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We have studied the formation of N,(C *Il,,, v = 0—4) and the nitrogen Herman infrared
system, v’ = 2,3, in energy pooling reactions between N, (A4 33", v’ = 0~1). Our results
indicate rate coefficients of (1.5 + 0.4) and (1.5 4+ 0.5) X 10~'° cm® molecule ~' s~ ! for
formation of N,(C*Il,, v’ = 0-4) from the energy pooling of two N, (4,0’ = 0) molecules and
for av’' =0 and a v' = 1 molecule, respectively. We did not see evidence of significant N,(C)
formation in energy pooling between two N, (4,0’ = 1) molecules (k <5x 10"

cm® molecule ™' s™1). N, (4,0’ = 0) energy pooling produces only v’ = 3 of the Herman
infrared system with a rate coefficient of > (8.1 4 2.3) X 10~ "! cm® molecule ~* s~*. Energy
pooling between N, (4,0' = 0) and N,(4,0" = 1) produces only v’ = 2 of the Herman infrared

system with a rate coefficient > (9.9 + 2.9) X 10~ cm® molecule ™

's~!. Again, energy

pooling between two N,(4," = 1) molecules results in no significant contributions to the
Herman infrared system. The participation of N,(A4) vibrational levels >2, however, does
result in excitation of the lower-lying vibrational levels of the Herman infrared system.

I. INTRODUCTION

Stedman and Setser’ first discovered energy pooling in
triplet nitrogen when they observed that the intensity of ni-
trogen second-positive, N,(C *Il,-B’II, ) emission varied
quadratically with the intensity of the Vegard—Kaplan,
N,(4 32} -X'2;), emission in their reactor. They esti-
mated the rate coefficient for energy pooling to form
N,(C*I1,) to be 2.1X 10~ cm® molecule ™' s~'. In a se-
ries of investigations of time-resolved emissions in the after-
glow of a pulsed nitrogen discharge, Hays ef al.2~ studied
N,(A4) energy pooling and reported rate coefficients of
2.6x107'° for formation of N,(C>II,),* 0.25x 10 1°
cm? molecules ! s~ ! for the formation of N,(C' *I1, ), and
1.1X10™° cm?®molecule™'s™! for the formation of
N, (B °I1, ).? In the case of the latter state, one would have to
assume that their number was a lower bound, because their
detection system could see only as far as v’ = 3 of the B state.
Thus, if significant energy from the pooling reaction flowed
into v’ = 0-2, the rate coefficient would be somewhat larger.
Subsequent work by Clark and Setser’ confirmed a rate coef-
ficient of about 2% 10~ !° cm® molecule~! s ™! for the pro-
duction of N,(C?II,) from N,(4 32 ) energy pooling.
They were unable, however, to see any evidence for forma-
tion of the N,(C’ *II, ) state. Nadler er al. discovered in
1980 that the Herman infrared (HIR ) system was populated
by N, (A4) energy pooling, and showed subsequently that the
distribution among the vibrational levels of that state de-
pended strongly upon the vibrational distribution of the
N,(4) state.” They estimated a lower limit for HIR forma-
tion® of 2.5X 10™!" ¢cm® molecule ! s~! which they have
since revised upwards to 7X 10~!' c¢m® molecule='s~17
They also showed that some production of the B state did
indeed occur, but were unable to estimate the rate coefficient
for B-state formation because of that state’s rapid quenching
by nitrogen and argon. Nadler and Rosenwaks® have shown
recently that the vibrational distribution of N,(C>II,)
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formed by energy pooling also changes as a function of the
N, (A4) vibrational distribution, but that the total excitation
rate of the C state appears to be independent of the vibration-
al distribution of N,(4).

Unpublished observations at PSI in the near infrared
recorded the HIR system in N,(4) energy pooling, but
failed to detect significant populations of N, (B).° We could
not rationalize, therefore, the magnitude of the pooling rate
coefficient which Hays and Oskam reported for N,(B) pro-
duction. The work of Nadler et al.%7 also showed convinc-
ingly that HIR production had to be similar in magnitude to
the production of N,(B). Thus, the present investigations
were motivated in part by our desire to reconcile the conflict
between Hays and Oskam’s report, and the observations of
Nadler er al., and our own. We have investigated energy
pooling in some detail and report here vibrational-level-spe-
cific rate coefficients for formation of N,(C M, v' =0-4)
and HIR v'=2,3 by N,(4332, v =0-2). Electronic
quenching plays an important role in understanding
N,(B 3l'Ig) formation. A subsequent paper covers both the
excitation of N,(B) in N,(4) energy pooling as well as the
electronic quenching of the B state.

