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W have studied the pr‘odu('ts of \r/N.)() microwave discharges to deter-
mine the ir fithess as sources of atomic oxygen in disc harge-flow reactors.
For Now feed rates below 1e-20umol s 1, the discharge converts about
Py percent of the MO to atomic oxygen, and in addition, produces small
quantities of atomic nitrogen, generally less than 10 percent of the OO -atom
product. At higher NyO feed rates the O-atom production efficiency de-
cresses, and some nitric oxide accompanics the O-atoms out of the discharge
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20. Abstract (Contd)

.

At some intermediate NoO feed rate, the exact point being a function of the
discharge power and the Ar/NoO mixing ratio, neither N nor NO leaves the
discharge, only atomic oxygen. Adding molecular nitrogen to the discharge
also eliminates any NO product, but at the penalty of a slightly reduced O-atom
production efficiency. We have produced atomic oxygen flows in excess of
20 umol s-1 at pressures near 1 Torr and discharge powers of only 30 W,

Lo

We have developed a kinetic model of the discharge to help explain the
experimental observations. Our model reproduces our experimental observa-
tions reasonably well only if the electron-impact dissociation of the NyO in
the discharge proceeds through a spin-forbidden channel to produce
O(3P), and if, in addition, about 20 percent of the N>O dissociations result
from collisions between metastable Ar atoms in the discharge and N,O.
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O-Atom Yields From
Microwave Discharges in NoO/Ar Mixtures

1. INTRODUCTION

Atomic oxygen sources for flow reactors take a variety of forms, and each

has its own particular strengths and weaknesses. The simplest technique for

making atomic oxygen is to dissociate molecular oxygen, usually in some form

of discharge, the 2.45-GHz microwave discharges being most common. 1 These

sources are somewhat limited in overall yield and generally produce large

quantities of accompanying electronically-excited metastable singlet molecular

+, 2-
oxygen —O2 (a IAg, b lEg).z 5 In pure molecular oxygen the dissociation

efficiency is generally only a few percent. ° If the oxygen is highly diluted in a

(Received for publication 28 January 1983)
1.

Howard, C.J. (1979) Kinetic measurements using flow tubes, J. Phys. Chem.
83:3.

2. FElias, L., Ogryzlo, E,A., and Schiff, H.I, (1959) The study of electrically

discharged Oy by means of an isothermal calorimetric detector,
Can. J. Chem. _1_3_'_7_:1680.

3. Mathias, A., and Schiff, H.I. (1964) Discussions Faraday Soc. 37:38.

March, R.E., Furnival, S.G., and Schiff, H.I. (1965) Photochem. Photobiol.
4:971.

5. Cook, T.J., and Miller, T.A. (1974) Production of lAg O9 from microwave
discharges in C02, NO2 and SOZ' Chem. Phys. Lett’ 25:396,
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rare gas buller such as Ar or te, dissociation etficiencies can exceed 50 per-
cent, ' but due to the large dilution, the overall atomic oxvgen vield is still low.
I'he other major technique is to convert N-atoms to U-atoms oy titration with

Nes

N+ NO - N2 (1)
This technmque has the advantage that the absolute flow rates will be equal to the
flow rate of the nitric oxide added, provided atomic nitrogern is in excess and that
the measurements requiring the oxygen atoms are made before they have a chance
to recombine. If significant recombination obtains, a large fraction of the molec-
ular oxyvgen formed in the atomic recombination will be O (a In ) The yields
of atomic nitrogen from conventional discharge sources are gencrallv even lower
than those from oxygen discharges, so the maximum O-atom flow rates again are
limited.

The thermal decomposition of ().,, or N,O in contact with a Nernst glower
is also useful for certain appluatmns. PU The “ciaims for the lack of reactive-
impurity production by this technique are mixed, and yields arec small, being

- Q
limited to atomic=-oxygen flow rates less than a micromole s !

Photolysis of molecular oxygen or some other oxygen-donating species with
vacuum ultraviolet laser pulses provides a potentially very clean source of atomic
oxygen. Producing radialiy and axially uniform number densitics of O-atoms
in the flow tube, howcever, requires extreme care, In addition, current laser
development limits this {echnique to atomic-oxygen flow rates on the order of

.l ol S‘_l or less,

Several vears ago, I'ng clatimerd that microwave discharges through mixtures

of \r/N,O/N] would produce conious quantities of aton.ic oxvren, free from

. 1 .
eieoniar oxveen, He ergcea atomie=o:

Ceen production rates an ovder of

Co Piper, TG0 {1078) Unpublishe o results,

T Fouhinon, b, oand Kelso, Jo0 (1058) Reactions of Aton Uxvgen and Atomic
Nitrozer With Oxides of Nitrogen, 7th Int. Swap. Combustion, p. 53,

, - : p } - . L

8. Biack, Go, ond Slanger, UGL (1421 Prodie tion ol Ogla A, by oxyvgen atom

recoinbimation on u Pryvex Wosurioee, 4. Chem. Phys, i 31T,

o, [mmul O. 1L, Retcheson, B, i, ond schitr, HLL (1us (ll Uhe Production of

OCP) Atoms, Jree From Fyite MVolecwles, and Their Reaction W \\MFU_-

12th Tnt. >vinp. Combustion, p. 307,

1o, MeCrumb, J. 1., and Kaufman, V. (1072) Kinctics of the O + (,),{ reaction,
J._Chem. Phys. 57:1270. ‘

11. Rawlins, W.T., Pxpex, L.G,, Calcdonia, G.E,., and Green, B, D. (1081)
COCHISE Research, Physical Scicnces Ine., TR-208,

12, Ung, .Y M, (1975) O eicy wave discharge in NoO-Ny mixtures: A prolific
source of ox “¢n atoins aeni. Phys, Lett. }’ 31 )1
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magnitude greater with N20 discharges than he could obtain using a molecular-
oxvgen discharge operating under the same conditions. His measured yvields were
not particularly impressive, a maximum O-atom flow rate of 0.5 gmol s-l. but
the atomic oxygen his discharge produced clearly suffered severe depletion by
recombination between his discharge and detector,

