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Observation of the A2X* — X2I1 Electronic Transition of NaO$
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The gas-phase infrared spectrum of th&A— X2IT electronic transition of the NaO radical was observed

for the first time utilizing tunable diode laser differential absorption spectroscopy; 109 lines were found
within the region 20152095 cntt and 45 lines within 26542696 cnt®. The NaO radical was produced by
reaction of sodium vapor with JO in a fast flow tube and detected using an astigmatic Herriott multipass
absorption cell combined with rapid sweep integration absorption signal processing. Simple kinetic studies
were performed in order to differentiate the NaO radical features from precus€blilés. The NaO At

< XZIT vibronic band structure was modeled using ab initio calculations by Langhoff and co-workers; the
simulated NaO band profile agrees reasonably well with that observed. A preliminary assignment of some
observed lines and the resulting molecular constants are presented. Quantitative absorption strength
measurements indicate that either absorption line strengths for this transition are significantly smaller than
indicated by ab initio calculations or the NaN,O reaction produces a significant fraction of NaO(A) state
which resists collisional quenching under our experimental conditions.

Introduction This prompted a molecular beam magnetic deflection analysis
In 1939, Chapman proposed a two-step reaction sequence tpf NaO formed from the Na- Os rgactlon? which showed that

explain the Nap-line nightglow in the mesospheteHe in fact the NaO radical is predominantly produced in the excited

suggested that Na ablated from meteors reacted with @rm AZZT state. Photoelectron spectroscopy by Wright, Ellis, and

NaO, which then reacted with O to reform Na atoms, some of DYke'? likewise found Na+ O; at low pressures gave NaO-
them electronically excited. In 1976, Kolb and Elgin pointed (A’Z") as the major product. Furthermore, a symmetry cor-
out that reactions between Na ang @d between NaO and O felation analysis of the NaO€A™) + O(°P) reactiofi* showed
should proceed by fast electron-jump procegsekat allows that tvv_o-thlrds of the allowed pathways via energetically
the Chapman reaction scheme to account for both the observediccessible doublet states correlate with an excited@yatom,
ambient Na night glow and the persistent visible trails left by indicating a large value dffor this reaction. The analysis also
large meteors, provided that the production of excited?Ra( shqwed that if |mpla95|ble pathways via quartet states are
atoms in the second step is efficient. A symmetry correlation oMitted, the largé predicted by Bates and Ojha for NaG({X)

analysis of the reaction between ground-state N&O(xand + OCP) would vanish, in accord with the experiment of Plane
ground-state 3P) by Bates and OjRasuggested that the —and Husain. These results indicate that if the Chapman mech-
branching ratio to form N&P) indeed could be as large s anism is to explain the mesospheric Na nightglow, it must
0.33. involve NaO(&=T).