Il. EXPERIMENTAL
A. Apparatus

Previous publications have described our 2 in. dis-
charge-flow apparatus and general operating procedures in
some detail.'®'® Thus, we will give only a brief summary
here. The studies all involved measuring spectra of the Ve-
gard-Kaplan, first- and second-positive and HIR systems of
molecular nitrogen in a flowing afterglow apparatus. The
N,(4) is produced cleanly in the apparatus in the energy
transfer reaction between argon or xenon metastables and
molecular nitrogen.'”'® A hollow-cathode discharge pro-
duces the rare gas metastables. We have generally fabricated

© 1987 American Institute of Physics 231

Downloaded 14 Jul 2006 to 129.63.184.195. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the electrode from aluminum shim, but for some of the stud-
ies here, we used 0.002 thick tantalum shim as the electrode
material. The tantalum electrodes gave about 30% more me-
tastables and operated better at high pressures. The energy
transfer reaction between metastable xenon and nitrogen
produces N, (B *I1,, v'<5)."® This eliminates the possibility
of contamination of the results for N,(C) and the higher
vibrational levels of N, (B) by scattered light from the rare-
gas-metastable/nitrogen mixing region which occurs when
argon metastables are used to make N, (4). The HIR system
was studied at relatively high pressures ( * 6 Torr) with high
partial pressures of nitrogen (1 to 2 Torr) in the reactor.
This procedure virtually eliminated overlapping of the HIR
system by the first-positive system. The unfortunate conse-
quence of this procedure, however, was that the high partial
pressures of nitrogen relaxed the N,(A) vibration to > 95%
v'=0,1, and thus the effects of higher vibrational levels
could not be studied.

All spectra were fit by a least-squares computer pro-
gram which determined the population of all emitting states
in the region of spectral coverage. This procedure eliminates
the uncertainties introduced by overlapping spectral bands.
Because the HIR system is unassigned, one cannot a priori
generate a synthetic spectrum for this system. We therefore
used experimental spectra taken at high pressures for the
basis sets in our synthetic fits. Because N, (A4, v’ = 0) energy
pooling produces only v’ = 3 of the HIR system, a basis set
for that state could be generated cleanly. When only v’ =0
and 1 of N,(A) are present, only v' = 3 and 2 of the HIR
system are produced. Thus we were able to generate a fitting
basis set for v’ = 2 of the HIR system by subtracting out the
previously determined v’ = 3 components from a spectrum
containing the two levels together. These basis sets were then
used in analyzing the spectra containing N, (B) to eliminate
confusion from overlap between the two states.

B. Absolute photon emission rates

The data analysis requires the measurement of absolute
photon-emission rates in the reactor (see below). This sec-
tion details how we calibrate our system for such measure-
ments.

The observed signal is related to the true volume emis-
sion rate through

4}
Iobs=1trueTﬂ:7}ATAK (1)

where /4 is the effective solid angle subtended by the
detection system, 77, is the quantum efficiency of the photo-
multiplier at the wavelength of interest, T, is the transmis-
sion of the optical system (e.g., mirror reflectivities and grat-
ing efficiency) and V'is the observed volume of luminous gas
in the reactor. The wavelength dependence of the product
(Q/4m)n, T, V is given by the relative monochromator re-
sponse function R ;. Absolute values of that product are ob-
tained in a calibration experiment using the O/NO air after-
glow at one or several specific wavelengths. Absolute values
at wavelengths other than those chosen for calibration ex-
periments are obtained by scaling with R .

The relative spectral response of the monochromator

was calibrated between 200 and 800 nm using standard
quartz-halogen and D, continuum lamps (Optronic Labora-
tories Inc.). Additional confirmation of the calibration
between 400 and 800 nm is obtained by scanning the air
afterglow spectrum and comparing observed relative signal
levels with the relative intensities given by Fontijn e al.?°
The absolute spectral response of the detection system is de-
termined at 580 nm using the O/NO air afterglow as de-
scribed previously.'!:!?

