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The OFP) atom produced in the 193 nm photolysis ofONhas been detected by a technique of vacuum-
ultraviolet laser-induced fluorescence spectroscopy around 130 nm. The quantum yield value ¢Pbhe O(
atoms produced directly in the photolysis ofNat 193 nm at room temperature has been determined to be
0.005+ 0.002. The OP) atom formation process in the reaction of@)(+ N,O is also studied, and the
channel branching ratio of €¥) 4+ N,O has been determined to be 0:84.02 among the product channels,

2NO, N, + O,, and OFP) + N,O. Photodissociation processes ofNat 193 nm and reaction processes of
O(*D) + N,O system have been discussed on the basis of the experimental results. Because of importance of
the O¢D) + N,O reaction in the stratosphere, impact of the experimental result®f) @{rmation from the

O(*D) + N,O reaction on the stratospheric chemistry is also studied by one-dimensional atmospheric model
calculations.

1. Introduction Chowdhury observed direct formation of small amounts of
O(CP) atoms in the photolysis of #0 at 193 nm. Recently,
Brouard et aP directly detected the GR) atoms from 193 nm
photolysis of NO with the O(38P — °P) (2 + 1) REMPI
transition near 226 nm. They studied the velocity and angular

The gas-phase reactions oflhave been extensively studied
because of its importance in atmospheric chemistry and chemical
physics. The primary source of active nitrogen to the strato-
sphere on a global basis is from®|, which is released at the . . .
earth’s surface through biological processes and to a Sma”ermomentum allgnmen_tdlstrlbu_tlons_of the’g) fragments using
extent through anthropogenic activititMost of the NO a technique of velocity map imaging.
molecules transported to the stratosphere are photolyzed at In the stratosphere, in addition to the photodissociation, a
ultraviolet (UV) wavelengths around 200 nm. Photoabsorption small fraction of NO reacts with OfD) atoms to yield NO
of N,O becomes significant below 240 nm, and its cross section molecules:
has a maximum around 182 nm (1.471.0"*° cn? molecule?) 23
In the wavelength region, there are four energetically feasible O(lD) + N,O— NO(XZH) + NO(XZH) (2a)
pathways:

— Ny(X'Z,") + O, (2b)
08 Iy + -

N,O +hv—O(CP) + Ny(XZ;) (4 <742nm) (la) —ofP)+ N,O (20)
—O('D) + Nx(X'E,") (4 <341nm) (1b)

4 5 NO molecule reacts with very efficiently, which affects the
—N(S)+ NO(XTI) (4 <252nm) (Ic) photochemical balance of stratospherig The branching ratio
_,O(ls)_i_ Nz(xlZ +) (A <212nm)  (1d) for channel 2a is a critical parameter to investigate the O

9 balance because channel 2a is a predominant source of
stratospheric NQ The NASA/JPL panel recommends the rate
constants okyy; = 6.7 x 107! andky, = 4.9 x 10711 cn®
molecule® s™1 at 298 K for use in stratospheric modeling
studies® The IUPAC subcommittefeevaluated the gas kinetic
data for use in the studies of atmospheric chemistry and
recommends the rate constantkaf= 7.2 x 10711 k,, = 4.4
x 1071 andky. < 1.0 x 10722 cm? molecule’! s~ at 298 K.
Wine and Ravishankataetermined that the channel branching
of OCP) + N,O (channel 2c) is<0.04, in which the G) atom
produced from the GD) + N,O reaction was detected by the
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where the long wavelength limit indicated in parentheses is the
thermochemical threshold for each pathway.

On the photodissociation of J around 200 nm, channel
1b is dominant and the other channels are very mindEelder
et al® investigated the dissociation processes gONat 193
nm using a photofragment translational spectroscopy and re-
ported negligibly small yields of channels 1la, 1c, and 1d.
Nakayama et al.have recently measured the quantum yield of
channel 1c to be (2.% 0.9) x 1078 at 193 nm. Matsumi and
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In this paper, we report the formation of I®) from N.O T T T
photolysis at 193 nm (channel 1a) through the direct detection
of the O@P) atoms using a laser-induced fluorescence (LIF)
technique. The quantum vyield for channel 1a is determined
experimentally. Moreover, we have studied the reaction &DP(