Intrigueda by Ung's results, and needing to find a techmaque to produce relative-

iv targe flows of atomir—uxygen without larve accompanving flows ol melccular

oxXyvaen, we began to wnvesileate turther the characreristics of Ar/N O dschirges,
' . . . . . Poy,
Using a discharee -flow apparatus to measure the air-afterglow intensie 7% 7 us

a s ctwon the munber density of e oXlde ingeviea downsitean: o the discbared,

WO GO TIRING T oe Dl densttie = ol omt soNvoon ant Cunoer ftonik sntrosen o1
St oxiae proctns in the adsohargod pascs. While omr o results vl not suppor?
Ung's cratm that oxveon=aton procduction 1= an order ol maciniund. oo cflicient

using N,O as the aischarge gas a8 opposcd to molecudar oxyeen. this v oo <how that

i N, O discharses produce laree flow rates of atomie oxyvgen ana that farthermore,

under certain conditions negligible fiow rates of atomic nitrogen or nitric ox:de

aceompany the atomic-oxyeen flow,

20 EAPERIMENTAL

2.1 Apparatus

The apparatus is a modification of one we have used previously in a number

3 - €
of other studies. -1 It consists of a 2-in. flow tube pumped bv a Leybold-

Heraeus Roots blower/forepump combination capable of producing lincar velocities

13. Kaufman, F. (1958) The air afterglow and its use in the study of some reac-
tions of atomic oxygen, Proc. Roy. Soc. (London) 247A:123.

14. Kaufman, F. (1973) The air afterglow revisited in Chemiluininescence and
Bioluminescence, M. J. Cormier, D. M. llercules, and J. Lee, LEds.,
pp. 83-100,

15. Piper, L.G., Caledonia, G.E., and Kennealy, J.P. (1981a) Rate constants
for deactivation of N, (A)v'=0,1 by O,, J. Chem. Phys. 74:2888.

16. Piper, L.G., Caledonia, G, E., and Kennealy, J.P. (1981b) Rate constants
for deactivation of N, (A Sy v'=0,1) byO J. Chem. Phys. 75:2847.

17. Piper, L G, (1982) I‘he exmtauon of O(1S) in the reaction between N, (A
and O(3P), J. Chem. Phys. 77:2373.

18. Rawlins, W.T., and Piper, L.G. (1981) Effects of excitation mechanism on
linewidth parameters of conventional vacuum ultraviolet (VUV) discharge
line sources, Proc. Soc. Photo. ~Opt, Instrum. Eng. 279:58.

19. Piper, L.G., Clyne, M.A.A., and Monkhouse, P.B. (1982) Electronic
energy transfer between metastable argon atoms and ground-state oxygen
atoms, JJ. Chem. Soc. Faraday Trans. II 78:1373.
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WUDL CQEIDSAteW DY e EUING Fales ob MMoreuse o prossure st e e o -1 2= 1
. . R . L
or o= Lasks, usine appropriote alflicrentlal pressure transauca rs (Vaildyne E
DE-195), which had thomselves been catibrated with sijtcon o1l or meroury -

munometers,  vpicativ the flow rates for argon, nitrous oxtde, ana helium were

Tduo, rto Lo, 120 pimoy .“;‘1, respectively, the totat pressure 1,20 Torr, and
the flow veie v 11 o s 1

I'he argon and nitrogen flow through molecular-sieve traps to remove H,0
and CO prior to entry into the flow reactor, while the helium flows through t;’ne
injector straight from the cylinder. Alost experiments used nitrous oxide
(¢, 0 percent) straight from the cylinder without further purification. The major
impurity in nitrous oxide is air. 20 We tried removing any air from one lecture
bottle ot nitrous oxide by freezing the contents of the bottle with liquid nitrogen
and then pumping on it until the pressure was below 1 mTorr. No volatile residue
remained after a few cycles of thawing, refreezing, and pumping. Experiments
with nitrous oxide purified in this manner gave identical results to those in which
the nitirous oxide was used straight from the cylinder. Nitric oxide, which was
stored in a 5-f bulb, was purified by flowing slowly at atmospheric pressure and
room temperature through an ascarite trap, then through a trap immersed in a
liquid nitrogen/methanol slush bath (175 K). Final nitric oxide purification
involved several freeze, pump, and thaw cycles of the gas in the storage bulk.

The ascarite trap had been previously baked overnight under vacuum.

2.2 Determination of O and N or NO Number Densities by Air-Afterglow
Measurements

Mixtures of atomic oxygen and nitric oxide emit a continuum radiation called
the air afterglow, which extends from 375 to beyond 3000 nm. 13,14,22,23,27-31
The intensity of this emission is directly proportional to the product of the number
densities of atomic oxygen and nitric oxide, 13 and independent of pressure of bath

14

gas, at least at pressures above about 0.2 Torr. Thus, the emission intensity

of the air afterglow is

IO/NO = « (N [O)[NO] 2}
where x(\)is a calibration constant specific to the particular viewing geometry
and incorporates such things as detection system efficiency, the size of the
observation volume, and the absolute air-aftergiow rate constant. k is a function

Because of the large number of references cited above, they will not be listed
here. Sece Refercnces, page 41.
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of wavelength both through the detection svstems' spectral response as well as
through the wavelength variation of the air-afterglow rate constant. Air-afterglow .
5 ntensity measurements on known number densities of both U and NU determine «.
Fitration of & witn NO [Reaction (1)] produces known number densities of atomic
OxXvueh, ,4;:
In the absence of added nitric oxide, N-atom recombination generates chemi- D,
rrinescence from the mtrosen first-positive bands, the intensity of which is
Proporiiond: to the s qieie o toe Nectem nnnbe f!f,‘n.\‘)t\',._,l j

w9
o doi

St e 'A‘.“f e s -positive band b, (4) 3

: - 1

-

- Upos o ciiion or NOOthe (hrct-positive emnisston mtensity cecreases until such point i
Pm ot o et ty ol NO v batano os the amount of N-atoms witialiy 1o the tlow. - ]

