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The CO tundmental vibration-rotation spectra resulting from the interaction of discharged
nitrogen with carbon monoxide at low pressure ( - 3 mTorr) exhibit bimodal rotational
distributions. We have identified 14 vibrational levels of a rotationally relaxed (80 K)
component and eight vibrational levels from a rotationally excited component. The eight
rotationally excited bands are best reproduced by a statistical distribution
E = E5 + E, - 3:7 eV, which provides sufficient population in the region of the Fortrat
reversal (J- 90) to account for the observed R-branch bandhead formation. The rotationally
relaxed vibrational levels are populated by single- and two-quantum transfer from N2 (W),
N2(v) + CO -N 2(v - 1,2) + CO(v = 1,2), and radiative cascade from CO(A) produced by
quenching of N 2(a'), N2(a' '1; ) + CO--N 2 ((X,) + CO(A '1n) - CO(v<9) + /v, and
relaxation of the rotationally excited component. Kinetic and energetic arguments indicate
that a branch of N2(a') quenching N2 (a' 'ZI- ) + CO--N 2 (XV) + CO(v< 14,J) is responsible
for the rotationally excited component. Surprisal analysis indicates two dynamic mechanisms
are responsible for the rotationally excited component. We have modeled the vibrational
distribution of the rotationally excited component with equal contributions from a ,tatistical
(all v) process and a process favoring excitation of low vibrational levels (v<4).

INtTRODUCTON manner, no rotational excitation is observed, which is con-

Modest energy depositions (typically < 1 eV) in CO sistent with the small energy defect for the near-resonant

internal states have been observed in photochemical and ab- process.
straction reactions. In general, large fractions of the energ The energy defect from N2 (a ) quenching"

above threshold are manifested in product internal states. N2(a '1H) + CO-.N2(X,v) + CO(A 'l1,v', J,) (2)
For example, photolysis of OCS at 157 nim,' acetone2 at 193 has been determined to be largely manifested in rotation, but
nm, and H2CO3. produces vibrationlly excited CO with ro- the total energy defect is small ( < 1000 cm-'), much less
tational excitations up to 0.9 eV. Studies of energy partition- than the rotational excitations observed here. The quench-
ing in CO from the reaction of hot H atoms with CO2 indi- ing ofN 2(A -'I ) by CO"' produces CO(a `11) with no re-
cates nearly 1.0 eV in CO internal states' with the rotational ported observations of a CO(vJ) product channel.
distribution in the v = 0 level following a statistical model. The energy transfer process reported here represents a

Greater energy depositions are observed for energy previously unobserved quenching reaction of CO with meta-
transfer reactions since these interactions have little or no stable nitrogen. We will show that consideration of kinetic
threshold energy. Quenching by 0(2 'D),' Na(3 2P),. 3  and energetic constraints identifies N2 (a' ';-) as the re-
1(5 P, /2),. and Br(4 'P,/ 2 ),9 and Hg(6 3p, and 6 3Po)'o spoanible agent. We will also present and discuss the results

have been observed to produce vibrationally excited CO. Ro- ofsurprial analysis of the observed vibrational distributions

tational excitations up to 0.8 eV have been reported for the which indicates the rotationally excited component to be

Na(3 2P) + CO quenching reaction,' which accounts for a formed by two distinct mechanisms.

large fraction of the total 2.1 eV exoergicity.

The excitation process responsible for the CO excitation
reported in this paper is energy transfer from a metastable EXPERIMENTS
state of nitrogen. Energy transfer to CO from discharged These experiments were performed in the COCHISE
nitrogen has been examined closely, particularly with re- (COld CHemiexcitation Infrared Stimulation Experiment)
spect to the N2-CO laser. ...2 High CO vibrational excita- cryogenic discharge afterglow apparatus which is described
tion is produced from near-resonant N2(v) energy transfer in detail elsewhere. "' Excitation of nitrogen is achieved with
and subsequent CO(v) collisional up pumping'3.14 [reac- four parallel microwave discharges (2450 MHz, 50 W) of
tions (Ia) and (Ib) ] flowing N2/Ar mixtures at - I Torr total pressure. A dia-

N2(v) + CO(V)_--N 2(v-- I) +CO(v + I), (la) gram of the reaction chamber is shown in Fig. 1. After exit-
ing the discharge tubes, the gas expands into a low pressure

CO(v)-+ CO(V)-,CO(v- l) +CO(v'+ I). (Ib) (-3 mTorr), cryogenically pumped chamber (-20 K),

Although high CO vibrational levels are produced in this where the molecules enter the collimated field of view of a

1756 J. Chem. PhyS. 2 (3), 1 FobItfluy 190 0021-OM06/90/031758-1 060.00 @ 1990 American bIniult of Phvscs
2 The Us. Government Is authorlzed to reqroduc and sell this reprt.
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FIG. 1. Dice.. ofrthe CoCISE reaction chamber. The physical dine.- PIG. 2. Data comparms. The solid lne dsows a typical spectrum obtained
sirn of the call ar &6 m in lungth and 0.4 ma in diameter. under conditions of 12% discharged N2/Ar recting with a counkerflow o(

33% CO/Ar. The dashed line shows data taken at 3.17% N2/Ar with iden-
tical counteraow conditions. Shown below are the band centers for all of the
observed transition.

scanning monochromator/infrared detector assembly. Resi-
dence times in the discharge tubes are on the order of 3 to 5
mn; an average time of flight of 0.5 ± 0.1 ms is required for intensity of the CO( 1-0) band changes by a factor of 4 for a
the gases to exit the discharge tubes and enter the field of factor of 4 change in the N2 mole fraction.
view. Opposing flows of argon/carbon monoxide are used to The envelope degrading to the red of the CO( 1-0) band
create a quasistatic interaction region along the centerline of center at 4.666 um is due to the Au = I progression from
the field of view, resulting in partial rethermalization of the v4• 14. The five sharp red-degraded features to the blue of the
expansion cooled rotational distributions. The gas residence CO(1-0) band center, which have a spacing of 29.2 ± 1.4
time in the field ofview is -0.3 ms. Gaseous helium refriger- cm- 1, cannot be attributed to CO vibrational emission with
ant maintains all internal temperatures at 20 K, excepting a rotational distribution the same as the bath gas (80 K).
the gas lines and optics which are maintained by resistive These bands have not been previously observed in published
heating elements at 80 and 40 K, respectively. The tempera- spectra of CO fundamental emission taken at higher pres-
ture of the bath gas in the reaction cell is therefore 80 K. sures ( > I Torr)., 2 ' At low pressure with the COCHISE

The infrared emissions are observed by a cryogenic 0.5 apparatus, these features are observed under all conditions
m Czerny-Turner monochrotator equipped with a liquid- that produce the CO fundamental emission. They exhibit no
helium-cooled arsenic-doped silicon detector and a grating additional structure even at the highest resolution employed
blazed at 3pm. A chopper located in front of the monochro- (0.0067 #m ). Under low nitrogen mole fraction conditions,
mator entrance slit modulates the signal at 23 Hz. Data col- in which the CO( 1-0) emission intensity is greatly reduced,
lection is performed with a computer-interfaced lock-in am- eight bands are observed with three progressing into the
plier. The absolute uncertainty in the wavelengths (due to CO(Av = 1) envelope. This is a lower limit considering the
monochromator drive error) of the data is ± 0.003 pm. The overlap of the features to the red of 4.6 pm.
data were corrected for instrinnent responsivity using black- These emissions are not observed in the absence of nitro-
body calibration spectra taken in the 300-370 K range. The gen in the discharge mixture. Thus, argon metastables and
absolute uncertainty in the accuray of the blackbody tern- residual ions do not contribute to the excitation. These fea-
perature is ± 3 K, which results in a relative error of turesdonot correspond toCN(v), electronic N12 transitions,
± 14% for 4.0/6.0 pm intensity ratios. Spectra were taken or NCO. The spectral shape of these features, sharply

for N2/Ar mixtures with N 2 mole fractions of 0.005 to 0.lZ peaked and degraded to the red, is similar to the nitric oxide
with a mass-balanced counterflow of CO/Ar with CO mole R-branch bandheads identified in spectra of chemilumines-
fractions of 0.018 to0.35. The data were taken at a spectral cence produced from the reaction of discharged nitrogen

resolution typically of 0.013 pm [full width at half'max], with oxygen. " CO forms bandheads similarly; at sufficiently
mum (FWHM)]. high rotational excitation, bandheads will form in the R

branches and the P branches will extend to the red and do
RESULTS not form bandheads. We have used a spectral generation

In all, 24 emission spectra of the CO fundamental region technique to predict the band shapes and positions of the CO

were obtained at various N2 and CO mole fractioni The R-branch bandheads. The methodology and results will be
conditions are similar to those in which nitric oxide chemilu- presented in detail in the following section. Using this tech-
minescence was examined."8 The Seneral features of the nique the sharp red-degraded features have been positively

emission are relatively invariant with CO mole fraction, but identified as CO R-branch bandheads. These features are

the intensity of the CO(I-0) emission exhibits a strong N2  sufficiently intense that we have been able to determine an
mole fraction dependence as shown in g. 2. The relative optimum rotational distribution. Additionally, the P

J. Chem. Phs., Vol 92, No. 3, 1 Fdexnay 1"0
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branches of the rotationlly excited component associated anticorrelation between vibratmial and rotational excite-
with the R-branch bandheads are identifiable. This verifies tion is given by
the spectral assnment and confirms the appropriate choice Po(J)a-(2J+lI{(E,-E. E,1/ 2 , (3)
of rotational distribution.

where E, is the total energy available for product states, E,
SPECTRAL ANALYSIS is the vibrational energy, and E. is the energy of the particu-

lar rotational level. Figure 3 contrasts the relative popula-
The data have been analyzed using a spectral generation tion distributions predicted by Boltzmann and statistical

linear last-squares fitting technique. 22 A computed infinite models. The statistical model contains greater relative popu-
resolution spectrum is convolved with the instrument sa lation in the higher rotational levels at the expense of the
function (in this case, a symmetric triangle with full width at lower. Thus, rotational bandhead formation, which requires
half-maximum as the spectral resolution) to create simulat- significant population of rotational levels in the region of the
ed spectra for each vibrational transition. The simulated Fortrat parabola vertex (J,,,,t, = 92 for v = 1), is readily
spectra are then fit to each experimental spectrum using a facditated by a statistical distribution.
linear least-squares method yielding a determination of the We have examined several values of E, to determine
product of the upper state density and the spontaneous eNis- which best reproduces the positions and spectral shapes of
sion coefficient of the transition Nd.,ae .r. the observed eight bandheads. Values of E7 below 3.0 eV

The spectroscopic data used in this study are fro reproduce the lower vibrational levels well, but the predicted

Huber and Herzberg.2 -" These data were sufficient to repro- bandheads at higher vibrational levels are broadened and red

duce the line positions of both the rotationally relaxed emis- shad. the r ible m e s ay besedn ro g
sionfeaure andthe-brnch andead adeuatly. shifted. The responsible mechanism may be seen from Fig. 3.

sion features and the R-branch bandheads adequately. At higher E., and lower E,, the relative population of the
The rotational temperature used to reproduce the rn rotational levels near the region of the reversal decreases

vibrational progression to the red ofb4.6m was determined which causes the observed effects. Values of E, greater than
empirically by reproducing the observed branch structure. 4.0 eV predict bandhead formation for vibrational levels of
The optimum temperature was determined to be 80 K, 4.eVpeitbnhafominfrvbainllvlsf
Thichithe oimu temperature was dete ned b to b. 80 Ks ten or greater, which have not been unambiguously identi-
which is the same temperature as the bath gas. Thus, this fldithda.WepfravluofEbtwntesto

emission system is rotationally thermalized. The rotational inda Com pri f eral values thin thi
bounds. Comparing fits using several values within this

distribution was treated by a simple Boltzmann expression, range, we have determined Er = 3.7 eV to be optimum. Val-
so that band-integrated vibrational number densities and ues within ± 0.2 eV of the optimum value produce adequate
transition probabilities were used. The transition probabili- fits with only small differences.
ties were calculated using the dipole moment function of

Chackerian et al.24 Fourteen vibrational levels of 80 K CO
emission have been positively identified from the data. This
corresponds to vibrational excitation of 3.425 eV.

The band-averaged transition probabilities used for the J.-100

rotationally excited component are the same as those for the 1000 1 1 1 1
80 K CO emission. We believe these values to be accurate %"_.' F 104 K (RELATIVEM

since the CO ground state is '1 and therefore not subject to
spin uncoupling at high P' as discussed for NO."' Thus,
H&ln-London scaling of the band-averaged transition pro-
babilities should be sufficient to determine the populations 5ev
of the rotationally excited component accurately. 100

The 0.013 um resolution (5 cm-' at 5.0 pm) of the
spectral data is insufficient for rotational resolution of the R-
branch bandheads so the chosen rotational distributions are . -, -
those which best reproduce the band shapes and peak posi- o.
tions. To fit the R-branch bamdhead features adequately us- I
ing a Boltzmann distribution requires temperatures of ap-
proximately 20000 K. Although the fits to the lower 10
vibrational levels are adequate, higher vibrational levels are
poorly fit and are better described by lower Boltzmann rota- L2V 3eV

tional temperatures. This is evidence for an anticorrelation -(E-Ev)- I V

between rotational and vibrational excitations; i.e., the low-
est vibrational levels contain the most rotational excitation.
Such anticorrelations have been observed in photolysis ex- I I I I I I
periments, abstraction reactions, and energy transfer pro- 0 5 10 is 20 25 30

ces'es.I" In these instances, the observed rotational distri- ER, 103 Cr-1
butions are sometimes best described by a statistical model.- FIG. 3. Compaison o various rotational distributions. Shown are the rela-

Such a model distributes the population statistically over all tive rotational distributions for a I0' K Boltzmann and several statistical

accesie states. The model that incorporates the observed distributions.

