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Abstract

A photochemical process is proposed as a new efficig@tfldmoval technique in Nor air at atmospheric pressure and room temperature
without using any catalysts.J® diluted in N, or air was decomposed intaND,, and NO by using a 193 nm ArF excimer laser. The maximum
conversion of NO in N,O/N, or N,O/N,/O, mixtures was 93% at a laser power of 136 mJ, a repetition frequency of 5Hz, and an irradiation
time of 30 min. The formation ratios of ;NO,:NO in N,O/N, and NO/N,/O, mixtures were 64:31:5.1% and 60:27:13%, respectively. The
decomposition mechanism of,® under 193 nm photolysis was discussed by comparing experimental data with calculated model using
known photochemical and gas kinetic data.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction usually present in the exhausted gases. (2) Catalysts must
be resistant to deactivation by $(Recent studies on cat-
Nitrous oxide (NO) in the Earth’s atmosphere, 47.5% alytic removal of NO demonstrated that Fe-based catalysts
of which arises from combustion processes in 1gH9 is show activity for NO destruction combined with resistance
a major contributor to the greenhouse effect, because it hasagainst SQ, while Co and in particular Cu based catalysts
270 times the greenhouse potential of £due to its long are sensitive for S[3-6]. Recently, NO removal has also
residence time of about 150 years. Furthermorg) Milso been studied using pulsed corona and microwave discharges
plays a significant role in the destruction of the ozone layer [7-11]. When discharge is used for the decomposition of
due to its relatively large energy absorption capacity per N2O in air at atmospheric pressure, N@ generally emit-
molecule. The ozone layer is broken down in the strato- ted due to reactions of decomposition products efaxd
sphere by photolysis and oxidation and initiates a chain O: e.g., N2D, 2P) + O, — NO + O reactions. Such an
of cyclic reactions leading to stratospheric ozone destruc- NO, emission must be suppressed during the decomposition
tion. Catalytic removal of MO has been studied using sev- of N2O in discharge of air.
eral supported precious metals or transition metal oxides We have recently studied decomposition cfONby a
such as Fe—-ZSM-5, Pd/Fe-ZSM-5, Cu/ZSM-5, Co/ZSM-5, microwave discharge of dO/He, NbO/Ar, and NO/N>
Cu/ZrQ,, and Rh/ZrQ [2—6]. There are some critical items  mixtures [7-9]. A high decomposition efficiency of D
necessary to apply these catalysts to practical processes. (1(>94%) was obtained in YO/Ar and NbO/N, mixtures at
Catalysts must be active at low reaction temperatures, evenatmospheric pressure. NO formation ratio in the products

in the presence of components such as IO, and NQ was low in NO/Ar and NbO/N, mixtures. When a small
amount of Q@ was added to PO/Ar and NbO/N, mix-
* Corresponding author. Tekt81-92-583-7815: _tures, MO_ conversion decreased S|.gn|f|cantly, while a great
fax: +81-92-583-7815. increase in the NO formation ratio was observed. Since
E-mail address: tsuji@cm.kyushu-u.ac.jp (M. Tsuiji). discharge processes are generally unselective for atoms and

