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Photodissociation of nitrous oxide UV photodissociation of N,O
(N20) in the ultraviolet region has Photolysis laser polarization
been revisited by using the time-sliced * '
velocity map ion imaging technique,

due to its importance in atmospheric

chemistry. The images of O('D)
photofragments are recorded at

203.814 nm and 205.472 nm in one- &l
color experiments and at eight photol- \
ysis wavelengths between 200 and #
220 nm in two-color experiments. The

rotational state distributions and an-

gular anisotropy parameters of the
N2(X1 Eg‘) co-products are derived
from the images. The results indicate that the rotational state distributions are inverted with
the maximum around J=70. The anisotropy parameter § mainly shows two declines as the No
rotational quantum number J increases. According to theoretical calculations [J. Chem. Phys.
136, 044314 (2012)], the variations in 8 with J are caused by changes in the extent of axial re-
coil from a linear initial configuration. In the high-J region, however, additional torque exists
on the ground state potential energy surface following nonadiabatic transitions, inducing both
the additional rotational excitation and the lower 8 values. Compared to previous works, the
two-color experiments combined with single vacuum ultraviolet photonionization of O(!D) al-
low us to acquire both the rotational state distribution and angular distribution accurately.
This work deepens our understanding of triatomic molecule decomposition.

Key words: Ultraviolet photodissociation, Nitrous oxide, Time-sliced velocity map ion imag-
ing

I. INTRODUCTION
T Part of Special Issue ‘“In Memory of Prof. Qihe Zhu on the occa-

sion of his 100th Aniversary”. 4 Nitrous oxide (N20) is the third most powerful
* Authors to whom correspondence should be addressed. E-mail:
kjyuan@dicp.ac.cn, xawang@ustc.edu.cn greenhouse gas after carbon dioxide (CO3) and methane
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(CHa), which plays a vital role in the Earth’s atmo-
sphere. Due to its long lifetime (~118+7 years), its glob-
al warming potential is nearly 300 times that of carbon
dioxide [1-3]. Natural emissions of NoO mainly origi-
nate from bacterial nitrification and denitrification re-
actions in soil and oceans [4]. Its anthropogenic sources
include agricultural production, biofuel burning, and in-
dustrial activities such as chemical production. Many
relevant studies indicate that anthropogenic sources of
NoO account for approximately 43% of global emis-
sions, and the croplands provide more than 40% of an-
thropogenic emissions into the atmosphere, whose con-
tribution is larger than any other anthropogenic sources
[5, 6]. Photolysis from 195 nm to 215 nm in the strato-
sphere makes up about 90% of atmospheric sink for
N3O (i.e., the removal process), while the remaining is
eliminated by reacting with O('D) [7, 8]. Recent inves-
tigations [9, 10] speculated that the oxygen production
from N2O photolysis may provide the initial Og that in-
duces the “Great Oxidation Event”, which is an addi-
tional abiotic oxygen production mechanism, besides
the photolysis of CO2, H2O, and SO [11-15].
Photodissociation of NoO in the first absorption
band between 222 nm and 170 nm has been extensively
investigated both experimentally and theoretically in
the past decades. This absorption band has a broad
Gaussian shape superimposed with some weak diffuse
vibrational structures [16], which has been attributed to
the transition from the ground state !XT (1'A’in bent
geometry) to the 12~ state (1'A", T,=6.81 V) and
the !A state (T,=6.97 eV). The doubly degenerate lin-
ear 'A state is split into 2'A' and 2'A" components in
bent geometry due to the Renner-Teller effect [17]. Ac-
cording to the theoretical calculations [18-20], the tran-
sitions from the ground state to 155~ and 'A are dipole
forbidden in linear configurations with Cy, symmetry
and weakly allowed in bent configurations with Cg sym-
metry [20]. Therefore, the absorption spectrum in the
ultraviolet region primarily involves the excitation of
1'A" to 1'A" and 2'A' states. While the 2'A" state has a
linear equilibrium configuration and increases in energy
upon bending, it is not dissociative near 200 nm [21-23].
Photodissociation of NoO around 200 nm forms al-
most exclusively oxygen atoms in the excited ID state
and N2 molecules in the ground electronic state [17],