When atomic oxygen and nitric oxide are mixed, a con-
tinuum emission extending from 375 nm to beyond 3000 nm
is observed.?® The intensity of this emission is directly
proportional to the product of the number densities of atom-
ic oxygen and nitric oxide, and independent of pressure of
bath gas, at least at pressures above about 0.2 Torr.?® Thus,
the volume-emission rate of the air afterglow is given by

Itruc =kl [O] [NO}M, (2)

where k, is the air afterglow rate coefficient in units of
cm® molecule ™! s~! nm~' and A4 is the monochromator
bandwidth. Literature values for this rate coefficient span a
range of more than a factor of 2,22 but recent studies?
indicate that the original work of Fontijn et a/.?° is probably
correct at wavelengths shorter than =800 nm. We use a
value of 1.25X 107! cm® molecule "' s ' nm ' at A = 580
nm. Combining Eqs. (1) and (2) gives the observed air
afterglow intensity:

19/ — &, [0] [NO]AA %mm (3)

Air afterglow calibration experiments give a calibration fac-
tor,

I?/NO n
=m=kAME7’ATAV) 4)

the determination of which we described previously.

Absolute number densities of emitters are obtained by
dividing absolute volume emission rates by known transition
probabilities.’® The air afterglow calibration factor «, and
the moderately well established value of the air afterglow
rate coefficient k;, are used to convert observed emission
intensities to volume emission rates:

Lok, ALR
Itrue =_b’;_u’ (5)

KACR A

K

11,13

where A, represents the wavelength of the calibration experi-
ments and A, is the wavelength of the transition of interest.
I, must be the total integrated band intensity. This is deter-
mined from the spectral fitting.

A series of calibration experiments taken over a period
of time established the calibration factor k550 to + 10%. An
additional uncertainty of + 25% exists in the absolute value
of the air-afterglow rate coefficient, kg, Further uncertain-
ties in the determination of the absolute photon-emission
rates for N,(A4) arise through the relative monochromator
response function (10% ) and N, (4 ) band transition proba-
bilities. The uncertainty in this latter quantity is difficult to
estimate. We used Shemansky’s®® transition probabilities to
provide a ready basis for comparison with the existing litera-
ture. He estimated them to carry a 20% uncertainty. Our
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experiments on the energy transfer between N,(4) and
NO,'* however, indicated that Shemansky’s transition pro-
babilities are likely to be 20 to 40% too large. We have cho-
sen not to revise the N,(4-X) transition probabilities until
this issue has been resolved definitively. Ignoring the uncer-
tainty in the N,(4-X) transition probabilities, the total un-
certainty in each rate coefficient, systematic and statistical
combined in quadrature, will be 30%. This large figure is
determined primarily by the uncertainty in the air afterglow
rate coeflicient.

C. Radial density gradient corrections

In the case of the energy pooling reactions, the N,(A4)
and the N,(C,B,HIR) have radial density gradients which
are different. The N,(A) radial density gradient approxi-
mately follows the form of a Bessel function of first order,

[N2(4)](r) = [N2(4) 1oo[A(/10) ], (6)
where [N,(4) ], is the centerline number density, , is the
flow tube radius, and A = 2.405, the first zero of J,(x). The
field of view of the detector is essentially a rectangular paral-
lelepiped across the center of the tube with height 4, width z,
and length 2r, (see Fig. 1). We assume that variations down
the axis of the flow tube, across the field of view, can be
neglected. The average number density of N,(4) observed
in the field of view is then

(IN,()]) = [Nz(A)]ofoJo[/ur/’o)]rad", 7

Serédr

where [N,(4) ], is the N,(4) number density in the center
of the flow tube. When  is less than or equal to 4 /2, 8 will
equal 77; but when r becomes greater than 4 /2, @ will be given
by sin~'(h /2r). Thus, each integral in Eq. (7) becomes a
sum of two integrals, one between the limits of O and 4 /2, the
other running from A /2 to r,. For our conditions of r, = 2.6
cm and £ = 1 cm, numerical integration gives

<[N2(A)]) =0.601 [Nz(A)]o- (8)

As we show below, the number density of N,(C,B,HIR) is
proportional to the square of the N,{(4) number density.
Thus

FIG. 1. Cross-sectional view of flow tube illustrating the geometry germane
to the radial number-density gradient problem. The shaded area approxi-
mates the monochromator’s field of view.

