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The dissociative ionization of nitrous oxide molecules induced by 35 fs linearly polarized laser pulses was
experimentally investigated. Different dissociation channels are clearly identified from the time-of-flight
coincidence spectra. The relative contributions of different double and triple dissociative ionization
channels to the total fragment ion yield are deduced from the coincident spectra of these channels.
The results show that a significant contribution to the total fragment ion yield arises from the double
dissociative ionization channels: the denitrogenation (N2O2+ → N+ + NO+) and the deoxygenation
(N2 + O2+ → O+ + N+

2 ). Furthermore, a considerable contribution of the triple dissociative ionization
channels to the total fragment ion yield is also observed. The channels N++ NO+ and O+ + N+

2 can be
explained by dissociation via the X3Σ− and 13Π states of N2O2+, as the major peaks in the measured
kinetic energy release spectra suggested. The angular distributions of the fragment ions N+, NO+,
O+, and N+

2 resulting from the N+ + NO+ and O+ + N+
2 fragmentation channels were also measured.

The distributions show a markedly anisotropic behavior. These anisotropic behaviors in the angular
distributions can be attributed to the different orientations of the N2O molecule relative to the laser
polarization during the dissociative ionization process.
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1. Introduction

Laser-induced molecular ionization and dissoci-
ation are of great importance in both fundamen-
tal research and applications in quantum physics,
molecular physics, chemical physics, and photo-
chemistry [1–6]. For example, a better understand-
ing of laser-induced electronic and nuclear mo-
tions that result in the molecular breakup pro-
cess is a key step toward coherent control of
chemical reactions. Because of recent revolution-
ary developments in coincidence momentum imag-
ing techniques, we can perform so-called “complete”
high-resolution measurements of molecular many-
particle systems [2, 3]. One of these state-of-the-art
coincidence three-dimensional momentum imaging
is the so-called cold target recoil ion momentum
spectroscopy (COLTRIMS). Using the COLTRIMS
technique to study the dissociation dynamics of
molecules provides the complete three-dimensional
momenta of the fragments and, therefore, their ki-
netic energy release (KER) and angular distribu-
tions. These measurements can, in turn, facilitate
an understanding of the dissociation mechanisms.

Nitrous oxide (N2O) is one of the well-known
greenhouse gases and also one of the dominant
ozone-depleting substances emitted through human

activities [7]. Therefore, it is interesting to study
and understand the molecular dynamics of the dis-
sociative ionization of N2O. Moreover, because of
its linear asymmetrical triatomic structure (where
two N atoms are not equivalent in the chemi-
cal site), it becomes more important to study the
dissociative ionization of N2O in detail. Dissocia-
tive ionization of N2Oq+ induced by the interac-
tions with electrons [8–11], photons [12–16], charged
ions [17–20], and intense laser fields [21–23] have
been extensively studied. In addition, dissociative
ionization of N2Oq+ has also been studied theoret-
ically [13, 14, 24].

In this work, we report a detailed study on the
many-body dissociative ionization of N2O2+ in-
duced by intense femtosecond laser pulses. The mo-
menta of the correlated fragment ions are mea-
sured in coincidence, utilizing the COLTRIMS re-
action microscope. Through the correlation anal-
ysis of the TOF and momentum conservation of
ion-pair fragments, two main reaction channels of
the laser-induced ion-pair dissociations are identi-
fied, and the corresponding KER distributions are
derived. The two-body fragmentation mechanisms
of N2O2+ are discussed in view of the measured
KER spectra and the calculated potential energy
curves of N2O2+.
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2. Experimental approach

The experimental work was carried out in the
laser lab of the (IKF) at the Frankfurt University,
using the COLTRIMS setup presented in Fig. 1.
This experimental setup has been discussed in de-
tail in our previous work [25]. Briefly, 35 fs linearly
polarized laser pulses (x-axis) with a central wave-
length of 790 nm generated at a repetition rate of
8 kHz were used to ionize a molecular beam of N2O
molecules generated from a collimated supersonic
gas jet (y-axis). The laser peak intensity is about
4.38 × 1014 W/cm2 (with an error of about 10%).
The electric field is polarized in the direction of
the z-axis, which coincides with the time-of-flight
(TOF) direction of the ion spectrometer. The ions
and electrons emitted from the explosion of ion-
ized N2O molecule were directed by a combination
of parallel electric and magnetic fields (14.5 V/cm
and 8 G, respectively) onto two position-sensitive
detectors with delay-line readout and detected in
coincidence. All possible singly charged ions result-
ing from the dissociation of N2O, namely N+, O+,
N+

2 , and NO+, were detected in our experiment.