NoO + hv(~ 200 nm) — O <1D) + No (Xlzg)
Do = 3.699 eV

(1)
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The energetically more favorable but spin-forbidden
channel of No(X'S}) and ground state oxygen 0(p),
has a negligible quantum yield in this wavelength re-
gion. Previous studies showed that the branching ratio
of the O(®P) channel is less than 2.5% at photolysis
wavelengths between 184.9 nm and 213.9 nm [24-26].
More detailed dynamics experiments have been carried
out in several wavelengths (193 nm, 203 nm, and
205 nm), to measure the energetics and spatial distribu-
tions of the O('D) fragments [27-32]. By using the time-
of-flight mass spectrometry, Felder et al. [27] indicated
that the O('D) velocity distribution produced in the
193 nm photolysis could be characterized by a positive
angular anisotropy parameter, 3=0.48, and ~42% of
the available energy was found in the translational ener-
gy of the fragments. Springsteen et al. [28] also studied
photodissociation of NoO at 193 nm using Doppler spec-
troscopy of O(lD) fragments, yielded 3=0.50. Hanisco et
al. [29] then detected No fragments from N2O photoly-
sis around 202-204 nm by using resonance enhanced
multiphoton ionization (REMPI), and found that the
internal energy of No deposits exclusively in the rota-
tional degree of freedom.

In 1996, Suzuki et al. [30] reported one-color two-di-
mensional ion imaging at 205 nm photolysis of N2O, in
which two components with different 8 values were ob-
served in the recoil velocity distribution of O('D) frag-
ments. In 1999, Neyer et al. [31] applied an improved
velocity mapping technique to study the photodissocia-
tion of NoO around 203-205 nm, and found the J-de-
pendent angular anisotropy parameter for the No frag-
ments which decreases with increasing the rotational
quantum number. In 2004, Nishide et al. [32] displayed
partially resolved rotational distribution of Ng frag-
ments by using velocity map ion imaging of O('D) and
2+1 REMPI of N9. The maximum of the N9 rotational
distribution shifted from J=72 to 74 in changing the
photolysis wavelength from 205.5 nm to 203.8 nm.
These results revealed complicated photodissociation
dynamics involved in the formation of O('D)+ Ny
(X'n]) fragments.

However, due to the REMPI detection of O('D) be-
ing sensitive to electron orbital alignment, the images
observed through different REMPI transitions via 'P;
and 'F3 exhibited markedly different patterns, while
the REMPI detection of N9 has different transition
probability for different rotational states which pre-
vents acquiring accurate rotational distributions of Na.
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In this work, photodissociation of NoO has been revisit-
ed in one-color experiments at 203.814 nm and
205.472 nm using 2+1 REMPI of O(ID) fragments, and
in two-color experiments with the photolysis wave-
length between 200-220 nm using single vacuum ultra-
violet (VUV) photonionization of O(D) combined with
time-sliced velocity map ion imaging method. From the
ion images, the rotational state distributions of No frag-
ments and the rotational state dependent anisotropy
parameters are determined. This study deepens our un-
derstanding of dissociation dynamics of such important
photochemical processes in earth atmosphere.

Il. EXPERIMENTS

The experiment apparatus used in this study has
been described in previous publications [33-38]. In brief,
the pulsed supersonic molecular beam was generated by
expanding the gas mixture (5%N20 in Ar) into the
source chamber via a pulsed valve with a 0.5 mm ori-
fice, where it was skimmed before entering and propa-
gating along the center axis of the ion optics assembly
(IOA, 23-plate ion optics) mounted in the reaction
chamber. The molecular beam was orthogonal to the
photolysis and probe laser beams, which were coplanar
and intersected each other at a certain angle between
the second and third plates of the ion optics assembly.
The N2oO molecules were photodissociated by absorb-
ing one photon of 200-220 nm. After a delay time of
15 ns, the O('D) fragments were state-selectively ion-
ized by an autoionization (A=299.95 nm) scheme. Then
the O ions were accelerated through an electric filed
manufactured by the IOA and flied 760 mm along the
center axis of the IOA before impacting a dual mi-
crochannel plate (MCP) coupled with a P47 phosphor
screen. The instantaneous images on the phosphor
screen were captured and recorded by a charge-coupled
device (CCD) camera. The MCP was driven by a high
pulsed voltage, and the gate was 15-20 ns.

