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1. SUMMARY

This document is the Final Report for a 5-year project dedicated to investigations of
chemical processes related to the excitation of infrared chemiluminescent radiation in the
upper atmosphere. The effort has included experimental measurements and interpretations of
the dynamics of infrared fluorescence from atmospheric gases using microwave discharge
techniques. These studies required operation of the Air Force’s COCHISE facility as well as
supporting experimental and analytical investigations.

A wide variety of high-sensitivity, spectrally resolved infrared chemiluminescence
measurements were performed on the COCHISE facility, over the wavelength range 2 to
25 um. These included spectral surveys of the SWIR, MWIR, and LWIR regions for
fluorescence which could be excited by chemical interactions of metastable oxygen and
nitrogen with atmospheric species. In many instances these surveys revealed previously
unobserved band systems, such as LWIR transitions of electronically excited N, " or
vibrationally excited NyO(v). In addition, species previously thought to be formed, such as
NO(a*11), were found to be unimportant.

We also used the COCHISE facility to perform a comprehensive series of -
investigations of the radiative and collisional dynamics of rovibrationally excited NO(v,J).
Previous COCHISE work has demonstrated the formation of NO(v,J) from the reactions of
metastable N(2D,2P) with O,; those results have major implications for the production of
NO(v,)) in the disturbed atmosphere, and for the concomitant atmospheric radiation
signatures in the SWIR and MWIR. In the present effort, we have obtained new data
showing the excitation of NO(v,J) by an energy transfer mechanism involving active
nitrogen; this can also be an upper atmospheric process under certain conditions. We have
also obtained unique, new data on the collisional deactivation of NO(v,J), which will provide
essential guidance to interpretations of high-altitude spectral measurements. Finally, we have
performed a comprehensive set of measurements, data analysis, and theoretical computations
dedicated to the determination of the IR transition strengths and uncertainties for NO(v,J) in
the fundamental and first overtone transitions. This effort has determined experimentally the
dipole moment function for NO, and has for the first time placed the evaluation of the
infrared transition strengths of NO on quantitatively solid footing.

In support of the COCHISE investigations of IR chemiluminescent processes, we have
used discharge-flow methods to investigate the reaction and quenching kinetics and
spectroscopy of electronically excited metastable species which can act as precursors to
atmospheric IR fluorescence. This work has included experimental measurements of the
kinetics and spectroscopy of electronically excited states of molecular nitrogen, molecular
oxygen, nitric oxide, and metastable atomic nitrogen. We have also investigated reaction
product channels for the formation of NO*, N,0 and NO(v,J)) from reactions of
electronically excited species.

To relate the results of the laboratory experiments to observations and predictions of
high-altitude phenomena, we have used the laboratory results to construct simple models of




auroral excitation and deactivation processes, particularly for NO(v,J). This work has
resulted in a comprehensive critical review of the relevant chemical kinetics data base and
-uncertainties. We have also assembled a predictive steady-state kinetic model for auroral
NO(v,)) excitation, to guide the interpretation of high-altitude field observations in terms of
excitation mechanisms.




2. COCHISE INFRARED MEASUREMENTS AND DATA BASE

Infrared fluorescence experiments on the COCHISE facility at PL/GPNS are focussed
on the dynamics and spectroscopy of the excitation of infrared-radiating species by processes
involving excited-state/metastable precursors. COCHISE has the capability to measure
spectrally resolved fluorescence between 2 and 25 um from very low concentrations of
vibrationally and electronically excited species at gas phase temperatures of 80 to 100 K and
pressures of a few mt. Energetic precursors, created in a set of microwave discharges,
expand into a low-pressure, cryopumped reaction volume where they interact with opposing
jets of reagent (counterflow) species under nw-smgle-colhsxon conditions. The resulting
infrared fluorescence is viewed by a highly sensitive scanning monochromator/Si:As detector
combination. The apparatus and reaction cell are diagrammed in Figures 1 and 2. The
measurements performed have focussed on (1) dynamics of NO(v,J) excitation, radiative
transition probabilities, and collisional dmhvanon, (2) surveys of fluorescence excitation
arising from energy transfer from metastable Nz and 02 and (3) extension of the
capabilities of the apparatus into the LLWIR (16 to 25 um).

Figure 1
Schematic of COCHISE Facility
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2.1 SUMMARY OF IR DATA BASE

The COCHISE infrared data base is summarized in Table 1. Measurements in the
SWIR/MWIR region have addressed NO(v,J) dynamics, N, electronic transitions, and N5O,
CO, and OH excitation phenomena. Measurements of NO(v,J) phenomena are discussed
further below. Measurements of the No(W-+B) (2,1)/(2,0) intensity ratio give a value =2
umulargerthanthetheoreucnlvalueofWemeretal suggesting an unpredicted inflection in
the transition moment. Discharge-excited N5 was observed to excite NyO(v3) by energy .
transfer to N;O, probably from No(v) emanatmg from the discharge. Discharge-excited O,
excited CO(v-l) weakly, and did not form any vibrationally excited NoO upon interaction
with an N, counterflow. In an experiment employing codischarged Ar/H,/O, mixtures, we
observed fluorescence from OH/H,O near 2.7 um and H5O at 6 to 7 um, but no clearly
identifiable high-N rotational transitions of OH.

Measurements in the LWIR have focussed onN spectroscopy and attempts to
wamfyvibnﬁon-mmnbandsofNO(a 10). Wehaveobserved the N5(W-B) (3,2) band at
9.6 um, and the (w-a) (0,1), (1,2), and (2,3) bands between 9.5 and ll um. Observation of
the (W-+B) (3,2) band can contribute to the determination of the (W-=B) transition moment
through measurements of the (3,2)/(3,1) branching ratio. Similarly, the data for the (w-—a)
transitions can be combined with SWIR data on (w-»a) transitions to determine branching
ratios and transition moment variations with r-centroid. These are discussed further below.




Table 1
COCHISE Experimental Database - August 1990

SWIR/MWIR (1 to 8 um)

Data Database
Subject Entries Status Co.nments
1to 8 um

NO F/O ratios, High P| Aug 1988 Complete | Five matched pairs at 10 mT; bandhead

Sep 1988 contribution negligible. Appendix A,B
NO(v,J) Pressure Effect] Sep 1988 Complete | Variation in fund. bands, temporal behavior

Sep 1989 2 to 10 mT. Bandheads, low, high v levels

have different pressure dependencies.

N,(W-B) Pressure Jan 1990 Complete | 2 to 10 mT data to be used to support
Effect NO(v,J) pressure studies.
N2(W-B) Trans. Aug 1988 | Incomplete | 2-1/2-0 ratio 2x larger than Werne. et al. -
Moment Oc. 1988 Results imply sharp inflection in transition

moment. Will need more data at similar r,
(e.g., 3-2/3-1) and compare to LABCEDE

lifetimes.
N,(w-a) Branching Jan 1989 Incomplete | Presence of 0-1, 1-2, and 2-3 w-a bands at
Ratios Feb 1989 9.5 to 11 pm makes branching ratio
determination possible. A dedicated run will
be needed.
Nz' + NO Oct 1988 | Incomplete | Observe N,O(»;), NO(v.)), and 6.5 to
May 1989 7.5 um mystery continuum. N,O from
Jun 1989 impurities. Some NO(v,J) real. Data will
have to be taken in pairs to correct for
background.
N,' + N,0 Aug 1989 | Complete | Observed N,O(r3) only. No NO(v.J) or
mystery continuum. Failed to see N,O(»;) at
7.8 pm.
0," + CO Dec 1988 | Complete | Only weak CO(1-0) emission produced.
0," + N, -+ N,0 Dec 1988 | Complete | No N,O(»). Issue resolved.
N, 4 CO Pressure Feb 1990 Complete | All data taken DC. CO funds increase with
Effect pressure as with NO (v dep. not yet

determined). No effect on bandheads.
Pressure range 2 to 10 mT.




Table 1
COCHISE Experimental Database - August 1990 (Continued)
Data Database
Subject Entries Status Comments

Discharged Ar/H,/O, Mar 1990 Complete | Observe 2.7 um and 6 to 7 um emissions.
The 6 to 7 um emission probably due to
HzO(l'zl).—

Other Studies:

0," + NO None

0,', N," + CO, None

0,' + N,O None

Co-discharged Old data

Nz/Oz/Al' - N20 only

8 to 16 um
N," Spectroscopy Jan 1989 | Incomplete | 3-2 W-B observed at 9.6 um. 0-1, 12, 2-3
Feb 1989 w-a transitions seen in 9.5 to 11 um region.

More data necessary to check branching
ratios. 16 to 17 um feature presently
believed to be real.

Nz' + CO Survey Jan 1989 Incomplete | No new emission systems seen.

NOG*m Feb 1989 | Complete | Tried N,* + O,, NO without success. Data
allows upper limit for NO(a*[T) branching
ratio to be determined. We do observe N,O
combination band at 10.6 um from N,O
impurities.

Other Studies:

O4(v) transition None

moment None

O4(v) high pressure

16 to 25 ym

Ar Rydberg Survey Aug 1990 | Incomplete | Data from May, June 1990 compromised by
cracked filter. Thus, data from these runs
were multiple orders. Data from Aug 1990
were taken with 8 um filter. All previously
observed 9 to 16 um lines were seen here as
well. Another partial entry will be needed to
properly observe all the new lines.
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Table 1
COCHISE Experimental Database - August 1990 (Continued)

Data Database
Entries Status Comments

Nz' Survey Aug 1990 | Incomplete | Aug 1990 data indicates broad system 16 to
19 um. Will need a new filter to verify and
check the 22 to 25 um range.

Other Surveys:

NO* Aug 1990 | Incomplete | No emissions observed from N2 + 0,.
Should also check N,* + NO.

N,O(»,) Aug 1990 | Incomplete | Only a small out-of-phase feature seen at
~ 15 um from discharged Ar/air. Need to
look again and try N, + N,O.

OH(Q) Aug 1990 | Incomplete | Tried discharged Ar/O,/H, in Aug 1990
with no success. Try again.

co’ None Incomplete | Must try in a near-term data set.

The NO(a*TI) state is the lowest metastable state of NO, lying a* ~5 eV. It is known
to be formed in three-body N + O + M recombination. Its fundamental vibration-rotation
transitions are predicted to occur from 10 to 15 pum, and its first overtone should lie between
5 and 7 um. From theoretical arguments, we would expect NO(*I) to be formed from the
reaction of N( P) with O, via an adiabatic, fully allowed react:on path. The exoergxcxty of
the reaction would be sufficient to gopulate v=0,1 of the a*I state. Sxmxlarly. it is possible
that energy transfer from triplet N, states to NO could excite NO@*I) in a spin-allowed
process. We performed expenmcnts in COCHISE to probe the 10 to 15 um region for
radiation arising from dlscharged Ny/Ar + O, and discharged N,/Ar + NO configurations,
and observed no NO(a nv)ﬂuorescenoe in either case. This places upper bounds to the
branclnng rauos for NO(a 4 ,v21) formation of < 10°3 for N(“P) + Oy, and < 1072 for
Nz(A T, W3a) + NO.

Additional LWIR measurements have identified the 10.6 um »5~+»; band of N,O,
excited by VV energy transfer from discharge-excited No(v). The observed spectrum is
shown in Figure 3. This observation has implications for the possibility of NJO LWIR
radiation in prolonged bombardments, since we know that N,O can be formed from
bombarded air (see below). These implications are summarized in Table 2.

The COCHISE measurement capabilities have been extended into the LLWIR (16 to
25 um) through procurement and installation of antireflection coated KRS-5 (thallium

7
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N20(00 1 - 10°0) Excited by N, Energy Transfer in COCHISE

bromoiodide) optics. Theoperation and calibration of the apparatus in this wavelength region
have been tested, and a series of preliminary survey fluorescence experiments has been
performed. These are summarized in Table 1. Annmtmlsencsofexpenmentswas
compromised by a crack mtheordet-somng filter, and a second series was hmntedtotheuse
of a filter optimized for the 8 to 16 um region. However, good data were obtained for Nz
and Ar(I) fluorescence features in the 9 to 20 um region.

22 LWIRN," SPECTROSCOPY

One of the COCHISE objectives is the examination of N," spectroscopy. As shown
in Table 1, we have examined the 8 to 16 um region for nitrogen electronic features.
Although thns analysis is not yet complete, we have identified previously unobserved
Nz(w A-al x) features in the 9.5 to 11 um region.

TheSWIR(Zto4pm)reglonhasbeencareﬁxllyexnmmedforN electromc features
by COCHISE We have 1dentxfied emission arising from N. (W A, v-2-5 to B3x, v=0-3)
and N (w A, v=0-2 to alA, v=0-2). Manyofthebandsareoveﬂappedsuchthat
xdennﬁcauonproveddnfﬁc\nt This was particularly true of the 3.6 um region which
contains the 3,1 W-B and 0,0 w-a bands superimposed. megtodxfferentdlschnrgeNz
mole fraction dependencies, we were able to positively distinguish both emission systems.

The 9.5 to 11 um region is similarly complex and the emissions arise from branches
of the same radiators encountered at 3.6 um. The 3,2 W-B transition is centered at 9.4 um
while the 0,1 w-a transition falls at 9.25 um. The 1,2 and 2,3 w-a bands occur at 10.2 and




Table 2
N>O(v) Excitation

®  N,Ois formed in bombarded N,/O,
- Flow reactor experiments = > four possibilities:
Ny(v 2 15) + 0y(!4) = N,0 + O('D)
Ny(v 2 8) + 0,(}a) - N,0 + OCP)
No(v 2 13) + Ox('E) = N,0 + O(!D)
Na(v = 6) + Ox('E) » N,0 + OFP)
- Na(A, v > 3) + O, is still unknown
®  Auroral/muclear production of N,O is unknown by 10% without better kinetics.
- Production rates are probably slow to medium
—  Chemical losses negligible, local loss will be limited by transport
- Suggests gradual buildup, 120 to 150 km, as with NO but more slowly

° N20(00 1) is yery efficiently excited by N,(v) energy transfer (COCHISE, LABCEDE
data) => potential 10.6 um radiator above 100 km

11.36 um, respectively. We have previously identified the 3,2 W-B feature in spectra of
dmchargedmtmgen Figum4and53howthattoaccuratelyrepmduoemeobservedspectml
intensities in the 9.5 to 11 um region requires more than W-B contribution. Figure 4 shows
an experimental spectrum with a fit to only 3,2 W-B emission. Figure 5 shows the same
data but with w-a features included. These features are quite clearly present but a dedicated
run should be performed to examine them in greater detail, e.g., N, mole fraction
dependence, branching ratios, etc.

23 LLWIR MEASUREMENTS

As indicated in Table 1 we have successfully performed the first COCHISE
examination of LLWIR emissions. In the wavelength region beyond 16 um we have
identified new Ar Rydberg emissions as well as broad features possibly arising from N, .
These data were taken with the 8 um filter. The cut-on for this filter is 8 um with the cut-
off at approximately 22 um. An earlier filter that had a 13.7 um cut-on and 25 um cut-off
shattered during thermal cycling. A consequence of using the 8 um filter is the serious

9 .
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potential of second order interference at wavelengths longer than 16 um. To address this
issue we have purchased another filter (14 um cut-on and 22 um cut-off) for examination in
the next run. Use of this filter will help establish how much of the observed 16 to 19 um
N,* emission is first order.

We will take precautions to avoid cracking this filter during cool-down. These
precautions include greater clearance in the filter holder and extensive testing prior to the
COCHISE nun. In these cooling tests, the filter and holder assembly will be slowly cooled
to LN, temperature inside a vacoum chamber. These tests should be sufficient to indicate
whether the new filter can withstand the COCHISE cryogenic environment.

Even if the new filter is successful, we will still require another for a thorough
examination of the LLWIR. Because the present filters are constructed on Germanium
substrates, the wavelength cut-offs occur at 22 um. We will require another filter on a CdTe
substrate to access the 22 to 25 um region (with a wavelength cut-on at about 13 to 14 um).
We can presently find no stock commercial source for such filters which leaves
commissioning a company to produce one to our specs, as was done for the 2, 4, and 8 um
filters.

24 DYNAMICS OF NO(v.))

We have performed an extensive series of COCHISE experiments dedicated to
quantitative determinations of the IR transition strengths and excitation characteristics of
rovibrationally excited NO(v,J). A series of experiments determined the overtone/
fundamental branching ratios for v=2-12 for low rotational temperatures, T = 60 K. This
work was published in J. Chem. Phys.; the manuscript is given in Appendix A.

In continuing analysis, we extracted an empirical dipole moment function for
NO(X21I) from COCHISE data on the overtone/fundamental branching ratios. We verified
and extended our earlier preliminary results for this analysis, and established uncertainty
bounds on the final results. The method of analysis used a nonlinear least squares fitting
procedure to determine the empirical, polynomial representation of the dipole moment
function giving the best fit between computed and observed Einstein coefficient ratios. The
computed overtone and fundamental band Einstein coefficients were calculated by transition
moment integrals using RKR wavefunctions for the upper and lower states, together with the
assumed form of the dipole moment function. Since the COCHISE data were obtained at
low rotational temperatures, 60 K, it was not necessary to treat the effects of spin uncoupling
and centrifugal distortion in this analysis.

The COCHISE data extend to v=13, limiting the validity of the dipole moment
function to internuclear distances between 0.9 and 1.5A. The empirical results over that
range are in good agreement with the ab initio calculations of Langhoff et al. We used
quadratic and cubic empirical dipole moment functions, derived from the COCHISE data, to
compute rotationless Einstein coefficients (A-factors) for the fundamental and first, second,

11




and third overtone bands of NO. These coefficients are valid for use at low to moderate
rotational temperatures. A viewgraph presentation of these results is given in Appendix B.

Extrapolations of the A-factors to higher vibrational levels require assumptions about
the functional form of the dipole moment function at larger and smaller internuclear
distances. This is especially problematic for larger intemuclear distances, r>1.5 A, since it
is necessary to describe the "rollover”-in the function as the system approaches dissociation. -
Since there are no experimental data to support such a description at these internuclear
distances, the uncertainties in the A-factors for high vibrational levels (v =20 to 26) are in
the range of a factor of =3 for the fundamental band and are substantially larger for the first
and higher overtones. The fits to the COCHISE data give two alternate functions, expressed
as a cubic and a quadratic polynomial respectively. These functions agree well within the
range of internuclear separation covered by the COCHISE data, but diverge from each other
at larger internuclear separations. In order to define the magnitude of the uncertainties in A-
factors resulting from uncertainties in dipole moment functions at large internuclear
separation, we have computed rotationless A-factors for both empirical functions as well as
for ab initio functions published in the literature. A manuscript describing the determination
of the empirical dipole moment function and rotationiess A-factors is now in preparation for.
submission to the Journal of Chemical Physics.

We have also used the COCHISE empirical dipole moment functions for NO to
perform rigorous calculations of the rotational line strengths as a function of J. The purpose
of these calculations is to examine the effects of the dipole moment function, spin uncoupling
(transition from Hund’s Case (a) to Case (b)), and centrifugal distortion on the P- and R-
branch line strengths at high J (J=~80 to 120). Calculations were performed for the
COCHISE quadratic and cubic empirical dipole moment functions as well as for the ab initio
functions of Langhoff et al, Billingsley, and Peyerimhoff et al. The calculations incorporate
the spin uncoupling treatment of Hill and Van Vleck, and treat centrifugal distortion effects
mmﬂymgkﬂmveﬁmumformeuppumdlmmnaulmwcofwh
transition.

It appears that spin uncoupling is a relatively weak effect for NO, even at high J,
however centrifugal distortion of the rovibrational wavefunctions significantly perturbs the
transition moment integrals. The effects of centrifugal distortion on rotational intensity
scaling are small for the fundamental band, but are significant for the first and higher
overtones. Specifically, centrifugal distortion at high-J causes a factor-of-two increase in the
R-branch transition intensities of the first overtone; this can increase the integrated
overtone/fundamental band intensity ratios in cases where significant high-J radiation is
present. The choice of dipole moment function affects the magnitude of the centrifugal
distortion effects at high-J, and also causes factor-of-two variations in the
magnitudes of the band-integrated A-factors for the fundamental band at high-v and for the
first overtone band.

We have compared the results for the different dipole moment functions, and have
computed thermally averaged A-factors for rotational temperatures up to 10,000 K, v=1-26,
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fundamental and first overtone. The thermally averaged A-factors show a weak temperature
dependence which results primarily from the » factor in the rotational line intensity. We are
preparing a manuscript reporting the high-J effects and the thermally averaged A-factors for
submission to the Journal of Quantitative Spectroscopy and Radiative Transfer. We are
coatinuing to examine the behavior of the second and third overtone bands in order to define
a series of laboratory measurements which would improve the empirical dipole moment
accuraCy at larger internuclear distances. Such measurements would resolve current
discrepancies near 1.5A and would enable much more reliable calculations of the A-factors
for high vibrational levels (v~ 15 to 26).

In another series of measurements, we observed NO(v,J) fluorescence spectra from
the energy transfer interaction of discharged No/Ar mixtures with NO counterflows. These
measurements employed variations in discharge and counterflow component mixing ratios in
an attempt to identify the precursors to the excited NO fluorescence. We observed
fluorescence from at least seven vibrational levels having thermal rotational distributions and
three vibrational levels having rotationally "hot" (high-J) distributions. An example spectrum
(compared to a spectrum from N* + O,) and population distribution are shown in Figures 6
and 7. Large contributions to the rotationaily thermal NO(v=1) populations from Ny(v) VV
energy transfer could be identified; however the mechanism(s) for excitation of the remainder
of the fluorescence is still uncertain. Spectral fits to the observed spectra indicate energy
transfer of up to 1.7 eV to account for the cbserved states. The vibrational state population
distributions are nearly the same for the thermal and rotationally hot components, and
conform with a modeled distribution based on NO(A-X) radiative cascade following
formation of NO(A) by energy transfer from Ny(A). However, excitation of the high
rotational states requires excitation of NO(A,v,high-J) by energy transfer from Ny(A,v<8), a
process which has never been investigated or observed. An alternative mechanism with
mfﬁcientm«geﬁaisumymsferviaN(zD)+NO,whichanoccurthroughN-aﬁom
exchange. Possible energy transfer mechanisms are compared in Table 3. We have
completed a detailed analysis of this data, and a manuscript is in preparation.

We have also performed several series of experiments dedicated to the investigation of
collisional deactivation of high-J states, particularly for NO(v,J). These measurements were
performed by systematically varying the pressure of background He in the reaction cell and
using phase-sensitive detection to obtain NO(v,J) spectra at two phase settings. By observing
both in-phass and out-of-phase components, it is possible to reconstruct phase-summed and
phase-dependent spectra which can be analyzed to determine detailed state populations for the
rotationally thermal and hot componeats. The NO(v,J) measurements were performed for
the N* + O, reaction. As the pressure was increased from 2 to 10 mt, the rotationally hot
component was observed to shift out of phase with the thermal component. Phase-summed
spectra showed the disappearance of the high-J component with increasing pressure, and a
concomitant increase in the lower vibrational levels of the rotationally thermal component.
To support the interpretation of these data, we also obtained phase-sensitive, pressure-
dependence data on N(W-+B) emission (a prompt radiator excited by the discharge) and
CO(v,J) excited by N, energy transfer. Comprehensive analysis of these data will provide
new information on the rotational deactivation dynamics of high-J states.
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° Indicate energy transfer of < 1.7 ¢V
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15




Table 3

Possible Energy Transfer Mechanisms

Comparison of predicted versus actual NO(v,J) densities

in COCHISE experiment
Required for | Estimated for
Energetics | Rate Constant NO(v,)) Interaction
Species (eV) (em3 sl Excitation Zone Comments

NZD) 2.38 6 x 10°!! 4.7x 108 3-10 x 10° | May occur through
atom exchange
N(D) + NO -
NO(v) + N

NCP) 3576 | 3x10!! 9.3 x 108 1-3x 10® | No attractive
potentials for atom
exchange

N,(W34) 7.36 No data 3x 108 3x108 Unlikely; would -
require gas kinetic
rate constant

Ny(w!a) 7.35 No data 3x 10 1x10® | Unlikely; would
require gas kinetic
rate constant

Ny@alz) 8.4 ~3x101 | 1.0x108 2x10° | Insufficient number

| density

N,(a''E,) 855 | 36x101° | 8x107 3x10° | Possible but channels
to form NO(A),
NO(X) unknown

N,(A%L) 6315 | 6.6x 10! 4x 108 1-3x 10° | Known to form
NO(A) with majority
of the energy defect
in vibration and
rotation

* Assumed
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3. FLOW REACTOR INVESTIGATIONS OF METASTABLE CHEMISTRY

Using discharge flow reactor techniques, we have performed several investigations of
the quenching kinetics, spectroscopy, radiative lifetimes, and reactions of electronically
excited and metastable species relevant to auroral excitation in the upper atmosphere. This
work has resulted in several journal articles which are included here as appendlcee
Observations of N;O formation from reactions of discharge-excited No* + 05" are described
memuacnpthppend:xC Avxewgmphpreeentanononthebranchmguuofot
(0,0)/(0,1) emission from Oz( 4) is given in Append:x D. Investigations of Nz dynamics
include: a search for N ( L), Appendix E; investigations of the Nz orange afterglow,
Appendix F; the transition moment, Einstein coefficients, and radiative lifetime of N3(A),
Appendix G; and energy transfer between No(X,v) and No(B), Appendxx H A
determination of the transition moment for the NO(B—X) transition is described in
Appendix 1. Investigations of metastable N-atom kinetics include a determination of the
Einstein coefficient for the N(2P-+%S) transition, viewgraph presentation in Appendix J, and
rate coefficients for quenching of N(°P) by O, and by O (including NO* production from
the latter), Appendix K.

Wehaveperfmneddmharg—ﬂowreacbrexpmwumdeeermmeNO(v.Dyxdds‘
from the reactions of N(°D) and N(*P) with O,. In these experiments, metastable atoms
generated by a microwave discharge react with rapidly flowing O, in an argon bath at
pressures near or below 1 Torr and room temperature. The NO formed from these reactions
is interrogated by tunable-UV laser-induced fluorescence (LIF) to determine the vibrational
and rotational populations in the ground electronic state. Analynsofprehmmarylaser
induced fluorescence spectra for the XA system (-y-bands) resulted in the identification of
NO(X,v=22), undoubtedly produced bythexucnonN(P)-I-Oz(dxeeonetpondmgN( D)
reaction has insufficient exoergicity to form this state). This is an important since
theorists have previously argued that NO(X) cannot be formed in the reaction of N(“P) with
O, due to the unavailability of adiabatic potential surfaces.

In subsequent expenments we observed LIF in the X-B system of NO (8-bands), and
simultaneously monitored N( D) and N( P) optically. We detected N( D) by vacuum-
ultraviolet (VUV) resonance absorption at 149 nm, and N( P) by both VUV resonance
absorption at 174 nm and passive fluorescence at 346 nm. The experiments were performed
in fast flows of Ar and He buffer gases at pressures near 0.5 Torr and reaction times near
1 ms (downstream from the O, injection). The specific X-+B bands observed to date are
(v’,v*) = (1,6) and (6,21). The observation of the (6,21) band near 560 nm provides further
ldennﬁanon of high-v NO(v,J) which can be produced by reaction of N(2P) but not by
N( D). Thedaudnwthattheu?mtenmtyofthubandconelmhneaﬂymththeN( P)
number density, md:anngthatthemcuonofN( P)wxmozlsmdeedresponsibleforthe
~ formation of NO(v=21). At present, our experiments do not distinguish whether NO(v=21)
is formed directly from the reaction or via near-resonant collisional deactivation of high-J
NO(v,J) formed as the pnmary product. However, the latter alternative is consistent with
our previous experiments in COCHISE, which show initial formation of high-J NO(v,J), no
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detectible NO(v 2 15), and moderately efficient deactivation of the high-J states by collisions
with He.

Based on the COCHISE observations of deactivation of the high-J states at tens of
milliTorr, we expect any high-J NO(v,J) to be present at greatly reduced number densities
under the conditions of these flow reactor experiments. However, owing to the sensitivity of
the LIF technique, it may be possible to detect the presence of high-J states if they are
sufficiently robust against collisional deactivation. Some low-intensity features observed in
the LIF spectra may be due to high-J states, however conclusive assignments are difficult
owing to uncertainties in the term energies for high-J states in the lower and upper electronic
manifolds. To aid in the analysis and identification of the LIF spectra, we have adapted an
LIF spectral prediction code developed in Prof. Ron Hanson’s group at Stanford University.
We have upgraded this capability to incorporate the highly accurate spectroscopic constants
for NO(X) reported by Amiot and coworkers. Comparisons of simulated and measured LIF
spectra in the X-B (1,6) band near 280 to 285 nm confirm the observation of J =25
transitions, but at near-thermal intensity distributions. The simulations show that high-J
transitions for the (2,4) band overlap this spectral region, however we have not clearly
identified any of these transitions in the spectra observed to date. We are continuing to
pursue these measurements along the same lines, to (1) quantify the relationship between the
kinetic behavior of high-v NO(v,J) and that of N( P), and (2) establish whether detectable
levels of high-J NO(v,J) are present.
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4. MODELS OF AURORAL EXCITATION

We have related the laboratory data to upper atmospheric aurcral excitation
phenomena and observations by developing simple kinetic models of the excitation and
deactivation processes. In particular, we have focussed on the excitation of NO(v,J) by
chemistry induced by energetic electron bombardment of the lower thermosphere. As a part
of this effort, we have compiled a critical review of recommended values and uncertainties
for kinetic parameters of elementary reactions associated with the formation, destruction,
excitation, and deactivation of nitric oxide in the quiescent and bombarded upper atmosphere.
This review, dated November 1991, is included here as Appendix L. An update of this
review is in progress for submission to the open literature.

We have also performed a variety of model calculations and predictions for
comparison to field data and scaling to other auroral strengths, altitudes, and atmospheric
(atomic oxygen) compositions. These predictions are made by a steady state model
calculation which balances the excitation and deactivation rates for NO(v,J) and its
metastable precursors, given a set of atmospheric composition and dosing profiles. The
predicted vibrational populations for the rotationally thermalized and hot components are then
used to compute detailed, high resolution spectra of the NO(v,J) fluorescence as it would be
observed in the atmosphere. These predictions are compared to field data, such as that
obtained by the Field Widened Interferometer (FWI).

The principal assumption in these calculations is that the rotationally thermal
component, NO(v), originates from the reaction N(zD) + 09, while the rotationally hot
componeat, NO(v,J), arises from the reaction N(3P) + O, as postulated based on
COCHISE laboratory results. We therefore must treat the formation of N(ZD,zl’) from
electron impact processes and their quenching kinetics with O, O,, N, and electrons. We
also treat the collisionai and radiative deactivation of NO(v) and NO(v,J). This gives
predicted altitude profiles of the individual vibrational state number densities, which can be
integrated to compare with the overhead column densities observed by FWI. In general, we
find that the N(zP) + O, mechanism only gives large NO(v,J) yields when the atomic
oxygen number density is low and the aurora penetrates to =100 km. This is because O
quenches N(ZP) more efficiently than O,, and at higher altitudes the increasing O/O, ratio
discriminates against NO(v,J) formation. Thus the altitude of peak NO(v,J) production is
near 100 to 120 km, and NO(v,J) preduction via N(P) + O, is predicted to decrease
sharply with increasing altitude. While the predicted NO(v,J)/NO(v) yields agree with FWI
data for the likely [O] and dosing conditions of the flight, there remains a significant
possibility for an additional, previously unknown mechanism which might produce NO(v,J)
at higher altitudes. A viewgraph presentation, illustrating the FWI spectral data, the kinetics
of the key reactions, the predicted species profiles and spectra, and potential additional
excitation reactions, is included in Appendix M.
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Branching ratios for infrared vibrational emission from NO(X T1,v’' =2-13)

W. T. Rawiins and M. E. Fraser

Physical Sciences Incorporated, 20 New England Business Center. Andover. Massachusetts 01810

S. M. Miller and W. A. M. Blumberg

Phillips Laboratory/Geophysics Directorate. Hanscom Air Force Base, Massachusetts 01731
(Received 14 November 1991; accepted 30 January 1992)

The ratios of overtone and fundamental vibrational Einstein coeflicients for NO(X *IT) have
been measured by spectrally resolved infrared chemiluminescence near 2.7-3.3 um and 5.2-6.8
p#m. The reactions of N(*D,’P) with O,, in the presence of a small background of He in s
cryogenic low-pressure reactor, generated vibrationally excited, rotationally coid (60 K)
NO(v), whose emission spectra were recorded with high spectral resolution. Least-squares
spectral fitting analysis of the observed overtone and fundamental spectra gave vibrational
band intensities, whose ratios at each emitting vibrational level v’ yielded the

(Av = 2)/(Av = 1) Einstein coeflicient ratios for v’ = 2~13. The results provide comparisons
to previous theoretical and experimental data, and reflect the behavior of the dipole moment
function for NO(X *I1). The measured ratios indicate an overtone Einstein coefficient

Ay =0.94 4 0.11 s~ ' for an assumed fundamental value 4,, = 13.43~".

1. INTRODUCTION .

The nitric oxide molecule plays key roles in the chemis-
try and radiative behavior of air-breathing combustion sys-
tems, chemical lasers, discharge plasmas, and the earth’s at-
mosphere. In all of these applications, the infrared
vibrational transition probebilities for NO are important for
diagnostic applications and investigations of energy/radia-
tion transfer. Owing to the high temperatures and nonequi-
librium conditions in which NO radiation is often encoun-
tend.theemxmn;spmmbehn;hly internaily excited,
requiring knowledge of vibration—rotation transition mo-
ments at large internuclear separations. This information for
NO is available only from theory, with little or no experi-
mental validation. In this paper, we present experimental
data for the branching ratios of fundamental and first over-
tone emission from highly vibrationally excited NO, as ob-
served in a cryogenic chemiluminescence reactor. These
data provide insight into the shape of the electric dipole mo-
ment function, as well as an indirect determination of the
absolute (v = 2) — (v” = 0) overtone transition probabili-
ty.

In the specification of absolute emission intensities and
spectral distributions, one requires the vibrational emission
rates (Einstein coefficients, 4, . ), averaged over all ther-
mally populated rotational levels, for all the vibrational
states of interest. While many ground state absorption mea-
surements have determined values for the (v',v") = (1,0)
and (2,0) transition strengths, the scalingof 4 .. with ¢’ is
only partially understood. Previous empirical determina-
tions'? of the dipole moment near equilibrium internuclear
separation provided limited information for low v'. In a de-
finitive theoretical treatment, Billingsley** performed an ab
initio, multiconfiguration self-consistent-field (MCSCF)
calculation of the dipole moment function of NO(X M),
and rigorously evaluated the rotationaily dependent and

thermally averaged Einstein coefficients for the fundamen-
tal (Av = 1) and first overtone (Av = 2) transitions over a
largerangeof v andJ ' (v = 1-20,J" = 0.5-33.5). The over-
lap of the ab initio dipole moment function and the
NO(X 1) potential is illustrated in Fig. 1. The absolute
values and relative scalings given by this work have been
widely utilized; however the absolute values of 4 .. are now
known to be erroneously small.’

In the only previous experimental investigation of vibra-
tional dependence, Green er al.® determined Einstein coeffi-
cient branching ratios for NO(v' = 2-9) from Av = | and
Ay = 2 fluorescence spectra in electron-bombarded N, /0,
mixtures. These measurements confirmed Billingsley’s® pre-
dicted vibrational scaling of the branching ratios for v’ = 3~
7, and established that the dipole moment function of Mi-
chels' was incorrect. However, the experimental data leave
considerable uncertainty for the (2,0)/(2,1) ratio, and are
not definitive for v’ >8. Nevertheless, the data of Green ¢
al® verify the shape (second derivative) of the ab initio di-
pole moment function at intermediate nuclear separation.
Thus, a reasonable approsch for selecting values of 4. . isto
apply the Billingsley® vibrational scalings to absolute values
of A, , and/or 4, , determined from careful absorption mea-
surements.>*'? This approach was adopted by Rothman e¢
al.” 10 evaluate absorption strengths for both the fundamen-
tal and the first overtone; the resulting absolute vaives were
slightly modified by Rawlins ef al.'' for the analysis of
NO(Av = 1) chemiluminescence spectra.

We have previously reported’' detailed laboratory in-
vestigations of the vibrational chemiluminescence from nas-
cent NO(v,J) formed by reactions of metastable atomic ni-
trogen with O,, as originally observed by Kennealy et al."?
In the recent experiments,'’ extensive rotational and vibra-
tional excitation was observed in nitric oxide formed under
nearly collisionless conditions by the reactions
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N(D) + 0, ~NO(v) + O('D,’P), (R1)
N(CP) + 0, ~NO(vJ) + O('S,'D,’P). (R2)

The NO(v) distributions from (R1) peak near v = 7, and
are detectable to v = 14. Reaction (R1) is responsible for
auroral chemiexcitation of NO(v), "'“mdformcltofthe
production of NO in the earth’s

Rm(kz)pmd\wuNO(vJ)mthahi;hdemot
rotational excitation in each of several (at least eight) vibra-
tional levels.'!! The spectral data exhibit distinctive R-
branch band heads, which signify substantial populations of
rotational states in the range J = 60.5-120.5 (i.e., >l eV of
rotational energy). Similar band heads have been cbeerved
in high-altitude auroral spectra of NO emission,'* indicating
a significant role for (R2) and/or similar chemiexcitation
processes in the particle-bombarded upper atmosphere.

In the analysis of spectral distributions for the high vi-
brational and rotational states populated by reactions (R1)
and (R2), it is necessary to probe the dipole moment func-
tion over a much larger range of the NO potential surface
than has previously besa examined experimentally. In addi-
tiom, it is often important to specify the overtone spectral
distribution corresponding to that of the fundamental, or
vice versa. To thess ends, we have used the infrared chemilu-
minescence approach, previously applied to determine the
nascent product distributions for reactions (R1) and (R2),
to simultaneously observe Av = | and Av = 2 spectral distri-
butions from those reactions. To eliminate complications
due to multimodal rotational distributions and spectral band
overiap, we introduced low levels of helium bath gas which
caused extensive rotational cooling and slight vibrational de-
activation of the initial state distributions. This effect, com-
bined with the cryogemic temperature of the reaction

chamber, resulted in extremely low-temperature Boitzmann .

rotational distributions, which permitted accurate determi-
natiouns of the (Av = 2)/(Av = 1) branching ratios over the

T EEEETTEE————
I*
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range ' = 2-12. The results clarify previous determinations
at low v', and indicate significant departure from Billings-
ley’s® scaling at high v’

A subsequent paper'’ will address the analysis of the
branching ratios to determine an empirical dipole moment
function for NO and the corresponding Einstein coefficients.
We describe here the experimental methods, spectral analy-
sis, and branching ratio results as compared with previous
work.

il. EXPERIMENTAL MEASUREMENTS v

The experiments were performed in the cryogenic CO-
CHISE (cold chemiluminescent infrared stimulation exper-
iment) facility at the Geophysics Directorate. The design
and operation of this facility are described in detail else-
where;'* the measurement conditions were essentially the
same as those for the previous NO chemiluminescence inves-
tigation.!! In brief, the reaction cell and surrounding radis-
tive environment are cooled to approximately 15-20 K,
which eliminates background radiation and provides rapid
cryopumping of the reagent gases. The infrared detection
system consists of a cryogenic, scanning grating monochro-
mator and a liquid-helium-cooled Si:As detector, focused to
infinity along the axis of the reaction cell. Reagent gases, at
80K, enter the cell through a series of four opposing jets, and
mix along the cell axis as illustrated in Fig. 2. In the present

case, nitrogen metastables, generated by microwave dis--._ .

charge of flowing N,/Ar (12% N, ) mixtures near 1 Torr,
enter from one side of the cell and mix along the centerline
with a mass-balanced opposing flow of O,. This results ina
rapid chemical reaction producing chemiexcited NO(v/),
which radiates in infrared bands near 5.4 (Av=1) and 2.7
(Av = 2) um. The discharges are modulated with a 23 Hz
square wave, and the emission from the reaction zone is ob-
served via phase-sensitive detection.

In other applications of this technique,'*?' the pressure
in the reaction zone is typically 3-S5 mTocr, approaching
single collision conditions. For the present experiments, he-

FI1G. 2. Diagram of COCHISE reaction chamber.
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lium was admitted to achieve a steady state (static) pressure
of 10 mTorr, quenching out the high-J states. Preliminary
measurements in the absence of He gave overtone spectra
which were difficult to analyze unambiguously, owing to the
extensive spectral overiap between poorly resolved high-J
and thermalized rotational components of adjacent vibra-
tional bands. The addition of small amounts of He resulted
in significant rotational cooling, and a pressure of 10 mTorr
was sufficient to eliminace the high-/ components. This is
demonstrated by the absence of R-branch band heads in the
Av = | spectra, and by the conformity of the rotational dis-
tributions to a single-temperature Boltzmann form for all
vibrational levels.

Spectra of the Av = | and Av = 2 emission were record-
ed sequentially, as matched pairs, using order-sorting inter-
ference filters to isolate each band. A total of four matched
pairs were recorded, all for essentially the same conditions of
pressure, temperature, flow rates, and discharge operation.
All spectra were obtained at a resolution of 0.0067 um (full
width at half-maximum), corresponding to approximately
2.3 cm ™! for the fundamental band and 9.2 cm - for the
overtone band. The uncertainty in the observed wavelengths
is + 0.003 um due to a periodic fluctuation in the mono-
chromator scan rate at cryogenic temperature.

Before and after the spectral measurements, the optical
system was calibrated for absolute and relative spectral re-
sponse using a blackbody radiation source imbedded in the
mirror at the end of the reaction cell. The calibrations em-
ployed blackbody temperatures between 350 and 400 K,
with a temperature measurement uncertainty of + 3 K.
This results in a systematic uncertainty of + 12% in the
measured (Av = 2)/(Av = 1) intensity ratios.

A representative spectral pair is shown in Fig. 3, with
the NO transition band centers labeled. Note the logarith-
mic intensity scale illustrating a dynamic range of approxi-
mately two orders of magnitude. The NO(Av = 1) system is
clearly resolved up to v’ = 13, with no apparent interfering
radiators. However, several additional features appear with
the NO(Av = 2) system. The (5,2) and (2,0) bands of the
N, (W’A, < B°Il,) electronic transition’? are evident near
2.6 and 3.3 um, respectively; the 3.3 um band ultimately
limits the range of v’ for which the analysis can be carried
out. In addition, several Rydberg transitions of Ar are ob-
servable as scattered light from the discharges.”* In particu-
lar, a weak Ar line near 2.69 um partially obscures the
NO(2-—-0) emission, necessitating a factor of =2 downward
correction in the observed intensity of this band.

(it. ANALYSIS AND RESULTS

The spectra were analyzed using a linear least-squares
spectral fitting method which we have employed extensively
in the past.!":!%151%-21 The NO line positions and strengths
were calculated with the spectroscopic constants given in
Rawlins ef al.!' (as modified slightly from those of Gold-
_ man and Schmidt* ) using the assumption of Honi-London

scaling of the rotational line strengths.* From the predic-
tions of Billingsley,** the Hénl-London assumption should
be accurate for the low-J levels sampled in these measure-
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FIG. 3. Obeerved fundamental and overtone emission spectra. Band centers
of the individual vibeational itions are indicated

ments. In particular, spin-uncoupling and vibration-rota-
tion interactions will not impact the analysis of the data.
Matching of the observed rotational envelopes to the com-
puted spectra gives a uniform rotational temperature of 60
K, signifying that the presence of He causes significant ther-
mal coupling between the 80 K reagent gases and the 20 K
reactor wall. At 60 K, the third rotational level carries the
maximum population, and 99% of the population lies in the
lowest ten rotational levels. Examples of the computed spec-
tral fits are shown in Figs. 4 and 5.

The least-squares solutions to the spectral fitting proce-
dure are the integrated intensities for each vibrational transi-
tion, [NO(v') ]4,. ., as plotted in Fig. 6 for a matched pair
of overtone and fundamental spectra. By taking ratios of
these values at each v’ for a given spectral pair, we determine
the Einstein coefficient ratios 4, . _,/A4.. . _,, which rep-
resent the branching ratios between Av = 2and Ay = | tran-
sitions. The observed Einstein coefficients are thermally

J. Chem. Phys., Voi. 96, No. 10, 15 May 1992
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averaged at 60 K. However, since Honl-London scaling ap-
plies (no spin uncoupling), these Einstein coefficients are
equivalent to the rotationless Einstein coefficients of the
molecule, and are independent of temperature to at least 600
K as shown by Billingsiey.* The observed ratios for all the

FIG. 3. Daza (light line shown with the best fit sad separately sbove) and
least-aquares fit (dark line) to NO(Av = 2) emission
tempersture and spectral resolution are 60 K and 0.0067 um. The slight
mismatches nesr 2.9 and 3.1 um result from nonlinesrity in the cryogenic

Avv INO(V)], photons/cm?® s
L | R ) IT
a
[»]
(s ]
o
(]
[n]
2 I} Al_

Rotational

@

FIG. 4. Daus (light line, shown with best fit
and separaiely above) and least-squares fit
{dark line) to NO(Av = 1) emission spec-
trum. Rotational temperature and spectral
resolution are 60 K and 0.0067 u4m. The
standard deviation of the spectral fit is
0.048.

dats, and average values for each v, are tabulated in Table I.
The uncertainties given in Table I are statistical errors deter-
mined for the fitting and averaging procedures, and do not
incorporate the systematic uncertainty of the relative re-
sponse calibration.

101 ma T T ¥ L

100

o * -
108 i 1 1 1 1 j

Upper Vidrational Level (v)

FIG. 6 Vibrationa! band intensities determined from s least-squares fit of
fundimental and overtone spectra. Error bars denote + 10 standard devi-
ation.

grating drive. The standard deviation of the spectral fit is 0.15. 28
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TABLE L. Experimental (Av = 2)/(Av = |) branching ratios.
e ]
Weighted

v 4 average ( £ 1)

n'.-'-x/",'.,- -1 ( + o)

2 0.04} +0.017
0.031 + 0.026

0.036 + 0.011

0.036 + 0.016

R} 0.060 + 0.011
0.084 + 0.016

0.086 + 0.009

0.096 + 0.020

4 0.096 + 0.007
0.107 + 0.008

0.107 + 0.008

0.096 + 0.010

S 0.131 + 0.006
0.120 + 0.006

0.152 + 0.005

0.131 + 0.009

6 0.152 + 0.006
0.146 + 0.006

0.172 + 0.004

0.147 4 0.008

? 0.193 + 0.008
0.215 + 0.010

0.221 4 0.007

0.165 4 0.010

| 0.202 +0.011
0.215 + 0013

0.247 + 0.012

0.180 + 0.016

9 0.295 +- 0034
0.331 +0.042

0.359 + 0.031

0.263 4 0.036

10 0.289 4 0.066
0.258 4 0.063

0.378 + 0074

0.263 + 0.073

1 0.3%0 +0.234
0.319 + 0.197

0.439 +0.222

0.425 +0.265

12 0.387 + 0.357
0.315 +0.353

0.279 +0.204

0.223 3+ 0.267

13 0.572 3 0.732
0.298 4 1.001

0.318 +0.345

0.082 + 0.406

0.037 + 0.001

0.078 + 0.007

0.103 + 0.003

0.136 + 0.008

0.158 + 0.007

0.202 + 0.012

0.214 + 0,014

0.315 + 0.022

0.293 + 0.027

0.384 + 0.029

0.286 + 0.030

0.262 + 0.088

-

IV. DISCUSSION
A. Comparisons to previous data

The equations relating Einstein emission coefficients to
the dipole moment function are discussed in detail by Bil-
lingsley.* The band Einstein coefficients 4. . represent
thermal averages, for a given rotational temperature, of the
individual state-specific Einstein coefficients for a given vi-
brational transition. These state-specific Einstein coeffi-
cients are proportional to the square of the dipoie moment
integral connecting the two states,

29
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where ¥ (r) and ¥ (7) are the wave functions of the upper
and lower states and 4 (7) is the dipole moment as a function
of internuclear distance 7. For an electrically harmonic sys-
tem, where s1(7) is linear, the magmitudes of the Av = 1 tran-
sition probabilities are determined from the first derivative
of the dipole moment function, while those for the overtone
transitions are determined solely by the mechanical anhar-
monicity of the system, i.e., the nonorthogonality of the
wave functions ¥ and ¥”. As the dipole moment function
acquires curvature, increases in the second and third deriva-
tives strongly increase the overtone transition probabilities.
In the case of OH(.X *[1), the dipole moment function is
strongly curved near equilibrium internuclear separation,
and as a result the Av = 2 Einstein coefficients exceed those
for Av = | at unusually low v'.2%%°

For NO(X *[1), the dipole moment function is small
and only mildly curved near equilibrium separation.’ Thus
we expect the Av = | Einstein coefficients to be primarily
sensitive to the slope of u(r), and fairly insensitive to its
shape. The scalingof 4. . _, with v/ should be close to har-
monic (i.e., = ') near the bottom of the potential well, and
will tail off at higher v’ due to the increasing effects of me-
chanical anharmonicity in the wave functions. In addition,
increasing curvature in u(r) at large r will affect the Av = 1
values at some high (but unknown) v'. In contrast, even
modest curvature in u(7) will profoundly affect the absolute
values and ¢’ scaling of the Av =2 Einstein coefficients.
Thus the measurement of (Av = 2)/(Av = 1) branching ra-
tios over a wide range of v’ provides information on the cur-
vature of the dipole movement function over a large range of

r.