J. Chem. Phys.. Vol. 92, No. 3. 1 February 1990
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TAKIE L MI os O @ ma inostiom Er - 3.70 gV.

hvd E,(eV), r-_X J._ f,__(CV) Jhb

I 0,266 3.434 92 1.966 123
2 0.L28 3.172 91 1.907 11i
3 0.7811 2.912 90 1.848 114
4 1.044 2.656 90 1.831 109
S 1.296 2.404 89 1.774 104
6 1.546 2.154 as 1.719 98 W
7 1.792 1.908 87 1.665 93
a 2.035 1.665 87 I16 .7
9 2.274 1.426 36 1.600 8I

10 2L311 1.19 35 1.544 74
II 1"44 0.956 84 1.444 66
12 2.974 0.726 34 1.473 58
13 3.201 0.499 83 1.430 48
14 3.425 0.275 82 1.382 35

"Sm._, -0.
bChkMduad fron the value far Er -_ E,. (b

Table I shows the energetics of CO bandhead formation
for Er of 3.7 eV. Shown are the values for ER, (ET - £,
the rotational level corresponding to the vertex of the For-
trat parabola, the rotational energy corresponding to this __ _ -- _-, _ __i

value of Jr, and the maximum rotational level allowable from 4.0 4.5 s.0 5.5 6.0 6.5

Ex. WAVELENGTH bsan)

Figure 4 shows a typical fit to the data using 14 vibra-
tional levels of 80 K CO emission and eight vibrational levels FIG. 4. Data (light line) and best Ait (dark line) (a) to 80 K CO fundamen-
with a statistical rotational distribution orresponding to E tal emision (v'= 1-14) and CO rotationally excited bands using a statisti-

cal distribution with E, = 3.7 eV. The data are the same as used for the
- 3.7 eV. All of the principal spectral features are accurate- dashed line in Fig. 2. The spectral resolution is 0.013um. The 80 K CO and

ly reproduced. The only features not entirely reproduced fall rotationally excited simulated spectra which comprise the best fit in (a) are

within the 5.7-6.5 pm region. Figure 5 shows an enlarged shown in (b) and (c), respectively.

view of this region from Fig. 4. The fit is shown by the heavy
line. The spacing of the bands shown in Fig. 5 is - 6 cm '.
These features have been observed in all spectra containing p4m region, which we have previously examined and report-
sufficient intensity in this wavelength region. The fit shows ed,2. and signal-to-noise considerations impede determina-
excellent reproduction of the spectral shapes, but does not tion of the full extent of the P-branch structure. The repro-
match the absolute intensity. Figure 4 shows that the 80 K duction of these features, however, by fits to the rotationally
CO emission does not contribute to this spectral region; the excited component confirms the identification of the CO R-
discrete features are reproduced by the P branches of the branch bandheads.
rotationally excited component. Inclusion of v > 8 of the ro-
tationally excited component improves the fits in this wave-
length region. Due to overlap with the CO envelope, how-
ever, unique determination of the populations is not possible,
so we have generally excluded these bands from the fits. By FDT

comparing fits with different vibrational contributions to the
rotationally excited component, we have determined that
the majority of the intensity in the 5.7-6.5 ym region arises
from the higher vibrational levels (v' = 6-8). The relative
line spacings may be calculated (omitting D,. correction)
from

Av=p() -- P( + ) =(B,. + B,,.)
5.7 5.9 6.1 6.3 6.5

-(B,,. - B,. )(2QJ+ 1). WAVELENGTH(pm)

(4)

For v' = 6-8 this wavelength region contains P-branch line FIG. 5. Enlarged view of the 5.7 to 6.5 pm region of Fig. 4. The data is
shown by a light line. the fit by a dark line. The data shown here exhibit a

spacings of -. 6 cm-' for rotational levels 50-80. The small wavelength offset from the fit well within the monochromator drive

N2 ( W 3Ah, v, = 1--B "1,, v = 0) emission in the 6.3-6.6 error.

J. Chem. Phys., Vol. 92. No. 3. 1 February 1990
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All 24 spectra have been fit using 14 80 K CO emission 1010
bands and eight vibratiomal levels ofthe rotationally excited
component, as shown in Fig. 4. The statistical rotational dis-
tributions employed in these its provide a better reproduc-
tion ofthe data, both in the R-branch spectral band shapes
and the absolute intensity of the P branches, than do Boltz- 10

mann rotational distributions. We consider the statistical
model employed here to be a more accurate representation of
the true rotational distributions, but it cannot be considered
to be a unique determination. Signal-to-noise considerations
and band overlap do not permit unambiguous identification 10s
of the vibrational-level dependent rotational distributions.
The true distributions may deviate from a purely statistical
model, possibly containing some Gaussian character. How-
ever, the model employed here has successfully demonstrat-
ed an anticorrelation between vibrational and rotational ex- 107
citation and permitted a bound of - 3.7 eV to be estimated
for the rotationally excited component. Determination of
this bound and its similarity to the maximum vibrational
excitation of the 80 K CO component 3.425 eV suggests that
these two components arise from the same excitation pro- 1 1 1
cas. 0 5 10 15 20 25 30 35

KINETIC INTERPRETATIONS E xl0-3 cn- 1

The kinetics of processes occurring in the COCHISE FIG. 6. Determined population distribution vs E,,. for the fit shown in Fig.

reaction chamber have been described previously. "a Owing 4. The thermalized component is shown ws (0), with contribution to ther-

to the low number densities in the reaction zone, the short malized CO(v = 1,2) from N,(v) energy transfer shown as (0). and the

residence time in the field of view (0.3 ms) and the long rotationally excited component is represented as (0).

radiative lifetimes for the observed infrared chemilumines-
cent processes, reactions and quenching (excluding rota-
tional) of the excited species created in the reaction zone can
be neglected. Thus, vibrational quenching and CO(v) up
pumping [reaction (lb)] can be ignored. The kinetics of N 2 (v) + CO-,N2 (v- l) +CO(v= I), (6a)
[CO(v,J) I are therefore in the steady state according to the N2 (v) + CO-.N 2(v - 2) + CO(v = 2). (6b)
production rate and the lifetime of the excited species in the To determine the relative contribution of the N 2 (v) energy
feld of view transfer process to the CO(v = 1,2) populations, we have
d [CO(v,J) ]/dt = k [M *1 ]CO] - r,; ' [CO(v,J) 0 = 0, plotted the ratios of these populations to [CO(v = 3)] as a

(5) function of nitrogen mole fraction. Figure 7 shows one of

where M * denotes the excited species created in the micro- these plots. Extrapolation of these curves to zero nitrogen
wave discharges responsible for the observed excitation, k is mole fraction determines the relative CO(v = 1,2) popula-
the excitation rate coefficient, and 1-, is the residence time tions which arise from sources other than enerjy exchange
in the field of view, 0.3 ms. from N 2(v = 1,2). For the data in Fig. 7, the multiplicative

Figure 6 shows the absolute vibrational populations for factors are 3.0 and 1.5 for CO(v = 1,2), respectively. The
the fit in Fig. 4. The populations for the rotationally excited multiplicative factors for all CO mole fractions examined
component exceed those of the 80 K component at all vibra- have been determined to be approximately the same.
tional levels except v = 1,2. Using these factors, the contributions to the 80 K

As illustrated by Fig. 2 the lowest 80 K CO vibrational CO(v= 1,2) populations from N 2(v) transfer and E-V
populations exhibit a dependence on N2 mole fraction. We transfer may be separated. The dotted line in Fig. 6 shows
have determined previously'" that only N 2(v) exhibits a the CO(v = 1,2) number densities corrected for N 2 (v)
strong variation in its discharge production rate with N 2  transfer. The vibrational populations of the rotationally ex-
mole fraction over the range used here. Thus, relative in- cited component exceed those of the 80 K component by
creases in low CO vibrational population at higher nitrogen typically -30%. This ratio is similar for all the analyzed
mole fraction must be due to the near-resonant energy trans- spectra, showing thereby that neither component exhibits a
fer from N 2(v) reaction ( I a) I. Examination of the popula- dependence on nitrogen or carbon monoxide mole fraction.
tions for all the spectra indicates that only CO(v = 1,2) are The CO(v = 2) population attributable to two quan-
affected by nitrogen mole fraction. Since CO(v) up pumping tum transfer from N , (v) is only 6% ± 1% of that due to
cannot occur under our experimental conditions, the excita- single quantum transfer. This ratio is related to the rate coef-
tion process must be single- and two-quantum transfer ficients for reactions (6a) and (6b) in the following manner:

J. Cher,s. Phys., Vol. 92. No. 3, 1 February 1990
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data was 0.33.

FIG. 8. Averaged relative population distributions for I i spectra. Both 80
K (0) CO and the rotationally excited components (0) are shown, but
have been normalized independently. The error bars represent one standard

[CO(v=2)J 1.kv(Av=2)([N2(v) ] deviation.

[CO(v=1)] Z.k,(Av=l)[N2 (v)(
Equation (7) may be resolved if the N2 (v) distribution can gion ofv' = 5-8 of the R-branch bandheads and in the region
be determined. Discharge-flow measurements by Piper and of the P branches.
Marinelli using Penning ionization spectroscopy indicate
the effluent of microwave discharges employing the condi- EXCITATION MECHANISM
tions encountered here may be represented by a -6000 K One possible mechanism for rotational excitation of CO
"modified Treanor" distribution in N 2(v). 25 A Treanor dis- is energy transfer from translationally excited atoms ema-
tribution contains enhanced populations at higher vibration- nating from the discharge. Translationally hot H atoms have
al levels, relative to a Boltzmann distribution, that are creat- been reported to excite V,R states of CO. 27 We may discount

ed by collisional up pumping."4 Using the modified Treanor such processes in our apparatus since we can find no mecha-
distribution, we have determined k. (A1 = 2)/k.(Av = 1) aism forhotatom formation and any "hot" atoms that could
= 0.10 ± 0.04. Owing to the known increase in k. as a func- form in the 1Torr discharge tubes would be rapidly accom-

tion Of 1,•1-12 the ratio determined here is likely representa- modated. The number density of such species reaching the

tive of higher v (probably 7 to 8). This value falls well within field of view must therefore be miniscule.

the limits of 0.2 to 0.025 found for all vibrational levels.26 Collisional quenching of high CO vibrational levels into

Figure 8 shows the average population distributions for high rotational levels of lower vibrational levels (V,R trans-

the 80 K and rotationally excited components, normalized fhr), analogous tofp observed for HF,2a'l may also

separately and shown with one standard deviation error be dismissed. To excite the high J' levels we observed would

bars. The population distributions from II spectra were cho- require nearly gas kinetic multiquantum ( AJ ve 8) quenching

sen for this average. The spectra containing large contribu- of CO(v). This is unlikely since direct measurements of the

tions to 80 K CO(v = 1,2) levels have been excluded since o-dependent quenching of CO(e) by COt au indicate the to-

this emissiom envelope overlaps the v = 5-8 levels of the ro- tal quenching rate coefficients to be less than 1% gas kinetic.

tationally excited component interfering with reliable popu- Under quasiresonance conditions, collisional quenching of

lation determination. diatomic s in low v, high I levels into high v, lowi levels (R, V

The distributions shown in Fig. 8 are similar, but the transfer) may have rate coefficients of 10- v, cm.3 le ve * The

distribution of the rotationally excited component ippear resonance conditions are given by

to be relatively flat above v = 4. We have examined tne data

carefully and determined this trend to be accurate. Fits to w,,/wj = w,1/4B,.J. (8)

the data using a fixed relative vibrational distribution of the For CO, resonance is satisfied at J'- 120 which is populated
rotationally excited component following the distribution of only at the lowest vibrational level for the statistical model.
the 80 K component seriously underfits the data in the re- Therefore, R, V transfer should not contribute significantly

J. Chwn. Phys., Vol. 92. No. 3. 1 February 1990
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to the hOe vibrational levels of the observed thermalized Excitation of CO(vu 14) by energy transfer from
oN 2 (XV') requires multiquantum transfer from v'< 14. The

With other possibilities excluded, the mechanism for contributions to the 80 K CO(v = 1,2) populations deter-
CO(vJ) excitation must be energy transfer from one or mined from N2(0) energy transfer are consistent with a pre-
more of the metastable nitrogen species created in the dis- ferred channel for single-quantum exchange and a less fa-
charge. We have previously determined that to account for vored channel for two-quantum exchange. Therefore, we do
the CO( vJ) excitation observed here, the energy transfer not believe multiquantum exchange from N 2(X~v') can be
reaction must be at least - 3.7 eV exoergic. We use this con- the responsible excitation mechanism.
straint, combined with kinetic considerations to identify N 2(A `IV-) quenches with CO to form CO(a 'In)34

N2 (a' 'I- ) as the species responsible for the observed CO Although the
excitation.

Summing the populations of the 80 K and rotationally N 2(A 3 -) + CO-N 2 (X) + CO(a 31"), (11)

excited components, a product k[MJ] -0.5 s-' is required CO(a Rl) + CO-2CO(X,5<v,13) (12)
to account for the observed emissions. The measuredquenching kinetics32-3' for many of the metastable nitrogen rate coefficient for the quenching process is known,•' the

quenhin kintic"I or mny f th meastble itrgen absolute yield for reaction (I1I) has not been measured. Re-
species are shown in Table II. This table contrasts the num- action of CO( with another CO molecule produces vibra-
ber densities of the metastable species required in the inter- tionally excited CO"" with a nearly gas-kinetic rate coeffi-
action zone to account for the observed emissions with the cient for the process (k, -i a xnea " cms-i at room
numbei densities determined from modeling studies or di- temperature).391 Quenching of N2 (A) may produce rovi-
rect determination.'" The number density calculations have brationally excited CO directly from a branch in reaction
employed the room temperature rate coefficients in the ab- ( 11 ). Since N 2 (A) lies 6.17 eV above N2(X,v = 0), such a

atoms ae dprocess would be sufficiently energetic. The N2 ((A) quench-
Quenching reactions of metastable nitrogen atoms are ing rate coefficient, however, is too small for this process or

shown in reactions (9) and (10): any derived reactions, such as reaction (12), to be responsi-

N(2D)+CO-.N('S)+CO(v49), &E=2.38eV, (9) ble. Additionally, the activation barrier determined for this

N(2P) + CO-N(2 D) + CO(v<4), AE = 1.196 eV, process by Slanger etal.4 ' indicates the rate constant may be
(10a) smaller, < 10- 1-1 cm3 s-', at 80 K.