0304-3894/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2004.02.024



190 M. Tsuji et al./Journal of Hazardous Materials B108 (2004) 189-197

molecules, excitation, ionization, and dissociation occur ameter and 55 cm length. Light from an unfocused ArF ex-
simultaneously for MO, N,, and Q by fast electron im- cimer laser (Lambda Physik, COMPex102) was used to de-
pact. Therefore, decomposition ob@ in air is generally compose NO at a room temperature. The laser pulses had a
difficult by using discharge methods. In order to remove duration of 15ns and delivered output energy of 50-136 mJ
N2O in air at atmospheric pressure, a new technique mustper pulse at a repletion rate of 5Hz. It is known that there
be developed. An efficient and selective decomposition is no absorption of Mat 193 nm[12]. Therefore, the reac-
of N2O in N2O/N2/O2 mixtures is required for the new tion chamber was filled with Ngas at atmospheric pres-
N>O removal technique to suppress NO emission. An ideal sure, when the laser power was monitored from the outside
method proposed here is a photochemical process where @f the decomposition chamber using a laser power moni-
high selective removal of pO is expected to be achieved by tor. The reaction chamber was evacuated using an oil ro-
using photons with an appropriate wavelength. Fortunately, tary pump, before BO diluted in Nb or air was introduced
there are significant differences in dependence of absorp-into it. A mixture of NoO/N2 or NoO/No/O2 was kept at
tion coefficients of NO, No, and @ on the wavelength of  a constant flow using mass flow meters and fed into the
photong12]. We noticed that absorption coefficient o}® reaction chamber. The JD:N, ratios in NbO/N, mixtures
is large only for NO at 193 nm in NO/N2/O2 mixtures. were 10-50:500, respectively, and®tN,:0O, ratios were
Under 193 nm irradiation, pD is selectively decomposed 50:500:100 in NO/N2/O2 mixtures. Thus, the pD concen-
into N, + O(1D) [12-14] Thus, an efficient and selective tration in NbO/N2 or N2O/N2/O, mixtures was 2.0-9.1%
removal of NO by 193 nm ArF excimer laser photolysis is  (v/v). The total pressure, monitored by a capacitance pres-
expected in air. sure gauge, was kept at atmospheric pressure using a nee-
In this paper, we report the results ob® removal in dle valve. When laser was irradiated into a flow system of
N2 and air at atmospheric pressure by 193 nm ArF excimer N2O/N2 or N2O/No/O» mixtures, the MO conversion was
laser photolysis at a room temperature without using any less than 10%. Therefore, all experiments reported here were
catalysts. The DO conversion and the formation ratios of carried out in a closed batch system. After 1-30 min laser
products were measured as a function of the irradiation time irradiation into the reaction chamber, products were ana-
of laser, laser power, and partial pressure gONn order to lyzed through a sampling orifice by using a quadrupole mass
determine optimum decomposition conditions. The decom- spectrometer (ULVAC QMS 400). The relative sensitivity of
position mechanism of O was discussed by comparing QMS for NbO, Np, O2, and NO was calibrated using stan-
experimental data with those predicted from reported pho- dard gases. The flow rate of the buffep §as was larger
tochemical and gas kinetic data. than the N production from NO by factors of >10. There-
fore, it was difficult to isolate the Nproduction signal from
the strong signal from the bufferN\yas.
2. Experimental The N,O conversion, 1-[MOJ/[N2O]o, was estimated
from the reduction of intensity of the #0™ peak, while
Fig. 1shows the reaction chamber used for the photolysis the formation ratios of @and NO, defined as [£¥[N20]o
of NoO diluted in N> or air by a 193 nm ArF excimer laser. and [NO]/[NO]o, respectively, were determined from
A cylindrical reaction chamber was 2.5cm in internal di- the intensities of the @ and NO" peaks, taking the
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Fig. 1. Decomposition chamber of,® by a 193 nm ArF excimer laser inoNor air.
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contribution of NO™ from electron-impact dissociative ion- (@) Laser off
ization of NbO into consideration. Here, D]y is an initial Ny*
concentration of BMO. The [No]/[N20]p ratio was estimated %
from the N balance between the reageaON\and products 5 N,O*
N2 and NO, because no other products containing N atom =
could be observed in our conditions. J NO*
1 1 1 1
3. Results and discussion Ny (b) Laser on
3.1. NoO removal in NoO/N, mixture *%‘
9
At first, we studied decomposition of® in an NbO/N> £
mixture by 193 nm excimer laser photolysi§g. 2(a) and J NO* 02 N,O*
(b) show typical mass spectra of the®/N, mixture before AL _/l\
and after laser irradiation, respectively. A strongNoeak 28 30 32 44
(m/z = 28) and weak BO* (m/z = 44) and NGO (m/z = Mass number (m/z)
28) peaks are observed Fig. 2(a) The NO" peak results , _ ,
from electron-impact dissociative ionization op®. After Fig. 2. Mass spectra of 20/N, mixture (a) before and (b) 5min after

