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We study the photodissociation dynamics of nitrous oxide using the time-sliced ion velocity imaging technique at three photolysis wavelengths of 134.20, 135.30, and 136.43 nm.
The O(1 SJ=0 )+N2 (X 1 Σ+
g ) product channels were investigated by measuring images of the
O(1 SJ=0 ) products. Vibrational states of N2 (X 1 Σ+
g ) products were fully resolved in the images. Product total kinetic energy releases (TKER) and the branching ratios of vibrational
states of N2 products were determined. It is found that the most populated vibrational
states of N2 products are v=2 and v=3. The angular anisotropy parameters (β values) were
also derived. The β values are very close to 2 at low vibrational states of the correlated
N2 (X 1 Σ+
g ) products at all three photolysis wavelengths, and gradually decrease to about 1.4
at v=7. This indicates the dissociation is mainly through a parallel transition state to form
products at lower vibrational states, and the highly vibrational exited products are from
a more bent configuration. This is consistent with the observed shift of the most intense
rotational structure in the TKER as the vibrational quantum number increases.
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1970s, by measuring the relative quantum yield of the
product channels, Black et al. found that, for the O
elimination dissociation, N2 O photodissociation in the
VUV range is mainly via the following three channels
3
3 +
[16]: O(1 S0 )+N2 (X 1 Σ+
g ), O( PJ=2,1,0 )+N2 (A Σu ),
3
3
1
and O( PJ=2,1,0 )+N2 (B Πg ); the O( S0 )+N2 (X 1 Σ+
g)
channel is the primary product channel. Time-offlight spectra of dissociation products were measured
by Gilpin et al. [17] and Stone et al. [18], using a
conventional flash lamp as the light source. They identified several metastable reaction products. The limited
resolution precludes further energy analysis.
With the fast progress of laser techniques employed
in reaction dynamics, experimental studies are readily possible to be performed in the VUV range using laser light. In 2005, Witinski et al. carried out
experiments on the photodisscociation of N2 O near
130 nm [19]. They studied O(3 PJ=2,1,0 )+N2 (A3 Σ+
u)
and O(3 PJ=2,1,0 )+N2 (B 3 Πg ) product channels with the
oxygen Rydberg time-of-flight method. Also at photolysis wavelengths near 130 nm, Lambert et al. investigated the photodissociation dynamics of N2 O using the ion imaging detection technique [20]. They
obtained the branching ratios of five product channels, and the O(1 S0 )+N2 (X 1 Σ+
g ) channel is found to
be the dominant one. Recently, using the time-sliced
ion imaging technique, Yu et al. studied the photodissocation dynamics of N2 O at nine of photoly-

I. INTRODUCTION

Nitrous oxide (N2 O) plays a very important role in
atmospheric chemistry [1]. It is one of the key molecules
in the ozone depletion processes in earth’s atmosphere
[2, 3]. N2 O also has an even higher global warming potential than CO2 on a per molecule basis. Through an
atmospheric window in the UV range, N2 O molecules
strongly interact with the sunlight. The NO and O
products formed from N2 O photodissociation are actively involved in various atmospheric chemical reactions. In experimental work, photodissociation processes of N2 O are often employed to produce atomic
oxygen and nitrogen beams. Hence, there have been
much theoretical [4−7] and experimental studies carried out on the photodissociation dynamics of N2 O especially in the UV range [8−12].
In the vacuum ultraviolet (VUV) range, there are two
main peaks centered at 128 and 145 nm in the absorption spectra, which correspond to the D(X 1 Σ+
g ) and
1
C( Π) states of N2 O molecules, respectively [13−15]. In
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sis wavelengths from 124.44 nm to 133.20 nm [21],
corresponding to the excitation to the D(1 Σ+
g ) electronic state. It is found that the nonadiabatic cou3
pling between the 1 Σ+
g and Π states plays a role in
the dissociation process. The branching ratios of the
O(3 PJ=2,1,0 )+N2 (B 3 Πg ) channel through this coupling
get relatively larger when the photolysis wavelength increases. Furthermore, one marked feature of photodissociation dynamics for O(1 S0 )+N2 (X 1 Σ+
g ) channel is
that the vibrational distribution becomes more hotter
as the photolysis wavelength increases.
Such remarkable observations encourages us to examine the N2 (X 1 Σ+
g ) vibrational distribution as the
photolysis wavelength further increases. Hence, here
we focused on the primary channel O(1 S0 )+N2 (X 1 Σ+
g)
of the photodissociation of N2 O at 134.20, 135.30, and
136.43 nm. The resolution of the measured images was
sufficiently high to fully resolve the vibrational structures in the O(1 S0 ) channels. The minor shifts of
the peak position in the total kinetic energy releases
(TKER) were observed. A more quantitative picture
of photodissociation of this molecule in the D(1 Σ+
g)
state was discovered based on the high resolution results. Tunable VUV light source, generated by the nonlinear optic process in rare gas, was employed in this
work. The results provide detailed information on the
dissociation process of the O(1 S0 )+N2 (X 1 Σ+
g ) product
channel.