In this work, the UV photolysis laser originated from
a frequency tripled pulsed dye laser pumped by the sec-
ond harmonic output of the Nd:YAG laser (532 nm).
The VUV probe laser was generated from a sum fre-
quency four-wave mixing (FWM) scheme, involving
two 249.63 nm photons and one 501.72 nm photon that
were overlapped in space and time using Xe as the non-
linear medium. The other Nd:YAG laser (355 nm)
pumped two dye lasers to produce 501.72 nm and
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a) 205.472nm

b) 203.814nm

FIG. 1 The time-sliced velocity mapped ion images of
O('D) products from one-color laser photolysis of NoO at
205.472 nm and 203.814 nm, respectively. The vertical ar-
row represents the polarization direction of the photolysis
laser.

499.26 nm lasers respectively. The laser at 249.63 nm
was generated by frequency doubling the 499.26 nm
laser, using a BBO crystal. The polarization directions
of both the photolysis laser and the probe laser were
parallel to the plane of the detector.

Ill. RESULTS AND DISCUSSION

We first reinvestigated photolysis of N2O in one-col-
or experiments at 203.814 nm and 205.472 nm. FIG. 1
shows the time-sliced ion images of O(lD) photofrag-
ments, which are detected by two-photon excitation to
the 1F3 and 'P; states at 203.814 nm and 205.472 nm,
i.e., the REMPI detection via the 'Fg«!D and 'P;<'D
respectively. The red double arrow in FIG. 1 is the po-
larization direction of the photolysis laser. Many fine
concentric rings can be observed in the images, which
correspond to the rotational states of co-products
NQ(XIE;‘ ). Compared with previous studies [32, 39-42],
our O('D) fragment images have higher resolution. A
lot of structures in the weak inner rings of images,
which are ascribed to high rotational states of
Ng(XlZg, v=0, J>80) fragments, can be clearly seen
in the perpendicular direction. These highly rotational-
ly excited No fragments have only been observed by
2+1 REMPI of Ny in previous works [29, 31, 32, 40, 43].
The maximum populated rotational quantum numbers
of No are Jinax=299 for v=0, and Jpax=90 for v=1.
Previous studies by Kawamata et al. [40] also present-
ed high-resolution O(lD) images by using the pBASEX
method, but the population of highly rotationally excit-
ed Ng seems to be underestimated.

FIG. 2 displays the total kinetic energy release (TK-
ER) spectra derived from images shown in FIG. 1. To
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FIG. 2 The corresponding TKER spectra for the O(ID)—|—N2(XlEg) channel from photodissociation of NoO derived from
those images shown in FIG. 1. (a, ¢) and (b, d) are extracted from images by integrating angles from —15° to 15° (parallel
relative to the laser polarization) and from 75° to 105° (perpendicular), respectively. The experimental and fitting spectra
are plotted as open circles and red solid lines, respectively. The superposed combs indicate the TKER values associated
with formation of the various NQ(XIZQ—, v=0, 1). The stick spectra in blue and orange shown underneath the experimen-

tal curves are rotational distributions of No(X!XF, v=0, 1) products.

g k)

acquire higher resolution, FIG. 2 (a, c¢) and (b, d) are
extracted from images by integrating signals between
angles of —15° and 15°, and between 75° and 105° rela-
tive to the photolysis laser polarization, which are
marked as “para” and “perp”. The TKER spectra can
then be converted to the internal energy spectra of the
NQ(XI Eg') fragments through the following expression,

Ep, — Do = E1(0) + E1(N2) + Ejy¢(N2)