+ NO to produce GP) + N,O (channel 2c) by the LIF
technique and determined the channel branching ratio for
channel 2c. Because of the atmospheric importance of tHg) O( 0 .
+ N2O reaction, we also study the impact of the existence of - p
channel 2c on the stratospheric chemistry by atmospheric model Av (em™)

calculations with a one-dimensional dynamical and photochemi- Figure 1. Vacuum-ultraviolet (VUV) laser-induced fluorescence (LIF)
cal model. Changes in the steady-state concentrations gf NO spectrum of GP,) atoms produced in the 193 nm photolysis oI\

03, and HQ between the calculations with and without the new N Which the VUV probe laser wavelength was scanned over the
channel have been investigated resonance line O(3%°—2p %P,) at 130.22 nm. Partial pressures of

N,O and He in the reaction chamber were 22 mTorr and 1.7 Torr,
2. Experiment respectively. The delay time between the photolysis and probe laser

. . pulses was 200 ns.
The experimental setup for the vacuume-ultraviolet laser-

induced fluorescence (VUV-LIF) spectroscopic syst(irln usedin  The photolysis and probe laser beams was crossed at right
this study has been described in detail elsewféf€,'* and angles. The time delay between the photolysis and probe laser
we give only brief description pertinent to the current study ,ises was controlled by a digital delay generator (Stanford
here. The MO molecules were photolyzed by an ArF eXCIMer  Research Systems, DG535). Thel®)(VUV-LIF signal was
laser at 193 nm (Lambda Physik, Compex 102). The typical yetected at right angles to both photolysis and probe laser beams,
photolysis laser pulse energies were 5 mJ at a repetition rate Ofusing a solar-blind photomultiplier tube (EMR, 542J-09-17).
10 Hz. The OfR) photofragments from pO photolysis were  he output from the photomultiplier was processed with a gated
directly detected by the VUV-LIF technique using the’3$- integrator (Stanford Research, SR-250) and stored on a personal
2p 3P transition at 130.22 nm fgr= 2, 130.48 nm foj = 1, computer.

and 130.60 nm foj = 0. The VUV laser around 130 nm was The sample gases of (>99.9% purity), He £99.99%),

generated by four-l\évav_e difference frequency mixing{2- 54 N, (>99.99%) were used without further purification. Those
o) in krypton gas;> using two dye lasers (Lambda Physik, gases were flowed into the reaction chamber through mass-flow

FLBTOOZ and Scanmate 2E) §imu|taneously pumpgd by a XeCl coniroliers (STEC SEC-400s). The total pressure of the reactants
excimer laser (Lambda Physik, Compex 201). A typical pressure j, e chamber was measured with a capacitance manometer
of Kr gas in the mixing cell was 15 Torr. The dye laser output (Baratron, 122A).

was frequency-doubled in a BBO crystal to generate 212.56
nm for thew, laser light, which was two-photon resonant with 3 . its
Kr 5p[1/2]o. Thew, laser light was tuned around 578.1, 572.8,
and 570.6 nm for GP), j = 2, 1, and 0, respectively. The UV Figure 1 shows the typical fluorescence excitation spectrum
and visible laser beams were overlapped using a dichroic mirror of the O€P,) atoms produced from 4D photolysis at 193 nm,
and focused with a leng & 200 mm) into the Kr-containing  in which the VUV probe laser wavelength was scanned over
cell. The generated VUV laser light was introduced into the the resonance line O(38°-2p 3P,) at 130.22 nm. The delay
reaction chamber through a LiF window. The bandwidth of the time between the photolysis and probe laser pulses was 200 ns.
130 nm VUV radiation was estimated to be 0.54¢rfwhm), The pressures of 0 and He were 22 mTorr and 1.7 Torr,
which was determined by measuring the line width of thermal- respectively. The spectral width of the resonance line in Figure
ized O@P) atoms!? A fraction of the incident VUV light passed 1 is larger than that of thermalized ®§) atoms. Brouard et
through the photolysis chamber was reflected by a thin LiF plate al.® examined the velocity distributions of the ®)) fragments
held in the end of the photolysis chamber and led into a nitric by the velocity-map imaging technique and found that around
oxide (NO) photoionization cell. The relative intensity of VUV ~ 60% of the available energy appeared in product translation.
laser light was monitored by measuring the photoionization Under our experimental conditions, the velocity distributions
current. Typical NO gas pressure was2Torr. of OCP) should be partly relaxed toward the Maxwell
Huang and Gorddf reported the two-photon laser-induced Boltzmann distributions at room temperature due to the colli-
fluorescence for 3P) detection from the photodissociation of ~sions with He buffer ga¥ Figure 2 shows the fluorescence
0, at 157 nm. The focused probe laser light at 226 nm excites excitation spectra of GR), j = 2, 1, and 0, fine structure levels
the ground OP) atoms onto the O(3fP) state and the upper produced by the photodissociation oMl at 193 nm.
state fluoresces at 845 nm, thereby populating the €5Bstate, A linear dependence of the &) LIF intensity on the
which in turn fluoresces at 130 nm. They noticed that the probe photolysis laser power was checked, as shown in Figure 3. The
laser produces a population inversion between the 3p and 3sO(3P) atoms produced by the photodissociation g©ONvere
levels, and ASE competes with normal fluorescence from the detected with the VUV-LIF method at the delay time of 200 ns
3p state. The detection scheme we used in the present study ibetween the photolysis and probe laser pulses under the pressure
different from that of Huang and Gordéf.In our measure- conditions of NO 22 mTorr and He 1.7 Torr. At the delay time
ments, one-photon excitation scheme has been used to deteatf 200 ns, the detected &) atoms are predominantly produced
O(P) atoms and the 3s state fluoresces only at 130 nm. ASEby the photodissociation of 4D at 193 nm. No LIF signal of
from the 3s state is impossible because the scheme we used i©(P) without 193 nm laser light irradiation was observed. These
a two-level system. Furthermore, the VUV laser intensity is very results indicate that the multiphoton dissociation of parei@ N
weak (<uJd/pulse) and not focused in the excitation zone. Thus, at 193 nm and the photolysis of,@8 at 130 nm by the probe
our measurements are applicable to the quantitative study oflaser pulse can be ignored safely under our experimental
the photolytic and reactive é®) productions. conditions.
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Figure 2. Fluorescence excitation spectra offB) atoms produced
by the photolysis of BD. The center wavelengths for the= 2, 1, and
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Figure 4. Relative concentrations of the @) atoms as a function of
delay time between the photolysis and probe laser pulses, when the