The average (Av =2)/(Av = 1) ratios are plotted in
Fig. 7, together with previously measured and predicted val-
ues. The agreement with Green e al.® is excellent over the
range 4<v'<7, where their data have reasonable precision.
The COCHISE measured values deviate significantly from
the Billingsley scaling at both low and high v/, and indicate
the presence of a broad maximum near v’ = 11. The exis-
tence of such a maximum could have significant implica-
tions for the shape of the dipole moment function at large
internuclear separation and for the behavior of 4, . at high
v' and/or J'. Unfortunately, due to the limited precision
(low signal/noise) of our spectra in this region, we cannot
obtain sufficiently accurate v’ = 13 data to define the appar-
ent downtumn in the ratios for v’ > 12. Nevertheless, the data
clearly show significant deviations from the shape of the ab
initio dipole moment function for both equilibrium and large
internuclear separations.

The ratio values in Table I are appropriate for rotational
temperatures below = 100 K, and are probably reliable for
temperatures up to at least 300 K. Billingsley*® found that
the individual line strengths departed only slightly from
Honl-London scaling, and as a resuilt the thermally aver-
aged Einstein coefficients were virtually independent of tem-
perature up to 600 K. The extension of these values to higher
J'’ and temperature requires further investigation. At some
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FIG. 7. Comparison of experimental branching ratios 10 (a) previous mes-

surements and (b) predictions from dipole moment functions. Solid circles:
weighted averages from Table I, with error bars signifying + 10 standard
devistion from the weighted mesn. Open circles: data from Green e al.,
Ref. 8. Solid curve: Billingsiey, Ref. 6. Dashed curve: Chandraiah and Cho,
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temperature, 4 , . will become sensitive to rotational distri-
bution, since the scaling of A(J’) diverges from Honl-Lon-
don as J' increases.’ It is possible that the high-J distribu-
tions resulting in R-branch band heads'' are significantly

affected, since the effects of spin-uncoupling and vibration—
30

rotation interactions may be substantial, and further since
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these states sample the extremes of internuclear separation
where curvature in the dipole moment function is more pro-
nounced. Further analysis of the COCHISE data to infer an
empirical dipole moment function, examine high-J effects,
and compute 4 . . (T) will be reported elsewhere. '’

B. Absoiute Einstein coefficients: 4, , and 4,,

Most of the experimental data base on NO(v) transition
probabilities comes from absorption measurements on the
(1,0) and (2,0) transitions. A list of previously published
experimental and theoretical values: for the absorption
strengths and Einstein coefficients for these transitions is
givenin Table II. The measurements for the (1,0) transition
fall into three groups: those with 4,, ~13-14 s~', those
with 12-13, and a few early measurements of 7-8. The work
of Holland et al.,'® together with the extrapolated line-by-
line data of Mandin ef a/.” as reported by Rothman ez al.,’
give consistent valuesof 4, , of 13.6and 13.3s "', respective-
ly. A discussion comparing these values to previous mea-
surements can be found in Holland et al.'® In brief, the high
spectral resolution and higher measurement precision of
Refs. 9 and 10 indicate a significant discrepancy with the
previous lower values, and strongly support a value for 4, o
between 13 and 143~ . Indeed, Rothman et al.” invoked the
extrapolated line-by-line data of Mandin et al.’ in their com-
pilation of atmospheric line absorption parameters. We have
adopted the value 4,, = 13.4 s ' at 300 K. This value is
further supported by recent shock tube measurements of
spectrally resolved NO(Av = 1) emission between 800 and
2500 K, which give 4, = 13.2s' ( 4 10%).*

The (2,0) transition probability is less well determined.
Experimental values range from 0.8 to 1.1 s~'. The most
careful measurements are those of Chandraiah and Cho,’
whose empirical dipole moment function provides good
agreement with the COCHISE branching ratios at low v/
(see Fig. 7). We note, however, that their result for the (1,0)
band appears to be about 10-12% low.

The COCHISE data give an accurate value of 4, ,/4,
( £ 20 = 7.9%, cf. Table 1), which can be used to determine
Ay, with good precision. Billingsley® gives the ratio
»“LI/ALQ == 1.90, 1.89, and 1.92 fo"mdimmtm
tions of Refs. 4, 2, and 1, respectively. Since the dipole mo-
ment function is nearly linear near equilibrium internuclear
separation, this particular ratio is dominated by the mechan-
ical anharmonicity of NO (i.e., the radial wave functions for
v=0, 1, 2), and is relatively independent of the details of
slope and shape of the dipole moment function. Thus the
Ay, /A, ratio is = 1.9 for three very different dipole mo-
ment functions, and is probably quite accurate. We can then
determine from the experimental data the ratio
Ayo/A, o =0.070, which is identical to that determined by
Chandraiah and Cho? and about 1.6 times that computed by
Billingsley.® {In comparison, the experimental value for this
ratio is 2.4 times larger than for the electrically harmonic
[linear u(7) ] case.} Application of our recommended value
for A, , gives the determination

Ayp =094 4011 s,
where the indicated error is the systematic uncertainty in the

J. Chem. Phys., Vol. 96, No. 10, 15 May 1992

—— e

1

!




!
/

Rewing of a/.. NO(v) nirased branchung ratos

TABLE 1. Absorption coefiicients and Einstenn coefficients for the Ay = | and Ay = 2 transitions of NO.

$(0-1)

e e S

7561

5(0-2) A(1-0) A(2-0)
Investigator Citation cm ‘Ama'  cm-lAmat 7! s”!
Haveuns (1938) Ph.D. Dissertation, U. of 121 120
Wisconsin
Dinsmore and Crawford U. of Minnesota Report 145 + 29 143 £ 29
(1949) No. NR-O19-104
Dinsmore (1949) Ph.D. thesis, U. of 2.57 +£0.5] 1.0+0.2
Minnesota
Penner and Weber (1953) 1. Chem. Phys. 21 649 047 23+06 69+ 0.7 0.9 +02
Vincent-Geisse (1954) Compt. Rend. 239, 251 82 81
Breene (1958) J. Chem. Phys. 28, 11; 70 2.7 6.9 1.1
29,512
Schurin and Clough (1963) 1. Chem. Phys. 38, 1855 " +7 11.0+07
Breeze and Ferriso (1964) J. Chem. Phys. 41, 3420 16 +? 28+05 7.5+£07 1.1+£02
James (1964) J. Chem. Phys. 40, 762 138 +6 13.6 £ 0.6
Fukuda (1965) J. Chem. Phys. 42, 521 M+4 13+ 04
Ford and Shaw ( 1965) Appl. Ope. 4, 1113. 1ns+9 114 +09
Alamichef (1966) J. Phys. (Paris) 27, 345 13243 13.0+03
Schurin and Ellis (1966) J. Chem. Phys. 48, 2528 211 +0.1 0.82 + 0.04
Varanasi and Penner J. Quant. Spectrosc. 128410 126 £ 1.0
(1967) Radist. Transfer 7, 279
Oppenheim er al. (1967) Appl. Opt. 6, 1305 125+ 8 124 £ 08
Feinberg and Camac J. Quant. Spectrosc. 124 + 22 123422
(1967) Radiat. Transfer 7, 581
Green and Tien (1970) J. Quant. Spectrosc. 125 12.4
Radist. Transfer 10, 305
Michels (1971) Ref. | 13442 20406 13.2+£02 0.78 £0.23
King and Crawford (1972) J. Quant. Spectrosc. 135+5 133405 -
Radiat. Transfer 12, 443
Chandraiah and Cho (1973) Ref.2 121+ 6 2174011 120+ 06 0.84 4+ 0.04
Garside et al. (1976) Appl. Opt. 16, 398 12449 123409
Billingsley (1976) Ref. 6 113.3 L 10.78 0.46
Kuaimori er al. (1977) J. Quant. Spectrosc. 1224+ 6 121+ 06
Radiat. Transfer 19, 127
Mandin er al. (1980) Ref. 7,9 1344 13.3
Holland ¢z al. (1930) Ref. 10

v-1/Mp

== Chandraiah and Cho

! oo Klichels T

o 1 1 L L 1 L { A i 1 {

1 2 3 4 5 6 7 8 9 10 11 12 13
Upper Vibrational Level (v)

1373+ 46

136+ 0.5

FIG. 8. Relative scaling of Av = | Einstein coefficients with v'. Solid curve:
Billingsley, Ref. 6. Dashed curve: Chandraiah and Cho. Ref. 2 (calculated
in Ref. 6). Dotted curve: Michels, Ref. | (calculated in Ref. 6). Dash/dot
curve: computed for a linear dipole moment function.
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relative response calibration. This value is 12% higher than
(but within experimental uncertainty of) that measured by
Chandraiah and Cho,’ and is a factor of 2 larger than pre-
dicted from the dipole moment function of Billingsley.® The
relatively large value for 4,, indicates that the dipole mo-
ment function has more curvature near equilibrium internu-
clear separation than was predicted from the ab initio theory.

Potentially, the assumption of Billingsley scaling of
A, .. _, can be used with the COCHISE data to infer
A, . _, values to higher v'; however, this procedure will
have increasing uncertainty at higher v’ as curvature in the
dipole moment function plays more of a role in the v’ depend-
enceof 4, . _ . To evaluate the validity of this procedure,
we examine the predicted 4, , | scalings as shown in Fig.
8. Predictions for the dipole moment functions of Refs. 1, 2,
and 4 were taken from Ref. 6. In addition, we have plotted
the predicted scaling for a linear dipole moment function as
computed using Rice-Ramsperger-Kassel (RKR) wave
functions for NO(X *[1). (While the absolute values of
A, . _, depend on the assumed slope of x(7), the relative
values 4 . . /A, donot.) Itis clear from Fig. 7 that the
relative 4 factors for the fundamental band are fairly insensi-
tive to modest variations in u(7) curvature for v'<4. Fur-
thermore, the close agreement between our 4,,/4,, ratio
and that of Chandraiah and Cho,? together with the similar-
ity in v’ scaling of the 4 factors for Av = | computed by
Billingsley® from the ab initio* and empirical® dipole mo-
ment functions, suggest that the Billingsley scaling is indeed
reliable, atleast up to v’ = 6.

With the caveat that curvature in u(r) at large  can
affectthed. . /A, , scaling at high v, we tentatively con-
clude that Billingsley scaling is a good approximation for the
fundamental band, with an uncertainty increasing with v’ to
perhaps + 20% near v’ = 12. (However, we note that there
is no firm basis for extending this scaling to higher v', say
v’ =20.) Accordingly, we have applied this scaling of
A, _, toestimate valuesfor4 , . _, usingaquartic least-
squares fit to the branching ratio data of Table I. The resuits
are listed in Table II1. Given the combined uncertainties in

TABLE I11. Einstein cosflicients for NO(Av = 2) transitiona.

4, s
v Estimated from Ab initio
COCHISE (Ref. 6)
2 0.94 ( +12%) 0.46
3 2.74 1.51
4 48 310
5 71 490
6 9.8 1.29
7 13.0 9.63
] 16.6 12.50
9
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the branching ratio measurements and the 4. . _, scaling,
we conservatively estimaie uncertainties in A, . _,ranging
from + 12% forv' = 2to + 40% for v’ = 13.

V. SUMMARY AND CONCLUSIONS

We have used the infrared chemiluminescence tech-
nique, in a cryogenic reaction vessel, to measure the oves-
tone/fundamental branching ratios for vibrational emission
from NO(X *ILv). A combination of low rotational tem-
perature and high spectral resolution eliminated complicg-
tions of non-Boltzmann rotational distributions, and mini-
mized spectral overlap between adjacent bands. The spectral
resolution also reduced complications in the analysis due to
interference from other radiating species. The measure-
ments cover ranges of 2-13 in v’ and 0~12 in v”, and extend
the previous experimental data base to both lower and high-
er vibrational levels. The agreement with predictions from a
previous ab initio calculation is generally favorable, but de-
tailed comparison indicates significant differences in slope
and curvature of the dipole moment function at equilibrium
and large internuclear separations. These differences will af-
fect the magnitudes and v’ scalingof the Av = 1and Av =2
Einstein coefficients, the more significant effect being on the
overtone transitions. An experimental value derived for A,
agrees with previous determinations and shows the theoreti-
cal value to be a factor of 2 too low. Further details of these
effects, as well as the scaling of transition strengths for high
vibrational and rotational excitation, must be addressed
through derivation of an empirical dipole moment function.
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The Dipole Moment and Infrared Transition Strengths of Nitric Oxide
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Nitric oxide is an important source of infrared radiation in the thermosphere. During
auroral depositions or other energetic particle bombardments, nitric oxide is produced with
copious excess internal energy, resuiting in non-thermal population of a wide range of
vibrational and rotational states. The corresponding infrared fluorescence spectra extend
from 5 to 9 um in the fundamental band (Av=1), and from 2.5 to nearly 4 um in the first
overtone band. Reliable prediction and analysis of the excited state radiant intensities and
spectral distributions requires accurate values for the infrared transition strengths (Einstein A
coefficients) as functions of initial and final vibrational and rotational state. Using recently
published overtone/fundamental branching ratio measurements, we have applied a non-linear
least squares fitting technique to determine an empirical electric dipole moment function for
NO(XZIT) over the range 1.7 to 3.0 bohr in internuclear distance. We then used this dipole
moment function to compute state-to-state Einstein coefficients, taking into account the
effects of spin uncoupling and vibration-rotation interaction for high rotational energies. We
discuss the results of these calculations, and their implications for the modeling and analysis
of rovibrationally excited NO(v,J) fluorescence in the electron-irradiated upper atmosphere.
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N,O Production Mechanism from the Interaction of Discharged-Excited Species
M.E. Fraser
T.R. Tucker
L.G. Piper
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: - N,0 PRODUCTION MECHANISM FROM THE INTERACTION
OF DISCHARGE-EXCITED SPECIES

Mark E. Fraser, Thomas R. Tucker, Lawrence G. Piper,
and Wilson T. Rawlins

Physical Sciences Inc., Andover, Massachusetts

. Ve have examined the inter-
action of discharge effluents to understand
the formation mechanism of N,0 {in the upper
atmosphere and in published studies employing
discharge-flow systems. N,0 production rates
vere determined under various discharge-flow
conditions and are consistent only with a
process in which both N, and 0; species are
excited and are present in large relacive
concentrations. We posculate N;(v2l5) +
0;(a%a or b!T) as the responsible mechanism.

1. Introduction

N,0 production from lighening {Hill et
al., 1984; Levine and Shaw, 1983) and dis-
charged [Donochus et al., 1977; Brandvold and
Martinez, 1989; Eliasson and Kogslsachatz,
1986; Lavine et al., 1979] or irradiated
(Harteck and Dondes, 1956} N,/0, mixtures is
wall-documented but the formation mechanisms
ars not understood. N;0 plays an important
role in both the uppsr and lower atmosphere
as a photochemical precursor to odd nitrogen
(NO,) and as an infrared radiator/absorber.
N,0 is produced copiously via ground-based
biological activity and fossil fuel combus-
tion, and thess sources ars generally con-
sidered to control the global atmospheric N,0
budget. However, a variaty of cbservations
of N,0 formation in discharge-excited N,/0,
mixtures has led to considsrable speculation
about possible mechanisms for local atmos-
pheric sources of N,0 which would impact the
chemistry of tropospheric electrical dis-
charges, stratospheric NO, production, and
auroral energy deposition. In particular,
Prasad and Zipf [1981] have suggested that
the reaction of N3(AYE,") wicth 0; was
respousible for laboratory observations of
N;0 production in elesctron-irradiated N,/0,
[2ipf, 1980a], and have used this idea to
model chemical N0 production in the upper
stratosphere/lover mesosphere (via
solar-pumped N3(A) [Zipf and Prasad, 1982}
and in the auroral D and E regions (via
eslectron-impact-excited Ny(A)) (Zipf, 1980b].
In addition, Hill et al. (1984] have applied
this mechanism to models of tropospheric N,0
production in lightning, point discharges
below thunderclouds, and high voltage power
line coronas.

Recent laboracory investigations of the
N;(A) + O, interaction indicate the branching
ratio for N,0 formation to be small [Iannuzzi
et al., 1982; Black et al., 1983; DeSousa et

Copyright 1990 by the American Geophysical Union.
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al., 1985), probably near zero {Fraser and
Piper, 1989). Furthermore, additional explor-
atory measurements in our laboratory showed
that readily detectable N,0 levels were
formed, not from inceractions of discharge-
excited N; with O, or excited 0,/0 with N,,
but with co-discharged N,/0, mixtures. This
observation suggests that the reaction(s)
responsible for N,0 formation observed in
discharges requires the presence of metastable
excited states of both N, and 0;:

Nx' + 02. - Nzo + 0

This type of reaction can be expected to bs a
far less productive source of N,0 than the
2ipf-Prasad mechanisa in most atmospheric
scenarios.

Ve report here an investigation of cthe
interaction of discharge-excited 0, and N; in
order to determine the kinetic behavior and
identify the N;0 production mechanism. Our
measurenents establish copious N;0 production
via reaction of N;' with 0;°, and indicace
that previous inferences [Hill et al., 1984;
Levine and Shaw, 1983; Zipf, 1980a; Zipf and
Prasad, 1982; Zipf, 1980b) of atmospheric
effects from N;' + 0, or 0,°/0; + N,
reactions are incorrect.

2. Experimental Techniques

The experiments were performed in a
5-cm-diamecer, 50-cm-long quartz flow tube
equipped with a Pyrex trap. A diagram of the
experimental apparatus is shown in Figurse 1.
The total flow rate was 1900 umole s™! at a
pressure of 2.6 torr and a linear flow
velocity of 670 cam s"!. The nitrogen flow
ranged from O to 200 umole s™! (typically
100 umols s™!) and the oxygen flow varied
from 2 to 56 umole s™! (typically 2 umole
s’1). The input oxygen and argon gases wers
purified by flowing them through cryogenic
traps of 5-A molecular sieve prior to their
entry into the reactor. The argon was
further purified using a commercial scrubber.
Nitrogen was used without purification.

These experiments employed both micro-
wave and hollow-cathods dc dircharges. The
microwave discharges were operated at 2450 Mz
and 40 to 50 W power. The hollow-cathode
discharge source was of conventional design
[Clyne and Nip, 1979], operating at 240 V dc
and 3 mA. )

The excited speciss created in the
discharges interacted for 75 ms between the
mixing point and the point of N;0 collection.
The N;O product was collected in a pyrex trap
immersed in liquid nitrogen. Typical trap-
ping times were 5 min. The gas flows were
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then shut off and the trapped products wars
transferread to a second trap. The contents
of the transfer trap were analyzed for N,0 by
gas chromatography with mass spectrometric
datection (GCMS). Details of the analysis
and calibration procedures have been pub-
lished praviously [Fraser and Piper, 1989].

All of the determined N0 production
rates wers corrected for background levels of
N;0 arising from oxygen impurity in the
nitrogen gas. For the microwave discharges
thiis f{mpuricy was 3 x 107 umoles 8! and for
the dec experiments the N,;0 background was
undstectable.

3. Results

The results of our experiments are
summarized in Table 1. Typically 10 to 20
measuremsnts were performed for each dis-
charge configuracion. The error limits shown
with the data represent the total scatter in
the data over the entire nitrogen mole frac-
tion range. The data are presented in this
manner becauss the N,0 ylelds wers found to
be rslatively constant over all nitrogen mole
fraction conditions. The dsta in Table 1 are
uncorrected for N,0 loss mechanisas which are
likely to be small for our experimental
conditions.

The greatest N0 yields were observed
from co-discharged N,/0; mixtures. For the
co-discharged system, roughly 1 percent of
the initisl O; was converted to N;0. Dis-

wmorml
L R
W al
= aowEn
PYREX
TRAP
U-TRAP

Fig. 1. Diagram of the experimental apparatus.

charging the nitrogen and oxygen separatsly
with subsequent mixing downstream produced
ylelds that were raduced by a factor of two.
The yields for cthis configuration are
significanc, especially considering the
increased surface quenching of excited state
precursors for this system. Discharged
nitrogen with *cold” oxygen sadded downstrsam
produced N;0 yields that wers further reduced
by an order of magnitude. The yislds of N0
from discharged oxygen with "cold" nitrogen
added downstream were below detection limits.
The results from these three discharge
configurations indicate that discharged
nitrogen is essential to N0 formation and
discharging the oxygen lmproves the yield by
a factor of tan.

In an attempt to isolate the excited
state species contributing to N;0 formation,
experimants wers conducted with modified
discharge conditions. GClass wool was placed
downstresa from the Ar/N; discharge to rsmove
completely discharge-created electronic
staces of N such as N;(A’R’, A°SE,"). This
has the additional effect of reducing the
nuaber density of vibrationally excited
ground-state nitrogen significantly and thatc
of ground-state N-atom number densicy
slighctly [Morgan and Schiff, 1963; Piper st
al., 1989). As shown in Table 1, the
addition of glass wool to the Ar/N; discharge
caused a reduction in the N0 yield by s
factor of about four. This is commensurats
with the reduction that aight be expected for

TABLE 1. Results for N;0 Formation

N0 Production Rats

Experiment (pmole s7%)
Co-discharged Ar/N;/0; 0.053 £ 0.12
M Ax/N; + MW Ar/0; 0.022 + 0.003

MW Axr/N; + MW Ax/0; + w/Ni screen
MW Ax/N; w/glass wool + MW Ar/0;
MW Ax/N; w/glass wool + MW Ar/0;

w/Ni screen
MW Ar/“: + o:

MW Ax/N; v/glass wool + 0,

Ar metastables + N;0;
MW Ar/0; + N,

0.0103 £ 0.003
0.0056 + 0.0013

0.0027 ¢+ 0.00065
0.0019 £ 0.0004
0.00056 + 0.00011
< 107
0.0

MW = microwave discharge
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N;(v) under thesa conditions. If excited
electronic staces of N; were involved, a much
greatsr decresase should have baen observed

Similarly, a nickel screen was placed
downscream of the Ar/0; dischargs. The
nickel screen quenches discharge-produced
mectastables and catalyctically recombines the
atomic oxygen to form electronically excited
0;, o.8.. 0(AL,*, bZ,", ala,) (Kenner and
Ogryzlo, 1983; Al{ et al., 1986]. This pro-
cedure caused only a factor of two decrease
in the N30 yield implying thac electronic
metastables of 0, are involved in the
production mechanism.

The remaining discharge configurations
failed to producs N;0 in excess of background
levels. This includes microwave discharged
Ar/0; with N, added downstream and argon
metastables added to N,/0; mixturas.

4. Discussion

The results clearly show that efficient
N;0 formation requires excited 0, and excited
N;. The measured N0 production rates indi-
cate the minimum concentrations of the
responsible excited species. Estimates of
the discharge effluenc number densities and
their flow rates at the mixing point are
listed in Table 2. The number densities
shown in Table 2 are accurate to within a
factor of 2 to 10. The factors that
influence the absolute number densities
include 0;, N; mole fraction, extent of wall
and collisional deactivation prior to mixing,
and microwave power. The dependence on
microwvave power is large from O to 30 W but
less than a factor of two from 50 to 90 W
{Piper et al., 1989]. The estimates shown
here are for 50 W microwave power.

The N; and 0, flow rates were measured
directly from flow meters. The remaining
data in Table 2 derive from direct measure-
ments of microwave discharged Ar/N, and Ar/0,
mixtures performed in our laboratory or from

N,0 Production Mechanism

for N(*S) and O(’P) shown in Table 2 reflect
our measurements of the dissociation of XN,
and 0; in microwave discharges {Piper and
Rawlins, 1986]. The number densities for
N;(X,v) are derived from direct measuremencs
of these populations in discharge-excited N,
mixtures [Piper et al., 1989). the data in
Table 2 are for an N, mole fraction of 0.1
which yields a modified Treanor vibrational
distribution of characteristic temperature
3500 K {Treanor ec al., 1967; Caledonia and
Center, 1971). Cook and Miller [1974}] have
decermined the 0;(aa) yield to be 5 to

10 percent of the 0, density. We have
directly measured the N(®D), N(?P) yields
from discharged nitrogen (L.G. Piper,
unpublished, 1989]. che data in Table 2
reflect the measurad ratio [N(3D)!/[N,;] ~ 10°?
and [N(2P)]/(N(3D)] ~ 0.2. Observation of
N2(A’S -+ X!T) Vegard-Kaplan emission has set
the N;(A) number density to be - 10? mole-
cules cm™® with vibrational populationa
predominantly in the lowest two vibrational
levels. These studies (Piper and Marinelli,
1989] have also indicated the density of
other N, electronic states to be <10? mole-
cules ca™3,

iN AL

Ve have excluded ifon concentrations from

Table 2. Although ion concentration may be
high within the active discharge region
(~10!! cm'?), recombination rapidly drops the
ion number densities to <10’ ca™® [e.g.,
Nelson and Tardy, 1988). Even if ions were
to form N0 with unit efficiency in our
various discharge configurations, the
formation rates would be several orders of
magnituds below the data shown in Table 1.

It can be seen from Table 2 that number
densities of N;(A) and other electronically
excited forms of N," are too small to account
for the observed N,0 production rate. Thus,
the most likely nitrogenous N;0 precursor
appears to be N(v). The most abundant
molecular effluents of the Ar/0, discharge
are 0;(a,b); 0(A,A" ,c) are significantly

studies reported in the literature. The data less abundant and are therefore unlikely to
TABLE 2. Discharge Effluents
Approximate Radiative
Concentration Lifetine, Flow Rate
Species (molecules cm™®) Trad (umols 3°1)
N, 4.8 x 101 - 100
2 9.6 x 101, - 2
N(‘s) 103 . 10 - 0.1 -1
o) ~3 x 10% - 0.65
Ny (v27) ~7 x 10% - 1.5
Ny (v215) ~3 x 109 - 0.6
0,(ala) 1083 65 min 0.22
0,(b'Z) 1012 123 2.2 x 1072
N(3D) ~5 x 1010 12 hr 1073
N(*P) ~1 x 10% 123 2 x 10
Na(A) 10° 2s 2.2 x 1073
Other N, <10°® <<ls <1073
electronically

excited species

Concentrations ars rough estimates for the effluents of
the discharged Ar/N; and Ar,/0, prior to mixing.
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be involved. The observation of slight N,0
formation when the 0,-is not discharged
suggests a serial process in which the 0,
must first be excited by collisions with N,"
before it can react to form N,0.

We therefore conclude that N,0 is indeed
formed in discharge-excited nitrogen/oxygen
mixtures at low pressures, and that the most
likely reaction involves vibrationally
excited N;(X) and electronically excited 0;(a
or b). In order for the spin-allowed
reaction

N(X,v) + Oy(a) - N0 + O('D) (L)
to be exoergic, N,(vzl5) is required. The
occurrence of a spin-forbidden reaction path
forming O0(°P) or the involvement of 0,(b)
lowers this energetic requirement by seven or
two quanta, respectively. For our results to
be accounted for by reaction (l) requires a
lower bound to its rate coefficient, on the
order of 10°'* cm® s'!. The actual rate
coefficient could well be much larger than
this limit owing to precursor quenching
effects and competitive reactions that we
have not yet evaluated.

In performing these experiments we have
been cautious to minimize N,0 production from
the reaction

N + NO;, - N,O + 0 (2)
which has a rate coefficient {Clyne and Ono,
1982] for all product branches of 3 x 10732
cm’ molecule™! s°!. We have chosen an 0;:N;
ratio of 1:50 in order to minimize NO and,
hence the NO, that can form from the
recombination of NO and 0. For our
experimental conditions the reactions

N(*S) + Oy =~ NGO + O
(k = 1.2 x 10°'¢ cm® molecule? g7) 3)
(Becker et al., 19697,

N(*D) + 0, -~ NO + O
(k = 4.6 x 10°12 cm® molecule™? s°%) (4)
[Piper et al., 1987]),

N(%P) + O, - NO + O

(k = 2.2 x 10°12 co’ molecula™ s°}) (5)

(Piper et al., 1989], and

N+NO~N, +0
(k = 3 x 10!* cm® molecule™! s7}) (6)
[Clyne and McDermid, 1975; Husain and Slater,
1980; Lee et al., 1978] yield a steady-state
number density for NO of ~1.3 x 109 molecules
cm™?. Even if all the NO were converted to
N;0 by either gas phase or heterogenous pro-
cesses, the N,0 yield would be 1073 umole
s’!. This is significancly lower than the
N;0 yields presented in Table 1. Thus, we
conclude this source does not contribute
signi€icantly to our results.

As alternatives to reaction (1) there
are other suggested mechanisms ior N,0

N,0 Produc:ion Mechanisn

formation in electric discharges. These
include

Ny(A,v>>4) + 0, = N,0 + O (N
and

0," + N; - N0 + 0, (&)
that have been postulaced by Zipf [private
communication, 1987] and Prasad (1¢81],
respectively. Table 2 shows that the total
nunber density of N,(A) is insufficient to
account for the N,0 yields observed here.
However, we note that the possibility of N,0
fcrmation via reaction of Ny(A, v24) wich 0,
is not addressed in the present experiments
(N;(A) concentrations are too small), nor can
it be ruled out on the basis of the previous
kinetic studies [Iannuzzi et al., 1982; Black
et al., 1983; DeSousa et al., 1985%; Fraser
and Piper, 1989] of N,(A, low v). Thus there
are still no direct or conclusive measure-
ments to confirm or deny the occurrence of
this process.

Reaction (8) is also unlikely under our
experimental conditions since ozone formed by
three-body recombination of O and 0, cannot
reach sufficient number densities to account
for the observed resulcs. Additionally, no
N,0 was observed from the interaction of
discharged oxygen with nitrogen, indicacting
excited N, to be key to N,0 formacion.

S. Conclusions

Although it is well known that
co-discharged N,/0, mixtures efficiently pro-
duce N0, our observation that the respon-
sible mechanisa requires both the N, and 0,
species to be excited is unique. Due to the
requirement that both reactants are excited,
an N,0 formation mechanism of the form

N + 0" ~NO + 0

severely restricts the range of its
importance in natural atmospheric processes.

This process is probably responsible for
N;0 formation in lightning and cloud dis-
charges, and may have provided an important
source of N,0 in the primordial atmosphere.
In addition, this reaction may contribute to
N,0 formation in coronal discharges around
high voltage transmission lines, previously
suggested by Hill et al. [1984] (on the basis
of N;(A) + 0;) to be a significant global
source of NjO0. Clearly, the kinetics of
tropospheric electrical dischargas need to be
re-evaluated in light of the present results.

However, stratospheric/mesospheric
effects due to solar excitation of both N,*
and 0,° (directly or indirectly via colli-
sional energy transfer from more efficiently
excited species) will be negligible. This is
consistent with the upper atmospheric data
base [NASA, 1985], in which the observed N0
profiles above 40 km show no sign of the
local enhancement in production rate pre-
dicted by Zipf and Prasad [1982].

Similarly, in auroras the N,* + 0,°
reaction will not be significant except at
the strongest dosing levels, probably IBC
Class III-1V in intensity. This level of

——
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auroral dosing could produce significant
molecular excitation below 100 km, i.e., at
altitudes where quenching of the excited
species by atomic oxygen would be diminished.
Under these conditions, N0 formation would
probably be observable through fluorescence
in {ts infrared vibrational bands at 4.3, 7.8
and 17 um. Unforctunately, the auroral data
base for such high dosing levels is limited
{Stair et al., 1983], and there is as yet no
clear evidence for N,0 formation under these
conditions.

It appears from the preseat results that
N;* + 0," inceractions are the primary source
of N,0 formation in discharge-excited air,
and that other processes involving N (A, high
v} need not be invoked. We hope to pursue
this issue further in future experimental
investigations.
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Previously, values for the ratio Agg/Ag) for the 02(a1A‘ - X32g’) transition
have been reported to be either about 80 or about 50. Both laboratory and aeronomic
- determinations fall into each group. We have re-examined this Einstein coefficient ratio both
in the laboratory and from data taken on a recent orbital mission. Our laboratory
- measurements involve scanning the spectrum of an afterglow of an oxygen discharge between
1000 and 1600 nm. We calibrated the relative spectral response of our detection system by

scanning the spectral output of the three different standard radiation sources, obtaining good
agreement from all three. Our laboratory measurements give a ratio of 85 + 8. Since the
accepted value for Agg is 2.6 x 104 571, Ag) will be 3.0 x 106 51, Analysis of the field
data requires correcting each spectral scan for differences in altitude, in some instances near
dawn and dusk for differences in local time, as well as for spectral overlap from neighboring
hydroxyl emissions.

The following viewgraphs were presented at the 1990 Spring Meeting of the
American Geophysical Union in Baltimore.




Explanatory Text

*The Ratio AQ0/A01 for the Infrared Atmospheric Bands of Molecular Oxygen®

1,

2.

3.

by Lavrence G. Piper
Title vievgraph including acknovledgment of sponsoring agencies.

Vhy is 02(a) important? It is a major species involved in upper
atmospheric photochemistry. In the day glow, (03(a)] tracks (03] vhile
in the nightglov it tracks [0]. One can use ground-based observations
of 02(a) profiles to deduce the profiles of 03 and O.

The probleam ve are addressing is that emission in the 0,0 band at

1269 nm is absorbed by the 03 in the earth’s atmosphere. From the
ground, therefore, one must monitor the 0,1 band at 1581 nm. In order
to analyze one’s data, one must have an accurate value for the ratio of
Binstein coefficients of the 0,0 to 0,1 bands. Previous values of this
Binstein coefficient are in conflict. Several groups reported a value
of about 30 vhile others have suggested that the ratio is about 80.
Theoretical considerations based upon Franck-Condon factors suggest
that the ratio might be as high as 146.

Our experiments vere performed in a discharge-flov apparatus in vhich
about 4 Torr of 03 vas discharged in a side arm and then floved into
the observation tube. The emission from the flov tube vas monitored
vith a 0.5m monochromator employing a 300 1 mm~l grating blazed at
1000 nm and a 1Ny-cooled intrinsic Ge detector. The relative response
of the detection system vas calibrated vith quartz-halogen lamps and a
1250 K black body source.

The data vere analyzed using the equation on this vievgrsph. Since the
emission features at 1269 and 1581 na have the same upper level, the
ratio of emission intensities of the tvo features gives the Einstein-
coefficient ratio directly.




9.

10.

11.,12.

This vievgraph shovs a typical spectrum of emission from the flov
reactor. Note that the vertical sensitivity has increased by a factor
of 33 at 1320 nm.

Ve took 13 spectra betveen 1200 and 1600 nm under varying conditions.
The emission features at 1269 and 1581 nm vere integrated numerically.
The experimental ratio derived from the measurements is 52 : 6, vhere
the uncertainty is an r.m.s. average of the statistical uncertainty
(20 = 10 percent) and the estimated uncertainty in the instrument
calibration (5 percent).

Ve also looked at a number of earth-limb scans taken by a satellite in
mid-latitude orbit. The satellite used a 1Nz-cooled CVF spectrometer
to scan the vavelength region betveen 0.7 and 3.0 um. The data ve -
analyzed vere taken just after noon, local time, and at dusk, just
before sunset local time.

This shovs a typical spectral scan. The tvo emission features at 1269
and 1581 vere readily apparent, rising above the baseline vhich is
Rayleigh-scattered sunlight. Ve have overlayed scans taken above and
belov the 02" layer to shov hov the baseline can be subtracted readily
from the data.

This shovs hov the ratio of the band intensities varied vith local time
for upleg and dowvnleg traversals of the earth’s limb. The upleg data
are significantly higher than the data taken on the dovnleg. This is
most likely because of the detector’s slov recovery from saturation
after the instrument had been looking at the hard earth. Averages of
the dovnleg data gave a result of 41 ¢ 7 from the noon scans, and

56 + 8 from the dusk scans. A veighted average of the tvo sets of data
results in a ratio of SO ¢ 11 from the field measurements, in good
agreement vith the laboratory data.

!




13.

14.

This table compares our results vith those of previous vorkers. Our
data from both the laboratory and field measurements shovs that the
previous reports of a ratio around 50 are correct, vhile those around
80 are erroneous for some reason.

In conclusion, our data shov that the ratio of the Binstein coeffi-
cients of the 0,0 to 0,1 bands of the infrared atmospheric bands of 0;
is 52 ¢+ 6. Given that the accepted value of the Einstein coefficient
for the 0,0 band is 2.6 (:15 percent) x 10~4 s-1, ve calculate that the
0,1 Einstein coefficient is 5.0 (:19 percent) x 10-6 s-1. If ve assume
that the transition moment function is linear, ve can determine the
parameters of the function from the Einstein coefficient ratio and the
absolute value of the Einstein coefficient for the 0,0 band. For a
linear function, the transition moment function in units of Debye is
either 6.28 x 10~3 - 8.56 x 10-% r(v’v") or else 4.50 x 10-4 - )
3.34 x 10-% r(v'v").

2 -
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EARTH-LIMB SCAN NEAR NOON

LOCAL TIME AT A TANGENT
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VARIATIONS IN THE RATIO lo,0 /10,1
WITH CHANGES IN LOCAL TIME FOR
UPLEG SCANS AND DOWNLEG SCANS
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COMPARISON WITH

PREVIO

DETERMINATIONS

VG90-301

Laboratory Measurements Using
Discharge-Flow Reactors

Group Detector Ago /Agy
Haslet and Calibrated photometers 8020
Fehsenfeld (1963)

Findlay (1969) Grating monochromator | 46.0 £+ 0.7
eN>-cooled Ge detector
Becker et al. (1971) | CVF spectrometer 495+ 4
196 K PbS detector
Present results Grating monochromator | 52+ 6
(1990) eN,-cooled Ge detector
Field Measurements
Group Instrument Ago /Aoy
Pick et al. Balloon-borne _?ratlng 80 £ 15
(1971) spectrometer; 1.E. cooled
PbS detector
Winick et al. CVF spectrometer at 52 +£25
(1985) 1581 nm coupled with
photochemical model of
Og3; eN,-cooled InSb
detector
Present results | CVF spectrometer between | 50 + 11
(1990) 700 and 5000 nm; ¢N,-
3 cooled InSb detector
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The energy and stability of the “high spin’ _ .nd >Z states of N; have been the subject of
many theoretical efforts. These states play an important role in N-atom recombination. The
collisional coupling of these states to other excited electronic states strongly influences the
electronic emission spectrum of N, observed in atom recombination. Since these states are not
dipole coupled to lower excited electronic states of N, , they are considered metastable and are
possible candidates for high energy density storage media. We have examined the siability of
N,(*Z) state in a discharge flow reactor. The 3 state is produced from the N,(4 %) energy
pooling reaction and probed via laser-induced fluorescence on the C * *I1-4 * 5 transition.
While no laser-induced fluorescence from excitation of the A4 ‘ state is observed, comparison of

|

signal levels with laser-induced fluorescence on the B °[1,-4 *Z." transition enables us to
establish an upper limit on the gas phase lifetime of this state at =vessures of a few Torr.
Experimental evidence is presented which suggests that the - .. <z, ™nde of A '-state
quenching is through collisional coupling to the B °I1, state. + sev. other matrix isolation
experiments suggest that the 4 ' state may be stabilized in cryogeni~ -are gas matrices.

INTRODUCTION

~ Experimental investigations of “active” nitrogen have
‘long postulated the existence of a high-energy metastable
electronic state of N, responsible for the excitation of many
species. Various reports indicate the state has a low hetero-
geneous deactivation probability on glass and metal surfaces
and lives for several milliseconds in the gas phase. Matrix
isolation studies have shown that chemiluminescence from
“active” nitrogen trapped at 10 to 35 K may radiate for
many seconds.' The existence of such a long-lived metasta-
ble state would have important consequences for our under-
standing of upper atmospheric chemistry, chemical lasers,
energy storage and high voltage switching.

Recently, several theoretical efforts have focused on the
stability of the high spin ’Z,* and 2" electronic states of
N, . These states arise from the pairing of two N(*S) atoms
to form an N, molecule in which all or all but two of the
electron spins remain unpaired in the resulting molecular
orbitals. These states are characterized by the formation of a
weakly bound (several cm~') van der Waals minimum at
long r, and a somewhat more strongly covalently bound
minimum at shorter 7,. Since these configurations are the
lowest energy of each of the spin multiplicities, they shouid
be stable with respect to decay via dipole radiation and per-
haps metastable with respect to collisional deactivation.
However, collisional coupling between the °Z " and B I,
states was postulated by Kistiakowsky and co-workers? as a
key step in the mechanism for three-body recombination of
atomic nitrogen.

Early calculations on the stability of the 'S state were
conducted by Vanderslice, Mason, and Lippincott® and were
refined by Meador.* These investigators obtained 13.4 and
14.7 cm "', respectively, for the depth of the covalent well.

" Subsequent calculations by Ferrante and Stwalley’ and Ca-

pitelli and co-workers® obtained well depths of 43 and 188
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cm ™', respectively. Recently, Partridge, Langhoff, and
Bauschlicher” performed SD\CI ab initio calculations and
obtained a well depth of 21 cm ~'. ‘Though thi= well depth is
large enough to support a stable molecule at cryogenic tem-
peratures, spin-orbit and spin-spin interactions ~ay quick-
ly cause this state to couple to other electronic staies of N,.

The potential of the *Z," state was initially investigated
by Mulliken,* who predicted a covalent well depth of ~ 2300
cm ~'. Subsequent calculations by Krauss and Neumann®
predicted a shallower potential with a well depth much clos-
er to 830 cm ~'. Siegbahn'? caiculated that D, was approxi-
mately 1450 cm ~ '. Experimental evidence for the existence
of a stable *Z state is limited to the effects it may have on the
predissociation of the B °[l, and a 'I1, states. The proposi-
tion advanced by Berkowitz et al.,’ that the 3T state is re-
sponsible for these predissociations, is bolstered by the evi-
dence of Carroll,!' who derived a well depth of 850 cm -
from predissociation and airglow data.

Recently, Partridge and co-workers'? performed com-
plete active space self-consistent field (CASSCF/MRCI) ab
initio calculations on the *Z." and [T, states of N,. Their
calculations for the ’S state (designated 4 ') revealed a cova-
lent well depth of approximately 3450 cm - ' and a van der
Waals minimum with a binding energy of 47 cm ~'. A bar-
rier of approximately 500 cm ~' with respect to dissociation
to form two N(*S) atoms further enhances the stability of
the covalently bound state. Recombining N(*S) atoms, a
primary mechanism for formation of the A ' state, must trav-
erse this barrier to enter the covalently bonded well. The
potential supports seven bound vibrational levels with a
spacing of approximately 630 cm ~'. The potential for the
’[1, state (designated C *) was also found to be more deeply
bound than previously estimated. The C ” state well depth is
calculated to be 10 505 cm ~' with a vibrational spacing of
approximately 925 cm ~'. A potential energy diagram of
these states is shown schematically in Fig. 1.

———

© 1990 American Institute of Physics
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FIG. 1. Potential energy diagram for the excited quintet and triplet states of
N, (from Ref. 12). The vibrational levels of the C* °[1_ and 4" *X” states
are indicated.

Perhaps the most important result from the Partridge
study was the assignment of the previously unassigned Her-
man infrared (HIR) band system of N, to the C” °IT, -
A’ °Z; transition. This assignment was subsequently con-
firmed by Fourier-transform infrared (FTIR) studies of
Huber and Vervioet.'* The HIR bands are observed in the
650 to 900 nm region as a result of an energy pooling reaction
between two N, (4 *S " ) molecules.'*'* Emission from the
C’Ml, and B°Il, states is also observed from the energy
pooling process. The calculated radiative lifetime of the C*
state is 4.3 us,'? similar to the B°Il,-A *S,* first-positive
bands.'” The calculated lifetime is in conflict with experi-
mental observations'* that the ratio of C °/C state emission
intensities is unchanged over a pressure range of a few Torr.
This would place the lifetime of the C ” state nearer the 37 ns
lifetime of the C state and raises the possibility that the C*
state derives its lifetime from collisional coupling to the C
state.

The assignment of the N, HIR bands to the
C" °l1,-A' *Z; transition coupled with the 3450cm - ' well
depth establishes a means of production and indirect evi-
dence for the stability of the 4 * state. The 9.45 eV electronic
term energy of the A’ state is more than sufficient to excite
many of the states observed in “active™ nitrogen. However,
the magnitude of the intersystem collisional transfer pro-
cesses and nonradiative spin—orbit and spin-spin couplings
to other electronic states in the N, manifold, which decrease
the 4’ state lifetime. have not been addressed. The experi-
ments reported in this paper employ a discharge-flow laser
induced fluorescence technique to quantitatively explore the
stability of the 4’ state in the gas phase. Under conditions

1797

where the production rate of N, (A4 ‘) can be rigorously quan-
tified, we are unable to detect its presence even with reasona-
bly sensitive detection limits. This places an upper bound on
the collisional lifetime of N.(4 ') in our apparatus, and has
implications for the rate of collisional coupling of N, (4 ')
with neighboring states of N, .

EXPERIMENTAL -

Qur approach to determining the collisional stability of
thed ' °Z.* state of N, was as follows: We employed energy
poolingoftwo N, (4 °Z,’ ) molecules to produce the C * *II,
state. Radiative cascade through the C "-4 ' HIR bands re-
sults in production of the 4 ’ state. The production rate can be
determined absolutely via quantitative observation of the
HIR band emission intensity. Laser-induced fluorescence
(LIF) on the C "~A4 '’ transition is employed to probe for the
presence of the A’ state. Calibration of the LIF detection
system is accomplished approximately by comparison with
LIF signals from the nearby B °[1,-4 *Z* transition. The
N. (4 °2) population may be inferred from HIR band emis-
sion intensities using the HIR energy pooling rate coefficient
or directly using N, (4-X) Vegard-Kaplan band emission
intensities. A simple kinetic model, tied to absolute popula-
tion measurements, is used to predict the A ' state population.
The HIR band LIF intensities were compared with intensi-
ties predicted by the calibrated computer model. The gas
phase N.(A4 ) lifetime required to explain the observed sig- -
nal level was then determined from the model. The experi-
ment is described in more detail below.

The discharge flow apparatus is shown schematicalily in
Fig. 2. The apparatus consists of an N,(4 ’Z) generator, a
short flow section, diagnostics section, and pumping facility.
The flow section was provided to allow the N, (A4 ’) to build
to maximum concentration, to reduce scattered light from
the discharge, and to add various reagents. The diagnostics
section provided for observation of passive emission and LIF
at the same point in the flow reactor. Passive emission was
detected using a 0.35 m monochromator (McPherson 270)
equipped with a cooled GaAs PMT (HTV R943-02) operat-

0 e

4

FIG. 2. Schecutic diagram of the discharge flow reactor and LIF detecuon
sysem used m the experiments.
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ed in photon counting mode. A rate meter on the photon
counter ( Pacific Photometrics) was interfaced to a laborato-
ry computer for signal acquisition. The absolute sensitivity
of the detection system was calibrated using the well known
O/NO air aftergiow in the 400 to 900 nm region.'*'* The
absolute calibration was extended to 200 nm by comparison
with deuterium and quartz halogen irradiation standards.
A Nd:YAG pumped tunable dye laser (Quantel
YG581C/TDL50) operating with LDS 698 dye was used to
excite fluorescence from the N, (4 ') state and A state in the
L diagnostics section. The section is internally blackened with
a Teflon coating and equipped with long baifle arms to re-
duce scattered light. The LIF is detected with a baffled and
filtered PMT (HTV R955). An f/2 lens was used to image
fluorescence onto the PMT photocathode. The combination
of a Schott RG-9 color filter and 750 nm long-pass interfer-
ence filter, along with the PMT long-wavelength cutoff, lim-
ited the wavelength range of the detection system to 750 to
900 nm. Approximately 50% of the emission from N, (B,
v=3) and N, (C”, v=2), the levels pumped in the LIF
detection experiments, occurs in this wavelength region. Sig-
nals from the PMT were fed to a high-speed current amplifi-
er (Ithaco 1211) and then to a boxcar signal averager. The
LIF signals were recorded with a laboratory computer and
corrected for variations in laser intensity.

The N,(4 >2) used in this study was produced by ener-
gy transfer from metastable Ar(*P,; ) to N, . This technique
has been described extensively in the literature.'*!%*° The
metastable Ar was produced by passing Ar through a low
power DC discharge (500 VDC, 2 mA) at a flow rate of
approximately 4000 umol s - '. Small flows of N. (10to 250
upmols™') were added downstream of the discharge. In
some experiments a 5% Ar in He mixture was passed
through the discharge in order to use He as the buffer gas. A
small flow of O, could be injected downstream of the N,
(A ) generator in order to quench the N, (4). This was
done occasionally in order to eliminate all chemilumines-
cence and check for the presence of scattered light from the
discharge. In all cases flows were measured using calibrated
mass flow meters. Cell pressures were measured using a cali-
brated capacitance manometer. All reagent gases were ultra-
high purity (UHP) (99.999%) and were used without
further purification. The flow reactor was pumped by two 17
cfm and one 27 cfm mechanical vacuum pumps connected in
a parallel manifold. In this configuration flow velocities in
excessof 3700 cm s ~ ! at pressures of 2 Torr were attainable.