([N,(C,BHIR)]) = k'[N, (4)]?

k'[N 1555T 5 [A(r/re)1r6 dr
$Tor0 dr ’

(9

where k' is the energy pooling rate coefficient.
Integrating this expression in a similar manner to that
given for ([N,4]) gives

(IN,(C,BHIR)]) = 0.458 k'[N,(4)12. (10)
Finally, using Eq. (8) above for [N,(4)],, we find that
([N,(C,BHIR)]) = 1.267k '([N,(4) 1)*. (11)

This correction must be made to the data on energy pooling
to extract rate coefficients. This correction factor increases
astheratio 4 /r increases beyond unity, reaching a maximum
value of 1.446 when 4 /r equals two (Fig. 2).

lll. RESULTS

A. Ny(C 31,,v'=0-4) formation in Na(4 32 },v'=0-2)
energy pooling

The processes controlling the formation and destruction
of N, (C) in the energy pooling system are:

k 5;,”.
NZ(A’UI) + Nz(A’U” ) - N2(C,U) + Nz(st" " )9 ( 12)
kS
N,(Cp) — Ny(B) + h, (13)
where the superscript v denotes the vibrational level of the
N, (C) product molecule, the subscript v’s denote the vibra-
tional levels of the N, (4) molecules, and &, is the radiative
decay rate of N,(C).?° The lifetime of N, (C) is sufficiently
short (=36 ns)*° that we may ignore electronic quenching
of that state. Because of its short radiative lifetime, N,(C) is

1.50 | T
S 140 | _
et
Q
>
w
z
=4
-
[&)
W
o
E 130 -
(8]
1.20 ! !
0.0 1.0 2.0
h/r

FIG. 2. Variation in the correction factor for energy pooling measurements
with the ratio  /r.
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in steady state in our reactor so that we can equate its forma-
tion and decay rates. Thus we have

d[_Nﬁ?C,_v)i = 1267 3 3 kG [N(4")]
X [N (4,0")] — k55 [N (Cp)] =0,
(14)
kG
[N,(Cu)] = 1.267 ; UZ kg; [N,(A4,0) ] [Ns(4,0") ]
(15)

For the case of only one vibrational level of N, (4), Eq. (15)
collapses to a single term for which the N, (C) number den-
sity varies linearly with the square of the N,(4) number
density. The slope will equal the ratio of the energy-pooling
rate coefficient to the radiative-decay rate of N,(C).

Figures 3 and 4 show representative spectra of the 220 to
400 nm region which encompasses most of the major emis-
sions in the N,(4-X) and N, (C-B) systems. Comparison of
the two figures shows how strongly the N, (C) intensity var-
ies with the N,(4) intensity. Figures 5 and 6 show typical
plots of the variation in the number density of N,(C,v’) as a
function of the square of the N,(4) number density under
conditions where only v’ = 0 of the 4 state was in the reactor.

If only vibrational levels of 0 and 1 of N,(A) are present,
Eq. (15) becomes

C,

IN(C)] = 1267 :°° [N,(4,0' =0)]?

Cu
rad

Cyv
koi

+2.534 o
rad

X [N (40" = 0)] [Ny (4,v" =1)]

G,

k v
+ 1.267 p L IN 4 =1)]12  (16)
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FIG. 3. Observed (heavy line) and computed best fit (light line) to the

spectral region between 250 and 400 nm. Resolution 1.0 nm. Full scale sen-
sitivity 1 kHz.
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FIG. 4. Observed (heavy line) and computed best fit (light line) to the
spectral region between 220 and 400 nm. Resolution 1.0 nm. Full scale sen-
sitivity 3 kHz.

Dividing this equation through by [N, (4,0’ = 0)]? gives a
quadratic equation in the parameter [N,(4' =1)]/
[N,(4,v'=0)]:

[NZ(C,U)]
[N, (40" =0)]?

Cuv

%' 534 Kot [N;(4w' = D)]
% G kS2 [Ny(4,0 =0)]

k[ IN,(40' = D] ]2
kS LNy =0)]

Figures 7 and 8 show data plotted in this fashion for two
N, (C) vibrational levels excited in the energy-pooling reac-
tion. The most interesting thing these plots show is the ab-
sence of a significant quadratic term. The intercepts of the
plots, of course, give rate coefficients that agree with those
previously determined from studying just v’ = 0 pooling.
Table I summarizes the results of N,(C) energy-pooling
studies.

= 1.267

+ 1.267 a7

20 T T T

S @

(4]

[NZ(C, v'= O)] {molecule cm™3)

0 1 I L
o] 5 10 15 20

[Nata, v=01]? (108 motecute? cm™S)

FIG. 5. Variation in the number density of N,(C,v’ = 0) as a function of the
square of the number density of N, (4,0’ = 0).
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FIG. 6. Variation in the number density of N, (C,»’ = 2) as a function of the
square of the number density of N,(4,v' = 0).