. . . o . > o

SUihile pormt, the ond poge o the NO tiration, alt Noinitially in the reactor has ’4

L T

Slantratvess roas et o o Uy wnd the reaotor s cdurk,s Adding even more NO 1

- Yoot e tor pros wees the ar-altergor cnisson and the intensity of this emis - .
. 10 B
N . NN i 1o - . - i
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) NG AN t ' g l” ‘ by 1 ( )

where e the onsn of proporticnality relotinge the air-afterglow intensity to

the produ. t{OHNO] N s the number density of N-atoms initially in the reactor

proor o SO endition and the O-otom number density for NO additions beyond the
TLEEtion, en s noint, ane PN Mo orelers ot NO nummber density that would obta: . t;
- in e ah=erocoot Reastion (1 The tactor « then is determined to be the ratin of 3
the squore ol “he siope to the intcrcept of the tine describing the change in aw- R4

afto oo Inte st ith [Z\()I“. ]

9

23 Expenmeatal Lechgue 3

P the experinontal measurcoments involved monitoring the air-afterglow inten-
sty at threc (o 1ive diferent number densities ot added nitric oxide. The atomic-

s .
0/NO VS INOL g
divided by the calibration constant, <. An intercept of the I()/N() vs [NOJ line on

oxygen number density is the ratio of the siope of the 1 plot

the ordinate indicates that nitric oxide is an N O-discharge product along with the o

. .
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atopile oxyeen, amd the number density of this product NO is the ratio of the inter-
cept to slope of the 1(),’N() vs [NOJ line. \n intercept on the abscissa indicates
that nitrogen atoms, produced in the N,O discharge along with the atomic oxygen,
consumed some of the added NO. The _initial N-atom number density is equal to
the added NO number density at the point of intersection of the I4/yo Vs [NOJ line
and the abscissa. O-atom number densities determined from the slope of such
plots must be corrected tor the additional atomic oxygen made in the titration of
the initial N atoms with the NO. The large rate coefficient for Reaction (1)32-34
and the long flow time irom the discharge to the observation point (= 45 ms) pre-
cludes the possibility that both atomic nitrogen and nitric oxide will coexist as far
as the detector,

A series of calibrations taken over a period of time established x to be 18 per-
cent. The slopes of the lO /NGy VS [NO} plots for the determination of {O} had
standard deviations less than 5 percent. Thus, the determination of [O] is in
principle accurate to 219 percent.

After determining the O-atom and N-atom or NO number densities, we con-
verted them to flow rates so that we could make reasonable comparisons from one
s¢t of conditions to another. l'his approach affords greater recognition of the
similarities and differences between experimental runs. For example, runs with
1400 umol 5—1 of argon through the discharge, gencrated approximately the same
U- and NO-product flow rates from a given input of N,O whether the pressure was
d.n2 oy .25 Torr. 'he number densities of the prodnucts from the two experi-
ments, nowever, difiered by a factor of 2.5, Under our baseline set of conditions,
1 WS 140 ol snl, I"”L = 11o pmol snl, p = 1.2 Torr, and 30 W forward
power from the discharge, an atomic~-oxygen flow rate of 20 umol st corresponds
to an U-atom number density of about 5 1')“ atoms em ™ In one experiment
we produced more than 1/3 Torr of atomic oxvgen 130-ms downstream from the
discharce at a power ol only 40 W,

One compiivation in using the air-atterglow technique to measure O-atom
number densities is the slow removai of atomic oxvgen in a three-body recombina-

tion ceaction with NO:

2. Husam, Do, oand >later, NokGHL (1080) Ninetic study of ground state atomic
nitrogen, N TSa /o) by time-resolved atomic resonance fluorescence,
J. Chem. Soc, Faraday Trans, 11 76600,

33, bee, J.H,, Michael, J.V ., Pavne, WAL, and Stief, L..J. (1278) Absolute
rate ob the reaction of NOS)Y with NO trom 194-400 K with DI =R and
FP-B1 tcehniques, Lo Chan. Phvse Googngn,

Sh. Clyne, MoAC AL, and MeDermaid, 1o, {(1975) Mass spectrometric determina-
tiops of the rates of ciementary reactions ot NO and NO,, with ground state
N

Soatoms, J. Chens. voc, Farooay Urans, T 721067
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rections were large. These cases required an iterative procedure to correct the
data.

Because the nitric-oxide number density is constant along the flow tube, the
removal of atomic oxygen by Reactions (6) and (7) is a pseudo-first-order process
with a rate coefficient double that appropriate to Reaction (6) alone. Thus, O-atom

number densities decay exponentially down the tube:

0] 6.5 % 101 %% P
o} = exp {- ——_\—r__ [NO] 124 + [NO]zz.2 , (8)
o

where the pressure, P, is in Torr, Vis the bulk flow velocity, and the subscripts
1 and 2 refer to number densities or distances, z, between the discharge and
injector and between the injector and detector, respectively. The correction
procedure first involves computing approximate O-atom and NO product number
densities from the raw air-afterglow data. Second, a set of corrected air-after-
glow intensities results from multiplying the observed air-afterglow intensities by
the ratio [OIO/IO] [the inverse of Eq. (8), using the approximate NO number
densities determined|. Atomic-oxyvgen and nitric oxide number densities are then

iteratively recomputed from the corrected intensities.