-

RESULTS

Initial experiments were conducted using Ar as a buffer
gas at pressures of approximately 4 Torr. Observation of N,
HIR emission showed that the intensity was maximized un-
der these conditions at N, mole fractions of approximately
0.05. An emission spectrum of the region from 610 to 820
nm. recorded at a point 5 ms downstream of the N, (A)
generator. is shown in Fig. 3. The spectrum includes the data
. and a fit to the data indicating the presence of both the N,
(C "-A") HIR bands and the N, (8-4) first positive bands.
The transition probabilities calculated by Partridge ez al."?
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FIG. J. Visible emission spectrum of N, resulting from the N, (4) energy
pooling reaction in Ar. The important C *~A ' and 8-A transitions are indi-
cated. Heavy line is fit and light line is data.

were used in calculating the fitted spectrum. it is evident that
these parameters do quite a good job of reproducing the ex-
perimental spectrum. The spectrum of the C “—4 '’ transition
is dominated by emission from vibrational levels 2 and 3.
Previous studies by Piper'® showed that these levels are pro-
duced nearly exclusively by the energy pooling reactions in-
volving combinations of N, (4, v =0) and N, (4, v =1).

A lower limit on the N,(4 ’) production rate is given by
the C"-4’ emission intensity. This emission intensity can
also be used to determine the N, (A ) concentration at that
point in the flow reactor. The total N, (4 *) concentration at
any point in the flow reactor is the integral of N, (4 ') pro-
duction and loss processes from the N, (4) generator to that
location. Initially, we assume that only quenching at the
walls of the flow reactor is responsible for the loss of N, (A ).
The production and loss of N, (4) and N. (A4 ') can be de-
scribed approximately by the set of reactions:

N.(4) + N.(4) =N,(C ") + Ny()X), (A)
N2(4) + N.(4) = N3 (B.C) + N.(X), (B)
N.(4) + wall—=N,(X), (©)
N:(C")=Ny(d4') + hv(HIR), (D)
N.(4 ') + wall=N,(X). (E)

We have neglected quenching of N, (C*) based on experi-
mental observations that it is insignificant at our operating
pressures. !+ '® Other collisional and noncollisional pathways
for deactivation of N, (4 ') can be described by inclusion of
an additional pseudofirst-order loss term:

N.(A4') —products. 93]

The radiative rate of the C ” state is sufficiently large so that
the C "-state concentration is considered to be in steady state
in the field of view of the detection system. Hence. the rate of
reaction (AJ) can be set equal to the rate of reaction (D):
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kA[Nz(A)P’kJ(NﬂC')] = lyins (1

where [y, is simply the total Herman-infrared band volume
emission rate. Thus, the N, (4) concentration may be deter-
mined from the HIR band absolute emission rate,

[Ny ()] = {Fum 7k 12, (2)

The energy pooling rate coeflicients for the formation of the
N, (C*) state have been measured by Piper.'* The rate coef-
ficients and the vibrational levels of the C* state that are
excited depend on the degree of vibrational excitation pres-
ent in the N, (4). Under our experimental conditions the
N, (4) is produced primarily in v = 0. Hence, we have used
Piper’s rate coefficient for pooling of two N, (4, v = 0) mol-
ecules, 8.1 + 2.3 10~ " cm’ molecule - ! s - !, in determin-
ing the N, (4) number density. Thus, under typical experi-
mental conditions the HIR band emission measurement
gives an N, (4) number density of 9 X 10° moleculescm = §
ms downstream of the generator.

This estimate of the N, (4) number density is confirmed
by direct observation of the N,(4-X) Vegard-Kaplan
Bands. Figure 4 shows a spectrum of the region from 200 to
400 nm. The fit to the spectrum clearly identifies features
fromN, (4,v=0,1) and N, (C,v = 0-3). The N, (C) emis-
sion is produced from the N, (4) energy pooling reaction.'
The emission from the NO(4-X) transition evident in the
spectrum is due to excitation of small amounts of discharge-
produced NO by N, (A).?' Also present, but not identified
in the spectrum, is emission from the OH(A4~X) transition
which is also due to a low-level impurity. The direct deter-
mination of N, (A4) concentrations from the 4~X band inten-
sities in general indicated N, (4) concentrations consistent
with HIR emission intensity determinations.

The decay of N,(A) in the flow reactor can be modeled
to determine the initial N, (4) concentration at the exit of
the generator. This concentration must be determined in or-

"en, 8y
u.“a:;.xqa M-liulol .ﬂ.' u';o .ﬂ:l.‘ 1_-‘_.‘_:‘: ve
10 321 432768
T T n
10 " 1
[
%0 400
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FIG. 4. UV emission spectrum of N, from N, (A4) energy pooling. Features
of the 4-X and C-2 transitions are indicated. Also present are features from
the NO(4-X) and OH(.4-X) tramsitions resulting from the presence of
low-level impurities. The heavy line is the fit and the light line is the data.
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der tocaiculate the total N, (4 ‘) production up to the obser-
vation point. The decay of N, (A) is given by the expression

i’-‘—‘%‘“—”—a ~ (kn + kg ) [Ny (A)? — ke [Ny (D], (3)

where the factor of 2 usually found in the rate expression
reflecting the loss of two N, (.4) molecules per pooling event
has been excluded. This is done to account for the fact that,
under most experimental conditions, one N, (4) molecule is
regenerated from the pooling reaction via radiative cascade
through the C I, and B I, states. The rate coefficient for
wall loss in a diffusion dominated regime k, is given by*

ke =3.66 D /a*, (4)

where D is the diffusion coefficient of N, (4) in the buffer
gas and a is the tube radius. The diffusion coefficient can be
calculated approximately from kinetic theory* to be 160
cm?s ™' at a pressure of 1 Torr in Ar and scales inversely
with pressure. Under our conditions k. typically has a value
of 80s ~'. The value of kg, the energy pooling rate coefficient
for production of all products other than the C” state, is
estimated by Piper'® to be approximately 3 X 10~ '° cm® mol-
ecule™'s ~'. Thus, it is clear that at these N,(A4) concentra-
tions wall loss is primarily responsible for the loss of N, (4).
Expression (3) can be solved analytically by neglecting
pooling or exactly using a simple numerical model to yield
the N, (4) concentration at the generator exit port.

The equation governing the production and loss of
N.(4°) is given by

‘-

ZIND) ko INY(C )] = Tk + ke HN (A, (5)
where the value of k., wall loss rate coefficient for the 4’
state, is assumed to be the same as for the N, (4) state and
kp [N;(C")] is shown in expression (1) to be the total
HIR band emission intensity. By substitution of expression
(1) into expression (5) one can relate the expected A ‘-state
concentration to the N, (4) conceatration:

d[N;d(‘A')_l = ko [Ny () 12 = {kg + ke }IN;(4")]. (6)

‘Given the initial N, (4) concentration determined from
expression {3), the concentration of N, (4 ) can be calculat-
ed at any point in the flow reactor using a simple numerical
model. It was initially assumed that other loss processes
were negligible (k. = 0). The model predicted that N, (4 ")
concentrations on the order of 4 X 10" molecules cm ~* could
be expected in the observation region, S ms downstream of
the injector. As shown below, this is readily detectable by
laser-induced fluorescence in the HIR bands. ~
Approximate calibration of the LIF detection system
was accomplished by observing the LIF produced by pump-
ingthe N, (B °I1,-4 *2 ", 3-0) band. The origin of the band
is at 685.83 nm. This is a spectral region where no absorption
is expected from the N, (C -4 ') transition. A typical spec-
trum of LIF from the 3-0 band is shown in Fig. 5. The transi-
tionisa *[T(case a)-"= transition with 27 possible branches.
Several of the main branches and satellite branches are indi-
cated.in the figure. The signal intensity at the P,, branch
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FIG. 3. LIF excitation spectrum of the 8°I,-4 2. 3,0 band transition
observed in the discharge flow reactor. The Q,, and A, branch band heads
are indicated in the figure.

head was chosen for determining the detection sensitivity.
The absolute N, (4 'S, v =0) concentration was deter-
mined by the techniques described above.

Several issues must be considered in using this method
to determine the sensitivity of the LIF technique for detect-
ing the A * state. The primary issue is the actual oscillator
strength of the C “-4 ' transition relative to the B-4 transi-
tion. As mentioned in the introduction, the caiculated radia-
tive lifetime for the C *-A4 ’ transition, 4.3 us, conflicts with
some of the data on quenching of C “-state emission. The
quenching data suggests that the lifetime of the C “ state is
closer to 40 ns. This lifetime wouid imply a much stronger
absorption oscillator strength for the transition. The dis-
crepancy will be addressed further in the discussion session;
however, the primary effect of an increased oscillator
strength for the C “~4 ’ transition would be a lowering of the
detection limit for the 4’ state by approximately a factor of
100. Thus, observation of N, (4 ‘), coupled with the theoreti-
cal radiative lifetime, would give a result which is an upper
limit on the 4 ‘-state concentration and hence a lower bound
on the the effective loss rate. _

An LIF spectrum of the region from 700 to 710 nm is
shown in Fig. 6. The 2-0 and 3-1 bands of the C "4 ’ transi-
tion should be excited in this wavelength region. Though
absorption features are observed in this region, they can be
assigned to the N, (B-4, 8-6) transition. This assignment is
confirmed by resolving the fluorescence excited by the laser.
A typical resolved emission spectrum is shown in Fig. 7. The
only discernible emission features are due to transitions
originating from v = 8 and v = 7 of the B state. Population
of N, (B, v =17) is due to vibrational relaxation of B, v = 8
by the Ar buffer. Thus, no emission from the N, (C*-4")
system is excited by the laser within the detection limits of
the system. The detection sensitivity used in the LIF spec-
trum of the 700 to 710 nm region is a factor of 1000 better
than the sensitivity used in recording the spectrum of the N,

. (B=dA, 3-0) band. Observation of the poorly populated and

weakly absorbing v = 6 level of the A4 state illustrates the
detection limits of the system. Comparison of the noise levels

NB-A C6Band  NE-A. 75 Band
1 —=r
o 4 HIR (3-1) Ressived LIF Baci
] t »~

Bslative Intensity

Wavelength (nm)

FIG. 6. LIF excitation spectrum for the region from 700 to 710 nm. Fea-
tures of the 3-4, 8,6, and 7.5 transition are identified. Arrows show the
expected location of the HIR 3,1 and 2,0 bands. The excitation point for the
spectrum of Fig. 7 is shown.

observed in this spectrum with the signal levels obtained in
the spectrum of Fig. 4, corrected for the differences in the
absorption strengths for the -4, 3-0and C "-4 ', 2-Obands,
establishes a detection sensitivity for N, (4 ') of approxi-
mately 1< 10* molecules cm ~°.

The simple numerical model used to predict the expect-
ed N, (4 ') densities at the observation point in the discharge
flow reactor can be used to determine a lower limit on the
loss rate (kg ) for N; (A ') consistent with a concentration at
our detection limit. The traces in Fig. 8 show the expected
temporal profile for N, (4 ') when only wall loss (trace a)
and a loss rate of 3200s ~' (trace b) is included in the model.
When the loss rate of 3200's ~' is incorporated in the model
an N,(4 ’) concentration equivalent to the estimated detec-
tion limit is predicted at the detection point. Hence, we can
placean upper limit on the 4 "-state lifetime of approximately
0.3 ms at pressures of approximately 4 Torr of Ar. In our
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FIG. 7. Resolved LIF spectrum for one of the absorption bands of Fig. 6.
The features present can all be identified as originsting from the B-A transi-
tion. Excitation of the 8.6 band is clearly ‘ndicated. Emission from B,v = 7
is probably dug to vibrational relaxation of the B state.
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F1G. 8. Model predictions for the temporal evolution of the N, (4 *) popuia-
tion in the discharge flow reactor. Trace a shows the behavior expected if
wall loss was the only mechanism responsible for quenching of the 4 * state.
Trace b shows the behavior expected for a loss rate of 3200 s - '. This rate
produces a concentration of 4 * at our detection limits.

experiments we explored a range of N, /Ar mixture ratios
(1% to 20% N, ), discharge conditions (300 to 600 VDC),
and pressures (2 to 5 Torr). In addition, we passed N, /Ar
and N,/Ar/He mixtures directly through the DC dis-
charge. This method of producticn snhances the observed
N. (C"~4 ') emission intensity at the expense of producing N
atoms and perhaps other metastable states of N,. In addi-
tion, He/Ar mixtures were codischarged and N, was added
downstream. Ratios of He/Ar in excess of 100 were em-
ployed in these studies. Under no set of conditions was LIF
on the C“-A’ transition observed.

DISCUSSION

We have conducted a series of experiments to determine
the gas-phase lifetime of the 4 * state of N, . Though the LIF
calibration method employed in the study was not precise,
the experiments do infer a lifetime for the *S state which is
much shorter than expected for a spin-forbidden decay pro-

cess. Our experiments do not provide any direct evidence for -

any of the possible decay mechanisms. However, some indi-
rect evidence provides support for a collisional decay chan-
nel through the B *I1, state.

An expanded potential energy diagram for the 4’ state
and near isoenergetic levels of the B °[T and A *X states is
shown in Fig. 9. The diagram shows that the lowest vibra-
tional level of the 4 ' state is near resonant with v = 10 of the
8°M, state. Also, the barrier to predissociation for the 4*
state occurs at v’ = 13 of the B state. The latter observation
provides evidence for invoking curve crossing to the 4 ' state
as the mechanism for predissociation of the B state.* Thus,
- both collisional and spin-orbit coupling to the B state might
be evident in the spectrum of levels 10-12. A recent study of
the high-resolution LIF spectrum from the
N, (B'Ml,-4 M, 10-6) transition revealed no apparent
perturbations in the rotational levels of the B state.”* In addi-
tion, rio other studies have reported any perturbations in the
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F1G. 9. Expanded energy level diagram of the 4’ state redrawn from the
results of Partridge er al. (Ref. 12). The figure illustrates the potential for
coupling of the A ' and B states.

spectra of levels 10-12.>° Thus, there appears to be no direct
evidence from the spectroscopy of the B state to indicate
spin-orbit coupling to the A ’ state.

Possible evidence for collisional coupling of the B state
tothe A’ state comes from measurements of the energy pool-
ing rate coefficient to form the B state. If the energy pooling
reaction is studied using an Ar buffer gas, much of the infor-
mation on the distribution of vibrational levels populated in
the B state is washed-out by rapid vibrational relaxation. If
He is employed as a buffer gas, vibrational relaxation is less
efficient, and much of the nascent vibrational distribution is
preserved in the emission spectrum. A typical spectrum of
emission from the energy pooling reaction from 560 to 720
nm using He as a buffer gas is shown in Fig. 10. In contrast to
the spectrum of Fig. 3, a strong enhancement in the popula-
tion of v = 10 of the B state is observed. This enhancement
has been previously observed.*® Thus, it would appear that
collisional coupling from low levels (v = 0-4) of the 4 " state
to high levels (v~ 10-12) of the B state may be an important
mechanism for the decay of the A’ state.

Ifthe main loss of N, (A4 ') is through collisional transfer
to N, (8), then a major fraction of the apparent N, ( B) exci-
tation from N, (4) energy pooling may actually proceed
through the N, (C”) channel via cascade to 4’ and colli-
sional transfer to B. Indeed. the energy pooling rate coeffi-
cient for “direct"” production of N, (B) by two N. (4,v = 0)
molecules as measured by Piper,™ is (7.7 + 1.1) %10 "
cm’ molecule~'s~!, comparable to his value'® of
(8.1 £2.3)x 10" " em’ molecule - ' s - for production or
N,(C"). However, it appears from Piper’s data™ that sub-
stantial, truly direct production of N, (B) must also occur
since the reaction gives enhanced production of N.(8

7= 2) and vibrationalily excited N,(A4) clearly favors pro

I
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FIG. 10. Visible emission spectrum of N, dueto N, (A) energy pooling in a
dominantly He buffer gas. The enhancement of the population of v = 10 of
the 8 state is indicated in the inset plot of the vibrational distribution.

duction of N, (B, v<6) over N, (B, v=9-11). Thus it ap-
pears that only a fraction of the N.(A ‘) produced is convert-
ed to N, (B.r). The remainder may be quenched through
some other pathway, or may appear in the neighboring
WA, or B’ ‘S states. which are known to be rapidly colli-
sionally coupled to the 8 1, state.”’

The upper limit on the stability of the 4 ’ state is uncer-
tain, to a large degree. due to the apparent discrepancy in the
theoretical'’ and experimentally inferred'* radiative life-
times of the C “ state. Predissociation of the C ~ state can be
excluded as the cause for the apparent reduced lifetime. The
energy pooling rate coefficient would have to be significantly
larger than gas kinetic in order to produce a C ”-state popula-
tion for which the predissociation rate was 100 times greater
than the fluorescence rate. Similarly, direct coupling of the C
and C " states is unlikely. At the pressures employed in most
of the experiments which have investigated this system, ra-
diative decay of the C state should be much more efficient
than collisional energy transfer. On the other hand, the most
quantitative experimental measurements cover a limited
pressure range, and are not inconsistent with a longer radia-
tive lifetime and an inefficient (e.g., <107 - {gas kinetic)
rate coefficient for clectronic quenching by the inert bath
gas. Clearly. further investigation of this problem is warrant-
ed.

Our experiments in which we vary the N, concentration
indicate that N, is not primarily responsible for coupling of
the (wo manif¢ids. A: the lowest N. concentrations em-
ployed. a gas-kinetic coupling rate coafficient would be re-
quired to couple the leve's and significzat variations in the B
statz, v = 10 enhanceme:t would have been observed. It
wouid appe.r more likely that Ar or He. which are both
present in much greater concentrations. may be responsible
for the courting. In this case the effective quenching rate
coefficient could be as small as 3710 ' cm’ molecule "'
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s ~'. The production of N, (4 ') in either a supersonic jet or
in a rare gas matrix may reduce the collisional coupling to
the B state and enable a more rigorous determination of the
stability of this state.

CONCLUSIONS

We have observed production of the 4 *Z," stateof N,
via (C*°[1, -4’ *L}) radiative cascade from the energy
pooling of N,(4 *Z " ) molecules. However, laser-induced
fluorescence on the C* °[1,-4 ‘ *2 " transition failed to de-
tect the presence of A ‘-state molecules. Based on simple ki-
netic arguments, we place an upper limit on the lifetime of
the 4’ state under our experimental conditions of 0.3 ms.
Observation of enhanced emission from v = 10 of the B°I1,
state suggests that coilisional coupling of the 4 ' to the Bstate
is responsible for the decay of this state. This coupling pro-
vides a significant pathway into the upper triplet manifold of
N, in energy pooling and atom recombination, via a mecha-
nism analogous to that originally proposed by Bayes and
Kistiakowsky.?
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FURTHER OBSERVATIONS ON THE NITROGEN ORANGE AFTERGLOW
Lawrence G. Piper
Physical Sciences Inc.
20 New England Business Center

Andover, MA 01810

ABSTRACT

We have extended earlier observations on the nitrogen orange afterglow that results
from the excitation of Ny(B 31, v’ =1-12) in energy transfer reaction between Ny(A 3T¥)
and No(X,v=24). Spectral observations out to 1550 nm show that No(B,v’ =0) accounts for'
about 38% of the total N5(B) excitation. This makes the rate coefficient for N,(B) excitation
in the energy-transfer reaction between Na(A) and No(X,v24) (4+2) x 10711 cm3
molecule! 1. Experiments involving 14Nz(A) and isotopically labeled l5Nz(x,v) show
I5N,(B) is the principal product. This demonstrates that the mechanism involves electronic
energy transfer from the Ny(A) to the Ny(X,v). The vibrational distributions of Ny(B,v 2 4)
are qualitatively similar whether lsNz(v) or l“Nz(v) is excited, being characterized roughly
as a 5200 K, Boltzmann distribution, although the magnitude of SN,(B,v 2 4) excitation is
about 20% larger. In contrast, the vibronic levels of 1Ny(B,v=0-2) are substantially more
excited than are those of 15N,(B,v=0-2). Interestingly, the overall excitation rates for both
14N,(X,v) and 15N,(X,v) are the same to within 20%. Adding “Nx(X) to the mixture of
Ny(A) with I5N,(X,v) results in quenching of 15N,(B) and the concomitant excitation of

l"Nz(li). The rate coefficient for this electronic energy exchange reaction is (8 + 2) x
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10! cm3 molecule’! s, about 2.5 times greater than the rate coefficient for N5(B) removal

by Nz.

1. INTRODUCTION

The nitrogen orange afterglow can be produced in a discharge flow apparatus by
flowing dilute mixtures of nitrogen in helium or argon rapidly through a low power
microwave or radio frequency discharge.l It has also been generated in a high voltage, low
current discharge in static mixtures of nitrogen highly dilute in argon or helium.2 This
afterglow is distinctively different from the other, better known, nitrogen afterglows, the
Lewis-Rayleigh, pink, blue and green afterglows.># In common with the well-known
Lewis-Rayleigh afierglow, the orange afterglow’s primary emission features to the red of
500 nm are the nitrogen first-positive bands, Ny(B*II,-AST+ ). However, the vibrational
level populations of the first-positive bands in the orange afterglow decrease monotonicaily
with increasing vibrational level, in contrast to the Lewis-Rayleigh afterglow, where the
populations of vibrational levels 10 through 12 are elevated relative to the populations of the
other vibrational levels. Generally, the N, B-state vibrational level populations in the orange
afterglow can be characterized roughly by a 5000 K Boltzman distribution.

Spectral observations of the orange afterglow in the ultraviolet reveal the nitrogen
Vegard-Kaplan bands, Np(AE,*-X!E_*). Ordinarily, these bands are difficult to detect in
nitrogen afterglows because N»(A) has quite a long radiative lifetime,’ about 2.5s, and is
readily quenched by nitrogen atoms. 5 Nitrogen atoms are generated in abundance in most
nitrogen discharges, but flowing the gases rapidly shortens the residence time in the
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discharge sufficiently to reduce the production of atomic nitrogen. As a result, metastable
N,(A) can persist in the flow several tens of milliseconds downstream from the discharge.

Another species abundant in the orange afterglow is highly vibrationally excited,
ground-electronic-state nitrogen. Several years ago, we applied a Penning-ionization
diagnostic to the orange at‘terglow.7'8 This diagnostic involves introducing metastable
He(23S) to the afterglow. A Penning-ionization reaction between He(23S) and vibrationally
excited nitrogen results in excitation of the nitrogen first-negative bands, N, + (B2, *-
X2E,*). The vibrational distribution of the Na * (B) is related to that of ground state
nitrogen through the Franck-Condon factors that couple'the two states. The N * (B, v)
distribution observed in the Penning-ionization process can be inverted to give the vibrational
distribution of the vibrationally excited, neutral, ground electronic state nitrogen. Our
investigations showed that even a modest discharge power of SOW was sufficient to raise
more than half of the discharged nitrogen to excited vibrational levels.} Under certain
conditions, the Penning-ionization reaction also produced some N5 +(C), thereby
demonstrating the presence of ground electronic state nitrogen molecules carrying at least
3.8 eV in vibrational energy.

In a series of observations in which N5(A) and N»(X,v) were generated in separate
sources and combined subsequently, we have shown that the orange afterglow is excited in
an energy-pooling reaction between Na(A) and No(X,v).! Exciting No(B, v=1) requires
N,(X,v25) whereas No(X,v 2 13) is required to generate N»(B,v=12). We have since used
this energy transfer reaction to study the quenching of vibrational energy in ground electronic
state nitrogen by a variety of molecules.?
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This paper reports additional observations related to the orange afterglow. We have
extended spectral observations to 1550 nm in order to quantify the contribution of emission
from N,(B,v’ =0) to the afterglow radiation. In addition, we have mixed isotopically labeled
5N,(X,v) with 14N5(A) to demonstrate that the excitation mechanism of the orange
afterglow involves energy transfer from 14N,(A) to ISN,(X,v) to produce 1SN,(B). Further,
we find adding N,(X) to quench the 15N,(B) results in excitation of 14N,(B) in vibrational
levels lower than those of the 1SN, (B) initially excited.

2. EXPERIMENTAL

The experimental apparatus (see Figure 1) is a 2-in. diameter discharge-flow reactor
configured to allow spectral observations along the flow tube axis. The Ny(A) and No(X,v)
enmedd)emain'ﬂowmﬁomoppodngﬁdemathem’supsuumend. This
end of the flow tube was sealed with a CaF, window having uniform transmission over the
spectral range investigated in these studies, 200 to 1800 nm.

The N5(A) was generated by the energy transfer reaction between metastable
Ar"(3Pg 5) and N;.10:11 This reaction produces No(CI1,) which radiates immediately to
the Np(B3IL,) state. Subsequent radiative and collisional cascade from N(BTI,) makes the
highly metastable No(A3E,*). A low-power, hollow-cathode discharge, sustained in a flow
of S to 10% argon in helium, produces the Ar". The N, then is mixed with the Ar”
downstream from the discharge.

A microwave discharge sustained in a flow of 0.5 to $% nitrogen in helium generates
the Ny(X,v). The discharge efflux flows through a nickel screen prior to entering the main
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reactor. The nic!nel screen removes molecular metastables other than Ny(X,v) and
recombines most of the nitrogen atoms produced in the discharge.+12

Either mass-flow meters or rotameters measured gas flow rates. All flow meters had
been calibrated either by measuring the variation of pressure with time when the gases
flowed into a calibrated volume, o. by comparison with a standard mass flow meter. The
cylinders of nitrogen used for generating the N5(X,v) were connected to a T-valve which
could be rotated to admit either 19N, or 15N, into the discharge. This allowed the isotopic
sources of N(X,v) to be switched rapidly to allow comparison between the two No(X,v)
sources under otherwise similar conditions.

Ao.smmmochmmmmwmmmobmmmthemof&
main flow tube. For measurements between 200 and 900 nm, the monochromator had a
1200 line mm™! grating blazed at 250 nm. A thermoelectrically cooled HTV R943-02
photomultiplier tube, connected to a photon-counting rate meter and lab computer, detected
the photons. For spectral observations between 700 and 1500 nm, the monochromator had a
300 line mm™! grating blazed at 1.0 um and a liquid nitrogen cooled, intrinsic germanium
detector measured fluorescence. In the infrared measurements, light from the flow reactor
was chopped prior to entering the monochromator, and a lock-in amplifier connected to the
lab computer processed the signals from the intrinsic germanium detector.

The spectra observed under the various sets of conditions were analyzed using the
spectralﬁttingptocedl.u'ewehavedetaliledprevi:msly.13 Synthetic spectra are generated by
first multiplying a set of vibronic level populations by a set of basis functions representing
the intensity of a unit population of each vibronic level as a function of wavelength. The
intensities of each band at each wavelength increment are then summed to determine an
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overall spectral intensity. A least squares program varies the populations of each vibronic
level to determine the set giving a spectrum that best matches the one observed
experimentally. The important spectral features between 200 and 400 nm were the nitrogen
Vegard-Kaplan bands, N(A’E,* - X!E,*), nitrogen second-positive bands, N(C31L, -
BML,), and nitric oxide gamma bands, NO(A?E* - XIT). The only significant spectral

- features in the visible and infrared were the nitrogen first-positive bands, Na(B1I, -
A3zu+).

The spectral fitting procedure was essential to the analysis because emissions from
14N, (®B) are highly overlapped with those from 'SN,(B). Our spectra cover a number of
different vibronic sequences, however, and the degree of overlap between vibronic levels in
one sequence is quite different from those in the other sequences.

We used the spectroscopic constants of Roux et al. 1415 or Lofthus and Krupenie!6 in
generating the synthetic nitrogen spectra. Einstein coefficients for N;(A-X) were from
Shemansky, 17 those for 14N,(B - A) from Piper et al.,!3 N(C-B) from Lofthus and
Krupenie, 16 and NO(A-X) from Piper and Cowles.!8 We calculated a set of Einstein
coefficients for ISN,(B-A) using the transition-moment function of Piper et al.!3 and a set of
Franck-Condon factors that we calculated for 15N,(B-A) using procedures outlined
previously.!1 The Einstein coefficients for 15N,(B-A) differed little from those for
1N, (B-A).

3. RESULTS
We showed previously that mixing flows of Ny(X,v) and Ny(A3L) generates the

oﬁnge afterglow of nitrogen! which is characterized by nitrogen first-positive emission,
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NaBI, - ASEY). Mixing 1SN,(X,v) with 14N;(A) also generates the orange afterglow,
but in this case the emission is predominantly from 1SN,(B). Adding increasing amounts of
vibrationally cold 1¥N,(X) to the reactor shifts the spectrum from 15N,(B) emission to that
- from 4N,(B). Pravilov et al.20 noted similar behavior in their study on N(B) fluorescence
excited by N-atom recombination involving 15N and I4N.
The experimental procedure consisted of measuring nitrogen first-positive spectra
generated using first 15Ny(X,v) and then 4N;(X,v) as a function of the number density of

added cold l‘NZ(X). This procedure allowed direct comparison of the two N5 (X,v) sources
at constant conditions. It also permitted extrapolation of the spectral intensities of the
151'12(B-A) to zero partial pressure of “Nz. Studies between 200 and 900 nm also involved
scanning the Vegard-Kaplan bands for each set of conditions to correct for variations in
N;(A) number density. The experimental conditions for the infrared studies exactly matched
those for the visible/UV measurements to ensure comparable number densities of Ny(A) and
Na(X,v).

mnumbudmsiﬁuosz(X,v)inﬂ\eobmaﬁmmgimmdeeﬁwdmvuy
linearly with the flow rate of N, in the microwave discharge. We confirmed this supposition
(see Figure 2) by observing that the intensities of several nitrogen first-positive bands
increased linearly with the flow rate of nitrogen through the microwave discharge under
otherwise constant conditions. This behavior is expected because the effective vibrational
temperature of Np(X,v) varies little at low nitrogen mole fractions in the discharge,® <0.05.
This proportionality allowed us to normalize our observations to common conditions.

: Figures 3 and 4 show how the visible spectrum of nitrogen first-positive bands,

excited from Ny(A) energy transfer to ISN(X,v), changes when a substantial amount of cold
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14, is added to the reactor. Figures S and 6 show near infrared spectra under conditions
similar to those of Figures 3 and 4. The shift from primarily 15Ny(B-A) bands at a 14N,
partial pressure of 19 mtorr to primarily %N, (B-A) bands at a 14N, partial pressure of
132 mtorr is particularly noticeable in the shorter wavelength spectra. The variation at
longer wavelengths is more subtle, but significant enough that the spectral fitting procedure
can differentiate the two isotopic emissions easily. Relative populations for No(B,v=1-5)
under constant conditions are the same whether determined from spectral scans between 500
and 900 nm or 700 and 1500 nm.

The following set of reactions provides a framework for analyzing these observations:

NyASEY) + Ny(XIEE ) = NyBPILp) + Ny(X,v*) (1)
Ny(BIIp) » Ny(AEY) + by @)

Ny + Ny = Ny(X) + N, 6)

BN,@) + UNy () = BNy + 4Ny(B) . @)

The first three reactions can be subdivided depending upon whether 1SNy(X,v) or 4N,(X,v)
flows into the reactor, and will be denoted in subsequent kinetic equations by Ik;, 14k,
etc., when necessary.

The rate of change in the number density of No(B) with time is

2B« )] - f + @) - ©)

dt
This reaction is in steady state within the field of view so that the excitation and decay rates

can be equated. As a result
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. . kNaANa(X,v))
o) - 2 *JE[NZ] . ©®

Since the intensity of molecular fluorescence equals the product of the excited state

number density and its radiative decay rate, Eq. (6) can be rearranged to give

A RY
[N 1)3;[::;)0( ] . kil . %—wz] . ™
A plot of the left-hand side of Eq. (7) against the N5 number density should be linear with an
intercept that is the reciprocal of the excitation rate coefficient, and a slope that is
proportional to the total quenching rate coefficient. Only relative excitation rate coefficients
can be determined unless one measures absolute photon emission rates. In this study we
determined relative excitation rate coefficients by dividing the product of the relative number
densities of No(A) and Ny(X,v) by the observed band intensities and extrapolating this
quantity to zero 14N, partial pressure.

Figure 7 shows how the relative excitation rate coefficients vary with N(B)
vibrational level. We normalized the relative rate coefficient for Ny(B,v' =0) to the others
by multiplying it by the ratio of the relative rate coefficients for Ny(B,v=1-5) determined in
spectral scans between 500 and 900 nm to those determined from scans between 700 and
1500 nm. The relative rate coefficients for No(B, v’ =0) excitation are essentially the same
for excitation from 1SN(X) as from 14N,(X) excitation, but substantial differences exist for
most of the other vibrational levels. Vibrational levels 1 and 2 are excited much more
efficiently from 14N,(X,v) than from 15N,(X,v), while for most of the remaining vibrational
levels excitation from 15N5(X,v) is more efficient.
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The relative excitation rate coefficients for vibrational levels v’ =4 and above
essentially follows a Boltzmann distribution with a vibrational temperature of roughly 5200 K
- for both No(X,v) isotopes. In large part, the distribution in excitation rate coefficients with
vibrational level is determined by the number densities of the No(X,v) vibrational levels from
which the No(B,v) were excited. We have shown previously that the N5(X,v) distribution
does not follow a Boltzmann distribution, rather a modified Treanor distribution.’+8
Interestingly, the characteristic temperature of this modified Treanor distribution is on the
order of S000 K for discharge conditions similar to those used in these studies.

Figures 8 and 9 show the variation in the ratio of the product of the number densities
of Na(A) and N(X,v) to the total N, first-positive band intensity as a function of 14N,
number density. Figure 8 is for the excitation of vibrational levels zero through five, the
near infrared data, and Figure 9 for the visible data, vibrational levels one through twelve.
Both plots include data from 15N, (B) excitation and, for comparison purposes, from 4N,(B)
excitation. The intercepts on each plot for the 14N, data and the 15N, data are essentially
the same. This indicates that the total rate coefficient for 15N,(X,v) excitation is the same as
that for 14Ny(X,v) excitation within the limits of experimental error which are +20%.

The ratio of the slope for 15N,(B) excitation to that for 14N,(B) excitation is the same
in both Figures 8 and 9. This ratio indicates the rate coefficient for 1N, (B) quenching by
14N, is 2.6 + 0.3 times greater than that for N,(B) quenching by 1¥N,. We suspect that
the reason for this large difference is because 15N, (B) can be removed not only by electronic
quenching to N;(A) or N5(X), but also by energy transfer to lower vibrational levels of
14N, (B). While this latter process undoubtedly occurs in MN,(P® as well, it is
indistinguishable from a lack of quenching.
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i In the case of 14N,(B) excitation by energy transfer from SN,(B) to 14N,(X), the
differential equati:m for the rate of change in the l“NZ(B) number density as a function

time is

14N 8
L 1_2_(5)_1 = ka[lsNz(B)INNiJ - {l4k2 + 14k3[N2]}{14N2('B)] _ 3

dt
Here again, the 14N,(B) is in steady state so that we can equate its formation and destruction

rates. Rearranging Eq. (8) gives

[15N2(B)] ) Mk3 . l4k27 ©)
[FN®] & kN

Figure 10 shows our data plotted in a form compatible with Eq. (9). The slope in
Figure 10 indicates that k, = (8.0 + 2.0) x 10"!! cm3 molecule’! s-1. Multiplying this rate
coefficient, i.e., kq, by the intercept in Figure 10 gives the rate coefficient for 14N,(B)
quenching by N5, (3.2 £ 0.4) x 10-1! cm3 molecule™! s"1. This rate coefficient agrees
nicely with other reported values for global quenching rate coefficients of N5(B) by
N,.9:21-23 Note also that the ratio of these two rate coefficients, ky/ky, is 2.4 + 0.3, the

‘same as the ratio obtained from the analysis related to Figures 8 and 9.
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4. SUMMARIZING REMARKS

Table 1 summarizes the results of this study. Initiallyl we had reported k; as
3 x 101! cm3 molecule! 571, but subsequently revised this value upwards by 16% to correct
for having discounted N,(B) quenching by CH,.? Our recent revision of the N5(A-X)
Einstein coefficients indicates we underestimated N»(A) number densities by about 25% in
our earlier study. The results of this study show that N(B,v’ =0) accounts for about 40% of
the total N5(B) excitation. Incorporating this value with the two above mentioned corrections
makes the total rate coefficient for excitation into all vibrational levels of No(B) ky=(4 £ 2)
x 101! cm3 molecule™! 571,

Our results show that a substantial fraction of N5(B) quenching by ground electronic
state nitrogen is an energy exchange reaction where molecules in higher vibrational levels of
Ny(B) transfer some of their energy to the quenching molecule exciting it to a lower B-state
vibrational level. This process is in effect a form of vibrational relaxation in the B state.
Interestingly, N5(B) vibrational distributions excited in processes such as N-atom
recombination? or N(A) energy pooling?! are relaxed only modestly at high nitrogen
partial pressures, although the overall emission rates are significantly diminished. This is
quite unlike the situation in an argon bath where significant distortion of the nascent Ny(B)
vibrational distribution from these two excitation processes is evident even at pressures as
low as 1 torr.21:24

Another product channel for N5(B) quenching by N will be the reverse of reaction 1,
i.e., the production of N5(A) and N5(X,v). This undoubtedly is the major pathway by which
nitrogen that is excited by metastable argon energy u'ansferm'u is channeled into the A
state. Metastable argon excites No(C311,)) which radiates to NZ(B3118) in about 40 ns.16
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However, further radiative cascade from N5(B) to Ny(A) via first-positive emission is too
siow to compete ;wim collisional processes at normal nitrogen partial pressures downstream
from a metastable argon producing discharge. Thus the N5(A) must be produced
predominantly by collisional processes. It is not coincidental, therefore, that our measured

rate coefficients for reaction 1 and its reverse (essentially reaction 3) are identical.
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Table 1. Rate Coefficients for Energy-Transfer Reactions Involving

Nz(A:‘z;), No{B%TL,), and Nz(x‘z;)

Reaction Rate Coefficient®

Ny(A) + Na(K,v) I NofB3IL) + Np() 412

1.0 £ 0.2
k(15N X)) =
k(14N &,v)
LNyB) + 1Ny = 14Ny@) + 1Ny 8 +2
MN,B) + Ny(X) = 2Ny(X) or Na(A) + No(X) 3.2+ 04
a. Units of rate coefficients are 107! cm3 molecule™! s°1.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.
Figure §.
Figure 6.
Figure 7.
Figure 8.

Figure 9.

Figure 10.

Figures Captions

Discharge-flow reactor for observing fluorescent emissions from metastable

energy transfer processes.

Variation in the intensity of several N, first-positive bands excited from the
interaction of N9(A) with No(X,v) as a function of the nitrogen mole fraction
in the discharge.

Nitrogen first-positive emission between 700 and 900 nm generated from the
reaction of 15N,(X,v) with Ny(A) in the presence of 19 mtorr of 14Ny(X).

The light line is the experimental spectrum while the heavy line shows the
synthetic fit to the experimental spectrum.

Nitrogen first-positive emission between 700 and 900 nm generated from the
reaction of SN,(X,v) with Ny(A) in the presence of 132 mtorr of 4N,(X).
Nitrogen first-positive emission between 1000 and 1500 nm generated from the
reaction of 15N(X,v) with Ny(A) in the presence of 19 mtorr of 14Ny(X).
Nitrogen first-positive emission between 1000 and 1500 nm generated from the
reaction of 15N,(X,v) with Ny(A) in the presence of 240 mtorr of 1N, (X).
Relative rate coefficients for exciting N»(B,v) in the energy transfer reaction
between Ny(A) and No(X,v).

Stern Volmer quenching plot for 1SN,(B,v' =0-5) and 14N, (B,v' =0-5).

Stern Volmer quenching plot for ISN,(B,v’ =1-12) and MN,(B,v'=1-12).
Ratio of the number densities of N,(B) to 14Ny(B) as a function of the
reciprocal of the 14N, number density.
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Reevaluation of the transition-moment function and Einstein coefficients

for the Nx(A 3} -X 'T}) transition
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{Received 4 December 1992; accepted 28 April 1993)

We have measured the relative intensities of the nitrogen Vegard-Kapian bands N,(4 ’%}-
X 'T}) for transitions covering a range in # centroids between 1.22 and 1.48 A. With this data
we constructed a relative electronic transition moment function that diverges significantly from
previously reported functions. We place our data on an absolute basis by normalizing our
relative function by the experimentally determined Einstein coefficient for the v’ =0 to v”" =6
transition. Combining our normalized data from 1.22 to 1.48 A with absolute transition moment
data measured by Shemansky between 1.08 and 1.14 A results in a function covering the range
between 1.08 and 1.48 A. The radiative lifetimes calculated from this function are longer than
those currently accepted by amounts varying between 25% for v’ =09-50% for v’ =4-6.

I. INTRODUCTION

For most of the last 20 years, the radiative lifetime of
N;(4 %) has been accepted to be 1.9 s. This lifetime and
the associated Einstein coefficients for N,(4 °2y-X 'Z;7)
transitions, the Vegard-Kaplan bands, are based on She-
mansky’s' measurements of the absorption coefficients of
the 6~0 through 12-0 Vegard-Kaplan bands in the vacuum
ultraviolet and his reanalysis® of a measurement by Carle-
ton and Oldenberg’ of the Einstein coefficient of the 0-6
transition.

Carleton and Oldenberg’ simultaneously measured the
absolute photon-emission rate of the 0-6 Vegard-Kaplan
band and the absolute number density in v’ =0 of the 4
state via resonance absorption on the 1-0 transition of the
nitrogen first-positive system N, (B8 ’ﬂ,—A 32Y). Sheman-
sky and Carleton® corrected the original data with an im-
proved set of line strength factors needed to analyze the
absorption measurements correctly. Assuming that the ex-
perimental observations of Carleton and Oldenberg are ac-
curate, and that the reanalysis of the absorption measure-
ments is correct, then the derived Einstein coefficient for
the 0,6 Vegard-Kaplan band depends directly on the ac-
curacy of the Einstein coefficient for the 1,0 band of the
first-positive system. Shemansky and Carleton used the
value of 8.48 10* s~! calculated by Shemansky and Val-
lance Jones* using the Franck-Condon factors of Benesch
et al’ and Jeunchomme's® transition-moment function.

Several years ago, we questioned the accuracy of some

-of the input data used to analyze the Carleton and Olden-
berg experiment’ and suggested that the radiative lifetime
of Ny(A, v=0) could be 40% larger than the accepted
value. Werner et al.® ab initio calculations of the electronic
transition moment for the N,( B *I1,~4 *Z.") transition ap-
peared to support our contention. Their results indicated
the accepted vaiues for the radiative lifetimes of the lowest
vibrational levels of N,( B) were probably seriously in er-
ror, perhaps being as much as 40% too low. This suggested
to us that the Einstein coefficient for the N,(B-4) 1,0
transition could be in error by a like amount. The result
then would be a 40% error in the Ny(A) lifetime
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derived from the Carieton and Oldenberg experiment.

Our subsequent experimental determination’ of the
N,(B8-A) transition-moment variation confirmed Werner
et al. set of theoretically calcuiated lifetimes. The corrected
value of the 1,0 Einstein coefficient of the N, first-positive
system 7.48 X 10* s~!, however, is only 129 less than that
of Shemansky and Vallance Jones. This reasonable agree-
ment between the two Einstein coefficients is fortuitous
because the two transition-moment functions happen to be
close together at the internuclear separation appropriate to
the 1,0 transition. They diverge widely at other internu-
clear separations and give much different Einstein coefli-
cients for other important transitions.

The uncertainty in the data used to derive the Einstein
coefficients for the Vegard-Kaplan bands is stated' to be
about 20%. Making a 12% correction to these Einstein
coefficients, therefore, hardly seems justified. However, our
difficulties fitting Vegard-Kaplan spectra, particularly at
wavelengths larger than 400 nm, indicated that the shape
of the transition-moment function might be errant. A re-
investigation therefore seemed warranted.

We have measured relstive intensities in 8 number of
Vegard-Kaplan bands covering a range of wavelengths be-
tween 220 and 500 nm. The transition moment function we
derive from these data differs significantly from those pre-
viously proposed.'®!? Einstein coefficients calculated with
our transition-moment function are up to 60% smaller
than those Shemansky published and our calculated radi-
ative lifetimes are between 25% and 60% longer for v’ =0-
6. .

The experimental apparatus (see Fig. 1) is a 2 in. di-
ameter discharge-flow reactor configured to allow spectral
observations along the flow tube axis. N;(A) entered the
observation vessel from a sidearm normal to the flow tube
axis, but parallel with and just in front of the slits of the
monochromator used for the spectral measurements. A
CaF, window sealed the upstream end of the flow tube.
The window transmission is nearly uniform over the spec-
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tral range investigated in these studies 220~500 nm. Small
reductions in transmission at the shortest wavelengths
were incorporated into the data analysis.

The energy transfer reaction between metastable
Ar*(°Py;) and N, (Refs. 13 and 14) generated N,(A).
This reaction produces N;(C °I1,) which radiates immedi-
ately to the N,( B °T1,) state. Subsequent radiative and col-
lisional cascade from N,(B) makes the highly metastable
Ny(43Z}). A low-power, hollow-cathode discharge, sus-
tained in a flow of argon or 5%-~10% argon in helium
produced Ar®. N, mixed with Ar* downstream from the
discharge. Helium bath gas relaxes the vibrational distri-
bution of N,(A4) so that only v’ <2 is observed (see Fig. 2).
In an argon bath gas, emission from v'<4 is readily ob-
served (see Fig. 3).

A 0.5 m monochromator having a 1200 line mm ™!
grating blazed at 250 nm collected and dispersed radiation
emanating from the flow tube. A thermoelectrically cooled
HTV R943-02 photomultiplier tube connected to a
photon-counting rate meter and lab computer detected the

The relstive variation in monochromator response as a
function of wavelength was determined from measure-
ments of the spectra emitted from standard D, (180-400
nm) and quartz-halogen lamps (280-500 nm) (Optronic

:
‘ﬂ

&

b

0.18 4

0.10 4

e
8
ke

Response Cormected intensity (arbitrary units)
[-]
8

°
8
-

W

240 200 320 30
Wavslength (nm)
F1G. 2. Emission between 215 and 430 nm from Ny(4) in helium. Note

400 440

e

e

:

Response Correcied intensity (arbitrary wilts)
A1 EEE:
H
H

o 2 p
8 85
<o

Vi \..
W0 420 0 40 40 500
Wavelength (nm)

y—

FIG. 3. Emission between 380 and 300 nm from N,(A) in argon.

Laboratories). The lamp output was reflected into the
monochromator off a uniformly scattering, diffuse white
target (Spectralon). This procedure ensured that the
monochromator optics were filled and eliminated possible
errors resulting from such things as nonuniformities in re-
flectivity across the face of the grating or in sensitivity
across the face of the photomultiplier. The two lamps gave
congruent response functions (within 5%) over the spec-
tral region common to them both, 280400 nm.

Most of the spectra were generated at conditions that
minimized, as much as possible, intafering emissions from
the nitrogen second-positive bands N,(C °Tl,- 8 *I1,) and
the NO gamma bands NO(A *Z+-X *[1). Ny(A4) energy
pooling reactions generate the second-positive emission'’
while the energy transfer reaction between N;(4) and NO
excites the gamma bends.” The hollow cathode discharge
makes small number densities of NO from the impurities in
the gases used. The advantage of the axial observation con-
figuration is that band intensity measurements with good
signal to noise ratio can be made with N;(4) number den-
sities sufficiently low that N,(C’N,) production from
N,(A4) energy pooling is relatively minor, and at total pres-
sures low enough to keep NO production rates in the d.c.
discharge small.

A spectral fitting procedure we have detailed previ-
ously’ aided data analysis. Synthetic spectra are generatell
by first muitiplying a set of vibronic level populations by a
set of basis functions representing the intensity of a unit
population of each vibronic level as a function of wave-
length. The intensities of each band at each wavelength
increment are then summed to determine an overall spec-
tral intensity. A least squares solution determines the set of
vibronic level populations giving a predicted spectrum that
best matches the experimental one. The important spectral

that the 0.1 bend of the N(C-B) system is barely visible at 358 nm.
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Kaplan bands N,(4’3;-X'Z]), nitrogen second-
positive bands N,(C °I1,- 8 *I1,), and nitric oxide gamma
bands NO(4 *2+-X *1).

To generate synthetic spectra, we used the spectro-
scopic constants of Roux ef al'®!? for the 4 and B elec-
tronic states of N, those in Lofthus and Krupenie'® for the
C and X states of N,, and those tabulated in Huber and
Herzberg'® for NO 4 and X. Einstein coefficients used in
the fit were from Lofthus and Krupenie for N,(C-8)
(Ref. 18) and Piper and Cowles for NO(4-X).?° We cal-
culated a set of Franck-Condon factors and 7 centroids for
N;(4-X) using procedures we have outlined previously.!
These Franck-Condon factors are quite similar to those
~ calculated by Benesch eral® which are tabulated in
Lofthus and Krupenie.'®

Ill. TRANSITION MOMENT VARIATIONS

Our data analysis is based on the r-centroid approxi-
mation as first described by Fraser? and developed by
Nicholls® and McCallum.’* The intensity of radiative
emission from an electronic transition is given by the prod-
uct of the upper state number density and the Einstein
coefficient for spontaneous radiation

Ivc,nzNu-A”:,n- (l)

The Einstein coefficient 4.~ can be written as
64nt 3
Aw""ﬁ‘ QoY | Re(Fppym) Iz, (2)

where g, is the Franck~Condon factor for the transition;
v,,~ is the transition frequency in cm~'; R,(7) is the elec-
tronic transition moment, a function of internuclear sepa-
ration; and 7.~ is the 7 centroid of the transition, an av-
erage internuclear separation for the transition.
Determining Einstein coefficients requires that the varia-
tion in the transition moment as a function of internuclear
separation be established over the range of important tran-
sitions and that the absclute value of the transition mo-
ment be determined for at least one point.