B. Herman infrared formation from N.(4) energy
pooling '

The Herman infrared system was first observed 35 years
ago by Herman.?* Subsequent spectroscopic work on the
system has failed to identify either the upper or lower states
in the transition,>*~3S although Nadler and Rosenwaks® have
been able to establish an upper limit to the upper state term
energy of 12.02 eV. Nadler and Rosenwaks have discussed
the identification of the two states and concluded the lower
state might be the G>A, state, the lower state of the Gay-
don-Herman Green system, and that the upper state was a
311, state which is known only through Michael’s calcula-
tions.>® Gilmore*” and Michaels® both dispute these identi-
fications, however. Gilmore suggests C” °I, and 4’ °3
as the upper and lower states, respectively.®’

Figures 9 and 10 show the HIR system excited in energy
pooling of N,(4,»' =0) and N,(4,v' = 0,1), respectively.
The spectra were taken at 7.5 Torr total pressure with a
nitrogen partial pressure of 1.5 Torr. Thus, nitrogen first-
positive emission is virtually absent from the spectrum. The
ratio of the HIR intensity to the square of the N,(4) number

1107'8 cm3 molecuie™)

[Nate, ven] s [N, v=0)]?

o 1 1 I 1
0.00 0.20 0.40 0.60 0.80 1.00

[Nata, v'=n]/ [Nyta, v=0]

FIG. 7. Variation in the ratio of the number density of N,(C,v’ = 1) to the
square of the number density of N, (4,0’ = 0) asa function of the ratio of the
number densities of vibrationally excited to unexcited N,(4).
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FIG. 8. Variation of the ratio of the number density of N,(C,v’ = 3) to the
square of the number density of N, (4,0’ = 0) as a function of the ratioof the
number densities of vibrationally excited to unexcited N,(4).

density does not vary with pressure.® Thus, the state is not
quenched electronically under our conditions, and a steady-
state analysis similar to that given above for the N, (C) state
applies here. We write

IHIR = k ::Lk,s[HIR,v' = 3]
= 1.267k HIR3[N, (4,0’ = 0) ]2 (18)

Figure 11 shows data for v' = 3 of the HIR system plotted
this way. For these studies, CF, or CH, was added to the
reactor to relax the N,(4) vibrational energy to v’ =0.
From the slope of the plot, we find that the rate coefficient
for producing v’ = 3 of the HIR system in the energy pooling
of two N,(4,0' = 0) molecules is 8.1X10~!" cm> mole-
cule™! s~ 1. Strictly speaking, this figure is a lower limit, be-
cause other transitions of the HIR system from v’ = 3 might
appear outside the bandpass of our detection system. The
relative intensities of the four bands we do see, however,
indicate that we have sampled both sides of the Condon pa-
rabola. Thus in all probability, we have observed the major
emissions from v’ = 3. When the N,(4) was vibrationally
excited, the ratio of the HIR v’ = 3 intensity to the square of
the N, (4,0’ = 0) number density remains constant. Thus,
vibrationally excited N,(A) appears not to play any role in
exciting HIR, v’ = 3 from energy pooling.

Under conditions where only v’ = 0 and 1 of the N, (4)
are present, we also see emission from v’ =2 of the HIR

TABLE 1. Rate coefficients for N,(C*II, ) formation from N,(432})
energy pooling.*

N,(Cv") kSy kS kS

0 2.6+0.1 34407 <10

1 41402 54412 <20

2 41402 33408 <10

3 28402 22405 <0.7

4 1.0+ 0.1 1.0 + 0.6 <0.6
Total N,(C) 14.6 + 0.8 153+ 38 <5.3

*Rate coefficients are in units of 10~ ! cm*® molecule ' s—', Error bars rep-
resent 20 statistical uncertainties in fits. Total uncertainties are ~30%.
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FIG. 9. Spectrum of the Herman infrared v’ = 3 system (light line) excited
in the energy pooling of N, (4,0’ = 0). The heavy line is the synthetic fit to
the spectrum. P,,,, = 7.5 Torr, Xy, = 0.20.

system. The lower two vibrational levels of the HIR system
appear only when the number densities of v’ = 2 and 3 of the
N,(A4) become important. We can analyze the HIR v' =2
datain a similar fashion to our analysis for vibrational effects
in N,(C) production, but since we already know that two
v’ = 0 molecules do not pool to make an HIR v’ = 2 mole-
cule, we can eliminate the first term in the equation. Thus,

THR2 — 2. 534k ™2 [N, (4,0 = 0) ] [N, (4v' = 1)]

+ 1.267k R[N, (40" = 1) ]?, (19)
IHIR,Z
[NZ(A’U, = 0) ] [NZ(Ayv' = 1)]
— 2534k HR2 4 1 967k Hr2 [Na(AV = DI 5,

[N,(4p' =0)]
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FIG. 10. Spectrum of the Herman infrared v’ = 2,3 systems (light line)
excited in the energy pooling of N, (4,0’ = 0,1). The heavy line is the syn-
thetic fit to the spectrum. P, ,,, = 7.5 Torr, Xy, = 0.20.
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FIG. 11. Variation in the number density of N, (HIR,v' = 3) as a function
of the square of the number density of N, (4,v" = 0).