0 spectra are 130.22, 130.48, and 130.60 nm, respectively. Partialgas mixture of MO (22 mTorr) and He (1.7 Torr) was photolyzed by

pressures of pbD and N in the chamber were 50 mTorr and 1 Torr,
respectively, and time delay was 18.
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Figure 3. Plots of the O{P,) LIF intensity vs the ArF photolysis laser
power. NO molecules were photolyzed at 193 nm, and the resultant
O(P,) fragments were detected by the VUV-LIF method at 130.22

nm. The delay time between the photolysis and probe laser pulses wa

200 ns.

We experimentally determine the values of the quantum yield
for O(P) produced directly in the photolysis 0b® at 193 nm
(channel 1a) and the product channel branching ratio féP)O(

+ NO in the reaction of GD) + N,O (channel 2c). We
detected the GP) atoms using the VUV-LIF technique at the
various delay times after the gas mixture ofON(22 mTorr)
and buffer He gas (1.7 Torr) was irradiated with 193 nm laser
pulses. The quantum vyield of &X) produced directly in the
photolysis of NO is small, while the predominant product of
the photolysis of MO is O(D) + N,.346 The collisional
deactivation process of @p) to OCP) by collisions with the
He buffer gas atoms is very slow with the rate constant 60

x 10716 cm?® molecule s71.17 The rate constant of &) with
N,O is 1.16x 10710 cm3 molecule® s71,3 which is 1@ times
larger than the deactivation rate constant of@(by He.
Therefore, the deactivation of &) by collisions with He was
negligible, and the GD) atoms produced in the photolysis of
N.O were removed by the reaction with,® under our
experimental conditions of }0 (22 mTorr) and He (1.7 Torr).

Figure 4 indicates the relative concentrations of théP)(
atoms as a function of the delay tintebetween the photolysis
and probe laser pulses, when the gas mixtureai (22 mTorr)
and He (1.7 Torr) was photolyzed by the 193 nm laser pulse.
The nonzero value of the €K) atom concentration at the zero
delay time is attributed to the direct formation of3) atoms
by the photolysis of MO at 193 nm (channel 1a). Then, the
O(*D) atoms, which are the main atomic oxygen products in
the photodissociation of XD at 193 nm (channel 18)}+®react
with N,O molecules, and the additional ¥} atoms are

the 193 nm laser pulse. The vertical scale is the ratitugf)/In,(20

us), wherel(t) is the LIF intensity of OfP) with the gas mixture of
N,O/He at the delay time, andln,(20us) is the LIF intensity of GP)

at the delay time of 2@s with the gas mixture of )0 (22 mTorr) and

N2 (0.7 Torr) instead of the )D/He gas mixture. The average values
of Ine(t)/In,(20 us) and their standard deviationa(lfor 5—10 times
measurements at each delay time are plotted. The smooth curve
indicates the best-fit curve with eq 4 in the text.