However, in 1986, contrary evidence appeared. Plane and There is no previous experimental information on the NaO-
Husairf carried out a flash photolysis kinetic study of Na© (AZ=T) state, and even for the ground state it is sparse. Ab initio
O(P) in an atmospheric pressure heat pipe and fdun@®.01, calculation&?®~16 have predicted the energy separation between
although the rate constant was near gas kinetic (as pregicted the?IT and A=* states of NaO to be in the range= 1431~
The analysis of this experiment has been questioned by2117 cni’. The lambda-doubling constant obtained from the
Schofield>® Yet current models of mesospheric chemistry NaO(XIT) microwave spectrur®, if interpreted using pure
requiref ~ 0.1 to match observed Na nightglow levéfsand precession theory, indicate’s ~ 2050 cm!. The transition
it seems very unlikely that the upper limit férobtained by dipole moment for the A— X transition of NaO has been
Plane and Husain is sufficiently in error to be consistent with calculated to be less than 0.2 For the XII state, the
such a large branching ratio. Since, in their atmospheric pressuremicrowave spectrum has provided structural parameters and
experiment, collisional relaxation would ensure that the NaO hyperfine constanty. The adiabatic ionization energy of NaO
would be almost solely in theXI ground electronic state, the  has been determined from photoelectron spectrostaplgemi-
guestion arose whether the mesospheric reaction might involveluminescenc¥ and laser-induced fluorescence spéétodNaO
instead NaO in the low-lying excited?A™" state. visible transitions have also been reported.
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He Monel Loop va' — vx'" cm? Av, ST wp =y cmt Ay, st
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e a o // - 0-0 191856  56.0 21 244024 119
- y ' O - 1-0  2417.47 108 31 202494 138
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MO godium ﬂ 1-1 1949.22 7.15 42 2940.12 203
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for the TDL spectroscopy. Although the NaO concentration
could not be directly determined, the production of NaO was
readily apparent from the conversion of Na depositions on the
Figure 1. Fast flow reactor for NaO kinetics and spectroscopy. reaction zone walls from ‘silver’ to ‘white’. The reaction of Na
was also consistent with0 reaction kinetics as monitored by
Herriott multiple pass absorption cell. The observed spectrum loss of atomic Na signal at the resonance fluorescence detector
has been simulated with an analysis program based on theat the end of the reactor.
calculations of Langhoff et @16 The comparison between the The Herriott absorption cell was configured for 54 passes on
observation and simulation was best matched by shifting a 32 cm base path based on an astigmatic mirror dé3ighe
Langhoff's predicted band origin to higher frequency by 75 TDL optical system includes a co-aligned HeNe laser beam to
cm~L. Atomic sodium decay and NaO signal intensity were aid coupling the infrared laser through the multipass cell onto
monitored as a function of XD concentration. Observed spin- the detector (Santa Barbara Research InSb). The NaO flow is
rotation doublet splittings due to magnetic interactions were also estimated to be about-2 cm wide in the center of the flow
a diagnostic for NaO transitions. We present preliminary line tube, limited by mixing of the MO and purge Ar flows from
assignments and derivecd?&" state molecular constants and the arms of the cell, giving an effective absorption path length
discuss the impact of these results on our understanding of theof ~100—-200 cm. Light exiting the Herriott cell could be passed
mesospheric sodium nightglow. through a grating monochromator (kinematically demountable)
This work is dedicated to Sidney W. Benson in honor of his to check laser mode frequency and pufityA computerized
80th birthday; he has long been interested in mesosphericdata acquisition system signal averaged fast sweepifigtiz)
sodium compounds and has contributed insightful studies of their of diode current to give digitized absorption spectra containing

fate after they reach stratospheric altitud®@g? 300-1000 points. Automated background subtraction (via
switching NO on and off) and nonlinear fitting of absorption
Experimental Section line profiles, together with laser baseline and tuning rates, gave

a sensitivity of~107% in Al/l absorption.

Figure 1 shows the fast flow reactor used to produce NaO  Sijx diode lasers (Laser Photonics) were used to scan the
radicals. The setup is similar to a system previously employed wavenumber regions of 19812096.5, 2645.72697.1, and
to measure the kinetics of reactions between Na apdIO  2840-2956.1 cmi! (see Appendix). Each diode laser could be
N0 .22 Sodium vapor emerges from a monel oven and reacts tyned over 108150 cnt? with approximately 36-35% cover-
with N2O gas injected~7 cm downstream of the oven. About  age of the tuned range, the gaps resulting from hopping between
15 cm downstream of the oven the flowtube was fitted with a |aser modes. Laser modes were tuned by carefully controlling
glass cross containing a Herriott multipass cell coupled to a the cryostat temperature (330 K) and scanning laser current.
tunable diode laser (TDL) used to observe the NaO spectrum.| aser intensity was monitored by electronically switching off
At the end of the reactor, about 90 cm further downstream, Na the laser during a portion of the computer-controlled sweep.
vapor density was monitored via resonance fluorescence, excitedprecise laser frequencies were determined by recording reference
by a hollow cathode sodium lamp, and observed with a absorptions of OCS and GHn a static gas cell (10 cm),
photomultiplier tube mounted perpendicular to the lamp beam. depending on the frequency region. The accuracy of the