Fig. 1. Schematic diagram of the COLTRIMS ex-
perimental setup.

Fig. 2. TOF correlation map of ionic fragments,
resulting from the dissociative ionization of N2O in-
duced by 35 fs linearly polarized laser pulses.

The three-dimensional momentum vectors of these
ions are reconstructed from their measured times-
of-flight and impact positions. Furthermore, we
were able to determine the molecular axis from the
measured momenta of the coincident ions. The ax-
ial recoil approximation [26] is successful in the
breakup processes of the type considered here, in
which the molecular dissociation process that fol-
lows molecular ionization is much faster than molec-
ular rotation. Therefore we can neglect the geomet-
ric rotation effect of the molecule during the ioniza-
tion and study the orientation-dependent ionization
of the N2O molecule without preorientation of the
molecule. Thus the influence of the laser field on
the N2O can be seen in the alignment change of the
molecular axis with respect to the direction of laser
polarization.

3. Results and discussion

The TOF correlation map (PIPICO spectrum) of
N2O ionic fragments is shown in Fig. 2. The sharp
lines seen in the PIPICO (PhotoIon-PhotoIon CO-
incidence) spectrum are a consequence of the mo-
mentum conservation during the dissociation of the
molecular ion. Thus, a number of fragmentation
channels can be clearly identified. We first filtered
the coincident events from the non-coincident ions
by applying the momentum conservation principle.
By selecting a narrow gate in the PIPICO spec-
trum for each fragmentation channel, the coincident
events of each fragmentation channel have been dis-
tinguished from non-coincident events with very low
uncertainty. Six coincidence channels of the dissoci-
ation of N2Or+ (r = 2, 3) were identified as follows

N2O2+ → N+ + NO+, (1)

N2O2+ → O+ + N+
2 , (2)

N2O3+ → N+ + NO2+, (3)

N2O3+ → O+ + N2+
2 , (4)

N2O3+ → N2+ + NO+, (5)

N2O3+ → O2+ + N+
2 . (6)

The relative contributions of different double-
and triple-ion coincidence channels were deduced
from the coincident events in these channels. They
are presented in Fig. 3. The results show that the
N+ + NO+ fragmentation channel is the most dom-
inant channel. Based on the abundance of differ-
ent channels presented in Fig. 3, it is clear that the
O+ + N+

2 fragmentation channel is the second most
probable fragmentation channel. These experimen-
tal results presented in Fig. 3 are consistent with
the limited available experimental and theoretical
data [8, 9, 12, 13, 17, 23, 24]. In addition, the ra-
tio of N2O2+ breakup to N+ + NO+ and O+ + N+

2

was calculated and found to be about (3.3:1) for the
present work. It is, to some extent, in agreement
with the previous experimental and theoretical re-
sults [12, 13, 23]. This ratio is larger than the ratio

462



Dissociation Dynamics of Nitrous Oxide Molecule. . .

Fig. 3. Relative contribution of the six reaction
channels observed in the dissociative ionization of
nitrous oxide (N2O) molecules induced by 35 fs lin-
early polarized laser pulses.

obtained for the ion experiment, which is about
(1.4:1) [17], and for the electron experiment, which
is about (3:1) [9]. The difference in the ratios could
be due to the different dissociation mechanisms,
leading to the formation of N2O2+ excited-state
populations. While they are the electron-capture
processes in the ion-molecule collision, they are the
pure ionizations in electron or photon collisions.

We also computed the contribution of singly, dou-
bly, and triply ionized N2O to a particular fragment
ion yield. We found that about 81.90% of single ion-
ization, about 17.36% of double ionization, about
0.57% of triple ionization, and < 0.20% of other ion-
ization of the parent N2Omolecule contribute to the
total fragment ion yield. This result suggests that
the multiple ionization of N2O makes a considerable
contribution of about 18% to the total fragment ion
yield in the present fragmentation process.

