibrational trapping �VT�, bond softening �BS�, and above-
threshold dissociation �ATD� mechanisms.
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probability of occurring than BS because of the large number
of photons involved.

Similar to molecular dissociation by BS, ionization typi-
cally yields lower KER than that predicted for direct ioniza-
tion. This is due to enhanced ionization �21,22�, i.e., higher
ionization probability, for stretched molecules. This mecha-
nism can be viewed as ionization of the molecule along its
dissociation path. Moreover, similar to dissociation, ioniza-
tion may also be explained using the dressed-states picture as
demonstrated recently by Esry et al. �14�. While fundamen-
tally this is a multiphoton interpretation �explicitly referring
to photons�, it is still useful even in the intensity regime
where ionization would traditionally be described as occur-
ring by electron tunneling. Indeed, as pointed out by Esry et
al. �14�, the multiphoton dressed-state picture works best
near the appearance intensity for ionization where curve
crossings just begin to open, and at higher intensities, the
KER peaks are mostly broadened from their low intensity
values. This can be viewed as a widening of the curve cross-
ings at high intensity, just like the adiabatic curves in Fig. 1,
leading to ionization over a broader range of internuclear
separation R.

In this work we explore the dissociation and ionization
pathways of an N2

+ beam in intense ultrashort 790 nm laser
pulses. The single and multiple ionization of N2 molecules in
a strong �800 nm laser field has been studied experimen-
tally by several groups �e.g., Refs. �22–30�� but never before
starting from an N2

+ beam target. In particular, we focus on
an unusually high-KER feature in the dissociation into N+

+N. This high-KER peak is more than 5 eV higher than a
low-KER peak that has commonly been observed for N2

+

dissociation starting from an N2 target. The separation of the
low �0.6 eV� and high �6.1 eV� KER peaks is much larger
than the photon energy �1.57 eV� for 790 nm wavelength. In
addition, we show that the dissociation pathways responsible
for this high-KER feature lead to KER values in ionization
much higher than expected for Coulomb explosion into N+

+N+. Although the intensity range covered, up to 6
�1015 W /cm2, spans into the tunneling regime, we find it
informative to interpret the results using the Floquet picture,
exemplified in Fig. 1 for H2

+. This is because the Floquet
dressed-states picture allows for clear identification of both
dissociation and ionization pathways using their KER and
angular distributions, as well as their intensity dependence
�14�.

II. EXPERIMENTAL SETUP

For the measurements of N2
+ we have applied a coinci-

dence three-dimensional �3D� momentum imaging method
used previously for the study of the single electron systems
H2

+, HD+, and D2
+ �31,32�, and other many-electron sys-

tems, e.g., O2
+ �33� and ND+ �34�. The details of our experi-

mental setup are described in previous papers �31,32�, there-
fore, only a brief description follows.

The molecular ion beam was generated in an electron im-
pact ion source and accelerated to 9 keV beam energy. Mag-
netic and electric fields were used to guide the ion beam
towards an interaction point where the laser and the colli-

mated ion beam were crossed within an electrostatic spec-
trometer. At the interaction point molecular ions were disso-
ciated or ionized by the pulsed intense laser. The transverse
component of molecular breakup energy imparted to the dis-
sociative fragments separated the fragments from the pri-
mary ion beam. These fragments were then detected using a
microchannel plate delayline detector, operated in event
mode, that recorded the time and position of each fragment
created for every laser pulse. The primary ion beam was
collected in a small on-axis Faraday cup �2 mm in diameter�
and, due to blocking by the cup, fragments with KER
�0.1 eV were lost. In the interaction region, the spectrom-
eter electric field accelerated the charged fragments with re-
spect to the neutral particles. Thus the fragments, ions and
neutrals, were separated in time of flight, and dissociation
could be clearly distinguished from ionization as illustrated
in Fig. 2. In this figure we show the time of flight of the first
particle to hit the detector versus the time of flight of the
second particle for two breakup channels, namely, N++N
and N++N+. From the position and time information re-
corded for both fragments, the complete 3D kinematics of
the breakup events were computed �35�. That is, the kinetic
energy release upon fragmentation and �, the angle between
the molecular axis and the laser polarization direction, were
computed.