. . .. laser irradiation at a total pressure of 101.3kPa, an initialJ}N2]
+
Smin laser irradiation, the 0™ and NO peaks reduce ratios of 1:10, and a laser energy of 136 mJ. Spectra are not corrected

their intensities to 26 and 59%, respectively, and &t O  for relative sensitivity.
peak Wz = 32) appears, as shown Kig. 2(b) No other
products such as NO (n/z = 46) are detected after laser
irradiation. These results and nitrogen balance between reacfapidly increase to about 85, 80, and 35%, respectively, in
tant and products indicate thap® is decomposed into N\ the 0—10 min range and level off above that. The maximum
0, and NO by 193 nm laser irradiation under the present conversion of NO is 93% at 30 min. The maximum forma-
experimental conditions. Thus, the overall decomposition tion ratios of Ny and @ are 90 and 43% at 30 min, respec-
scheme under 193 nm laser irradiation is given by: tively. Although the formation ratio of NO increases from
zero to 18% in the 0-5min range, it decreases from 18 to
N20 — N2 +1/20; (1a) 7% in the 5-30 min range.
— NO + 1/2N, (1b) Fig. 4 shows the dependence of,®@ conversion and
formation ratios of N, Oz, and NO on the laser power at
Fig. 3shows the dependence of® conversion and for-  an irradiation time of 5min. The §O conversion and for-
mation ratios of N, Op, and NO on the irradiation time  mation ratios of N, Oz, and NO increase almost linearly
of ArF excimer laser. Dotted lines are calculated values with increasing the laser power in the 50-114 mJ range.
from kinetic model, which will be shown ifBection 3.3 These results indicate that decomposition @O\proceeds
The N,O conversion and the formation ratios of Bnd Q through one photon process, or one absorption step is
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Fig. 3. Dependence of A0 conversion and formation ratios of,NOz, and NO in an N/N2O mixture on the irradiation time at a total pressure of
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Fig. 4. Dependence of /D conversion and formation ratios 0bNO, and NO in an N/N,O mixture on the laser power at a total pressure of 101.3kPa,
an initial [N2O]:[N2] ratios of 1:10, and a laser irradiation time of 5min (1500 shots).

£ 100

o 2. N,O conversion (Obs.)

g 80 } & =
23
o5 €} — N, (Obs)
238
z
o = N i
g 2 40 [N, (Calc)
% 5 0 — 0, (Obs.)
2 g — 0, (Calc))
o i _— X
O 8 0 L NO (Obs.)

"\NO (Calc.)
0O 1 2 3 4 5 6 7 8 9 10

Partial pressure of N,O (kPa)

Fig. 5. Dependence of )D conversion and formation ratios 0f,NO2, and NO in an N/N,O mixture on the partial pressure ob® at a total pressure
of 101.3kPa, a laser energy of 136 mJ, and laser irradiation time of 5min (1500 shots).

saturated in two-photon excitation processes under our
experimental conditions.

Fig. 5shows the dependence of® conversion and for-
mation ratios of N, Oz, and NO on the partial pressure of Ny (a) Laser off
N-O at an irradiation time of 5 min. TheJ® conversion de-
creases from 85 to 70% with increasing the partial pressure
of N2O from 2 to 9.2 kPa corresponding to® concentra-
tions of 2.0-9.1% (v/v). The formation ratios obNnd &
also decrease from 82 to 64% and 41 to 29%, respectively, J NO*
with increasing the partial pressure of®from 2 to 9.2 kPa.

It should be noted that the formation ratio of NO increases
from 1 to 12% in the same partial pressure range gDN

o,* N,O*

Intensity

(b) Laser on

N,*
. i 2
3.2. NoO removal in NoO/N2/O2 mixture ‘2 0,
[]
[ =
In order to examine the effects of;Odecomposition of - N,O*
N,O in an NO/N,/O, mixture was studiedFig. 6(a) and J NO* N
(b) show typical mass spectra of thex@®/N,/O2 mixture TR Bl I
before and after laser irradiation, respectively. A strondg N 28 30 32 44
peak and weak pO+, NOT, and Q@+ peaks are observed in Mass number (m/z)