Using the time-of-flight and the detector hit po-
sition for each ion, the three-dimensional momen-
tum of each ion can be reconstructed, and the to-
tal kinetic energy release (KER) spectrum for each
ion and then for each channel can be extracted.
In the present work, we focus on the dynamics of
the completely measured two-body breakup chan-
nels, N+ + NO+ and O+ + N+

2 , in which break-
age of one N–N bond and one O–N bond oc-
curred during fragmentation. The dynamics of the
three-body breakup of N2O will be targeted in
a follow-up experiment. The specific KER distri-
butions for the N+ + NO+ channel and their ions
are shown in Fig. 4. Figure 4a shows the energy of
the N+ ion resulting from the fragmentation chan-
nel N2O2+ → N+ + NO+. The KER spectrum has
been fitted using two Gaussian-type peaks. A ma-
jor peak can be observed at E = 4.55 eV. An-
other peak, which is a shoulder or broad peak,
can also be observed around E = 6.62 eV. The
energy of the second fragment NO+ ion result-
ing from N2O2+ → N+ + NO+ fragmentation chan-
nel is presented in Fig. 4b. A single peak can

Fig. 4. KER distributions for (a) the first frag-
ment N+ ion, (b) the second fragment NO+ ion and
(c) the N+ −NO+ channel.

be seen at E = 2.04 eV. The KER distribution
for the N+ + NO+ channel is shown in Fig. 4c.
A single peak is shown at E = 6.78 eV. Based
on the potential energy curves (PECs) of N2O2+

calculated by Taylor et al. [14], we find that
this peak can be explained by dissociation via
the X3Σ− and 13Π states of the N2O dication.
Accordingly, the single KER peak centered at
E = 6.78 eV can be attributed to the significant
contribution of the N2O2+ (X3Σ−) dissociation
pathway, in which the ground state X3Σ− dissoci-
ates to N+(3P) + NO+(1Σ+) whose energy limit is
E = 28.8 eV [27]. However, the 1 3Π state of N2O2+

is also contributing to this single peak centered
at E = 6.78 eV, as reported by Taylor et al. [14].
The explanation for this, is that N2O2+ in the 13Π
state may decay along the N–N stretching direc-
tion through fluorescent transitions into the X3Σ−

state and then dissociate to N+(3P) + NO+(1Σ+),
resulting in the same KER [14, 21]. This major peak
centered at E = 6.78 eV is in good agreement with
the previous measurements [8, 17, 21, 28, 29].

The KER distributions for the O+ + N+
2 chan-

nel and the resulting ions are shown in Fig. 5.
Each spectrum from the KER spectra has been
fitted using two Gaussian-type peaks. Figure 5a
shows the energy of the O+ ion resulting from
N2O2+ → O+ + N+

2 fragmentation channel. A ma-
jor peak can be observed at E = 3.72 eV, and
a shoulder or broad peak can be observed around
E = 6.08 eV. The energy of the second fragment N+

2

ion resulting from N2O2+ → O+ + N+
2 fragmenta-

tion channel is presented in Fig. 5b. A major peak
can be seen at E = 2.51 eV. A broad peak can also
be observed around E = 4.36 eV. The KER distri-
bution for the O+ + N+

2 channel is shown in Fig. 5c.
While a major peak can be observed at E = 5.76 eV,
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Fig. 5. KER distributions for (a) the first frag-
ment O+ ion, (b) the second fragment N+

2 ion and
(c) the O+ - N+

2 channel.

a broad peak can be observed around E = 7.0 eV.
These observations on KER spectra are in good
agreement with the previous measurements (E =
5.8 and E = 7.2 eV) [21]. We can again explain
characteristics of these peaks in terms of the po-
tential energy curves (PECs) of N2O2+ [14]. The
major peak centered at E = 5.76 eV can be in-
terpreted as a result of the decay of the N2O2+

(X3Σ−) into O+(4S) + N+
2 (

2Σ+
g ) whose energy

limit is E = 30.9 eV. The broad peak around
E = 7.0 eV can be due to the decay of the N2O2+

(1 3Π) into O+(4S) + N+
2 (2Πu) whose energy limit

is E = 32.4 eV.
The angular distributions of the fragment ions

N+ and NO+ resulting from the denitrogenation
of the N2Odication (N2O2+ → NO+ + N+) and the
fragment ions O+ and N+

2 resulting from the deoxy-
genation of the N2O dication (N2O2+ → O+ + N+

2 )
were also studied. These angular distributions are
presented in Figs. 6 and 7. Note that the laser po-
larization vector is oriented horizontally and indi-
cated by the black arrows. Figure 6a shows the
angular distribution of N+ ion resulting from the
denitrogenation of the N2O dication. This distribu-
tion shows a markedly anisotropic behavior. It is
peaked at θ = 0 and θ = ±180◦ , i.e., in the hor-
izontal emission direction and at θ = ±90◦, i.e, in
the vertical emission direction. These peaks can be
clearly seen in the polar view of the N+ angular
distribution presented in Fig. 6b. Similar observa-
tions have been reported in several previous stud-
ies [29–31]. These anisotropic behaviors in the N+

angular distributions can be attributed to the com-
bined effect of two main conditions: (i) the fragmen-
tation of the two non-equivalent Nitrogen atoms in
the N2O molecule, (ii) the different orientations of
the N2O molecule relative to the laser polarization