= TKER + Eiy (N2) 2)

where Dy is the dissociation energy for the
0o('D) +N2(X12g+) channel from N2O photodissocia-
tion, Eing(N2) is the internal energy of Ng(XlEg') frag-
ments, and F1(O) and E1(Ng) are the kinetic energy of
O('D) and Ng(XlZg‘) fragments respectively. The stick
spectra underneath the experimental spectra represent
the rotational state distributions of the Ng(XlEg)
products returned by fitting the TKER spectra. The ro-
tational state population alternation of 2:1 is due to nu-
clear spin statistics of 14N2. It is obvious that the No
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products are dominantly populated in high rotational
levels from J=30 to J=99, with peaking at J=74
(203.814 nm) and J="72 (205.472 nm) for v=0. While a
small portion of Ng distributes in v=1 with the rota-
tional quantum number between J=50 and J=90, and
the maximum population is near J=70. These are con-
sistent with previous studies, in which Hanisco et al.
[29] reported that the No(X' S} ) fragments in v=0 and
v=1 states are produced, and predicted that the popu-
lation of vibrationally excited No is less than 2% of
its vibrational ground state. It is known that the
ground, 1'A", and 2'A' states all correlate adiabatically
to O('D) + No(x! 5 ) products, but the avoided cross-
ings between 2'A'/1'A" states and 1'A' state induce the
initially excited NoO transferring to 1'A' state and then
dissociating on this state. Due to the transitions from
the ground state to the 2'A' and 1'A" states requiring a
configuration change from linear to bent, a large torque
exerts on molecule during dissociation, resulting in Ng
product with high rotational excitation [19, 23, 44].
Theoretical calculations by Schmidt et al. and Schinke
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FIG. 3 The time-sliced velocity mapped ion images of O(ID) products from two-color laser photolysis of NoO at
(a) 201.053 nm, (b) 203.825 nm, (c) 205.455 nm, (d) 207.246 nm, (e) 209.054 nm, (f) 212.388 nm, (g) 215.059 nm and
(h) 218.200 nm, respectively. The O(lD) products are resonantly ionized at A=99.95 nm. The vertical arrow represents the

polarization direction of the photolysis laser.

et al. [22, 44] confirmed that the Ny fragments from
N2O photolysis at 204 nm via the 2'A' state populate in
two vibrational states with high rotational excitation,
while those produced through the 1'A" state have hot-
ter vibrational excitation (v<4) and cooler rotational
excitation. The Ny products with vibrational excitation
v>1 have not been observed experimentally, which sug-
gests that the 11A" state may play a minor role in the
N0 dissociation in this wavelength region.

The difference between O('D) images at 203.814 nm
and 205.472 nm in one-color experiments is evident. Ac-
cording to previous work [39], it can be attributed to
the different alignment of the atomic intermediate state
before ionization, rather than the inherent property of
dissociation dynamics at these two photolysis wave-
lengths. The ionization efficiency of O('D) atoms in dif-
ferent spatial regions is different. In some regions,
O(ID) atoms are easy to ionize, while in other regions
O('D) atoms are hard to ionize. The O('D) images ob-
tained by 2+1 REMPI scheme from N2O photolysis at
203.814 nm and 205.472 nm are similar to that from
photolysis of NOg and O molecules [45, 46]. In order to
uncover the “veils” cast on the spatial distributions of
the products by the alignment effect and acquire the
true spatial and state distributions from N2O photoly-
sis, we choose to ionize O(!D) atoms via the autoioniza-
tion scheme at 99.95 nm atomic spectra line ('P1!D)
[47]. There is no change in the images with varying the
polarization direction of the probe laser, confirming
that this detection method itself has no additional im-
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pact on the experimental results. FIG. 3 shows O('D)
fragment images from photolysis of NoO in two-color
experiments between 200 nm and 220 nm. These im-
ages from eight photolysis wavelengths are quite simi-
lar with each other. The anisotropy of these images is
larger than that at 203.814 nm in one-color experi-
ments. In addition, the dimples observed in perpendicu-
lar direction at 205.472 nm in one-color experiments
clearly disappear, which suggests the influence arising
from the detection process caused by alignment of the
product at 203.814 nm and 205.472 nm has been re-
moved in two-color experiments.