The O@P) atoms generated by the photolysis and reaction
processes should have some excess translational energy. The
translationally hot G) atoms are relaxed by collisions with
the buffer gas molecules. Therefore, the spectral line shape of
the O@P) atoms can change with the delay time. The nascent
fine structure j-population of the Gf) produced by the
photodissociation of pO at 193 nm is close to the degeneracy
ratios of 0.56:0.33:0.11 fgr= 2, 1, and 0, respectiveRThe

S-population of the ) is also relaxed by collisions to the

Boltzmann distribution of 0.74:0.21:0.05 fpr= 2, 1, and 0,
respectivelyt® The j-population of the GP) atoms produced
from the deactivation reaction of &) through channel 2c is
also relaxed by collisions Therefore, we measured the
excitation spectra of G) at every delay time by scanning the
probe VUV laser wavelength and then calculated the relative
O(P) concentration by integrating the spectral peak areas.

Since the LIF signals of GP) do not provide the absolute
concentrations but the relative ones, a reference of the LIF
intensity is required for the quantitative analysis to determine
the quantum yield for channel 1a and the branching for channel
2c. The LIF intensity at the delay time of 2@s after the
photolysis of the gas mixture of & (22 mTorr) and N (0.7
Torr) instead of the BD/He gas mixture was used as the
reference signal intensity, which is written dg,(20 us)
hereafter. The vertical scale of Figure 4 is the ratid@{t)/
In,(20 uS), Wherel e(t) is the LIF intensity with the gas mixture
of NoO (22 mTorr) and He (1.7 Torr) at the delay tinte,
between the photolysis and probe laser pulses. The experimental
procedure was as follows: first, the ®y) LIF intensity of le-

(t) was measured with the ®/He gas mixture, and then that

of In,(20 us) was measured with thex®8/N, gas mixture. The
partial pressure of PO gas was identical to be 22 mTorr
between the PD/He and NO/N, mixture experiments. This
procedure of alternative photolysis experiments was repeated
5—10 times at each delay tinteThe average values bfie(t)/
In,(20 us) at each delay time, and their standard deviatioo$ (1
are plotted in Figure 4.

When the NO/N, gas mixture which was used to obtain the
reference LIF intensity ofy,(20 us) was irradiated with the

produced through reaction process 2c. The gradual increase ofl93 nm laser pulse, the &) atoms are first produced by the

the O@P) concentration with the increase of the delay time in
Figure 4 corresponds to the reactive formation o through
channel 2c.

photodissociation of pD through channel 1b with the quantum
yield of almost unity24® Then, the most of the @) atoms
are deactivated to €R) atoms by collisions with Nmolecules:
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o(*D) + N,— OCP)+ N, ©)

The quantum yield of the deactivation of D) to OCP) in the
reaction of OID) + N, is considered to be unifi# and the
rate constant has been reported tokpe= (2.6—3.1) x 10710
cm® molecule’? s71.318 Parts of the photolytically produced
O('D) atoms in the MO/N, gas mixture react with pD to yield

the channel 2a2c products. Under the pressure conditions of

N2O (22 mTorr) and N (0.7 Torr), the calculation oks[N5]/
ko[N-O] indicates that 87% of the &) atoms produced from

channel 1b are removed by reaction 3, while the residual 13%

O(*D) atoms in the NO/N, gas mixture is calculated to be R
[N2] + ko[N2Q]) = 1.5us, all of the OID) atoms have already
removed and the concentration of thé)(atoms from channels
la and 2c reaches an asymptote at the delay time g62We
checked that the concentration of*®] was almost constant at
the delay time range of X0 us. The diffusion loss of the

Nishida et al.