The laser used in the experiment was a Ti:sapphire system
�790 nm�, which, following temporal compression of the
pulses using a neon-filled hollow-core fiber and chirped mir-
ror arrangement, provided linearly polarized 7 fs �full width
at half maximum� pulses at 1 kHz repetition rate. These
pulses were focused onto the ion beam target using an f
=203 mm off-axis parabolic mirror. The laser intensity at the
target was varied by scanning the position of the laser focus
with respect to the target. Hence, the peak intensity �6.0

FIG. 2. �Color online� A density plot of the time of flight of the
first particle �t1� to arrive at the detector against that of the second
particle �t2�, to illustrate the separation of breakup channels in our
coincidence measurement. The dashed line indicates the loci t1= t2.
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�1015 W /cm2� was achieved with the ion beam crossing the
center of the laser focus, and low intensity �6.5
�1014 W /cm2� was achieved by moving the laser focus
away from the ion beam center along the laser propagation
direction. This technique is known as an intensity selective
scan �36,37� and takes advantage of the increased interaction
volume for low intensity measurements.

The N2
+ beam target used in these studies had some

unique properties. The most important one is that it was pre-
dominantly in its electronic ground state and vibrationally
cold. This follows since the ground state of N2

+ �2.13 a.u.
�38�� has a similar equilibrium distance as that of N2
�2.08 a.u. �39��, hence there is a large Franck-Condon over-
lap of the ground vibrational state of N2 with the low vibra-
tional states of N2

+. For the N2
+ ions produced in an ion

source by electron impact ionization of N2 �i.e., a vertical
transition�, most of the population is distributed among the
three lowest electronic states, namely, the ground state X 2�g

+

and the metastable states A 2�u, and B 2�u
+ �40–42�. These

states are shown in Fig. 3�a� along with some additional
relevant PECs of N2

q+ with q	2. The radiative lifetimes of
the different vibrational levels of the N2

+ metastable states
are a few tens of microseconds for the A 2�u and a few
nanoseconds for the B 2�u

+ �46�. So, the electronic and vibra-
tional population distributions change from when the ions
are first produced in the ion source to when they reach the
interaction region, i.e., after the transit time of about 20 
s
in our setup. We have calculated the overall vibrational
population distribution at the interaction region by applying
the method described by Crandall et al. �41� and using the
data from Refs. �41,46�. The resulting electronic and vibra-
tional populations of the ions in the interaction region are
shown in Fig. 3�b�. At the interaction time, the ground vibra-
tional level �v=0� of the X 2�g

+ state is most highly populated
��40% �, with little population remaining in the A 2�u state
�total population �13%� and virtually no population in the
B 2�u

+ state. Furthermore, more than 83% of the population is
in v=0−7 of X 2�g

+, i.e., within less than one photon energy
from the bottom of the potential well.

III. RESULTS AND DISCUSSION

A. Dissociation

The KER distributions for the dissociation of N2
+ into the

N++N channel �often referred to as the �1,0� channel� are
displayed in Fig. 4. For the lower measured intensity of
6.5�1014 W /cm2 �see panel �a�� the results display a sole
low energy peak centered around 0.6 eV which extends up to
�2.5 eV. This peak is equivalent to that observed in other
studies of N2

+ dissociation starting with an N2 target
�25,27,28,30�. In contrast to our work, however, some of
these papers report distributions peaked around 0.0 eV �for
25 fs, 1014 W /cm2 pulses� �27�, 1.2 eV �for 33 fs,
1015 W /cm2 pulses� �25�, 1.8 eV �for 55 fs, �1014 W /cm2

pulses� �28�, and 0.45 eV �for 70 fs, �1014 W /cm2 pulses�
�30�. The reason for these differences is unclear and further
investigation is required.