Relative variations in the transition moment function
usually can be determined over a wide range of internu-
clear separations from measurements of relative band in-
tensities in a progression from a common upper level. Di-
viding the measured band intensities by q,,,,,nv:,,., results in
reduced intensities that are a function only of the square of
the transition moment

I,

=N | Ry |, 3

qv'v"vul.,n
where x=647'/3h. The form of the transition moment
function is then given by a fit of the square roots of the
reduced intensities to their corresponding r centroids
which are, in essence, effective internuclear separations at
which each transition occurs.

The relative function often can be normalized so that
the sum of Einstein coefficients in a progression yield the
reciprocal of the radiative lifetime of the state under inves-
tigation. In the present case, no accurate lifetime measure-
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ments of the 4 state of nitrogen exist. What is available is
Carleton and Oldenberg's’ determination of the Einstein
coeflicient of the 0,6 band of N,(4) as reanalyzed by She-
mansky and Carleton? and corrected here for the improved
value of the N,( B~A4) Einstein coefficient.

Another method for obtaining absolute transition mo-
ment values is from oscillator strengths determined from
absorption measurements. The transition moment in this
case is given by

R,(F,on)= (_fi__) v

e 1.5kgp V]
Shemansky measured a set of oscillator strengths for the
absorptions from v” =0 of the X state to v’ ==5-12 of the 4
state. These values can be converted to transition moments
over the range of intemnuclear separations between 1.084
and 1.129 A.

Our measurements of relative intensities of bands in
four different progressions of the Vegard-Kaplar: band sys-
tem establish the shape of the transition moment function.
Shemansky and Carleton’s Einstein coefficient for the 0,6
band normalizes our data to give an absolute transition
moment function for internuclear separations between 1.22
and 1.48 A. Finally, combining our normalized data with
the resuits of Shemansky’s absorption measurements re-
sults in a transition moment function covering the range of
internuclear separations between 1.08 and 1.48 A.

(4)

V. RESULTS

We fit our spectra in a number of segments each con-
taining no more than one Vegard-Kaplan emission band
from each of the progressions emanating from v’ =0-3.
Figures 2 and 3 show two of the spectra we took for this
study, while Figs. 4 and 5 show small spectral segments to
illustrate the fitting procedure. The spectral fits give rela-
tive intensities within each progression. Dividing these rel-
ative intensities by the product q,,,,,.vz,,., converted them to
a set of reduced intensities covering a range of wave-
lengths, or equivalently, 7 centroid values. The square root
of the reduced intensities vary from one another with
changes in 7 centroid in the same fashion that the transi-
tion moment function varies as a function of internuclear
separation. Qur data set consisted of the transitions v’ =0
to v”=2-13; v’ =1 to v” =4,5,7-14; v' =2 to v” =6-8, 10-
15; and v’=3 to v =13-16.

Our data fitting procedure involved fitting the data
from just one of the progressions first. A quadratic func-
tion represented the data adequately. The other progres-
sions were then normalized by the factor that resulted in
the smallest sum of the squares of the relative residuals
between the data and the initial quadratic function. The
relative residual is

‘Rc'm-lkclm

=TT Rl )
We then refit this combined data set to a new quadratic
function and then renormalized the reduced intensities in
each progression to minimize again the sum of squares of

J. Chem. Phys., Vol. 99, No. 5, 1 September 1993
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the residuals between the renormalized data and the new
quadratic function. After several iterations, the renormal-
ization procedure failed to improve the sum of squares of
the residuals to any significant extent.

We then established absolute values for our relative
data by multiplying each point by the factor necessary to
make the value of the relative transition moment function
at 1.294 A, the r centroid for the 0,6 transition, equal to the
value determined in Shemansky’s resnalysis of Carieton
and Oldenberg’s measurement of the 0,6 Einstein coeffi-
cient, i.e., 0.0901 s—"'. This value has been corrected for the
updated value of the Ny(B, v'=1-4, v”=0) transition
probability. Finally, combining our absolute values with
sbsolute transition moment values caiculated from She-
mansky’s oscillator strength measurements determined the
transition moment function between 1.084 and 1.476 A.

Figure 6 shows the fit of these two sets of transition
moment values. The data quite nicely fit the function

R ,(r)=0.004 43-0.005 82r+0.001 757, (6)

where R, is in units of Debye and 7 is in Angstroms. Table
I lists the Einstein coefficients caiculated from the transi-
tion moment function represented by Eq. (6). Table I also
lists the other spectroscopic properties—Franck-Condon
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F1G."8. Electronic transition moment data and the associated quadratic
least squares fit [Shomanaky (Ref. 1)].
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TABLE L. Ny(4°3;-X'L;) Einstein coeficients. TABLE L. (Continued.)
Wave- r Wave- ’
length centroid Branching length centroid Branching
v v (nm) qe (A) ratio Ay (571 v (m) X (A) auo Agp 371
0 O 20099 000097 1.188 000002  0.000 008 $ 27673 004217 1297 006381  0.020587
1 21086  0.00800 1202 000118  0.000499 9 29350  0.080 66 1314 01275 0041138
- 1 22161 00319 1219 001077  0.004 544 10 11283 003647 1332 005846 0018861
3 2337 001916 1237 0.044 31 0.018 70$ 1 3317 000012 1.357 000019  0.000062
4 24626 0.13970 1255 0.10740 0045332 12 35826  0.0462S 1.382 007598 0024 514
S 26047 0.184 %0 1.274 0.17688  0.074 662 i3 38566 0.11660 1403  0.17651  0.036930
v 6 27620  0.19050 1.29¢ 021222 0089579 16 41709  0.13420 1426 018312  0.059081
7 29370  0.15730 1.314 019026  0.080 308 15 45348 009884 14% 011792 0038048
8 31328  0.10640 1.338 013387  0.056 506 16 49610 008219 1.476 005290  0.017066
9 33534 005919 1.356 007391 0.031 197 17 54668 002085 1.503 001731 0005584
10 36036  0.02742 1379 003311 0.013 976 18 607.65  0.00647 1.532 000423  0.001 365
11 38897  0.01050 1402 001177 0.004 968 Sum=0.998 09 Lifetimes3.10 s
12 42200 000330 1428 000336 0001419
I3 460.54 000087 1455 000077  0.000 327 4 0 18077 004855 1146 002365  0.007298
14 506.07 0.000 20 1.479  0.000 1S 0.000 063 1 188.71 0.099 80 1.161 0.01043 0.003 226
I5 56066 000004 1499 000002  0.000010 119728 004169 1176 000000  0.000000
16 » 000001 1533 000000  0.000001 3 20654 000279 1201 000056  0.000171
Sum = 1.000 00 Lifetime=2.37 s 4 216.58 0.058 74 1.211 0.019 52 0.006 026
S 22749 004121 1.226 002341  0.007 226
1 0 19536 000518 1.175 000000  0.000 002 6 23940  0.00037 1.246 000034  0.000 104
1 20468  0.0318S 1191 000194  0.000 734 7 25244 004871 1.265 003903 0018220
2 21479 008725 1208 002042  0.007714 3 26677 008312 1.281 007326 0022610
3 2881 013120 1228 005993 0022636 9 28260 000230 1.303 000372  0.001 147
4 23787 0.11160 1242 007636  0.028 844 10 300.16 003080 1325 005620 0016729
$ 28110 004087 1260 003704  0.013991 1 31975 007634 1.342  0.13238 0040839
6 26568  0.00003 1281 000004  0.000014 12 341.74 003768 1.361 006342 0019373
7 28184  0.03647 1.303 004848 0018311 13 366.58  0.00008 1.387 000013 0000039
8 29982 0.10980 1322 015320 0037369 14 39486 004713 1.413 007376 0022764
9 31996 0.15010 1.342 021226 0080179 15 42133 010 1434 016264 0050199
10 34266 0.13470 1364 018835 0071148 16 46497 0.131% 1458 0.15753  0.048620
11 36844  0.088 84 1387 011870  0.044 839 17 30912 009246 1.48¢ 009331 0028799
12 39794  0.045 35 1.410 005567  0.021030 18 %6159  0.04596 1.512 003778 0011660
13 43203 001846 1435 002027  0.007 637 19 62495 001703 1.540 001091  0.003 367
14 47185  0.006 10 1461 Q00878  0.002 185 Sum=0.993 96 Lifetime=3.24 3
1S 51897  0.00167 1.487  0.001 31 0.000 497
16 575.%6 0.000 38 1.513 0.000 24 0.000 090 ] 0 176.58 0.067 26 1.137 0.06228 0.018 734
Sum =0.999 85 Lifetime=2.65 s 1 184.12 0.08S 52 1.182 0.026 51 0.007 974
2 19227  0.006 34 1.163 000049  0.000 148
2 0 19014 001476 1.164 0.00086  0.000298 3 0105 001230 1.18S 000101  0.000 304
1 19895  0.06513 1.180 000033  0.00 114 4 21055 005313 1.199 000900 0002 707
2 20850 0.11330 1.197 001385  0.004 807 S 2085  0.0009 1.215 000038  0.000113
3 21887 008221 1.213 002621  0.009097 6 23206 003826 1236 002963 0008914
4 23017 001124 1.227 000569  0.001976 7 24429 004501 1.251  0.045 11 0.013 570
5 24254 00148 1254 001418  0.004921 8 25768 000012 1270  0.00016  0.000048
6 256.12 007737 1269  0.08641 0.029 990 9 27242  0.04074 1291 006357 0019122
7 27110  0.08123 1287 0.10465 0036319 10 288.71  0.05036 1.J07 008357 0025139
8 287.70 002188 1304 003016 0010466 1 30679  0.00210 1.311 000302  0.000909
9 30620 000370 1.340 000638  0.002213 12 32697 0.03181 1.353 003862 0017634
10 32692 006230 1352 009859 0034218 13 4964 007347 1371 012815 003835
11 35030 012790 1.372 019391  0.067299 14 37527 00302 1.389 004876  0.014 667
12 37686  0.13800 1.39 019655  0.068217 1S 40448  0.001 50 1.442 000261 0.000 788
13 40730 0.100% 1418 0.13109  0.045498 16 43805 005904 1443 008128  0.024451
- 14 442851 00539 1442  0.06201 0.021 522 17 47702 0.12440 1467 0.14711 0044292
1S 48369 002229 1468 002197  0.007627 18 52279 0.2510 1493  0.12328 0037086
. 16 53249 000728 1495 000393  0.002058 19 $T7.27 007999 1.520 006350 0019102
17 59120 0.00191 1.52¢ 000123 0000428 20 644.63 003598 1.549 002197  0.006 609
Sum =0.999 63 Lifetime=2.88 s Sum=0.984 34 Lifetime=3.32 s
e 3 013529 003014 1.15$ 000630  0.002032 6 0 17261 008211 1128 0.12191  0.036838
1 19368  0.09336 LIT0O 000139  0.000450 1 17984 005788 1.143 003669  0.011085
2 20268 0.09109 1.186 000299  0.000 963 2 18760 0.0t % 1.168 000005  0.000015
3°21246 001529 1.200 000247  0.000 797 3 19596 005452 1.17S 000003  0.000010
4 22310 001521 1.22¢4 0.00811 0.002 617 4 20497 001626 1.187 000072  0.000216
S 2470 007227 1239 005527 0017431 5 21472 001672 1.210 000563 0001702
6 24739 004587 125 004550 0014682 6 22529 004819 1224 002612 0007892
7 26134  0.00004 1276 000006  0.000018 7 23680  0.00194 1.238 000109  0.000328

-
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TABLE L (Continued.)
L

Wave- r
. length centroid
v v (sm) ", (A)  ratio Appe (371
$ 26837 003307 1.261 003916 0.011 833
9 263.18 0.040 04 1.276 003371 0.016 230
10 278.31 0.000 00 1.297  0.000 01 0.000 002
11 295.08 0.042 63 1318 00741 0.022 432
12 31370 004360 134 0073563 0.022 851
13 33431 0.000 17 1.358  0.000 31 0.000 094
14 135790 0.041 00 1.382 007188 0.021 720
1S 38437 0.069 43 1400 O0.111 34 0.033 641
16 41456 001780 1417 002521 0.007 617
17 459.30 0.008 43 1461 001157 0.003 495
18 489687 0071997 1.477  0.090 34 0.027 296
19 33716 0.132% 1.502 012330 0.037 253
20 39497 0.11440 1.529 0.084 48 0.025 526
21 664.60 0.063 93 1.558 003609 0.010 906
22 75124 002813 1589 001033 0.003 120
Sumw=0.849 73 Lifetimem3.31 s

— —— ——————————

V. DISCUSSION
A. Relative transition moment function comperison

Three other groups have 1sported relative transition
moment functions based on messurements of relative
Vegard-Kaplan band intensities.'®'? We have reanalyzed
all three sets of relative intensity measurements because
our RKR-based (Rydberg-Klein—-Rees) Franck-Condon
factors are substantiaily different from the Franck-Condon
factors used by Carieton and Papaliolios'® and Chandraiah
and Shepherd.'' Broadfoot and Maran'? do not list the
Franck-Condon factors they used in their analysis, but
since they came from the widely disseminated, albeit un-
published compendium of Albritton ef L, they are most
likely quite similar to the ones we have calculated.

We find that all three sets of bend intensity measure-
ments give reiative transition moment values that are con-
sistent with each other. However, they are not at all con-
sistent with our measurements nor, for that matter, with
Shemansky’s trangition moment function. Figure 7 com-
pares the data from these three earlier sets of measure-
ments, normalized 10 each other at 1.294 A, to Sheman-
sky’s quadratic function and to our functional fit from Eq.
(6). The previous measurements all show a slight, but
clearly identifisble convex curvature, whereas Shemansky'’s
function and ours are both concave.

The origin of the difference between the earlier data
and Shemansky's function is unclear. He depended only on
the data of Broadfoot and Maran in the region between
1.27 and 1.43 A, and Broadfoot and Maran’s analysis used
Franck-Condon factors that most likely were good ones.
Nevertheless, those data and Shemansky’s function are of
opposite curvature.

The differences between the earlier data and our own
must relate to disparate intensity messurements or data
analysis. Since we have analyzed all four sets of intensity
measurements with a common set of Franck-Condon fac-
tors, 7 centroids, and transition frequencies, the disagree-

138

nre

0.0002

g g
La Ll

§
LA

Transition Moment (Debye)
L)

0.0008 A 1 1
108 118 128 138 148
+-Ceantroid (A)

F1G. 7. A comparison of the relative transition moment dats of Carieton
and Papliolios (Ref. 10) (4), Chandraiah and Shepherd (Ref. 11) (O),
and Broedfoot and Maran (Ref. 12) () with Shemansky's (Ref. 1)
transition moment data ((1), his transition moment function (—), and
that calculased from Eq. (6) (—). The reistive data have been normal-
ized to Shemensky's function 51 1.294 A

ment must reside either in the intensity measurements
themselves or in reducing the actual measured quantities,
e.g., the current flowing out of a photomultiplier anode, to
physical units, such as photons s~'.

The most common source of measurement error arises
in calibrating the spectroscopic measuring system for sen-
sitivity as a function of wavelength. These calibrations in-
volve measuring the spectrum of a lamp whose irradiance
is known as a function of wavelength. Because all three of
the earlier groups recorded a set of relative band intensities
that were compatible with each other, we can assume that
they all calibrated their spectroscopic systems with similar
standards.

Owr calibrations differ from those of the other groups
in that our calibration standard was a deuterium lamp be-
tween 200 and 400 nm and a quartz-halogen lamp for
wavelengths longer than 400 nm. The two sources agreed
excellently in the region of spectral overlap 280400 nm.
The other three groups all used a tungsten strip lamp for
their irradiance standard. Perhaps the root of the probletn
lies in these different standards. The deuterium lamp is
strictly an uitravioiet standard, whereas the tungsten lamps
are very faint at wavelengths shorter than about 300 or 3%0
nm. Thus, making accurate intensity measurements at the
shortest wavelengths is particularly difficult.

A common problem arises in accounting satisfactorily
for scattered light within the monochromator. Scattered
light generally will lead one to overestimate calibration
lamp intensities at the shorter wavelengths. Such an error

o
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will cause band intensity measurements to be undercor-
rected. As a resuit, response corrected band intensities at
short wavelengths will appear to be smaller with respect to
longer wavelength band intensities than is actuaily the
case. Such a trend is consistent with the discrepancies be-
tween the earlier data and our own.

In the present case, however, this argument is probably
insufficient to rationalize the differences in the various
band-intensity measurements. The discrepancies between
our data and those of the other groups become most pro-
nounced at the longer wavelengths where the standard
lamp calibrations are more likely to be accurate. Another
possibility might reside in augmentation of apparent band
intensities by overlap with other band systems, primarily
the nitrogen second-positive bands which are excited in
N;(4) energy-pooling processes. Although the other
groups recognized this problem and tried to apply appro-
priate corrections, we think our spectral fitting analysis
likely accommodates overlapping emissions more accu-
rately.

We are confident our response calibration and data
analysis are correct. Using a similar approach to study the
NO(B*[-X “M) (Ref. 26) and Ny( B M-4 ;) (Ref.
8) band systems, we have determined transition moment
functions that match the best available ab initio transition
moment functions for*? these band systems to within 5%.
In addition, the variation in radiative lifetime with vibra-
tional level caiculated from our transition moment func-
tions for these two band systems follows the experimentally
determined lifetime variations®*? to within 5%.

B. Absolute transition moment function comparison

Figure 7 also compares our transition moment func-
tion with that proposed by Shemansky.' The two functions
agree fairly well between 1.08 and 1.25 A, but then begin to
diverge as the internuclear distance increases further. As a
result of this divergence, band intensity calculations using
Einstein coefficients calculated from Shemansky's transi-
tion moment function will predict much more radiation at
long wavelengths, compared to radiation levels at short
wavelengths, than would be the case using Einstein coeffi-
cients calculated from our function. This difference
amounts to almost a factor of 2 for transitions around 450
nm.

The difference in the shapes of the transition moment
functions also results in a much steeper increase in radia-
tive lifetime with increasing vibrational level for lifetimes
calculated from our function compared to those reported
by Shemansky. Table II compares radiative lifetimes cal-
culated from the two transition moment functions. Qur
radiative lifetimes are larger than Shemansky's by about
25% for v'=0 and the discrepancy increases to almost
60% for v’ =4-6.

C. Other considerations

Shemansky has shown that the three substates of the
N,(A) state do not all have the same radiative lifetime, or
equivalently, each band consists of three degenerate tran-
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TABLE I1. Radiauve lifetimes® of N.(4 'L} ,0).

Vibrational level Present results Shemansky®
0 bR} 191
1 2.65 1.97
2 2.38 2.02
3 3.10 205
4 3.24 208
s 332 210
6 RN )| 213

*Units of seconds. These values are averaged over ail spin substates.
1.

sitions not ail having the same Einstein coefficient. In most
practical cases, the sublevels are in collisional equilibrium,
so that each transition has only one effective radiative life-
time. Shemansky's table of Einstein coefficients gives val-
ues only for one sublevel. Qur Einstein coefficients should
be multiplied by a factor of 1.5 for comparison with She-
mansky’s values. The values in Table I are the average
values for the collisionally coupled substates, and therefore
need be corrected only for the unusual cases in which the
differences in the behavior of the sublevels can be distin-
guished. Such cases require ambient pressures below about
10~ Torr. For atmospheric applications, this corresponds
to altitudes above about 150 km.

Studies aimed at determining product branching ratios
in Njy(A4) energy transfer reactions generally use Vegard-
Kaplan band intensity measurements to determine N,(4)
number densities. Using our Einstein coefficients will result
in somewhat larger N,(4) number densities than are ob-
tained from Shemansky's Einstein coefficients. The larger
N;(A4) number densities will translate to smaller excitation
rate coeflicients or branching ratios. The magnitude of the
correction depends on how the Vegard-Kaplan photome-
try has been accomplished.

In some cases, N;(4) number densities are determined
by observing a single Vegard-Kaplan band, e.g., the 0,6
band for v’ =0 and the 1,9 or 1,10 bands for v’ =1. In this
case, the appropriate corrections can be determined di-
rectly by comparing the Einstein coefficients in Table I
with those in Table VI of Shemansky’s paper,' being sure
to apply the factor of 1.5 correction to put the two sets on
a common basis.

In our work, we usually use spectral fitting techniques
to determine the N,(4) number densities. The discrepan-
cies in number densities calculated using the two different
Einstein coefficient sets will then depend on the range in
wavelengths over which the Vegard-Kaplan spectra have
been fit. Fits over the wavelength range between 200 and
260 nm using the two different sets of transition probabil-
ities will give N,(A, v’ =0,1,2) number densities that differ
from each other by less than 109. On the other hand, fits
between 400 and 500 nm will result in number densities of
N, (4, v=0) 45%-50% and N,(4, v'=1,2,3) almost 60%
larger using our Einstein coefficients instead of Sheman-
sky's.

The more normal situation is for the Vegard—Kaplan
spectra to begin between 220 and 250 nm and extend to
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between 370 and 400 nm. In this situation, our transition
probabilities will give number densities for N,(4, v'=0)
15%-20%, Ny(4, v'=1) 25%-35%, and Ny(4, v’ =2)
40%-50% larger than those calculated from Shemansky's
transition probabilities. Given a typical vibrational distri-
bution of 1:0.6:0.2 for v’ =0,1,2, respectively, as calculated
using Shemansky’s Einstein coefficients, overall N,(A)
number densities will be about 25% larger if calculated
using our transition probabilities. This wiil result in prod-
uct excitation rate coefficients or branching ratios’*
about 259% smaller than published values. In the case of
N;(A) energy-pooling studies,'**¢ where the square of the
N;(A4) number density is important, the rate coefficients
will decrease by about 50%. If state specific product mea-
surements have been made, then the product formation
rate coefficients have to be corrected appropriately for the
individual vibrational levels.

For example, the current studies were initiated because
we observed a rate coefficient for exciting NO(A) by N,(4,
v'=0) that was about 40% greater than the total rate
coefficient for N,(A, v’ =0) quenching by NO.” This dis-
crepancy initially led us to suspect a problem with the
Einstein coefficients of either the nitrogen first-positive or
the Vegard-Kaplan systems. Our current results indicate
that N,(4) number densities in our study of the excitation
of NO(A) by N,(A4) were underestimated by about 20%.
Using the Einstein coefficients in Table I to correct the
earlier results makes the rate coefficient for NO(A) exci-
tation by Ny(4) (8.3=2.5)X10~"" cm’ molecule~'s~',
which is more in accord with the rate coeflicient for N,(A4)
quenching by NO (6.61.0)%10~"" cm? molecule~'s~!
although still, annoyingly, 25% larger.

Those studies also indicated that N,(A, v’ =1) excited
NO(A) 22% more rapidly than does N,(A, v’ =0). Cor-
recting these results for our Einstein coefficients results in
only an 8% increased efficiency for N,(4, v'=1). This
difference is smaller than the experimental uncertainty in
the measurements. On the other hand, N,(4, v'>2) was
determined to be only 55% as efficient at exciting NO(A4)
as N,(4, v'=0). Correcting this ratio will reduce this
number to 45%.

Subsequent to the N;(4)/NO work, we and others’'~*
noted excess product formation in several other N,(4)
energy transfer systems in which the N;(A) number den-
sities were determined by N,(A4) Vegard-Kaplan emission.
In most instances, correcting the previous results with our
Einstein coeflicients is insufficient to resolve these discrep-
ancies. This problem appears more to result from an addi-
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tional, so far unobserved metastable produced in the en-
ergy transfer reaction between Ar*(*P;4) and N,.

ACKNOWLEDGMENTS

We appreciate financial support from the Air Force
Office of Scientific Research (Task 2310G4) and the De-
fence Nuclear Agency (Project SA, Task SA/SDI, work
unit 00175) through a contract with the Phillips
Laboratory/Geophysics Directorate F19628-88-C-013.

'D. E. Shemansky, J. Chem. Phys. $1, 689 (1969). .
!D. E Shemansky and N. P. Carleton. J. Chem. Phys. 51, 682 (1969).
'N. P. Carleton and O. Oldenberg, J. Chem. Phys. 36, 3460 (1967).
‘D. E Shemansky and A. Vallance Jones, Planet. Space Sci. 16, 1115
(1968).
'W. Benesch, J. T. Vanderslice, S. G. Tilford. and P. G. Wilkinson,
Astrophys. J. 143, 408 (1966).
*M. Jeunchomme, J. Chem. Phys. 45, 1805 (1966).
L. G. Piper, L. M. Cowles, and W. T. Rawlins, J. Chem. Phys. 88, 3369
(1986).
‘H. J. Wemer, J. Kalcher, and E. A. Reinsch, J. Chem. Phys. 81. 2420
(1984),
*L. G. Piper, K. W. Holtzclaw. B. D. Green, and W. A. M. Blumberg,
J. Chem. Phys. 90, $337 (1989).
'ON. P. Carleton, and C. Papaliolios, J. Quant. Spectrosc. Radiat. Trans-
fer 2, 241 (1962).
""G. Chandraish and G. G. Shepherd, Can. J. Phys. 46, 221 (1968).
A, L. Broadfoot and S. P. Maran, J. Chem. Phys. 51. 678 (1969).
D. H. Stedmen and D. W. Setser. Chem. Phys. Lett. 2, 542 (1968).
“D. W. Setser, D. H. Stedman, and J. A. Coxon. J. Chem. Phys. 53. 1004
(1970).
“1_ G. Piper, J. Chem. Phys. 88, 231 (1988).
“C. Effantin. C. Amiot, and J. Verges, J. Mol. Specirosc. 76, 221 (1979).
'7F. Roux. F. Michaud, and J. Verges. J. Mol. Spectrosc. 97, 253 (1983).
'SA. Lofthus and P. Krupenie, J. Phys. Chem. Ref. Data 6. 113 (1977).
K. P. Huber and G. Herzberg, Constants of Diatomic Molecules (Van
Nostrand Reinhold, New York, 1977).
®L. G. Piper and L. M. Cowies. J. Chem. Phys. 85, 2419 (1986).
'w. J. Marinelli and L. G. Piper. J. Quant. Spectrosc. Radiat. Transfer
34. 121 (1989).
32p_A. Fraser, Can. J. Phys. 32, 513 (1954).
3R. W. Nicholls. J. Quant. Spectrosc. Radiat. Transfer 14, 233 (1974).
3. C. McCallum, J. Quant. Spectrosc. Radiat. Transfer 21, 563 (1979).
BD. L. Albritton. A. L. Schmeltekopl, and R. N. Zare (unpublished.
1971).
*L. G. Piper. T. R. Tucker, and W. P. Cummings, J. Chem. Phys. 94,
7667 (1991).
7S, R. Langhoff, H. Partridge, R. W. Bauschlicher, and A. Komornicki.
1. Chem. Phys. 94, 6638 (1991).
BG. E Gadd and T. G. Stanger, J. Chem. Phys. 92, 2194 (1990).
E. E. Eyler and F. M. Pipkin, J. Chem. Phys. 79, 3654 (1983).
M. E. Fraser and L. G. Piper, J. Phys. Chem. 93, 1107 (1989).
'L, G. Piper, J. Chem. Phys. 90, 7087 (1989).
2T. D. Dreiling and D. W. Setser, Chem. Phys. Lett. 74, 211 (1980).
“L. G. Piper, W. J. Marinelli, W. T. Rawlins, and B. D. Green, J. Chem.
Phys. 83, 5602 (1985).
“L. G. Piper. J. Chem. Phys. 77, 2373 (1982).
**L. G. Piper. J. Chem. Phys, 91, 864 (1989).
L. G. Piper. J. Chem. Phys. 88, 6911 (1988).

J. Chem. Phys., Voi. 99, No. 5, 1 September 1993




APPENDIX H
Energy Transfer Studies of No(X'Z,*, v) and N,(B*IL,)
L.G. Piper
J. Chem. Phys. 97, 270 (1992)

(SR-467 reproduced in its entirety)

141




142




The U.S. Government I3 autnorized 10 reproduce and el this report.
Permission for further reproduction Dy others must De obtained trom

the copyright owner.

Energy transfer studies on N,(X 'X},v) and N, (8 °11,)

Lawrence G. Piper

Physical Sciences Inc, 20 New Engiand Business Center, Andover, Massachusetts 01810

(Received 25 March 1991; accepted 20 March 1992)

We have developed a novel discharge-flow technique for studying the quenching of

N; (X'2;,0°>5) and N, (8°I1,) by a variety of molecules. The technique involves adding
small number densities of N, (4 'Z,* ) to a flow of N, (X,v) producing, thereby, N, (B). By
comparing N, (8) fluorescence intensities generated when a quencher is added to the N, (X,v)
flow 2-3 ms before N, (4) addition with intensities observed after the N, (.X,v) and quencher
have been mixed for times of 10~30 ms, we can separate the effects of N, (B) fluorescence
quenching from effects of N, (X,v) quenching. Qur results indicate that CH,, CO,, CO, O,,
and N, O quench N, (B) at rates approaching gas Linetic while H,, N,, SF,, and CF, are
about ten times slower. Rate coefficients for N, (X,v” >5) quenching by H, and N, are on the
order of 10~ '* cm® molecule ' s ", those for CQ,, CH,, and CF, roughly an order of
magnitude faster, and CO and N, O yet another order of magnitude faster.

I. INTRODUCTION

We have developed a technique for determining global
quenching rate coeflicients for N, (X,v") in vibrational lev-
els v” 3 5. This technique involves monitoring nitrogen first-
positive fluorescence, N, (B *[1,-4 *Z." ), excited in the en-
ergy transfer reaction between N, (4) and N, (X,v"). The
first-positive emission intensity is proportional to the num-
ber density of N, (X,v”).! Molecules added to the reactor
can quench both the N, (X.0°) and the first-positive emis-
sion. This paper describes techniques for separating the two
processes.

Vibrationally excited, ground—¢lectronic state nitrogen
plays an important role in a number of areas including laser
excitation,? discharge physics,’ semiconductor processing,*
and upper atmospheric chemistry.’ Determining the role of
N, (X,v) in these various processes is difficult, however, due
to N, (X,v)’s diabolical resistance to detection. A number of
laser-based techniques for detecting N (X,v) have been de-
veloped in recent ye_ ., but these techniques tend to be
prohibitively expensive for most budgets, insensitive ( 2 10'*
molecules cm ~ ), or they defy ready quantification. The
technique we have developed is sensitive (2 10"
molecules cm - ’) and easy to implement. Although our ap-
proach cannot quantify N, (X,v) number densities exactly,
it can specify them within factors of 2 or 3.

1. EXPERIMENT

These cxperiments used the 4.6 cm i.d., quartz, dis-
charge-flow reactor we have described in detail previously'
(see Fig. 1). Briefly, the N, (X,v") is generated in a micro-
wave discharge through a flowing mixture of nitrogen dilute
in helium. The effluents from the discharge pass through a
nickel screen prior to entering the upstream end of the flow
reactor. The screen removes the atoms and deactivates elec-
tronically excited metastables, but has relatively little effect
on vibrationally excited N, .

N, (A4) enters at the downstream end of the flow reactor
through an axial injector. The N, (4) is prepared in a sid¢=1
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arm off the flow tube from the reaction between metastable
Ar(’P,,) and N,.”* A hollow cathode, dc discharge in a
flow of a few percent Ar in He makes the Ar(*P,,). Nitro-
geu intercepts the argon metastables just after they flow out
from the cathode. A loop injector that can be moved along
the length of the flow tube adds the quenching reagent.

A monochromator sensitive to radiation between 200
and 900 nm detects emissions diagnostic of N, (X,»") and
N, (4). The important spectral features are the N, first-
positive bands, N, (B °[1,-4 ’Z.") between 560 and 900
nm, excited in the N, (4) plus N, (X,v") energy-transfer
reaction, and the N, Vegard-Kaplan bands,
N,(4°Z,-X'%}), between 250 and 370 nm. The
N, (X,v”) number density is proportional to the ratio of the
first-positive to Vegard-Kaplan intensities.' A least-
squares, spectral fitting procedure, that we have described in
some detail previously,” determines band intensities from
the spectra.

FIG. 1. Discharge-flow reactor for studying N, (58) and N, (X,v) quench-
ing.

© 1992 American institute of Physics
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(1. EXPECRIMENTAL TECHNIQUE

When quencher is injected immediately behind the
N, (A4) inlet, the number density of N, (X,v") remains es-
sentially unchanged. This is because vibrational qucnchmg
is a relauvely slow process (k. 510°' cm’
molecule "' s ') and reagents are mixed for too short a time
=2ms)to eﬂ'ect significant quenching. Any diminution in
the first-positive emission, therefore, results frons quenching
N, (B), or, in some cases, N, (4). Injecting the reagent into
the upstream end of the flow reactor allows adequate time
( ~ 10-30 ms) for some of the N, (X,u") to be quenched,
unless its quenching rate coefficients are exceedingly small.
Any difference in diminution of the first-pasitive emission
with the injector in the upstream position as compared to the
downstream position can be attributed t0 quenching of the
N, (X,v") by added reagent.
These concepts are described mathematically as fol-
lows. In the absence of added quencher, the intensity of the
N, first-positive emission is given by’

Iy =k, [Ns(B)] =k [Na (X0 ] [N: (D], (D

where, k,, is the rate coefficient for N, (B,0” > 1) excitation
in the reaction between N, (4) and N, (X,v"), 3.5 10~ "
cm’® molecule ~ ' s~ ! (see below), and &, is the N, (B) radia-
tive decay rate, taken here for the global measurements to be
1.5 10°s ~'.° These experiments were run at low pressures
(~1 Torr), primarily of helium. This reduces bath-gas
quenching of N, (B) in the flow tube to less than a 20%
effect.'® We have neglected bath-gas quenching, therefore,
in Eq. (1).

When the quencher is introduced into the flow reactor
with the injector in the downstream position, the first-posi-
tive emission intensity is given by
k., [Ny () J[N,(Xv") ]

1+ kolQ1/k,
where &, is the rate coefficient for N, (B8) quenching by the
quencher Q. For the moment we ignore quenching of the
N, (A4). Taking the ratio of the first-positive intensity in the
absence of quencher to that in the presence of quencher gives
the classical Stern-"olmer formula'' for electronic quench-
ing, viz.,

C=0L/I=1+ko[Ql/k,. (3

The rate coefficient for N, (B) quenching is given, therefore,
by the product of the N, (B) radiative decay rate times the
slope of a plot of " vs [ Q] for data taken with the injector in
the downstream position.

With the injector in the upstream position, quenching of
the N, (X,v”) also becomes possible, and the first-positive
emission intensity becomes

Kex [N2 ()] [N (X07) Joe ™ klQ1ar
1+ kolQ)/k,

I=k[N,(B)] = , ()

I=k[N,(B)] =

(4)

where k, is the rate coefficient for N, (X.v”) quenching, Atis
the time the quencher and the N, (X.”) ars mixed. and the
subscript o refers to conditions in the absence of added
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quencher. The N, (X,v") quenching rate coefficients can be
determined. therefore, from the natural log of the ratio of
Stern-Volmer factors, [, at long to short delay times divided
by quencher number density and reaction time:

_In(r,/T,)
’ (Qlar

where the subscripts « and d refer to intensity measurements
with the injector in the upstream and downstream positions,
respectively.

These formalisms presume that the added N, (A) is Yot
diminished upon injecting the quencher. This is not neces-
sarily always the case. When the { state also is quenched, the
actual .4-state number density must be determined by mea-
suring Vegard-Kaplan intensities for each set of experimen-
tal conditions. and then divided into the corresponding first-
positive intensities. This procedure corrects for A-state
quenching, and therefore makes this technique applicable
for studies of quenchers which react rather efficiently with
N, (A), e.g., N.O. Because of the rather short time that
N. (A) is actually in the flow reactor before the fluorescence
is observed. .4-state quenching generally is not large even for
efficient 4-state quenchers.

» (5)

IV. RESULTS

Figure 2 shows typical spectra generated in the quench-
ing of N, (B) and N, (X,v) by CO,. Clearly the longer mix-

. LENBL A T 1 1 = \
12 L N3 (8311g - A3£u¢) ‘ 4
|
10 b Avs 2 -
W'I7I°|s|‘f3
r Avs3 7
M0'918'776, 5 '4'a
=2 .
N
I
E !
7 b
i T
[
z2 I 5
pyn
L
2L
0 +
620 640 660 680 700 720 740 760 780

WAVELENGTH (nm) -

FIG. 2. N, (811 -4 *Z " ) spectra excited in the energy transfer reaction
between N, (4) and N, (X.2) at different number densities of added CO,
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ing time further decreases the first-positive emission intensi-
ties from the levels at short mixing times. Most of our
observations were survey measurements designed primarily
to determine relative quenching efficiencies. Thus the major-
ity of N, (B) and N, (X,»") quenching rate coefficients were
determined by monitoring changes in the N, (B) band inten-
sities in the presence and absence of a single quencher num-
ber density at the two different injector positions. In a few
cases, spectra were taken at two different quencher number
densities with agreement between the two sets of data better
than 20%.

To assess the validity of our procedure, we studied the
quenching of N, (B) by CH, in more detail than the other
molecules investigated. Figure 3 shows the Stern-Volmer
quenching plot for two of the four bands of the first-positive
system that were monitored as a function ofadded CH, . The
rate coefficients for quenching N, (8) by CH, range from
about 310~ '°cm’® molecule~*s~', for v’ =2and 3, to 4
and 5X 10~ '“cm? molecule ~' s~ ! for v’ = 6 and 8, respec-
tively. The good linearity of these Stern-Volmer piots indi-
cates that the two- or three-point measurements for all other
quenchers should not give grossly inaccurate results.

Table I summarizes the global quenching rate coeffi-
cient measurements. Since we were interested primarily in
relative quenching efficiencies, the experimental values can
have absolute uncertainties up to a factor of 2. In relative
terms, the numbers should be good to + 25%. Table II
shows that rate coefficients for quenching individual vibra-
tional levels of N, ( B) can vary considerably for some mole-
cules.

The values reported for N, (X,v) quenching (also Table
1) are not state specific. The energetics of the N, (4) plus
N, (X,v) reaction restrict N, (.X,v) to vibrational levels no

3.5 e

lo/l

05} .
0 N 1 PO | . L N
0 2 4 8 8
(CH4} (1014 molecuies cm3)

FI1G. 3. Stern-Volmer plot for N, (8) quenching by CH,.
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TABLE Global rate coefficients* for quenchingof N, (8) and N, (X.0").

CH, Ix 10~ Ix10-'
H, sx10-" 2x10- "
co, 2x10-" 4x10-
N, Ix10-4 2%10-"
CF, 4x10-" Ix10-'
SF, ~I1x10-"

N,0 4x10-'° Ix10-9
Co 2x10-" 1x10-1
o, 2x10-1

*Units of cm’ molecule~'s~' at 300 K.

smaller than five for N, (B,v = 1) excitation, and at least as
great as 13 to excite N, (B.v = 12). Undoubtedly each B-
state vibrational level is excited by several X-state levels.

In our initial studies on the reaction between N, (4) and
N, (X" ), we studied the variation in B-state excitation as a
function of A-state vibrational level.'! We added CH, to our
reactor to relax the vibrational energy in the A state. In our
analysis, we included the effects of some vibrational relaxa-
tion of the N, (X,v”) by the CH,, but presumed no elec-
tronic quenching of the N, (B) state. The current studies
show that this supposition was in error and that, in fact, CH,
is quite efficient at quenching first-positive emission.

Correcting the data of Ref. | for N, (B) quenching by
CH, has only a small effect on the rate coefficient for excit-
ing N, (B,v' = 1-12) in the reaction between N, (4) and
N, (X,v' = 5-15). The revised value for this rate coefficient
i$(3.5+ 1.5) X 10~ " cm® molecule - ' s~ ', a 16% increase
over the value reported previously.

V. DISCUSSION

A. N, (B) quenching

Most gases studied quenched N, (B) quite strongly,
with rate coefficients for quenching by CH,, CO, CO,, O,,
and N, O being roughly gas kinetic. N,, H,, CF,, and SF
quenched N, (B) about 10 times more slowly.

TABLE IL Vibrational level dependent N, (B) quenching rate coeffi-
cients.*

v N. CO CO, N,O CH, CF, SF, H, O,
1 016 21 20 31 23 029 008 034 LS
2 021 20 20 46 25 059 - 039 1S
3 629 17 18 45 16 020 053 030 1S
4 031 12 21 S1 1.6 014 023 048 17
S 035 07 25 65 20 016 066 054 16
6 035 10 23 66 24 059 033 036 22
7 03 11 16 S2 23 023 - 05 23
8§ 039 - 14 S8 27 065 - 057 27
9 03 05 21 74 31 073 038 073 19

10 029 16 20 75 36 060 020 069 40
11 030 07 1.7 91 49 045 039 082 132
12 022 30 16 74 S1 13 028 061 2

*Units of 10~ "2cm’® molecule " 's - ".
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Youngeral.'? reported the most extensive set of N, (B)
quenching rate coefficients in the literature. Their valyes, in
units of cm’ molecule "' s !, were 4.6 X 10~ ", 8.5 x 10~ ",
1.5%107', 2.7%10~", L.1X 10~ ', and 1.6X% 10~ ' for
N, (B) quenching by H,, CO, CO,, N,, O,, and N, 0, re-
spectively. Their rate coefficients for quenching by N, and
H, agree quite well with ours, but their other values are
about 50% smaller. Taeir value for N, (B) quenching by
He, 810~ "’ cm® molecule ~' s ', is similar to that which
we reported previously.'°

Young et al.’s rate coefficient measurements were rela-
tive to their rate coefficient for N, (B) quenching by N, O.
Since the value for N, O quenching is about half the one we
measured, their rate coefficients should be doubled for prop-
er comparison. Agreement between the two sets of measure-
ments then is quite good for CO, CO,, and O, while their
rate coefficients for quenching by H, and N, are roughly
double ours.

Both Young et al’s measurements and our global
quenching-rate coefficients are not state specific and might,
therefore, have been most sensitive to different groups of
N, (B) vibrational levels. This could then explain the report-
ed differences if the individual N, ( B) vibrational levels were
quenched at markedly disparate rates. Tabie II shows that in
cases where significant variation with vibrational level ex-
ists, the lower levels tend to quench more slowly. Our global
quenching rate coefficients are weighted towards the lower
vibrational levels, v’ = 1-3, whereas Young et al.’s experi-
ment was most sensitive to middle levels, v’ = 4-7. One
would expect, therefore, that our results would be smaller
than those of Young er al. In the present case, however, the
average rate coefficients for quenching v = 4-8 by both H,
and N, and is essentially the same as the global rate coeffi-
cients.

Lee and Suto'® reported N, (B) quenching rate coeffi-
cients by H, and N, to be 2.4 X 10~ "' cm® molecule ‘s~
and 2.1X10~" cm’ molecule~'s-", respectively. While
their rate coefficient for quenching by N, is consistent with
ours, their H, quenching rate coefficient is outside the com-
bined uncertainties of the two studies. Their experiment was
most sensitive to N, (B,v' = 6-12). For this range of vibra-
tional levels, our H, quenching rate coefficients are two to -
three times larger than theirs.

Our data for the individual vibrational levels (see Table
II) indicate little variation with vibrational level for N, (B)
quenching by CO, and N,. In contrast, CH,, CF,, H,, 0,,
and N, O show a tendency for quenching rate coefficients to
increase with increasing vibrational level. The increase be-
tween v’ = 2 and v’ = 12 is roughly a factor of 2~3.

Our results on quenching by N, are consistent with our
previous study'* which indicated N, (B) quenching rate co-
efficients by N, ranged between 2 and 3x10~-"
cm? molecule - ' s~ ! for most vibrational levels. We had ob-
served previously, however, that vibrational levels 7-9 were
quenched two to three times faster than the other vibrational
levels. Shemansky reported similar observations.'* She-
mansky's investigation and our earlier studies were more
extensive than the current investigation, and should be more
reiiable.

Global observations cannot provide mechanistic infor-
mation related 10 N, B-state quenching. Thus the observed
rate of removal of a lower vibrational level of N, ( B) might
be moderated by collisional cascade from higher N, (B) vi-
brational levels. The measured global quenching rate coefi-
cient for these low v’ levels would then be somewhat less than
one would measure in a single state selected study. The cas-
cade could be cither direct removal of vibrational enesgy
from N, molecules in the B state or it could involve elec-
tronic quenching into one or more of the electronic states
nested within the N, (B3) manifold, the primary ones being
ACL! woT), B'CPLl), W(A,), or X('Z; ), followed by
collisional intersystem crossing back to lower vibrational
levels of the B state. An additional mechanism for quenching
by N, is electronic energy exchange where a molecule in the
B state transfers some of its electronic energy to a ground
state molecule, leaving the receptor molecule in a lower vi-
brational level of the B state. This process has been demon-
strated in isotopic studies by Pravilov et al.'® and more re-
cently by us.” For most cases of practical interest, ¢.8.,
discharge or auroral excitation of N, (B), the effective, glo-
bal rate coefficient describes better the overall system behav-
ior.

B. N, (X,¥") quenching

Nitrous oxide and carbon monoxide quench N, (X,v)
rather efficiently, roughly 0.1% gas kinetic. Rate coeffi-
cients for quenching by CO,, CF,, and CH, are roughly an
order of magnitude, and H, and N, two orders of magnitude
smaller than N, O and CO. The primary mode of de-excita-
tion is undoubtedly v»~v transfer, although our measurement
technique cannot distinguish single quantum from multi-
quanta refaxation.

The process being identified as vibrational quenching
essentiaily involves the difference between removal of vibra-
tional energy in levels 513 to vibrational levels 4 and below
and energy resident in vibrational levels greater that 13 into
levels 5-13. It is thus a net vibrational quenching, and the
reported quenching rate coefficients should be taken to be
lower limits to the true values. Because the higher vibration-
al levels of the B state can be excited only from larger vibra-
tional levels of the ground state, one can determine, in a
qualitative sense. relative quenching efficiencies for the X-
state vibrational levels involved by examining changes in the
N, (B,v) distribution under the different sets of conditions.

The N, (B,v) distributions with the injector placed in
the upstream position are essentially identical ( +- 15%) to
those with the injector in the down stream position for
N, (X.v) quenching by N, and CQ,. This result suggests
that the relative N, ( X,v) distributions do not changg with
added N, or CO,. but that the overall N, (X,v) number
density is diminished.

With H,, CH,, and CF,, quenchers, the relative vibra-
tional distributions of the five lowest N, (B,v) are similar for
both injector positions, as are the relative distributions of the
six highest N, (B,v). Relative to each other, however, the
magnitude of the emission from the high vibrational level
group diminishes twice as much as the lower vibrational lev-
el group when the injector is in the upstream position. The |
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observations suggest that these molecules quench N, (X) vi-
brational levels greater than about 9 about twice as efficient-
ly as levels 5-9.

On the other hand, N, O and CO quenchers decrease the
relative N, (B,v) more for the lower six vibrational levels
than for the higher ones when the reagent injector is moved
to the upstream position. Such behavior would result if the
N, (X,v) levels most responsible for N, (8,v = 1-6) excita-
tion are quenched more rapidly than the higher N, (X.v).

An alternative explanation of our observations might be
that the added quenchers just rearrange population within
ground state vibrational levels 5-13 from vibrational levels
more efficiently excited to the B state by N, (4) into levels
that are excited less efficiently. If this were the case, how-
ever, one would expect that the quenched N, (B) vibrational
distributions with the injector in the upstream position
would differ from those with the injector in the downstream
position. In reality, as we have mentioned, for some quench-
ers the N, (B8,v) distributions do not vary with injector posi-
tion while for other quenchers changes are readily apparent.

SF, and O, behaved anomalously. In the global sense,
SF, quenched N, (B) only modestly with the injector in the
downstream position. With the injector in the upstream po-
sition, adding SF, actually increased the total N, (8) num-
ber density. The first-positive vibrational distributions in the

‘absence and presence of SF, were quite different, however,
with some levels increasing in intensity as SF, was added,
while others diminished in intensity. This observation ap-
pears to indicate that SF, relaxes vibrational energy within
the B-state manifold. The increase in N, (B) with the injec-
tor in the upstream position indicates that SF, relaxes higher
vibrational levels of N, (X.v) into those for which our diag-
nostic is most sensitive, most likely v’ = 5-15. However, SF,
apparently does not relax the observed levels efficiently.

In the case of O,, the N, ( B,v) intensity was reduced by
the addition of Q, at both injector positions. However, the
diminution was less with the injector in the upstream posi-
tion. Unlike the case of SF,, N, (B,v) quenching by O, was
fairly uniform over the range of vibrational leveis at both
injector positions. These observations would suggest that O,
is an inefficient quencher of the N, (X,v) imporiant for
N, (8) excitation process, but that it does quench higher
N, (Xw).

Morgan and Schiff** used a catalytic probe to monitor
vibrationally excited nitrogen in a discharge afterglow. They
deduced rate coefficients for vibrational relaxation by N,,
CO,, and N.O to be <5x10~'%, 7.2Xx10~", and

2.6X 10 ~'*cm’ molecule ~' s -, respectively. Their results
‘for quenching by CO, and N,O are roughly an order of
magnitude smaller than what we have determined, while
their upper-bound rate coefficient for relaxation by nitrogen
is smaller by three orders of magnitude. Their diagnostic was
sensitive to all excited vibrational levels of nitrogen, whereas
our diagnostic monitors only v>5. Thus our technique in
essence monitors relaxation from leveis >5 to any of the
vibrational levels v<4. Morgan and Schiff’s technique, on
the other hand measures only quenching tov” = 0. Since the
CO, (v) and N, O(v) that are created from N, (v) quench-
ing can re-excite N, (v = 0) back to N, (v = 1), the overail
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quenching rates of N, (v) by CO, and N, O will be retarded.
McNeal eral.'® demonstrated this effect for CO, by showing
that the effective rate of N, (v) quenching diminished as the
N, partial pressure increased.