Excitation Energy / eV

XIZ* (1 1A)
: .  TEx N,O
of them are removed by reaction 2. Since the lifetime of the Figure 5. Adiabatic correlation diagram for4® system (N-NO, N,O,

and N—O) assuming & symmetry in the intermediate, which is taken
from the paper published by Hopp#r.

and O{D) + N, reaction proces® Figure 5 shows the
correlation diagram for the reactions of ©N; and NO+ N,

in which Cs symmetry is assumed for the reaction intermediate.
The theoretical calculations by Hoppkrhave shown that

O(CP) atoms was negligibly small in this delay time range.
Moreover, the reaction of GR) + N,O is inefficient at room
temperature, so that it cannot affect the quantitative measure-
ments of OFP) in our experiment¥’20

The O@P) LIF signal intensity ratios ofpe(t)/In,(20 us),
which are plotted in Figure 4, are expressed as a function of
the delay timet by

dissociation around 200 nm occurs via tHé2state and that
the nearby A" state can also be involved in the dissociation
process. Previous many studies showed that channel 1b is
dominant with almost unity quantum yield in the 193 nm
photolysis of NO 3#8which is rationalized by the fact that both
the ZA’ and LA" states adiabatically correlate to the photo-
products of OfD) + Ny(*=ty).

The OFfP) + N2(*=*g) product state correlates to triplet states

[t
L() = of N,O. The adiabatic correlation diagram shown in Figure 5
|N2(20ﬂ5) suggests that the intersystem crossing from the exited singlet
ko[N,O] + ks[N,] state to the triplet state or direct photoexcitation to the triplet

state can account for the ) formation. Nakamura and Ka&fo
have calculated ab initio potential surfaces of three triplet states,
SA"(3Z7), 2A’, and 2A"(3IT), correlating with the asymptote
O(P) + Ny, and studied the predissociation processes from the
ground singlet state potential correlating with thé@)(+ N

to the triplet states. Brouard et ahave indicated that the
dissociation to GP) + N, takes place on the asymptotic
SA"(3Z7) surface, based on the measurements of th#)D(
velocity and angular momentum alignment parameters in the
photolysis of NO at 193 nm. They have suggested that the
photodissociation pathway to &) + N, involves either

g 1®sas Red 1= exp-kN.OION (4

where @1, and Ry (=ka/kp) are the quantum yield of €R)
produced directly in the photolysis of,® at 193 nm (channel
1a) and the channel branching ratio of3PY+ N,O in the
reaction of OID) + N,O (channel 1b), respectively. N
corresponds to the partial pressure gf(8L.7 Torr) in the NO/
N2 gas mixture, while [MO] is that of NO (22 mTorr), which
is identical between the JO/He and NO/N, gas mixtures.
Figure 4 shows thatbi, is not zero but quite small. This
indicates®yp ~ 1. The approximation okedN20] + ks[N2] ~ excitation to théA'(1A) state, followed by transfer via a conical
ko[N2] was used. The values ,O@la and Ry haye bgen intersection to théA'(II) state, and a further crossing to the
determined by applying expression 4 to the plots in Figure 4 5oy mniotic3a (35 surface, or direct triplet excitation to the
using a least-squares method. The valuesdgf = 0.005% 3A"(3Z7) state followed by the dissociation. A weak spiorbit
0.002 ?‘“‘?‘ RZ,C = 0.04 + 0.02 were thus optamed. The jnteraction between the singlet and triplet excited states or a
uncertainties indicated for th@saandRc values include both o)) yransition probability from the ground to the triplet states
the statistical errors (d) originating from a scattering of oy raqyits in the very small quantum yield foRB) formation
experimental data in thiei(t)/In,(20 us) measurements and the ;1 the NO photolysis at 193 nm. Adams etZIprobed the
systematic errors in the measurements of partial and totaIN(4S) atom formation (channel 1c) fromy® photolysis at 207
pressures. nm using a two-photon LIF technique. Very recently, Nakayama
et al” measured the quantum yield for48) formation through

4. Discussion channel 1c using the VUV-LIF technique at 120.071 nm. The

4.1. OFP) Formation from N,O Photolysis at 193 nm.n
this study, the quantum vyield for &X) formation in the 193
nm photolysis of MO has been determined to be 0.G69.002.
The very small quantum yield value for ) formation in the

N(*S) quantum yield they reported is (2400.8) x 1073 in the
N,O photolysis at 193 nm. The K§) + NO(3II) product state
also correlates to the triplet state(s) ofQN The nonnegligible
contribution of the photoexcitation to the triplet state or the

photolysis of NO at 193 nm is consistent with the previous spin—orbit interaction between the singlet and triplet excited

studies reporting that the @) atom formation (channel 1b) is

states to form GP) products is consistent with the reports on

dominant46 The lowest electronically exited singlet states of the detection of N{S) products in the 193 nm photolysis of

N.O are the AZ~, the B'A, and the CII states. Upon bending
the Cs symmetry group applies giving rise to theA1(!=") and
the A" (1=") states. Thdl andA states split into Aand A’