35, Bauich, D.L., Drysdale, D.D., Horne, D.G., and Lloyd, A.C. (1973)
Evaluated Kinetic Data for High I'empcrature Reaction. 11. Homogeneous
Gas Phase Reactions of the H, - N, - O, System, Butterworths, London.
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L~ . ; - -h2 i =2 -1 35 .{
O+ NO+ M - NO, + M (k, =7 10 ¢m  molecule ~ s for M = Ar) :
2z N >‘
(1) N
i
. 2 - - P _.'1
O+ NO, » NO+ 0O, (ke = 0.5 1075 em® molecule ™t s7H! (7) h
]
The second reaction is fast, and maintains a constant NO number density, while 1
doubling the effective rate at which O is removed in Reaction (6). The effect of
these reactions is strongest at higher pressures (> 1.5 Torr), longer mixing times
{230 ms) and large NO number densities (¢ IUH molecules cm-‘s). Corrections i
for this effect were generally less than 5 percent in the calibration experiments ! p
to determine k. However, in a few of the experimental runs at higher pressures, L
slower flow velocities, and large product nitric-oxide number densities, the cor- v
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3. RESULTS

3.1 General Observations

Figure

S

tlow rate increases from zero, the emission intensity rises to o

to zero (see inset), increases sgain very sharply, and finally leve.: off st the
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Vigure 5. Variation in Emission Intensity at 380 nin From Ar/NoO Dis-
charge Products as a Function of NoO Filow Rate. The insct shows in-
tensity variations at low NoQ flos rates whore the signal levels are two
orders of magnitude below those at higher N,O fiow rates.

f'\.x' = 1305 ymol s'l, p=1.13 lTorr -
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fN o = 45 pmol s71, p=3. :)0 1:I'orr, power = 50 ‘W

2

Figure 6 shows the continuum emission known as the air afterglow that results
from recombination of atomic oxygen and nitric oxide. The peculiar spectral dis-
tribution is caused by a Corning 3-69 colored glass filter that eliminates radiation
to the blue of 520 nm, and by the rapid decline of photomultiplier sensitivity at
longer wavelengths. The true air-afterglow spectral distribution declines only
25 percent between 600 and 800 nm. 22

The preceding observations identify atomic nitrogen and atomic oxygen as
discharge products at low NZO flow rates. At high N2O flow rates nitric oxide
accompanies the atomic oxygen, and at intermediate NQO flow rates, the discharge
produces neither nitric oxide nor atomic nitrugen, only atomic oxygen. Figure 3
shows that this intermediate point where neither N nor NO is made, is a function
of discharge power, occurring at higher N,O flow rates when the discharge power
is higher. The initial peak in intensity at :.‘180 nm, which is due to atomic-nitrogen
recombination is much more intense at higher discharge powers, indicating
greater N-atom production rates at higher powers. The dramatic increase in the
air-afterglow signal at higher discharge powers that is observed at high N,O flow
rates, shows that the higher-power discharges produce much more O anthO.
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Plie cobte s Do e 1= i e cvidont b bicare ¥oar the higher N[O flow
TS St S otne U oadat on oy 2=\ s heree that are not shown, corre-
Sponads Lo nore tann cac-jovrth of the available discharge power being used dis-
soctating N0, Phe arer-aiterglos mtensity ot the plateau establishes the product
i ()1' N hirenon the calibration constane . The MO s formed torough the reaction
or oMY L N, (scc the Tollowing digvussion) with a stoichiometry such that
Lol of O) ard consumed to make | mob of NO. Y To caleulate a minimum
cuipdred ener oy we sy sace that all atomic oxioen comes from a dissociation of
N0 OCPY requine 171 e per moelecute, and that the NO comes from dis-
Sovodniine N9 ()(j!)) requiring 3,58 ¢V per molecule followed by its reaction
A ITERNNO N These cinreics tronslate to minisun powers of U. 165 and 0,284 W
nee e ta produce amol s or 0 and NO, respectively. The total iminimum

poser for a civen product effluent then is

= 0, 16D 1*0 o201 1 . . (9)

min NO

Kunowing the produ-t l"()l’w) fixes once fiow rate in terms of the other. Differenti-
ating bq. () with respect to the unknown flow ratc and setting the result equal to

- /2 e .
Jin ,\)1 NO) , where P”. is in W and the flow rates

zero establishes P = 0,44 (17
1 vin

are in gmol = 7,

3.2 Quantitative Observations

Pigure 7 show s the variation in the S80-nm cimnission intensity as a function
GF NO numnber density for several Gow vates of Nyt through a 30-W Ap/N,O dis-
chiarge ot 124 Torr. The slopes of these lines divided by the air-afterglow
coithration constent, <, deterinine the O-stom number densitics for cach N‘)O flow

rate. The bines for the fwo lowest N O flow rates have intercepts on the abscissa

ottt thet the discharoe made atomic nitrogen in addition to the O-atomms. The

oty tnivee Lnes ab have mteroonts on the ordinate showing that the product

oo oipan i il aonibe oxvoon was nitric ovude,  Pigure 8 swmmarizes the ddata
ol tionre 7ot Showing bow the tlow rates of 9 ana N oor NO out of the dischag ge
oyt the o rate of N0 o the necharge, A low N,O flow rates, the dis-

Larie oo rts DnproXinn A v T percoent op the NyO into atomic oxygen. Undel

AU 0 o itons Qi o Aveles o e O discanrees convert only abott 30 peroent

U the e tar oo to atarys, white W /N discharpes dissociate only abont
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Atomic-nitrogen yields from the Ar/N,O discharges at low flow rates are -
generally 10 percent or less of those of ato:nic oxygen. Nitric oxide production at ".4
the higher N,O flow rates, on the other hand, approaches that of atomic oxygen B
under certai:l conditions. An additional interesting feature is that the product-NO : -
flow rates appear to increase linearly as the N,O flow rate through the discharge ..'-‘
is increased. ) -
Figures 9 and 10 show how the O and NO products vary with N,O flow rate for ’ 1
two different argon flow rates at each of two different total pressm:es. We have j
omitted the appropriate atomic-nitrogen curves for clarity. The intercepts of
the NO data indicate the transition point between N and NO production. T[hese plots
show that higher Ar/N,O mixing ratios suppress nitric oxide production, and that - 4
the onset of NO t'ormatuion is delayed to higher N,O flow rates, and the efficiency !.4
of NO production as a function of NZO flow rate ius smaller for larger flows of . 3
argon through the discharge. The slightly smaller O-atom production efficiency ’

at the higher N2O flow rates in Figure 9 for the case of the large argon flow

through the discharge probably results trom a larger tfraction of the available
discharge power being taken up by the argon. The lower O-atom production
cfficicucy of the 1ow argon flow-rate case in Figure 10 probably results from
enchanced wall recombination of the atomic oxygen at the lower pressures during
the longer residence time in that discharge. Atomic-recombination wall efficiencies
in active discharges often arc on the order of 0.1 to 0. 01,4U large enough to make
wall recombination 2 diffusion-controlled process.,