By comparison, the KER spectrum measured under the
same experimental conditions as Fig. 4�a� but for a higher
intensity of 6.0�1015 W /cm2, shown in panel �b�, exhibits
an additional KER peak around 6.1 eV. Such a high-KER
feature is rather surprising for the dissociation of diatomic
molecules such as N2

+ and, to the best of our knowledge, has
not been reported previously. It is important to note that in

FIG. 3. �Color online� �a� A simplified potential energy curve
diagram of N2

q+ �q	2� showing only a selection of the lowest-
lying curves for each q. The PEC of N2 is taken from Ref. �39�, N2

+

from �43,44�, and N2
2+ from Ref. �45�. The structure in some of

these curves is due to avoided crossings with neighboring electronic
states not shown. The dashed vertical lines represent the Franck-
Condon �FC� transition region. The zero of the energy is for the
fully stripped N7++N7++14e− limit. �b� Calculated vibrational
population distribution of N2

+ in the interaction region following
decay of metastable states from the source �see text�.
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many previous studies only charged fragments were detected
so that the breakup channels �i.e., N++N, N++N+, etc.� were
identified only by the KER. Therefore, high KER in N++N
dissociation could be masked by the energetic N++N+

breakup. This limitation is not a problem in our method be-
cause the different breakup channels are separated through
detection of both the charged and neutral fragments in coin-
cidence as discussed briefly in Sec. II and in detail in Refs.
�31,32�.

Additional information on dissociation is provided by the
angular distribution of the fragments as displayed in the
cos � plots in the insets of Fig. 4 for the two different inten-
sities discussed above. The type of the transition involved in
a dissociation pathway can be found by the change in the
angular momentum quantum number 
� �33,34,47�. A par-
allel transition is defined by 
�=0 �e.g., �↔�, �↔�� and
depends on the laser field strength parallel to the molecular
axis, while a perpendicular transition corresponds to 
�
= �1 �e.g., �↔�� and depends on the laser field strength
perpendicular to the molecular axis. To account for the vol-
ume element of the dissociation sphere, we bin the angular
distributions as a function of cos � rather than � such that an
isotropic angular distribution will appear flat on a cos � plot.
We see in the insets of Fig. 4 that the �cos �� distributions
have significant counts along �cos ��=0, in addition to the

major contribution along �cos ��=1. This implies that, in ad-
dition to the dominant parallel transitions, perpendicular
transitions also play an important role in the dissociation.

1. Low-KER dissociation pathway

The mechanisms or pathways responsible for the KER
and �cos �� features observed may be determined from close
inspection of the PECs of N2

+. We begin by focusing on the
origin of the low-KER peak, which we identify as being
produced by dissociation along one of the pathways shown
in Fig. 5�a�. By process of elimination of all other allowed
dissociation paths based on the expected KER and angular
distributions �see Ref. �33� for the method used�, we find the
following pathways to be the important ones.

The ground vibrational level of the �X 2�g
+-0�� state

couples to the �D 2�g-6�� state, dissociating to N+�3P�
+N�4S�. It is a valid even-photon gerade-gerade coupling
resulting in a perpendicular transition ��→�� and is thus
likely to be the source of the counts near �cos ��=0 in the

FIG. 4. �Color online� �a�, �b� Measured KER distributions for
dissociation of N2

+ using 7 fs pulses at intensities �a� 6.5
�1014 W /cm2 and �b� 6.0�1015 W /cm2 with corresponding angu-
lar distributions �inset� plotted versus �cos ��, where � is the angle
between the molecular axis and the direction of the laser polariza-
tion. The error bars denote the statistical errors in the data. The
fitted curves are Gaussian distributions centred at the peak of the
measured KER distribution and are only used as a guide.

FIG. 5. �Color online� Dressed-states diabatic picture of N2
+

illustrating dissociation pathways that lead to �a� low- and �b� high-
KER dissociation �see text�. The short lines within the potential
well represent the different vibrational levels and the horizontal
lines near the bottom of the potential represent the initial energy of
the dissociation wave packet. Potential energy curves for N2

+ have
been reproduced from Ref. �44�. The structure in some of these
curves is due to avoided crossings with neighboring electronic
states not shown.
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inset of Fig. 4�a�. Dissociation on this state will yield a KER
of about 1 eV, estimated from the difference between the
initial energy of the molecule and the asymptotic limit of the
dissociation state. Note, there may be a small deviation from
this value due to possible Stark shifting of vibrational states,
depending on the intensity. Since the main peak of the low-
KER feature in Fig. 4�a� is at lower energy than that given by
this pathway �i.e. this pathway contributes to the extended
tail of the distribution�, we look for other pathways for dis-
sociation involving excited final products.