In typical runs, helium or argon carrier gas was introduced frequency determination was estimated to be better t005
at the entrance of the reactor, with the flow rate (monitored cm~in most cases. Although at our low pressures-e81orr
with a Matheson meter) set to maintain the total pressure atthe line shape should be a Gaussian due to Doppler broadening,
1-3 Torr (measured with a MKS Baratron capacitance ma- because of jitter in the diode laser frequency, it was considered
nometer). The monel oven, containing abdug of metallic more appropriate to fit spectral lines to a Voigt profile.
sodium in a silver boat, was heated to 32l20°C by a ceramic Simulated Spectrum.Before searching experimentally for
heater. A jacket around the oven and the neighboring segmentthe A2S* <— X2[1 spectrum of NaO, we computed band profiles,
of the flowtube were cooled by circulating water. The temper- using parameters obtained from the ab initio electronic structure
ature of the flow reactor was monitored with a thermocouple calculations of Langhoff et &k16 and from the microwave
attached to its outer wall. Argon (at #80% of the total gas  spectrum of the X1 state!” The 10 strongest vibronic bands
flow) was injected in the arms of the Herriott cell to provide a were simulated, withva—vx = 0—0, 1-0, 2—-0, 0-1, 1-1,
buffer gas to protect the mirrors. Gas flows, including reaction 2—1, 3—1, 1-2, 3-2, 4-2.
products, were pumped out continuously with a roots blower.  Transition Frequencies.The rovibronic transition frequen-

Na vapor pressure within the oven of 26-10°2 Torr was cies were obtained by adding the differences between the A
diluted in the reactor by the carrier gas and further reduced by and X state rotational terms to the calculated vibronic band
loss to the walls. BD reactant was introduced into the flow origins. The parameters used are listed in Tables 1 and 2. The
tube through a looped Pyrex injector.,@ and Ar were rotational structure is complex due to the presence of both
alternated through the injector with a cycle time of 0.:#6 s electronic orbital and spin angular momentum. An energy level
by switching a solenoid valve, to enable background subtraction diagram indicating the allowed transitions fofld—2=" band
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TABLE 2: Parameters for Simulation of Rotational
Structure?
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TABLE 4: Observed NaO Absorption Lines, Ay = +1
Band?