McNeal eral.'® and Starr and Shaw® also reported rate
coefficients for N, (v) quenching by CO, and N,O. Starr
and Shaw noted that N, (v) excited atomic potassium flu-
orescence at a number of wavelengths. They monitored di-
minution of the 404.4 nm potassium line as a function of
increasing CO, or N, O number density. This state of potas-
sium can be excited only by N, (v 11), so their experiment
measured quenching of vibrational levels above those for
which we are most sensitive. Nonetheless, their values of
8x 10~ *“and 1.4 10~ "’ cm’ molecule - ' s = ' for CO, and
N, O, respectively, are in reasonable accord with our values.

McNeal ezal.'* monitored N, (v) by photoionization of
N, at wavelengths too long to ionize N, (v = 0). Although
their signals were for ionization of N, (v>1). their diagnos-
tic was heavily weighted towards N, (v = 1). They mea-
sured effective rate coefficients for quenching at a number of
N, partial pressures and found the effective rate coefficients
for N, (v) quenching by CO, and N, O increased as the N,
partial pressure decreased. In the low N, partial pressure
limit, they determined rate coefficients of (2 + 1) X 10~ "?
and (94+4)x10~"* cm’ molecule~'s~' for CO, and
N, O, respectively. Since our diagnostic monitors only
N, (v>5), we should not be affected by back relaxation from
CO; (v).

In summary, we have presented a novel technique for
measuring the quenching of N, (X,v") and N, (8) by a var-
iety of quenchers. Qur observations indicate that most spe-
cies studied quench N, (B) at near gas-kinetic rates, whereas
even efficient vibrational quenching of N, (X,v") generally
proceeds at rates four or more orders of magnitude less than
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This paper details an investigation of the variation in the electronic transition moment with
internuclear separation for the NO(B *fI-X *[T) transition. Measurements of the relative
intensities of a number of NO B-X vibronic transitions having a common upper level were
used to construct a relative transition-moment function between 1.27 and 1.60 A. After
normalizing this relative function by experimentally determined radiative lifetimes, the
transition-moment function was extended down to 1.23 A by incorporating data from
oscillator strength measurements. In contrast to empirical transition-moment functions that
have been proposed previously, the function in this paper decreases with increasing
internuclear separation. Unlike these other functions, however, this one is consistent with
theoretical predictions, with most available oscillator strength data, and with the observed
trend in B-state radiative lifetimes as a function of vibrational level.

). INTRODUCTION

The NO(BM-X*[1) system gives rise to the well-
known £ bands of NO. These bands are prominent in air and
nitric oxide discharges and are excited in a number of chemi-
luminescent processes, most notably the three-body recom-
bination of oxygen and nitrogen atoms. Surprisingly, the
quantitative spectroscopic aspects of this system have not
been well characterized.

Robinson and Nicholls' reported that the electronic
transition moment, R,(r), of the NO(B-X) system in-
creased linearly with increasing internuciear separation.
They based their conclusions upon observations of relative
intensities of a number of NO £ bands that had common
upper vibrational levels. Thirty years later, using a similar
experimental approach and analysis, Vilesov and Matveev’
determined a transition-moment function that was almost
identical to that of Robinson and Nicholls. In the interim,
Kuz'menko et al.’ derived a substantially different elec-
tronic transition moment function, but one that also in-
creased with increasing internuclear separation, although
much more strongly than the other two functions. They re-
lied on absorption oscillator strength measurements for
small values of intemuclear separation and absolute emis-
sion measurements derived from shock-tube experiments for
large values of internuclear separation.

All three of these transition-moment functions predict
that the radiative lifetimes of the NO B state vibrational lev-
els will increase with increasing vibrational level. Such a
trend is contrary to all published experimental measure-
ments*® which show clearly that the lifetimes of the higher
vibrational levels are shorter than those of the lower levels.
Furthermore, if the two linear transition-moment functions
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are normalized 30 as to yield a radiative lifetime of 2.0 us for
v’ =0 as given by the recent measurement of Gadd and
Slanger,® they underpredict the absorption oscillator
strengths for the 0~0 through 6-0 transitions by more than a
factor of two compared to all available experimental data.”*
Kuz’'menko ¢7 al.’s transition-moment function predicts ra-
diative .ifetimes for NO(B) which are even more discordant
with availsble experimental measurements than the other

In contrast to the experimentaily based transition-mo-
ment functions, the results from three gb initio calcula-
tions'®>'? indicate that the electronic transition moment of
the NO(B--X) system decreases with increasing internuciear
separation. Cooper’s'® ab initio function falls very r. ;idly,
dropping a factor of 2 between 1.22 and 1.3 A. The decrease
in R, (r) then moderates somewhat, dropping another factor
of 2 between 1.3 and 1.5 A. de Vivie and Peyerimhofs func-
tion,'!' on the other hand, is essentially linear, dropping
roughly a factor of 2 between 1.3 and 1.6 A. Langhoff er al.
have proposed a function that combines a steep drop in the
transition moment function at small 7 (almost a factor of 2
between 1.20 and 1.27 A) with a much more moderate de-
cline at larger 7 (about a third between 1.30 and 1.60 A).

The plethora of inconsistent results has led us to reinves-
tigate the NO(B-X) system. We use a branching-ratio tech-
nique to determine the relative variation in the electronic
transition moment with internuclear separation. This allows
us t0 normalize our relative data to the radiative lifetime
messurements of Gadd and Slanger. We then extend our
function to shorter internuclear distances by incorporating
R, (r) values determined from oscillator-strength measure-
mts."'

Our transition moment function has a siope opposite
that proposed by all three previous experimentally derived
functions, but in accord with ab initio calculations. Our
function is consistent, furthermore, with most available ab-
sorption oscillator strength and radiative lifetime measure-
ments. . —
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il. EXPERIMENT

The NO-5 bands were excited in a discharge-fiow appe-
ratus from the recombination of O and N atoms in argon. '
A microwave discharge through a flow of nitrous oxide in
argon produced the atoms.'* The mole fraction of N, O was
kept low (less than 1% ) in order to avoid production of NO
in the discharge. The NO destroys the N atoms quite effi-
ciently."?

Spectra were recorded between 200 and 530 nm at mod-
erate resolution (A4=0.25 nm) using a 0.5 m scanning
monochromator that was equipped with a thermoelectrical-
ly cooled photomultiplier and a photon-counting rate meter.
A computer-based data acquisition system digitized the out-
put of the photon counter and stored the data for subsequent
analysis. Figure 1 displays a portion of one of the spectra
recorded for this study. Bands from all seven of the vibra-
tional levels of NO(B) that are below the predissociation
limit, i.e., v’ = 0-6, radiate over the spectral range studied,
200 to 330 nm. Relative populations of the emitting levels
vary with pressure and with the third body. They are more
relaxed at higher buffer gas pressures and alto more relaxed
in nitrogen than in argon. In 2.5 torr of argon, the relative
populations of v'=0 to 6, respectively, are
100:14:20:30:11:7:8.

The variation in the respoase of the detection system as
a function of wavelength was determined by resolving the
output of standard quartz-halogen and deuteriun lamps. A
BaSO, screen reflected the lamp emission into the mono-
chromator, thereby ensuring that the optics were filled. The
small drop in the reflectivity of the screen at shorter wave-
lengths was included in the response function calcula-
tions.'*!” Calibrations obtained from the two lamps agreed
excellently in the region of spectral overlap, 300 to 400 am.
The only optical element between the flow reactor and the
entrance slit of the monochromator was a CaF, window
which transmits uniformly over the relevant spectral region.
This procedure ensured that the relative response deter-
mined from the lamps would not be modified by the presence

FIG. 1. The chemiluminescence spectrum generated from the recombina-
tion of O and N atoms in argon between 230 and 400 am. 152

Piper, Tucher, and Cummings: Einstein costicients ‘or NO

of other optical e'caients, such as a collection lens or even a
curved flow reactor wall. »

Spectral analysis involved dividing each spectrum into a
number of discrete segments. Each segment contained only
one transition from each of the seven upper levels of NO(B).
These segments were then fit by computer to determine the
intensities of each of the bands in the spectral segment. This
spectral-fitting procedure allows intensities to be determined
unambiguously in cases of partial overlap between bands. In
a few cases the overlap was so great that relisble intensiticg
could not be determined. Such bands were not included in
the analysis. Figure 2 shows one of the spectral segments
along with its associated synthetic fit. Without the spectral
fitting analysis, we would have been unable to determine the
intensities of any of the bands in this spectral region except
that of the 2,16 band.

We have described our spectral-fitting procedure in
some detail previously.'*'* A least-squares-fitting routine
adjusts the populations of each vibrational level in a comput-
er generated synthetic spectrum of the NO- bands so as to
match best the experimentally determined spectrum. We
used spectral constants tabulated in Huber and Herzberg®®
to calculate the synthetic spectrum. Incorporating the vari-
ation in the spin-orbit coupling constant with vibrational
level was imperative to obtaining adequate fits.

Iil. RESULTS
A. Fit to branching-ratio measurements

The intensity of emission from a given band is the prod-
uct of the aumber density in the upper state, N, and the
Einstein coefficient for spontaneous radiation, 4. . Gener-
ally, one can separate the Einstein coefficient into a product
of several factors*' including the Franck-Condon factor,
4..-» the cube of the transition frequency, v,,-, and the
square of the electronic transition moment, R, (7). This lat-
ter quantity is a function of the internuclear separation, 7.
The internuclear separation appropriate to a given transition
is known as the the r centroid of that transition, 7,.. . Thus,

lu'l' = Nv‘"u’n‘ =x~"ql'l' ‘efv'
(2- 60./\' + A )

R:(F,.),
(z—aqh) i

(N

5 A
« L _J L} L a8 L _J L2

F1G. 2. A portion of the NO( 8 ‘T1-X *11) spectrum excited by the recombsi-
nation of O with N in argon. The light line represents the data while the
heavy line is the best-fit synthetic spectrum. The band heads are marked for
each Bind (v,0°).
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where « is a constant (x = 647*/3A for vincm ~ '), and the
subscripts, A, on the Kronecker delta characterize the orbi-
tal angular momentum of the electronic states. This defini-
tion of the Einstein coefficient? is consistent with the re-
commendations of Whiting e a/.?

The reduced intensities of bands in a progression having
a common upper level,

L.
qu'v‘ V‘v'u'

are a function only of the electronic-transition moment. The
square root of the ratios of these reduced intensities to that of
a single band in the progression vary from one another,
therefore, in the same way that the electronic transition mo-
ment varies with internuclear separation. The conditions un-
der which this analysis is valid have been documented exten-
sively in the literature over the past 35 yearsl'*?’

Although the r-centroid approximation is only strictly valid
when R, (7) is a linear function, Fraser®® and McCallum®*

have shown that the r-centroid approximation describes the
electronic transition moment function quite well for most
molecules even when higher-order polynomial or exponen-
tial functions are used to model R, (7).

We caiculated the reduced intensities using the band
intensities determined from the spectral fitting procedure
described above and the Franck-Condon factors and band
origins calculated by Albritton ez al.2® The 7 centroids need-
ed for the analysis also derive from Albritton ez al.’s calcula-
tions. These Franck-Condon factors are based on a Ryd-
berg-Klein-Rees (RKR) potential and agree to better than
10 percent with the RKR based Franck-Condon factors of
Jain and Sahni.?* The Morse potential based Franck-Con-
don factors of Nicholls*® and Ory eral.’' agree with those of
Albritton et al. to better than 20 percent for Franck-Condon
factors 20.02. Sizeable disagreements occur for smaller
Franck-Condon factors, but such bands contribute negligi-
bly to the observed intensities. In general, RKR-based
Franck-Condon factors tend to be more accurate than those
that use Morse potential functions in their calculation.

Figure 3 shows data for bands originating from levels
v’ = 0-3 plotted together. Transitions used in the fit includ-
ed the following: v’ =0, v* = 2-15; ¢ = 1,»” = 3-7, 10-16;
vV =2,0" =2-5,8-16;and ¥’ = 3,0" = 1-5,7,8, 11, 12,and
15-18. The line through the data is a least-squares-fit to the
function

R, (Fsr )| = 1.40 — 0.407,,.

- + 1.508 10° exp( — 10.077,,.). 3

A least-squares routine adjusted the normalization fac-
tor for each progression to minimize the difference between
the data for each progression and the function describing the
variation with 7 centroid for all progressions. The procedure
was to fit just one progression initially and then adjust the
normalization factors for each of the other progressions so
that they would match, as closely as possible, this initial fit.
. The criterion for the fitting procedure was minimization of
the sum of the squares of the differences between the analyti-
cal function and the individual data points (the residuals).
All of the adjusted data then were refit to determine a new

=xN,R}(F,,), (2)
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FIG. 3. Rdmvemmmthemuoamtrwxhe
NO(B3M-X 1) system a8 a function of intemuclear separation.

best-fit function. The individual progressions then were
readjusted to reduce further the sum of the squares of the
residuals. After several iterations, no further improvements
in the fit could be realized. The variance of the final it indi-
cated that the function reproduced the data to within about
5%.

The data could be fit just as well to a quadratic function
or to an exponential function that didn’t have a linear term in
F.e - A quadratic polynomial fit to our data goes through a
minimum at 7~ 1.55 A and then increase at larger 7. This is
physically unreasonable since R, must vanish at large inter-
nuclear separations. A simple exponential function also is
physically unreasonable because it becomes constant at large
r. The exponential function with the linear term, on the other
hand, decreases in value throughout the range of intemu-
clear separation that is important for determining Einstein
coeflicients.

We used Gadd and Slanger’s radiative lifetime values
for v = 0-3 to place our relative transition-moment func-
tion on an absolute basis. The reason for restricting the nor-
malization procedure to vibrational levels three and below is
that our data provide a transition-moment function that is
valid only over the mnge 1.27 A<7<1.60 A. This range en-
compasses well over 90% of the important vibronic transi-
tions from v’ = 0-3, whereas more than 40% of important
trangitions from v’ = 4-6 occur outside this range.

The inverse of the radiative lifetime is given by

_l—gzqnd'v 1 lR'(T‘v'v')lfﬁ’ (4)
where the scaling factor, £, is chosen so that 7 in Eq. (4)
gives the experimentally determined value. The average scal-
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ing factor determined from Eq. (4) gives caiculated radia-
tive lifetimes for v’ = 0-3 that agree with Gadd and Slanger’s
experimental values to within + 4%.

' B. Limits ot validity of branching ratio fit

Equation (3) is a reasonably good representation of our
data over the range of its validity, 1.27 to 1.60 A. The least-
squares-fit indicates an overall uncertainty of about 5%. Ex-
trapolation of our function outside this region could lead to
problems, however (vide infra). Most important transitions
from v’ = 0-3 occur within this range of internuclear separa-
tions, so that determining the lifetimes and Einstein coeffi-
cients of transitions involving these levels should not be sub-
ject to serious extrapolation error.

For the higher vibrational levels, the sum of the Franck-
Condon factors for transitions from a given upper level to all
lower levels is somewhat smaller than the value of unity that
is required by quantum mechanical sum rules. This indicates
that our sum over Einstein coeflicients could be incomplete,
and that if a greater range of lower levels were included in the
summation, the radiative lifetime might be even smaller than
those we calculate using our transition-moment function.

Any errors in radiative lifetime introduced by the in-
complete summation, however, will be smail because the
missing transitions occur at longer wavelengths. The v* fac-
tor in Eq. (1) is sufficiently small at these longer wave-
lengths that transition probabilities will be small even for
transitions with sizable Franck-Condon factors. For exam-
ple, if we assumed that the Franck—-Condon factor for the
6,20 band were 0.423, i.c.,

t9

the resulting Einstein coefficient would add less than 4% to
the total radiative decay rate of v’ = 6. In reality, the sum of
the Franck-Condon factors for the 6,21 and 6,22 bands is
only 0.27,°2 so that the uncertainty arising from the incom-
plete set of Franck-Condon factors is somewhat less than
49,.

A more serious problem is that our transition moment-
function by itself probably underpredicts values at the
smaller internuclear separations. Mixing between the B and
C states becomes important at an internuclear separation
around 1.25 A.'? This mixing causes a fairly abrupt change
in slope of the transition-moment function. The increase in
R, values with decreasing internuclear separation becomes
much more rapid below 1.25 A that it was above 1.25 A.
Since our experimental data provide a transition-moment
function that is valid only down to 1.27 A, using our function
to calculate Einstein coefficients for transitions at smaller
internuclear separations may result in values that are too
small and will predict radiative lifetimes that are somewhat
too long.

The vibrational levels that would be most affected by an
extrapoiation error are the higher ones, v’ = 4-6, and only
for sequences Av = 6 through Av = 2. Our function should
provide reasonably accurate Einstein coeflicients for all im-
portant transitions from the other vibrational levels, as weil
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as for those transitions from the higher vibrational levels
occurring in sequences smaller than Av> 2.

C. Extension of transition-moment function

In order to reduce extrapolation errors associated with
our function, we extended it to smaller internuclear dis-
tances by including results from oscillator-strength mea-
surements. The oscillator strength, /..., is determined from
absorption measurements and will give the transition mo-
ment at a given internuclear distance directly,

— 12
R = {( 2= Son ) Low } :
2 - 60_/\- +A° 1.5« Qv Voo
where c is the speed of light and « is as defined above in
presenting Eq. (1). Each oscillator strength measurement
results in a discrete point on a plot of transition moment asa
function of internuclear separation.

The scaling factor, {, determined from Eq. (4) allows us
to convert our relative transition-moment data into absolute
units. Combining our absolute branching ratio data with the
oscillator strength data allows us to extend the transition-
moment function, because all transitions involved in the os-
cilhtxr strength measurements have 7 centroids smaller than
1.27 A.

Plotting our renormalized data and the oscillator-
strength messurements together, showed that our data
faired smoothly into the data of Bethke,® who used low reso-
lution absorption at high pressure, and of Farmer ez al.® who
used the hook method. The higher resolution measurements
of Hasson and Nicholls,” however, give transition moments
that appear to be about 25 to 30% too low. Our dats, when
normalized by Gadd and Slanger’s lifetimes,® could be re-
conciled with Hasson and Nicholl’s results only if the transi-
tion-moment function were not monotonic, but rather
turned overat about 1.3 A and started to decrease at shorter
internuclear separations. This functional behavior, however,
would lead to radiative lifetimes for the higher vibrational
levels that were much longer than those observed experi-
mentally. Interestingly, if the lifetime of NO(B,v’ = 0) were
3.1 s, as was reported by Jeunchomme® and by Brzozowski
etal.,* our function would favor Hasson and Nicholl's oscil-
lator strengths over those of the other two groups. We be-
lieve Gadd and Slanger’s lifetime determinations are more
reliable than the other two, so we discounted Hasson and
Nichoil’s oscillator strengths when we made the functional
fit to the extended data set.

A least-squares-fit to the combination of our adjustgd
R, (7) data between 1.27 and 1.60 A with Bethke and Farm-
er et al.’s data from 1.22 to 1.26 A gives R, in Debye as
R,(r) =0.350 — 0.1047,,. + 3.69%10* exp( — 10.1 7).

(6)
Radiative lifetimes calculated from this function for v’ = 0-
5 are consistent with Gadd and Slanger’s measurements to
better than + 4%. The radiative lifetime for v’ = 6 that re-
sults from R, described by Eq. (6) is about 17% too lc::8.
Table I lists the Einstein coefficients determined from this
procedure along with other relevant information.

(5
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0 22009 0.00002 1.269 0.3181  0.0001 $.269E + 01

1 22957 0.00026 1.28% 0.3014  0.0012 6.029E + 02

- 2 29.m 0.00176 1.302 0.2865  0.0066 3.290E + 03
3 2%0.67 0.00764 1319 02735  0.0230 L138E + 04

4 26246 002334 1336 0.2619  0.056% 2.802F + 04

s 21520 005471 1354 02517  0.1052 $.216E + 04

o 6 28901 0.099ss 1372 0.2425  0.1534 1.608E + 04
7 30401 0.14534 1391 02344  0.1798 8.914E + 04

8 32038 0.17305 1411 02211 01m? 8.5135 + 04

9 33828 0.16986 1.432 02205  0.13%0 6.692F + 04

10 35798 013839 1.4%3 02145 00879 4.356E + 04

11 379.64 009392 1475 0.2091  0.047$ 2353E + 04

12 403.67 005312 1499 02040 00213 1.0S4E + 04

13 43042 0.02499 1.524 0.1992  0.0079 3.901E + 03

14 460.36 0.00973 1.5% 0.1947 00024 1.185E + 03

1S 494.08 000311 1579 0.1902  0.0006 2927E+ 02

16 $32.31 0.00081 1610 0.1858  0.0001 5.816E + 01

Sum = 0.9980

1 0 21524 0.00014 1.260 03283  0.0008 4.746E + 02
1 22430 000169 1.276 03105  0.0079 4.530E + 03

2 234.00 000933 1292 02949 00348 1.986E + 04

3 24440 003121 1309 02811 00929 S.297E+ 04

4 25560 0.06968 1.326 02688  0.1659 9.454E + 04

s 26767 0.10725 1343 02579  0.2048 1.167E + 0

6§ 2807 0.11144 1360 02484  0.1710 9.748E + 04

7 29488 006950 1378 0.2400  0.08%9 4.899E + 04

8 31021 001532 1.39% 02334 00154 8.770E + 03

9 32697 000278 1432 02204  0.002] L211E+03

10 345.31 0.04805 1.443 02173 0.0303 1.729E + 04

11 36545 0.11208 1.463 0.2120  0.0568 3.238E + 04

12 387.66 0.14372 1485 0.2069  0.0581 INIE+ 04

13 41227 0.12720 1.508 0.2021  0.0408 2.326E + 04

14 439.68 0.08403 1.533 0.1975 00212 1.210F + 04

15 47031 004280 1.560 0.1931  0.0084 4812E + 03

16 504.83 0.01701  1.589 0.1388  0.0026 1L478E + 03

Sum = 0.993 23

2 0 21067 0.00059 1.252 0.3390  0.003$ 2.286€ + 03
1 219.34 0.00585 1267 03202 00273 17835 + 04

2 22860 002554 1283 0.3036 00952 6.182E + 04

3 23883 0.06359 1.299 02890  0.1890 1.227£ + 0§

4 249.18 0.0958 1.315 0.2760  0.2281 1.481E + 05

S 260.63 008226 1332 0.2647 01573 1.021E + 05

6 27298 002801 1.347 02553  0.0434 2815E + 04

7 28633 0.00028 1.369 0.2441  0.0003 2229E + 02

8  300.80 0.03736 1.389 02352 00367 2.382E + 04

9 316.53 008118 1407 02286  0.0646 4I97E + 04

10 333.69 006242 1.425 02226  0.0402 2610£ + 04

11 35246 0.01068 1439 02182  0.00%6 3.643E + 03

12 373.08 000862 1.4%0 02079  0.0033 2.251E + 03

13 39581 006986 1.496 0.2046 00228 1479E + 04

14 42099 0.12903 1.518 02002  0.033 2LIT4E + 04

15 449.02 0.13374 1343 0.1958  0.0274 LITIE + 04

16 480.37 009377 1570 0.1915  0.01%0 9.73SE + 03

_ 1T 515.66 0.05270 1.59% 0.1880  0.0066 4.260F + 03

= Sum = 0.981 34

- 3 0 206.38 000175 1.244 0.3503  0.0108 1.665E + 03
1 214.68 001409 1.259 0.3302  0.0665 48735 4+ 04

2 223.% 004763 1.274 03127  0.1788 1.3J08E + 08

3 233.00 003414 1.290 02973 02517 1.845E + 05

» 4 24315 007495 1.308 02838  0.1798 1.J18£ + 08
S 254.08 0.02100 1.320 02728  0.0408 2.991E + 04

6 265.77 000269 1.350 02540  0.0040 2.893E + 03

7 271840 0.04679 1.3%9 0.2491  0.0576 4.220E + 04

3 29207 006390 1.378 0.2413  0.0639 4.6845 + 04
9  1306.87 0.01857  1.390 02350  0.0152 LI13E + 04

10 32297 0.00431 1.426 02221  0.0027 1.980E + 03

11 340.%2 0.05440 1.436 02191  0.0283 2.074E + 04

12 3%9.73 007260 1.458 0.2141  0.0306—. 2.242E + 04
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TABLE 1. (continued).

13 33082 002416 L1472 0.2099 0.0082 6.044E + 03
14 40407 000223 1.501 0.2035 0.0006 4E+R2
15 42982 005866 1.530 0.1980 0.012¢ 9.085£ + 03
16 438.47 0.12631 1.5%4 0.1941 0.0211 1.549E + 04
17  490.51 0.13420 1576 0.1906 0.0177 1.296E + 04
18 52654 009710 1.604 0.1866 0.0099 71.263E + 03 -
Sum = 0.949 43
4 0 202.2% 0.00408 1.236 0.3619 0.0248 2026E + 04
1 21023 0.02650 1.2%0 0.3408 0.1271 1.039E + 03
2 28m 0.06748 1.265 0.3224 0.2570 2.102E + 03 .
3 2119 007812 1.280 0.3061 0.2378 L94IE + 08
4 23748 002977 1.298 0.2926 0.0730 S.970F + 04
S 487 000070 1.308 0.2815 0.0014 L143E + 03
6 259.01 0.04043 1331 0.2649 0.0626 SJNAE + 04
7 2NM.00 005344 1.346 0.2358 0.0674 S.S12E + 04
8§ 28393 000836 1.358 0.24%4 0.0087 T128E + 03
9 29790 00138 1389 0.2355 0.0!1! 9.095E + 03
10 31308 005757 1.403 0.2301 0.0381 J116E + 04
11 329.51 003357 1419 0.2246 0.0182 1.485E + 04
12 34746 000015 1.438 0.2186 0.0001 S.361E+ 01
13 367.10 004282 1.467 0.2110 0.0148 1.209E 4+ 04
14 18866 007138 1488 0.2069 0.0200 1.632F + 04
s 41262 002397 1.502 0.2034 0.0054 44335 + 03
16 43373 000368 1.561 0.1929 0.0006 S.086E + 02
17 46798 003420 1.563 0.1926 0.0073 6.153E +- 03
18 500.68 0.12690 1.587 0.1890 0.0136 LIISE + 04
19 53743 0.13220 1615 0.1851 0.0112 9.151E + 03
Sum = 0.867 14
5 0 19837 000799 1.228 0.3742 0.0498 4.495E + 04
1 20603 004134 1.242 0.3520 0.2038 1.837E + 08
2 21409 007633 1.257. 0.3325 0.2984 2.693E + 03
3 22238 005011 1.27 0.3157 0.1567 L.4I15E + 08
4 23218 000171 1278 0.3089 0.0043 4.090F + 03
5 24206 002533 1.306 0.2830 0.0501 4523E + 04
6 252.68 0.05154 1.320 0.2726 0.0825 T445E + 04
T 26407 001050 1.332 0.2644 0.0139 L2S1E + 04
8 27633 001209 1.360 0.2487 0.0123 LIRE + 04
° 28958 005049 L3N 0.2424 0.0425 J8ME 404
10 303.34 001927 1.386 0.2365 0.0133 L205E + 04
It 319.33 000538 1421 0.2238 0.0029 2.596E + 03
12 33616 005103 1431 0.2208 0.0228 2054E + 04
13 3%4.% 003434 1446 0.2163 0.0126 LIBE 4+ 04
14 37457 000023 1.472 0.2098 0.0001 6.043F + 01
1S 396.59 004610 1.497 0.2043 0.0107 9.613E 4 03
16 420.86 006692 1.515 0.2008 0.0126 LI13SE + 04
17  447.70 002237 1.531 0.1979 0.0034 3.062F + 03
18 47753 000525 1.562 0.1927 0.0006 S.618E + 02
19 510.34 007606 1.600 0.187 0.0069 6.268E + 03
Sum = 065478
6 0 19468 001368 1.220 0.3869 0.0869 8.706E + 04
1 20206 003532 1238 0.3635 0.2786 2L790E + 05
2 20990 007025 1.249 0.3431 0.2801 2.803E + 05
3 21823 001878 1.262 0.3265 0.0602 6.032E + 04
4 27.11 000670 1.284 0.3024 0.0164 1L.640E + 04
S 23659 004715 1.296 0.2918 0.0950 9.S11E + 04
6 24672 002135 1309 0.2811 0.0355 3.835E + 04
7 257.5% 0.00406 1.336 0.2617 0.0051 S.105E + 03
8 269.23 004330 1345 0.256S 0.0457 4.5719E + 04
9 28176 001979 1358 0.2494 0.0172 1.T27E + 04 "
10 29528 000512 1.390 0.2350 0.0034 3.446E + 03
11 309.88 004530 1.399 0.2315 0.0257 2.570E +- 04
12 325.70 001936 1412 0.2267 0.0091 9.127F + 03
13 34290 000605 1.450 0.2154 0.0022 2.185E + 03 ¢
14 361.64 005124 1.4%9 0.2131 0.0154 1LS43E + 04
15 38212 002600 1473 0.2095 0.0064 6417E 4+ 03
16 404.60 000365 1.498 0.2041 0.0007 1.202E 4+ 02
17 42933 00482¢ 1527 0.1986 0.0075 1.541E 4+ 03
18 45669 0.062357 1.54% 0.1958 0.0079 1.875E 4+ 03
19 48707 000798 1.552 0.1943 0.0008 8.182E + 02
Sum = 0.576 66
w
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TABLE I1. Radiative lifetimes of NO(8'IL.v/).*

7673

Gadd and Jeunchomme Nicholis (Ref. 1) or
Present Slanger Brzozowski and Duncan Vilesov and Kuz'menko de Vivie and Cooper Langhoff

v results (Ref. 6)  etal. (Ref. 4) (Ref. $) Matveev (Ref. 2)* eral (Ref. 3) (Ref. 11) {Ref. 10)  eral. (Ref. 12)
1] 202 2.00 31402 3.1+06 2.00 0.32 2.63 5.52 1.99
1 1.78 1.82 29402 23+03 2.02 0.35 232 449 1.79
2 1.54 1.52 28402 2.2+ 04 208 0.38 2.08 1.66 1.60
3 1.36 1.46 26+02 2.09 0.41 1.89 2.88 1.41
4 1.22 1.19 25402 217 0.46 .78 2.18 1.23
5 1.11 1.07 23402 2.33 0.52 1.64 1.70 1.08
6 1.00 0.85% 23+02 2.41 0.55 1.3 1.34 0.87

— L — o SRS

*Unitsare 10~ °*s.
* R, (r) normalized 30 that r{v' = 0) = 2.00x 10~ *s.

IV. DISCUSSION
A. Transition moment functions

Figure 4 compares our transition-moment function with
others that have appeared in the literature. The three func-
tions determined from ab inito calculations'®'? behave qual-
itatively like our function, i.e., the value of the transition
moment decreases with increasing internuclear separation.
We had to divide Cooper’s transition moment values by a
factor of two in order to have a consistet degeneracy nor-
malization between all sets of data.?"??

Cooper’s'® function decreases somewhat too steeply
over the range common to both his function and ours, but
appears to represent experimental oscillator strengths quite
well. Over the range 1.3 to 1.45 A, the relative variation of de
Vivie and Peyerimhoff’s'' function is consistent with ours,
to witi 1 a few percent. Their function, however, is inade-
quate at 7 < 1.3 A and decreases too rapidly for 7> 1.45 A.

Langhoff er al. found, that if they shifted their ab initio
function 0.025 A to larger internuclear separations, they
could reproduce Gadd and Slanger’s radiative lifetimes for
all vibrational levels up through v’ = 6 to better than + 4%.
Langhoff er a/. “shifted” transition-moment function agrees
with ours to better than + 4% between 1.24 and 1.60 A.

The three previously published, experimentally derived
functions all predict a variation in transition moment with
internuclear separation thas is contrary to our findings.
Kuz’menko ef al.® function results primarily from fits to ab-
solute emission measurements in shock heated air.’* Those
experiments did not have sufficient sensitivity and spectral
resolution to provide positive identification of the NO 8
bands. A chronic problem with shock-tube measurements is
that they tend to be plagued by interference from impurity
emissions. This effect results in absolute photon-emission
rates that are too large.

The functions of Robinson and Nicholls' and Vilesov
and Matveev? derive from an approach that is similar to
ours, so rationalizing the differences between their findings
. and ours is not so straightforward. The three major sources
of error in using a branching-ratio technique to construct a
transition-moment function are ( 1) incorrect band intensity
measurements, because of spectral overlap problems with

impurity emissions or other vibrational levels of the band
being studied; (2) incorrect values of Franck-Condon fac-
tors and 7 centroids; or (3) incorrect calibrations of the re-
sponse of the detection system as a function of wavelength.

Our use of spectral fitting for determining band intensi-
ties reduces problems with spectral overlap significantly.
These problems are most pronounced at Jonger wavelengths
and could lead to overestimates of intensities of bands with
larger r centroid values.

Robinson and Nicholls list the Franck~Condon factors

040
g
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=
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-
:
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3 010 — \ -
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12 13 14 15 18
INTERNUCLEAR SEPARATION (A)

FIG. 4. Comparison between the various NO(B-X) transition-moment
functions. Present results (—); Langhoff e al. (Ref. 12) ( ); de
Vivie and Peyerimbholl** (- - —); Cooper (Ref. 10) (-~ - ~); Vilesov and
Matveev (Ref. 3) (- - - —); Bethke (Ref. 7) (O); Farmer ez al. (Ref. 8}
(A); Hasson ¥nd Nicholls (Ref. 9) (O).
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and 7 centroids used in their analysis. Although their values
are based upon Morse potentials, they are similar to the val-
ues we used. Vilesov and Matveev's Franck~Condon factors
and 7 centroids come from Jain and Sahni*' and also are
almost identical to those used here.

Response calibration probiems can result either from
failure to fill monochromator optics or from neglect to cor-
rect standard lamp outputs from units of Watts to photons
s~ '. Mixing intensity units tends to skew corrected intensi-
ties to be higher at loiger wavelengths or larger 7 centroids.
Underfilling monochromator optics can lead to response
function errors if the photomultiplier varies in sensitivity
across its face. Predicting how this effect will influence inten-
sity measurements, however, is difficult.

Some sort of systematic error in the experiments of Rob-
inson and Nicholls and Vilesov and Matveev seems likely.
Dividing R, (7,,- ) determined from their function by the
wavelength of each transition gives relative branching ratios
for v’ = 0 to v* = 2-16 that agree with ours to better than

+ 5 percent.

B. Radiative lifetimes

Table 11 compares the radiative lifetimes derived from
our transition-moment function with experimentally mea-
sured lifetimes and those determined from other proposed
transition-moment functions. The agreement with the re-
cent results of Gadd and Slanger® is excellent for all vibra-
tional levels except v’ = 6. Most likely the cause of this dis-
crepancy is because the function described by Eq. (6) does
not increase rapidly enough below 1.25 A.

Agreement with the radiative lifetimes determined by
Brzozowski et al.* and Jeunchomme and Duncan® is, of
course, not so good. Naturally, had we normalized our tran-
sition-moment function appropriately, some overlap
between our calculated lifetimes and those measured by
these two groups would have cccurred. Our transition-mo-
ment function, however, indicates that the reduction in ra-
diative lifetime with increasing vibrational level is much
stronger than reported by Brzozowski er a/.

Both Brzozowski et g/. and Jeunehomme and Duncan
monitored fluorescence decays following excitation in a
pulsed discharge. A potential probiem with this approach is
the possibility that collisional or radiative cascade from
higher states, that are also excited in the discharge, will con-
tinue to generate the state under study after termination of
the discharge. This effect generally results in radiative life-
times that are too long. Another potentiai problem is that
radiation from the state under study might not be isolated
adequately from radiation from other states. Neither of these
potential problems will affect the measurements of Gadd
and Slanger. They prepared the various vibrational levels of
NO(B) by laser excitation. Thus, only one vibronic state
was excited and only one radiated.

Table II also lists radiative lifetimes determined from
other proposed transition-moment functions. The experi-
mentally derived functions of Robinson and Nicholls,' Vile-
sov and Matveev,’ and Kuz'menko ef al.’ all predict that
radiative lifetimes will increase with increasing vibrational
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level in contradiction to all radiative lifetime measurements.
In addition, as noted above, the transition-moment function
of Robinson and Nicholls or Vilesov and Matveev is incon-
sistent with absorption oscillator strength measurements.
Radiative lifetimes we compute from de Vivie and
Peyerimhoff's and Cooper’s ab initio functions are longer
than those measured by Gadd and Slanger, although those .
we compute from de Vivie and Peyerimhoff's function are
only 30 percent too long for v’ = 0-3. We compute radiative
lifetimes from de Vivie and Peyerimhoff’s function that are .
shorter by a factor of vZ than the values they list in their
Table VIII. Although the computations used to calculate
Einstein coefficients are based upon the appropriate equa-
tion in their paper, we may have misinterpreted their norma-
lization to account for degeneracy effects. For comparison
with our function, the absolute value of their function is less
important than the qualitative trends it predicts. In a relative
sense, the lifetimes calculated from their function decrease
with increasing vibrational level about 20 percent more
slowly than ours. The major problem with their function,
however, is that it doesn’t predict the sharp increase in the
transition-moment function that commences at about 1.25

In contrast to de Vivie and Peyerimhoff, Cooper’s'®
function predicts the sharp increase below 1.25 A, but his
function doesn’t flatten out enough at iarger internuciear
separations. As a resuit, his function predicts a much greater
change in radiative lifetime with vibrational level than is ob-
served experimentally.

As noted above, Langhoff er al.’s calculations predict
both the magnitude and the variation in radiative lifetime
with increasing vibrational level to within about + 4% for
all vibrational levels, v’ = 0-6.

C. Uther issues

Gadd and Slanger excited NO(B,v’ = 6} with a laser
and scanned the resuiting fluorescence spectrum. They con-
verted the relative intensities to a set of branching ratios
from v’ = 6 to ground-state vibrational levels. These branch-
ing ratios then were converted to absolute Einstein coeffi-
cients by dividing each by the measured radiative lifetime of
v=6

Our Einstein coefficients for v = 6tov” =0to3and §
are within + 10% of Gadd and Slanger’s. For all other tran-
sitions, Gadd and Slanger’s values are larger than ours by
factors ranging from 1.3 to 4. We see some evidence that a
systematic error in Gadd and Slanger’s measurements is the
cause of the discrepancies.

Figure 5 shows the ratio of Gadd and Slanger’s Einstein
~oefficients to ours plotted as a function of the wavelength of
each transition. The ratios for the first fourteen transitions
separate themselves into three distinct groups. The transi-
tion having Einstein coefficients on the order of 10° s ' afe
the ones that agree with ours to within + 10%. Those tran-
sitions for which A ,- is on the order of 10*s = ' have ratios
neze 1.5, while the ratios are roughly 2.5 for transition hav-
ingA,- ~ 10°s~'. This grouping of discrepancies according
to the magnitude of the Einstein coefficient suggests an in-
complete baseline subtraction for the weaker bands, or per-
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haps, a nonlinearity in changing signal amplifier ranges.

Figure 5 also shows evidence of a second systematic er-
ror in Gadd and Slanger’s measurements. The ratios for the
two groups of transitions having Einstein coefficients on the
order of 10* and 10* s ~' increase linearly with increasing
wavelength and, in addition, have similar siopes. The ratios
of the 10° s ~ ' group decrease slightly with increasing wave-
length. These trends could result from an ervor in calibrating
the relative response of their monochromator as a function
of wavelength. This secems likely since dividing the ratios of
Gadd and Slanger’s 4,,. to those we have derived by the
transition wavelength resuits in a set of values that are con-
stant to within 4 5% both for the 10*s ~ ' group and for the
10’ s ! group. Interestingly, the discrepancies in the Ein-
stein coefficient ratios scale with wavelength in the same
manner as the discrepancies between our transition-moment
function and those of Robinson and Nicholls and Vilesov
and Matveev.

- Gadd and Slanger computed a set of radiative lifetimes
for v’ = 0 through 5 using the branching ratios for the v'.0
transitions calculated by Langhoff er al. and the oscillator
strengths measured by Hasson and Nicholls® and by Farmer
etal.® They found generally good agreement with their mea-
sured radiative lifetimes, especially with those lifetimes cal-
culated from Hasson and Nicholls’ oscillator strengths. As
we have already noted, our transition-moment function is
incompatible with transition moments derived from Hasson
and Nicholls oscillator strength measurements. Einstein co-
efficients calculated from these measurements, therefore,
ought also to be incompatible with our measurements. Qur

7678

radiative lifetimes, however, agree rather well with those of
Gadd and Slanger.

We don’t understand how Gadd and Slanger arrived at
the lifetime values they calculated. We wonder if a systemat-
ic error might explain the discrepancy between the radiative
lifetimes we calculate from both sets of oscillator-strength
measurements and those calculated by Gadd and Slanger.
We find that the ratio of the lifetimes we calculate to those
calculated by Gadd and Slanger is 1.62 to within 2.5% for all
transitions. The constancy in the ratio shows that our
branching ratios for the 4, are compatible with those used
by Gadd and Slanger. Since Hasson and Nichols and Farmer
et al. list both oscillator strengths and Einstein coefficients
for each transition, computational errors in converting from
one quantity to the other also should not be an issue. The
discrepancy of 1.62 (which just happens to be 16/72) re-
mains to be discovered.

V. SUMMARY

We have used a branching ratio technique to establish
the variation in the electronic transition moment as a func-
tion of internuclear separation for the NO(8 *[I-X*[T) sys-
tem. Although our transition-moment function differs sig-
nificantly from previously published empirical functions,
our function agrees to better than + 5% with the best avail-
able measurements of radiative lifetimes,® of absorption os-
cillator strengths,”® and with the most recent and detailed
ab initio computation.'?
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1. INTRODUCTION

We have begun a series of laboratory measurements to determine the Einstein
coefficient for the N(2P - 4S) transition. Although emission from N(2P) is prominent in the
aurora, the Einstein coefficients for its forbidden emission lines at 346.6 and 1040 nm are
known only through two theoretical calculations, performed roughly 30 years apart. The
purpose of this work was either to verify the theoretical calculations or else to provide a
more accurate value of this important Einstein coefficient for use in modeling disturbed
atmospheres.

Our experiment involves measuring absolute photon emission rates from the 346.6 nm
line with a simultaneous determination of the N(2P) number density in the fluorescence
observation region using vacuum ultraviolet resonance absorption measurements. We
established the absolute spectral response of our monochromator and optical system by
measuring intensities in the observation region of air afterglow emission, whose absolute
photon emission rates have been established under conditions where O and NO number
densities are known. Preliminatymntsgiveavalmofs.lx10'3 5’1, in excellent
agreement with the most commonly used theoretical value of 5.4 x 103 s°1,

The measurements and data analysis are described in the following viewgraph
presentation.
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RESONANCE ABSORPTION
- MEASUREMENTS

T-5213

@ Resonance absorption

B = linit = trans

init
e 174.3 nm emission line two unresolved doublets
i i
2;‘ |init-ltrams

> !
|

init
e A reasonable approximation
ko2
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(1+ 02

kol is optical depth
o is ratio of lamp to absorber linewidths
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RESONANCE ABSORPTION

MEASUREMENTS (Cont.)

:

= 12
(1+ad

e B

e k,¢: optical depth
kol =CiyN, &
ful is oscillator strength
Ne is number density

o2 = —emissionline width
¢ absorption line width

~ Doppler broadened lines

T . .
=__,(]‘.':3=_Tem|ssmn

, absorption
— Tabsorption =room temperature

— Temission = plasma kinetic temperature
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EMISSION OF N(2P -4s)
347 nm INTENSITY AS A
FUNCTION OF [N(2P)]
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The reactions of N(*P) with O, and O

Lawrence G. Piper
Physical Sciences Inc.. Andover. Massachusets 01810

{Received 4 December 1992; accepted 3 February 1993)

We have studied the kinetics of metastable N(’P) with atomic and molecular oxygen. The
measurements were made in a discharge flow apparatus in which N(?P) was generated from the
energy transfer reaction between N.(A4) and ground state N(*S) and was monitored either by
vacuum ultraviolet resonance fluorescence at 174 nm or else by observing the forbidden N(*P-
*S) emission at 347 nm. The rate coefficient for N(?P) quenching by O, is (2.20.4) x 10~ "
cm’® molecule ™' s™! and that for quenching by O is (1.7%0.4) X 10™"" cm® molecule's~".
One channel of the reaction between N(?P) and atomic oxygen appears to produce NO* via a

chemi-ionization mechanism.

I. INTRODUCTION
The reaction between N(°D) and O,,
N(?D) +0,-NO(v<18) +0, (n

is the primary source of NO in the upper atmosphere and
of vibrationally excited NO in the disturbed upper atmo-
sphere.! Although much less abundant, the more energetic
.atomic nitrogen metastable, N(*P), can react with molec-
ular oxygen to produce NO with significantly more inter-
nal energy,

N(°P) +0,—~NO(v<26) +O, (2a)

N(°P) +0,—~NO(v<9, J~80-120) +O. (2b)

While reaction (1) is well characterized in most regards,>”
published values of the total rate coefficient for reaction
(2) vary by a factor of 2.%%'*!! The products of reaction
~(2) have not been characterized at all, although Rawlins
et al have suggested that highly rotationaily excited NO is
the principal product.’?
The reaction between N(2P) and atomic oxygen,

N(:P) +O(’P) ~N(®D,*S) +O(*P,' D) (3a)
~NO* 4, (3b)

is even more poorly characterized. Only one experimental
measurement of the rate coefficient for reaction (3) has
been published.'® although the rate coefficient has been
estimated from laboratory'? and aeronomic'? observations.
These estimates differ by nearly an order of magnitude.
Theoretical considerations apparently favor channel (3a)
aver (3b),'*!® but experimental support is lacking.

This paper describes the measurements of the rate co-
efficients for N(2P) quenching by atomic and molecular
oxygen. In addition we present evidence in support of
channel (3b).

Il. EXPERIMENT

The apparatus is a modification of one we have used
previously in a number of other studies.®'*!” It consists of
2 2 in. i.d. flow tvhe pumped by a Leybold-Heraeus Roots
blower/forepump combination capable of producing I'near
velocities up to 5% 10° cm s~ at a pressure of 1 Torr. The
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flow tube design incorporates separate source, reaction,
and detection sections clamped together with O-ring joints
(see Fig. 1).

The N(°P) was made in the upstream section of the
flow reactor by adding a flow of nitrogen atoms to a flow
containing metastable N,(4 £ ).'* A low power, hollow-
cathode dc discharge through a flow of argon produced
metastable Ar*(’P,;). Downstream from this discharge,
molecular nitrogen was mixed with the Ar®, and the re-
sulting energy transfer reaction between these two species
ultimately made N,(4).'*"?

Atomic nitrogen was generated in a microwave dis-
charge through a flow of nitrogen and argon in an 8 mm
i.d. fixed point injector. Atomic nitrogen number densities
were determined from NO titrations using procedures we
have detailed previously.?>2! To ensure complete conver-
sion of N,(4) to N(?P) prior to the reaction zone, we
monitored the spectral region between 250 and 350 nm
using a 0.5 m monochromator placed ~ 10 cm downstream
from the N-atom injector. We adjusted the N-atom flow to
be as small as possible while still ensuring complete re-
moval of the Vegard-Kaplan band emission, Ny(4 %) -
X '%;), diagnostic of Ny(4). This procedure minimized
both N(2P) losses from N-atom quenching and N(*P) pro-
duction from N-atom recombination.?

Molecular oxygen entered the flow tube through a
movable loop injector consisting of a 0.25 in. diam length
of stainless steel tubing capped with a perforated Teflon
loop epoxied into its downstream end. The zero of the scale
relating the distance between the injector and the detection
region was calibrated by measuring the point at which the
scattered light from the resonance fluorescence lamp sud-
denly increased as the injector was moved into the detec-
tion region.

To measure N(*P) quenching by atomic oxygen, we
added O-atoms through a downstream fixed injector. The
atomic oxygen was produced in the injector by titrating N
atoms with NO. A microwave discharge through a flow of
nitrogen in argon produced the N-atoms in the upsiream
end of the injector.

Mass flow meters monitored the flow rates of most
gases. although rotameters were used for a few minor spe-
cies, All flow meters were calibrated by measuring rates of

© 1993 Amencan Institute of Physics




Lawrence G. Piper: Reactions of N (°A) with O, and O

~ ‘N wive
Gidss
P woos Plug ng’ ’
‘ To
\ - &Nz
39 v; i
0 Wy Nave
= NG A Oucharge

FIG. 1. Schematic of discharge-fow apparatus for studying N(P)
quenching kinetica.

increase in pressure with time into 6.5 or 12 /flasks, using
appropriate differentiai-pressure transducers (Validyne
DP-15) which had themselves been calibrated with silicon
oil or mercury manometers. Typically the flow rates for
argon or helium, nitrogen, and quencher were 2000-5000,
50, and 0-120 umol s, respectively. The total pressure
was generally 1-3 Torr, and the flow velocity was 1000~
3500 cms™'.