One strong possibility for a dissociation pathway is that
the population of the N2

+ �X 2�g
+-0�� state near v=2 couples

to the dressed �C 2�u
+-7�� excited state, dissociating to the

N+�3P�+N�2D� limit. This pathway involves a parallel tran-
sition with an odd number of photons absorbed, resulting
from a gerade-ungerade coupling. One will notice that there
is a barrier in this state at an internuclear distance R of about
3.2 a.u., but a wave packet dissociating from the v=2 state
should just have enough energy to overcome this barrier and
will end up with dissociation energy of 0.6 eV in good agree-
ment with the peak of the observed distribution. Note that
approximately 10% of the total fraction of the beam is in the
v=2 vibrational level.

One other state, namely, �2 2�g
+-8��, dissociating to the

same limit as the C 2�u
+ state, may also contribute in a simi-

lar way by accessing population in the v=0 level to yield a
KER of about 1.6 eV. This pathway, similar to the
�D 2�g-6�� pathway, acts to extend the main KER peak to
higher energies.

2. High-KER dissociation pathway

We now turn our attention to the unexpected high-KER
feature in Fig. 4�b�. This peak results from dissociation
mechanisms similar to the low-KER peak but involving
other pathways with more photon absorption. As more pho-
tons are required, this peak is significant only at the higher
intensity. Similar to the low-KER peak it involves electronic
states leading to the N+�3P�+N�2D� dissociation limit. Addi-
tionally, it involves excited states from the next higher mani-
fold leading to dissociation into N+�1D�+N�2D�.

A few examples of such highly excited states that lead to
high KER, namely, the �4 2�g-10��, �5 2�g

+-12��, and
�5 2�u

+-13��, are shown in Fig. 5�b�. We note, however, that
there are a number of other states that similarly can contrib-
ute to KER in the observed range but have been omitted
from the figure for clarity. The combined contribution from
all of these states will yield the broad measured peak cen-
tered around 6.1 eV, as shown in Fig. 4�b�. Close inspection
of Fig. 4�b� also reveals that there are hints of structure in the
high-KER peak �48�. This would indeed suggest that more
than one pathway is involved in this peak.

Considering the angular distribution �Fig. 4�b��, we again
see contributions from both parallel and perpendicular tran-
sitions indicating that both ��→�� and ��→�� transitions
are involved. In this case, while the parallel transitions con-
tinue to dominate as for the low-KER peak, the relative con-
tribution from perpendicular pathways is larger �see Fig.
4�b�� as the ratio of counts at �cos ��=0 to �cos ��=1 is larger

for KER in the range 4–12 eV than for KER in the range
0–2.5 eV.

It is important to emphasize that the higher KER from
dissociation along the pathways shown in Fig. 5�b� is due to
the steep part of the repulsive potentials in the vicinity of
their crossing with the ground state. Therefore, we find that
there are two subsets of groups of PECs that lead to disso-
ciation: low-lying shallow potentials that lead to low KER,
and higher-lying steep potentials that lead to high KER in
dissociation. The low-lying potentials have a shallow poten-
tial well at an internuclear distance R slightly greater than the
equilibrium distance �R0� and cross the highly populated re-
gion of the N2

+ potential well when dressed by 6-8 photons.
A few examples of such shallow PECs are shown in Fig.
5�a�. The higher-lying potentials are more repulsive and
when dressed downwards require more photon absorption to
reach the bottom of the N2

+ potential well than the low-lying
shallow potentials. We refer to these states as steeper PECs
and a few of them are shown in Fig. 5�b�.

The highly excited electronic states associated with the
removal of an inner valence electron are steeper than the
lower-lying electronic states because of the reduced screen-
ing of the nuclear potential. This is made clearer by consid-
ering the electronic configurations of N2 and N2

+. The
ground state of N2, X 1�g

+, is �1�g�2 �1�u�2 �2�g�2 �2�u�2

�1�u�4 �3�g�2 and that of N2
+, X 2�g

+, is �. . .�1�u�4�3�g�1�,
i.e., to form N2

+ one electron is removed from the �3�g�
orbital of N2. When the laser excites a shallow PEC of N2

+,
it is the outer valence electron that is excited. For example,
for excitation to the shallow D 2�g state of N2

+, the electron
from the �3�g� orbital is excited to the �1�g� orbital to result
in �. . .�1�u�4�3�g�0�1�g�1�. However, when the laser excites
one of the steeper PECs, it is an inner valence electron that
gets excited to an outer orbital, e.g., for excitation of the
steep 5 2�g

+, state, predominantly a �2�g� electron is excited
to the �1�g� orbital �44,49,50�.