Figure 12 shows the data for the HIR v’ = 2 system. The
intercept of the plot, after application of the appropriate cor-
rections, gives the value for the mixed v’ = 0/v" = 1 pooling
rate coefficient, 9.9 X 10~!' c¢m> molecule=! s~!. Within
statistical uncertainty, the linear term is not significant,
again implying that energy pooling by two v’ = 1 molecules
is negligible. Table II summarizes our results on the Herman
infrared system. Our data further show that HIR »' =2 is
not formed by pooling of vibrational levels of N,(4) higher
than v’ = 1. We have yet to collect adequate data on the
formation of HIR v' = 0,1 which is formed in pooling of
N,(4,v'>2).

1V. DISCUSSION

Hays and Oskam,® in a pulsed, static discharge, mea-
sured a rate coefficient for N,(C) energy pooling of 2.6 * 7,
X107 cm? molecule ™! s~!. Within experimental error,
our values agree adequately. They reported a relative N, (C)
vibrational distribution of 100:92:72:50:47 for vibrational
levels 04, respectively. Their N,(A4) vibrational distribu-
tion was 100:250:80, for vibrational levels 0-2, respectively.
For an N,(4) v' = 1/v' = 0 ratio of 3/1, our results would
predict an N,(C) vibrational distribution of
100:160:110:70:30, in disagreement with Hays and Oskam’s
result.

]

4

N
T

[m]
a
!

T
!

(1071 ¢m3 molecute™)

[Na(HIR, v'=2)] 7 [N2(A, v'=0)] [noca, v

0 1 1 ! |
0.00 0.20 0.40 0.60 0.80 1.00

[Nata, v= 0]/ [Nata, v'=0)]

FIG. 12. Variation in the ratio of the N, (HIR,»’ = 2) number density to the
product of the number densities of N,(4) v' = 0and v’ = 1 as a function of
the ratio of the number densities of N,(4) v' =1tov' =0.
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TABLE II. Rate coefficients for Herman infrared formation from N,(A4)
energy pooling.*

HIR,U' kOO km kll
3 >8.14+04 o
2 »99+10

= Rate coefficients are in units of 10~"! cm® molecule ~' s~. Error bars rep-
resent 2o statistical uncertainty in fits. Total uncertainty is =~30%.

Applying our measured rate coefficients to Clark and
Setser’s® 0.61/1 ratio for N,(4) v' = 1/v’ = 0, gives an over-
all rate coefficient of 1.3 X 107 !° cm® molecule ! s, about
60% of their value. Some of this discrepancy results from
their not including the 27 to 45% correction for radial den-
sity gradient effects in their analysis. Additionally, their
measurements may be contaminated by scattered second-
positive emission from their discharge. They reported a
N, (C) vibrational distribution of 100:89:70 for v’ = 0-2, re-
spectively, in contrast to our measured value of 100:160:120.
Scattered light will enhance »' =0 relative to the other
vibrational levels. Subsequent measurements by
Nadler et al® found a  distribution of
100 + 4:125 4 6:81 + 4:62 + 12:62 + 25. They used the re-
action between metastable Xe atoms and nitrogen as their
N,(A4) source, thereby eliminating the possibility of scat-
tered light contamination. Their N, (4 ) vibrational distribu-
tion was unspecified, although they did state that most of
their N,(A4) was in vibrational levels 0 and 1. Assuming
their N,(A4) vibrational distribution was similar to Clark
and Setser’s, then the vibrational distribution calculated
from our data for comparison with that of Nadler et al.
would be 100+ 9:157 4+ 16:119 4+ 12:81 +7:32+ 7, in
modest accord with the results of those authors. Their
distribution concurs better with what we observe when the
N,(4) is somewhat hotter vibrationally. Under
conditions such that only 30 to 45% of the N,(A4) is in
V=0, our N,(C) Vvibrational distribution is
100 4+ 7:140 + 7:110 + 15:70 + 10:45 + 10.