. . . . T

Fig. 6(a) After 5 m_m_ laser _|r'rad|at|0n, the 20™ and NO . Fig. 6. Mass spectra of J}D/N2/O, mixture (a) before and (b) 5min after
peaks reduce their intensities to 31 and 61%, respectively, jaser irradiation at a total pressure of 101.3kPa, initiad N[N2]:[02]
while the @+ peak becomes strong by a factor of 24%, ratios of 1:10:2, and a laser energy of 136 mJ. Spectra are not corrected
as shown irFig. 6(b) No significant enhancement of NO  for relative sensitivity.
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peak intensity is observed by the addition of, @dicating the 193 nm photolysis of O in N2O/N2 and NO/N2/O;

that the present technique is useful for the selectiyg N mixtures, ArF excimer laser was irradiated into 1:1 mixtures

removal in air. of N2/O2 and Nb/NO at 101.3 kPa=£760 Torr), and products
Fig. 7 shows the dependence of® conversion and for-  were monitored. Only Bi* and Q™ peaks were observed

mation ratios of N, Op, and NO on the irradiation time in  in the Nb/O, mixture, and N* and NO" were found in the

the NpO/N2/O, mixture. The dependence obN conversion N2/NO mixture. The relative intensities of N and Q™"

on the irradiation time is very similar to that in the®/N; peaks in the WO, mixture and those of N™ and NO" in

mixture. The NO conversion rapidly increases from zero the Nb/NO mixture were independent of the irradiation time

to 82% in the 0—10 min range and levels off above that. The in the 0-30 min range. It was, therefore, concluded that for-

maximum conversion of pD is 93% at 30 min, which is  mation and destruction of NGlo not occur by ArF excimer

identical to that in the DO/N> mixture. The formation ra- laser photolysis of 1:1 mixtures of2D, and Nb/NO under

tios of N, Oo, and NO also increase from zero to about our experimental conditions.

77, 36, and 10%, respectively, in the 0—10 min range. The On the basis of the above findings and knowaON

maximum formation ratios of Nand G are 84 and 38%, photolysis under 193 nnil2—-14] it was concluded that

respectively, at 30 min. The formation ratios of Bnd Q N2O decomposition diluted in Ninitiates from selective

at 30 min are smaller than those in theQIN, mixture by one-photon-excitation of pO followed by dissociation into

5—-6%. The formation ratio of NO in the JO/N; mixture O (*D) and N:

increases from zero to 18% in the 0—-5 min range, and then 1

decreases from 18 to 7% in the 5-30 min range.gOn the otherNZO +/v(193nm — OCD) + N2 2)

hand, the formation ratio of NO in theJ®/N,/O, mixture o2 = 8.95x 10-2%cm? molecule’® [14]

increases from zero to 16% in the 0—15 min range and levelsThe quantum yield of GQ) in photodissociation process

off above that. Summarizing above results, decomposition (2) has been known to be 1[@2-14] In the presence of

of N2O in the NO/N2/O2 mixture is similar to that in the  O,, O3, and NQ, the following photodissociation processes

N20/N2 mixture except for a higher formation ratio of NO  occur simultaneously under 193 nm laser irradiation.

by factors 1.5-2.4 in the 15-30 min range. In a laser energy

of 136 mJ, about 80% of $O is decomposed at a laser irra- Oz +hv(193nm — 20CP) 3)

diation time of 10 min. On the basis of this finding, laser ra- 4, = 3.2 x 10722cn? molecule’® [17]

diant energy required for decomposition of 1 mgil\was

1
estimated to be about 500 kJ. O3 + hv(193nm — O("D) + O2(87%) (4a)
y . . — OCP) + 0,(13% (4b)
3.3. Decomposition mechanism of N2O in N2O/No or
N2O/N,/O, mixtures by ArF excimer laser 04 = 4.34 x 10719 cm? molecule® [14]
NO, + hv(193nm — NO + OCP) (5)

It is known that there is no absorption at 193 nm far, N
while O, and NO are excited to the (B3% v =4)and o5 = 2.9 x 10~*°cnm? molecule™* [18]
NO(B2IT:v = 7) states by the 193 nm ArF laser excitation, Since there is a large discrepancy for the repottgdal-
leading to Q(B3%, — X3%;) and NO(B'TI — XIT) emis- ues of process (3),.3 x 10-22cnm? molecule® [17] and
sions, respectiveljl5,16] In order to obtain informationon ~ ~2x 1029 cn? molecule ! [19], it was measured by filling
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up 20 kPa of @ in the reaction chamber. The value obtained
agreed well with the former smaller value in our condition.
Therefore, we used the former value in the model calcula-
tion.