Finally, before proceeding, it is interesting to note that the
large number of photons required to dissociate N2

+ �6-13
photons� is reflected in the measured dissociation rates. For
example, at 6.0�105 W /cm2 the dissociation rate of N2

+ is
about a factor of 2 lower than O2

+ under similar ion and laser
beam conditions, where for O2

+ the dominant dissociation
paths require 1-4 photons �33�. Likewise, the dissociation
rate is approximately a factor of 20 lower than H2

+ which
requires only 1-2 photons to dissociate �51�. Hence one ob-
serves directly a link between the large multiphoton nature of
the dissociation pathways we have identified and the diffi-
culty in breaking N2

+ in an intense laser field. We note, given
the large difference in the number of photons needed to dis-
sociate, one may have expected an even larger difference in
the dissociation rates, although this may be due to the onset
of saturation of certain dissociation pathways at this high
intensity.

B. Ionization

In addition to dissociation, we have also measured the
�1,1� and �1,2� ionization channels of N2

+. Here we focus on
the �1,1� channel that fragments to the N++N+ channel. For
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our measurement of KER at 6.5�1014 W /cm2, shown in
Fig. 6�a�, we observe a KER peak centered around 7 eV with
a width of about 4 eV. The peak of the distribution is com-
parable to the KER value measured in the majority of studies
starting with N2, using both similar �24� and longer
�22,23,25–30� pulse durations.

1. Low-KER ionization pathway

There are two possible mechanisms that could lead to
KER in the range of 6–11 eV. The first is what is commonly
referred to as direct ionization, and is particularly amenable
to the use of short intense pulses �52,53�. Here a wave packet
from N2

+ is launched directly onto the N2
2+ manifold of

states from where it then dissociates. As a zeroth order ap-
proximation, one typically estimates the KER from such a
process as given by 1 /R0 arising from pure Coulomb explo-
sion of the product fragments from the molecule’s equilib-
rium internuclear separation. This energy in the case of N2

+

is marked by the dashed vertical line labeled 1 /R0 in Fig.
6�a�. The spread of initial internuclear distance P�R� com-
puted using the phase-amplitude method �54� for the vibra-
tional population of the N2

+ beam at the interaction point
�see Fig. 3�b��, results in a KER spread around 1 /R0 after
reflection �55,56� of P�R� onto the 1 /R Coulomb potential,

as shown in Fig. 6�b� by a solid curve. However, in contrast
to the transient H2

2+ where the 1 /R Coulomb potential is
accurate, the low-lying states of N2

2+ have mostly shallow
bound-shaped potentials in the direct ionization region �as
seen in Fig. 3�a��. They lie well below the 1 /R Coulomb
curve and would, therefore, yield lower KER than expected
for Coulomb explosion.

We have projected the expected N2
+ vibrational popula-

tion for the X 2�g
+ and A 2�u initial electronic states �given in

Fig. 3�b� for the interaction time� onto a few low-lying states
of N2

2+, one of which was found to be the most probable by
Voss et al. �24�. The results of the reflection are shown in
Fig. 6�b�. It can be seen that this leads to KER values in the
6–11 eV range. One may expect the innermost turning point
of the highly excited vibrational states to yield high KER
values. However, even the highest vibrational level shown in
Fig. 3�b� does not lead to energetic enough breakup. Further-
more, highly excited vibrational states represent a small frac-
tion of the initial vibrational population. It is important to
note that the measured KER distribution at the higher inten-
sity �6.0�1015 W /cm2�, shown in Fig. 6�b�, extends to
much higher values than expected for direct ionization.

In addition to direct ionization, however, there is also the
possibility of indirect ionization. In this process the molecu-
lar wave packet first begins to dissociate along one of the
N2

+ dissociation paths and is then ionized onto the N2
2+

states at internuclear distance R larger than R0. Such a
mechanism is usually invoked to explain KER lower than
that expected for direct ionization as the ionization step oc-
curs for stretched molecules experiencing a less repulsive
potential. Below we will explain the mechanism of indirect
ionization by choosing one of the dissociation pathways de-
scribed earlier.