quantity y=0 v=1 v=2 frequency absorbante frequency absorbante
Ground State, %P 2646.553 5.70 2656.536 2.23
B" 0.422 0.418 0.414 49.123 511 56.584 1.80
p" 0.044 0.047 0.052 49.280 2.66 56.805 3.30
q’ 0.00031 0.00033 0.00036 49.343 1.99 58.135 4.32
A's -107 (-107) (107) 49.961 2.47 58.210 7.66
Excited State, AS+ 50.318 2.31 58.321 6.30
1 50.474 6.20 58.604 7.78
B 0.465 0.460 0.456
¥ (0.01) (0.01) (0.01) 50.521 5.46 59.480 3.51
50.624 7.90 60.164 3.17
2In cm~! units. For X state, rotational constarit,Bambda-doubling 51.206 4.10 60.189 3.64
parameterg®’’ andq'’, and spir-orbit coupling constamd’s, are from 51.388 3.40 63.823 4.02
ref 17. For A stateB' is from multireference configuration interaction 52.394 2.38 63.978 4.99
calculations of ref 15 and spin-rotation constgiris a nominal estimate. 52.776 4.60 64.523 2.88
52.903 2.72 66.058 4.77
TABLE 3: Observed NaO Absorption Lines, Av = 0 Banc? 53.306 2.98 66.362 6.30
53.417 3.46 66.962 10.2
frequency absorbantefrequency absorbantefrequency absorbante 54.356 10.2 67.073 393
2015.440 412 2052.728 14.9 2071.867 2.86 54.422 3.06 78.416 3.20
15.447 4.12 52.824  20.0 72717 153 54.496 5.96 91.369 2.55
23.289 2.67 52.915 4.68 72.810 6.83 54.670 5.46 96.134 3.32
23.377 3.40 53.034 12.1 73.010 6.64 55.450 4.02 96.162 2.89
27.470 2.26 53.290  20.0 75.739 291 56.098 3.85 96.576 2.53
27.529 2.50 53.402 6.81  2076.255 8.17 56.448 6.01
36.302 7.18 53.524 16.6 76.825 8.94 ) )
36.308 7.18 56.261 111 76.905 6.38 aAZEt — X7, v—V" = 1; frequencies in cnt. ® Tabulated
39.158 3.91 56.512 11.4 78.404 6.52 absorbance values have been multiplied by 10
39.170 3.91 56.884 19.0 78.487 9.19
39.226 3.83 57.205 129 78.721 4.60 the plus sign in eq 1 are denoteg Ehose with the minus sign
iggii 1:23-25 g;gg? gg 20;38;2 1&-!?5 F1; in the pure Hund’s Case (a) limit, approached at lpthese
45005 158 57711 953 79867 9.79 correspond to th&l 1, and?[13, components, respectively. For
45.280 8.17 59.387 7.23 80.002 7.61 NaO, theA-type doubling term for thélly; state is unusually
45.404 3.91 59.978 3.61 83280 12.6 largel” approximately 0.05J + S cm™!, and thus it was
ig-ggi 12-53 gg-ggé 1§-i7 gg-ggg 12-?;3 included in the simulation. Centrifugal distortion and other high-
45.820  3.40 60.369  1.84 83735  8.14 order terms were neglected. - , .
46.109 3.74 60.412 514 83.982 6.88 For the A= state (\ = 0, S= 1/2), Hund’s Case (b) applies
47.899 3.20 60.616 6.89 85.807 6.38 and the rotational leveléare given by:
48.507 7.51 60.846 3.29 86.149 4.68
48.752 4.26 61.341 5.75 86.194 3.40 BN(N+ 1)+ E (2)
49.489 123 64.129 138 86.278 2.81 S
49.669 4.00 64.135 7.66 86.304 2.55 . . .
49.957  16.0 64.633 4.97 87.568 511 WhereN is the totgl angullar momentum excluding electronic
50.034 6.66 66.898 4.31 87.628 4.09 spin andEg, the spin-rotation term, is given by /R and—1/
50.059 8.00 67.360 5.87 88.115 3.83 2y(N + 1) for the R levels (withN = J —1/2) and F;, levels
50.097  3.00 67.388  3.83 88.160 281 (with N=J + 1/2), respectively. For the spin-rotation constant,
50.198 7.00 68.120 4.09 91.197 7.88 d inal estimate — 0.01 1
50.248 8.36 68.291  13.8 91.388 7.42 we used a nominal esumatg,= 0.01 cnt=.
51.086  12.0 68.783 511 91.405 6.45 The selection rulé8 are+ < — for parity andAJ = 0, £1;
51.396  20.0 68.913 5.11 95.007 3.46 these allow 12 rotational branches, designated Qi2, Qu1,
51679 100 69.093 511 95168 4.95 Qz2, and similarly for P and R branches. Here, for example, the
52,044 178 71.012 421 95.329 310 subscript “12” designates a;'F— F,"' transition. For NaO,
52.106  17.8 71.616 5.55 95.418 3.25 i :
52432  17.0 because the ratidV/B is large ¢107/0.4 ~ 250), low J

aFor A2t < X2I1, v'—v" = 0; frequencies in crt. ® Tabulated
absorbance values have been multiplied b§: 10

transitions withAJ = AN, which are forbidden in the absence
of spin—orbit coupling, are not much weaker than those with
AJ = AN.

is shown in ref 25 and illustrated by example in ref 26. Standard ~ AS @ check of the Hamiltonian and our coinputer program,
notion, with quantities pertaining to the ground state indicated We generated frequencies for an analogéiis ><* band system
by a double prime and those for the excited state by a Singlef0f SiN and found good agreement with the observed spectum.

prime, is adopted below.

For the XII state A = +£1, S = 1/2), for any given
vibrational level the rotational levels (aside from-type
doubling) are found from a 2< 2 matrix? with diagonal
elements given by:

B[(J+ 9% — AY)] + 1/2(A — 2B) (1)
and off-diagonal elements tB{(J + 92 — AZY¥2 where] is

the total angular momenturB is the rotational constant, and
A is the spin-orbit coupling constant. Levels associated with

Intensities. The intensities were evaluated from the rotational
line strength®2° and the absorption cross sections of the
vibronic bands. The latter cross sectighare given by:

87°) ' fo(L — e Y(CEIA, AV ®)
where thef's are the fractional electronic, vibrational, and
rotational populations of the lower state,is the transition
frequencyAv is the Doppler line width, and,,- is the Einstein