The N 2 ( W
3A,,w 'A., ) states lie 7.36 and 7.35 eV above

-- N(4S) + CO(v(15), AE - 3.576 eV the ground state, respectively, and are sufficiently energetic
(l0b) to produce the observed CO(vJ) emissions. The quenching

N(2D) may deposit 2.38 eV into CO rovibrational states, reactions of these two species have not been reported
well below the -3.7 eV needed to account for the observed in the literature, however. We have determined
emissions. Additionally, the kinetics of this reaction indicate N 2( W 3A ,v = 1-5) and N 2(W 'A.,v = 0-2) number densi-
that contributions to the spectra from this source would be ties in COCHISE directly from their IR radiance over the 2-
negligible. The energetics of N( 2P) quenching to form 4um region.22 Their concentrations in the interaction region
N (S) matches the required -3.7 eV well. However, the are typically 3 X 10 and I x 10' molecules cm-3, respective-
recently determined rate coefficient 32 for quenching of ly. Even if these species quench CO with rate coefficients
N( 2P) by CO is several orders of magnitude too small for near gas kinetic, they cannot account for the observed
reactions (10a) and (10b) to be the CO(vJ) excitation CO(vJ) emissions.
mechanism. Quenching of N2(a 'I1) is rapid, forming

CO(A4 I1 ). '5.35 Although the

TABLE 11. Measred CO quenching kineticsofNN0. N2(a '11) + CO-N 2(XV) + CO(A 'nI) (13)

Number density in COCHISE (cm-) yield of CO(A) formation from this reaction is large,' 5 a
channel forming CO(vJ) is possible. N 2(a) may deposit

Kg (300 K) Required for Estimated for any fraction of the available 8.4 eV into CO rovibrational
Species (cm -'s-') CO(vJ) excitation interaction zone states from such a process. However, the radiative lifetime of

N( 2P) 1.5( - 14) > 3(13) 1-3(9) N 2 (a) is short, 56 ± 4p•s, 4 2 which makes the number den-

N(OD) 1.7( - 12)d >3(11) 3-10(9) sity of this species in the interaction zone to be too small to
N2(A 'i•..), account for the observed emissions. The upper limit for

V=0 1.5( - 12)" >3(11) 1-3(9) N2(a) number density shown in Table II has been deter-
v = 4 1.9( - II )O, 3(10) 1-3(9) mined from the noise level of discharged Ar/N 2 spectra at

N,(a '11.) 2.9( - 10 )"r 2(9) 2(6)
N 2(a' '1,) 1.l( - 10)-4 4(9) 3(9) the wavelength N 2 (a - a') features would occur,2 2 and is

consistent with the expected radiative decay of N 2 (a) in the

"Includesexcitalion of CO(Al 'I[). Reference 35. 0.5 ms collisionless expansion between the discharge exit
"Includes excitation of CO(a -'f). ' Reference 36. and the reaction zone.
'Reference 32. Notation: I( - 10) = IX 10t The possible quenching reactions of the N 2(a' '•U-)"dReference 33.

"Reference 34. with CO are
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N 2(a' 'I.-) + CO--Nz(Xv) + CO(A 'I1), (14a) several photochemical and reactive interactions.
Both the vibrational extent of the 80 K CO emission

-*N2 (X,v) + CO(XvJ), (l4b) (v< 14, E-3.4 eV) and the rovibrational excitation of the

-- N2 (X,v) + CO(I _1,D 'A). rotationally excited component (Er - 3.7 eV) can be attrib-
(14c) uted to an energy transfer process of 3.5-3.7 eV. Using a

N2 (a') may deposit up to 8.5 eV into CO electronic, vibra- prior distribution for 3.7 eV determined from the usual rela-

tional, and rotational states. The branching ratio forming tionship for a vibrating rotator, 43 "
CO(A)W as been measured as 20_ Sno %"' This value, how- Pn(v) = (I _f,)( ,

.,P12 1 (16)
e 20/ps lifetime for the N 2(a) state X(0

which has recently been revised to be 56 ± 4'S .4 The cor- the vibrational surprisal plot for the vibrational populations
rected CO(A) branching ratio is 30% ± 8%. The remaining of the rotationally excited component has been plotted in
fraction must be divided between the other energetically Fig. 9. The change in slope indicates two dynamic mecha-
accessible spin-allowed channels. These channels are rovi- nisms are responsible for the rotationally excited compo-
brationally excited CO(X) [ reaction (14b) I and I 'M-- and nent: one accounting principally for v = 1-4 and another for
D 'A states [ reaction (14c) 1. At room temperature, the to- the higher vibrational levels. The relative populations of the
tal quenching rate constant for reaction (14) is 1.1 X 10- 'I rotationally excited component may be reproduced by a
cm3 s-'.' Table II shows that the kinetics of this reaction model composed of two such mechanisms as shown in Fig.
are sufficient to account for the observed emissions. 10. The model is comprised by roughly equal contributions

Since N2(a') is the only species present in the interac- from a low v excitation process and a "statistical" process
tion zone that satisfies both the kinetic and energetic con- which contributes to all vibrational levels. The distribution
straints, we postulate that reaction (14b) must be responsi- used for the statistical process is the prior calculated for 3.7
ble for the observed CO(vJ) excitation. For this hypothesis eV. This model predicts populations for v > 8 of the rotation-
to be correct, the branching fraction for reaction (14b) must ally excited component. Absolute populations of these levels
be relatively large, constraining reaction (14c) to be small cannot be determined from the spectra due to the overlap of
and, owing to the short radiative lifetime of CO(A), the 80 K these bands with the 80 K CO emission features. However,
populations must reflect a contribution from CO(6) radia- we have performed fits to the data using v = 1-14 of the
tive cascade. rotationally excited component following the modeled dis-

tribution shown in Fig. 10. The resulting fits do not exhibit
DISCUSSION any marked differences from fits excluding v > 8 of the rota-

In the preceding discussion, we identified N 2(a' '•.-) tionally excited component and the match to the absolute
to be the species responsible for the observed CO(vJ) exci- intensity in the P-branch region is generally improved. Un-
tation. We show in this section that simple models incorpor- der these conditions, the populations determined for v > 4 of
ating reactions (14a) and (14b) can account for the ob- the 80 K component are decreased by an average of - 40%.
served vibrational distributions for both the 80 K and
rotationally excited components. Surprisal analysis of the
rotationally excited component vibrational distribution in-
dicates two mechanisms are responsible and vibrational lev-
els greater than eight are predicted. We then demonstrate
that the 80 K vibrational distributions can be modeled by
contributions from CO (A) radiative cascade and the rota-
tionally excited component. The latter may arise either from
rotational relaxation or initial bimodality in the energy
transfer reaction.

Surprisal theory43" postulates the existence of an expo- e
nential gap law for an individual metathetic reaction I 1 -

P, = P"(v)exp( - Afý)/exp(Ao), (15) v -

wheref, is the fraction of the reaction exoergicity appearing > s .
as vibrational energy in the product, P(v) is the observed
relative vibrational population, and P°(v) is the statistical 4

"prior" distribution obtained when all final translational,
rotational, and vibrational states are equally probable. Thus, 2

the ratios of the observed and statistical vibrational popula-
tions should be exponential in the vibrational energy E,,,
with the exponential fall-off constant AI quantifying the de- 0.1 5 10 15 20 25 30

parture of the observed distribution from a completely statis- VIBRATIONAL ENERGY (103 cn- 1 )

tical product distribution. While this theory does not neces-
sarily hold for all chemical interactions, it has proved useful FIG. 9. Vibrational surprisal plot for the rotationally excited vibrational

in the analysis of rovibrational product distributions from populations. The populations are those from Fig. 8.
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FIG. 10. Model fit to the rotationally excited vibrational populations. The FIG. I i. Model fit to the 80 K vibrational populations. The model (-) has
model, shown by a solid line. has been produced by equal contributions been produced by a contribution of 14% branching fraction from reaction
from thelowv(P<4) (-) mechanism and the statistical mechanism (allv) (14a), (. - -) and 30% of the rotationally excited model, shown separately

as low v (- -) and statistical contributors (--). The relative populations
have been normalized to the sum of the rotationally excited vibrational pop-
ulations.

Thus, the populations for v > 8 of the 80 K component
shown in Fig. 8 represent upper limits.

Due to the implications of the model and the improve- roughly 30% of the rotationally excited component to be
ment in the P-branch fits, we believe that v > 8 of the rota- thermalized (relaxed) and a branching fraction for CO(A)
tionally excited component are present in the data. How- excitation of 14%. The determined contribution from
ever, higher resolution studies will be required to confirm CO(A) radiative cascade is about a factor of 2 lower than
their presence and determine the true population distribu- the recalculated branching ratio of Piper.' Our result could
tion. be consistent, however, if the branching ratio for reaction

The 80 K component must include contribution from (14a) decreases somewhat at lower temperatures. As an al-
reaction (14a) to the vibrational populations due to CO(A) ternative to rotational relaxation of the rotationally excited
radiative cascade. Quenching of N 2(a' 1, .v = 0) via reac- component, the initial distribution may be bimodal. We can-
tion (14a) yields CO(A 'i1,v<2).' Owing to the short ra- not distinguish, however, between these scenarios under our
diative lifetime of the CO(A) state, - 10 ns, all of the CO(A) experimental conditions.
created by this process under our experimental conditions In summary, the results of surprisal analysis indicate
will cascade radiatively to form CO(vu 9) -with a vibrational two dynamic mechanisms are responsible for the rotational-
distribution reflecting the known branching ratios. The rota- ly excited component, one producing the low vibrational lev-
tional temperature of the CO(W) states formed in this man- els and the other, a statistical mechanism that contributes to
ner have been determined to be approximately 1000 K.-` all vibrational levels. CO(A) radiative cascade and relaxa-
This amount of rotational excitation is modest and the re- tion of a fixed fraction of the rotationally excited component
sulting CO(X) states formed by radiative cascade will be are sufficient to account for the 80 K populations.
rapidly thermalized within the residence time in the field o. The dynamics of the N,(a') + CO quenching process
view (20-30 collisions). are worthy of some comment. The interaction must satisfy

It is reasonable to expect that relaxation of the rotation- conservation of angular momentum and energy
ally excited component may also contribute to the observed (2UEi)1/

2
b, = (2/Ef ) 1"2bf + Jh /21r, (17)

80 K component populations. Using only CO(A) radiative
cascade and rotational relaxation of the rotationally excited E, + AE = Ef + E, + BJ2, (18)

component, we have successfully modeled the 80 K vibra- where ,u is the reduced mass, E, and E, are the initial and
tional distribution as shown in Fig. 11. The contribution to final center-of-mass collision energies, b, and bf are the ini-
the model from the rotationally excited component is shown tial and final impact parameters, AE is the exoergicity of the
in Fig. 1 as the low v and statistical distributions from Fig. process, and BJ2 approximates the product rotational energy
10. Reproduction of the absolute distribution requires after the collision. From Eq. (17), large values of J can be
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The ratios of overtone and fundamental vibrational Einstein coefficients for NO(X 2n) have
been measured by spectrally resolved infrared chemiluminescence near 2.7-3.3 ism and 5.2-6.8
pn. The rections of N(2 D,2P) with 02, in the presence of a small background of He in a
cryogenic low-pressure reactor, generated vibrationally excited, rotationally cold (60 K)
NO(v), whose emission spectra were recorded with high spectral resolution. Lamst-squares
spectral fitting analysis of the observed overtone and fundamental spectra gave vibrational
band intensitim, whose ratios at each emitting vibrational level W' yielded the
(Au - 2)/(C - 1) Einstein coefficient ratios for W = 2-13. The results provide comparisons
to previous theoretical and experimental data, and reflect the behavior of the dipole moment
function for NO(X 211). The measured ratios indicate an overtone Einstein coefficient
A2. =0.94 ± 0.11 s-I for an assumed fundamental valueA10 = 13.4 s-'.

L UTRODUCYSON thermally averaged Einstein coefficients for the fundamen-
The nitric oxide molecule plays key roles in the chemis- tal (Av - I) and firt overtone (Au = 2) transitions over a

try and radiative behavior of air-breathing combustion sys- largerangeofv'andJT(' - 1-20,J' = 0.5-33.5). The over-
temns, chical lawers, discharge plasmas, and the earth's at- lap of the ab inkto dipole moment function and the
moshere. In an of these appliCations the infrared NO(X 2n) potential is illustrated in Fig. 1. The absolute

vibrational transition probabilities for NO are important for values and relative scalings given by this work have been
diagnostic applicatiom and investig•tions of energy/radia- widely utilized; however the absolute values of A,,. are now
tion transfer. Owing to the high temperatures and nonequi- known to be erroneously small.?
blibum conditions in which NO radiation is oten enmun- In the only previous experimental investigation ofvibra-
tered, the emitting species can be highly internally excited, tional dependence, Green te al, Idetermined Einstein coeffi-
requiring knowledge of vibration-rotation transition mo- cieat branching ratios for NO(W' = 2-9) from Au = 1 and
meats at large internuclea separations This information for Au = 2 fluorescence spectra in electron-bombarded N2/0 2
NO is available only from theory, with little or no experi- mixtures. These measurements confirmed Biilinplpy'sO pre-
mental validation. In this paper, we present experimental dicted vibrational scaling of the branching ratiM for v' = 3-
data for the branching ratios of fundamental and first over- 7, and established that the dipole moment function of Mi-
tone emission from highly vibrationally excited NO, as ob- chels' was incorrect. However, the experimental data leave
served in a cryogenic chemiluminescence reactor. These considerable uncetainty for the (2,0)/(2, 1) ratio, and are
data provide isight into the shape of the electric dipole mo- not definitive for v'>8. Nevertheless, the data of Green et
meat function, as well as an indirect determination of the al." verify the shape (second derivative) of the ab inido di-
absolute (V' = 2) -. (v = 0) overtone transition probabili- pole moment function at intermediate nuclear separation.
ty. Thus, a reasonable approach for selectinvalues ofA.., is to

In the specification of absolute emission intensities and apply the Bidlingley6 vibrational scalings to absolute values
spectral distributiom, one requires the vibrational emission ofA,.o and/or A.o determined from careful absorption mea-
rates (Einstein coefficients, Av.,.), averaged over all ther- surements.,Zno This approach was adopted by Rothman et
mally populated rotational levels, for all the vibrational al.7 to evaluate absorption strengths for both the fundamen-
states of interest. While many ground state absorption mea- tal and the first overtone;, the resulting absolute values were
surements have determined values for the (io') = (1,0) slightly modified by Rawlins et al." for the analysis of
and (2,0) transition strengths, the scaling of A... with v' is NO(Av = 1) chemiluminescence spectra.
only partially understood. Previous empirical determina- We have previously reported" detailed laboratory in-
tiom"' of the dipole moment near equilibrium internuclear vestigations of the vibrational chemiluminescence from nas-
separation provided limited information for low d'. In a de- cent NO(vJ) formed by reactions of metastable atomic ni-
finitive theoretical treatment, Billinpley' performed an ab trogen with 0, as originally observed by Kennealy et al. 2

inh'o, multiconfiguration self-consistent-field (MCSCF) In the recent experiments,I extensive rotational and vibra-
calculation of the dipole moment function of NO(X 211), tional excitation was observed in nitric oxide formed under
and rigorously evaluated the rotationally dependent and nearly collisionless conditions by the reactions
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range v.' - 2-12.7Th results clarify previous determinations
at low W, and indite significant departure fromf Billings-
Ic ly's scaing at high Le.