II. EXPERIMENTS

The experiments were carried out using a new
molecular beam apparatus that has been described
previously [21]. In brief, a N2 O molecular beam was
generated by a supersonic expansion of the gas mixture
(5% N2 O in Ar) in a source chamber, using a general
valve (Parker Series 9) with a 1 mm orifice. The repetition rate of the pulsed valve was 20 Hz. And the
stagnation pressure behind the nozzle was 1 bar. The
typical operating pressure in the source chamber was
1×10−5 mbar. The ion imaging detector is mounted in
the detection chamber [22−24]. In this work, the background pressures in the source chamber and the detection chamber were 9×10−9 mbar and 1.5×10−8 mbar,
respectively. The axis of the general valve is perpendicular to the plane of the imaging detector. 18 mm
downstream from the nozzle, there was a skimmer with
1.5 mm diameter. The N2 O beam passed through the
skimmer, and entered the detection chamber with a typical operating pressure of 5×10−8 mbar. 75 mm downstream from the nozzle, the collimated beam passed
through a 2 mm hole in the first electrode plate and
propagated further along the axis of the 650 mm long
time-of-flight tube of the ion imaging detector.
The VUV photodissociation laser in this work was
generated using the nonlinear four wave mixing method.
A 212.55 nm (ω 1 ) laser beam was generated by the
DOI:10.1063/1674-0068/29/cjcp1512256

doubled output of a tunable dye laser (Corbra-Stretch,
Sirah). And a second tunable laser (ω 2 ) was generated
by the fundamental output of another tunable dye laser.
The two dye lasers were pumped by a Nd:YAG laser.
The two laser beams were spatially and temporally overlapped and focused collimated through a stainless steel
krypton gas cell with an MgF2 collimating lens. The
generated VUV (2ω 1 −ω 2 ) radiation and the residual
incident laser light entered the detection chamber. The
polarization of the resulting VUV laser is determined
by the second laser (ω 2 ). A third pulsed dye laser (labeled as ω 3 ) pumped by a second Nd:YAG laser was
employed for the detection, enabling the study of photodissociation dynamics at various wavelengths.
The detection for the O(1 S0 ) products was done
by a (1+1′ ) VUV+UV ionization scheme.
The
intermediate state for this ionization process is
O(1 P◦ 1 [2s2 2p3 (2P◦ )3s]).
A second VUV radiation
(2ω 1 −ω 3 , ω 3 =835.48 nm) was produced in the same
gas cell as the photolysis VUV laser. During the experiment, the polarization of the photolysis laser is parallel with the plane of the imaging detector. And the
polarization of the detection laser is perpendicular to
the plane of the imaging detector. The N2 O molecular beam crossed with the photolysis laser inside the
23-plate time sliced ion optics [25]. The atomic oxygen
photofragments fromed in the dissociation were then
detected by the detection laser. The oxygen ions images were collected by a 70 mm micro-channel plate
(MCP) coupled to a phosphor screen (P43). The transient images on the phosphor screen were captured by
a charge-coupled device camera (Imager pro plus 2M,
LaVision). Every image was evaluated by the event
counting scheme. The timing of the pulsed valve, dissociation and ionization lasers, and the gate pulse applied
to the MCP were controlled by two delay generators
(DG 645 Stanford Research System). The speed of the
product was calibrated using the O+ signal from the
photodissociation of O2 at about 225 nm.