N2O.
4.2. O@P) Formation from O(1D) + N,O Reaction.In this
study, the product branching ratio of ®) + N,O (channel

components. Theoretical calculations of the electronic states of2c) in the reaction of GD) + N,O has been determined to be

N,O have been performed in relation to UV photodisocifiéh

0.04+ 0.02. Wine and Ravishank&measured the branching
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ratio for channel 2c to be<0.04 by means of time-resolved 50

resonance fluorescence spectroscopic detection #)Q@ising
an atomic oxygen lamp. In their study, they photolyzed the gas
mixture of GyHe/N,O with a KrF excimer laser. The photolysis
of Oz at 248 nm produces both &) and OID) atoms with
the quantum yields of 0.09 and 0.91, respectivekp. Thus,
only the upper limit value for channel 2c was determined by
them because the signal due to channel 2c in the time profile / HO.
of OCP) is very small compared with the direct formation of Os
O(P) from the Q photolysis under their experimental condi- /
tions. In our present study, we alternatively measured tRB)O( A ‘
LIF intensities of lug(t) and In,(20 us) from the 193 nm - 0 _ 5
photolysis of NO/He and NO/N, mixtures to determine the Change in concnetration (%)
channel 2c branching ratidR4). The high sensitivity of the ~ Figure 6. Percentage changes in diurnally averaged steady-state NO
VUV-LIF method for detection of GP) made it possible to ~ HOx and Q concentrations calculated by a 1-D dynamical

. i photochemical model with or without channel of3®) + N,O as
_use th_e M_O photolysis at 19?? nmas a sc_)urce of DY for the products in the reaction of @) + N,O. The model calculations have
investigation of channel 2c in the reaction of'D) + NO. been performed for latitude of 4Gn March as a function of altitude.
Since the quantum vyield for €R) formation from NO The profiles of NQ, HO,, and Q are indicated by dash, dot, and solid
photolysis at 193 nm was found to be very small (0.605 curves, respectively.
0.002), the production of GR) from channel 2c was clearly

detected and analyzed quantitatively. An approximate rate Values ofke/ka, have been used to yield the, (=kadko) value
constant of 4x 1012 cn® molecule? s~1 can be estimated for ~ fecommended in the NASA/JPL pafeh the assumption that

reaction 2c using our quantum vyield (0.64 0.02) and the  ©nly channels 2a and 2b are available as the products in the
recommended value fde (= 1.16 x 1010 cm? molecule' O('D) + N0 reaction. In this study, the channel 2c branching
sD). ratio has been determined to be 0:84.02. The total reaction

Since the electronic state of f)) is 5-fold degenerate, there rate constant of the €R) + N.O has been well determined

: : h : experimentally. Therefore, the value of the channel branching
are five potential energy surfaces (PESs) which asymptotically 0 : .
correlate to the GD) + NO reactants (twoA” and thredA’ R.a should be decreased by about 4% by taking channel 2c into

. ) . account. Since the uncertainty of the experimental results for
surfaces inCs symmetry of NO, intermediate). On the other the channel branchinBy, is still larger than 4% as indicated