6. -A subsequent paher will address the analysis of the
0.4 branching raoa to determine an • pical dipole moment

nction for NO and the corresponding Einstein coeficients.
4 /IfI0 0.2 We describe here the experimental methods, spectral analy-

l~~~m~ 0,0• s ri R)smknr , a and brnhngirati resubltsa com pared wit preveios-

12 0ork.

1 ~~~0.4021 IL EXPERNAME AL MAUIET
0VI 0.6 The experiments were performed in the cryogenic CO-

0,os CHISE (cold c -em iu escent infrared stimulation exper-
I l O iment) facility at the Geophysics Directorate. Te design

0.4 0.6 1.2 1.n h .0 2.4 2.B and operatdiin of this fiaclity are described in detail ede-
Is list (A) wbetqlh the 2 m edsurement conditions were essentially the

soe as those for the previous NOe inves-
FIG. 1. A inwb doIemi n d-i1 1 .1 o .haphy (Re& 3 aned 4) Optin" In brief, the reaction cell and surrounding radia-

mPs 'to pawlcteM rn Sw NO(I 2 1I). tive environment are cooled to approximately 15-20 K.
which eliminates background radiation and pre o ides rapid
cryopun-ping of the reagent gse The infrared detection
system consists of a cryogenic, sanning grating monochro-
mator and a liquid-helium-cooled SiAs detector, focused to

N(2,D) +0(h- NO(v) + OCD,3P), (RI) inlnty along the axis of the reaction cell. Reagent games,at
N(2P + -NOvJ)+ O(S,',3P (R2) 0 K. enter the cell through a series of four opposing jets, and

N(2P) - nOP .- mix along the cell axis a illustrated in Fig. 2. In the present
Te NOW distributions from (R) pe ak near v = 7, and case, nitog netaes, generated by microwave di-
are detectable tow- 14. Resaction (RI) is responsible for charge of flowing N./Ar (12% N2) mixtures near I Tarr,
auroal ei xitto Of NO(V),' 3"'4 and for Most Of the enter from one side of the cell and mix along the centerline
prouction, of NO in the earths themosphere."I with a mass-balanced opposing flow of 02. This results in a

Reaction (R2) produces NO(vf) with a high degree of rapid chemical reaction producing chemiexcited NO(wJ),
rotational excitation in each of several (at least eight) vibes- which radiates in infared bands near 5.4 (Av = 1) and 2.7
tional leve~ls The spectral data exhibit distinctive R- (Au = 2) pm. The discharges are modulated with a 23 Hz
brAnc band heads, which signify substantial populations of square wave, and the emission from the reaction zone Is ob-
rotational states in the rangej J - 0.-120.5 (iLe, >1e V of served via phase-sensitive detection..
rotatonal auci). Similar band head. have been observed In otherapplications of this technique," 4'2 the pressure
inhigh-eltitdeauraralspectraoN ermisaion.," indcatng in the reaction zone is typically 3-5 mTorr, approaching
a sigfilcant role fo (12) and/or similar ceexiaon single: collision conditions. For the present experiments, he-
V ar @ i e intdie 1 14-bomblared iupper atinospheme

In the analysis of spectral distuibutioas for the high vi-
bratoenl and rotational sates popultd by reactions .(R1)
ad (R2), it is neessary to prbe the dipole mom-ent fuwc
tic. over a much larger amnpe of the NO potential surface
than has previously been examined experimetitally. In addi- DNO
tion, it is often important to speciy the Mertonre spectral
distrilbutio corresponding: to that of the fundamental, or 1~G N

vice versa. To these ends, we have used the infrared chemilu-
minesoence 1 Apra, previously applied to determine the
nmowet prodtuct distributionsufor reactions (RIl) and (12), oAf e

toasmultausausy observe Av - l and Av - 2 spectral distr- ye- c
* butione fromn those reactons. To eliminate complications s"m

due to multimodal rotational distributions and spectral band
overap we introduced low levels of helium bath gas which bM

* caused extesive rotatiosul cooling and slight vibrational de-
activaion of the initial state distributions. This effect, com- t t_
bined with the cryogenic temperature of the reactionI
chaber, resutedinextemlylow-temperture oltzmann+
rotatonal distributioes which -emte accurate determi-
nations of the (Av - 2)/(Av - 1) branching ratios over the FIG. 2. DhIapa of COCHISE remacion chamber.
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ium was admitted to achieve a steady state (static) premure 10,'

o 10 mTorr, quenching out the high-J state Preliminary
measuremet e absence oefHe gave overtonespectra 4' 5. 1 7 i 1&0 2 1,'3
which were difficult to analyze umunambigusly, owing to the •

extesive spectral overlap betee poorly resolved higbhJ IW

and thermalized rotational components Of ajacent vibra-
tinoa ban&d The addition of small amounts of He resulted
in sigaiicant rotational cooling and a pressure of 10 mTorr
was suiciet to eliminate the high-J components. This is 10.

demonstrae by the absence of R-branch band heads in the
A. I spetra, and by the conformity of the rotational dis-
tibutions to a single-temperture otumann form for all
vatioalevels. a

Spectra ofthe Au = I and AP=- 2 emission were record- so) w .5 , .
ed sequentially a, matched pairs, using order-orting inter-
ference ilter to isolate each band. A total of four matched
pairs were recornde, anl for essentially the same condition of I
presre, temperture, flow rates, and discharge operation. 0.

All spectra were obtained at a resolution of 0.0067 pm (full
width at half-maximum), corresponding to approximately 5- 7 8 9 I A A , 4
2.3 cm'-' for the fundamental band and 9.2 cm-' for th;
overtone bamn The uncertainty in the observed wavelengths
is ± 0.003 pim due to a periodic fluctuation in the mono-
chromator scan rate at cryogenic temperature.

Defore and after the spectral measurements, the optial
system was calibrated for absolute and relative spectral re- j
spose using a blackbody radiation source imbedded in the
mirror at the end of the reaction cell. The calibrations em-
piyed blackbody temperatures between 350 and 400 K,
with a temperature measurement uncertainty of ± 3 KL 3.0 3.5
This remlt in a systematic uncertainty of ± 12% in the wemmg.,,
measured (A -= 2)(Av = 1) intensityratis. fbi

A representative spectral pair is shown in FW 3, with
the NO transition band centers labeled. Note the loarith- FlO.3.Obm, di fndW dmdoWmdWWiWM* psc& Bmdmtu

mic intensity scale ilustating a dynamic rane of approxi- er baid alima M *o
matdy twoon sofmagnitude, The NO(A - 1) systemis
dearly resolved up to W-- 13, with no apparent interfering
rdiato�r. However, wevea additional features appear with
the NO(AP- 2) systea The (5,2) and (2,0) bnds Of the
N2 C W3A. -. 5 fill) electronic trastionn are evident near
2.6 and 3.3 pm, mpectively the 3.3 um band ultimately
limits the range of V for which the analysis can be carried ments In particular, spin-uncoupling and vibMUion-rotMa-
out. In sddition, several Rydberg tan"s on " Ar are ob- tion interactions will not impact the analysis of the data.
servable a scattered light froma the discharges.2 ' In particu- Matching of the observed rotational envdopes to the com-
har, a weak Ar lie near 2.69 pim partially obscures the puted spectra gives a uniform rotational temperature of 60
NO(2--0) emission, necessitating a factor of 2 downward K, sigifying that the presence of He causes significant ther-
correction in the observed intensity of this band. meal coupling between the 30 K reaent panes 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

.L ANALYSIS. AND RESULTS lowest ten rotational levels. Examples ofthe computed spec-
The spectra were analyzed using a linear eastsquam tral fits me shown in Fags. 4 and 5.

spectral fitting method which we have employed extensively The least-squares solutions to the spectral fitting proce-
in the past."'"'5'-'4 The NO line position and strengths dure are the integrated intensities for each vibrational transi-
were calculated with the spectroscopic constuts given in tion, [ NO(v') ]A...., as plotted in Fig. 6 for a matched pair
Rawlins et el.I (as modified slightly from those of Gold- of overtone and fundamental spectra. By taking ratios of
man and Schmidt" ) using the asumption of H6nl-London these values at each u' for"a given spectral pair, we determine
scaling of the rotational line strengths.2s From the predic- the Einstein coefficient ratios A,..,. _21A.,.. _ , which rep-
tionS ofBilllIley," the Hakn-L.ndon asmption should resent the branching ratios between L - 2 and Au = I tran-
be accurate for the low-J levels sampled in these measure- sitions. The observed Einstein coefficients are thermally

J. Chum. Phys.. Vol. 6. No. 10.15 May 1992
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FIG. 4. Dma (t 51h sne dbmo with bog At
and KVWrady ibove) Md keM-oqmS it
(derk mu) o NO(AW,- 1) *mim qsc-
trum. Rotadnua temprautu mmd *eitrm
remlatim sare 40 K md 0.0067 am. TMe
Msandard deviatm of the spec It is0.045.

WOLOU.

SU IA 2. 1 62 M. U1

averae at 60 IL However, sice H -Lndon scaling ap- data, and averge values for each a, are tabulated in Table I.
plies (no sp uncoupliog), these Einstein coedcieta are The uncertainties give in Table I are statistical errors deter-
equivalent to the rotatlonlus Einstein cooec ts of the mine for the itting and avermi procedur and do not
molecule, and are indepmdmt titemperature toat last 60 incorporate the systnmatic uncertainty of the relative -
X a shown by DMiiisley.' The obwsere rati. for 1 the s cabeuation.

low-

109

1091 1

1 3 5 7 9 11 13

PI0. S. Data (I% Ham show wifh td WetI md pmMu @oly eo) md
k-mm Ik(dlk Me) woNO(A- 2) emnidmuspecm. Rouaiome
,ipuI-m'd I- s meal mulael06m ae d 0K mad O.07pm?,m. 66e sifh 1.6. Vutudowml btod inltýi dumiaind f a int-qimm it of
.mbmss mw &2.9 id 3.. I pm radk Am aamlaely Ilt rwy.lc faodmdma mod omem specra EIor a n dm• * I dtaadm devi-
guagdslMm Tbt odmed daulatofnE spe * ral It k 0.1S. adomn

A. Ownm. PhI... VoL 96, No. 10.16 MaY 191
17



Raw"r set: NO(v) WmbsWd bru rift m 756

TAUS L RLpi (A# 2)/(4o 1) htmdb l ri)w d

V A~,, 3 /. ,._, (j 2u) avuagC (±+1i') where ry(r) and #'(r) are the wave functions of the upper
2' 0.o41 M0.o17 0,037 ±01 and lower states and I(r) is the dipole moment as a function

2.0*0.031 00 of internuclear distance r. For an electrically harmonic sys-
0.036 1M.Ol tern, wherep (r) is linear, the magnitudes ofthe Av = I tran-

0.036 ± 0.016 sition probabilities are determined from the first derivative
3 &0600± 0.011 0.078 ± .0070.0604 0.016 of the dipole moment function, while those for the overtone

0.04± 0.001 transitions are determined solely by the mechanical anhar-
0.0± OL4 monicity of the system, i.e., the nonorthagomdity of the

4 0.09L ± 0.007 0.103 ± 0.0o3 wave functions y and jr. As the dipole moment function
0.107 ±0.00
0a107 ± 0.005 acquires curvature, increases in the second and third deruva-
0.096 ±010 tives strongly increase the overtone transition probabilities.

5 0.31 ±0.o006 0.136 ±0.oMB In the case of OH(X 2[), the dipole moment function is
0.120±0.oo6 strongly curved near equilibrium internuclear separation,0. 152 M 0OOS
0.131 ±0.009 and as a result the AV = 2 Einstein coefficients exceed those

6 0.152+0.004 0.158 ± 0.0o7 for Av= I at unusually low `.' 3 °
0.146 0.006 For NO(X111), the dipole moment function is small
0.172 :0.00
0.147 ± 0.008 and only mildly curved near equilibrium separation.' 4 Thus

7 0.193 ±OL.00 0.202 ± 0.012 we expect the Av = 1 Einstein coefficients to be primarily
0.215±0.010 sensitive to the slope of p(r), and fairly insensitive to its0.221 ±0.007
0.215 ± 0.010 shape. The scaling ofA,,.,, with v' should be close to har-

5 0.202 ± 0.01 0.214±0.014 monic (i.e., #v') near the bottom of the potential well, and
0.215 ± 0.015 will tail of at higher v' due to the increasing effects of me-
0.247 ± 0.012 chanical anharmonicity in the wave functions. In addition,
0.180±0.016

9 0.295 ± 0.034 0.315 ± 0.022 increasing curvature in p (r) at large r will affect the Av = i
0.331±0.042 values at some high (but unknown) v'. In contrast, even
0.359 ±0.031 modest curvature inp (r) will profoundly affect the absolute
0.243 ± 0.03 values and v' scaling of the Av =2 Einstein coefficients.

to 0.289:10.66 0.293 + L027o .28L±0.0433 Thus the measurement of (Av = 2)/(Au = 1) branching ra-

o,378 ± 0.074 tios over a wide range of v' provides information on the cur-
0.263 ±o.075 vature of the dipole movement function over a large range of

11 0.380±0.234 0.384±0.029
0.319± O. 197
0.439±0.222 The average (Av-= 2)/(Av= 1) ratios are plotted in
0.425 ± o.25 Fig. 7, together with previously measured and predicted val-

22 0.387 0.357 0.28± 0.030 ues. The agreement with Green et al.8 is excellent over the
0L315 ± 0.353
o.279 ±0.204 range 44v`47, where their data have reasonable precision.
0.223 ± 0.267 The COCHISE measured values deviate significantly from

13 0572 ± 0.732 0X262 ± 0.08 the Billingsley scaling at both low and high v', and indicate
0.29 ± 1.001 the presence of a broad maximum near v = 11. The exis-
0.318 ±0.345
0.082 ± 0.406 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 ofA.,,. at high
V' and/or P'. 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 downturn in the ratios for v'> 12. Nevertheless, the data

IV. DISCUSION clearly show significant deviations from the shape of the ab
initio dipole moment function for both equilibrium and large

A. lapeds8 to p v~ss data internuclear separations.

The equations relating Einstein emission coefficients to The ratio values in Table I are appropriate for rotational
the dipole moment function are discussed in detail by Bil- temperatures below = 100 K, and are probably reliable for
lingsley." The band Einstein coefficients A.. represent temperatures up to at least 300 K. Billingsley" ' found that
thermal averages, for a given rotational temperature, of the the individual line strengths departed only slightly from
individual state-specific Einstein coefficients for a given vi- HonI-London scaling, and as a result the thermally aver-
brational transition. These state-specific Einstein coeffi- aged Einstein coefficients were virtually independent of tem-
cients are proportional to the square of the dipole moment perature up to 600 K. The extension of these values to higher
integral connecting the two states, J' and temperature requires further investigation. At some

J. Chem. Phys., Vol. 9, No. 10.15 May 1992
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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 A.. (7) will be reported elsewhere."