Metastable N(2P) number densitics were measured by
resonance-fluorescence.*?? Because the resonance lines of
both N(*D) and N(3P) originate from a common upper
state, one of the lines must be removed from the lamp so
that the two metastables can be distinguished from each
other. A suprasil window between the lamp and the flow
reactor passed the 174 nm emission for N(3P) pumping,
but rejected the 149 nm emission absorbed by N(° D). The
combination of s 0.2 m vacuum monochromator, a photo-
muitiplier with a Csl photocathode (120-185 nm sensitiv-
ity), and a photon-counting rate meter measured the
resonance-fluorescence intensities in the flow tube.

il RESULTS

A. N(*P) quenching by O,

With the N,(4) off, some N(2P) still persisted in the
flow reactor. This N(}P) was generated by transfer from
N,(A) created by N-atom recombination.~ The contribu-
tion to the total N(3P) signal from this secondary process,
therefore, had to be subtracted to obtain unequivocal mes-
surements. As a result, we monitored the decay of N(2P)
as a function of added quencher both with the N;(A4) on
and with it off. The difference between the two sets of
measurements, then, represents the quenching of the di-
rectly introduced N(P). For the measurements on O,
quenching this correction was small, generally < 10%.

Rate coefficients were determined {from measurements
of the change in the natural log of the metastable nitrogen
number density as a function of number density of added
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FIG. 2. Decay of N(}P) as a function of added molecular oxygen at four

qmt.xching reagent with fixed reaction distance z, or time,
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where the factor of 0.62 is a fluid mechanical correction
needed to account for a parabolic velocity distribution in
the flow tube.?* The decay coefficient, [, requires correc-
tions to the reaction distance, z, to account for imperfect
mixing at the injector. Thus, one must measure decay co-
eficients at several different distances with all other con-
ditions fixed, and then determine the rate coefficient from a
plotof ' vs 2.

Figure 2 shows some typical decay plots for N(*P)
quenching by molecular oxygen. The slopes of the lines in
Fig. 2 are the decay coefficients at different reaction times.
Plotting the decay coefficients as a function of reaction
time, as shown in Fig. 3, corrects for imperfect mixing at
the injector. The slope of the line in Fig. 3 is the rate
coeflicient for reaction (2) and the intercept is the effective
O, mixing time in our reactor. Our results indicate that the
rate coefficient for N(?P) quenching by molecular oxygen
is (2.2+0.4) %10~ '2 cm’ molecule ' s~'. The error bars
are a root-mean-square (rms) combination of the statisti-
cal uncertainty (20=14%) and the systematic uncer-
tainty, 10%. .

Our resuit agrees, within the limits of quoted error,
with Hussin eral’ messurement of (2.6+0.2)x 10~ "
cm’ molecule ' s~ and the more recent measurement of
Phillips etal,'' (1.820.2)%10~'? cm’® molecule™'s~".
lannuzzi and Kaufman's’ value of (3.5%0.5)x10~"
cm’ molecule™' s~' is somewhat larger than a consensus

=0.62 kgz/5=T(2), (4)

"~value based upon the other three sets of measurements.
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FIG. 3. Decay coefficients for N(?P) quenching by molecular oxygen as
a function of reaction time.

B. N(*P) quenching by O

The procedure for measuring N(*P) quenching by O
was similar to that given above for the quenching of N(?P)
by O,. The decay of N(3P) was monitored as a function of
added NO with the N,(A4) discharge on and with it off.
NO quantitatively converts N atoms to O, so the flow of O
into the reactor will equal the flow of NO titrant added to
the injector sidearm. The difference between the two decay
curves was taken to represent the true rate of N(P)
quenching by O-atoms. Figure 4 shows two decay plots
and their associated difference plot. Even though neither of
the two raw decays are linear on the semilog plot, the
difference between them is. The slope of this difference
decay is the decay coefficient for quenching N(?P) by O as
given in Eq. (4).

Resonance Fluorescence intensiy (Hz)

® NyA)on A a
.NZI‘DG' 4
& Net Ni2P) Decay

N N "
Q.0 20 40 60 8.0
[O1 {102 atome e 3y

FIG. 4. Decay of N( P resonance-fluorescence intensity as a function of
added atomic oxygen.
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The N-atom number density required to make suffi-
cient O for these measurements was several times greater
than that required just to produce N(*P). Thus, the N(*P)
generated from N-atom recombination was a much larger
fraction of the total, as much as two-thirds of the total
N(?P). Because the NO titration reaction reduced overall
N-atom number densities, the background component de-
creased considerably, and nonexponentially, as the added
NO increased.

Because the fixed injector does not give perfect mixing,
we next determined a decay coefficient for N(2P) quench-
ing by O, added through the same injector under otherwise
similar flow conditions. The rate coefficient for O-atom
quenching of N(?P) is then the ratio of the two decay
coefficients times the previously determined rate coefficient
for N(2P) quenching by O,. Our measurements show that
the ratio of the two rate coefficients is 7.6 = 1.1, making the
rate coeﬁaent for N(’P) quenchmg by O (1.7+£0.4)
x 10~"! cm® molecule ™' s~

The N(?P)+O rate coefficient has been estimated by
Golde and Thrush'’ to be quite fast, k,~7x 10"
cm’ molecule~'s~!, and by Young and Dunn'® to be
somewhat slower, but still fast, k;~1x10~"
cm® molecule ' s~'. This is one of the few cases for which
N(*P) quenching is reported to be faster than the corre-
sponding quenching reaction with N(?D) (k=1.1x10""?
cm® molecule~'s~")."

C. Chemi-ionization from N(*F)+0

Several groups have suggested that the interaction be-
tween N(?P) and O might be a chemi-ionization reaction
producing NO™,'? although others have argued on theo-
retical grounds that this mechanism is not likely.'*'* If it is
a chemi-ionization reaction, this would explain the fast
quenching of N(2P) by O. We tested for ionization by
inserting electrodes into our flow reactor and measuring
the resultant ion current. The electrodes consisted of a 1 in.
diam loop centered along the flow tube axis upstream from
the O-atom injector and a similarly sized circular electrode
covered with nickel screen 10-20 cm downstream from the
injector. The upstream electrode was biased positively
while the downstream electrode, the collector, was at
ground potential.

Figure 5 shows the variation in the collector current as
a function of the potential difference between the two elec-
trodes. The current rises quite steeply at low voltages, then
levels off as the collector becomes saturated, and finally
rises again as energetic ions and electrons in the gas begin
to ionize the background argon.

Figure 6 demonstrates that the current collected in the
plateau region (~75 V) varies linearly with the number
density of N(?P). Additional measurements also showed
that the current tracked linearly with the O-atom number
density. In the absence of either N(*P) or O atoms, the ion
current vanished. This evidence presents a strong case that
chemi-ionization is at least one channel of the N(*P) pius
O reaction. Qur apparatus was not equipped with a mass
spectrometer to identify NO™ ions unequivocally, how-
ever-theéy seem the most likely candidate.
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FIG. 5. [on collection as a function of potential difference across
electrodes.

The electrodes were not designed to collect the total
ion current generated in the flow reactor. As a result, the
magnitude of the ion current can only be used to determine
a lower limit to the efficiency of the chemi-ionization chan-
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FIG. 6. Relationship between saturated ion current and (N(*P)] for
fixed {O}]. -

nel. We estimate that at least 10% of the N(°P) atoms
removed from the reactor are converted to ions. The true
efficiency could be much higher than this.

V. DISCUSSION

The reaction between N(°P) and O atoms is exoergic =
by ~0.3 eV for the channel to make NO™. Any other
likely ions in the reactor would require somewhat more
energy to produce. Support for the chemi-iomization chan- .
nel comes from the experiments of Gatz er al.>* They ob-
served ion production when they added oxygen atoms to
active nitrogen. By varying the potential between their
electrodes, they were able to measure the mobility of the
ions produced in their reactor. The mobility was exactly
that which would obtain for NO*.

The principle removal mechanism for NO™ ions is dis-
saciative recombination with thermal electrons and the
branching ratio for N(?D) production in NO ™ dissociative
attachment is essentially unity.?® Thus, if reaction (3b) is
indeed the primary channel for N(*P) quenching by
atomic oxygen, then the effects resulting from N(*P) pro-
duction in the upper atmosphere would be indistinguish-
able from those resulting from N(2D) production. This is
because N(2P) atoms will be predominantly converted to
N(2D) either by dissociative recombination of NO* with
electrons, reaction (3b), or via radiation to N(2D) at 1040
nm.

The principal processes for N(?P) removal at altitudes
above 100 km are quenching by O atoms and, above 180
km, radiative decay. N(P) radiates both in the infrared at
1040 nm to N(®D) and in the ultraviolet at 346.6 nm to
N(*S). The transition probability of the 1040 nm transi-
tion is 16 times that of the 346.6 nm transition.”” Thus,
949 of the N(?P) that radiates will end up as N(2D).

Overall N(2D) production rates in an aurora are much
larger than those for N(?P) (Ref. 28) and N(*P) quench-
ing by O atoms is an order of magnitude faster than is
quenching by O,. Thus, only in a deeply penetrating aurora
shouid NO(v) production from the reaction of N(P) with
O, be important.

* Rawlins et aL® have observed high J rotational band-
heads in the infrared spectrum of NO(v,J) produced in the
interaction of discharged nitrogen with O,. They specu-
lated that these bandheads arose because a large fraction of
the exoergicity of reaction (2) ended up as rotational en-
ergy in the product NO. They hypothesized that the rota-
tionally hot NO(v,/) could lead to significant emission in
infrared bandpasses generally thought to be devoid of ra-
diation. -

Some support for the production of NO(v,J) band-
heads in 2 disturbed atmosphere issues from the interfero-
metric observation of an aurora by Espy er al.?’ They ot»
served several emission peaks to the blue of the main
NO(v,J) emission band. These peaks matched the location
of the rotational bandheads observed by Rawlins et al.

Vallance Jones and Gattinger’® have discussed how the
mean altitude of an aurora can be determined by compar-

_ ing the emission intensity of the N(?P-!D) emission at

1040 nm to that from the N, first-negative system,
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Ny (B'E;-X%}), or some other radiative feature
known to be in fixed ratio with the Ny ( B-X) emission.
The Ny ( B) emission intensity is a measure of the ion-pair
production rate in an aurora. The pnmary production pro-
cess for N(3P) is dissociative excitation of N, by the elec-
trons. 23 This process has a cross-section energy dependence
similar to that of N5~ production, so the ratio of excitation
rates of N(2P) to N7 should remain relatively constant
over the range of typical auroral excitation conditions.
N7 ( B) has a radiative lifetime of 65 ns and will not suffer
quenching at any auroral altitudes. Any diminution in the
ratio of emission intensities of N(2P) to N7 ( B), therefore,
will be related to the local O-atom number density. The
local altitude of the observed emission can be determined
using a model atomic oxygen altitude profile.

Zipf er al."® used a variation of this approach to esti-
mate the rate coefficient, k;. They determined changes in
the N(3P) to N7 ( B) intensity ratio as a function of alti-
tude from data taken during a rocket flight. Combining
their intensity ratio observations with an assumed O-atom
number density profile allowed them to infer a value for k;
of 1%x10~"" cm’ molecule™'s~', in reasonable accord
with our direct measurement.

V. SUMMARY

We have determined rate coefficients for N(2P)
quenching by O, and O to be (2.2+0.4) X 10~ '? and (1.7
£0.4) X 10~"" cm’ molecule ™' s~', respectively. Our ob-
servation of ion production in the N(3P)/0 atom system
indicates chemi-ionization to form NO* is probably a sig-
nificant reaction channel in this system, in contradiction to
theoretical arguments.
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1. INTRODUCTION

Nitric oxide, NO, is an upper atmospheric trace species which plays a vital role in
the chemicat and radiative budgets of the quiescent, auroral, and nuclear-disturbed upper
atmosphere. NO can be formed in situ from solar/UV photochemistry, electron
bombardment chemistry, and high temperature air dissociation typical of a high altitude
nuclear burst. In the normal thermosphere, its abundance varies widely depending on
conditions of insolation, geomagnetic activity, and horizontal and vertical transport. Its
prolific infrared and ultraviolet r: iation bands can be excited by a wide variety of
mechanisms, with very different spectral distributions depending on the energy dynamics
of the excitation process. Infrared radiation from the funda ental vibration-rotation
band at 5.3 um is the main cooli~g mechanism for the thermosphere, and IR radiation
from this band and the first overtone at 2.7 um presents serious background
discrimination problems in nuclear burst scenarios. To predict NO radiation levels for a
variety of nuclear-disturbed conditions, one must model the detailed kinetics of NO
formation and excitation in electron-bombarded and high temperature conditions. The
credibility of such predictions is limited by uncertainties in the relevant chemical reaction
kinetics, including experimental uncertainties in previously measured kinetic parameters,
validity of extrapolations into unmeasured physicochemical regimes, and the possibility of
missing or unknown chemical processes.

The purpose of this report is to provide a comprehensive and critical review of the
known chemical kinetics of NO relevant to excitation of 2.7 um and S to 11 um radiation
in the nuclear-disturbed upper atmosphere. Our abjective is to determine a set of
recommended kinetic parameters and confidence limits for use in predictive modeling
and sensitivity studies, and to identify major gaps or uncertainties in the data base which
need to be resolved. The temperature range of interest is nominally 200 to 8000 K.
Since the altitude range of interest is above ~ 100 km, we will not address three-body
recombination chemistry, nor will we consider bimolecular reactions involving N,O,

NO,, or O, on the premise that these species have no known bimolecular production

1 =
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reactions iuvolving diatomic precursors, and will thus play no significant role in the
chemistry of NO at low pressure. However, we note that it is conceivable that such
reactions will someday be demonstrated (some have already been suggested), and it may
eventually be necessary to reconsider the role of triatomic species such as N,O in the
high altitude chemistry of NO.

The relevant chemical reactions are listed in Table 1. The reactions fall into two
basic classes: those which involve excited state species formed from electron impact
processes, and those which occur at high temperatures. Data for the excited state
chemistry come mainly from laboratory experiments near room temperature and auroral
aeronomic investigations. These reactions are thus moderately efficient near room
temperature, but the scalings of their rate coefficients and product branching ratios with
temperature are essentially unknown. The reactions relevant to high temperature air
have been well studied by shock tube techniques, and most of the rate coefficients are
generally known to a factor of 2 at temperatures of 2000 to 3000 K. However, scalings
to higher temperatures, and third body efficiencies where relevant (i.e., dissociation
reactions), are not well known. Finally, information on specific product state excitation
and deactivation is very limited, and is confined mainly to low temperature
chemiluminescence experiments. Since the product internal state distributions are very
sensitive to the detailed dynamics of the reagent molecules’ approach and collision with
one another, the chemical excitation and deactivation processes may have complex
temperature dependencies which are virtually impossible to predict with any confidence
using simple kinetic arguments.

In this evaluation, we attempt to provide high temperature extrapolations of the
existing data using reasonable assumptions of simple kinetic theory, and to define
conservative uncertainty bounds. The resulting data base should then be used in
systematic modeling sensitivity studies to determine the impact of key kinetics
uncertainties on predictions for a given scenario. In the following, we discuss the
“reactions of Table 1 on a case-by-case basis, assess ranges of uncertainty and key

research requirements, and present plots of rate coefficients in Arrhenius form.




2. ELECTRON-INITIATED CHEMISTRY

2.1 r ti

The primary formation of NO precursors at high altitude (= 100 to 300 km) is
through electron impact processes giving rise to the metastables N( ?D) and N(?P).
These species react with O, to provide the primary source of NO in the thermosphere.
The principal N(?D,2P) formation processes are listed in Table 1, Reactions (1a.1) to
(1a.5). In the quiescent daytime thermosphere, N( D) is produced mainly by e~ + NO*,
with additional contributions from N,* + O and e* + N, and significant contribution
from ¢~ + N,*above 250 km. [1] During an auroral bombardment, Reactions (1a.1),
(1a.3), and (1a.4) provide roughly equal contributions between 110 and 200 km, the
altitude range in which most of the NO formation occurs. {2,3] In a strong
bombardment, where the electron number densities are large enough for dissociative
recombination of N,* to compete with charge transfer, Reaction (1a.2) supplants (1a.3)
and (1a.4) as the major source of N°. [4] Thus the relative importance of the various
source terms depends upon the bombardment scenario in question.

The customary method for evaluating N* production rates is through detailed
modeling of the electron energy deposition, using various electron fluxes and energy
distributions (describing the strength and penetration of the bombardment) together with
measured electron impact cross sections. While it is beyond the scope of the present
paper to critically review this complex data base, we provide here a brief review
emphasizing key uncertainties in defining N production rates.

2.1.1 Auroral Bombardment

A considerable body of data exists on the high altitude excitation of N( 2p) and
N(2P), principally through radiometric observations of dipole-forbidden emissions from
" these states at 520, 346.6, and 1040 nm in weak overhead auroras. In addition, N(ZD)




excitation has been modeled by several investigators, of whom only a few are cited here.
Unfortunately, there is little quantitative closure between the models and the measure-
ments because of unknown factors affecting the measurement interpretation (O-atom
number densities, electron hardness, vertical altitude profiles corresponding to overhead
brightness, ion pair production rates) and uncertainties in the kinetic models (incorrect O

quenching rate coefficients, uncertain radiative transition probabilities).

Caledonia and Kennealy [S] modeled N(°D,?p) production in an IBC II aurora
(= 8 kR overhead brightness at 391.4 nm) with the results shown in Figure 1. The total
N " production, which was taken to be N( 2D) only, was computed to be = 1.5 N( 2p)/ion
pair. The data sources were measurements of Kley et al. [6] for Reaction (1a.3),
estimates of Frederick and Rusch [1] for Reactions (1a.4) and (1a.5), and theoretical
predictions of Porter et al. (7] for Reaction (1a.1). The yield of N( 2p, 2P) from
dissociative excitation of N, 0.57 atoms/ion pair, is slightly larger than the value of 0.47
(0.3 N( D) + 0.17 N( 2p)) determined by Zipf et al. [8] from measurements of the
electronic excitation cross sections by Zipf and McLaughlin [9] together with pre-
dissociation considerations.

Predictions by Rusch and Gerard [2] for a weak nighttime aurora (< 0.3 kR
overhead brightness at 391.4 nm) are generally consistent with the resuits of Caledonia
and Kennealy; however, notwithstanding the authors’ claims of good agreement between
their predictions and their data, Rusch and Gerard’s reported overhead brightnesses at
427.8 and 520 nm indicate an apparent N( Ip) production rate on the order of ~ 10
atoms/ion pair, or about an order of magnitude larger than the model prediction.
Similarly, brightness ratios reported by Siviee and Marshall [10] for ground-based
measurements of weak auroras at 346.6 nm and 520 nm indicate N( 2D)/N( 2P)
production rate ratios on the order of 100, as opposed to the factor of ~ 6 implied by th

o

models cited above. More recent calculations by Rees and Romick [3] for a weak
nighttime aurora (~ 4 to 5 kR at 391.4 nm) give altitude dependent yields which
asymptote above 140 km to 0.12 N(?P)/ion pair, 0.59 N(*S)/ion pair, and 1.32




N(2D)/ion pair; however, in contrast to the other model predictions cited above, the
main contributors to N(?D) production are predicted to be Reactions (1a.3) and (1a.4),
with dissociative excitation of N, playing only a minor role. Thus the total N *
production rates predicted by the models are all near 1.5 atoms/ion pair, but the
branching fraction for N(?P) production is not well understood and may be a sensitive
function of the hardness of the dosing, at least for weak auroras (see Zipf et al. [8], Rees
and Romick [3]). In addition, the available data for auroral N( 2D) production appear to
be highly uncertain at best, and do not corroborate the model predictions.

The measurements of Zipf et al. [8] provide useful data on the auroral production
efficiency of N(?P) in a moderate aurora. These measurements consist of rocketborne
observations of overhead brightness at 346.6 and 391.4 nm as functions of altitude
through an IBC II aurora (10 kR at 391.4 nm, overhead brightness from 110 km). Since
the primary loss process for N( 2p) is quenching by O, whose room temperature rate
coefficient is now well known (vide infra), it is straightforward to apply steady-state
kinetics to the Zipf et al. data to solve for an aurorai production efficiency.
Unfortunately, the atomic oxygen number density profile was not measured and must be
treated parametrically. Our procedure was to convert their observed volume emission
rates at 391.4 and 346.6 nm into ion pair production rates and N(?P) number densities as
functions of altitude. We then corrected the N(2P) number densities for quenching by O
and O, and radiative loss to obtain steady-state production rates for N( 2p). The major
term in this correction is O quenching, and we used several multiples of the atomic
oxygen profile given by the U.S. Standard Atmosphere [11). This profile is similar to
measured O profiles characteristic of the auroral thermosphere [12]. The resuiting ratios
of N(P) and ion pair production rates are plotted in Figure 2. The median value is =
0.3 N(?P)/ion pair; to achieve the value of 0.17 atoms/ion pair deduced by Zipf et al.
from modeling the dissociative excitation of N, would require an O profile at about half
the USSA number density. For comparison, N( 2pP) production rates inferred from
observations of 1040 nm emission are reported to be 0.38 [13] and 0.33 [14] atoms/ion
pair, in reasonable agreement with the value of 0.3 we infer above from 346.6 nm data.
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Unfortunately, because the O number densities for the measurements are not
known, the measured efficiency is uncertain by about a factor of 2 to 3. However, the
data provide a reasonable indication that the N(P) production rate is significantly larger
than the modeled e~ + N, contribution. This would suggest another source, and Zipf et
al. have suggested

O + N, (v 22) - NO*+ N(%P)

There are no experimental data to confirm this reaction path. Alternatively, perhaps the
N(?P) yield from dissociative excitation of N,, which is a sensitive function of dosing
hardness for very weak bombardments, is also sensitive to the electron energy .
distributions in the range encountered for IBC II-III auroras, and increases with average
electron energy. This possibility is not supported by the Zipf cross sections. In any case,
it seems likely that the N(?P) production efficiency in moderate to strong auroras is
larger than commonly believed: we have shown [15] that, even assuming 0.3 N( 2l’)/ion
pair, it is difficult to account for high-rotation NO(v,J) radiances observed [16) in an
overhead IBC I+ aurora, presumably. arising from the reaction of N(?P) with 0, [17].

2.1.2 Nuclear Bombardment

The electron impact chemistry for strong bombardment scenarios has been treated
extensively by Gilmore [4,18] and we adopt his recommendations here. For large
electron number densities, where electron-molecule reaction rates are larger than
molecular charge transfer rates, N production occurs primarily through Reactions (1a.1)
and (1a.2). As time progresses and the electron number densities decrease through
recombination, the system relaxes toward the auroral case described above, and the ion-
_molecule reactions become more important. Thus different reactions will dominate at
different times during the bombardment, and the corresponding N* production
efficiencies will vary accordingly.
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Gilmore’s computed N yields from dissociative excitation, based on the cross
sections given by Zipf and coworkers [8,9], are 0.42, 0.25, and 0.62 atoms/ion pair for
N( D), N(“P), and N(%s), respectively. These values are similar to those obtained by
Zipf et al. [8] for auroral conditions, with a 30 to 50% increase in dissociation rate but
essentially no changes in computed relative N(“S,2D,2P) branching ratios for the more
energetic bombardment conditions. Gilmore’s predicted yields for the dissociative
recombination of N, * are based o.. theoretical branching ratio predictions of Michels
[19], as well as on the rate coefficient measured by Mehr and Biondi {20] and on the
code prediction [4] of 0.64 N, */ion pair. However, in contradiction to the Michels
prediction of 1.08 N(?D) and 0.92 N(“S) per N »* recombination, measurements by
Queffelec et al. [21] show N* metastable yields in excess of 1.85 per recombination.
Indeed, more thorough analysis of Queffelec et al.’s results leads to the following:

e + N,(v=0) - 2 N(*®D)
e” + Ny(v=1) - 1.5 N(*D) + 0.5 N(*P)

These results certainly have a significant effect on predictions of the net N " yields
for the strong bombardment case, and we recommend modifying Gilmore’s values to
incorporate the large N(2D) yields observed by Queffelec et al. In addition, it is likely
that significant N(?P) is also produced, depending on the vibrational distribution of the
N,* this could result in as much as a doubling of the predicted production rate of
N(%P).

Finally, in view of the poor comparison between predictions and auroral data, it is
important to consider other potential sources of N( 2p,2p). One such class of processes
is the family of reactions

N(%s) + N5 - N, + N(°D,%P) (1)

where N, is vibrationally and/or electronically excited N, States above NX's g
v=9) and N4(X, v=14) are sufficiently energetic to excite N( 4S) to N( 2p) and N( 2P),
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respectively. As an example of such a reaction, Piper [22] has shown that the reaction of
N with N 2(A32u*. v=0,1) proceeds at room temperature with a rate coefficient of
(4.0£0.5) x 10! cm3 molecule’! s'1, with an N(?P) yield of essentially unity. Indeed,
an apparent: excess of N( 2p) production observed by Piper suggests either an error in the
N(?P - %) transition probability or significant production of N(?P) by N AX,v) present
in the reactor. However, to provide a significant source of N"in an upper atmospheric
bombardment, Reaction (1) would have to compete successfully with rapid removal of
N(“S) by NO and with quenching of N, primarily by O and to a lesser extent by O,.
Evaluations of these processes are discussed in later sections of this report. Evaluation
of the role of Reaction (1) in the disturbed upper atmosphere would require
supplemental data on N 2' excitation, not covered in this report. These processes have
been carefully modeled by Cartwright [23] for auroras and by Gilmore {4,18] for strong
bombardments.

2.1.3 Recommendations

.

Our recommended N* production rates, in atoms/ion pair, are listed in Table 2
for the auroral and strong bombardment limits. We note that these rates will actually be
fairly sensitive to altitude at the lower edge of the dosing penetration, and treatment of
these effects should involve detailed modeling of the electron deposition. Relevant (but
not critically reviewed) kinetic data and literature sources are listed in Table 3. Scaling
formulae for species production rates for electron bombardment of dissociated and
ionized air, as suggested by Gilmore [18), are listed in Table 4.

A complete review of excitation cross sections, modeling calculations, and
supporting laboratory and aeronomic data is beyond the scope of the present report;
however, we recommend that such a critical review be performed in order to evaluate

the aeronomic and laboratory data base, and to provide a more objective determination
of the uncertainties of the predictions. At the present time, we subjectively ascribe an
overall confidence of + a factor of 2 in the recommended production rates. However,
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this confidence is not supported by any auroral or experimental data. and we further

I ies of  and lat . lesigned 1o verify d
predictions of the electron deposition models. Additional unknown factc.rs which are
required to properly interpret such measurements include the absolute transition proba-
bilities for N(2D - 4S), 520 nm, N(?P - 4S), 346.6 nm, and N(?P - 2D), 1040 nm; these
are known only from the theoretical work of Garstang [24,25] (see Table 3), and should
be determined experimentally and/or verified theoretically.

We also note that the present factor-of-2 uncertainty in the auroral predictions,
together with the poor comparisons to the data base, allow room for the existence of
hitherto unidentified N source reactions (particularly for N( 2P)) which could scale to
greater significance in the strong or intermediate bombardment cases. Missing sources
of N(?P) could have profound effects on predictions of high-rotation NO(v,J) spectral
signatures (vide infra).

It is also imporiant for the nuclear case to consider the effects of high vibrational
and gas-kinetic temperatures on the cross sections and product branching ratios for
dissociative excitation, dissociative recombination, and ion-molecule reactions. In
particular, in the electron impact processes where Franck-Condon factors affect the
excitation to dissociative or predissociative electronic states, vibrational excitation of the
reactant molecule can open new channels for product atomic state formation which

would not be observed in room temperature interactions. This is clearly the case for the

dissociative recombination of N2 as described above. W
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22  Precursor Loss

The primary high-altitude N~ loss processes are listed in Table 1, Reactions (1b.1)
through (1b.11). In the auroral atmosphere, the main loss processes for N(2D, 2P} are
quenching by O and O, There are now good kinetic data for these reactions at room
temperature, but reliable information on temperature dependencies is practically
non-existent. Thus extrapolation of the room temperature data to strong bombardment
conditions is highly uncertain. However, superelastic quenching by electrons will
dominate even gas-kinetic molecular/atomic quenching at electron densities above about
1019 cm3, so the molecular processes will be most important in the cooler
recombination regions of the plasma where the electron densities are approaching
ambient conditions.

The rate coefficient for quenching of N(?D) by O is a critical aeronomic
parameter and has been the subject of controversy for the past 15 years [26]. Rate
coefficient values have been inferred many times from aeronomic models of
thermospheric NO and 520 nm airglow/auroral data, and tend to be erroneously low, in
the 10°13 cm3s™! range. However, in view of the significant uncertainties in N(?D)
production rates and (usually) in the atomic oxygen number densities used in these
models, it is inappropriate to treat the quenching rate coefficient as an adjustable
parameter to be determined from the model. Laboratory measurements [27-30]
generally agree on a room temperature value in the range (1-2) x 102 em3sl. A
recent controversial laboratory determination of 2.1 x 101! ¢m3s7, reported by Jusinski
et al. [31], is seriously incompatible with modeling of atmospheric N(“S), N(?D), O('D),
and NO profiles [32], and is subject to several likely experimental artifacts (29,30]. We
consider the result reported by Piper {29], (1.06+0.26) x 102 ¢cm3s! at room
temperature, to be the most precise and incontrovertible result available, because of the
use of resonance fluorescence to diagnose well-defined N( 2D) decays at very low reagent
number densities, the careful avoidance of mixing and flow artifacts, and the use of three
different techniques for chemical generation of O in the reactor. This value is in
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excellent agreement with most of the other laboratory measurements [27,28,30)as well as
with recent aeronomic results {32). In addition, Davenport et al. [27] reponed some
evidence for a temperature dependence (activation energy) of 1.0+ 0.5 kcal/mole, which
we adopt here. However, we stress that the temperature dependence data are meager at
st, and the uncertainty in this rate coefficient at high temperature is large even though
value at room temperature is very well determined. The uncertainty is illustrated in
4. .cnius form in Figure 3.

Quenching of N(2P) by O is less well understood. Rate coefficients derived from
laboratory [33,34] and aeronomic [8] measurements are inthe =1 x 10711 range. Very
recent results of Piper [35] give a value of (1.7+0.3)x 10°"! ecm3 st at room
temperature. The relatively large rate coefficient for this reaction is surprising in view of
the much smaller values for N(D) + O and for most other N(?P) quenching reactions
[26]. Golde and Thrush [33] suggested that the large rate coefficient resulted from a
chemi-ionization product channel to form NO % and Piper [36] reports observation of
NO *as a major product of the quenching process. However, Bates [37) has argued on
theoretical grounds that the chemi-ionization channel does not occur. Aeronomically,
this channel, Reaction (1b.4), is indistinguishable from (1b.3), since the primary fate of
NO *is to form N( 2D) via Reaction (1a.3); however, the resuiting N( 2D) production rate
is perhaps an order of magnitude larger than one might expect for physical quenching of
N(?P) to N(2D). The absolute NO *yield has not yet been quantified by Piper; we have
assumed it to be unity. There are no data on the temperature dependence for this
reaction, and we assume there is no activation energy. Thus the extrapolation of the rate
coefficient and product branching ratios to elevated temperatures is highly uncertain, as
shown in Figure 3.

_ The room temperature quenching of N( 2p) by O, has been studied by several
investigators [28,39-43] with results that agree well within the various experimental
uncertainties as shown in Figure 4. Again, the result of Piper and coworkers [44],
(4.6+0.5)x 1012 cm3 s, appears to be the most accurate owing to the resonance
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fluorescence/discharge flow techniques used. Unfortunately, information on temperature
dependence is limited to an estimate by Slanger et al. [43] of near-zero activation energy
over a limited temperature range near room temperature. Consequently, extrapolation
to higher temperatures is quite uncertain. Furthermore, the possible occurrence of a
reactive channel with significant activation energy could cause an increase in the
temperature dependence of the overall quenching process at higher temperatures, as
discussed further in Subsection 2.3. This possibility is supported by COCHISE
observations of NO(v) formation {17}, which imply a low-temperature rate coefficient of
(4-12) x 103 cm3s! at 80 K. The resuiting range of uncertainty in the recommended
rate coefficient is shown in Figure 5. We will discuss the contributions from the reactive
channel (NO formation) in Subsection 2.3, and the NO(v) excited state distributions in
Section 4.

The rate coefficient for quenching of N( 2P) by O, is somewhat less well studied
than that for N( 2D), but the available measurements [28,34,40,46]), all at room
temperature, agree to well within a factor of 2, as shown in Figure 6. The recent
measnret.nents of Piper [35] offer the best precision owing to his high measurement
sensitivity and his use of a "clean" N(?P) chemical generation technique, rather than the
more commonly used discharge afterglow approach which is complicated by secondary
reactions generating N(2P). The rate coefficient reported by Piper [35] is (2.2£0.3) x
1022 ¢m3 5! at room temperature. There are no data on the temperature dependence
of the total quenching reaction; by analogy with the N( 2D) reaction, we have assumed
zero activation energy. COCHISE observations [17] of rovibrationally excited NO(v,J)
apparently produced in this reaction imply a rate coefficient of (1.5-9) x 102 cm3s! at
80 K, which is consistent with small or negative activation energies, as illustrated in
Figure 7. We will discuss the reactive channel in more detail in Subsection 2.3, and the
NO(v,J) excited state distributions in Section 4.

The quenching of N(?D, 2p)py N » is inefficient at room tew.perature [26] and is
unlikely to impact any high altitude scenario. N( 2D) quenching is less than 10 x gas
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kinetic, and N(?P) quenching is at least two orders of magnitude slower than that. These
rate coefficients probably increase with temperature, and perhaps also with vibrational
quantum of N,(v) (consider microscopic reversibility of Reaction (1)); however, given the
larger rate coefficients for quenching by O and e, it is unlikely that N 2 quenching would
be significant in either auroral or nuclear-disturbed conditions. Recommended room
temperature rate coefficients are listed below; we offer maximum recommended
activation energies, but we also recommend high temperature measurements of these
rate coefficients to confirm our assertion of their unimportance at high altitudes.

The quenching of N( 2p,%p) by NO may contribute to N deactivation rates in
specialized, post-nuclear conditions when [NO] is large (10“'l2 cm‘3) and [e’] is small.
However, for the most part, these reactions contribute more significantly as NO loss
processes, and perhaps as possible NO excitation reactions. The recommended kinetics
will be discussed in Subsection 2.4 and Section 4.

The quenching of N( 2D,2P) by superelastic collisions with electrons is highly
efficient, and will dominate N* loss kinetics for [e"] > 1010 cm 3, i.e. nuclear
bombardment conditions. We recommend the rate coefficient parameters determined
from theoretical calculations of Berrington and Burke [47]. These expressions, listed in
Table 5, have been partially verified by experimental measurements of Queffelec et al.
[21], who inferred a value for the quenching of N( 2D) at 3900 K (electron temperature)
that was 78% of the theoretical value. Owing to the lack of more extensive experimental
verification, we assign factor-of-2 uncertainty limits for the theoretical rate coefficients;
however, it seems likely that these are generous bounds.

It is interesting to note that, at higher electron temperatures, quenching by
electrons does not discriminate against N( 2D) (compared to N( 2P) as strongly as does
low-temperature quenching by atomic oxygen. This means that the relative contribution
to NO excitation from the N(?P) + O, reaction, which results in a high degree of




rotational as well as vibrational excitation, will be greater in the strong bombardment
case than is commonly observed in auroras.

Recommendations: The recommended rate coefficient parameters and
uncertainties for high altitude N collisional loss processes are listed in Table 5. Note
that the radiative loss rates, listed in Table 3, do not contribute to N* loss at any altitude
where measurable NO formation can occur. The recommended rate coefficients are
plotted in Arrhenius format for N( Ip) quenching in Figure 8 and for N(?P) quenching in
Figure 9. The primary uncertainties lie in the temperature dependencies and product
branching ratios of the atomic and molecular quenching reactions, in particular for

Reactions (1b.1) through (1b.6) of Table 1. This uncertainty is most important in the
range of normal thermospheric conditions, 200 to 1000 K, where most of the NO is

formed from N and superelastic quenching by electrons is not the dominant loss of N°.

determined within this temperature range. Our further recommendations concerning the
product channels for the reactions of N with O, are given in Subsection 2.3. As issues

of lesser but significant importance, we recommend experimental verification of the
superelastic quenching kinetics and of the high temperature quenching by N,

23 NO Formation

The reaction sequence initiated by electron impact excitation results in the
formation of NO by excited state chemistry. Since excited state chemical reactions are
typically highly exoergic, the NO that is formed initially can have a high degree of
internal (vibrational, rotational, electronic) excitation. The excitation and deactivation of
NO(v,J) are discussed in detail in Section 4; we examine here the kinetics of total NO
formation via electron-initiated excited-state chemistry, Reactions (1c.1) through (1¢.7) in
‘Table 1.
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It is generally accepted that the main source of NO in the auroral and sunlit
upper atmosphere is the reactive quenching of N(?D) by O,. Howevcr, although the
overall quenching kinetics are fairly well characterized (c¢f. Subsection 2.2), there are as
yet no definitive measurements of the efficiency and temperature dependence of NO
production. The primary quenching pathway is presumably via chemical reaction to form
NO and O, as reported by Lin and Kaufman [39]. However, their measurement is not
well documented and appears to be far from conclusive. It does not appear that they
corrected their O-atom production data for the extensive N(2D) quenching losses at the
flow tube wall, hence their reported observation of 1.2 O-atoms per N(?D) + o,
reaction is a lower bound by a significant factor. This would suggest that they could
have been observing significant O production by other reactions in the active nitrogen
flow. This is consistent with our own experience {17,48], where we have observed
copious O production by hitherto unidentified reactions upon addition of O, and CO, to
flowing afterglows of discharge-excited i.itrogen. The occurrence of these "mystery"
reactions precludes any of the attempts to date to determine the product branching ratios
for N( 2D) + O, quenchixig, and we consider this to be an open question at this time.

Rawlins et al. {17], based on observations of NO(v) product state distributions at
cryogenic temperatures in the COCHISE reactor, argue on molecular dynamics grounds
that there may be a significant activation energy for NO(v) formation from N(?D) + 0,
which, when taken together with the Slanger et al. [43] observation of zero activation
energy for the overall quenching reaction, supports the possibility of a non-reactive
energy transfer channel (e.g., excitation of O(b'Z ;") or lower states of Q). This
possibility has been suggested by Torr et al. [49] from aeronomic data on high altitude
02' emissions, but their interpretation has been vigorously contested by Slanger et al.
[50,51}).

COCHISE data on NO(v) production rates at 80 K give estimated values for the
N(?D) + O, rate coefficient as shown in Figure 5; these estimates also support the
possibility of a significant activation energy for the reactive channel. While these results
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are far from conclusive, they raise the possibility of an increase in both the NO
branching fraction and the overall activation energy above room temperature, and
impose large uncertainties on the extrapolation of the kinetic data to higher

temperatures.

The reaction of N(2P) with O, is a secondary source of NO in the auroral upper
atmosphere, but appears to be an important source of highly rovibrationally excited
NO(v,J) [17]. The NO branching fraction and temperature dependence for this reaction
are essentially completely unknown. Rate coefficients at 80 K inferred from COCHISE
measurements of NO(v,J) production rates are shown in Figure 7, and suggest the
possibility of zero (NO branching fraction of unity) or negative activation energy for the
chemical reaction branch. A negative activation energy is consistent with molecular
dynamics considerations based on the COCHISE observations of randomized product
energy distributions, which imply a long-lived reaction complex at low temperature.
However, these observations do not rule out the possibility of a direct reaction with
higher activation energy (and possibly different NO(v,J) state distributions), which could
dominate at higher temperatures. Thus the recommendation of rate coefficients and

uncertainties for this reaction is a highly speculative endeavor.

We also consider the possibility that NO can be formed by reactions of excited
nitrogen, N,", with O and O,. The primary candidates for N," are the vibrationally
excited ground and first electronically excited states, NZ(X > 8*, v) and NZ(A3E uh V)
although other persistent states such as W3Au and 2’13 u cannot be ruled out. There are
currently no definitive experimental data to confirm or deny NO production from such
reactions; this is in large part due to the difficulty of eliminating NO formation via
impurities during the discharge excitation of Nz‘. However, simple reaction dynamics
considerations rule out the possibility of NO formation from Nz‘ + O,, since a
metathetic four-center exchange would be required. Such processes are severely

dynamically hindered, and are known to have large activation energies and small steric
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factors for product formation. In contrast, reactions of O with N(v) and N (A,v) offer
intriguing possibilities which should be further investigated.

The reaction
N + NO - O + Ny(v < 12)

is efficient (see Subsection 2.4) and is known to produce a high degree of vibrational
excitation (at least six quanta with equal probability) [52]. By microscopic reversibility,
one could expect the reverse reaction, involving N(v 2 13), to also be fast, unless
additional dynamic constraints such as unfavorable reactant translational and rotational
energies apply. In addition, the reaction

O + NyA, v) =N + NO(»V)

has often been speculated upon but never seriously examined in the laboratory. The
total quenching rate coefficients at room temperature have been determined [S3] to be
(2.820.4) and (3.420.6) x 10"1! cm3 5! for v=0 and 1, respectively, with a 0.75 to 0.80
branching fraction for energy transfer to O(!S) [54,55]. However, the product channels
for the remaining 20 to 25% of the reaction and the scaling with N,(A) vibrational level
are unknown. Based on the predictions of Cartwright {23] for N,(A) formation in an
IBC I+ aurora, reaction of O with N,(A,v=0-8) could give NO production rates on the
order of 1043 cm3 s°1, which is comparable to values expected for N'+ O, under
these conditions. We therefore recommend upper-bound rate coefficients for this
reaction.

| Finally, we consider reactions between N (primarily N(’D)) and excited states of
0, such as O,(X32 g Vi alAg; bl g))- Such reactions have never been observed, but
may be very fast with copious product excitation. The reduced collision rate imposed by
the requirement of O, excitation can be substantially offset if the rate coefficients are
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near gas-kinetic. Such reactions are probably not important in most auroral conditions,
but may contribute significantly in nuclear scenarios.

Recommendations: The recommended rate coefficients for NO formation
processes are listed in Table 6. For lack of a better alternative, we recommend NO
branching fractions of unity at all temperatures for Reactions (1c.1) and (1c.3), with rate

coefficient expressions and uncertainties given in Table 5 for the total quenching.

Unfortunately, the level of sophistication that can be brought to bear on this seminal
aspect of high altitude NO chemistry is appallingly poor. In each case, it is impossible to
base a recommendation on anything more than speculation about likely product
channels. Together with the NO excitation efficiencies (see Section 4), j_hg_ghgmg_v_g_f

awﬂmmmmmm In addition, but with lower
priority, we recommend experimental investigations of the reactions of N~ with excited
forms of 02° to assess their viability as sources of NO(v).

24 NO Loss Processes

The primary chemical loss of NO in the upper atmosphere is through reaction
with N(“S), Reaction (1d.1) in Table 1. Additional processes which can contribute to
NO removal under certain bombardment conditions include N(2D) + NO, ultraviolet
(UV) photoionization and photodissociation, and electron impact ionization and
dissociation, Reactions (1d.2) through (1d.6). Additional high temperature loss
processes, viz. reaction with O and thermal dissociation, become significant above 2000 K
and are addressed in Section 3.
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Since N and NO mutually destroy each other, the two species follow a complex
interrelationship in the upper atmosphere. The reaction of N + NO is well studied, with
a critically evaluated [56) rate coefficient of ((3.1x1.0) x 1011 )exp((0=100)/T) em3s™L.
For weak bombardments, where [N] is comparable to or greater than [NOJ, this reaction
limits the [NOJ produced. However, in stronger auroral or nuclear bombardments, [NO}
can grow rapidly to exceed [N], and the N + NO reaction further depletes [N] with little
reduction in [NO}]. Under these conditions, [NO] continues to increase during the
bombardment, and is ultimately limited by relatively slow processes such as horizontal
and vertical transport, and photon- or electron-induced ionization and dissociation.
Dissociation tends to be more effective at removing NO than ionization (via UV
photons, electron impact, or charge transfer), since the energetic threshold is lower, and
each dissociation gives N(*S) which removes another NO molecule while at least half of
the NO *ions lead to NO reformation through the dissociative recombination sequence.
In the quiescent upper atmosphere, the photochemical time constant for NO is about 1-2
x 10%s; this competes with eddy diffusion losses below 100 km, but is significantly slower
than transport by high altitude zonal (longitudinal) winds [57). Thus,it is unlikely that
photochemical destruction of NO will be very important, even in the nuclear case, but
electron impact processes may become significant in strong bombardments.

A critical treatment of the NO dissociation and ionization processes would be
lengthy and is beyond the scope of the present review; we provide here a brief summary
of a few key references. The UV photoionization cross sections are tabulated by
Watanabe et al. [58); UV photodissociation via inverse predissociation is discussed in
detail and modeled by Cieslik and Nicolet [59]). Electron impact ionization cross sections
for NO have been reported by Kim et al. [60]. Electron impact excitation cross sections
for NO, which can be used to derive cross sections for predissociation, are reported at
length in two papers by Ajello et al. [61].
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It is interesting to consider the reaction
N(°D) + NO - N, + O(°p,ID,s)

as a possible NO chemical destruction pathway. Under conditions of large [NO], the
N(?D) and N( 4S) number densities can become comparable, and the destruction rates of
NO by the two species can have similar magnitudes. The reaction has a recommended
[26,30] rate coefficient of (6.3£2.0) x 10"11 cm3 5! at 300 K. In addition, the reaction
of N(?P) with NO has a rate coefficient of (3.0£0.5) x 10"11 ecm3s°! at 300 K [26].

Recommendations: The necessary kinetics for low-temperature chemical removal
of NO at high altitudes are reasonably well understood, and tend to be slower than
transport for most bombardment conditions. The relevant rate coefficients are listed in
Table 7. The high temperature kinetics of the N+NO reaction are covered further in
Section 3. Destruction rates by photochemical and electron impact processes should be
evaluated from cross section data available in the literature, and should be compared to
transport losses for various bombardment conditions. High temperature NO removal
through reaction with O and thermal dissociation are discussed in Section 3.
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3. THERMALLY INITIATED CHEMISTRY

At the high temperatures ensuing from a high altitude nuclear burst, copious NO
is formed from the chemistry of hot, thermally dissociated air. This chemistry follows the
well-known Zel'dovich mechanism listed in Table 1, Reactions (2.1) through (2.6). NO is
produced by reactions of ground-state O and N (formed by thermal dissociation of O,
and N,) with N, and O,, and is destroyed by thermal dissociation and reaction with O.
The general temperature range in which these reactions are important is above about
2000 K. Zel'dovich chemistry diminishé&s in importance with increasing temperature
above about 5000 K since the molecular species are largely dissociated. These reactions
have been studied by many investigators for several decades, with the most reliable
results obtained using shock tube techniques in the 2000 to 7000 K range.

Additional NO production chemistry involving NyO and NO, requires three-body
formation reactions for these species, and will not be important at high altitudes,
although such reactions could contribute to N,O and NO, radiative signatures. Other
reactions involving odd-hydrogen species (HO,) can also occur, but are not significant in
terms of NO formation and destruction since odd-hydrogen number densities are small
above 80 km. Such reactions could contribute to HO, destruction and signatures from
species such as NH or HNO. The chemical kinetics of the high-temperature H/N/O
system have been extensively reviewed by Baulch et al. [62] and, more recently, by
Hanson and Salimian (63]; we draw extensively from those reviews for the material
presented here.

3.1  Precursor Formation

The Zel'dovich reaction sequence is initiated by thermal dissociation of O, and
N, to produce O and N. These reactions have been reviewed by Bauich et al. [62], and
we reproduce their Arrhenius plots in Figures 10 and 11. While there is anywhere from
a factor of 2 to an order of magnitude spread among the different rate coefficient
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evaluations, the most significant problem is that the rate coefficients are generally not
well determined for the important high-altitude collision partners O, N,, and O, This is
because the shock tube technique requires dilution in an inert bath gas, usually Ar, and
it is difficult to distinguish the effects of other, more dilute, gases. Thus while data for
M=Ar are obtained over wide temperature ranges and are moderately well
characterized, collision partner effects are usually determined in a relative sense over
limited T ranges and are expressed as temperature-invariant multiplicative factors. This
approach may be adequate for M=N,0,, but could cause serious errors in the
estimation of O effects, which may exhibit different temperature dependencies if
collisions proceed on attractive potential surfaces.

It can be seen from the data in Figures 10 and 11 that radical atomic collision
partners are roughly an order of magnitude more effective at promoting dissociation than
the molecular species, so we therefore expect O to be the dominant collision partner for
dissociation above about 100 km. As a result, the kinetics data base required to predict
collisional dissociation rates in the heated upper atmosphere is very limited and highly
uncertain. The uncertainty increases further if one considers collisions of non-thermal,
fast atoms with O, and N,. We recommend use of the expressions and scaling factors
given in Baulch et al. [62); however, there is no basis for a recommendation on the
dissociation of N, by O or O(fast). The recommended expressions are compared in
Figure 12.

32 NO Formation
NO is formed at high temperatures by the reactions

N+0O,-NO+O
- O+N,-NO+N
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The N + O, reaction has the larger rate coefficient, but its rate is limited by low N]
(slow N, dissociation), so both reactions contribute to NO production near 1500 to 2000
K. The four-center exchange reaction,

N, +0,-NO + NO ,

though reviewed by Baulch et al. [62], certainly does not occur, due to strong dynamic
constraints.