Nadler and Rosenwaks® studied the energy pooling of
N,(4) in some detail, and noted how the vibrational distri-
bution of N,(A4) affected the vibrational distribution in the
product N,(C) and Herman infrared systems. They reporta
vibrational distribution of 100 4 3:150 4 7:137 + 5:151

+ 227+ 7 for N,(Cv'=0—4), respectively, formed
from energy pooling between N, (4,0’ = 0) molecules only.
This agrees moderately well with our observations which
give an N,(C) vibrational distribution of 100 + 4:158

+ 8:158 4+ 8:108 + 8:38 + 4 from N,(4,0' =0) energy
pooling. When the N,(A4) was vibrationally excited, such
that 60% of it was in vibrational levels 1 and above, their
N,(C) distribution was 100 4 3:130 + 5:95 + 4:99

4 4:40 + 5. As noted above, we observe a similar N,(C)
vibrational distribution with the vibrationally hotter N,(4).
In terms of distributions, our only significant disagreement
with the observations of Nadler and Rosenwaks is that they
report about 40% more excitation of N,(C,p’ = 3) for for-
mation from both vibrationally excited and vibrationally
cold N,(A4). One intriguing finding of both studies is that the
product N,(C) is more vibrationally excited when the
N,(4) is not and vice versa. Table III summarizes these
comparisons between literature reports.

Nadler and Rosenwaks tried to rationalize their obser-
vations with a simple model which essentially is the combi-
nation of simple Franck-Condon and minimum-energy-de-
fect models. Thus they posited that the N,(C) vibrational
level populations would follow a distribution determined by
the product of the Franck-Condon factors for the transi-
tions from one of the N,(4) molecules to the C state and the
other one to the X state times exp( — |AE |/kT) where |AE |
is the magnitude of the energy defect in the energy transfer
reaction. Because our results are essentially state-to-state ob-
servations, we can test this model in some detail. Table IV
compares the calculated and observed state-to-state energy
pooling rate coefficients for the cases of two N,(4,0’ =0)
molecules, N,(4,0'=0) with N,(4,0’=1), and two
N,(A4,0' = 1) molecules. The calculated values have been
normalized so that the sum of the rate coefficients for two

TABLE III. Comparison between results of various groups on N, excitation by N,(4) energy pooling.

Relative N,(A) populations

Relative N,(C) populations

Total rate®

Group =0 1 2 3 v=0 1 2 3 4 coefficient
Hayes and Okam® 100 250 80 100 92 72 50 47 26%2,
Present results® 100 300 100 160 110 70 30
Clark and Setser? 100 61 100 89 70 1.8 40.2
Nadler et al.® 100 61 ? 100+ 4 125+ 6 81+4 62 + 12 62 + 25 221403
Present results® 100 61 10049 157 + 16 119 + 12 81+7 3247 130+ 0.4
Nadler and Rosenwaks® 100 .- 10043 150+ 7 13745 151 +2 27+ 7
Present results® 100 - -- 100+ 4 158 + 8 158+ 8 108 + 8 38+ 4 1.540.4
Nadler and Rosenwaks?® 100 9 60 <10 10043 130+ 5 95+ 4 99+ 4 4045
Present results" 100 8 50 18 100+ 7 140+ 7 110 + 15 70 + 10 45410

2Units of 10™'° cm® molecule ' s~ .

b Reference 4.

¢ Calculated from results in Table L.

9 Reference 5.

°Reference 6.

Estimate from Ref. 5.

gReference 8.

" Measured values in under conditions of high N, (4,v) excitation.
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TABLE IV. Comparison between observed N, (C 3I1,, ) vibrational distributions excited by N,(4 32" ) energy pooling and those calculated from a Franck—

Condon model.
v'=0 1 2 3 4 Sk
kS Calc® Obs Calc Obs Calc Obs Cale Obs Calc Obs Calc Obs
2N, (4,0 =0) 0.14 2.6 1.3 4.1 5.7 4.1 7.3 2.8 0.10 1.0 14.5 14.6
N4, =0) + N,(4p' =1) 1.3 34 1.0 54 0.48 33 1.3 2.2 1.5 1.0 11.6 15.3
2N, (40’ =1) 00004 <1 7.3 <2 2.8 <1 0.007 <0.7 0.17 <0.6 10.3 <5

*The calculated values have been normalized to give the correct total rate coefficient for 2N, (4,0’ = 0) energy pooling.