The laser energy absorbed by®l O,, O3, or NO, dur-
ing passing through the decomposition chamiggy,after
irradiation of a laser pulse was calculated from the relation:

(6)

where, Eg, N;, andl, are an energy of incident laser light,
the number of MO, O, O3, or NO, molecule per crh

and the length of decomposition chamber, respectively. One
photon energy of 193 nm laser lighEy g3, is calculated to

be 103 x 10~18J from the relation:

hc
E = h = —
193 v .

E; = Eo — Egexp(—o;N;l)

(7)

Number of photons absorbed by a molecule M intaraser
pulse,np;(M) was estimated from the relation:
E;

npi(M) = —,

Pil E193
Since quantum yield of pD at 193 nm is 1.12-14] the
following relation holds between mol numbersrgf(N2O)
and those of JD) and N produced through photodissoci-
ation process (2) in aith laser pulse:

npi(N20) = np;(O(*D)) = np;(N2)

M = N0, O,, O3, 0rNO, (8)

(9)

After irradiation of laser pulse for 10ns various two- and
three-body reactions of &D), O@P), and NtS) atoms with
atoms or molecules and the®IO reaction occur in the re-
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Table 1
Possible reactions of @D,3P) and N¢S) with atoms and molecules
induced by 193 nm photolysis of JD

Reactants and products ReactioRate coefficients

number (cm® molecule?
s 1) [20,21]
O(D) + N2O — Nz + Oy (10a) 4.4% 10711
— 2NO (10b) 7.2x 10711
O(D) + N2 — OCP)+ N2  (11) 2.6x 10711
O(D) + 0, - OCP)+ 0,  (12) 4.0x 1071
O(D) + NO— O(CP) + NO  (13a) 4.0x 10711
— N(*S) + O (13b) 1.2x 10712
O(D) + 03 — 20, (14a) 2.4x 1071
— 0 +20CP)  (14b) 1.2x 10712
O(D) + NO; — NO + O, (15a) 3.01x 10711
— NO, + OCP) (15b) 1.6x 10711
OCP) 4+ 02 + N2 — Oz + Na (16) 5.7 x 10734 [N_]
OCP)+0, + 0, - 03 + O, a7 6.2 x 10734 [0Oy]
OCP) + OCP) + N2 — O2 + Ny (18) 4.82x 10733 [N3]
OCP) + NO + N — NO; + N, (19) 1.0 x 10731 [Ny]
OCP) + NO + O — NO; + Oy (20) 8.6 x 10732 [0,]
OCP) + 03 — 20, (22) 8.0x 10715
OCP) + NO; — NO + Oy (22) 1.05x 10~
O3 + NO - NO, + Oy (23) 1.8x 10714
N(*S) + NO — Na + O(3P) (24) 29x 1071
N(“S) + NO, — NO+ OCGP)  (25) 1.21x 10712

from the above model at various conditions are shown in
Figs. 3-5 and by dotted lines. Since calculat&fO3) and
Y(NO,) are negligibly small, they are not shown in these
figures. On the basis of model calculations, the decomposi-
tion of NoO at 136 mJ is completed at about 15 min for both
the NbO/N2 and NbO/NL/O2 mixtures as shown iifrigs. 3

action chamber. Possible secondary reactions and their raténd 7 A major initial difference between theJ®/N; and

coefficients are listed iffable 1 It should be noted that in
addition to photolysis process (2).8 is decomposed by
the OED)/N,0O reaction (10a) and (10b), leading te,ND»,
and NO. In our conditions, subsequent chemical reactions
(10)—(25) are completed and no reactivé-Dy, OCP), and
N(*S) atoms remain before irradiation of next laser pulse.
Under such a condition, molar fraction ob® decomposed
by photolysis (2) and reaction (1&{N20), and molar frac-
tions of Np, O2, NO, O3, and NQ produced by photolysis
(2)—(5) and subsequent reactions (10)—(25M), by anith
laser pulse are calculated. Finally,® conversion and for-
mation ratios of N, Oz, NO, Oz, and NQ, Y(N) are ob-
tained by summing up;(N20O) andy;(M) over number of
laser pulsé:

X(N20) = ) xi(N20) (252)

Y(N) =) 3i(N) (25b)

In order to examine the validity of the above reaction
scheme, the PO conversion and the formation ratios of,N
NO, O, O3, and NGQ were calculated after various laser
shots. CalculateX(N20), Y(N2), Y(O2), andY(NO) values

N20O/N2/O2 mixtures is the presence of a high concentration
of Oz in the NbO/N2/O2 mixture. Under such a condition,
higher formation ratios of @and NG are expected in the
N2O/N2/O2 mixture via processes (16), (17), (19), and (20)
due to higher concentrations of ¥) and Q. However,

no significant difference is found for calculated values be-
tweenFigs. 3 and hecause the formation ratios og@nd

NO, are negligibly small in both pO/N2 and NoO/N2/O2
mixtures. The low @ and NQ yields in both mixtures can

be explained by the large absorption coefficients gfa@d

NO; at 193 nm, so that these molecules are destroyed nearly
completely by the subsequent laser pulses. No experimental
evidence for the formation of £and NG obtained in this
work was consistent with our model calculation. A great ad-
vantage of the present photolysis process gDhh N>O/N,

and NbO/N,/O2 mixtures is a high conversion ofJ® into

N> and @ without formation of @ and NGQ at room tem-
perature.

In Fig. 3, there is a reasonable agreement between ob-
served and calculated values for the formation ratios f O
and NO in the long irradiation time range of 15-30 min,
though the observedd® conversion and the formation ratio
of N2 are smaller than calculated values by 4-7%. It should
be noted that there are significant differences in th©N
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conversion and formation ratios of each product between the \ ot + hv(193nm

observed and calculated values in the short irradiation time

range of 0—15min. The observed® conversion and for-
mation ratios of N and @ increase more rapidly than the
calculated ones with increasing the irradiation time. In the
laser power dependencEig. 4), measured at a short irra-
diation time of 5 min, significant discrepancies between the
observed and calculated values is also found for th® N
conversion and formation ratios of,Nind G. In the par-
tial pressure dependence of® (Fig. 5), there is a reason-

able agreement between the observed and calculated vaIueRI

for the NO formation ratio. The observed,®™ conversion
and formation ratios of pBland @ are much larger than
the calculated values at high partiap® pressure range of

5.7-9.2 kPa. However, discrepancy becomes small with de-

creasing the partial O pressure, and a good agreement be-
tween observed and calculated values is found for th@® N
conversion and formation ratios of,Nand G at a partial
N>O pressure of about 3 kPa.

The observed high YO conversion and formation ratios
of N2 and Q in comparison with calculated values in the
short irradiation time range of 0—-15min suggest that ad-
ditional processes contribute to the decomposition gON
at high partial pressure range ob® in the NbO/N2 and
N2O/N,/O, mixtures. Itis clear fronfrigs. 3 and That there

are similar large discrepancy between the observed and cal-

culated values of the D conversion and formation ratios
of N2 and @ in both NbO/N> and NbO/No/O, mixtures.
This led us to conclude that such oxygen species &8 O(
D), 0o, and @ do not play a significant role in additional
decomposition processes 0p® below 15 min.

It is known that NO and @ molecules are excited into
the excited NO(BIT:v' = 7) and Q(B3Z, v = 4) states
under 193 nm ArF laser excitatiqt5,16] The lifetime of
NO(B?IT:v = 7) was measured to be 33930 ns, while

— NOMD?T: v = 1,5 E’St v =0) (27)

It is known that predissociation into N O compete with
radiative decay for NO(B=* : v > 0) with radiative life-
times of 18-19 ns due to a rotational on heterogeneous in-
teraction (gyroscopic) with NO®T) [23]. To the best of
our knowledge, we have no information whether predissoci-
ation competes with radiative decay for the N&¥E ;v =