The N + O, reaction is reviewed by Baulch et al. [62] as shown in Figure 13.
New data on the reverse O + NO reaction, discussed by Hanson and Salimian [63] (see
Subsection 3.3), indicate that the Baulch et al. expression for N + O, is accurate up to
2000 K and is low by less than a factor of 2 at 3000 K. We recommend the use of the
Baulch et al. expression with factor-of-2 uncertainty above 3000 K, or, alternatively for
the higher temperatures, evaluation by detailed balance from the recommended rate
coefficient for O + NO as given below. The rate coefficients for N(*S,?D,%P) + O, are
compared in Figure 14. Based on expected ratios of [N]/[N "], the ground state reaction
will compete with the metastable reactions at temperatures of 900 to 1100 K, and will
dominate at higher temperatures.

The O + N, reaction is reviewed by Hanson and Salimian [63] with the results
shown in Figure 15. Their recommendation is based on recent direct observations of this
reaction rate at 2000 to 4000 K, and is about a factor of 2 greater than the Baulch et al.
[62] recommendation. Note that this expression can also be used to determine a high
temperature rate coefficient for the reverse reaction, N + NO, which is about a factor of
2 larger than the value recommended in Table 7 from low temperature data (56]. This
result is contradicted by recent work of Koski et al. [64], who determined a high-
temperature (1600 to 2500 K) rate coefficient for the N + NO reaction of (22 + 0.3) x
101! ¢m3 51, in agreement with the low temperature extrapolation [62]. The
" recommended rate coefficients for the high-temperature NO production reactions are
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compared in Figure 16. Based on expected [{O]/[N] and [N,)/[O,) ratios, the O + N,
reaction will be negligibly slow below 1500 K but will dominate the N + O, pathways for
NO production at 2000 K and above.

33 NO Removal

The primary high-temperature NO removal reactions are reaction with O and
thermal dissociation:

O+NO-N+O,
NO+M-N+O+M

The O + NO reaction is reviewed by Hanson and Salimian {63] as shown in Figure 17.
Data from several different groups are seen to provide excellent agreement between
1500 and 5000 K. This reaction is fast enough above about 1000 K to compete with N +
NO and transport losses, and provides a significant chemical sink up to about 3000 K
because, in this temperature range, the principal fate of the N atoms produced is
reaction with excess NO to regenerate O. Above 3000 K, the reverse reaction of N with
O, regenerates much of the NO so there is less net loss.

Rate coefficients for the thermal dissociation of NO, as reviewed by Hanson and
Salimian [63] and by Baulch et al. [62], are plotted in Figures 18 and 19, respectively.
Here the data base is very poor, with only limited experimental data for M=Ar and no
direct observations for M=O, N,, O,. The total spread in the uncertainty is about two
orders of magnitude. We use the centrally located expression of Wray and Teare [65],
but we note that both the Baulch and the Hanson reviews considered the data base to be
too poor to provide a recommended rate coefficient expression. However, unless the
rate coefficient is an order of magnitude or more larger than our suggested value, it
seems that chemical reaction with O is the dominant loss process, at least below 5000 K.

" At higher temperatures, where the major collision partner is O, NO dissociation may
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become fast enough to compete with the O+NO reaction, since dissociation provides a
more permanent sink for NO while chemical reaction forms O,, some of which
regenerates NO instead of dissociating. It is thus important to determine the dissociation
rate coefficients at high temperatures, since this process may limit the chemical lifetime
of NO above 5000 K. Our recommended rate coefficients for the NO removal reactions
are compared in Figure 20.

34 Recommendations

The recommended rate coefficient éxpressions for high-temperature NO
production and removal are summarized in Table 8 and are plotted in Figures 12, 16,
and 20 above. The data base for the thermal atom-molecule reactions is quite good,
with uncertainties of a factor of 2 or less in the nominal range 2000 to 5000 K.
However, the data base is poor for the thermal dissociation of O,, N,, and especially
NO; we particularly note the need for kinetic data on the effects of the atmospheric
collision partners O, N,, and O,. In addition, there are no data relevant to the
collisional effects of fast O and N atoms in the 1 eV range, other than extrapolation of
the thermal rate coefficient expressions well beyond their range of validity.

To improve the data base, we recommend experimental investigations of the

point out that both the thermal and non-thermal measurements of atomic effects are
difficult to perform, and will probably require the development of non-conventional
and/or innovative experimental approaches to generate the required atomic colilision
partners.

25
21 - =




4. EXCITATION OF NO(v,J)

The high-altitude excitation of vibrational states of NO can occur through a
variety of non-thermal (low temperature) and thermal (high temperature) processes,
listed as Reactions (3.1) through (3.13) in Table 1. The reactions may be grouped into
categories of chemiexcitation via exoergic chemical reaction, energy transfer to NO(v=0)
from internally or translationally excited species, and radiative excitation of NO by
photon absorption. A considerable body of data now exists on these processes at low
temperatures relevant to auroral observations, but many key issues remain unresolved,
and little of this information is sufficiently quantitative to support reliable kinetics
recommendations. In addition, there is essentially no information on temperature
dependence, which could strongly impact the prediction of detailed product state. -
distributions in many instances. We discuss below the most likely processes which should
be considered, and provide tabulauons of the product state distribution data where
available. Rate coefficient data for most of these reactions (neglecting NO state
distributions) have already been discussed in the preceding sections.

4.1 Chemiexcitation

The primary chemiexcitation processes to consider are the reactions of
N(%s,?D,?P) with O, the speculated reaction of O with excited N,", and the radiative
recombination of N and O.

N _+ O, The reaction

N(‘s) + O, - NO(vs7) + O @)

has been studied at room temperature by several groups using infrared chemi-
luminescence (IRCL) [66,67], laser-induced fluorescence (LIF) [68], and multi-photon
ionization (MPI) [69] to determine NO(v) product state distributions. A graphical
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comparison of the results from these studies may be found in the paper by Winkler et al.
[69]. The relative vibrational distributions determined from the various experiments
agree to a factor of 2 to 3, and scatter about a roughly statistical distribution up to the
energetic limit at v=7. Relative population factors for v=0 disagree by over an order of
magnitude, with the lower result of Winkler et al. falling at about 75% of the statistical
value. The total rate coefficient as determined by Winkler et al. from the NO(v) yields
is about 65% of the correct value, suggesting that these investigators underestimated
their NO(v=0) yields due to an error in their limiting-slope analysis of the kinetic data.

In general, the relative populations determined in all of these investigations are
clouded by many uncertainties in the data analysis, including historical choices of IRCL
infrared and LIF ultraviolet transition probabilities (which are now known to much
better accuracy), MPI spectral interpretations [70] and variations of NO ionization cross
sections with v, effects of NO(v) deactivation on reactor walls, and possible generation of
NO(v) by secondary metastable chemistry in the nitrogen afterglow. Thus,a complete
critical assessment of NO(v) yields from N(%S) + O, would require a substantial
reanalysis of these data. In the absence of such a reanalysis, we suggest the use of the
results as given by Winkler et al. {69], with the understanding that the populations are
only accurate to about a factor of 2. Alternatively, a statistical product distribution (also
given in Winkler et al.) would probably be adequate for modeling purposes.

In any event, we expect NO(v) signatures from N( 43) + O, chemiluminescence to
be relatively unimportant in high altitude scenarios. As pointed out above, the reaction
is too slow to compete with N* + O, chemiluminescence below 1000 K. Above that
temperature, excitation of NO(v) by thermal O + NO up-pumping (see below) will
dominate NO(v) signatures. Thus the reaction N(%s) + O,, while a significant source of
total NO between 1000 to 2000 K, will provide only minor direct contributions to the
high altitude NO(v) distributions.
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Similar reasoning applies to the other major high-T (T 2 2000 K) NO-producing
reaction, O + N,; there are no data on NO(v) distributions produced in this reaction,
but such data are probably not required since thermal NO(v) excitation processes will
control NO(v) distributions at these temperatures. If such data are required for O + N,
for modeling purposes, we suggest the use of a statistical vibrational distribution (see
formulae given by Rawlins et al. [17]).

N’ £+ 0Q,. NO(v) chemiluminescence from the reactions

N(*D) + 0, - NO(vs18) +O(’P) (3a)

-~ NO(v<8) + O('D) (3b)

N(’%P) + 0, - NO(v26) +0(°P) (42)

~ NO(v<14) + O('D) (4b)

. (4c)

- NO(vs3) + O(ls)

has been extensively studied in the COCHISE infrared chemiluminescence facility at
cryogenic temperatures (80 to 120 K) [17,71). The recent paper of Rawlins et al. [17]
clarifies some uncertainties in Reaction (3) identified in the earlier work of Kennealy et
al. [71], and tentatively identifies Reaction (4) as the source of highly rotationally excited
NO(v,)) observed in the spectra. This rotational excitation appears in the form of sharp
R-branch band heads well to the blue of the band center for each of eight vibrational
bands, accompanied by less pronounced, extended P-branch transitions progressing to the
red as far as 8 to 9 um. The mechanism for rovibrational excitation identified in
COCHISE experiments appears [15] to be at least partially responsible for similar band
head excitation observed [16] for NO in an aurora.

The observed laboratory spectra show excitation of up to 14 observable vibrational
levels, with the first 8 excited levels exhibiting 2 to 3 eV of rotational excitation. The
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spectral distributions signify that much of the exoergicity of Reaction (3) appears as
electronic excitation of O(!D), and much of the exoergicity of Reaction (4) appears as
rotation rather than vibration. Although Rawlins et al. {17] modeled these rotational
distributions with a 10,000 K Boltzmann distribution, subsequent work [72] indicates that

a statistical nascent rotational distribution may provide a better representation.

The relative initial vibrational populations for Reactions (3) and (4), determined
by Rawlins et al. from surprisal analysis of their data, are given in Table 9. These
distributions indicate a direct, atom abstraction reaction between N(?D) and 0,
dynamically favoring O( 1) formation (75% of the total reaction rate) with maximum v
excitation, and an indirect reaction of N(?P) with O, via a long-lived complex, with
statistical partitioning of the exoergicity in product electronic, vibrational, rotational, and
translational states. The production of O('D) from Reaction (3) is relevant to the
aeronomy of auroral O( D) emission; however, a variety of modeling analyses have
achieved conflicting and inconclusive results on this process, as reviewed by Solomon
[73]).

We emphasize that the COCHISE observations are not definitive in several
respects and need to be verified by independent laboratory and auroral measurements.
First, the identification of the contributions of the various reactions is not definitive,
since N( 2D, 2p) were not directly measured and their contributions to the observed
NO(v) production were not independent!;’ separable. Indeed, the contribution of
Reaction (4) as the source of the rotational excitation could only be identified by process
of elimination and intuitive arguments. Second, and perhaps most important, the
COCHISE measurements are applicable only to =~ 100 K, and there are reasonable
concerns that the product state distributions might be substantially different near and
above room temperature. As discussed by Rawlins et al. [17], Reaction (3a), which is a
25% branch at 100 K, may become a more important channel at higher temperatures
owing to the possible presence of an energy barrier. Furthermore, the indirect, statistical
‘dynamic mechanism for Reaction (4), which is favored at low temperatures, may give
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way at higher temperatures to a direct abstraction mechanism over an energy barrier.
Such changes in dynamic mechanism at higher temperatures would undoubtedly result in
changes in the nascent NO(v) distributions. Finally, ac discussed in Subsection 2.3, it has
not yet been determined that NO(v) formation constitutes 100% of the total quenching
reactions. For current modeling applications, we suggest the use of the COCHISE
NO(v,J) distributions for Reactions (3) and (4) as described in Table 9, with the caveat

that there is presently no basis for the extrapolation of these distributions to or above
room temperature.

The relevant temperature range over which more data are required extends from
the mesopausal minimum of = 200 K to roughly 1000 K or more. Near 1000 K, O+NO
up-pumping is the dominant NO(v) excitation process for the lowest 7-10 excited
vibrational levels (assuming post-burst NO number densities near 101112 ¢m-3) as
discussed in Subsection 4.2. Thus,the metastable reactions will continue to dominate the
direct production of the higher vibrational levels and high rotational states at
temperatures above 1000 K. Metastabie production of NO(high v) probably becomes
unimportant at about 1500 to 2000 K, but super-equilibrium production of NO(v,high J)
may be important at all temperatures, subject only to precursor formation and
quenching.

QO+ N 2'. The possible (but undemonstrated) reactions of O with vibrationally
and/or electronically excited Nz' were discussed in Subsection 2.3 as potential sources of
NO. Such reactions could be sufficiently exoergic to provide substantial NO(v)

excitation. One of the more interesting possibilities is the reaction
NA3E % v) + O - NO(v) + N(%,’D)

For Ny(A,v=0), the maximum exoergicity at 300 K is sufficient to excite NO(v < 14);
higher vibrational levels of N4(A) present in an auroral or nuclear bombardment could

of course excite higher levels of NO(v) (or N"). Unfortunately, there are no data
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available on the kinetics or product state distributions for this reaction (cf. Table 6 for
upper bound recommendation), nor is there a good way to make even a reasonable
suggestion for possible NO(v) distributions.

N + Q. The recombination of N and O
N + O(+ M) - NO" (+ M)

will provide the most significant source of NO(v) radiation in the highly dissociated
atmosphere, at temperatures above 5000 K where the thermal lifetime of NO is too short
for thermal up-pumping to dominate. The mechanisms of N + O recombination
afterglows have been reviewed by Golde and Thrush [74] and, more recently, by Kenner
and Ogryzlo [75]. The relevant electronic states of NO formed in recombination, shown
in Figure 21, are the doublets X[, A%2 ¥, B2, C1, and the quartets 2T (a metastable
state) and b4 -. By rapid radiative cascade and collisional processes, these states
populate NO(X,v), which can radiate in the infrared prior to thermal dissociation.
However, as discussed below, the mechanisms by which the recombination occurs are
quite complicated, and it is difficult to predict the exact NO(v) distributions that would
result.

In the two-body mechanism, which is more relevant to the high altitude problem,
the recombination is believed to occur by inverse predissociation from the a“ll surface
into the (C,v=0) state. With a radiative lifetime somewhere between 15 and 50 ns, the
C state undergoes rapid radiative cascade to the A and X states, with 20 to 40% of the
cascade going into the A state. The A state in turn radiates promptly to NO(X,v) with a
radiative lifetime of about 200 ns. Thus, to determine populations of NO(X,v), one must
know the (C - X)/(C -~ A) branching ratio [76] and the relative transition probabilities
for the (C,v=0) ~ (X,v), C(v=0) - (A,v), and (A,v) - (X,v) transitions. These factors
have been addressed theoretically by Du and Dalgarno [77).
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In addition, the a, b, and B states may become involved, especially if significant
collisional coupling can occur. There is no evidence of a-state formation in two-body
recombination at room temperature, but this cannot be ruled out at higher collision
energies. The a-state is known to be formed by radiative cascade (t 2 6 us) from NO(b)
formed in three-body recombination (NO(b) is formed by collisional crossing from the
NO(a) potential surface). NO(a) is metastable and is a potential 10 um radiator through
its vibrational bands. In addition, NO(a) is collisionally quenched into the doublet
manifold, to form NO(B,v) and probably NO(A,v) and NO(X,v) as well. NO(B,v)
radiates to NO(X,v) with a radiative lifetime of = 3 us and characteristic v’ - v"

branching ratios.

A complete assessment of the NO(X,v) production rates from N + O
recombination requires a critical review and uncertainty evaluation of the rather copious
literature on NO electronic state radiative lifetimes, relative v’ - v* electronic transition
probabilities, and collisional coupling effects. Particular attention shouid be paid to
evaluation of the transition branching ratios. The vibrational level dependent transition
probabilities can be determined from the usual equations [78] relating transition
probability to the product of the Franck-Condon factor for the transition, the cube of the
transition frequency, and the square of the electronic transition moment. Numerically
computed Franck-Condon factors for all the required transitions except C - A are
reported by Nicholls [79]; however, these were computed from Morse potentials and are
likely to be less accurate than those computed from RKR wavefunctions. RKR
Franck-Condon factors for a number of transitions, including at least A ~ X and B - X,
have been computed by Albritton et al. [80], but these are not published and are
informally distributed throughout the community in the form of photocopied computer
printout. Additional transition moments and radiative lifetimes have been computed by
Du and Dalgarno [77].

Recent work by Piper and coworkers has established the presence of significant
* variations in the transition moments as functions of r-centroid (mean internuclear
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separation) for both the A ~ X [81] and B - X [82] transitions. Such variations had not
been considered in previous, commonly accepted documentations of these transition

“ probabilities, and result in significant changes in the relative populations of lower-state
vibrational levels by radiative transitions from a common upper-state vibrational level. It

- is likely that the C - A, C - X, and b-a transitions are similarly affected, but carefully
calibrated spectral measurements are required to quantify this effect. Thus the relative
populations resulting from the A - X and B -~ X transitions can now be treated with
high accuracy using the Piper results [81,82] (which are coupled with accurate radiative
lifetime measurements from other sources), but the remaining transitions can only be
treated to a factor of 2 to 3 without further experimental work.

Since the previous investigations of N + O recombination were done near room

temperature, an assessment of the temperature dependence relevant to the nuclear case
is highly speculative. One might expect the rate coefficient for the two- inverse
predissociation process to have the form

k(T) = AT /2 exp(-AE/kgT)

However, AE, which is the energy difference between the initial recombination state and
the separated atoms, is small for N + O ~ NO(C,v=0), so the exponential goes to unity
at high temperatures. Based on the data given by Kenner and Ogryzlo [75], and
neglecting collisional redissociation, this gives an estimate for the two-body rate
coefficient:

ko.n= 1017 (300/T) /2 cm3 st
- Three-body recombination often follows stronger negative temperature dependencies, but

the available data between 200 and 400 K [62] suggest a similar temperature dependence
- for the three-body process:
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Ko+N+M" 1032 (300/T) /2 ¢cmS 5°1

Statistically, 2/3 of the recombinations proceed through the a“l state and the remaining
1/3 populate NO(X,v) initially.

The two- process can be expected to dominate at number densities below
105 em3, i.e., altitudes above 70 km. In effect, this means that, if these temperature
dependencies persist to high temperatures, two-body recombination of N and O
dominates NO(v) formation in the S000 to 10000 K range following a high altitude
nuclear burst. The estimated two-body rate coefficient is plotted in Figure 22.

42  Energy Transfer

There are numerous possible processes for NO(v) excitation by collisional energy
transfer which could be important in auroral or nuclear bombardments, but only a few
have been definitely shown to occur, and high temperature information can only be
obtained by scaling from room temperature data. It is especially interesting to consider
the class of reactions in which NO(v) is excited by energy transfer to NO(v=0) from
vibrationally and/or electronically excited states of N,", N, O,’, and O" produced by
electron bombardment. Such processes could contribute significantly to NO(v)
vibraluminescence at temperatures below about 1000 K, especially when [NOJ is large.

The most concrete example of such a process is the well known reaction
NLA3Z % + NO - N, + NO(AZL, v)
followed by the equally well understood radiative cascade (see discussion above)

NO(A, v) -~ NO(X, v) + hv
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Both processes have been recently investigated by Piper and coworkers [81,83]; results
for the quenching and excitation kinetics are summarized in Table 10. The energy
transfer is near gas-kinetic, and probably has no significant temperature <ependence. In
addition, a significant fraction of the excess energy is taken up in vibrational and
rotational excitation within the A state. The measurements extend only up to
N,(A,v=2), but indicate that with increasing v the excitation of NO(A) is more
distributed to higher v and NO(B) excitation becomes more significant. Similar effects
may occur with increasing temperature. Initial NO(X,v) populations formed by this
mechanism, calculated from the data in Table 10 and the A -~ X transition probabilities
given by Piper et al. [81), are shown in Figure 23 and tabulated in Table 11. This
reaction may contribute to NO(v) excitation in strong auroras or nuclear afterglows
where both [NO] and [N,(A)] are large, especially at higher altitudes (2 110 km) where
the increasing O/O, ratio discriminates against the N° + O, mechanism.

Similar reactions involving metastable Nz' states such as Ny(v) or N,(a’) may also
excite NO(v) or NO(v,J), by analogy with energy transfer excitation observed for N 2' +
CO in COCHISE experiments [72]. In addition, the quenching of N °

N(*D,%P) + NO - NO(v) + N

may occur at least partially through an energy transfer channel, most likely via reactive
atom exchange. This reaction could contribute to NO(v) excitation when [NO] = [0,],

as can occur at high altitudes (above 130 km) when the total NO number density is

large. Preliminary experiments, performed by the author and coworkers on the
COCHISE apparatus, indicate copious low-J and high-J rovibrational excitation of
NO(v,J) by energy transfer from discharge-excited nitrogen; although detailed
investigation is still in progress, this appears to occur through energy transfer to NO from
one or more states of (N ,N )

Similar reactions should be considered involving energy transfer to NO from
vibrationally/electronically excited 02' and O". However, it is not clear that these
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would be significant contributors since 02° quenching by NO is relatively inefficient, O"
quenching by the major atmospheric species is fast, and the behavior of oxygen
metastables in the disturbed upper atmosphere is not known very well. Thus,further
consideration of 02'/0' energy transfer processes should await definitive laboratory
measurements and a clearer assessment of the kinetics of metastable oxygen in the

electron bombarded upper atmosphere.

The collisional up-pumping of NO(v), by transfer of kinetic energy to NO(v=0)
from thermal or translationally fast O, is a major source of NO(v) excitation in both the
quiescent and disturbed upper atmosphere, over the entire temperature range in which
NO is thermally stable. This process is well known as the major source of NO(v=1)
emission in the non-auroral thermosphere; computed excitation rates, following the
model of Caledonia and Kennealy [S], are shown in Figure 24. The rate coefﬁciént is
determined by detgilcd-balance inversion of the rate coefficient for NO(v=1)
deactivation by O z;t room temperature, as measured by Fernando and Smith [84], which
is reportedly accurate to £10%. At elevated temperatures, this reaction will provide a
significant source of excitation to highef v; unfortunately, the data base does not exist to
support reliable extrapolations to higher v and T. We estimate the up-pumping rate
coefficients by detailed-balance inversion of rate coefficients for O + NO(v) deactivation
as estimated from a simple model described below in Section 5. Briefly, this model
assumes the Fernando and Smith [84] value for deactivation of v=1, together with a
slight negative temperature dependence estimated as described in Section S, and equal
rate coefficients for multi-quantum deactivation of all higher v to the v=0 level. This
gives rise to the O + NO up-pumping rate coefficient expressions listed in Table 12 and
plotted in Figure 25. It can be seen that this process is very important, and essentially
governs most of the NO(v) distribution at temperatures where thermal NO production
exceeds the chemiluminescent contributions. For post-burst NO number densities of
10112 ¢m-3, 0+ NO up-pumping gives the dominant NO(v) excitation rate for up to
v = 10 near 1000 K, and for higher vibrational levels at higher temperatures.
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The collisional excitation of NO by non-thermal, fast O will also be important in
nuclear bombardments, but has not been investigated experimentally. Crude guesses of
the relevant rate coefficients may be obtained by extrapolation of the expressions of
Table 12 to the required collision energies. For the larger collision energies, it is
conceivable that substantial rotational excitation of NO could occur as well as vibrational
excitation. This is consistent with experimental [86] and theoretical [87] results for the
analogous interaction between fast H and NO. Clearly, definitive measurements are
required for multiquantum O + NO up-pumping at high temperatures (300 to 5000 K)
and/or high collision energies (up to 1 to 2 eV).

43  Radiative Excitation

Radiative excitation of NO(v) is generally not significant in the quiescent or
auroral upper atmosphere, but may be somewhat more significant in the nuclear case
due to intense UV/IR radiation from the fireball region. In the non-nuclear
atmosphere, NO(v) is radiatively excited by IR photons upwelling from the earth and/or
lower atmosphere, so-called "earthshiné", and to a lesser extent by solar UV photons.

The earthshine excitation rate may be estimated by the method of Caledonia and
Kennealy [5], who approximate the absorption process as irradiation of a high altitude
column by light from a low altitude grey-body slab. The radiative excitation rate is given
by

R, = xI,S/(hcv Ny), s

where =l is the upwelling earthshine flux in Wem2(cm™)1, as predicted by
LOWTRAN models for various model atmospheres [88], S is the absorption band-
strength in ama™! ecm2, v is the transition frequency in cm’l, and h, ¢, and Ny are
Planck’s constant, the speed of light, and Loschmidt’s number, respectively. More
detailed treatments of the high altitude radiative transport problem give similar results
(89]. For the fundamental band of NO at 1876 cm™! (5.4 um), we use the absorption
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strength of 137.3£4.6 ama"! cm™2 reported by Holland et al. [90]. LOWTRAN
predictions of the upwelling radiation at 5.4 um give I, ranging from 1.5 to 3.0 x 107
Wem2 sel(em™)? for subarctic winter to tropical conditions. This gives earthshine
excitation rates of 0.7 to 1.4 x 104 s°1 (per [NO)) for NO(v=1). It can be seen from
Figure 24 that this rate is significant only below 110 km, and is overwhelmed by O + NO
up-pumping above that altitude. Due to low number densities of NO(v 2 1), successive
radiative pumping of higher levels in the fundamental band is insignificant. Similarly,
radiative excitation of NO(v=2) by earthshine at 2.7 um, the first overtone band, is also
insignificant.

A small degree of NO(v) excitation can occur through UV solar absorption and
resonance fluorescence in the A-X transition. From data given in McEwan and Phillips
[91), the NO(v) excitation rate for this process is on the order of 10~ s°1; this would be
distributed over several vibrational levels of NO(v), as determined by the A - X relative
transition probabilities as described above. The relevant transition probabilities are
tabulated by Piper and Cowles [81). The solar excitation of NO(v > 1) would be
IR-observable in non-auroral conditions with overhead sun and large NO number
densities, and could exceed auroral excitation rates for weak auroras (i.e., 1034 cm3 7!
for [NOJ ~ 10%? cm3).

Solar excitation of NO(v) by IR absorption at 2.7 and 5.4 um is insignificant. In
nuclear conditions, UV and IR radiation from the fireball, as well as 5.4 um radiation
from overhead NO(v), may cause significant NO(v) excitation at low altitudes, below the
high-temperature atomic oxygen layer (i.e., below ~ 90 km or so). However, there is
typically not very much NO expected at those altitudes, so these processes contribute in
only a minor way to the total NO(v) burden.
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44 Recommendations

Although the current data base on NO(v) excitation kinetics dces not support a
set of firm recommendations, we provide suggested kinetic parameters as summarized in
Table 13. Our principal recommendations are for further, more quantitative laboratory

measurements, as follows.

For low temperature mechanisms involving metastable reaction dynamics, we
recommend room temperature measurements to verify the product NO(v.]) state
Wherever feasible, these measurements should be extended to higher temperatures,
preferably to at least 1000 K. We aiso recommend experimental measurements to
determine the NO(v.J) state distributions and vields for reactions of O with excited N,”
and for energy transfer to NO from metastable states of No, N, O, and O,. These
“discovery" measurements should be coupled with auroral inodeling and assessments of
the existing auroral data base to determine the relevance of the results to the aeronomic

data base. To expand this data base, we recommend a series of acronomic
measurements of aurorally excited NO(v.J) yields and distributions. These

measurements should be designed to give detailed supporting information on auroral
strength, metastable excitation yields for a variety of species (at least N(2D), N(?P),
N(A), and O( Ip, 15)), and O and NO number densities, all as functions of altitude, for
a variety of auroral and atmospheric conditions (IBC II-III arcs, high/low penetration,
pre-dosed regions, high/low [O], high/low [NO]). Such a systematic series of
measurements, coupled with interpretive modeling and incorporation of
current/emerging kinetic data, will guide the establishment of the key excitation
mechanisms and kinetics, and will put an end to the current level of guesswork regarding
the auroral excitation efficiency of NO.

For hlsh temperature NO(v) excitation, we recommend experimental measure-

f collisi mpin. hi
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10 7000 K. and by translationally excited O at high collision energies. 1t0 5 eV. These
results should be coupled to results from recommended low-temperature O + NO(v)
deactivation experiments to be discussed in Section 5. In addition, we recommend high
or hi \lision ener n i
dependence for the two-body recombination of N and Q. Particular attention should be
paid to the initial C-state yields at high temperature, as well as to any evidence for
participation of the a“ll and B states not previously observed at low temperatures. This
work should be preceded by a critical review of the room temperature data, including
careful reevaluation of the necessary transition probabilities in the radiative cascade
sequence.
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5. DEACTIVATION OF NO(vJ)

Once formed in the upper atmosphere, vibrationally and rovibratinnally excited
NO(v,J) are-lost through collisional and radiative deactivation, Reactions (4.1) through
(4.6) in Table 1. The primary deactivation paths are through collisions with O, which are
only partially understood, and radiative cascade in the infrared fundamental band, which -
is fairly well characterized for thermal rotational distributions. Radiative and collisional
deactivation kinetics of superthermal high-J components are not understood at all, and
our present level of knowledge does not support any reasonable recommendations.

51  Collisional Deactivation

The principal path for collisional deactivation of NO(v) in the upper atmosphere
is by collisions with O. This is a highly efficient process, and is the only collisional
deactivation reaction whose rates can compete with radiative losses at typical
thermospheric altitudes and temperatures. Furthermore, the potential for this process to
proceed by multiquantum deactivation rather than single-quantum cascade can
profoundly affect the NO(v) state distribution at lower altitudes. Unfortunately, the
kinetics of this deactivation are not understood for higher vibrational levels.

The rate coefficient for
O + NO(v=1) - O + NO(v=0)

has been determined by Fernando and Smith [84] to be (6.5£0.7) x 10-1! cm3s"! at 300
K. This relatively large rate coefficient is consistent with values determined for isotope
exchange and high-pressure recombination, and thus indicates that vibrational
deactivation occurs through formation and subsequent dissociation of a loosely bound
O--NO complex. This could involve both redissociation and reactive atom exchange,
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neither of which is likely to result in single-quantum deactivation of the NO(v) as is
commonly found in repulsive V - T exchange. For higher v, we expect

O + NO(V) ~O + NO(v-n), 1 snsv

with a distribution of n for each value of v. Based on statistical phase space arguments
given by Quack and Troe [85], one might expect the most favored value of n to be v in
each case, i.e., total deactivation of each level to NO(v=0). However, the outcome is
probably sensitive to details of the dynamic interaction along the potential surface(s),
and a distribution of multiquantum n values is the most likely result. Since there are no
experimental data to characterize this, we assume the statistical limit of Quack and Troe,
n=v. We further assume, following Quack and Troe, that the rate coefficient is inde-
pendent of v. This is consistent with experimental observations in electron-irradiated
N,/O, mixtures [92]. It is interesting to note that these assumptions in acronomic
modeling of auroral NO(v) production provide a good comparison to collisionally
coupled NO(v) distributions observed [93] in a strong aurora {5,15].

The temperature dependence of O + NO(v) is also not well known, but is likely
to be small. Fernando and Smith [84] argue for a slightly negative temperature
dependence due to the complex association step; Glianzer and Troe’s [94] measured
value of (3.7£1.7) x 10"!! cm3s°! at 2700 K is consistent with this hypothesis. We have
used the 300 and 2700 K values to estimate a temperature dependence for the overall
rate coefficient, as shown in Figure 26. However, it is possible that repulsive
single-quantum deactivation collisions will become increasingly important at the higher
temperatures. Clearly, kinetic data on rate coefficients and product v distributions are
sorely needed at both low and high temperatures.

Deactivation of NO(v) by N, and O, is negligible in the normal thermosphere,
but may become more important at the elevated temperatures following a high altitude
" nuclear burst. Owing to the mismatch between vibrational frequencies, the deactivation
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proceeds primarily by V - T (vibration to translation) energy transfer, which occurs
through impulsive collisions on a repulsive potential surface [95]. This type of energy
transfer is relatively inefficient, with typical probabilities of 1069 near room
temperature, and results in single-quantum deactivation. Measured rate oefficients for
N, and O, at 300 K are listed in Table 14. It is interesting to note that the values for
O, [92] are relatively large and increase with v2 rather than v19 as predicted from SSH
theory [95]; this may be a reflection of the approach of the system to V - V resonance
between O(v=0 ~ 1) and NO(v=12 - 11).

The temperature dependencies of deactivation by N, and O, are difficult to assess
with any confidence. Typically, V - T rate coefficients tend to scale as Aexp(-B’I"l/ 3y
[95], but we are aware of no adequate high temperature data to establish the scalings for
these collision partners. Taylor [96] recommended the expression k = 6.75 x
10”7 exp(-182.83/T1/3) for deactivation of NO(v=1) by both N, and O,, based on his
own unpublished data; however, this expression is highly suspect, since it gives room
temperature values which are orders of magnitude below the subsequently measured
ones, and it does not account for the tWo-order-of-magrﬁmde difference between O, and
N, A temperature dependence plot is shown in Figure 27, comparing data for Ar, NO,
N,, and O,, together with Taylor’s expression. For N, extrapolation of the
low-temperature data of Doyenette and Margottin-Maclou [97] indicates k(N,) values in
the 10°13 range a* high temperatures, in which case deactivation by N, will be
unimportant (compared to O) in high altitude nuclear scenarios. On the other hand, if
k(N,) follows a temperature dependence similar to k(Ar), we might expect k(N,) ~ 3 x
1012 ¢m3 5! at 5000 K, in which case NO(v) + N » can become a significant
contributor to NO(v) deactivation (or, conversely, collisional up-pumping) near and
below 100 km. Use of the Taylor expression would suggest even larger contributions by
N, at high temperatures.

In the case of deactivation by O,, k(O,) may follow a temperature dependence
. similar to that of k(NO), due to open-shell attractive forces and/or V - V contributions,

43
239 .. T




resulting in k(O,) < 10°!! cm3s°! even at temperatures up to 8000 K; since typical high
altitude post-burst O/O, ratios are near unity or greater, it appears that NO(v) + O,
does not play a major role in collisional deactivation of NO(v) at any temperature. Use
of the Taylor expressiori gives larger rate coefficients, but still probably not large enough
compared to k(O) to offset the large O/O, ratios expected at these temperatures.
However, we are unable to justify recommendations for specific temperature
dependencies for k(N,) and k(O,), and we suggest that theoretical scaling estimates
and/or high-temperature experimental measurements be performed.

We now turn to the deactivation of high-rotation states of NO, for which there is
no adequate data base. As discussed in detail in Section 4, there is now ample evidence
from laboratory and in situ auroral measurements that auroral NO production results in
the formation of rovibrationally excited NO(v,J), where the rotational J-states are
sufficiently excited to form R-branch band heads in the vibrational transitions for each of
several vibrational levels. (Strictly speaking, NO has half-integral rotational quantum
numbers K=J+Q, where Q=(1/2,3/2) is the spin-orbit quantum number; in discussions of
very hiéh rotational states, we approximate this using J for convenience and simplicity.)
The rotational line positions within these band heads follow Fortrat parabolas as
described by Herzberg [78], with vertices near J = 80. Lines for J ~ 60 to 110 can
contribute to the band head intensity, and excitation of up to J = 120 or higher cannot be
ruled out. Excitation in excess of J =~ 100 represents more than 2 eV of rotational
energy; this energy is extremely large relative to kT, and can be expected to profoundly
affect the collisional deactivation kinetics. Collisional deactivation of NO(v,J) can
proceed by two pathways: rotational cooling within a given vibrational level, or
vibrational deactivation to lower (v,J) levels (retaining or losing rotational excitation).

Normally, one expects rotational thermalization to be rapid, proceeding with
near-gas-kinetic collision efficiencies via R - T (rotation to translation) energy transfer.
This occurs for relatively low-to-mid-J levels, where rotational spacings are much less -
than kT, and several multiquantum channels are thermally available. For such
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conditions, rotational deactivation rate coefficients can be estimated using one of several
scaling laws available in the literature {98]. For NO at 300 K, levels above J ~ 40 can
proceed only by single-quantum deactivation, with concomitant reductions in their rate
coefficients by more than an order of magnitude. The R ~ T deactivation efficiencies
continue to decrease as the energy spacings approach kT, and, finally, for J > 80 the
spacings exceed kT. At this point the classical statistical and energy gap formulas fail,
and one must consider deactivation by collision partners in the high energy tail of the
Boltzmann distribution. This means that rotational deactivation of the set of band head
states will be prohibitively slow, for two reasons: (1) the deactivation probability is small
because of the energetic mismatch, and (2) many successive single-quantum deactivation
steps are required to remove a given molecule from the set of band head states.

Meanwhile, thermalization of the mid-to-low J states will occur fairly efficiently,
perhaps on the scale of tens of collisions, resulting in a strongly bimodal rotational
distribution. This is discussed by Rawlins et al. [17] and by Taherian et al. [99], who
inferred effective rate coefficients of ~ 101! ¢m3 5! for thermalization of high-J states
of NO in inert bath gases. At higher temperatures, R - T deactivation of band head
states will become more efficient; above 500 K, the energy spacings between the band
head states are exceeded by kT, and more efficient thermalization should ensue. Clearly,
a series of measurements analogous to those of Taherian et al. [99] at 300 K and
elevated temperatures would clarify the picture, as would theoretical estimates of the
scalings of rate coefficients to high J.

Vibrational deactivation effects for band head states are much more uncertain.
This can proceed through V - T transfer, where J remains essentially unchanged, or
through R~V transfer where some of the rotational energy is converted to vibrational
energy within the NO molecule. By analogy to the atmospheric deactivation of
rotationally thermal NO(v), we expect collisions with O to dominate the collisional
deactivation of NO(v,high J) in the thermosphere. However, comparisons between
model predictions [15] and auroral spectral measurements [16) suggest that NO(vJ) may
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be relatively immune to collisional deactivation by O. Such behavior would not be
surprising, since the mismatch between the rotational and translational Fourier
components of the interacting O--NO pair may prohibit entry into the attractive potential
wells, resulting in less efficient impulsive collisions. This is a very important factor in
assessing the collisional stability of the high-J spectral features in the upper atmosphere,
and definitive experimental measurements are clearly required, both at room
temperature and at elevated temperatures.

52 Radiative Deactivation

Radiative decay in the fundamental vibration-rotation band, Av=1, near 5.4 um,
controls the loss rate of NO(v) at altitudes above about 120 km. In addition, the
transition probabilities in this and in the first overtone band, Av=2, near 2.7 um,
determine the intensity of NO(v) radiation at 5 to 7 and 2.5 to 3.5 um for a given
vibrational distribution. There are several reliable measurements of the (v',v") = (1,0)
and (2,0) band strengths (see below), and scalings of these values to higher v’ via the
theoretical dipole moment function of Billingsley [100] has been commonly accepted by
the user community. However, recently emerging results from COCHISE, together with
the newly realized need to determine transition probabilities for high-J states, indicate
that the dipole moment function is still inadequately described at both small and large
internuclear distances. This leads to significant uncertainties in the vibrational scaling of
both the fundamental and the overtone transition probabilities, and in the extrapolation
of these transition probabilities to higher J-states (and rotational temperatures). We will
therefore discuss in some detail the currently accepted data base followed by the recently
available results from COCHISE experiments.

Most of the experimental data base on NO(v) transition probabilities comes from
absorption measurements on the (1,0) and (2,0) transitions. These are listed in Table 15.
The measurements for the (1,0) transition tend to fall into three groups: those with So’1

" 130 to 140 cm2 ama"!, those with 120 to 130, and a few early measurements of 70 to
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80. A weighted mean of 12 selected values from Table 15 gives So, = 132.0 + 1.5 cm™?
ama’! or Ao = 13.04 £ 0.15 s"1. The most recent work of Holland et al. [90],
together with the extrapolated line-by-line data of Mandin et al. [101] as reported by
Rothman et al. [102], tend to confirm the higher values, giving A = 13.2t0 13.6 s°1.
We recommend use of the intermediate value, A, = 13.4 s'l at 300 K. This quantity
appears to be extremely well determined, and our recommended value is probably
accurate to x10% or better.

The (2,0) transition probability is less well determined. A weighted mean
of six measurements gives S, = 2.16 = 0.97 em2 ama'! or Ajyg =084 =023 st
which happens to coincide with the best available result, that of Chandraiah and Cho
{103]. We note, however, that their result for the (1,0) band appears to be about 10 to
12% low. We will base our recommendation for A, on the COCHISE data as
described below.

In a series of papers, Billingsley {100,104] determined a dipole moment function
for NO from ab initio theoretical calculations, and used it to derive line-by-line and
band-integrated Einstein transition probabilities for the fundamental and first overtone
transitions up to v'=20 and J’'=33. Billingsley’s dipole moment function is illustrated in
Figure 28. One of his more important conclusions was that the individual line strengths
departed only slightly from Honl-London scaling, and as a result the band-integrated
Einstein coefficients were virtually independent of rotational temperature, at least below
600 K. Billingsley also provided scalings of the fundamental and overtone Einstein
coefficients with v’, as listed in Table 16, and compared his results to those obtained
from the semi-empirical dipole moment functions of Michels [105] and Chandraiah and
Cho [103], which were derived from absorption data probing near-equilibrium

_internuclear separation. Recent measurements by Green et al. [106] of the
overtone-to-fundamental ratios, A‘,,,,_z /A,,,",._1 , gave results in excellent agreement
with the Billingsley predictions for v'=3-7, and clearly showed that the Michels scaling
was incorrect. This measurement has commonly been interpreted as verification of the
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shape of the Billingsley dipole moment function at medium to large internuclear
separation, even though both the predicted absolute magnitudes of A;; and A3 and
their ratio are much lower than the absorption data base indicates.

In a previous review of the transition probabilities of NO, Rothman et al. [102]
recommended the values listed in Table 16. These values are based on the Chandraiah
and Cho [103] results for the (2,0) band, the high resolution data of Mandin et al. (101}
for the fundamental band, and the Billingsley {100] scalings to higher v'. However, we
note that values recommended by Rothman et al. for the (3,1) and (4,2) transitions do
not follow the Billingsley scalings, nor are they consistent with the overtone/fundamental
ratios measured by Green et al. These values cause a physically unrealistic "kink” in a
plot of the overtone Einstein coefficients versus v'. Furthermore, we question the
physical consistency of adopting the Billingsley scaling for the overtone transition
probabilities, which depend on the second derivative of the dipole moment function,
when his predicted value for A, /A, o, 0.043, is a factor of ~ 1.5 below the
expenmental value. This factor alone suggests that either the Billingsley dipole moment
function is incorrect, at least at the second derivative level, or that all the experimental

data are wrong.

To date, there have been two key factors missing from the experimental data base:
a reliable measurement of A, (or A, / A, ), and transition probability data extending
to v > 7 to verify the Billingsley extrapolations to high v. Data recently obtained on the
COCHISE facility [107] give an accurate measure of the overtone/fundamental ratios for
v’ =2-13 for a rotational temperature of 60 K. Such measurements have been elusive in
the past due to complications from interfering radiators and bimodal high-J
contributions; these complications are eliminated in the present data by use of high
spectral resolution to isolate competing radiators and a helium background pressure to
thermalize the rotational distributions. The observed overtone/fundamental ratios are
plotted in Figure 29, compared to previously measured and predicted values. The
agreement with Green et al. [106] is excellent over the range 3 < v’ < 7 where their data
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have reasonable precision. However, the measured values deviate significantly from the
Billingsley scaling at both low and high v’, even hinting at the presence of a maximum
near v'= 11. The implications of these results are that the shape (second derivative) of

the Billingsley dipole moment function is incorrect over much of the relevant range of
internuclear separation, and that even the slope (first derivative, affecting fundamental
band Einstein coefficient scaling with v') may have substantially increasing error at larger

separations.

We presume that the Billingsley scaling is sufficient to give an accurate ratio of
A3 1/A g, which we apply to the observed [107] value of A,y/A,; to obtain Ayg =
0.94 = 0.11 s°1. This is consistent with the results of Chandraiah and Cho [103), and is
our recommended value. To provide a reliable set of values of A, . for higher v, it
will be necessary to derive an empirical dipole moment function which best reproduces
the COCHISE overtone/fundamental measurements; this work is still in progress.
Meanwhile, to provide a temporary recommendation, we suggest the values listed in
Table 17. These are determined from the COCHISE data [107] using our recommended
value for A, and assuming Billingsley scaling with v’ for the Av=1 Einstein coefficients.
The Einstein coefficients determined in this fashion are plotted in Figure 30, in
comparison with other values. Although it is essentially impossible to estimate the
uncertainty of these valuc¢ .ntil the dipole moment function work has been completed,
the values in Table 17 are probably accurate to within about 10% at low v’, and
increasingly uncertain to about £40% at v’=13. There is presently no basis for
extension of these values beyond v’ =13; this must await more complete evaluation of the
experimental dipole moment function. Such an extrapolation is especially sensitive to
the possibility of a downturn in the overtone transition probabilities in this region.

The values in Table 17 are appropriate for rotational temperatures below 100 K,
and are probably reliable for temperatures up to at least 300 K. The extension of these
values to higher rotational temperature (or higher J) is presently highly uncertain. At
some temperature, A, - Wwill become sensitive to rotational distribution, since the
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scaling of A(J) becomes more divergent from Hénl-London scaling as J increases.
Whether this occurs for 1000, 5000, or 10000 K is impossible to know without more
detailed evaluation of the dipole moment function and its effects on the line-by-line
transition probabilities. It is likely that high-J distributions resulting in R-branch band
heads (J = 60 to 120) are profoundly affected, since these states sample the extremes of
internuclear separation where curvature in the dipole moment function will be more
pronounced. Thus, there is at present little basis for estimating the effects of rotational
distribution on transition probability. However, based on Billingsley’s [100,104]
prediction of near Hénl-London behavior for J ~ 30, v’ < 20 for both the fundamental
and the overtone, it is reasonable to guess that at least the fundamental band values in
Table 17 are not seriously perturbed at temperatures up to about 1000 K. More
definitive statements must await detailed evaluations in progress.

53 Recommendations

The recommended kinetic parameters for NO(v) deactivation processes are listed

in Table 18. However, few of these recommendations can be made with high or even
well determined confidence, and much more definitive data are needed for all of the key

questions which need to be answered are:

1. O+NO(v): What are the multiquantum product state distributions at low
temperature? What is the temperature dependence of the rate coefficient
up to ~ 5000 K? Does a single-quantum V - T deactivation mechanism
become more important than multiquantum deactivation at high

temperature?
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2. NO(v)+O,N,: What are the rate coefficients at high T. 3000 to 5000 K,
and are they large enough for these processes to compete with O for

. deactivation/ up-pumping of NO(v)?
- 3. NO(vJ)+M: Does deactivation of high-J states occur predominantly

through R - T, R - V, or (V,R) = T energy transfer? How do the rate
coefficients vary with J and T? What are the effects of O?

4. Radiative Transition Probabilities: What are the overtone transition
probabilities? What is the detailed shape of the dipole moment function,
and how does it affect scaling of fundamental and overtone transition
probabilities with v and J? How do the band-integrated transition
probabilities vary with rotational temperature, and what are the effects of
very high-J states? What are the quantitative uncertainties in high-J, high-v
transition probabilities due to uncertainties in the dipole moment function
at large and small internuclear separations?

We recommend that further experimental and theoretical efforts be pursued to answer
these questions.
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6. SUMMARY AND CONCLUSIONS

We have reviewed the chemistry and kinetics of the processes most directly
relevant to the production of infrared radiation from vibrationally excited nitric oxide in
the disturbed upper atmosphere. We have categorized these processes in terms of
electron-initiated NO formation and removal (including metastable precursor production
and quenching), high temperature thermal NO formation and removal, and NO(v)
excitation and deactivation processes. We have provided recommended kinetic
parameters and uncertainty estimates wherever possible, but we emphasize that many of
these recommendations are highly speculative and are not well supported by the
available data base. We have also given recommendations for specific areas where a
great deal of further work is required to resolve key issues. Our specific
recommendations may be found in the text in Subsection 2.1.3 (metastable precursor
production), Subsection 2.2 (metastable precursor quenching), Subsection 2.3 (NO
production from metastable chemistry), Subsection 2.4 (low temperature NO chemical
removal), Subsection 3.4 (high temperature NO formation and removal), Subsection 4.4
(NO(v) excitation), and Subsection 5.3 (NO(v) deactivation). Recommended kinetic
parameters are tabulated in TAbles 2, §, 6, 7, 8, 13, and 18.

Bombardment production of NO(v) can occur through three basic mechanisms
which are roughly separable by temperature regime. At low temperatures, the dominant
mechanism is through electron-impact initiated metastable chemistry, in which highly
excited NO(v) is produced by energetic reactions involving electronically excited species.
At least two such reactions have been identified to date, and several more are possible.
Such processes tend to give rise to highly non-equilibrium, super-thermal vibrational and
rotational distributions, which slowly relax toward equilibrium conditions by radiative and
collisional decay. These reactions are efficient at low temperatures and have small
temperature dependencies, so the metastable mechanism dominates NO(v) production in
the auroral atmosphere and in the cooler electron-bombarded regions around a high
-altitude nuclear burst. At intermediate to high temperatures, most of the NO is
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produced by thermally initiated chemistry of heated air, and is collisionally pumped up to
and down from higher vibrational levels by atomic oxygen. This mechanism tends to
produce subthermal, collision-limited vibrational distributions. Finally, at very high
temperatures where the atmosphere is dissociated and the thermal lifetime of NO is
short, NO(v) radiation can still be produced by radiative, two-body recombination of N
and O. This occurs through radiative cascade from higher electronic states, re.sulting in

non-equilibrium population of several vibrational levels.