A coefficient. The factor containing = hv/kgT takes account
of stimulated emission from a thermal population of the A state.
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Figure 2. High-resolution spectrum of NaO. These are some of the o, T R e Ll
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strongest transitions near2056 cnt?, with an absorbance of I} ~
N20 Flow Rate (sccm)

2 x 10% The upper trace shows the OCS reference lines used to
calibrate the frequency position. The middle and lower traces are scansFigure 4. Summary of kinetic tests to confirm NaO radical observa-
when the sodium oven was hot and cold, respectively. The spectrumtions. The upper panel plots NaO line intensity versu® Now rate.

was recorded with signal averaging over 1000 s. Data are shown for two different NaO absorption linep and ©).
The inset plots the first-order decay of the atomic Na fluorescence
25x107 et Lee | L : L - signal. The curves fitted to data points have the foi®,0 = Si(1 —

exp ki[N20]) and Sya = S(exp ko[N20]). The observed ratids,/k, =
Na +N,O . 13, is in accord with the ratio of the distance from the sodium oven to
TDL Observation the PMT (~90 cm) to that from the diode laser beam to the sodium
oven (~7 cm). The saturation of the signal for® flow rates greater
than~35 sccm, as predicted by the kinetic model, is consistent with
the absorption by NaO from the N& N»O reaction. The lower panel
compares NaO and @ absorptions as a function of the,®l flow
rate. The NaO signal saturates, as above, while #@ &bsorption is
linear with added BO. NaO saturates at higher® flow than above,
since in the lower panel the flow tube was operated at lower total
600 1800 2000 2200 2400 2600 2800 3000 pressure (1 Torr k_)eloyv versus 3 Torr above), again consistent with Na
om’ + N2O reaction kinetics.

20+

Absorbance

(Table 4) attributed to NaO were measured with an accuracy
-g‘ﬁor‘:%ﬁcm of ~0.005 cnt!. Typical absorption features from the 2600
- 2100 cnt! (Av = 0) region are shown in Figure 2 along with
OCS reference scans. Spectral line absorbances were determined
by signal averaging for 1000 s; typically these were of the order
Al/l ~1074 The lines attributed to NaO disappeared when the
sodium flow was interrupted. As expected many other strong
lines due to NO were observed. As seen in Figure 3, the NaO
lines observed were found in spectral regions unobscured by
1600 1800 2000 2200 2400 2600 2800 3000 .
o’ the precursor BD lines.
Figure 3. Observed spectra attributed to NaO (upper plot) apd N Flgure 4 §how_s results of k|n<_at|c experiments performed to
(bottom plot) bands from HITRAN 96 data file. confirm the identity of the NaO lines. Since the®flow was
injected in excess, the NaO signal intensity was not proportional
to the NO flow rate, while NO lines were almost linearly
dependent upon O flow rate. The intensity of the NaO signal
did decrease when the,X flow rate was decreased below the
Na flow. First-order decay of the Na vapor fluorescence signal
was also observed as the®l flow was increased. The NaO
signal versus D flow rate could be enhanced by varying the
total pressure and other flow conditions (Figure 4). ThefNa
NO reaction is expected to produce a mixture of X and A state
NaO20 thus at higher pressure or slower flow rates the excited
A total of 109 absorption lines from 2015.440 to 2095.418 NaO A state may be deactivated to thé[Xstate by radiative

cm ! (Table 3) and 45 lines from 2646.553 to 2696.576¢m  or physical quenching.

Of course, if the Nat N,O reaction produces NaO(A) directly
(as possibly indicated by ref 10) and the chemically produced
NaO(A) is not collisionally quenched under our experimental
conditions, then eq 3 is insufficient. The Boltzmann factors were
evaluated foiT = 460 K, with vibrational frequencies from ref
15 and rotational constants from ref 17. TAg, coefficients
used, listed in Table 1, were computed by Langhbff.