As we have already identified the likely dissociation path-
ways, we select the �2 2�g

+-8�� state to illustrate one example
of a possible indirect ionization pathway. Such a pathway is
illustrated in Fig. 7�a� where, in addition to the relevant
dressed dissociation states, we dress also the ionization states
using the same representation introduced recently to discuss
the above-threshold Coulomb explosion of H2

+ �14�. In Fig.
7�a�, a wave packet dissociating on the �2 2�g

+-8�� curve
may cross onto the dressed �c 1
g-19�� or �c 1
g-20�� states
at R=2.4 a.u. or R=3 a.u., respectively, giving KER in the
approximate range 6.5–8.5 eV. Here we have not included
the �c 1
g-18�� state because the crossing between the
�c 1
g-18�� and the �2 2�g

+-8�� state is at large R such that
the electric field of the short laser pulse, used in this experi-
ment, will be weak when the dissociating wave packet
reaches the crossing. Also, the �c 1
g-21�� state is not in-
cluded because it does not cross the shallower PECs of N2

+

that give the low KER, however, it crosses the steeper PECs
of N2

+ that result in high KER. As there is a large density of
accessible N2

2+ states �see Fig. 3�a�� leading to the same
N+�3P�+N+�3P� dissociation limit as the c 1
g state, each of
these may contribute slightly different KER values resulting
in a broadening of the observed KER distribution. In addi-
tion, as discussed in the introduction, the further the intensity
is above the ionization appearance threshold, the more KER
broadening incurred.

We have estimated classically the time it takes a dissoci-
ating N2

+ wave packet on the �2 2�g
+-8�� state to reach the

FIG. 6. �Color online� Measured KER distributions for ioniza-
tion of N2

+ using 7 fs pulses at intensities �a� 6.5�1014 W /cm2 and
�b� 6.0�1015 W /cm2. Note that at higher intensity the KER has a
high-energy tail. The error bars denote the statistical error in the
data. A sample of computed probability distributions �arbitrary
yields� expected for direct ionization to the c 1
g �dotted curve�,
D 3�g �dashed curve�, A 3�g

− �dash-dotted curve� states of N2
2+, and

the Coulomb curve 1 /R �solid curve� are also shown. The dashed
vertical lines �labeled 1 /R0� indicate the energy corresponding to
“Coulomb explosion” of N2

+ at R=R0.
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crossing with the �c 1
g-20�� state of N2
2+ at R�3.0 a.u.

and found it to be around 7 fs, which for dissociation initi-
ated on the leading edge of the laser pulse, is within the
duration of the pulse. Similarly, the time that it takes for a
dissociating wave packet to reach the crossings between the
�2 2�g

+-8�� state of N2
+ and some other dressed states of

N2
2+ at R�2.5–3.0 a.u. is about 5–7 fs. Thus, both of the

aforementioned direct and indirect ionization pathways lead
to KER in similar ranges and so we are not able to distin-
guish here between their contributions.

2. High-KER ionization pathway

In contrast to the low intensity measurement, the KER
spectrum for the higher intensity of 6.0�1015 W /cm2 exhib-
its a much higher KER tail �see Fig. 6�b��. The fact that the
KER distribution extends to higher values than that for low
intensities and gets broader with increasing intensity is com-
monly observed �25�. However, it is surprising that the KER
extends well beyond the purely Coulomb explosion energy
of 12.8 eV �vertical dashed line, 1 /R0� and even beyond the

whole distribution resulting from the reflection of initial
P�R�, shown by a solid curve centered around this line. In-
deed, the N2

2+ states �mostly metastable� are less repulsive
than the 1 /R Coulomb curve for small R, predicting KER
below 11 eV. In Fig. 6�b� we have shown a few possible
distributions resulting from reflection of the N2

+ vibrational
population �as shown in Fig. 3�b�� onto the N2

2+ states, for
states resulting in the extreme KER values. Clearly the high
energy tail of the distribution extending beyond 11 eV can-
not be explained with direct ionization only.