Fig. 6. Angular distribution of the first fragment
N+ ion (a), polar view angular distribution of the
first fragment N+ ion (b), angular distribution of
the second fragment NO+ ion (c), and polar view
angular distribution of the second fragment NO+

ion (d). The black arrows in (b, d) indicate the po-
larization direction of the laser field.

vector during the fragmentation. In other words,
when the N2O molecular axis and polarization vec-
tor are collinear, then the transient molecule N2O2+

will achieve a higher ionization stage than when the
molecule and polarization are orthogonal. Thus, for
the horizontal polarization, the peripheral ions, re-
sulting from the fragmentation of the N2O molecule
along the field, are directed along TOF-axis, and for
vertical polarization, it is the central atom that is
so directed. Figure 6c displays the angular distri-
bution of NO+ ion resulting from the denitrogena-
tion of the N2O dication. It is remarkable that the
angular distribution of NO+ behaves in a different
way than the angular distribution of N+. The an-
gular distribution of NO+ ion is also anisotropic.
Peaks at θ = 0 and θ = ±180◦ (horizontal emission
direction) are clearly observed in the NO+ angu-
lar distribution. For the vertical emission direction
(θ = ±90◦), a reduction in the ion yields is seen in
the angular distribution of NO+ ion, which differs
from what is observed for the N+ angular distri-
bution. Such different behavior can be clearly seen
in the polar view of the NO+ angular distribution
presented in Fig. 6d.

Figure 7 shows the angular distributions of the
fragment ions O+ and N+

2 resulting from the deoxy-
genation of the N2O dication (N2O2+ → O+ + N+

2 ).
The angular distribution of O+ ion is presented
in Fig. 7a. The angular distribution is also
anisotropic. The distribution is peaked at θ = 0
and θ = ±180◦, i.e., in the horizontal emission di-
rection. In addition, a large reduction in the ion
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Fig. 7. Angular distribution of the first fragment
O+ ion (a), polar view angular distribution of the
first fragment O+ ion (b), angular distribution of
the second fragment N+

2 ion (c), and polar view an-
gular distribution of the second fragment N+

2 ion
(d). The black arrows in (b, d) indicate the polar-
ization direction of the laser field.

yield for the vertical emission direction (θ = ±90◦)
can be clearly seen in the angular distribution. This
is shown clearly in polar view of the O+ angular
distribution presented in Fig. 7b. This behavior is in
contrast to what is observed in the angular distribu-
tion of N+

2 ion shown in Fig. 7c and d. A moderate
reduction in the ion yield for the vertical emission
direction (θ = ±90◦) can be observed in the angu-
lar distribution of N+

2 ion. However, similar peaks
at θ = 0 and θ = ±180◦, i.e., in the horizontal
emission direction that are observed in the angular
distribution of O+ ion are also seen in the angular
distribution of N+

2 ion.

4. Conclusions

We investigated the dissociative ionization of ni-
trous oxide molecules induced by linearly polar-
ized intense femtosecond laser pulses. The coinci-
dent measured times of flight of the first and the
second fragment ions are used to identify the dif-
ferent dissociation channels. The coincident TOF
spectrum is also used to deduce the relative con-
tributions of different double and triple dissocia-
tive ionization channels to the total fragment ion
yield. The results show that a significant contribu-
tion to the total fragment ion yield arises from the
double dissociative ionization channels, i.e., denitro-
genation (N2O2+ → N+ + NO+) and deoxygena-
tion (N2O2+ → O+ + N+

2 ). Furthermore, a consid-
erable contribution of the triple dissociative ion-
ization channels to the total fragment ion yield

is also observed. The kinetic energy release distri-
butions measured for different dissociation chan-
nels are used to determine different pathways lead-
ing to these dissociation channels involving various
bound and repulsive states of the N2O dication.
The N+ + NO+ and O+ + N+

2 fragmentation chan-
nels are explained by the decay via the X 3Σ− and
1 3Π states of N2O2+ as the major peaks in the
KER spectra suggested. The angular distributions
of the fragment ions N+, NO+, O+, and N+

2 re-
sulting from the N+ + NO+ and O+ + N+

2 fragmen-
tation channels were also measured. The distribu-
tions show a markedly anisotropic behavior. These
anisotropic behaviors in the angular distributions
can be attributed to the different orientations of
the N2O molecule relative to the laser polarization
during the fragmentation process.
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