The corresponding TKER spectra derived from the
images in FIG. 3 are shown in FIG. 4. It is noted that
only the TKER spectra in the direction with the best
resolution are shown here, i.e., perpendicular for
201-209 nm and parallel for 212-218 nm. No observ-
able structures correspond to the rotational states of
No(v=1) fragments due to the limited resolution.
Therefore, the fitting spectra do not involve the minor
population of Ny(v=1). As is common in photodissocia-
tion, the maximum for rotational state distributions
shifts to higher J with increasing photon energy. The
rotational distributions computed by Schmidt et al. [44]
using only the 2'A' state had an asymmetric bell shape,
which ended abruptly at a maximum value of J near 80.
In comparison, the rotational state distributions shown
either in parallel or in perpendicular direction display
only a little asymmetry, and a higher J tail (J>90) can
be seen, suggesting the theoretical calculations underes-

© 2024 Chinese Physical Society



Chin. J. Chem. Phys., Vol. 37, No. 2

1.2

Photodissociation Dynamics of Nitrous Oxide 291

10 50 50

85 80 1

1.0

0] N,X'E, v=0) (a) N,(X'E,* v=0) (b)
—pep)

0.61 201.053 nm 203.825 nm

0.4

0.21

0.0 dmz=f
95 90 85 80 75 10

60 50 40 30 0

1.0+
0.84
0.64
0.4
0.2
0.0

N,X'Z, v=0)

1.04
0.8
0.64
0.44
0.2
0.0

Relative Intensity/arb

1.0
0.8
0.6 1
0.4
0.2 4
0.0

Ny(X'E,"v=0)

0

) 95 90 85 80 5 10

(c)

(2

3000 6000 9000 12000 15000 18000 21000 3000 6000 9000 12000 15000

TKER/cm™

60 50 40 30 0

95 90 85 80 75 10 60 50 4D 30 0

@

N,X'E v=0)
E
= perp]

207.246 nm

N, v=0) (W)

18000 21000

FIG. 4 The corresponding TKER spectra for the O(ID)+N2(X123') channel from photodissociation of NoO derived from
those images shown in FIG. 3. The experimental and fitting spectra are plotted as open circles and red solid lines, respec-

tively. The superposed combs indicate the TKER values associated with formation of the various NQ(X1

stick spectra in blue shown underneath the experimental curves are rotational distributions of Na(

timate the high-J population.

The photodissociation anisotropy parameter (3 has
also been acquired in the images, which provides infor-
mation about the detailed reaction mechanism. McBane
et al. [23] pointed out that absorption to the 1'A" state
would produce 8=-1 due to the transition dipole being
perpendicular to the triatomic plane; while absorption
to the 2'A' state, whose transition dipole lies in the tri-
atomic plane, could produce any value of 3, depending
on the angle between the transition dipole moment and
the molecular axis. Nishide et al. [32] interpreted their 8
observations on N9O in terms of relative contributions
of 2'A" and 1'A" states to the dissociation. They as-
sumed B=1.8 for dissociation on 2'A' state in analogy
with that observed in OCS photodissociation, and con-
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Eg, v=0). The
Xlﬁg, v=0) products.

cluded that absorption to 1'A" state contributed about
30% based on B value at 205.472 nm. Kawamata et al.
[40] further demonstrated that the 8 value of 1.8 corre-
sponds to the angle between the recoil velocity of the
product fragments and the dipole moment being about
15°. If a larger angle is employed, such as 30°, the corre-
sponding 3 value is 1.25, then the estimated contribu-
tion of the 1'A" state to dissociation is around 10%.
This ratio is still much higher than the theoretical pre-
diction of initial excitation to the two electronic states.
Theoretical calculations [22, 48] predicted that the con-
tribution of the 1'A" state to dissociation is less than
3%. The discrepancy may come from the fixed 3 value
used in estimating the contribution of these two states.
Perhaps, it can be considered that the two states have
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different contributions to N9 products with different ro-
tational quantum numbers. The higher rotational quan-
tum number, the larger proportion of N9 products is
from 1'A" state excitation. This is basically consistent
with Neyer’s perspective [41].