III. RESULTS AND DISCUSSION

The O(1 SJ=0 ) product ion images of N2 O photodissociation were measured at three photolysis wavelengths,
namely, 134.20, 135.30, and 136.43 nm. At each wavelength, the images were taken by accumulating the O+
signals with detection laser wavelength tuned to transitions of O(1 SJ=0 ) products. All observed signals were
checked to be dependent on the photolysis laser, the detection laser and the molecular beam. The background
was taken with the probe laser and molecular beam
on but without the photolysis laser. Figure 1 display
the raw images of O(1 S0 ) products obtained at 134.20,
135.30, and 136.43 nm, respectively. The red vertical
arrow shows the polarization direction of the photolysis laser. The polarization direction of the probe laser
was perpendicular to the photolysis laser polarization
c
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FIG. 1 Raw ion images of O(1 SJ=0 ) products from the photodissociation of N2 O at 134.20, 135.30, and 136.43 nm, respectively. The rings in the images correspond to the vibrational state of the coincident N2 products. The red arrow shows the
polarization direction of the photolysis lase.

the images become less intense due to the decrease of
the absorption coefficient.
The speed distributions of the O(1 S0 ) products were
extracted from the measured raw ion images. The product speed distributions were then converted to the product TKER. The energy of the whole system in photodissociation can be described by the equation below:
TKER = Ehν − D0 (N2 − O) −
Evibronic (N2 ) − Eint (O)

FIG. 2 The TKER distribution for O(1 S0 )+N2 (X 1 Σ+
g )
channels from the photodissociation of N2 O at 134.20,
135.30, and 136.43 nm. Results for all J levels of the oxygen
atom products are shown. In each plot, peaks are assigned
to the vibrational states of the coincident N2 product.

and images plane. For the O(1 S0 ) channel, the zero
J value determines that there is no atomic polarization effect as researchers found in the O(1 D2 ) or O(3 P)
channel [25, 26], A series of sharp rings were observed
in the O(1 S0 ) raw images. Each ring corresponds to
a single vibrational state of the correlated N2 (X 1 Σ+
g)
products. Therefore, vibrational states of the coincident N2 products were fully resolved too. Although
the measurements were not toggled between different
photolysis wavelengths within a short time, the relative
photodissocation cross sections were not derived. It is
still obvious that as the photolysis wavelength increases,
DOI:10.1063/1674-0068/29/cjcp1512256

(1)

where E hν is the energy of the photolysis laser,
D0 (N2 −O) is the bond energy of N−O bond which was
determined by previous work [27], E vibronic (N2 ) is the
internal electronic and vibrational energy of N2 products, and E int (O) is the energy difference between the
oxygen atom products and the ground state O(3 P2 ).
Because a separate detection laser was employed, the
detection process was independent of the photolysis process, all parameters in Eq.(1) are therefore independent
of others. The TKER of O(1 S0 ) products at 134.20,
135.30, and 136.43 nm are displayed in Fig.2 where the
vibrational anharmonic effects are included. The vibrational states of the correlated N2 (X 1 Σ+
g ) products
are clearly resolved in the TKER. The very well separated vibrational peaks indicate that the rotational
state distributions of the correlated N2 (X 1 Σ+
g ) products are quite cold. No significant signal from the N2 O
vibrational states was observed in the O(1 S0 ) channel
showing that cooling of the molecular beam was quite
efficient. In Fig.2, the red solid line in each graph is
the results of a multi-peak fitting of the total kinetic
energy. The vibrational state branching ratios were derived base on this mulit-peak analysis.
The product angular distribution for a dissociation
process could be described by the following equation:
1
[1 + βP2 (cos θ)]
(2)
4π
where θ is the angle between the polarization direction
of the photolysis laser and the velocity vector of the
I(θ) =
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FIG. 3 Anisotropy parameters for individual vibrational
states in O(1 S0 )+N2 (X 1 Σ+
g ) channel at 134.20, 135.30, and
136.43 nm.