Figure 11, in which the discharge residence time remains relatively constant,
again shows the same trends in nitric oxide formation as a function of argon flow
rate through the discharge as wos shown in Figures ¢ and 19 for the casec of con-
stant pressurco,

Figure 172 show s that at constant argon flow rate, nitric oxide formation
depcris neither upor dischorge residen e time, nor pressure, thus reinforcing
Pioures Gand 1w hore the pressure was constant and Figure 11 where the
resinence times wer  sicdlar, The ditferences in O-atom production efficic ney in
Picr e 12 hetaeen the 00 2 and 1,24 Torr cases may not be significant, The

maxinia deviation of any pair of these data points from their average is only

Soperoent, and s clo not motiecipate a reproductbility betweeon data taken under the
same onditions but on different davs to be any better than 10 percent. The lower
O-atorn proiction ot the hichest pressure probably results from chemical removal
of O durirge the vonch loneer residence times and at the higher number densities of
e ive spectes s thie dischar e region,

L

S oo Naafeoan, 1L (100 ) The production of atoms and simple radicals in glow

2 Ais harves, Svivances in Chem, Ser. 80:20,
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Ploure i comparcs the O ane NO proaaetion froc s Aro N O spe iy N O ars -
charees.,  Phe tle ‘f\_,“ discharge produces ntric oxive at nH_f\_,M‘ T.ow rates, and
in orasition, is 20 to»"i‘l percent less efficient as a sour € of atomic oxyveen than is
the A\r '\,A_U discharee,  This jower efficiency is consistent with our obs=ervvations
that the rra - tional O, dissociations in He 'O, discharges arce only about 29 to
25 percent inoour s_\-';,«'u'm compared to the 8 31 percent fractional dissociation in
an Ar O dis harec, We discuss the differences between the Ar N, O and He /N0
s, hm'u; s further in the rext se ction.

Ydding molecular nitrogen to the discharge suppresses nitric-oxide formation,
but at the expense of a reduced atomic-oxygen production efticiency.,  igures 14,
1y, wnd 1o demonstrate this point tor cases of low, meoedium, aund high initial
nitric-oxide production efficiencies, respectively. For the case of low NZO flow
rate, fairly small flows of N, remove all the NO whereas, for the high N,O flow-
rate case, even when the N >comprises 30 percent of the total flow through the
discvharge, some of the NO remains. Lven so, the nitric oxide product is reduced
by almost two orders of magnitude while the atomic-oxygen etfluent only is halved.

Figurce 17 demonstrates that increased discharge power enhances significantly
atomic-oxygen yields at the higher N,O flow rates. At the low N, O flow rates,

the 30- and 50-W discharges produce O atoins from N,O with equal efficiency.
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However, at the nighest N\ U {iow rate studied, the 30-\2\ discharge produces

o pereent move atomic oxyvegen than Joes the 30-\W discharge., fhe apparent nitric
oxide production eff1owen tes seem to be simiular for the two difterent powers,
altnough we know from the ouservations relating to Figure 3 that the higher power

discharge requires higher N0 tlow rates before NO-production commences.

4 RINEFIC INTERPRETATIONS
. t . . . .
Following Ung, we expected N O decomposition ina microwave discharge

rould oceur primarily via the spin-allowed electron-impact dissoviation pathway,

CTAENO - N, O e (10)

with the ()(IU) rapidiy quenched to U('%P) by A and wall collisions. The principal

pathway for NO formation then would be reaction of ()(ll)) with N, O:

O D) + N,O - NO+ NO (11)

However, we vcould not explain N-atom production in the discharge, becausce N
formation from clectron-impact dissociation of N,O, N, or NO should be too
slow to compete with NO formed from Reaction (11}, Furthermore, Reactions (10)
and (11) would constitute a prolific source of NO, in contrast to our obscrvation of
[O} = [NOJ. Thus, strictly qualitative arguments do not provide an obvious
kinctic cxplanation of our results tor Ar/N, O discharges,

We have developed and exerasced a simple kinetic model, assuming typical
(and somewhat idealized) discharge properties and surface recombination
efficiendcies, to provide a better understanding of the dischorge kinetivs,  The
model includes the neajor production and loss terms for ench reagont, metastable
intermeodiate, and produdct that are likely to contribute sipgnificantiv to the observed
results, Fhe resulting rate cquations are sufficiently coupled 5o as to roqguinre
numerical solution by computer.  The kinetic model shows that the decomposition
of N,O by Renvtions (1) and (11 fails to oxplain our obsoryead O et NO vie s,
cndondhieates thot the span-forbidden process,
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';ﬂ Ar* +N,O - N_(B 3n) + OCP) + Ar (13) -

} 2 2 g ' 1 ” |

b

:; : appears to be another important pathway for O-atorn production. Electron-impact

o dissociation of metastable N2, primarily Ny A 3)3:) formed by rapid cascade from .

L. . N2 (B 3ng) produced in Reaction (13), is an important source of N at low initial o
-

P N,O levels: » }

e-+N2*—-N+N+e . (14)

The next sections describe the final kinetic model, the choice of rate param-
eters for the calculations, and the kinetic interpretations of the data bhase that the

modeling implies. The kinetic modeling in this context substantiates mechanistic

interpretations of the experimental data. It does not determine ab-initio quanti-

tative rate coefficients or species concentrations, nor can it. However, the

s e o e e a0

results of the modeling can give reasonable estimates of the magnitudes of con-

centrations of species not observed directly in the experiments.

1.1 Choice of Reactions and Rate Coefficients

Figure 18 illustrates the flow of chemical processes in our model; Table 1
lists important reactions and their rate coefficients. In this table, Ars denotes,
collectively, the SP“ and 3}’2 metastable states of argon, and N,}_‘ denotes meta-

. stable N2 A 32_:) as formed by rapid cascade from the higher electronic states that

are the actual initial products of the reactions. Some of the N removal rate

coefficients incorporate the possibility of vibrational excitation. Rate coettficients
for the neutral bimolecular reactions come from information avatlabice in the

literature with no further adjustments.