Our understanding of atmospheric NO excitation has progressed greatly in the last
5 to 10 years, especially in the areas of metastable quenching and chemiexcitation
mechanisms, high temperature N,/O, kinetics, and the radiative properties of NO.
However, many key elements of the above mechanisms are still poorly or marginally
understood. A list of the more important gaps in the data base is given in Table 19.
Foremost among these are the temperature dependencies of the rate coefficients and
product channels for the metastable quenching and chemiexcitation reactions, the
kinetics and product channels of O+NO up-pumping and O+ NO(v) deactivation at all
temperatures, the radiative and collisional kinetics of highly rotationally/vibrationally
excited NO(v,J), the mechanisms and efficiencies of N( 2D) and N(?P) production in
electron-irradiated air as functions of dosing and vibrational temperature, the collisional
and chemical kinetic effects of superthermal, translationally fast O and N, and the
kinetics of high temperature NO dissociation and radiative recombination.

The potential methods for investigation of these problems deserve some comment.
None of the issues we have raised are easy to resolve, and significant progress can only
be made through application of thorough and novel experimental and theoretical
methods. Product vibrational/rotational state distributions from metastable
chemiexcitation and energy transfer reactions can be investigated by infrared
chemiluminescence methods at low temperatures and by active probes such as
laser-induced fluorescence near room temperature and above. The temperature

-dependencies of excited state quenching and chemiexcitation reactions can be
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investigated to a significant extent in variable-temperature discharge flow reactors;
however the requirements for short residence times and extensive optical access make
such experiments very difficult and probably limited to temperatures below 800 to

1000 K. Flash photolysis techniques can perhaps be used to extend the temperature
range to ~ 1500 K provided suitable photochemical precursors to the species of interest
can be identified.

For kinetic measurements of thermal reactions above = 1000 K, carefully
diagnosed shock tube techniques are the methods of choice. However, studies of
metastable chemistry would require an external, non-thermal metastable excitation
source (flash photolysis or electric discharge), and investigations of collision partner
effects in vibrational relaxation and dissociation reactions would have to discriminate
effectively against competing effects of the diluent bath gas (usually Ar). Fast atom
effects can be studied with advanced crossed molecular beam techniques and, perhaps,
by flash photolysis of suitable precursors; these methods are complicated by difficulties in
controllfng and specifying the interaction energies actually obtained.

State-of-the-art theoretical analyses can also be applied to a number of the more
experimentally difficult problems, to predict trends and to guide our chemical intuition
into these complex processes. Useful theoretical investigations would include potential
energy surface and trajectory calculations for N '-02, O-NO, and O-N 2' interactions over
a wide range of collision energies, extensions of vibrational deactivation rate coefficients
to high temperature, the dynamics of highly rotationally/vibrationally excited species, and
the behavior of the NO dipole moment function at extremes of internuclear separation.

In addition, we encourage the use of “integrated whole" experiments, in the form
of well-diagnosed laboratory simulations and auroral flight measurements, to examine the
overall process of NO(v) production in electron-irradiated N,/O, mixtures. Laboratory
simulations could take the form of pulse radiolysis or electron-beam irradiation of

N,/O, mixtures; these could be similar to those previously reported [108,109], but at low
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pressures, variable temperatures, and with more complete diagnostics of electron energy
deposition and metastable, atomic oxygen, and total NO number densities. Similarly,
high aititude auroral measurements of NO(v) distributions could be analogous to those
pieviously performed [16,93] but with more complete supporting diagnostics of auroral
deposition profiles, N(*D) and N(?P) emissions, and atomic oxygen number densities.
Measurements of this type can provide a robust data base which shows trends with
dosing, temperature, atomic oxygen effects, and atmospheric/auroral variability, and
would place sufficient constraints on the model predictions to permit unambiguous
conclusions about the viability of a postulated mechanism.

Finally, we recommend kinetic modeling studies, including numerical simulations
and systematic sensitivity calculations, for specific auroral and nuclear scenarios. From
the data provided in this report, it is possible to assemble a first-order estimate of a
reaction mechanism describing NO(v) formation and destruction over the entire
temperature range encountered in high altitude bombardments. This can be used in a
systematic way to examine the relative importance of each reaction rate as a function of
temperature and bombardment conditions. It is unlikely that every rate coefficient needs
to be known from 200 to 10000 K, and information on the range of conditions over
which specific reactions are most important would be extremely valuable in helping
experimenters to focus their efforts on the most relevant conditions. Sensitivity
calculations, employing the rate parameter and mechanistic uncertainties estimated here,
can be used to evaluate the effects of the largest unknowns on predicted scalings of
specific bandpass radiation with dosing, temperature, altitude, etc. This would also
provide key information which would help to prioritize further investigations.

The problem of NO(v) radiation in the disturbed upper atmosphere is clearly a
complex and partially understood one, even for relatively simple and accessible auroral
conditions. After a significant amount of detailed experimental and theoretical
investigation, our knowledge has reached the level at which we can specify what we still
need to learn in order to have a reliable predictive understanding. Considering that NO
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is arguably the best understood disturbed-atmosphere molecular infrared radiator, it is
clear that our general knowledge of high altitude infrared signatures and excitation
mechanisms is far from complete. Continued pursuit of these issues should challenge

experimentalists, aeronomers, and theorists for some time to come.
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Production Rates and Efficiencies of NO in Electron-Irradiated N210 2 Mixtures,"
J. Chem. Phys. 80, 773 (1984).
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Table 1. High Altitude NO Chemistry

1. Electron-initiated chemistry

-

Precursor Formation

e + N —~¢ + 2N(%s,2D,%p) (1)
e +Ng*t = INCS,D,2P) @
e + NO* -0 + N(*s,2D,2p) 3)
0+ N,* -=NO* +N ;D.zl’) @)
N* +0, -oz++NiD) ()
N + N,” =N, + N®D,%p) ©)
b. Precursor Loss
NED) + OCP) - N(¥s) + o¢p,ID) (1)
NEP) + &Sv) -~ N(@%s) + o¢p,!D) @)
- NCD) + O(P) 3)
+NOt(vs3) + ¢ )]
N(zD) + Oy - products %)
N@P) + O - products ©6)
NCD) + Ny = N(s) + Ny ™M
NCP) + Ny  =N(s,2D) + N, ®)
e+ N(§D) - N@s) + ¢ )]
e +N@P) . -NU#S) +¢ (10)
-NCD) + ¢ (11)
c. NO Formation
NeD)+0, -=NO+O )
- N(s) + 0, @
NeP)+0, -=NQ+O €)
- NCD) + Oy, @
. - N(%s) + 0, ®)
0+ Ny, -NO+N ©)
N*+ 0, -+NO+0O ™
d.  NO Destruction
N+NO -=Ny+0O M)
N@D) + NO=N; + O Q@
NO+hyr —=N+0O 3)
-NO* + ¢ 7))
NO + ¢ -N+O+¢ &)
- NO* + 2¢ ©)
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Table 1. High Altitude NO Chemistry (Continued)

2.

3.

4,

Thermally initiated chemistry
Precursors: N2+M~N+N+M
+M=-0+0+M
NO Formation: N + 0,-NO + O
O+ Ny->NO+N
NO Removal: O+ NO-=N+ 0O,
NO+M=-N+O+M

Excitation of NO(v,J)
Chemiexcitation:
N3s) + 0y -~ NO(v) + O
N(ZD) +0,  -=NOw) + oCp ‘D)
NCP) + 05 -NO(vJ)+0(3'

N2 +0 "NO(V)"‘N
N + O (+M) - NO(v) (+M) + h»

Energy Transfer
Nz + NO - NO(v,J) + Ny
N* + NO 1N + NO(v,J)
0," + NO . 102+N0(v)
0" + NO 10 + NO(v)

O(thermal) + NO - O + NO(V)
O(fast) + NO - 0 + NO(v,))

Radiative:
NO + hyp - NO(v)
NO + hyy, - Ngg - NO(®V) + hy,,

Deactivation of NO(v,J)
Collisional:

NO(v) + O -+ NO(v-n) + O

NO(v) + Ny - NO(v-1) + N,
NO(v) + O, - NO(v-1) + Oy
NO(v,highJ) + M - NO(',J’) + M

Radiative:
NO(v’ J°) — NO(V'-1,J°) + hog
NO(v’,J") - NO(v’-2,J") + b,

(1)
@)
€)
4)
)
(6)

M)
@)
)]

©
™
®
o)

(10)
an

(12)
(13)

(1)
@)
3)
@)

3
©)
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Table 2. Recommended Average N* Production Rates, Atoms/Ion Pair®

Auroral" Nuclear

Process N¢s) N(2D) N(P) N%s) N(3D) N¢P)
e + N, 0.5 0.3 0.2 0.62 0.42 0.25
e + Nyt 0 0 0 0 1.3¢ e
e+ NO* 0.17 0.5 ¢ 0 0.06f o.f
0+ Ny* 0 0.5 d 0 f df
Nt + 0, 0.01 0.03 0 0.02 0.06 0
Total 0.67 1.38 20.2 0.64 1.84 20.25

a. Overall confidence X/+ 2

b. Altitudes = 110 km; yields at lower altitudes depend on dosing profile

c. May be produced from NO* (v 2 3)

d. May be produced from Ny* (v 2 2)

e. N(2D)IN(2P) branching ratio depends on vibrational distribution of N2+

f. Small in strong bombardment limit; may contribute significantly in relaxation regions




Table 3. Representative Kinetic Parameters Relevant to N* Production

Reaction K* References

e + Ny—=e¢ + N + N(%,2D,%p) b Zipf and McLaughlin (1978)
[9); Zipf et al. (1980) (8]
e + Ny*(v=0) = N(D) + N(D) 1.66(-6) T, 039 Mehr and Biondi (1968)
(20]; Queffelec et al.
e + Ny*(v=1) = N(D) + N(D) 1.1¢:6) T, 0-3 (1985) [21]
= N@D) + N(P) 5.6(-7) T, 0-39
e + NOt =0 + 0.25 N(%s) 4.0¢-) Kley et al. (1977) [6];
- (T/300)0-2 Alge et al. (1983)
+ 0.75 NCD)
0 + N;* - N(D) + NoO* 1.4(-10) Frederick and Rusch (1977)
(T/300)0-44 [1); McFarland et al. (1974)°

36% ¢+ 2 Langford et al.
N* + 027" 0y + NCD) (1985, 1986)f

li%O{ + N(‘S) .

6x 10710
¥%N0* + 0.150('D)
+ 0.85 o(ls)

%0+¢s) + NO
N(@S) + No* = N, + NP) 4x 1011 Estimated from Piper

2 (T/300)1/2 (1989) [22]
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Table 3. Representative Kinetic Parameters Relevant to N” Production (Continued)

Reaction ' References
ND) - N(3S) + hv (520 nm) 1.07(-5)° Garstang (1956)
(24,25]
N(3P) = N(%S) + hv (346.6 nm) 5.4(-3)°
N(P) - N(D) + hv (1040 nm) 7.9(-2)°

Units are %m3 s'! unless otherwise noted; T, signifies electron temperature; 1.66(-6) reads
1.66 x 10°°.

Cross sections must be convolved with a dosing-characteristic electron energy distribution to
determine scene-specific rate coefficients and product branching ratios.

Units are s°!.

E. Alge, N.G. Adam and D. Smith, 'Measurements of the Dissociation Recombination

Coefficients of 02 NO*, and NH in the Temperature Range 200 to 600 K," J. Phys.
B:-Atom Molec. Phys 16, 1433 (1983)

M. McFarland, D.L. Albritton, F.C. Fehsenfeld, E. E Ferguson, and /..L. Schmeitekopf,
"Energy Dependence and Branching Ratio of the Nz + O Reaction,” J. Geophys. Res. 79,
2925 (1974).

A.O. Langford, V. M Blerbaum, and S.R. Leone, "Auroral Implxcmons of Recent
Measurements on 0( S) ad 0( D Formation in the reaction of N* with 0O,," Planet. Space
Sci. 33, 1225 (1985), "Branching Ratios for Electronically Excited Oxygen Atoms Formed in
the Reactions of N¥ with O, at 300 K," J. Chem. Phys. 84, 2158 (1986).
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Table 4. Gilmore Mixing Rules for lon and Excited State Production Rates
by Electron Bombardment in Dissociated or lonized Air (18]

’ Species Numbers Produced Per lon Pair (34 eV)P l
Ny * 1.62 [Nyl/n
0,* 1.33 [O5)/n
N* (0.38 [N5] + 1.22 [N])/n
o* (0.57 [O4) + 1.22 [O])/n
Np(v=1) 19 [N,)/n
0,(ala) 3.4 [O4)/n
N(’D) (1.06 {Ny] + 5 [N])n
N(%P) (0.63 [Np] + 0.8 [N])/n

agquare brackets denote number density in molecules/cm?

bTotal nuclei: n = 2 [Nl + 2 [Oq] + [N] + (O] for dissociated air; n = 2 [Ny] +
2[O4] + [N] + [O] + {N¥] + [O¥] for ionized air.

7 .
267-: .




L ] L}
n.o\c 0 So0= U spnpoad e
oSt ozt 09 @ Vg, @)V, | @z = ©0eM «% + ()N 94
082 -
lo %00zt 0= 33
0 0 o= U sinpoxd |
€S €LE 0z @)Yy @MV | @9y = (00N ~%0 + @)N s
oSt 0 -
o st 0= ¥3
0 0 so= u 2+ (5N, 0N
9l szl v's (TR AT MW gy | Q1LY = (00N +~0+ PN ¥al
05/ 0cz 05/ 06t 00s = /3
0 0 0= u AQ—J_MVQ + AMsz
€8 0L vs | @Isoml @I¥%. | @i = (00e)3 +~0 +(G)IN 14l
Y0005 Y0002 Yoo0T | WooE S 1 Yoor <1
10108 Kurenadun) snun (L » uondeY
Kwreuadun somory/iaddn

pSI5530014 SO [EUOISIIOD N JOf SIIJOWEIE] MUY PIPUIWWIOY S qEL

1

00t Lid 00§ _
: . _m a&o:—b _ (00 = (LN




|5 -2IN3d[0U (WD UT AT SIUININYI0D LY,

269 *~ -
7

00= u (@PN + 2«
14 1 14 T+IX (6)5°6 = (00€) (dN + 2 1191
80= U (SN + 9«
v y v t+/x | (01)0T = (00E) dp)N + 3 01°q1
180= v (SN + 2«
14 14 14 z+/x | (o1)6'€ = (00£M @p)N + 2 6491
{008€ = W/
0= u IN + (5,'apN
- - - punog seddn (1)1 = (00E) <IN+ @IN gal
Q0cc | @Woozz = WA
0 0= u IN + (SN
(O3 #z 00LE @15 Ve | @W1)0T = (00EN «IN+(@PN Ll
sope4 Kurewadun) g | ARR ] uoidedy

Keuasup) samoy/saddn

(PINUNUOD) SI5530014 SO [RUOISIIIOD N JOj SIFNdUIRIE] JNBULY POPUIWIIONY

S JIqeL

[ ¢




Table 6. Recommended Kinetic Parameters for NO Formation Reactions?

Reaction

k (T)

Uncertainty Range

lc.l N(D) + Oy
le.2

1c.3 NCP) + Oy
lc.4

lc.5

Ic.6 O + Ny

le.7 N* +0p"

-NO+O

Table $x 1.0

-N@s) +0," | 0.0

-NO+0O

- N(3D) +

Table 5 x 1.0
0" | 0.0

-Nés) + 0," | 0.0

-NO+N

-NO+0O

< 3x 10711

< 3x 1010

Table 5 x (0.5 to 1.0)
Table 5 x (0.0 to 0.5)
Table 5 x (0.5 to 1.0)
Table § x (0.0 to 0.5)
Table § x (0.0 to 0.5)
Upper Bound

Upper Bound

3Rate coefficients are in cm3 molecule! s°1
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Table 7. Recommended Kinetic Parameters for NO Removal Processes?

Reaction K Uncertainty Range
1d.1 N+ NO- (.1 + 1.0) x 107! exp {0 + 100)/T] X/ +2
Ny + 0 Alternative for T > 1000 K: 6.3 x 107!}
exp [-390/T)
1.2 N(3D) + NO - 6.3 +£2.0)x 101! X/ +2
N2 + 0
1d.3 NO + hv Cross sections evaluated by Cieslik and -
Nicolet [59)
-N+0O

1d4 - NOt +¢

Cross sections tabulated by Watanabe et
al. (58]

1dS NO + ¢

-N+O+¢

Cross sections tabulated by Ajello et al.
(61]

1d.6 = NO* + 2¢

Cross sections tabulated by Kim et al. [60)

aRate coefficients are in cm

3

mole:cule‘l sl
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Table 8. Recommended Kinetic Parameters? for High-Temperature NO
Formation and Removal Reactions

k(T) = AT" exp (-E/RT)

k (T)
Reaction A n E/R Uncertainty Factor
21 N+ M=-N+N+M
M=N, 6.1(-3) -1.6 | 113200 | X/+3,6000K < T < 15,000K
M= Ar k(Ny) x 0.4 Additional X/ + 2
M=0,0, No recommendation -
22 00 +M-0+0+M
M = Ar 3.0(-6) l -1.0 I 59380 | X/ + 2,3000K s T < 8000K
M = N, k(Ar) x 1.0 Additional X/ + 2
M=0, k(Ar) x 1.0 Additional x 10, + 1
M=0 k(Ar) x 3.6 Additional x 10, + 1
23 N+ 0;=>NO+0O 1.1(-14) 1.0 3150 | +30%, 300-1500 K, increasing
above 1500 K to X/ + 2 at
3000 K and above
Alternative for T 22000 K:
2.5(-14) 1.0 4394 | +30%, 2000-5000 K, incorrect
forT < 1500K
24 O+ Ny=NO+N %.0¢-10) | 0.0 | 38370 | +35%, 2000-4000 K
25 O+ NO-N + 01 6.3(-15) 1.0 | 20820 | +30%, 1500-5000 K
26 NO+ M-N+0O+
M
M = Ar, Oy, Ny 6.6(4) | -1.5] 75500 | X/ + 10
M =0, N, NO Kk = 20 k(Ar) Additional X/ + 2
*Rate coefficients are in cm® molecule! 57!
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Table 9. Surprisal Predlctlons of Relmve Initial Populations of NO(v)
in the Reactions of N(2D, 2p) with O, (from Ref. 17)

N,/EN,
v N(D) + O, NCP) + 0,0
0 1.36(-02) 2.67(-01)
1 2.49(-02) 1.85(-01)
2 4.37(-02) 1.18(-01)
3 7.22(-02) 7.10(-02)
4 1.12(-01) 5.72(-02)
5 1.58(-01) 5.03(-02)
6 1.87(-01) 4.37(-02)
7 1.53(-01) 3.77(-02)
8 1.24(-01) 3.21(-02)
9 5.51(-02) 2.69(-02)
10 2.84(-02) 2.23(02)
1 1.44(-02) 1.81(-02)
12 7.17(-03) 1.44(-02)
13 3.47(-03) 1.13(-02)
14 1.62(-03) 8.82(-03)
15 7.11(-04) 7.50(-03) -
16 2.83(-04) 6.43(-03)
17 9.01(-05) 5.43(-03)
18 1.51(-05) 4.50(-03)
19 3.67(-03)
20 2.88(-03)
21 2.23(<03)
22 1.67(-03)
23 1.13(-03)
24 9.00(-04)
25 3.20(-04)
26 6.00(-05)
3%(0°P)/k(0'D) = 0.285

b(03P)k(0D) = k(O!S)/k(O!D) = 1
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Table 10. Energy Transfer Kinetics for NZ(A3Eu+) + NO

NO(A) v’
i Total
Ny(A) V' Quenching? 0 1 2 NO(B, v’ =0)
0 (6.6 + 1.0)(-11) 10 0.094 + 0.006 | 0.003 | 0.0032 + 0.0007
1 ~ k(v'=0) 1.11 £ 0.07 | 0.22 + 0.03
0.024 | 0.033 + 0.007
2 - 0.29 +£ 0.07 | 0.032 £ 0.03

3Rate coefficients are in cm™3 molecule’! 57!

Dy corresponds to (9 + 3) x 10" ¢m3 molecute! 571
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Table 11. Initial NO(XII, v) Populations from No(A3E, *) + NO

Ny/E Ny
Na(A) v' = 0:1:2 Relative Populations
1:1:1 0:1:0
0 0.224 0.235 0.254 0.243 0.326 0.238
1 0.262 0.251 0.236 0.242 0.178 0.249
2 0.207 0.195 0.176 0.186 0.106 0.192
3 0.137 0.132 0.124 0.127 0.096 0.131
4 0.081 0.081 0.083 0.081 0.088 0.092
5 0.044 0.047 0.052 0.049 0.070 0.048
6 0.023 0.027 0.032 0.029 0.051 . 0.027
7 0.011 0.015 0.019 0.018 0.035 0.015
8 0.006 0.009 0.012 0.012 0.024 0.009
9 0.003 0.005 0.008 0.008 0.016 0.005
10 0.001 0.003 | 0.005 0.005 0.011 0.003
79

21877 -




Table 12. Estimated Rate Coefficients for Excitation of NO(v) by
O + NO(v=0) Collisions?

E
k(v) = 3.5 x 10~ exp [- [ v_ - 190] /T]

0.695
v E,, cm’] Enet/R
1 1876.1 2509
2 3724.2 5069
3 5544.3 7787
4 7336.4 10366
5 9100.5 12904
6 10836.5 15402
7 12544 .4 17860
8 14224.5 20277
9 15876.2 22654
10 17499.9 24990
3Rate coefficients are in cm3 molecule’! s°1.
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Table 13. Suggested Kinetic Parameters for NO(v,J) Excitation Processes®

NO(v)

Reaction k(T Populations Comments
3.1 Nis +0, Table 8 Winkler et al. | Populations good to factor of

[69) 2 for 300 K; need to re-
- NO(v) + O evaluate data base.
32 N@D) + 0, Tables 5,6 Table 9 Populations applicable to low
T only; need direct
- NO(v) + O(3P.1D) measurements for T 2
300 K.
33 N(ZP) + 0O Tables 5,6 Table 9 Populations applicable to low
T only; need direct
- NO(xv,)) + measurements for T 2
300 K.
oip.!D,1s)
34 Ny'+0- Table 6 ? No basis for
recommendations; need
NO(v) + N direct measurements.
35 N+O- 1017 goom12 | . Populations via cascade need
tc be evaluated; need high T
NO(v) + hy measurements; uncertainty
X/ + 10.
36 N, +NO- Table 11 for Uncharacterized for most
Nz(A) forms of Nz
NOW.J) + Ny
37 N*+NO- Table 7, upper ? Unknown
ound for N(°D)
NO(wv,J) + N
38 0,°+NO~ Oz(alA‘)::t.S(-l?) v=4 only Quenching data at 300 K
only.
NOW,J) + O, 02@18‘*):3(-13) ?
39 0°+ NO- o(D):1.5(-10) ? Quenching data at 300 K
' only; no observations of
NOw,J) + O o(1s):8(-10) ? NO(v) excitation.
3.10 0 + NO - Table 12 Table 12 Estimated upper bounds
from simplified scaling of
NO(v) + O limited data for reverse

reaction; need direct
measurements at high T.
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Table 13. Suggested Kinetic Parameters for NO(v,J) Excitation
Processes® (Continued)

NO(v)
Reaction k(M Populations Comments
3.11 Offast) + NO 3-11) Same for all v; | Guess. Need direct
J statistical measurements.

- NO(v,J) + O

3.12 NO + h» (IR) See Table 15 for v=1 only. -
IR absorption

- NO(v) coefficients

3.13 NO + hw (UV) - - NO(A-X) transition
probabilities in Piper and
- NO(v) Cowles [81)

3Rate coefficients are in cm> molecule’! s-!.

N
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Table 14. Measured Rate Coefficients for Deactivation of NO(v) by
N2 and 02 at 300 K2

* NO(v=1) + N3 = NO(v=0) + Ny
) Stephenson (1973)° (1.4 + 0.15) x 10°16

Murphy et al. (1975)¢ (1.7 £ 0.7) x 10°16

Kosanetsky et al. (1980)4 (13 +0nx1016

Doyenette and Margottin-Maclou (1986)° (1.4 £ 0.1)x 1016

NO(v) + Oy = NO(v-1) + 0,

Murphy et al.
(1975)¢

<

Stephenson and
Freund (1976)

Kosanetzky et
al. (1980)d

Fernando and

Smith (1981)f

Green et al.
(1982)8

(2.4+1.5)-14)

(2.8)£0.25)(-14)

(2.6£0.15)(-14)

(2.94£0.5)-14)

(2.2 10 3.1)(-14)

(5.9 w0 7.4)(-14)
(1.2 to0 1.5)(-13)
(2.5 10 2.9)(-13)
(3.7 10 6.5)(-13)
(5.1 t0 7.7)(-13)
(4.4 to 15)-13)

NS W -

aRate coefficients are in cm3 molecule’! sl
b.C. Stephenson, "Vibrational Energy Transfer in NO," J. Chem. Phys. 59, 1523 (1973).

°R.E. Murphy, E.T.P. Lee, and A.M. Hart, "Quenching of Vibrationally Excited
Nitric Oxide by Molecular Oxygen and Nitrogen,” J. Chem. Phys. §3, 2919 (1975).

dy. Kosanetsky, U. List, W. Utban, H. Vormann, and E.H. Fink, “Vibrational
Relaxation of NO(XZII, v=1) Studied by an IR-UV-Double-Resonance Technique,”
Chem. Phys. 50, 361 (1980).

®Ref. [97].

® fR.P. Fernando and I.W.M. Smith, "Relaxation of NO(v=1) by Radical Species,"
J. Chem. Soc. Faraday Trans. II, 77, 459 (1981).

8Ref. (92].
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Table 16. Predicted Einstein Coefficients for NO(Av=1,2) Transitions?

Av=] Av=2

v' | Billingsley® | Chandraiah® | Rothmand Billingsley® | Chandraiah® | Rothmand
| 10.78 11.8 13.25 - - .
2 20.43 22.3 25.33 0.460 0.842 0.84
3 29.11 314 36.22 1.513 2.416 1.29
4 36.49 39.4 46.35 3.100 4.607 3.85
s 42.93 46.2 55.19 4.900 7.330 6.24
6 48.54 52.0 7.285 10.479 9.31
7 53.54 9.633

8 57.48 12.500

9 60.55 15.678

10 62.77 19.143

1 64.15 22.936

12 64.61 27.150

13 64.23 31.879

14 63.17 36.932

15 61.66 41.894

16 59.80 46.409

17 57.59 50.496

18 54.95 54.343

19 51.90 58.102

20 48.46 61.812

*Einsteiri coefficients are in 51
bRef. [100]

°Ref. {103], reported in Ret. [100)
dRef. [102]




Table 17. Suggested Einstein Coefficients for NO(Av =1,2) Transitions,

T < 1000 K3
* - A@.Y-D) AVy-2)
v s s
) 1 13.4 .
2 25.4 0.94
3 36.2 2.7
4 45.4 4.6
5 53.4 7.0
6 60.3 9.7
7 66.6 13
8 71.5 17
9 75.3 22
10 78.0 25
11 79.7 28
12 80.3 28
13 79.8 27
=14 No recommendation No recommendation
duncertainty = + 10% for v/ < 3, increasing to + 40% for v/ =13,
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Table 19. Key Unknov~

Factors in High-Altitude NO(v) Chemistry

Precursor Formation

- (2D 2P) production efﬁcnencm ratios
- Missing sources of N( P)?

- Laboratory/auroral coverification

- N( D 2l’) transition probabil:ties

- Effecsof v, Tone” + Nj, No*, NO*

N(D,2P) Chemistry

- T dependeace and detailed product channels for
NED,?P + 0, 0,

- Superelasuc nuenching versus T,

- O+ N . Jource of NO?

- Viability & for NO source

High Temperature Chemistry

- High T dissociz on cf Oy, Ny, NO, especially by O

- Fast atom (O,N) chem.stry

- High T chemical loss raies for NO, compared to
transport losses

NO(v) Excitation

-+ N" + 0,: production efficiency of NO(v,J) states
versus T - changes in dynamic mechamsms?

- Excitation by electronic energy transfer: N*, Nz )
o°,

- Eft‘ects of O, O(fast)

- N + O as high-T source

NO(v) Deactivation

- O + NO(v) kinetics

- Effects of high-J on collisional deactivation kinetics

- Transition probabilities: scale to high v, high J, high
T

B .
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Figure 1
Figure 2
Figure 3
Figure 4

Figure 5§
Figure 6

Figure 7
Figure 8

Figure 9

Figure 10
Figure 11
Figure 12
Figure 13
Figure 14

Figure 15

LIST OF FIGURES

Auroral N(?D) production rates as modeled by Caledonia and Kennealy [5)
for an ICB II aurora

* Auroral N(?P) production efficiencies based on data from Zipf et al. [8]

and multiples of the U.S. Standard Atmosphere [11] atomic oxygen profile

Recommended rate coefficients and uncertainties for quenching of
N(*D,%P) by O

Recent measurements of the rate coefficient for N(?D) + O, quenching at
300 K. References: (a) [27], (b) (28], (c) (40], (d) [41], (e) [44], () [31).

Rate coefficients and uncertainties for reaction of N(2D) with 0,

Measurements of the rate coefficient for N( 2P) + O, quenching at 300 K.
References: (a) [34], (b) [40], (c) [28], (d) [46], (e) [35].

Rate coefficients and uncertainties for reaction of N(?P) with 0,

Recommended rate coefficients for quenching of N( D). Rate coefficients
for quenching by e” are plotted versus electron temperature.

Recommended rate coefficients for quenching of N(?P). Rate coefficients
for quenching by e are plotted versus electron temperature.

Evaluated rate coefficients for O, + M dissociation, extracted from Baulch
et al. [62)

'Evaluated rate coefficients for N, + M dissociation, extracted from Baulch

et al. [62)

Recommended rate coefficients and uncertainties for O, + M and
N, + M dissociation

Rate coefficients for the reaction of N(“S) with O, extracted from Baulch
et al. [62]

Comparison of recommended rate coefficients for reaction of O, with
N(‘s), N(*D), and N(’P)

Rate coefficient data for the reaction of O with N, extracted from Hanson
and Salimian [63]
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Figure 16

Figure 17
Figure 18
Figure 19

Figure 20

Figure 21
Figure 22
Fiure 23

Figure 24

Figure 25

Figure 26

Figure 27

Recommended rate coefficients and uncertainties for the N + O, and O +
N, reactions. HS = rate coefficients for N + O, determined by detanled
balance from the values of O + NO recommended by Hanson and
Salimian [63]

Rate coefficient data for the reaction of O with NO, extracted from

Hanson and Salimian [63]

Rate coefficient data for NO + M dissociation, extracted from Hanson and
Salimian [63]

Evaluated rate éoefficients for NO + M dissociation, extracted from
Baulch et al. [62]

Recommended rate coefficients and uncertainties for NO removal
reactions: (a) above 300 K; (b) above 2000 K. HS = rate coefficients for
N + NO determined by detailed balance from the values for O + Nz
recommended by Hanson and Salimian [63).

Potential energy curves for the low-lying states of NO, extracted from
Kenner and Ogryzlo [75].

Recommended rate coefficients and uncertainties for two-body
recombination of N and O

Relanve NO(v) populations produced in the energy transfer between
N(A32,* and NO, from the data of Piper and co-workers [81,83]

Predicted excitation rates for NO(v=1) in the undisturbed upper
atmosphere

Estimated rate coefficients for collisional excitation of NO(v) by O,
compared to the rate coeffigient for chemical reaction. Uncertainties are
shown only for v=1; values for higher v are estimated upper bounds.
Values for v=9,10 are nearly coincident with those for chemical reaction.
The data points are from experimental measurements for v=1 deactivation
as described in the text.

Recommended rate coefficients and uncertainties for deactivation of NO(v)
by O. The rate coefficients are summed over all values of n and are
assumed to be independent of v. The data points are from the
experimental measurements cited in the text.

Comparison of temperature dependences for deactivation of NO(v=1) by
O, N,, NO, and Ar. References: N, O,: see Table 13; Doyenette: Ref.
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Figure 28

Figure 29

Figure 30

[97); Taylor, Ref. [96]; Wray: J. Chem. Phys., 36, 4707 (1973); Troe: Ref.
(94]).

Theoretical dipole moment function of Billingsley [104] (dashed curve)

~ compared to potential curve for NO(X )

Comparison of observed and predicted overtone/fundamental branching
ratios. References: COCHISE, Ref. 107, LABCEDE, Ref. 106; Billingsley,
Ref. 100; Chandraiah, Ref. 103; Rothman, Ref. 102. Error bars on the
COCHISE data represent two standard deviations about the weighted
mean

NO Einstein coefficients for the fundamental and first overtone sequences.

The COCHISE values were estimated as described in the text. References
are as cited in Figure 29.
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an ICB II aurora
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Figure2  Auroral N(P) production efficiencies based on data from Zipf et al. [8) and
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Figure 5 Rate coefficients and uncertainties for reaction of N(2D) with o)
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Figure 6 Measurements of the rate coefficient for N(2P) + O, quenching at 300 K.
References: (a) [34], (b) [40), (c) (28], (d) (46}, (e) [35].
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Figure 7 Rate coefficients and uncertainties for reaction of N(2P) with Oy
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Figure 10  Evaluated rate coefficients for O, + M dissociation, extracted from Bauich et
al. (62] .
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Figure 11  Evaluated rate coefficients for Ny + M dissociation, extracted from Baulch et
al. [62]

103 <2~ _
299

L R I




TEMPERATURE (K)
20000 10000 5000 4000
rr RNAEE T
10 o O2+M-0+0+M_ _
. N\
“"5,"_\ M=0

No+M> N+N+M N

M= Ar
M =Ny

LOG RATE COEFFICIENT (cm3 s1)
®
I

22
-24 — -
] ] | 1 |
0 0.5 1.0 1.5 ~ 20 25 3.0
104/ T (K1)

B-4812
Figure 12 Recommended rate coefficients and uncertainties for O) + M and Ny + M
: dissociation

14, -
300




O2+N-5NO+O
(BAULCH et al, 1973)

T/K
2000 1000 500 300

* 10.0 T ! ] T

. EXPERINENTAL OATA

vetter 194¢ (1)

Kigtiaskowsky and volpt 1987 (7)
Xsufman ang Decker 1959 (11)
Clyne ang Thrush 1961 (23)
Mgvroyannis ang winxler 1961 (28)
Krgtschagr and Petersen 1963 (44)
Ylastarss ang winkler 1967 {96}
wilson 1967 (98)

Wiyazaii and Takanasni 1968 (101)
Secker g* al. 1969 (104)

Clarn ang Tayne 1970 (114}

Westende 1. 1970 (122)
-------- Sowaan l;’lgflit)

[ ] Livesey st al). 1971 {130)
eoa rmmnl{ ‘i'ufe‘!nnu 1§n (132)

o This evaluation

9.0 |-

CS+r9OOX0»

o
o
T

LOG (kT-1/cm3 moi-1 s-1 K-1)
~N
o
>

o
o
!

Note. The ardinate of this
figure is loc(tr").

|
0 1.0 20 3.0 4.0

. 103 T-/K-1"

B8-4813

‘'Figure 13 Rate coefficients for the reaction of N(4S) with O, extracted from Baulch et
al. [62]

105 -

Sy

301 7




TEMPERATURE (O
2000 1000 500 0 I ]
10°0 =T | | ! .
- » N+02—-) NO“'O o
v; ::_-u _ \§-~-_~---¢_-_-—_ N(ZP) -
m o
-.% - b
= J
E -
Q
T -
08- -
3 J
w 4
P -
| ‘ . 6
2 3 . 4 °
1WT(K‘1) 8-2113

. . NES),
ended rate coefficients for reaction of 02 with N(*s
m : i : B

BRI LA

vile's
106. .7
e -
Y




Figure 15

TEMPERATURE (K)

4000 3000 2%00 2000
‘o \ r\o L T T
A MONAT ot al (1979)
AN Q CO LASER ABSORPTION
\ o IR EMISSION
g o -
THIS EVALUATION
[ MONAT ot ai 1979}
-
N 8pr
-
é
8 T
-
(Y8 BLAUWENS &t al. (1977)
O’Nz -—e N +NO
s '] 1
2 3 'S
104 T-1/K-1

Rate coefficient data for the reaction of O with N5, extracted from Hanson and
Salimian [63]

303




s

LOG RATE COEFFICIENT (cm3s-1)

Figure 16

TEMPERATURE (K)

5000 2000 1000 500 300
|

10

O+No—> NO+N

-20 _
22 | -
24 |- .
ol Ll | [ | 1 |
0 1 2 3
104/T (K1)
B8-4815

Recommended rate coefficients and uncertainties for the N + 02 and O + Ny

reactions. HS = rate coefficients for N + O, determined by detailed balance
from the values of O + NO recommended by Hanson and Salimian [63]
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‘ Figure 17
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" Figure 18
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Salimian [63]
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Figure 19  Evaluated rate coefficients for NO + M dissociation, extracted from Bauich et
al. [62] o
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Figure 21 Potential energy curves for the low-lying states of NO, extracted from Kenner
and Ogryzlo [75].
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Figure 23 Relative NO(v) populations produced in the energy transfer between
N,(A3E, *) and NO, from the data of Piper and co-workers [81,83)
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Figure 26
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Taylor, Ref. [96]; Wray: J. Chem. Phys., 36, 4707 (1973); Troe: Ref. [94].
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Figure 28  Theoretical dipole moment function of Billingsley [104] (dashed curve)
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Figure 29

2

/ ® COCHISE 1990
~ . v LABCEDE 1981

BILLINGSLEY 1976
= = == CHANDRAIAH 1973
ooooooo eee ROTHMAN 19&

102 L 1 1 I I
2 4 6 8 10 12 14
UPPER STATE VIBRATIONAL LEVEL

B-4827

Comparison of observed and predicted overtone/fundamental branching ratios.
References: COCHISE, Ref. 107, LABCEDE, Ref. 106; Billingsley,

Ref. 100; Chandraiah, Ref. 103; Rothman, Ref. 102. Error bars on the
COCHISE data represent two standard deviations about the weighted mean
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'Figure 30  NO Einstein coefficients for the fundamental and first overtone sequences.
The COCHISE values were estimated as described in the text. References are
as cited in Figure 29.
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APPENDIX M

The Aeronomy of Aurorally Excited Infrared Fluorescence from Rovibrationally
Excited Nitric Oxide

W.T. Rawlins
M.E. Fraser
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CLASS lI* AURORAL NO(v,J) EXCITATION

T-312¢
T 1 L ¥
6 L (a) OBSERVED o
5 SPECTRUM
4
3
2
1
0 - 3
= ¢ (b) COMPUTED v -
'g s SPECTRUM
a p
[} 4 -
:.g' 3 p -
g 2f .
g. 1 -
2 ottt
E 6 |- (© NO (va1) AIRGLOW COMPONENT: <
& 3 x 401 molecules/cm?
5 5 =3 P -
E 4 -
3 o -
g 2} -
o 1 3
0 T IL ; lL -
6 (@ NO (v=1-7) AURORAL COMPONENT -
NO (v): 5-8 x 1010 molecules/cm?
5 NO (v.J): 0.5-2 x 1010 molecules/om? =
4 = -
3 ROTATIONAL
BAND HEADS
2r T I
1Pk -
0 \ 1 1 J
1700 1750 1800 1850 1900 1950 2000 2050
FREQUENCY (cm-1) 81291
"2' . -
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COMPARISON OF EXPERIMENTAL AND
COMPUTED SPECTRA FOR NO(v, J)

VG39-137

COMPUTED, 120 K
ROTATIONAL
DISTRIBUTION

(b)

COMPUTED, 104 K
BOLTZMANN ROTATIONAL (c)

MSTRIBUTION
{l &—
5.0 5.5 6.0 €.5
WAVELENGTH, wum

A-6944A
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ENERGY TRANSFER EXCITATION OF NO(v,J)

N*, N3 + NO — NO(v,J)
AVERAGE POPULATIONS
T-3133
VIBRATIONAL LEVEL
109 > -
(T L r =
- -
i ) O Trot=120K | |
i L Trot =104 K
i i
CORRECTED FOR
108 |- Na(v) CONTRIBUTION —
O F ]
5 = -
= MODELED
ol N DISTRIBUTION
<
107 1= % -
n -
. -
106 | 1 1 1
0 S000 10000 15000 20000 25000
VIBRATIONAL ENERGY (cm-1) A8948c

NO(v=1) + N, (v-1) contribution

heads observed

e [ndicate energy transfer of <1.7 eV
e Modeled distribution is for N, (A) + NO — NO(A) -

NO(v,J)

8- .. -.r -
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NO(v=1) must be corrected for N,(v) + NO(v=0) —

v<7 rotationally thermalized bands; v<3 rotational band




KEY REACTIONS FOR AURORAL
NO(v) EXCITATION

T-3125

e Precursor formation/quenching:

e N,Ni,NO'} -N(D, )+ NO

NCD) + 0 - N(*s)+ o(D, °p)
N(>P) + O - NO* + &
—N(D) + O¢%P)
>N(*s)+o(b, %p)
e NO formation/excitation:
N(D) +0,, -»NO + (D, °p)
NGP) + 0, »Now.J) + 05, 'D, %)

NOW=0)+0—-NOW=1+0
+ hv(R) > NOW = 1,2)
+ hv(UV) = NO(A) —NOWv) + hv(y)

e NO loss/deactivation:
NO(v) + O — vibrational deactivation

NO(v,J) + M — rotational/vibrational cooling
NO(v,J) - NO(v",d") + hv(IR)
N(*S) +NO 5N, + O |
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T-14151

N(2D,2P) QUENCHING KINETICS
N(2 P) Quenching

N(2D) Quenching
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EFFECT OF [O] ON NO(v) COLUMN DENSITY

ZENITH COLUMN, z > 90 km
10 kR (391.4 nm)

ZENITH COLUMN DENSITY (90 km), cm-2

T-1247

U.S. STANDARD ATM.

101 S N I %Ir] 17 M
- Now 8 keV 1 INow)
1010 }— — INO(V.J)
~ =
P JP
= -
109 — —
— | e~ +a. = N(D, 2P) -
107 }— | N(2D, 2P) + O - quenched —
— | N(2D) + O3 = NO(V) + O ~
| N(2P) + O = NO(vJ) + O n
— | NO{v) + O - quenched -
108 }— | NO(vJ) +Q — quenched —_
— NO(V) - NO(V“) +hv e FAST O+ NO(v,J) -
— | NO(V.J) > NO(v-1,J) + hv | === == SLOW O+ NO(v.J)
105 N R U AN TR SO Y 0 AN N N
1010 1011 1012 1013

PEAK [O] (95 km), cm-3 B-5209
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EFFECT OF [O] ON FLUORESCENCE
EFFICIENCY ZENITH COLUMN, z = 90 km

10 kR (391.4 nm)

T-1248

U.S. STANDARD ATM.

S 10p— T T T 7T T T 1

: :

5 ]

O -

I

- 4

>

g 10 -

w ;]

o N

(TR

it -

QO - -

W F )

m .

g 103 — —

= " e FAST O + NO(V.J) .

" | === SLOW O + NO(V.J) )

>

S 1 —

e F :

T - -

t -y

z —

N 105 SRS T AT N AN TN N N T MU SR N O
1010 1011 1012 1013

PEAK [O] (95 km), cm-3 8.5301
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E - _
?
EFFECT OF [O] ON NO(v,J)
CONTRIBUTION
» T-1389
hd U.S. STANDARD ATM.
1 1 T T T 1% T ' T
o "ZENITH VIEW _
8 keV ~ 10 kR (391.4 nm)
" 2290 km -
- q-TRIMK
1 - -~
2
@] —’—"---- FWI
L 101 | S=STm=--TTT _
g ) <+ Tr= 104K
o
Q = -
=
W
$ i
g -
(&)
< 102 [~ —
: = -
&
N [ = klvd=ko) ]
- e w Ko (Vi) = kg (V) / 10
- -
- 10-3 L | - Ll 1 | S | l ] |
1010 1011 1012 1013
¢ PEAK [O] (95 km), cm-3 55339
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5 keV
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2keV

349




e S

Y vs06¢-& ¢ -
(1-wd) AON3INODIYA
00tec 00ic 0064 0041 00S1i 00t 001}
| | _ L 4. 01 L_ | S I S _ At 1 1 — [ I B _ j S _F—;cP

1-0t

L2
- -
o
o

(1-w9 . JS . 2WI/M) ALISNILNI

-0t

€1-04

N
“
=)
P

=

-
(=)
P

01-0}

60t

Lvei-1

- 350.-

"NLV "alS 'S'n TON] HOIH 'NOILISOd3a
MV3d W SOL ‘VHOHNY (1 8€) +1i Ol
JONVIAVH ON HLINJZ 3.101a34d




NOLLNBIHINOOON + O

351

PR




e
-~ . -

352

NOILNGIHINOD %0 + (d2IN




NOILLNGIYINOD 20 + (QzIN

353




9el-i

[ v ¢ R

v9/6c-8
(1-wo) AONINOIYA

00€ec 001¢c 0061 00} 00G1 00tt 00t}
...__-..P_...._.-.._.-.._.r-whh—.O—

91-01

E

E

(2}
-
()
-

(1o - IS - ZWO/M) ALISNILNI

N
i
Q
P

10t

0101

60t

354

WLV "alS 's'n ‘ION] MO ‘vHOUNY (4X 08¢)
+11 291 ‘IONVIAVH ON HLINIZ a3.1201a34d




NOILNBIHANOD 20 + (d2IN




NOLLNBIHINOOON + O

356

b L




-

357

NOILNBIYINOD %0 + (Q2IN




Seel-9
(MAON 30 NOILOVHI NNNT0D HLINIZ
82In0S
(FAONJseyouesq  t O A
few asay} ‘Ajoaileusslly © k
_ g . 4 06
y |
| SANNOY J3AHISBO W..... m— v - oot
sjedeep | AN {on
si uoyensuad jeioine

pue mojs si Buiyouenb - qoz 2
Jeuoisyjo? ji penosduwil =3
: . : - -1 0E1 W. =3
aq ueo juswaalby e \ <5
_ o— 4o m

| v_EwH_mM— ZN.M_(QO&.NQ . \ < 051

elep [ejoine v3d 1nG 4 SV INVS 9 !

penJasqo @onpoide) - | ovAtrion oM = irsiow » On 8 \ - 0o

o) Em_o_%mcwm_ (r"AON || yv3d 'SOLLININ 03103dX3 V \ ozt

joaunoscO+(dzIN ® | . . . 1 - : 08!

0EIE-L
vHOHNY 1 SSVT10 3HL

01 S3JHNOS (d; ‘Az )N NOHd (FAJON
40 NOILNGIHINOD TVNOILLOVHL @3101a34d

358




1;

[es0ine A4 10} POAISSGO 819M SUOIIBIUSIUOD
eseyl] . wo 01 < [ON] ! @inquiuod M ON + (SN *,N) @

A9 ¥ < sainbay N + (1se))O

(1se})o ybnous JoN ON + (ise))o
Aj9xiiun abueyoxa J8usd-Ino4 N +20 |
PaAIasqo JaABU INg 8]qISsod eN+0 ,__m

3SIHO0D U! PanIesqO ON+(N‘ N)
:(M*A)ON Wi0} 0} SUOIOBS) B|qISSOd @

wy 0cl 01011 seau

.S (Wd o 0L~ Bjel uononpoid (rA)ON saiinbai uoilenssqO @

1E1E-1

S30HNOS (MAJON JALLVNHILTV




9say} ayenjeAs 0} elep U_m_taoamhonm_ 9J0W PBdN —
RVIN+O -
ON+( NN) -

2)nquUIuod Aew uoliew.o} A_...>VOZ 10} swsiueyosu Ui @

Buisopaid Aq paoueyus aq AepN — |
sjuswaInseaw pjay saanbay -
SUMOUYUN [EDNLIO 918 S81oUBIoYe uononpoid [ejoine Em.omvz ®

UOIIBAJSTO jM4 UeY) 1amoj ase spjalh (A)ON peldipeld ©

uonienauad fesosne daap ‘[0] moj sasnbas wsiueyosw %0+ (dz)N @

0sel-1

ONITIAON (F°A)ON
IJANLILTIV-HOIH 40 SNOILYOITdNI




FIELD MEASUREMENT REQUIREMENTS

FOR NO(V,J)

T-1281

IR fluorescence spectra

~ 1to2cm™! resolution

-~ 491t08.0um

~ NESR ~ 10" "®W/em? srem’
— Filter NO(v=1) band

1

IBC II" and Ili* auroras
— Zenith or partial limb views, 90 to 150 km

— Peak deposition 105 km or lower (monitor by
ground-based photometry)

— Test for predosing effects

Companion photometers: Ng(B) 391.4 nm
N(2P) 346.6 nm
N(°D) 520.0 nm
N,(A) VK bands
NO(A) vy bands

Atmospheric composition sounding

— [O] essential, [NO] optional

— Temperature, density

— lon concentrations: NO™, O, O*, N
361




CONCLUSIONS

VG8g-249 ™

<

HIGH-J ROTATIONAL EXCITATION (~104K)
PERSISTS ABOVE 100 km: 10 TO 30 PERCENT
OF TOTAL AURORAL NO(v) BUDGET

EXPECTED N(%P) + O, CONTRIBUTION IS 2 TO
10 PERCENT

MOST ALTERNATIVE MECHANISMS SEEM
UNLIKELY

MAJOR UNKNOWN FACTORS
— N(2D)/N(2P) EXCITATION EFFICIENCIES

— DEACTIVATION KINETICS/RADIATIVE
RATES FOR NO(v, HIGH J)

— T DEPENDENCE OF N * KINETICS AND
PRODUCT CHANNELS

— KINETICS OF O + NO(v)

— CONTRIBUTIONS FROM ENERGY
TRANSFER MECHANISMS: (N°,N,) + NO ‘
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