*IL *.Absouts El-IneInOMfCibh: A, aod At
Most of the experimental data base on NO(v) transition

it to-'probabilities comes from absorption measurements on the
* . ,g(1,0) and (2,0) transitions. A list of previously published

E l experimental and theoretical values for the absorption
strengths and Einstein coefficients for these transitions is

(1 1)i given in Table II. The measurements for the (1,0) transition

fall into three groups: thos with AIl = 13-14 s-n, those
with 12-13, and a few early measurements of 7-4. The work
of Holland et at.,0 together with the extrapolated line-by-

10.' I I I line data of Mandin et a.' as reported by Rothman et al.,7

0 2 4 6 8 10 12 14 give consistent values ofA, of 13.6 and 13.3 s -', respective-
hi tUPW V1toan L" M ly. A discussion comparing these values to prmeius mea-

surements can be found in Holland et al. 0 In brief, the high
spectral resolution and higher measurement precision of

1Refs. 9 and 10 indicate a significant discrepancy with the
previous lower values, and strongly support a value for A,,
between 13and 14s-. Indeed, Rothman et al.' invoked the
extrapolated line-by-line data of Mandin et al.' in their com-

"I • pilation ofatmospheric line absorption parameters. We have
adopted the value A1, = 13.4 s-' at 300 K. This value is

- - further supported by recent shock tube measurements of
spectrally resolved NO(W - 1) emission between 800 and

•10. 23210K, which giveA,, = 13.2s-' ( ± 10%).3'

The (2,0) transition probability is less well determined.
SOO1H0 E Experimental values range from 0.8 to 1.1 s-. The most

-ism-a••1 measurements are those of Chandraish and Cho,2

ad4M( whose empirical dipole moment function provides good
-- 11(7) agreement with the COCHISE branching ratios at low V'

(see Fg. 7). We note, however, that their result for the (1,0)
band appears to be about 10-12% low.

104 ' 1 t a The COCHISE data give an accurate value of 2 .olA2 .,
0 2 4 6 S 10 12 14 (-2u= 7.9%, c . Table 1), which can be used todetermine

1i Upper VbIW t L" (y) A2. with god precision. Billingsley` gives the ratio
A2.1/Ato M 1.90, 1.89,and 1.92 for the dipole moment func-
tions of Refs. 4, 2, and 1, respectively. Since the dipole mo-

FIG. 7. Compweis erimnmtak branchi8 rmios to (a) previoM r. ment functon is nearly linear near equilibrium internuclear
Wamsnad (b) ic fr, dook mom emt soi S ck,: separation, this particular ratio is dominated by the mechan-
wieled avewia from Tabl I, with enur bars Opilf ± luotandard ical anharmonicity of NO (i.e., the radial wave functions for
deVRamf L m the wdghtod meaOnL- d.O6. D rek: dataw famOre. MW C, v = 0, 1, 2), and is relatively independent of the details ofRd. L Solid curve= Dhla , Rd. & Dashed curve Chandraiah and aao,
M. 2 (Caclad in "e. 6). Dooned cwuc: e J. I ( ed in slope and shape of the dipole moment function. Thus the

11.6). Az,/A,.o 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
4.o/,,.o = 0.070, which is identical to that determined by
Chandraiah and Cho2 and about 1.6 times that computed by
Billingsley.' {In comparison, the experimental value for this

temperature,,4,, will become sensitive to rotational distri ratio is 2.4 times larger than for the electrically harmonic
bution, since the scaling of A(J') diverges from H6nl-Lon- (linearp(r) ] case.) Application of our recommended value
dorn asJ, increases.' It is possible that the high-J distribu- for A,, gives the determination
tons resulting in R-branch band heads" are significantly
affected, since the effects ofspin-uncoupling and vibration- A, = 0.94 ± 0.11 s ,
rotation interactions may be substantial, and further since where the indicated error is the systematic uncertainty in the

J. Chean. Phys.. Vol. 96, No. 10, 16 May 19W2
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TAUB IL AMpdme eodcaand m Besinde eodcl fw thie Am I md Au -2 tranmlims o(NO.

S(0-61) S(06-2) A(1-0) A(2-0)
Iavatar Chald" Pm-Aoma-I cm-liAtm-' a'--

-H0ms(1938) Ph.D. Dlimsrtation. U. of 121 12.0

Dinsmr nd Mwd U. ofMiaalsota Riport 145 ± 29 14.3±2.9
(1949) No. NR.019-104
Diie (1949) Ph.D. the, U.f 2.o7 ±- 0.51 1.0±0.2

Poemm d Weber (1953) j. Ch.ow P.y. n. 649 70±-7 2.3 ±06 6.9±0.7 0.9±0.2
Vibwm.Ods n(19Q4) Compt. Raod. . 251 82 8.1

amw (095M) J. Cbem.f Pby 31, !1; 70 2.7 6.9 1.1
A, 512

3 1 1- nid Cao (1963) J. Chlm. Py. 31k 1855 111±7 11.0 ± 0.7
,n- ad Perrao (1964) J. Chem. Phy 41,3420 76±7 2.810.5 7.5:±:0.7 1.1±0.2

Joaun (1964) J. Chem. Phys. 46 762 138 ± 6 13.6:±:0.6
Fmkow (1965) J. Cham. PFys. 43. 521 74 ± 4 7.3 ± 0.4
Pord mid Shaw (1945) Apl Opt. 4.1113 115±9 11.4±0.9
Alamihel (1966) J. Phys. (Pads) 27,345 132 ± 3 13.0±0.3
Schuria enl Elk (1966) J. Cem. Phlys. 45,2528 2.11.±-0.1 0.82 ±0.04
Vamunsii and P m J. QumaL SpMMItnc. 128±10 12.6-± 1.0
(196") Radat. Traaer 7, 279
Oppemh waeL (1967) Apl Opt. 4 1305 125 ± 4 12.4±0.8
Fuin and Comni J. QuasM. Spmetres. 124 ± 22 12.3 ±2.2
(1967) Radils Theusfr7, 581
On m md Ties (1970) 3. QuMit. Spectmc. 125 12.4

Radla Tranaer 1, 805
Whcble (1971) Re. ! 134±2 2.O±10.6 13.2±0.2 0.78±0.23

King md Craewd (1972) J. Quest. Spectrsc. 135 ± 3 13.3±0.5
must Trmuner 12,443

Chndrabb md Cbo (1973) Retl2 121±6 2.17 ±0.11 12.0±0.6 0.84±0.04
hm116seer .(1976) Appl. Opt. 16.398 124±9 12.3±0.9
hlrmsy (1976) Rel 6 113.3 1.31 10.78 0.46

Kueimoddal. (19"7) .QuWMt. SpecumIC. 122±6 12.1±0.6
RadiaL Trnader 19,127

Madimm aL (1980) Rd. 7, 9 134.4 13.3
Hob d. (1980) Re. 10 137.3 4.6 13.6±0.5

7 /777

S /
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relative response calibration. This value is 12% higher than the branching ratio measurements and the A... scaling,
(but within experimental uncertainty of) that measured by we conservatively estimate uncertainties in A,... ranging
Chndriah and Cho, 2 andis a factorof2 larger than pre- from ± 12% for 'd=2to ± 40% forv' = 13.
dicted from the dipole moment function of Billingsley.' The
relatively large value for A2., indicates that the dipole mo. V. SUMMARY AND CONCLUSIONS
meat function has more curvature near equilibrium internu- We have used the infrared chemiluminescence tech-
clear separation than was predicted from the ab Who theory, nique, in a cryogenic reaction vessel, to measure the over-

Potentially, the assumption of Billingsley scaling of tone/fundamental branching ratios for vibrational emission
A,.,. _ can be used with the COCHISE data to infer from NO(X"1l,v). A combination of low rotational tern-
A,,., 2 values to higher U'; however, this procedure will perature and high spectral resolution eliminated complica-
have increasing uncertainty at higher v' as curvature in the tions of non-Boltzmann rotational distributions, and mini-
dipole moment function plays more of a role in the v depend- mized spectral overlap between adjacent bands. The spectral
ence of A..,, _- I. To evaluate the validity of this procedure, resolution also reduced complications in the analysis due to
we examine the predicted A.,,, - scalings as shown in Fig. interference from other radiating species. The measure-
8. Predictions for the dipole moment functions of Refs. 1,2, ments cover ranges of 2-13 in o' and 0-12 in v', and extend
and 4 were taken from Re. 6. In addition, we have plotted the previous experimental data base to both lower and high-
the predicted scaling for a linear dipole moment function as er vibrational levels. The agreement with predictions from a
computed using Rice-Ramsperger-Kassel (RKR) wave previous ab initio calculation is generally favorable, but de-
functions for NO(XV i). (While the absolute values of tailed comparison indicates significant differences in slope
A,4.., _, depend on the assumed slope of y(r), the relative and curvature of the dipole moment function at equilibrium
values A,,.,. _ 1/A1, 0 do not.) It is clear from Fig. 7 that the and large internuclear separations. These differences will af-
relativeA factors for the fundamental band are fairly insensi- fect the magnitudes and v'scaling of the Av-- I and A- = 2
tive to modest variations in p(r) curvature for v'<4. Fur- Einstein coefficients, the more significant effect being on the
thermore, the close agreement between our A,.O/A,.A ratio overtone transitions. An experimental value derived for A,.o
and that of Chandraiah and Cho,2 together with the similar- agrees with previous determinations and shows the theoreti-
ity in d9 scaling of the A factors for Av = I computed by cal value to be a factor of 2 too low. Further details of these
Billingsley6 from the ab initio' and empirical2 dipole mo- effects, as well as the scaling of transition strengths for high
meat functions, suggest that the Billingsley scaling is indeed vibrational and rotational excitation, must be addressed
reliable, at least up to v' = 6. through derivation of an empirical dipole moment function.

With the caveat that curvature in /J (r) at large r can
affect the A,,.,, - I/,A Io scaling at high v, we tentatively con- ACKNOWLEDGMENTS
clude that Billingsley scaling is a good approximation for the The authors are grateful to J. C. Person, B. D. Green, L.
fundamental band, with an uncertainty increasing with v' to G. Piper, and G. E. Caledonia for informative technical dis-
perhaps ± 20% near v' = 12. (However, we note that there cussions, and to H. C. Murphy and D. Sinclair for assistance
is no firm basis for extending this scaling to higher o', say with the laboratory experiments. The work was performed
u'= 20.) Accordingly, we have applied this scaling of under Contract No. F19628-88-C-0173 with the Air Force
A,.,. -, to estimate v.Lues forA,,.,, _2 using a quartic least- Geophysics Laboratory, and was sponsored by the U.S. Air
squares fit to the branching ratio data ofTable I. The results Force Office of Scientific Research under Task 231004 and
are listed in Table III. Given the combined uncertainties in by the Defense Nuclear Agency under Project SA, Task SA,

Work Unit IIS.
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Quenching of N( 2D) by 0( 3P)
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A definitive measurement of the rate coefficient for the quenching of N( D) by O(YP) is
reported. The O(OP) atoms were generated by titrating NO directly into the active nitrogen
flow. Analysis of the results required that the rate coefficient for the reaction
N( 2D) + NO--N2 + 0 be known accurately, and this was also determined. A finite mixing
time correction is also necessary. The best estimate of the rate coefficient from this work is
(6.9 + 0.7, - 1. 1) X 10"- ' cm- s -'at T = 298 K, considerably smaller than a previous
measurement IJ. Phys. Chem. 92, 5977 (1988)] and in much better accord with values
required by atmospheric models.