Electron-impact and surface removal processces govern the production and

5 loss terms [or critical species such as ()(11)), Ar o, and N0 The rate poavang-
: cters for these processes are difficult to estioate to berter than an order of ina -
F nitude because they are strong functions of conditions in the dischoroes The

F’ abscence of dissociation crogs-scotion data for N O and N further componnds

! this problem. While we can estimate cocfficients for the =artaco-veoval pros -

csses fairty reliably frow diffusionarowments and proviows ohservations, v

must rely on intuition to estimate the elootron-impact couffielents Hasc 6o e =

ing encrpy thresholds, cross scotions for the dosire:d spocies or simlar nooiv -

ules, and clectron-cnergy distributions normaltly ontoine - in ach dis g s,

g T
\
[

L 40 . . ) :
Faufman has discussced these  onsitderatrons in o =ore oot Qe Lo poplomeny

the same principles here, We assume tvproal disoharoe onatons - 1 Toey,
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T~ 500K, E/N~ 10-16 \% cm2, average electron energy ~2-3 eV, and primary
electron density ~3 < 1()11 cm-3, with uniform properties along the entire length
of the active discharge.

The dlssouanon of N O by clectrons can proceed by three possible pathways,
forming O( P), O( D), or NO The N- NO branch has the largest energy threshold
[4.93 eV as opposed to 1. 68 eV for N, -0(3P) and 3.66 eV for N, -O( D)]
should be unimportant. O( D) is a crltmal precursor to NO through its reaction
with N,0. Thus, the predicted NO yields are extremely sensitive to the extent of
ollm productlon (see the followmg discussion). O(!D) also is formed from elec-
tron-impact excitation of 0¢P) and is collisionally quenched to op) by a number
of species in the discharge. I'or these reasons, the NZO dissociation branching
ratio is the most critical parameter in determining the O/NO ratio obtained on the
discharge.

One branch of the ()(ID) + N2() reaction forms significant amounts of N2 and
0,,
c(;ntaining Ar, the reaction between Ar metastables and NZO provides a direct

but the bulk of the L’2 formed arises from NZO dissociation. In gas mixtures

41. Stull, D.R., and Prophet, H. (1971) JANAF Thermochemical Tables,
Nat'l. Stand. Ref. Ser., NBS 37,
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the nteraction between He metastables and N0 leaas prioeards ta Penning
wnization, AR tollowed by surtace recombination of 1'\2,()’ and-or dissooative
recombination with secondary electrons to give atomic oxygen; in this case, N,
is not unportant and N may not be formed at signifreant lovels,

We estimated first-order surtave removal rates foy U(Ii)) and N, by assuim-=
g unit deactivation probability and using the ditfusion equation )
k= (2.4 1‘): D/ P ('1'/3UU):)'/2. where 1+ is the radius of the bscharge tube, D ois the
diffusion coetficient in (‘m: s_l at 1 lTorr and 5uo K, P is the pressure in Torr,
and [ is the temperature.  Diffusion coctficients tor U(]l))/:\r“ and N,° /Ar“' arc
in the literature. Our previous observations of atomic concentrations in partially
self-reversed discharge resonance lamps allowed us the ¢stimate recombination
coefficients for ()(SP) and N, SERL I'hese specics do not appear to exhibit unit
recombination efficiency, even in active dischavees,

I'he Kinetics of Ar discharges are somewhat comphicated, e and representation
of the Ar formation and removal processes presents a special problem. We have

choscen to express Ar production and toss in o shorthand form using direct
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electron-impact excitation and an ctfective first-order removal that is consistent
with other observations in the active discharge. In previous obscrvations of
atomic-nitrogen resonance radiation excited by direct energy transfer trom Ar
in a nearly-pure Ar discharge, we noted that the addition to the active discharge
of significant amounts of Xe, a strong quencher of Ar+, reduced the steadv-state
number density of Ar only moderately, implying that the net loss rate for Ar

Soo-1 18, o
must be near 10 s © in pure Ar.

{This effect could be due largely 1o
quenching of Ar- by secondary electrons. 4'“) Using this value to describe Ar
removal, we then adjusted the Ar production coefficient to give a targe enough
Ar’ number density to match the observed N and O yvields as described heve. The
resulting rate coefficient is consistent with a pure Ar discharge but is about a
factor of 10 greater than we might expect for Ar with impurity levels of a few per-
cent. However, we have not considered other Ar~ sources (for example, cascade
from higher states formed in dissoctiative recombination of .~\rt with electrons),
and our assumed electron density may be too small. In any ca'so, the relevant
factor is the steady-state Ar® number density that is in the lnl2 (‘m‘:j range,
consistent with Ar and He metastable number densities required to explain flux
levels of O and N resonance radiation observed in microwave-discharge line
sources. 18,47, 48, 50 Furthermore, the predicted Ar® number density is only
weakly dependent on the initial N,,O concentration, as we previously observed for

- 8,0 T, . L .
Xe as a collision partner, 1‘;, Y This latter effect is iinportant for our analyvsis,
because ¢ + N,O is not sufficient by itself to explain our observed (O] /(NO| ratios,
and we require that 20 to 50 percent of the early-time O production take place via

Ar-+ N, O over a 20-fold variation in [N,,O]O.

£.2 Results of Caleulations

The caleulations used a modified predictor-corrector computer code degigned
to solve numerically "stiff" systems of coupled differential cquations. 1 Fime-
dependent solutions extend 500 ps, tvpical residence times in our discharges are
~ 300 us. Figure 19 shows sample results for an Ar/N,Q mixture. At about
200 us, the kineties are nearlv in steady-state. l‘igur(jz“ displavs the species
concentrations as functions of initial N, O tevel at 30 us, representative of the

neutral gas composition at the exit of the active discharge.