N,(4,v" = 0) molecules equals the experimentally observed
rate coefficient. Clearly, the model does not do a very good
job of predicting the relative vibrational distributions, how
these vibrational distributions change from case to case, nor
how the absolute magnitude of the vibrational distributions
changes from case to case. While the model does indicate
that two N,(4,0' =0) molecules excite N,(C,p' = 2,3)
more efficiently than is the case for vibrationally excited
N,(4), it fails to predict the opposite trend for
N,(Cw' = 1,4). Furthermore, the model predicts very sig-
nificant excitation of N,(C) in collisions with two
N,(4,v" = 1) molecules in disagreement with our observa-
tions. The Franck—Condon model appears to be inadequate
1o describe detailed interactions in this type of energy trans-
fer reaction. We have noted such a failure previously in our
studies on the excitation of NO by N,(4)."*

Nadler and Rosenwaks also investigated the excitation
of the Hermal infrared system by N, (A4) energy pooling. By
comparing the relative intensities of the second-positive
bands and the Herman infrared bands, they estimated a low-
er limit to the rate coefficient for HIR formation from
N,(4) energy pooling of 7X10™"" ¢cm® molecule™'s~".
This estimate assumes a rate coeflicient for N, (C) formation
of 2.5X 1071 ¢cm® molecule ™' s~!. Reducing their HIR es-
timate by 40% to place it on the same relative basis as our
N,(C) formation rate coefficients results in a value of
4% 10™" cm® molecule~'s™! for the Nadler and Rosen-
waks estimate. This is about half of what we measure direct-
ly. Nadler and Rosenwaks’ estimate is based upon a Herman
infrared spectrum which is much more contaminated by
first-positive emission than is our spectrum. Thus the HIR
intensities would have been much more difficult for them to
estimate. We also do not agree with them on some of the
details of the HIR vibrational distribution produced by
N,(A4) energy pooling. We do not see any convincing evi-
dence for formation of N,(HIR,»' = 0,1) from the pooling
of two N, (4,v" = 0) molecules, whereas Nadler and Rosen-
waks report that the intensities of emissions from these two
levels drops by a factor of only about 2 in going from unre-
laxed to vibrationally relaxed N,(A4 ). Both studies clearly do
show a strong enhancement of N,(HIR,v" = 3) when only
N, (4,v' = 0) is present in the reactor, and both note an ab-
sence of N,(HIR,v' = 2) for the case of vibrationally re-
laxed N,(A4). In fact, we observe that the ratio of
[N,(HIR,w' = 3)] to [N,(4,0'=0)]> remains constant
under all conditions of vibrational excitation of the N,(A4).
Similarly, we find that the ratio of [N, (HIR,v' = 2)] to the

product [N,(4,0" = 0)] X [N,(4,v' = 1)] is invariant un-
der all observed conditions of N,(4) vibrational excitation.
This includes cases in which 70% of the N,(A4) is vibration-
ally excited. Under conditions of moderate vibrational relax-
ation of the N, (4 ), however, conditions where only the two
lowest vibrational levels are in the reactor, we also fail to see
any evidence of N,(HIR,»' = 0,1). Only under conditions
such that vibrational levels 2 and above exist in the reactor
do we see any emission from the two lowest HIR vibrational
levels. Under such conditions, the HIR spectra are severely
overlapped by first positive emission, and difficult to ana-
lyze. Thus, we have as yet made no quantitative estimates of
the rate coefficients for producing these two lowest levels of
the HIR system from N,(A4) energy pooling.

V. SUMMARY AND CONCLUSIONS

We have reported state-to-state rate coefficients for ex-
citation of N,(C *I1, ) and the N, Herman infrared system
in N,(432;") energy pooling. Our results show that the
energy pooling process is essentially gas kinetic, and that the
final vibrational state distributions depend strongly upon the
initial N,(A4) vibrational distributions. This product-state
selectivity is particularly striking in the case of Herman in-
frared excitation where specific combinations of N,(A4)
states produce only one of the available HIR states. A model
combining Franck-Condon overlap with minimum energy
defect is inadequate to predict the observed distributions.
Presumably, one must look at specific potential curve cross-
ings in detail to understand these phenomena.

Observations of the formation of N,(B SIIg ) from
N, (4) energy pooling® result in rate coefficients similar in
magnitude to those observed here, and also show some unu-
sual state specificity. Taken together, our results would sup-
port a total rate coefficient for N, (A4) energy pooling of (3-
4) X 107" cm?® molecule ™' s~!, substantially lower than
some previous suggestions which have exceeded 10~°
cm?® molecule ! s~ .37 We will discuss the N,(B) forma-
tion results and their implications regarding the total N, (A4)
energy pooling rate coefficient in a future publication.
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