1. INTRODUCTION perimental method makes use of reaction (3) to generate the
N(2D) is an important constituent of the mesophere O('OP) atom quenchers. " As this reaction takes place direct-

and thermosphere. Atmospheric modeling studies'- indi- ly in the main flow, recovery of k, requires that the rate
cate that the reaction coefficient for the reaction

A., 1 N4)

NOD) +02 -,NO(u) + O('P, 'D) (I) N(2D) + NO - N2 + 0 (4)

ts the primary source of the NO concentrations first ob- be known accurately. Reported values' 7' for this rate coef-served in rocket experiments.a While the value of the rate ficient range from 5.9X 10 - " to 1.8 X 10 .. cm- s - ; thus,

coefficient for reaction (I) is well established,"-0 the coeffi- it was necessary to carry out a measurement OfkN(, as Well,
cient for the quenching reaction in order to determine the correct value of k0 .

k.,
N(D) + O(-P) -. NOS) + O(P) (2) II. EXPERIMENTAL

is still the subject of some dispute. The relative magnitude of A. Apparatus
these two rate coefficients is important in determining the The experimental setup was essentially the same as that
partitioning between the two product channels. Modeling used in previous rate measurements performed using the
calculations require that reaction ( 1) be the dominant loss FACELIF reactor"6 and will therefore be described only
channel for Nf 2D). A recent experimental measurement " briefly here. A schematic is shown in Fig. I. The N(OD)
of the rate coefficient for reaction (2) reported a value of atoms were produced in a 70 W microwave discharge of a
3.4X10 "Xexp( - 145/T) cm's'-, which would corre. 1%-2% mixtureofN, in helium. TheN, and Hewere puri-
spond to 2.1 X 10 - " cm' s - 'at T = 300 K; the quoted error fled using gettering furnaces containing Cu at 600 "C and Ti
limits are on the order of ± 50%. This value is considerably at 800 "C, respectively, to remove 0, impurities prior to en-
bigher than previous determinations and more discordant tering the discharge tube. The NO (Matheson 98% purity)
with preferred modeling values'2-" which require was flowed through a purifying manifold consisting of an
kt, < 10 * cm-' s '. If this rate were correct, then N(2D) ascarite trapand a liquid nitrogen/methanol slurry, and was
would con-tribute to the overall depletion of NO by enhanc- then diluted with He to - 10% concentration prior to use.
ing the N(4S) concentration which reacts rapidly with NO All other quenchers were used without furthur purification.
through the reaction Metastable nitrogen atoms are deactivated at essentially

A", every wall collision."'' The N(-D) concentrations created
NOS) + NO- N2 + O(P). (3) by microwave discharges are approximately two orders of

magnitude lower than the ground state nitrogen alom con-
This would necessitate a re-evaluation of the role of NOD) centration. The combination of these two factors made it
in the upper atmosphere and the identification of another essential, under certain circumstance-s, to bc able to intro-
source term for NO. duce the metastable atoms into the reaction zone as quickly

We have remeasured the rate coefficients for both reac- as possible, while the N (-D) was still in sufficient concentra-
tions (I) and (2) in order to establish the true partitioning tion to provide ani adequate signal level. This nccessitatcd a
between these two NOD) losschannels. Tiis wasdonte using fast pumping speed which was provided by a Roohes blower
the FACELIF reactor"' with multiphoton ionization (Leybold-Heracus WSI000) backed by a large displace-
(MPI) detection of reactant and product species. The ex- ment forepump (Heracus-Englehard DKI80). The maxi-

4768 J. Chem. Phys. 92 (8), 15 April 1990 0021-9606/90/084768-10$03.00 (0 1990 American Institute of Physics
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FIG. I. Schematic or FACELIF experimental apparatus. The solid circle W'
represents a right angle connection to the pumping system. 0 o
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mum linear flow velocity attainable using this configuration
was of the order of 6000 cm s ', which corresponds to a FIG. 2. Variation in the effective rate codficient. A... IEq. (5)1 with reac-

minimum flow time of approximately 2 ms. Longer flow tion time. The reaction time was varied by adjustments to the injector posi-

times could be achieved by reducing the pumping speed as tion and the flow speed. Con.equently. the flow conditions li.e., total pres.-

required. Quenching gases were injected through a loop in- sure, I N('S) I etc. I varied with the reactiont time.

jector whose position could be adjusted, over a limited range,
along the length of the flow tube, again altering the flow
time. Some comparative studies were performed using a per- range of reaction times. These were used to calculate an ef-

forated ball injector to probe any possible disparities in mix- fective rate coefficient at each reaction time. This is defined

ing properties. These indicated that the mixing characteris- as
tics were comparable with marginally poorer mixing for the k = - a(v/d) (dIn [ N('D) J/d [Q), (5)
ball injector, where Y is the average flow speed. d is the injector to detector

The N( 2D) concentration was monitored using reso- distance. a is the nonlaminar flow correction having a nu-
nance enhanced multiphoton ionization. "" The frequency merical value of 1.62,' and IQ) is the initial quencher con-
doubled output of a Nd:YAG pumped dye laser (Quanta- centration. The use of Eq. (5) is equivalent to assuming that
Ray DCR2A, PDL-l, WEX-l) was used to photoionize all the initially added NO is converted instantaneo'sly to
N( 2D), resonantly enhanced by the two-photon transitions O('P) by the N( 4S) without contributing to the N( 2D) de-
at 268.95 and 268.98 nmYu) The current produced across a
pair 268.95 and 268.98ir m The curidst bsproduced across a cay. The results, shown in Fig. 2, display a rapid decrease in
pair of Ni wire grids, biased at 90 V. was amplified using an the effective rate coefficient with increasing reaction time.
Ithaco model 1211 current preamplifier and averaged on an Even at -50 ms there is some indication that the rate coeffi-
EG & 0 model 162 boxcar averager. Signal levels were gen- cient is still apnroaching an asymptotic value of less than
erally measured by setting the laser on resonance at each I X The flow cdata point and subtracting the off-resonance baseline from I x 10- t2cm s - i. Tefo onditions over this range of
dathepot avngd signral. ing So e resul ereasontaken byasel n -f reaction times necessarily varied by a substantial amount.the averaged signal. Some results were also taken by scan- The total pressure varied from 0.2 to 4 Torr in going from

ning the laser across the resonance lines with no significant The totlopressrearied trme0. To 4 Torreipoingdifference in the results, short to longer reaction times. There was a corresponding
The method used to generate the O(.P) quenchers in- change in the N(S) concentration, although this was not

volves the titration of NO directly into the flowtube.nc The explicitly measured for all points along the curve. The per-
volves mixture is introduced into the flow, through the centage of initially added NO remaining unreacted at the
NO/He i xture itre d into th flw, thiuh ts detection point was also measured for the same range of re-
loop injector. where it reacts rapidly with N(4 S),2 ' which is action times. The NO y(0,0) MPI signals 24 . 25 were used for
present in high concentrations in microwave discharge flows this purpose. The magnitude of this signal is directly propor-
of N 2/He. Under ideal conditions, the N(CS) will be in suffi- tional to the NO concentration. A blank titration was per-
cient excess that all the NO will be rapidly converted to formed under the same set of experimental conditions, ex-
O( P) before making any significant contribution to the cept with the discharge turned off. The ratio of the two
N ( 2D) quenching. The diffusion cocelicient for 0 atoms in slopes yields a value of the fraction of initially added NO that

He is 700 cm2 s - Y' and the surface recombination coeffi- remains unreacted. The results are shown in Fig. 3.
cient is on the order of 10 - 4.23 For the flowspeeds and pres- Comparison of Figs. 2 and 3 shows clearly that the faster
sures used in our 2 in. diameter flowtube, we estimate less effective rate constants are correlated with significant resid-
than 1% loss of O( 3P) over the reaction length. ual NO concentrations. The short reaction time measure-

ments represent a region in which reaction with NO domi-
B. Experimental procedure nates the N( 2D) decay. These measurements indicate an

Preliminary experiments were carried out investigating extreme lower limit on kNo. The longer reaction time mea-
the variation in the total N (2D) quenching rate over a wide surements, to the extent that there is still some NO contribu-

24
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0.6 rsite of the requirement, for accurate k,, measurements.

I Other practical difficulties were encountered in the form of
0.o greatly reduced signal levels and interfering fluorescence.

The fast flows and consequent low pressures (0.2-0.4 Torr)
04 lead to significantly reduced signal levels and a subsequent

reduction in signal to noise. In addition, stray light from the
discharge created a background large in comparison to the

o target signal. Anomalous effects were observed for small NO
additions in the form of an initial rise in signal level. It is
possible that this has its origins in fluorescence resulting

. • from some coincident reaction. It has been previously re-

ported" that some short-lived source of N, (B), other than

0 N('S) atom recombination, exists in discharge flows which

0 10 15 20 25 in may interfere with titration measurements.
c...t,ur t,-e/". Attempts were made to fit the titration plots for short

reaction times. This introduced a further limitation beyond
the practical problems already mentioned. Fitting would re-

FIG. 3. Variation in 11w rracitional amount of initially added NO thai re- quire the use of the rate coefficient for reaction (3), which
mai.'ud tnreacicd al lhe MPl-dctcciem point. An with the k,, mea.ure- has associated error bounds that will propagate into the
mcntK. flow coonlitionn varied with rUaction liimc. (N( 4S) I value. As a result of these limitations, an alterna-

tive method of determining [N( 4S) I was devised. Measure-
ments of NO depletion were made using -y (0,0) MPI band
intensities, as described earlier. The high sensitivity of MPI

lion to the effective decay rate, represent an extreme tipper to NO enables very small concentrations to be detected and
limit on the O('P) quenching rate coefficient. The limiting it is therefore possible to work with (N('S) I o. ([NO 1. The
values obtained for kNo and k, obtained in this way. indi- NO decay can then be described by the pseudo-first-order

cate a ratio for these two rate coefficients in excess of 25 to I. rate equ• on
Consequently, for short reaction times, where [NO) - 101,
the O('P) contribution is smaller by a factor k 0 /k,,1N, and (NO',= [NOlo exp( - kN [N( 4S) It), (6)

may be legitimately neglected when determining k,(,. Con- where I?, _J, is the initial concentration of NO added. The
versely, the large value of kNO compared to ko means that N('S) concentration is simply given by

even very small amounts of NO may cause a significant de- [N('S) I n(NOI/fNO1ol/(k,1) (7)
gree of quenching.

It has been reported that REMPi detection ofrN(D) at Since the ratio (NOI/ NO1, may be determined very pre-

269 nm can generate N ( 2D) through the two photon disso- cisely, the accuracy of this tzchnique is limited by the uncer-

ciation of NO.2 2' 7 In order to ensure that this effect was not tainty in kN.

compromising our results we looked for the characteristic For slow flows ( > 20 Ins), it is reasonable to assume

N 0D) signal at high NO flow with the discharge turned off that the mixing time is short in comparison to the total flow-

(i.e., with I NO] significantly higher than normal operating time. For very fast flows ( < 5 ms), this assumption may lead

conditions). No signal was observed until (NO) was over to a significant underestimation of the rate coefficients. A

100 times that used during titrations. The laser power, mea- standard technique used to probe mixing effects is to per-

sured after exiting the flow tube. was <0.5 mJ pulse ' corn- form rate measurements over a range of injector positions

pared to the 2-5 mJ pulse ' reported by Jusinski et al.W' under constant flow conditions. A plot of the decay coeffi-

This gives a production rate ratioof between 1:16 and 1:100 cient as a function of the flowtime will give a straight line

for the two systems. Also. NO concentrations in the detec- whose x-axis intercept gives a value for the effective mixing

lion region were always <0.5 mTorr. The combination of time and whose slope yields a value for the rate coefficient. In

these two factors accounts for the lack of any measurable the case of NO. the accompanying reaction with N 0S) de-

levels or NC(-D) production from NO dissociation. pletes NO and thus compromises the technique. In order to

Measurements of k.,,, and k, both require knowledge circumvent this problem. we performed the rate measure-

of IN ("S) I to determine hofw fast the NO is depicted and ments substilutling O. asa qt:ncher. Ifit isasstumed that the

therefore the extent to which it contributes to the N(2D) mixing characteristics for 0, and NO are comparable. theni

decay. For long reaction time the standard NO titration the effective mixing time obtained using 0. may be applied

mcthod& may le used to determine [N (S) I accurately, to NO. provided that identical flow conditions are cr-

This technique has scrious limitations at the shorter reaction ployed.

limtems to which lithe NO rate coceficient measurements were
constrained. To oblain a dislinct titration end point. reactiolt Il. ANALYSIS OF RESULTS
(3) must have %uflicictil time logo tocompletion. The meth- Measurements ofboth kN1, and k, involve injecting NO)

od thcrcfore, is best %,tlcd to conditions. where I N( 'St I is molecules directly into the main discharge flow. where they
high and the reactio, lime i% long. This is precisely the oppo- react rapidly with N( 4S) atoms to generate 0('P). What-

J. Chem. Phys., Vol. 92, No. 8. 15 April 1990
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ever the flow conditions, the NO will be present for some The rate of change of NO with time is given by

finite time in the tube. The N( 2D) atoms may be quenched - d (NO) = kN [NOJ [N('S) I + kNo [NO) [NO.,
by O(,P) and NO, both of which will be present in varying dt
concentrations along the length of the flowtube. From reac- (10)

lions (2) and (3). the rate equation describing the decay of where I NO) is the metastable nitrogen atom concentration.
N('D) is Since [ N (4S)] I [NO], the second term in Eq. (10) may be

- d [N( 2D) 1= 4 [N('D) ] [NO) neglected, and the NO concentration is given by Eq. (6).

dt Substituting this into Eq. (9) gives

"+ k°[N('D)I[O -In' [NI( 2D) k (kNo - ko)

"+kw[N(ND)), (8) [ND)JO j= kN [NOS)]

where kw is the first order rate coefficient for wall deactiva- X { I - exp( - kN [ N(4') It))

tion. Integration of this equation over the reaction time gives x [NO]o. (II)

- In([Nl(OlD)Il/ND) I = k,0o [NOIdt For the situation where [ N (S) ] cannot be considered to be
I in large excess, a slightly more complex expression results.

+ ' +The NO concentration, in this instance, is expressed as
-d NO] =-kN{[NOIo - [NOI,)

(9) dt

where IN(2D) 10 is the initial concentration of N(OD). The x{[N( 4S) I - [NO],), (12)

concentration of O(P) at any given time is simply equal to where [ N(CS) 10 is the initial ground state nitrogen atom

[NO,, theamountof NOreacted, ifthere is no other signifi. concentration. This is a second order rate equation which

cant loss of O(P). when integrated gives'
I

I In [N('S)I ((NOlo - INOI,) (13)
(QNO0 o - [N(4S)) I [NO]0  ([N("S)I -[NO],)J=

Rearranging this expression for (NO] gives

[NOt, = [N(CS)] - ([NOo[N( 4S)]/[NOo)exp{ - ([NO],,- [N(4S)J)kN(4

I - ([N(NS)j/[NOo)exp{ - ([NO],- [N(NS)])kNt)

The N(CD) concentration at any point along the flowtube is 1.5 .... . .. .

given by ./6
-Nl t(2D)) Iu

In -[ND)) k NOot+ (ko - kNo) 7T

* .C
X [NOldt +const. (15)

(NO' di must be evaluated by numerical integration 0.I:-. 0.5
01

over the range t = 0 to t..,, where tn.. is the reaction time C
corrected for mixing effects.