T Piper, 1L G, Murphy, Ho O, and Rawlins, W. T, (1981) Development of
COCHESE UV Abgorption Syvstom, Vial Report, APGE-TR-GY-0310,
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Sne e dviudt oveasurviments ol O, N, and NO are ninde some distance
downstream trom the discharge, we must correct the predicted concentrations

Duciduse THe peacton
N+ DNO - NSO (13)

proceeds to completion between the discharge exit and the measurcement station.
Figure 21 compares the final, predicted concentrations of O, N, and NO at the
measurcement port as tunctions of IN‘_’O]o with experimental results obtained under
comparable conditions. Figure 21 also indicates predictions for the case where
N,O dissociation by clectrons proceeds entirely v1a the O( D) productxon channel
[lwa\tton (10} with a rate coefficient of 10 8 em s_l. I‘he ()( P) case clearly
compares very nicety with the observations, while the O( D) case gives too much
NO and not enough O. More significantly, the predicted [O] /[NO] ratio is incon-
sistent with experimental results. NO formation is overpredicted in the case
where Reactions (10) and (11) are assumed, because at early times before signif-
icant N, has built up, N,O is the major quenching partner for O(!D). In that case
every three N, O molecules form two NO molecules but no O( P). As N, and NO
accumulate, th1s branching ratio moderates somewhat, but most of the &O has
already been formed at this point. Increasing the rate of Reaction (10) by an order
of magnitude increases [O] but does not change [NO}. Consuming N O by electrons
faster than the ()( D) can react with it requires an unreasonably 1arge rate for
Reaction (10).

Thus, direct production of O(SP) from N20 is necessary. Reacting NZO with
Ar- provides such a source. If we reduce the rate of Reaction (10) to agree with
experimental [NO| data, however, we obtain {O] < [NO], unless we postulate
extraordinarily high [Ar*]. Therefore, we must conclude that, in a microwave
discharge, the electron- 1mpa(.t dissoctiation of N O proceeds primarily, if not
cntirely, by formation of O( P)ina sp1n-forb1dden process.

Comparison with data obtained for other gas mixtures at similar pressures,
flow rates, and discharge powers (that is, comparable discharge conditions)
strengthen our interpretations. Calculations on He/NZO mixtures use the mechan=
ism of Table 1 except, of course, for the reactions involving Ar*., He* conceivably
could lead to O formation via Penning ionization of N,O followed by dissociative
recombination of electrons with N,,()+ or, possibly, \;/ith NO+, which would be
formed by rapid charge exchange.h However, this mechanism has many pitfalls:
(1) He” is probably in somewhat lower concentration than Ar*, thus reducing the
overall throughput; (2) N,,O+ and NO+ might be subject to other fast loss processes,
such as surface recombin“ation; (3) dissociative recombination will form elec-

tronically excited O or N which would in turn lead to the formation of NO rather
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Figure 21. Experimental and Predicted
Concentrations of O, N, and NO at the
Measurement Station for an Ar/NyO
Microwave Discharge. The solid curve
anua points arc the experimental data
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than OC'P) [for example, OCD) + N O o1 NOCD)+ N O], Inoview of this complexity
and the tikelihood that the overall contribution is Jess than 10 percent (that is,
e less than the Ar + N O channet), we have omitted the He  kinetics in our
caleulations,  Figure 22 compares the predictions for the He /N O and Ar/N O
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this case. Furthermore, the addition of such large amounts of N, to the discharge
will alter the characteristic electron energy distribution and numi)er density sig-
nificantly, and might render kinetic processes involving atomic-nitrogen meta-
stables significant, although still minor. We considered neither of these factors
The important point, however, is that fairlv large amounts ot !\'.2 arc required to

produce enough N to remove the NO that is formed in Reaction (11).

5. SUMMARY AND CONCLUSIONS

The experimental results show that Ars N, 0 hscharpes are intees prolbii
sourves of atomic oxygen. We werc ablic to gencrate -ty tow s ovieer 2 un e
s !at fairly modest discharge powers.  The source is also very ettroent,  on-
verting about 15 percent of the nitrous oxiic 10 4toMme YWvaen o oS ~on: i

2
feed rates less than 10 to 20 umol S-l. Judicious manipuittion of discharge o,
and the addition of molecular nitrogen to the discharge prevents atomic -nitrogen
or nitric oxide from acoompanving the ctomic oxveen produ .o he point or o« b by
atomic nmtrogen and nitric oxtde both are hsent is i ated roa v by b anson. o
of cmission of H8v m, N-atom and ONO recombination both Lo gy “ roly Soule.
of 58v-nm ¢miission,

he modehng caiboiintions reproius o the experimeniar rosults Yogs avde oy o ol

under the assumptions that the electron-impa. @ dissocinton of N O prosee b

. . . 5 . . R
through the spin-forbidden channcl to produce O PY, and that abouat 20 nercenn of
2 1

. the dissocintions result from: coltisions betweon motastanle Groon atonre aro N ),

X Fhe modeling caleulations also indi ate that perhans as rau tas 0 poreent of the

nitrous oxide ted to the discvharge is undissociatod, ance thot the thote i s veen

3 flow rates out of the discharge arc gencrally an order of mosnitade Toss thag thos
- . - - C . : .

t of atomic oxygen. Thus, the argon nitrous oxide discharee can be o relateeds

& clean source of atomic oxvgen with only minor amounts of ttomi. mitroge:, ni
:_‘ oxide, or molecular oxyeen accompanving the O-atenne out of the s baroc oo oo
fot with the two former products being controllable to somc exten.
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Appendix A

Application of N,O Discharges to COCHISE Oq Studies

The recombination of atomic and molecular oxygen may give rise to vibra-

tionally excited ozone in the upper atmosphere via the sequence:

O+ 0, + M~ O4(v') + M (A1

O+ - O ™) =0 (A2)

N UG (A
A 3

Herent rocke borne measurements 777 of infrared atmospheric ennissions inai-
~ate that hemilwninescence in the Uy fundamental band of ()? [Reaction (A3 may
e a sighidicant gource of 10- to 12-um radiation in the upper atmosphere between
cand Iod K.
The ¢ OCHISE facility possesses a unique capability for the investication of