0) state with a lifetime of 48- 3 ns[23]. Radiative decay of
O(D?x*:v = 1.5and Ext:v = 0), process (28a), prob-
ably competes with collisional quenching to lower states,
process (28b), from which predissociation inteHD (29b)

will occur, as reported for the NOETI:v' = 0, D°E+y =

0) state[24]:

NO(D?st : v = 1,5 B2t : v = 0) > NO* + hv

(28a)

NO(D?st :v =1,5 and BEXt: vV =0)+ M
— NO* + M (28b)
NO* — NO + hv (29a)
—>N+O (29b)

Zavelovich et al[13] studied VUV fluorescence follow-
ing photodissociation of pD at 193 nm with an output en-
ergy of ~80mJ per pulse in the /D pressure range of
133-26,600 Pa. They found that the dependence of the flu-
orescence intensity of NO emissions on laser intensity was
linear even under unfocused conditions. Since at least two
photons are necessary to generate fluorescence, the linear
dependence implied saturation of the second photoexcitation

that of 02(832;:1/ = 4) was estimated to be 1ps from process (27). The absorption cross section of this process
the linewidth[15]. Although the latter state is too short to Wwas estimated to he > 1 x 10~1°cm? molecule™!, which
cause further energy transfer reactions, the former state has é larger than that of the first process (2) by four orders of
sufficient long lifetime to cause further collisions with@: magnitude. Since laser power used in this work (136 mJ per

NO + /v(193nm) — NO(B2II : v/ = 7) (26a) puls',e).is higher than that in their study, similar 'segqndary
) . excitation steps are expected to occur more significantly.
NOMBII : V' =7) +N20 — N2+ O+ NO (26b) NO(D?s*:v = 1.5 and Ex*:/ = 0) with excitation ener-

Since dissociation energy of,NO is only 1.73 eV[22], gies of 7.5-8.0 eV have enough energies to decompg€e N
NO(B2IT:v' = 7) with an energy of 6.4eV has a sufficient into N2 and O (1.73eV). Itis thus, highly likely that the sec-
energy to decompose® into N and O. Secondary process  ondary reaction of NO(BE*:v' = 1.5 and Ex ™2/ = 0)
(26b) occurs via single photon process, being consistent withwith N2O is also responsible for the additional decomposi-
the experimental observation. Thus, process (26b) may betion of N2O under 193 nm laser excitation:

an important secondary process for the enhancement©@f N
decomposition and formation of Nand & in the short
irradiation time range of 0—15min. It is known that NO
produced from reaction (10b) is vibrationally excited and
further absorbs 193 nm laser light leading to N&[Dv' =
1.5, Bxt/ = 0)[13]:

NOD?zt:1v/ =1,5 and BExt : v = 0) + N0

— N2+ O+ NO (30)
The ground-state M) atoms produced via predissocia-
tion reacts with NO leading to Nand O via process (24).
Fast reaction (24) could explain the low formation ratio of
NO and high formation ratios of Nand G observed in the
present experiments. It was found that the formation ratio

O(D) + N,O — 2NOJr (vibrationally excited statgs
(10b)
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of NO becomes large in the presence of @is known that cause relative importance of photochemical process (2) to
rate coefficient of the NS) atoms with G is very small: that of reaction (10) increases with decreasing th® Hon-
4 3 centration. In order to confirm our prediction, further de-

NCS) 402 = NO+0CP) (31) tailed experimental study at low concentrations ofINwill

k31 = 9.2 x 10~17cm?® molecule 1 s~1 [20,21] be necessary. Moreover, effects of other emitting species

Thus, reaction (31) for the vibrational ground state of O such as NO, S§ CO, CQ, hydrocarbons, bD, and dust

could not explain the enhancement of the NO formation in the photolysis of NO must be examined for the practical

in the NoO/N2/O, mixture. However, it is known that application of this technique.

the Q(X3Eg . V' = 1-13, 15) states are preferentially

formed due to @B:v' = 4) — Oy(X:v’) emission un-

der 193 nm excitation of ©[15]. The reaction (31) for  Acknowledgements

the vibrationally excited states of,Qwill be much faster
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