IV. RESULTS AND DISCUSSION

An estimate of the effective mixing time for the NO ki- 0
4 4

netic runs was obtained from the 0, rate measurements. The , o, ,
results are shown in Fig. 4. The total pressure in the flowtube
was - 0.4 Torr with a linear flow velocity of - 6000 cm s '
A weighted linear regression fit to the data yields a value of

(0.48 ± 0.19) ms for the effective mixing time. The slope of FIG,.4. Variation in lite decay coeflicient -d lit N(D Il/d O, ) with

the line in Fig. 4 gives a value of the N (2D) + 0, rate coeT•fi- reacti time for Nt {D) qucnching by 0.. Flhwlubc prcturic w•a• O.46forr
" ~~at a linear flow velocity of'670cni %, '.T"11c error bar'% reprcwnt i lie %tatiml-

cient of (5.89 ± 0.40) X 10 cm s ', in good agreement cal limis tothe decay coeficietlOb(iAand froi a weighted hncar rcgre"sIsil-

with previous determinations, 26 fit to i26 i individual data .
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f (NO).dt, xtgeecm'3s

FIG. 5. Decy oi"the NV(D) MPI signal as a function orlJ', I NO ]dl, hich wiscalculated by numerical integration orlEq. (14). -3.90=m (corrected for
0O4S ma mixing trrm ). k ,, .4 -3X 10 " ci' m s ". w, ndI N (IS) -: 0.4.1 WTorr.

The NO experiments were carried out using identical in lhe integration orf$ . (NO ]dt. This error manifests itsliras
floconditions to those for the O, runs. The N (S) €oncen - a shift in (he x-axis position or the data points. The extreme
tralions were varied between 0.25 and 0.45 reTort. For these values for A-,, N ("S) 1],and t.,, were use.d to calculate up-
conditions f.f' [Odt-$•[jNOjdt. but as kwc,*lko, the per and lower bounds ror kwf,. These bounds are shown in
0(-'P) atom quenching may be neglected. From Eq. (9), a Fig. 6 for the data shown in Fig. 5. The upper and lower
plot of the N("D) signal decay vs .f,, [NO]dt will give a bound%. togetlher with rate coefficient obtained using the
straight line whosc slope gives a value for k,,, directly. Stich mean values of'k,, [ N("$) ] and t.,, are given in Table I for
a plot is shown in Fig, .5 fn.; = 3.90 ms and [ N('•S) I = 0.43 all kinetic runs. The error limits on each value are the statis-
mTorr, ticeal errors ( ± I a) obtained from a weighted linear regre.-

There arc ;a ntsmbcr or sources or error flint must be sion fit to the data points in each limit. These arc small in
considered in calculating k,,,. Uncertainties in signal levels comparison to the error bounds indicating that the domi-
are shown as error bars in Fig. 5. The dynamic rnmge of I he nant sourcc orcrror arises from The uncertainty in lthe values
N(:D) decay whic~h could be followed was limited by the or k, and the mixing time. The final values are obtainedl by
appeianmce of the NO 11(0.4) band at higher NO conceni ra- taking: the weighted mean of'all kinetic runs. This procedure
tion%. which h,,ciired hu N(OD) signal losozme extent. This yield-, a res'ult or (6.70. + 1.36. - 1.2 1 )x10 " cm's %
base•line variation is reflected in the larger error bars for high for k,,,,.
[ NO)] addit ion-.. The vihratinnally excited NO population is The ideal conditions in which to mecasure k, are at long
presumably fihc result of lite reaction•" reaction times with ( NO 1 4 [ N (4S) 1. ir thes condition.%

N, A) N(X)--N. X) NW (6) can be fulfilled then Eq. ( 11 ) may be use•.d to evaluate k,,
Given the great disparity between a~ nd kf, these condi-

followed by I,-hand emiss.ion. although thishas not been con- tions arc extremely difficult to realize in practice. At the
firmed experimentally. slowest flows. the use or high flnwtubc press•ure% wa-. not

The valitc it., fork-,• in the caleislalions. is taken from suT..ienliri to offTcI the loss or signal due to incrca ",•d wall
the lileralurW- and has an a.qxmiatcd u~ncertainly of dleactivation. thus constraining the experimental range of I.

I"26%. This valuec is use, d in calculating I N.("$) I and again The maximum I N(S$) I values obtained. even under these

J. COen. Phys.. Vol. 92. No. S. 15 Aord1I9NO
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• [NOI.dt xlJ CM 3s

FIG. 6. Effo bounds on Ie decay of the N(2O) MPj sirnW as a function otf I' NOldl for the data shown in Fig. S. Lower truce: 1-: 3.71 ins,
ku-m4.3 X 1" •IJ" n's ad i N('$) l m0.$2 rTort. UPllX'r ai'e: t 4.09 ms, kN =2. X l0 "cam's" 'annd [ N("$)l ]-0.]4 mTorr.

extreme conditions, were 1.6x 1014 CM -1 (-5 in Tort). ing SF, to the dischargeflow.' This did result in a sipnifi-
The low value of ko required NO additions of up to 3.5 cant increase in IN(4])]I (by a factor of up to 2.5) and also
retort to give I[N("D) ]/[NOD)]o0<O0.05 and thus the in the NC(D) signal level.Unfortunately, the use of SF, also
[N(45) ]). [NO] condition could not be met. Some at- resulted in the appearance of a large molecular MPI spec-
tempts were made to enhance N-atomn dissociation by add- trum in the same frequency range which also varied with

quencher concentration and therefore compromised the re-

TABE LKinticdatt ft dteraintioorNID)+ N-Na+0 ate sults. It is possible that such interferences would not occur
TABL i.• daa fr" dterinaion •'NZD)+ NONz O ets for other N(2D) detection methods. If this were true, then
€odkiem.this method could be used to enhance both N('S) and

k,,oanj Mobkue'- ' x 0" N(OD). assuming that the species generated by discharging
I.,; Lowe bound Mid range Upper bound SF, do not participate in the chemistry in any way.

1.826.11:t .13 7.7 ±0.2 879 ±.26Equation (15) was used in calculating k-,. The pre-
66126. ± 0.28 8.52 :t 0.36 9.739:1:02 viously determined value of k,#o was used and the NO con-

tribution to the decay subtracted at each point. Figures 7 and
2.625 7/.38:t 0.31 8.77 ±10.37 10.30 t0.43 8 show the effect of applying this correction to the raw data

7.53:1±0.30 8.88:± 0.35 10.60±10.42 for two separate kinetic runs. The relative contribution from
3.175 5.81 ±t:0.22 "/.13 +±0.27 .8.9:1a034 NO increases with increased quencher addition and shorter

&.64 OL040 8.24+0.50 10.40+0.63 reaction time. Even for the highest [N(45)] values and
3.385 &.56 1 0.30 7.84 ±0.36 9.47 +0.43 longest flowtimes, NO accounted for - 3001 of the N (2D)

6.56 1:026 7.76 +0.31 9.28 +0.37 decay.
3.86 4.9 0.8 513 022 .06 .25The N (4S) concentration can be measured by the more

4.61 + 024 S.38 +0.28 6.3s +0.33 usual titration technique for these slow flow conditions.
[ N(4S) ] was measured before and after each kinetic run

3.09S 4.61 CL 013 5.67 a 016 7.15 t1:0.20 with results agreeing to within 2% in all instances. We con-

Weiglitd 50t I 6.3&2 76±027 servatively estimate an accuracy of ± 5% for the NO titra-
5m .49 ± O070. 6.70 :t 0.08 8.06 ±I 0.10 tion technique. The mixing time was not explicitly measured

for these longer reaction times as this can reasonably be ex-
28
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FIG. ?. IDemyorlhe N('D) MIt sigul a& rlancetinarr.[Owt. Thelbouomumtewascalcotated awinaft niamanmoqaonei" orlNOl to0OJO (i.e..
r.[IOld- INOIn) msd theelrfe o upo ia.m rtr dqeletion of N('D) by NOi neis mmy. A linea regression fit to these data lives value or

o m-2.03xI0 um,'a".TheuwpertratowaaelcubaoeduuingEq. (IS) with km w 3.4XIO"'cm'Ja' n m 6.7XI0"cm's-', N('S)] = 3.28

aTer amd t - 23.03m. Thi givmawhe ark0 - 7.40K I'"cerns '- . rTbe diikcren- in thetwe plo shows the reatlive mamit ude o the NOecotributio.
to the N('D) signa decay.
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FIGO. 8.S as Fig. 7 iwr # 41.4 mn.. Thclrn tracewascalculated•asing k, . -. 3.4x10 "em '.s k,, -6.7-O i cam's 'and IN('S)l 4.-'
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3 .1 1 "
9.8 O.5e 1.66 1.5O z.90 2.s5

1 EO].dt x10" cm -s

FIG. 9. Upper and lower bounds to N(:D) d•cay a% a funion of 1.,lOld for ihe data shown in Fig. 7. Lower turae: k, = 4.3 tO " l0
k,.., = .06x 10" cim's `and & N(4S) i = 3.44 reTorr. Upper trace: k, = 2.5 Y I0 "tc•.'s '. k,., = 5.49X 10 " cni's and I N('S) = 3.12
mTorr.

pected to be short compared to the flowtime. Given the long V. CONCLUSIONS
flowtime and large N(S) concentration, The previously reported experimental and modeling
'f, (O~dt-. [NO]0 t and the correction for the NO contribu. values of ko are listed in Table Ill. The value of kA reported

tion to the decay involves primarily a y-axis adjustment. The here is in good agreement with the most recent experimental
magnitude of this adjustment is sensitive to the exact values measurement made by Piper," who utilized O( P) atom
used for k, and kw,. In the interests of self-consistency generation and N(OD) detection techniques differing from
within the analysis, when one extreme value of k, was taken those employed here. It is also in fair agreement with the
iii the error calculation, the value of k,, calculated using earlier results of Davenport et al." and lanuzzi et al.' The
that same value was used. Thus the k, and ko errors are major conflict is with the result of Jusinski et al.," who re-
correlated and, in this instance, tend to cancel one another. cently rekindled the ongoing controversy regarding the dis-
The measurement of k, is therefore less sensitive to the un- parity between experimental measurements and the pre-
certainty in kN than is ko. The error bounds for k,, were ferred modeling values by suggesting that the true rate was of
calculated using the extreme values of [N( S) 1, k,, and the order of 2.1 X 10- " cm' s- '. The experiment by Ju-
k.o. The results are shown in Figs. 9 and 10 for the data in sinski et al. and the studies reported here were performed
Figs. 7 and 8, respectively. The results of twelve separate using an essentially identical experimental setup and meth-
kinetic runs are given in Table 11. As before, the errors odology. The origin of the disparity in the results is not in-
quoted for each value are the statistical values in each limit mediately apparent although it is interl-ting to note that our
and are small compared to the uncertainties arising from the preliminary investigations (as illustrated in Fig. 2) also yield
correlated systematic errors. The weighted averages of these a value of ký,r 2 X 10 -- "cm's - ' at t = 7.5 ms. Our results
data give a value for ko of (6.93 + 0.7 1. - 1.08) X 10- " and calculations indicate that, for the conditions reported in
cm s- '. The absence ofany systematic variation in k,, witht Ref. II (IN( 4 S)] = 10mTorr, r = 7.5 ms), an effective rate
confirms that there is no significant loss of O('P) along the constant (which is what was actually reported) of
flow tube. The O2 formed would react rapidly with NOD), -2 X 10- , cm' s- -should be observed. The order of mag-
giving an apparent increase in k, at longer reaction times. nitude difference cannot be accounted for by any reasonable
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FIG. 10. Upper and lower bounds for N(ID) decay as a function orI'.lOldr for Ihe data shown in Fig. 8. Lower trace: N . 4.3X 10 "cm' s
k, ,,=8.fX10-" cm'%s ' and [N('S)l =4.49 mTorr. Upper trace: kN =2.5X10" " cma's '.k,, =5.49x10" cm's ',and IN('S)) =4.01

mTorr.

adjustment for poor mixing. It is possible that the faster rate their plots would tend to support this hypothesis.
observed is the result of the quenching of some precursor The method of generating 0(-"P) atoms necessarily
which is the dominant N(2 D) source in their higher pressure means that NO molecules will be present in the flow for some
system ( -30 Torr). The nonlinearity observed in some of finite time. As kw, turns out to be nearly 2 orders of magni-

tude larger than 0o, this will always be significant although.
TABLE It. Kinetic data for detcrmination o N(

1
D) + O('P) rate coeffi- by carefully controlling theexperimental conditions, the NO

cf-nt. contribution can be kept to a minimum. It is essential that

k., cm' molecul" - ' x 10-" ' the flow conditions be precisely characterized for each kinet-

1, ms Lower bound" Mid rane" Uppper bxond' ic run, and that the analysis carried out with extreme care, if
meaningful results are to be recovered. This also applies to

23 4.74 ± 0.37 7.60 ± 0.37 9.17 ± 0.37 the NO results. In this instance, the requirement that the
3.37 ± 0.50 6.33 ± 0.49 8.03 ± 0.49 measurements be carried out at very short reaction times

31.7 5.33 -0.23 6.81 ± 0.23 7.57 ± 0.23 brings us to the limits of flow tube technology. The mixing
5.03 - 0.31 6.78 - 0.31 7.64 ± 0.31 time, using standard injectors and flows, becomes a signifi-

36.1 7.12 ±0.26 9.1 0.26 9.27 ±0.26 cant fraction of the total flow time and must be carefully
6.01 + 0.24 7.44 ± 0.24 8.27 -0.24 considered to avoid reporting artificially low values. The ac-

curacy of the reported value of kNo is primarily dictated by
41.4 6.62 ± 0.21 7.58 - 0.21 8.14 _ 0.21 the confidence limits associated with kN. Should a more pre-

6.01 ± 0.26 6.99± 0.26 7.53 ±0.26 cise value of k, become available, the confidence limits on

"44.8 5.46 ± 0.28 6.21 ± 0.27 6.63 ± 0.27 k., may be reduced accordingly.
5.32 ± 0.28 6.09 ± 0.28 6.52 ± 0.28 Experimental measurements of k€o encounter a number

55 6.19 - 0.17 6.65 ± 0.17 6.90 + 0.17 of difficulties, the most immediate of which are, the genera-
5.54 . 0.23 6.05 ± 0.23 6.33 ± 0.23 tion of a pure source of O('P) atoms, their transportation to

Wanhted the reaction zone and the subsequent efficient mixing of the
meat 5. .:. 0.8 6.93 ± 0.06 7.64 ± 0.08. reactants. The method of titrating NO directly into the flow

"Using k. -2.xtO "cm'.s '.k,., -5.49X10 "cm" c *'. tube ingeniously solves the transportation and mixing diffi-
"U1ngk, ,3.4.O "cm's '.k,., =-6.70x10 "cm's ' culties but introduces an additional complication as the
'Usin k,, ,.3,Y I0 "cm"' '.k,,,, - A.Ofx 10 "cm'%'. O('P) precursor itself is a highly reactive impurity. With

J. ChOn. Ptys.. Vol. 92. No. 6. 15 April 1990
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TABLZ Ill. Expermmasaluand a reFreuaave sample of modeling determinations ofA...