Further insight into the source of the high KER can be
found by revisiting the indirect ionization concept. Although
typically this has been used to explain lower KER than for
direct ionization, as we found from the dissociation spectra,
there is a group of extremely steep dissociation curves. Ini-
tiating dissociation onto these states, followed then by de-
layed ionization, can inject energy into the fragments in the
first dissociation step. A few examples of such pathways are
illustrated in Fig. 7�b�. Here we consider dissociation on the
steep �5 2�u

+-13�� curve. This state first forms a crossing
with the dressed �D 3�g-23�� state of N2

2+ at R=2.7 a.u., or
alternatively with the �D 3�g-24�� state at R=3.0 a.u. The
�c 1
g-23�� state likewise forms a crossing at R=3.0 a.u.
and the wave packet can end up in the ionization curve by
giving up an energy that contributes to the high-KER tail of
the energy distribution.

The estimated time for a dissociating N2
+ wave packet on

the �5 2�u
+-13�� state to reach the crossing with the

�c 1
g-23�� state of N2
2+ at R=3.0 a.u. is on the order of

6 fs, which can be considered accessible within the duration
of the pulse. For the other crossings around R=2.7–3.0 a.u.
that are formed between the �5 2�u

+-13�� state of N2
+ and

some dressed states of N2
2+, the estimated time is similarly

about 5–6 fs.
Each of the pathways discussed above will lead to KER

�12 eV, seemingly explaining the origin of the high-KER
tail of the distribution in Fig. 6�b�. We note that while we
have chosen a few specific examples to demonstrate the
mechanism responsible for the high-KER tail, there are a
number of other similar routes giving a similar range of KER
thus preventing the identification of the dominant one.

Finally, we remark on some similarities and differences
observed between this experiment on N2

+ and another recent
momentum-imaging experiment on N2 by Voss et al. �24�. At
low intensity �1014 W /cm2�, notably below the lowest ap-
plied here, Voss et al. observed the dominant formation path
of N2

2+ to involve: tunneling single ionization, followed by
electron-rescattering excitation to highly excited states of
N2

+, which rapidly tunnel ionize to excited N2
2+ prior to

decaying. In our experiment such an exotic pathway is im-
mediately negated as, by starting from N2

+, there is no recol-
liding electron to excite the N2

+. In addition, at an intensity
in the sequential ionization regime �1.2�1015 W /cm2�, Voss
et al. found that the electron recollision step is replaced by a
multiphoton process involving excitation of an inner shell
electron, either of neutral N2 or of the N2

+ ion. In principle,
this excitation process appears similar to the one we observe
leading directly to the high-KER peak in N2

+ dissociation
and also responsible for the high-KER in ionization. We note

FIG. 7. �Color online� Dressed-states picture of N2
+ incorporat-

ing both dissociation �solid� and ionization �dashed� curves that
illustrate the dissociative ionization pathways that lead to �a� low-
and �b� high-KER in ionization �see text�. Potential energy curves
for N2

+ have been reproduced from Ref. �44�. The structure in some
of these curves is due to avoided crossings with neighboring elec-
tronic states not shown.
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also the mixed use of terminology between the multiphoton
and tunneling descriptions of Voss et al. �24�. It is generally
accepted that neither regime should be strictly applied exclu-
sively; the multiphoton picture works best for visualizing
excitation steps �57� while tunneling is particularly useful to
interpret electron-recollision processes �58� or field-
enhanced ionization �59,60�.

IV. SUMMARY

We have presented the results of dissociation and ioniza-
tion of N2

+ in an intense ultrashort laser pulse using a coin-
cidence 3D momentum imaging technique that has allowed
us to completely separate the dissociation and ionization
channels. We observe a surprising distinct peak in the disso-
ciation with KER values larger than that typically expected
for dissociation, which we have assigned to multiphoton ex-
citation to a group of steep PECs from an excited N2

+ mani-
fold. In turn, indirect ionization following dissociation on

these energetic states has led to large kinetic energy release
in the N++N+ channel that exceeds the limit of pure Cou-
lomb explosion and the KER expected from direct ioniza-
tion. While the large density of excited N2

+ and N2
2+ states

has not allowed the exact assignment of dissociation path-
ways for these mechanisms, we wish to convey the counter-
intuitive concept that ionization of a stretched molecule �i.e.,
ionization along the dissociation path� can indeed increase
the energy released from the system, rather than what is typi-
cally observed to decrease it.
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