FIG. 5
anisotropy parameter (3 at eight photolysis wave-
lengths. It is clear that for No(v=0) at 203.825 nm, 3
declines slowly with increasing J from (3 =1.4 at the low

shows the rotational state dependent

end of the rotational distribution near J=50 to a value
of 0.8 near J=70, then § increases a little around the
maximum of the rotational distribution near J =80. It
then declines more steeply, reaching 8~0 at J=95, and
increases again near the high end of the rotational dis-
tribution. The similar trends of 3 values as a function of
J are observed at all studied wavelengths in this work
and also for No(v=1) products. The impulsive model
was used by Neyer et al. [31] to interpret the variation
of the B value of N9 fragments with J. They suggested
that the greater bending angle of the molecule relative
to its linear configuration within excitation to the 2'A’
excited state produces the higher rotational excited
state of the Ngo fragments and the less B value. This
model only qualitatively elucidated the decreasing ten-
dency of 8 valve with the increase of J to a certain ex-
tent, but it cannot fit the 8-J curves well. Recent theo-
retical works by McBane et al. [23] quantitatively illus-
trated the change of 3-J curves by using trajectory sur-
face hopping (TSH) method, and reproduced both the
slower decline for J<80 and the steeper decline at high-
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er J. The first decrease in the 3 value when J<65 is
dominantly owing to the change in the direction of the
transition dipole moment from the 2'A' state to the
ground state. While the sharp decrease in 8 value after
J>80 is attributed to the stronger torque in the “iso-
merization pathway” on the ground state potential en-
ergy surface (PES), resulting in the increase of non-axi-
al recoil forces when the molecular bond is breaking. It
can be simply understood that the O atom will be at-
tracted by the terminal N atom following the bond an-
gle of the molecule is >90°, and further stay away from
the initial direction, causing the 3 value to decrease. Be-
sides the two declines in the § values, FIG. 5 displays a
little increase in the range 70< J<80. As demonstrated
by McBane et al. [23], the decrease in the observed (3
with J in the main part of the rotational distribution
does not come from a change in the extent of nonaxial
recoil. Instead, it arises because of the mutual depen-
dence of J and transition dipole on the initial N9 bond
length. Theoretical predictions [23] gave nearly con-
stant G value of 0.8 within the rotational distribution of
65 < J<80, which is qualitatively consistent with the ex-
perimental observation. FIG. 5 also displays a little in-
crease of the (3 value at the end of high-J tail. We specu-
late that this may be because the repulsion between the
O atom and the terminal N atom gradually takes over
the dominant role of attraction after the bond angle is
bent to a certain angle. If the excess energy (hw-Dg-TK-
ER) is strong enough, it can overcome the repulsion and
continue to bend at a certain angle.

© 2024 Chinese Physical Society
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FIG. 6 shows the overall 8 value of the photofrag-
ments as a function of photolysis wavelengths. As the
wavelength decreases, the 3 value decreases. This may
be because different wavelengths will excite NO
molecules to different Franck-Condon region, and dif-
ferent 3 value arises principally from nonaxial recoil due
to the bending forces present in the excited state. The
theoretical model [23] predicted the overall 8 value is
about 0.9 at 203.25 nm, which is exactly consistent with
our experimental observation. In one-color experiments,
however, due to the influence arising from the detec-
tion process caused by alignment of O, it is hard to ac-
quire the true angular anisotropy parameter.

IV. CONCLUSION

We have reinvestigated the photodissociation dy-
namics of O('D) —|—N2(X12g') product channel from
N20O in the UV region by using time-sliced velocity-
mapped ion imaging technique combined with single
VUV photoionization scheme of O('D) fragments at
99.95 nm. The TKER spectra of the products at eight
photolysis wavelengths between 200 nm and 220 nm
have been obtained, and the N9 products are dominant-
ly populated in v=0 with high rotational excitation.
The anisotropy parameter 8 value as a function of rota-
tional quantum number J for the No product has been
determined. Though the primary features are similar to
that predicted by previous theoretical models, some dis-
crepancies are still observed in both rotational state dis-
tributions and angular distributions. Further theoreti-
cal works are needed to clarify these discrepancies. This
work provides the most detailed information in the
state-to-state photodissociation dynamics of triatomic
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