A...cm~sSource Reference

Eaperimenial (1.8*0.4) X 0 Davaepon rta i/ ( 1976) 33
< L.X t-10 lanaunzand Kaurmana(1930) 9
(2.1 ±:0.1)x10 " tiuu iki r a).( 19811) It
(1.06 *0.26)XO 10 Piper (19108) 32
(6-9: 1.0) X 0 - This work

Modeling lxl0'11 Strobelet at (1970) 2
< 10. "' O~rvnal aa. 1975) 12
4x 10- Frederick and Rusch (1977) 13
IXto ' Crawuselal.L( 1979) 14
4X10-" Reach and Gerard (1980) Is
6x30-1J RictanbaLd ~I(1981) 36
-IX 10-13 Fatneseal (I.(9 ) 35

precise characterization of flow conditions and careful anal- 'L. E. Jusitusi G. Black, and T. G. Stanger, J. Phys. Chem. 92. 5977
ysis of results. an accurate value for k0 can be recovered. (19").

Recent models for atmospheric NO concenraions 'IF. S. Oran, P. S, JulieK nn.md P. F. St robe. J. Geophys. Resa. 30, 3068
have tended to favor larger values ofk0 1,and it would appear "J f. I-Frederick and D. W. Roach, J. Geopltys. Res. 8I. 3509 (1977).
that experiment and theory have finally reached a consensus "T. E. Cravats, J. C. Gerard. A. I. Slewart. and D. W. Rusch, J. Geophys.
regarding the preferred value of this rate coefficient. Bates's Rci. Si. 2675 (3979).

has how tha th fanrat coeficent epoted y Jsinsi 0 W. Rusch and J.C. Gerard, J. eopluys. Reas. , 1283 (1980).has how tha th fas rae coffiientreprtedby usinki .C. Winkler. Rt. A. Smachnak, . 1.. Stcinfeld. and S. M. Miller. J. Chern.
el at." is incompatible with observed data on 01 red line Phy. $ 0M(1986.
emission at 63 am. Also, the most recent modeling calcula- "D. Husain. S, K. Misra and A. N. Young. J. Chem. Soc. Faraday Trani.. 2

tionby Fsen sucessfllyaccontsfor bsered O d70.~1721 (1974).tim y Fsen sucessull acouns fr obervd N di- "G Black and L E. Juaainski, Cheat. Phys. Ldes. 139.41 (1987).tributions using a value of ko = I X 10-'2 cmn's'-. which *wC. M. ahm 1. 1. sltfewWA ntS, Mi. Miller. I. Phys'. Chem. $1. 5u0%.
coincides with the most recent experimental determinations. (3987).

30C. E. Moore Atomic Energy LeAvels. Vol.31, NSRDS-NBS35, U.S. (Gov-
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RESEARCH NOTE

DEIECNO OF N(4S) BY RESONANTLY ENHANCED MUL1THCY0ON IONIZATION SPECTROSCOPY

(Received I Decei.er 1989)

Abstract - We report the first instance of detection of N(4S) atoms by Resonantly Enhanced
Multiphoton Ionization (REMPI). The magmittods of the ion signal, after correction for laser power
deendence. is directly poportional to the N(WS) concentration and. once calibraed is a direct and highly
sensitive method for N(4S) concentration measurements in fat-flow kinetics experiments.

INTRODUCTION of NW4S) atoms. The magnitude of the ion signal

In e rimn u n ais directly proportional to the N( 4 S )

flows it is generally necessary t nte concentration and, once calibrated, may be used

pround state nitrogen atom comtceration. This to measure N(4 S) absolutely.
value is usually determined using a standard NO
tiration technique f1l. This method makes use of EXPERIMENTAL
the reactions

These investigations were carried out
using the FACELIF afterglow reactor which has

WA N(4)+NO-#N2+O(ft (I) been described in detail elsewhere 14,71. A
schematic of the experimental apparatus is shown

NO+O+M"- NO;"+M (2) in Fig. 1. Tbe N('S) atoms m generated in a flow
of 1-2% N2 in He. using a microwave discharge.

Reaction (1) is rapid [2) and serves to deplete The current created by the photoions. across a
[N(4S)] stoichiometrically. Monitoring the N2  pair of Ni wire grids. biased at 90V. is amplified
first positive emission around 580nm gives a using an Ithaca model 1211 current amplifier and
flu•rescence signal proportional to IN(4S)j 2 for detected on an EG & G model 162 Boxcar
[NO]<N(4S)J. Beyond the end point N0 2 " Averager. The laser power is also monitored
emission following reaction (2) gives a signal using a Molectron Pyroelectric joulemeter (13-
proportional to NO in the same spectral range. 09). The fluorescence measurements are made
This technique works well provided that reaction using a photomultiplier tube through a 580 ± 5
(1) has sufficient time to go to completion and um filter. The NO used for these titrations is a 5%
N(4S) is present in sufficient quantity. If this is mixture of NO in He and is added through a loop
not the case then both the N2 first positive and injector upstream of the detection region.
N0 2 " emission will contribute to the signal Typical flow times were 25-30ms with total tube
level, pressures of 2.5-3.5 Torr. These slow flow/high

Many reactions involving metastable Pressure conditions are best suited to making NO
atoms and molecules require fast flow conditions titration measurements of [N(4S)] giving
due to the rapid decay of the metastable comparatively intense signals and allowing
concentration. The reactions reaction (1) ample time to go to completion. The

N(4S) concentration could I a varied either by

N(2 D) + NO-+ N2 +O (3) adjusting the N2 to He ratio kthis was typically I-

•And 3% N2 in He) or more convenien:!y by altering

(2P) +z -+ NO +0 (4) the microwave power.
The transition N(2p23p 4D 1O) .- N(2p 3

are examples of this [3-5. In order to calculate 4S3dO) may be resonantly excited by two 211 nm
the rate coefficient of reaction (3). (N(4S)J must photons [8). and the atom then ionized by a third
be known in order to determine the rate of photon of the same energy. Laser radiation at
depletion of NO via reaction (1). Under certain 211 tin may be generated by stimulated Raman
conditions, the flow time and N(4S) concentration frequency shifting of the doubled output of a
may be such that reaction (1) does not go to Nd:YAG pumped dye laser [91 but this generally
completion and the standard NO titration gives pulse energies of less than 100 ml.
technique will no longer give accurate values for Significantly higher pulse energies are desirable
JN( 4 S)]. The use of Resonantly Enhanced for REMPI detection. Here we have used a BBO
Multiphoton Ionization (REMPI) to measure crystal to double the output from a Nd:YAG
relative N(2 D) and N(2 p) concentrations is well pumped dye laser (Quanta-Ray DGR2A. PDL-l.

established [5.61. Here we report, to our INRAD Autotracker H) directly. Stilbene 420
knowledge. the first instance of REMPI detection laser dye gave pulse energies of approximately

0.5 mJ, measured after exiting the flow tube.
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This power level dcresed rapidly in time with same laser power dependence factor when
the dye having a useful lifetime of about 20 normalizing the ion signals.
minutes. The decrease proved advantageous when For conditions where reaction (1) has
taking masuremens of ths power dependence of time to go to completion. [N('S)j may be
the ion signals, enabling a large number of data determined by observing the reduction un the ion
points to be takm without the extensive use of signal as NO is added. The x-auis intercept on a
neutral density filters to attenuate the beam. plot of the ion signal vs. (NO] gives the value of
When making quantitative measurements of [N(4S)I. The slope of this line serves to calibrate
(N(4S) . however, it is desirable to keep the laser the ion signal level in terms of absolute (N(S)l
power as constant as possible to minimize concentrations. In order to verify the accuracy of
corrections necessay for power normalization of this technique for [N(4S)] measurement,
ion signals. We found that the use of - four times comparative measurements were taken using
larger dye reservoirs greedy enhanced the useful REMPI and the standard fluorescence monitoring
life of the dye and also minimized power titration technique (1). The results are listed in
variations during the course of data acquisition. Table 1. The REMPI results are the x-axis

intercept of a weighted linear regression fit of NO
ABSOLUTE [N(4S)] MEASUREMENTS titration data sets with t2a error limits. The

standard titration measurements may be
The N(D 0) state is split into four idered accurate to ±5%. The results are in

levels. =1-/2. 3/2, 5/2, and 7/2, at 94770.85, good agreement indicating that the REMPI
94793.46, 94830.86. and 94881.79 cmn. technique yields accurate values for [N(4S)I.
respecivaly. The relative intensities we simply
given by the upper state degeneracy (2J+l) and DISCUSSION
the observed spectrum will be a quartet with
intensity ratios of 1:2.3:4 (J=1/2:3/2:5/2:7/2). REMPI provides a sensitive method for
The observed spectrum is shown in Fig. 2. The quantitatively detecting ground state nitrogen
most intense line was used throughout for all atoms. Number densities on the order of 1010
quantitative measurements of [N(4S)]. To atoms cm"3 were easily detected compared to a
normalize the signal levels accurately for limit, for our flow system, of around 2x10'3
variation in laser power, it was necessary to atoms cm"3 using the more usual titration
characterize the power dependence of the ion technique. Below this level the fluorescence
signal precisely prior to any data acquisition. measurements encountered problems in the form
The ion signal is proportional to some power N of stray light from the discharge reaching the
of the laser intensity I, and therefore a plot of In detector. A more seious problem can arise from
(ion signal) vs. In I will have a slope equal to N. fluorescence due to sources other than N(4S) atom
The results of doing this are shown in Fig. 3. The recombination, which contributes significantly
slope varies between 2.8 and 1.5 going from low to the signal intensity (4,131. Unlike the
to higher power. This indicates that the two standard technique, REMPI offers a state specific
photon transition is becoming saturated at the method of monitorin [N(NS)] directly and is
higher powers. A similar power dependence was therefore less susceptible to extraneous signals.
observed for (2+1) photon ionization of N(2D) at The signal level may be calibrated under slow
269nm [101, although somewhat different flow/high [N(4S)] conditions. The magnitude of
conclusions wer drawn in that work regarding the ion signal may then be used to give a direct
the relative saturation of the excitation and measurement of IN(4S)1 for experiments requiring
ionization steps. The two photon excitation fast flows where [N(4S)] may be low; these
cross-section for this transition has been condition are inappropriate for standard titration
calculated [9) and therefore the transition rate measurements.
may be calculated. The fit of the data in Fig. 3 is
obtainedusingasimplerateequationnmodelfora Acknowledgments: This research was
three level system [ I11. Strictly speaking, performed under contract F19628-86-C-0139
correct normalization of signals for power from the Air Force Geophysics Laboratory. and
variations requires that signal and laser power be sponsored by the Air Force Office of Scientific
recorded for each pulse 1121. Here we have Research under Task 2310G4.
recorded the average ion signal and laser power
over a large number of pulses with the beam DOwtmenm of Chemistry. C.P. FELL
tightly focused between the detector grids. The Mamwhamnsw Institute of J.I. STEINFELD
resulting ion signal therefore consists of Technology,
contributions over a range of saturation Cambridge. Massachusetts 02139, USA.
conditions. It is thus inappropriate to comment
on the magnitudes of the experimentally Air Force Geophysics Laboratory, S.M. MILLER
observed rates for either the ionization or fie two Hamscom Air Force Base
photon excitation. For the purposes of tho study Bedford, Masachusetns 01731, USA.
it is only necessary to be able to understand the
bulk behavior of the system. Fig. 3 indicates
that for small variations in average laser power
(:5%) it is a reasonable approximation to use the

34



REFERENCES (71 I.C. Winkle•. RA. Stahnik. J.1. Steinfeld
and S.M. Miller. L. Chem. Phys. as, 890

(11 F. Kaifummand J.R. Klson. 71h (1986).
IwAauiote Syyumiam oes [81 C.L Moor Mamie Emnsy Lewr.
Cdabkim (oxford Univemnity. NSRDS-NBS35. Vol. 1. U.S. Governmemn
Oxfrd. 195), p 53. Prin Office: Wshiton. D.C..

(21 LH. Lea. J.V. Michasl W.A. Payne and (1971).
LL. Stei. J. Cham. Phys. 69, 3069 (91 W.L Bischel. BLE. P"? anid D.R.
(1978). Crosiy. Appi. Opt. 21, 1419 (1982).

[31 C.-L Lin and F. Kaubna. J. Chem. Phys. (101 L.E. Jusin. G.E. GAd. G. Black and
55, 3760 (1971). T.G. Slwger. J. Chem. Phys. 90, 4282

(41 C.P. FelL iJ. Steinfeld. and S.M. (1989).
Miller. I. Chem. Phys.. in press. (11 .1. Steinfeld. J. Klausen. nd C.P. Fell

(51 CM. Phillips. 1.l. Steinfeld and S.M. (to be pubfishad).
Miller. J. Phys. Cham. 91, 500 (1987). (121 C. Jacobs. RJ. Madix and R.N. Zare. J.

(61 G. Black and LE. Jusinski, Chea. Phys. Chem. Phys.. 85, 5469 (1986).
LiAt 139, 41 (1987). [131 LG. Piper. Report No. PSI-050-TR-509

(Physical Sciece Inc.. Wakefield.
Mass.. 1985).

Tabe 1. Compesison of [N(4S)] tivagions by NO using standard cm '- detection and direct

MPI detection tinder flow conditions. [N(4S)] given in mTorr.

Standard NO Titration MPI.Titntiom

438 4.48*0.18
3.28 3.40+ 0.10
2.65 2.50*0.14
2.02 1.96*0.12
1.97 1.97:0.12
1.42 1.51*0.07

AUTO- Fou" Parsma emaU4

PDL-1°

DCR-2A

FIG. 1. Schematic of FACELIF experimental apparatus. The solid circle represents a right angle
connection to the pumping system.
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