hand, there are three PESs which asymptotically correlate tob Cantrell et al2® the 4% change iR, does not seem to be
the O(SP) + NZO prc_)ducts (tWO.SA. and one_3A ). From a myuch critical in atmospheric mo%eling studies. Nevertheless, it
theoretical point of view, the ab initio calculations of theQJ is worth estimating how sensitively the concentrations of
system have been perform&#® Those theoretical studies tmospherically important species such as,NGs, and HQ
focused on the reaction dyngmlqs to geperate channel 2a an re affected by the change of the channel brancRiagiue to
2b products. Although a possible interaction between the Iowestthe existence of channel 2c
11A" and®A’ PESs was suggested by the calculations of Last et We have investigated thé impact of channel 2 on strato-
al. 2" the reaction process to generate channel 2c products Wasspheric chemistry by performing the one-dimensional photo-
not discussed in their work. Further theoretical and experimental chemical and dynamical model simulations, in which the channel
studies are required to elucidate the reaction process yieldingbranching between (2a) and (2b) was re,duced by 4% due to
the O_(SP) + N0 product and to understand the'D) + N2O channel branching (2c). Details of the model have been
reaction system. described in our recent pap&rBriefly, all chemical schemes
4.3. Atmospheric Implications.The O(D) + N2O reaction  of the model are the same with those in the GarSalomon
is a main source of the stratospheric N®Ohe NQ, molecules  two-dimensional (GS-2D) modéi.The model calculations were
affect strongly the photochemicak@alance in the stratosphére.  performed including 40 chemical species and 120 chemical
Therefore, the channel branching for the formation of 2NO reactions with the chemical kinetics and photochemical data
(channel 2a) over N+ O (channel 2b) and GP) + N,O presented by the recent JPL recommendatfidfigure 6 shows
(channel 2c) in the reaction of &) + N2O is an important  the result of the photochemical model calculations for latitude
parameter in the estimation of the production rate ofNO  of 40° in March, which indicates the changes in the diurnally
the stratosphere and the stratosphegc@centration. Cantrell  averaged concentrations of NG@Ds, and HQ (= H + OH +
et al?® reported a measurement 8. = 0.57 and that an  HO,), calculated with or without channel 2c in the reaction of
analysis of all measurements from 1957 to 1994 leads them toO(D) + N;O. In the calculationsRy. was assumed to be
recommend a value &%, = 0.61+ 0.08, where the uncertainty  independent of temperature. The steady-statg d@centration
indicates their 95% confidence interval. The latest NASA/JPL calculated by the model including channel 2c decreases up to
panel in 2003 recommends the rate constantpf= 6.7 x ~4% around 20 km in comparison with that ignoring channel
10 " andkz, = 4.9 x 10~ cm® molecule® s at 298 K for 2¢, while the HQ and @ abundances increase. Perturbation in
use in stratospheric modeling studfeshe individual product  the concentrations of HOnay be attributable to be associated
formation rates for the GD) + N,O reaction in the NASA/ with the following reaction:
JPL recommendatiohsre based on four experimental studies
on the branching ratio measurements performed by Davidson
et al.3% Volltrauer et al3! Marx et al.’2 and Lam et af® The
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OH + NO, +M — HNO, + M (5)

three studies of them measured thgko, value by detecting
the reaction products of NO for channel 2a angldd O, for

As NOy concentrations decreased due to the chandg®dn
value, HQ scavenged by reaction 5 increased. The concentration

channel 2b using the methods such as gas chromatographychange of HQis larger in the lower stratosphere than those in

chemiluminescence detection, and mass spectrofte#iTheir

the middle and upper stratosphere, as shown in Figure 6. This
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is because that the contribution of three-body reactions (5)  (2) Okabe, H.kPhotochemistry of Small MoleculesViley-Inter-
becomes more significant at higher air densities or at lower Science: New York, 1978.

. . . . . - (3) Sander, S. P.; Friedl, R. R.; Golden, D. M.; Kurylo, M. J.; Huie,
stratospheric gltltudes. The chgmlcal reactions |nv.oI.V|ng( NO R E. Orkin, V. L; Moortgat, G. K : Ravishankara, A. R.; Kolb, C. E..
and HQ families play a crucial role in determining the Molina, M. J.; Finlayson-Pitts, B. £hemical Kinetics and Photochemical
stratospheric @abundancé and thus the concentration changes Data for the Use in Atmospheric Studiesyafilation Number 14JPL
of these species alters@bundance. Inclusion of channel 2¢ in P“béf)at'Ac;Eir?é;ﬁ%‘]_':ééj(?ﬁagetaj CCO/?(' éocf’: Hampson, Jr. R. F.: Kerr
the model affects the production rate of N@hich is followed J. A; Rossi, M. J.; Troe, 1. Phys. Chem. Ref. Dat997, 26, 521.
by the increase of @abundance through the reduction of the (5) Wine, P. H.; Ravishankara, A. Rhem. Phys1982 69, 365.

NOy-catalyzed @ destruction rate. (6) Felder, P.; Haas, B.-M.; Huber, J. Rhem. Phys. Letfl991, 186,
177.

(7) Nakayama, T.; Takahashi, K.; Matsumi, Y.; Taniguchi, N.; Ha-
yashida, SJ. Geophys. Re2003 in press.