Pleactions (A1) through (A3), owing to ite high sensitivity near 10 um, A

Al. Nadile, R.M., Stair, AT, Jr., Wheeler, N, B., lFrodsham, D.G.,
Wyvatt, C.l.., Baker, D.J., and Gricdler, W. I}, (1978) SPIRE -Spectral

Infrarcd Rocket Experiment (Preliminary Results), AFGIL-TR-78-0117,

AD Aoaa5ad,

A2. Green, B.D,, Rawlins, W. T., and Caledonia, G.L. (1980) Interim Report

on High Altitude Radiation Signatures, Physical Sciences Ine.; TR-231.7
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preliminary investigationAd'A') of the recombination processes yielded the first

laboratory spectra ever obtained of O3 vibraluminescence. In these experiments,
O, /Ar mixtures (0.5 to 73 percent 02) were passed through the microwave dis-

) L._‘

charges to produce O. O, and Ar were alternately used as counterflow gases. The
important findings of that“study are: (1) most or all of the obseived O, emission
(limited to the Vg band near 10 um) was the net result of recombination and col-
lisional deactivation [Reactions (A1) and (A2)] occurring in the discharge sidearms;

(2) the observable steady-state vibrational populations under these conditions
extended as high as v' ~ 6; and (3) the vibrational analysis was complicated by the
possibility of excitation of the manifolds of the combination states (l/1 + u3) and
(u2 + ug). These results have been extended in more recent COCHISE experi-
ments; these data and their aeronomic significance are discussed in detail in an
carlier report. A6

Successful measurements of nascent 03(v) from Reaction (A1) in COCHISE

will require (1) attainment of favorable pressure (controlled by the reaction cell

temperature) and atomic oxygen concentration (controlled by the discharge con-~
ditions) in the flow interaction region of the reaction cell and (2) elimination of
flucrescence contributions from 03(v) formed in the discharge inlet tubes. The
experimental conditions required for the first goal can be mapped approximately
for typical discharge operations by means of a steady-state analysis similar to

that used in References A3 and A5. Briefly, O.;(v), formed in the interaction zone
by recombination of discharge~produced O with counterflowing 02, is in steady
state (while the discharges are on) between formation by Reaction (A1) and removal

——r

by both collisional relaxation and cryopumping to the cell wall. The collisional
deactivation rate will be essentially that due to collisions between O.;(v) and O,A7
since other species likely to be present (such as O2 and Ar) are relatively

AB,AY e cryopumping rate is difficult

inefficient relaxation partners for 03(v).
to estimate due to uncertainties in the effective cryocapture coefficients and pos-
sible effects of wall collisions on species in the field-of ~view; these uncertainties
arise primarily at elevated cell pressure and temperature. Simple mass flow

A10,411 suggest a pumping rate of 1.4 X 104/Pmt where P . is the

considerations
reaction zone pressure in mTorr. The results of this steady-state exercise for
three cell pressures are shown in Figure Al. The effects of relaxation by atomic

oxygen can be seen in the deviation of the solid curves from the dashed line. These

T
PR

feasibility estimates indicate that the most favorable conditions for observing

A

..‘, RIS

nascent distributions are pressures near 10 mTorr and [O] /[0, ] ratios near
L A5
N1.01 to 0. 1. By comparison, previous COCHISE O.,)(v) experiments’ ° were

Because of the large number of references cited above, they will not be listed here.
See References, page
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Figure Al. Anticipated Og(v) Yields in Interaction Zone for
Discharge-flow of Ar/N2O vs Oy Counterflow, 100 K. The
difference between dashed and solid curves illustrates the
effect of O vibrational quenching at high {O] /[02]

performed at 3 mTorr and [O] /[02] < 0.01. No evidence could be found of 03(v)
formed in the flow interaction zone; this result is consistent with the prediction

of Figure Al. We have since operated COCHISE at reaction zone pressures as
high as 30 mTorr; however, further measurements at elevated pressures will be
needed to characterize the operating conditions and effective residence times more
fully.

In order o observe nascent Og(v) in the reaction volume, O must be generated
such that recombination with O, in the discharge tubes is avoided. An attractive
possible method is by microwave discharge of NZ/NzO/Ar mixtures, in which O
can be generated in the near absence of 02, az ;izescribed in this report. This
technique has also been demonstrated by Ung; however his experiments were
performed for flow conditions that were much slower than those used in COCHISE,

and the results cannot be extrapolated to COCHISE conditions reliably. Thus, the
discharge experiments reported here provide an excellent demonstration of the
feasibility of using an Ar/NZO discharge in the COCHISE experiments.

re

) A12, Ung, A, Y.~-M. (1975) A microwave discharge in NyO-Ny mixtures: A
prolific source of oxygen atoms, Chem. Phys. Lett. 32:351.
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Based upon the results of the flow reactor experimonts, we estimarn an @) Oy ] §
ratio ot ~10 7 is attainable in the interaction volume: . Fror Freuro Nt S
reaction cell pressure can be maintaimed at ~ 1o Porr by controiled heatioe o ”

the cell walls, Reaction (V1) should form enouegh nascent OL60) to detect o 1R S

fluorescence.

The flow reactor results also provide information on possivic deleterious
effects due to the presence of N, NO, O, and unrcacted N,O in the discharse
effluent. It will be necessary to uptimize the COCHISE uischarges tor fhesc
effects by observing NO, N,O, ana U.,_ infrarcd eriissions usine an inert couanter -

flow gas,

Thus, we conclude that 2 nascent O, (v) obscrvation in COCHISE using an
.

Ar/N O discharge mixture as a source of O is teasible i the apparstus can be
operated successfully at elevated reaction cell pressures,  Phe ditticaltios and

uncertainties associated with elevated-pressure operanon, tocether with the necs
to optimize the discharge conditions and gas mixtures, necessitate carcerul Jdoefini-

tion of these experiments before they commence.  This effort 1s now in progress.

* i
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