Results and Discussion
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otpp——e L L ] TABLE 5: Assigned NaO Lines, 0-0 Band?
010 . branch ¢" Vobs CNTL Vobs—Veal, CNT L intensit
O ) obs obs™ Vcal y
g oosf 8 Qui(12.5) 2049.489 0.001 12.3
g 006k ] Q11(13.5) 2050.240 0.003 8.30
2 Qu1(14.5) 2051.086 0.003 12.0
2 ooar . Qu(15.5) 2052.044 0.0040 17.8
0oal ] Qu(16.5) 2053.034 0.026 12.1
i Q11(19.5) 2056.512 —0.004 11.4
0.00————— T T " Q21(4.5) 2050.097 0.001 3.00
1500 2000 2500 3000 3500 Q21(75) 2052.824 0.011 20.0
000020 -ttt ] Q21(10.5) 2056.261 —-0.015 11.4
[ ] Q21(11.5) 2057.597 0.000 2.38
0.00015 Observation ] P21(5.5) 2045.499 0.032 10.4
o : ] R11(6.5) 2053.290 0.018 20.0
g : ] R11(11.5) 2060.041 0.032 2.75
§ ooootor ] R11(15.5) 2066.898 0.008 431
= 0000053_ 1 aThe calculated frequencies were obtained using for tHa data
) i 1 the parameters listed in Table 2 and for th&A stateB' = 0.462
r cm ™y, D' = 1.30 x 10°® cm™* (centrifugal distortion), angt = 0.193
0.00000 [———————*% e A cm! (spin-rotation), withTo—o = 1992.905 cm? (band origin).

1500 2000 2500 3000 3500
1

Wavenumber (cm’)
Figure 5. Comparison of the NaO &* < X2II band simulation
(upper plot) and the actual observation (lower plot). Stick spectra are
shown for theAv = 0 band in the 20152095 cnT1? region and the\v
= +1 band in the 26462697 cnT! region. Lines appearing in
frequency intervals not covered by the diode laser scans are omitted

Figure 5 compares the observed NaO lines forAve= 0

A spectral analysis is in progress which will help provide a
better understanding of the molecular structure and interatomic
potential of the NaO radical. To date 14 lines have been
assigned, as displayed in Table 5. This assignment is based on

the ground-state combination differences which were previously

determined from the microwave spectrum of NHQhese pairs
are Q1(J" + 1)—Ryy(3") for ' = 11.5 15.5; and R(J" + 1)—

andAv = 1 regions with our band simulations (described above) Q,,(J") for J' = 4.5. Among the 14 assigned lines, 3 pairs (6
based on the ab initio calculations by Langhoff and co- lines) are matched with the ground-state combination differ-
workers!>!For this comparison, lines falling within the many  ences. Other assignments are based chiefly on the recognition
gaps due to the limited coverage obtainable with available diode that the Q4 branch would have strong transitions and aided by

lasers (see Appendix) were deleted from the simulations. Thethe fact that it is simpler to fit @ with polynomial terms than

net frequency coverage attained for the = 0 andAv = 1
wavenumber regions was only about-3b%. We also added
75 cnt! to the ab initio frequencies, to obtain the best match

the other branches. To compute frequencies for comparison with
the assigned lines (Table 5), several higher order terms that had
been neglected in the preliminary simulations were added to

between the observed and simulated spectra; this produced rathethe Hamiltonian. For théll states, the diagonal terms of eq 1

good overall agreement. Our efforts to examine the= 2
region near-2900-3050 cnt? proved fruitless because avail-
able diode lasers performed very poorly there.

The strongestAv = 0 lines (2056-2060 cnt?) of NaO
showed absorbances of2 x 1074 after signal averaging for

were replaced by:

BX — D(X* +x — 1)+ 1/2(1F X)p +
1/2(1F x)?q — 1/2A (5a)

~1000 s (Figure 2). However, the observed intensity was about B(x? — 2) — D(x* — 3x* + 3) + 1/2(¢ — 1)q + 1/2A (5b)

100 times weaker than expected. From Beer's Law small
absorbances can be represented by:

(4)

where Nnao is the sodium oxide number densityp; is the
absorption cross section, ahds the optical path length. For
our apparatus, the multipass path length is estimated to~be
100 cm. The absorption cross section was calculated »be
~ 10716—10"17 cn? for the strongesf\v = 0 transitions using
Langhoff's Einstein coefficients (Table 1). The NaO number
density was estimated as#6 10 cm2 for an initial sodium
vapor pressure of 1072 Torr, producing an expected absor-
bance range between 10and~1. Of course, some wall loss

A/l = Nyl

of Na and NaO is expected; however, our experience with the

for the i and F, components, respectively, whete= J + 1/2;

D is the centifugal distortion constant, apdand q are the
lambda-doubling parameters. The off diagonal elements of eq
2 were replaced by:

B(E — 1)Y2+ 2D(¢ — 1)*? — 1/4(¢ — 1)p —
1/2(1+ x)(¢ — 1) (6)

For the?X" state, a centrifugal distortion term,DNa(N + 1),
was added to eq 3.