The spin-forbidden formation process of3) + N, from (g) gatsurg"l\}-} glhol‘:"‘ﬂ‘“g' \'/“-I:V'- Sl. %h_e\r/“- Ph%(ﬂi“?ﬁ é?ég?a
the photodissociation of #D at 193 nm has been studied at Phy(s )Zo(r)%uﬂé T e A VaTANee, B VAsYUEnSl, B.5Ehem-
room temperature. The high sensitivity of the vacuum-ultraviolet (1) Abe, M.; Sato, Y.; Inagaki, Y,; Matsumi, Y.; Kawasaki, M.Chem.
laser-induced fluorescence detection system allows us to analyzePhys, 1994 101, 5647. _ _
the direct formation of small amounts of ®) atoms quanti- ph(ylslig“é'itilég“’sfg Inagaki, Y.; Morley, G. P.; Kawasaki, . Chem.
tatively in the photolysis BD. The quantum ylgld of the €R) (12) Takahashi, K.; Matsumi, Y.; Kawasaki, M. Phys. Chem1996
+ N products (channel 1a) has been determined to be @005 100, 4084.

0.002. This value is as small as that of another spin-forbidden  (13) Takahashi, K.; Taniguchi, N.; Matsumi, Y.; Kawasaki, M.; Ashfold,
photodissociation process of 4&) + NO(II), which is (2.0+ M. ’1‘;1 R-TJ- ,Cheﬂ“_- Ehyﬁlggﬁ 123 }Zliﬂl Y. Phve. Chem. 00
0.8) x 10737 These nonnegligible but small values of the 10‘(1 8%;36""”'9“‘: I, N.; Takahashi, K.; Matsumi, 3. Phys. Chem. 2000
quantum yield_s for the spin-forbidd_e_n photodi;;ociation pro- ('15) Hilber, G.; Lago, A.; Wallenstein, R. Opt. Soc. Am. B987, 4,
cesses are attributed to a small transition probability of the direct 1753.
photoexcitation to the triplet state or to weak spaorbit (16) Huang, Y.-L.; Gordon, R. JI. Chem. Physl992 97, 6363.
interaction between the singlet and triplet excited states6f N (17) Heidner lll, R. F.; Husain, Dint. J. Chem. Kinet1974 6, 77.

. . (18) Ravishankara, A. R.; Dunlea, E. J.; Blitz, M. A,; Dillon, T. J.; Heard,
The formation of OfP) + N2O (channel 2c) from the reaction  p_ ' piling, M. J.; Strekowski, R. S.; Nicovich, J. M.; Wine, P. H.
of O('D) + N0 has also been studied in this study. The product Geophys. Res. Let2002 29.
branching ratio for channel 2c has been determined to be 0.04N (|5193 Fp%”“ln,c Ah-: GotgagbAl-b'Zeg%%%dez, A.; Anderson, W. R.; Meagher,

- . 1 . E.J. Phys. Chem. , .
+ 0.02. The existence of channel 2c¢ in the'@)(+ N2O ™ S5y 2 W 2 o " E A derson, W. R. Phys. Chem. 2000 104
reaction affects the product branching for channel 2a that is gg13.
important as a main source of N@n the stratosphere. We (21) Hopper, D. GJ. Chem. Phys1984 80, 4290.
performed the one-dimensional photochemical and dynamical (Zi)m%rgwn,A-; Jimeno, P.; Balint-Kurti, G. G. Phys. Chem. A999
model S|mulat|0ns_ to estimate the impact o_f the fewvalue 23) Nakamura, H. Kato, SI. Chem. Phys1999 110, 9937.
on the stratospheric steady-state concentration gf NOy, and (24) Adams, S. F.. DeJoseph Jr., C. A Carter, C. C.. Miller, T. A
Os. We have suggested that the steady-state concentrations ofvilliamson, J. M.J. Phys. Chem. R001, 105, 5977.
NO,, HOy, and Q in the stratosphere are very sensitive to the  (25) Taltékdar, R. K. Longfellow, C. A.; Gilles, M. K.; Ravishankara,
; ; ine i ; A. R. Geophys. Res. Lett998 25, 143.

change_ln the p.mduc.t branching ratios in the reaction D{( (26) Takahashi, K.; Hayashi, S.; Matsumi, Y.; Taniguchi, N.; Hayashida,
+ N2O in consideration of channel 2¢c. The steady-stat& NO g j Geophys. Re2002 107, 4440.
concentrations calculated by the model including channel of (27 Last, I.; Aguliar, A.; Says, R.; Gonzez, M.; Gilibert, M.J. Phys.

O(P) + N,O decrease up t&64% around 20 km in comparison ~ Chem. A1997 101, 1206.

5. Conclusions

with that ignoring channel of GP) + N0, while the HQ and ggg Lakayanagh 1., Akagl, Hohem. E/*;Sr/tsj'-;’;“é%%zp ﬁfj 522594
O3 abundances increase. 99, 3739. R e T :
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