recoil product, P 2 (cos θ) is the second Legendre polynomial, β is the anisotropy parameter which is the key
factor to characterize a photodissociation process. With
the well resolved vibrational structures in the raw ion
images, the anisotropy parameter for each vibrational
state could be derived by fitting the angular distributions in these images with Eq.(2). The β values at
different photolysis wavelengths are plotted as a function of the vibrational quantum number and displayed
in Fig.3 for the O(1 S0 ). We found that, at all three
photolysis wavelengths, the β values of the O(1 S0 ) for
ground vibrational states (v=0) in N2 (X 1 Σ+
g ) are very
close to 2, and the high β values keep up to v=3. As
the vibrational quantum number further increases, the
β value gradually decreases and eventually reaches the
lowest value of 1.4. This behavior indicates that the
photodissociation process is governed by a parallel photodissociation mechanism from a linear configuration
for products in lower vibrational states, and becomes
less anisotropic for the N2 product in vibrationally excited states.
Using the multi-peak fitting for the TKER mentioned above, we obtained the branching ratios of different vibrational states for N2 (X 1 Σ+
g ) products (Fig.4).
Seven vibrational states were clearly identified for the
O(1 S0 )+N2 (X 1 Σ+
g ) channel. Due to the low absorption coefficient at the studied photolysis wavelengths,
signals from high vibration states were too small to be
acquired. The population of vibrational states in the
O(1 S0 )+N2 (X 1 Σ+
g ) channel is inverted: the most populated states are v=2 or v=3 at the studied photolysis
laser wavelengths.
Detailed photodissociation dynamics clearly rely on
the knowledge of the fine structures on the potential
energy surface. Theoreticians have paid much attention to the photodissociation of N2 O in UV region.
Schinke et al. performed a series of studies on various topics of the N2 O photodissociation in UV region, including the potential energy surface and absorption spectrum [28, 29], isotope dependence [30], and
DOI:10.1063/1674-0068/29/cjcp1512256
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FIG. 4 Relative population for individual vibrational states
in the O(1 S0 )+N2 (X 1 Σ+
g ) channel at the photolysis wavelengths of 134.20, 135.30 and 136.43 nm. The sum of the
relative population over all vibrational states is set to be
unity at each photolysis wavelength.

the contribution of triplet states [31]. In 1980s, Hopper performed an extensive theoretical calculation on
the potential energy surfaces of N2 O in a wide energy
range of 0−13 eV. The ground electronic state of N2 O
has a linear NNO structure and was labeled as X 1 Σ+
g
in the C∞v symmetry and 11 A′ in the Cs symmetry.
Theoretical calculation in Ref.[4] performed by Hopper suggests that the O(1 S0 )+N2 (X 1 Σ+
g ) channel is
correlated with the D(1 Σ+
)
state
of
N
O. While the
2
g
1 +
)
transition
is
optically
allowed. The
)←X(
Σ
D(1 Σ+
g
g
upper D(1 Σ+
)
state
can
be
effectively
populated
by
g
1 +
the VUV light source. The primary N2 (X Σg ) products are populated at lower vibrational states which are
mainly formed via a parallel dissociation in a linear geometry. The corresponding β values are very high (close
to 2.0). On the other hand, the N2 (X 1 Σ+
g ) products
at higher excited vibrational states have smaller β values. This is consistent with the previous observation
[26] at other wavelengths near 128 nm. It is remarkable
that for the O(1 S0 ) channel, the quantum number of
the most populated vibrational state gets larger as the
photolysis wavelength increases: the most populated vibrational state changed from v=1 at 125.55 nm [21] to
v=3 at 135.30 nm. When the wavelength increases to
136.43 nm, the v=3 and v=2 states become comparable,
suggesting that the dissociation dynamics of N2 O varies
considerably across the electronic absorption band. In
addition, we carefully checked the peak position of each
vibration states in the TKER. It is found that as the vibrational quantum number increases, the peak position
shift more towards a hotter rotational distribution. For
instance, at the photolysis wavelength of 134.20 nm, the
energy shift for the v=7 state is about 100 cm−1 compared to the situation when the rotational structure is
supposed to be the same as the v=0 state. Therefore,
this shift clearly demonstrates that the highly excited
vibrational states are formed via a more bent transition
state.
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IV. CONCLUSION

Photodissociation dynamics of N2 O have been studied by the time-sliced ion velocity imaging technique
with the tunable VUV laser light. The total kinetic
release distributions and the angular distributions of
the O(1 S0 ) product channels were acquired at three
photodissciation wavelengths of 134.20, 135.30, and
136.43 nm. Photolysis wavelength dependent product
anisotropy parameters as well as product branching ratios have been determined. It is found that the most
populated vibrational states are mainly at v=2 and v=3
when the wavelength increases to 136.43 nm, suggesting that the dissociation dynamics of N2 O vary considerably across the electronic absorption band. The
anisotropy parameters change quite dramatically with
the vibrational quantum number. The results show
that the photodissociation processes are primarily governed by a parallel dissociation in a linear geometry,
while the N2 products in excited vibrational states are
clearly formed via a more bent transition state. This is
consistent with the shift of the most intense rotational
distributions in the TKER as the vibrational quantum
number increases. The results shown here provide a
quantitative picture of vibrational state specific photodissociation dynamics for the N2 O molecule in the
VUV region.
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