BN(N + 1) — DN*(N + 2)* + E, (7)

kinetics of these species suggests that these losses will not béThe NaO(&=") molecular constants (in cni) corresponding

extensive over the short flow distance between the NaO
production and observation regions. Langhoff's Einstéin
coefficient calculation$ may be overestimates; calculations
mentioned in ref 17 indicate somewhat smaller values. Also,
since the Nat+ N,O reaction is believed to produce NaO in
both the AZ and X°IT states'? an unknown fraction of the NaO

to these assignments aifig—o (band origin)= 1992.905;B'
(rotational)= 0.462;D’ (centrifugal)= 1.30 x 10°%; o' (spin-
rotation) = 0.193. The first two values agree quite well with
those calculated by Langhoff et®&lwho predictedly—o = 1918
cm! and B' = 0.467-0.470 cnTl. The large derived spin-
rotation constant (19 times larger than assumed in the spectral

produced may remain in the excited state reducing the absor-simulation parameters shown in Table 2) may be due to the

bance.

small energy difference between thélKXand A" states.
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Figure 6. Spectral simulations with higher order Hamiltonian terms
and preliminary A=" molecular constants derived from the observed
spectra compared with the obervations. Spectra and frequency interval

2020
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are as for theAv = 0 band in Figure 5.

Repeating the spectral simulations including the higher order
terms in the Hamiltonian and th&* molecular constants
derived from the assignments was found not to appreciably
affect the band profile shape, as plotted in Figure 6 forAle

= 0 region.

The direct observation of the?&+ —X?2[T transition of NaO
reported here has several interesting implications for the
chemistry of the mesospheric sodium nightglow and related
laboratory chemical kinetics studies. First, the lower than

2080

2100
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Appendix: Regions Scanned

Listed here are the frequency intervals (in @min which
our diode lasers enabled spectral scans with fair to good
sensitivity. For example, the first listed interval exends from
1981.5 to 1982.5 cmi. The three groups (I, II, I11) correspond
to regions containing the-00, 1-0, and 2-0 vibronic bands
of NaO.

1981.5-1982.5
1997.5-1998.4
1999.5-2000.5
2015.3-2016.2
2022.1-2023.7
2026.8-2028.7
2036.3-2040.5
2044.8-2046.2
2047.8-2050.4
2051.1-2052.2
2052.35-2054.6
2056.2-2057.8
2059.1-2061.4
2063.9-2064.62
2067.2-2069.5
2070.9-2073.1
2075.1-2080.5

2083.05-2084.05

2084.9-2088.2

2645.72646.6
2649.12649.9
2649.52651.9
2652.22655
2654.92656.8
2658.£2659.9
2663.32665.
2666.42667.8
2678.32678.5
2691.22692.
2695.72697.1

2840.2842.

2852.2854.

2854.22856.9
2874.52876.9
2877.92878.1
2878.42880.7
2897.9-2898.1
2890.92891.1
2904.92905.1
2905.9-2906.1
2910.92911.1
2918.92919.1
2930.92931.1
2931.92932.1
2932.92933.1
2935.92936.1
2937.92938.1
2952.92953.1
2955.92956.1

2091-2092.
2093-2094.
2095-2096.5

expected absorbance noted above indicates that the radiative

lifetime of NaO(A=") is longer than the 18630 ms calculated

by Langhoff et al® and possibly significantly longer than the
10-100 ms NaO chemical lifetime set by the N&QD reaction

in the 85-95 km region of the mesospheieln addition, our
observations probably indicate that physical quenching of NaO-
(A%=1) by He, Ar, and NO in our flow tube is slow, suggesting

that quenching by the major atmospheric gasgam Q will

also be slow. Thus, our observations lend credence to the
suggestion that the NaOf&") has a sufficiently long atmo-
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