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I. Infrared Emission of NH Free Radical

1,2

The present work follows our two previous scientific reports for
Contract No. F19628-76-C-0087. This report deals with our analysis effort
for the observed NH infrared band in 2500 A 3300 cm-l. The free radical

NH is known to form in decomposition of NH The uv band of NH is one of

3°
the bright uv features in the decomposition. The band identified as the
transition A3ni-X32- was analyzed by Dixon3 and more recently by Malicet

et al.h In contrast to the uv emission, the infrared band has never been
reported in the literature. In fact, the observation of the infrared NH
band was a big surprise to us in two aspects: (1) the NH is a very
bright emitter; and (2) it is formed iﬁ the recombination process as well
as in the decomposition process. »

This report is divided into three sections: (1) the experimental
description involving the detection of the NH infrared band, presented at
the SPIE meeting held at San Diego, August 1979; (2) the speétral
analysis of the infrared NH band, presented at the Symposium of Molecular
Spectroscopy held at the Qhio State University, June 1979; and (3) a
description of the N2 excited statés and the formstion mechanism of NH.

The NH radical could play a role in perturbations of the upper

P

atmosphere. Ifs chemical reaction rate to destroy NO is fast. In our
discharge condition, the suppression of the NO fundamental is strongly
correlated with the increased emission of the NH fundamental.

Our study on the NH infrared emission was carried out by three
persons. Peter Hansen did the interferogram measurements, and Mark

Esplin did the spectral analysis. H. Sakai directed the entire effort and

was in charge of writing this report.
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Observation of NH infrared emission using Fourier spectroscopy

Peter Hansen, Hajime Sakai and Mark Esplin
Astronomy Research Facility, University of Massachusetts
Amherst, Massachusetts 01003

Abstract

The technique of Fourlier spectroscopy is instrumental in achieving a high sensitivity
for the spectrometry of detecting weak infrared emission sources. In our survey study
conducted on the infrared emission of the atmospheric species, this fact is fully
appreciated; both the multiplex advantage and the interferometric gain on collecting the
infrared photons, together with our emission source of a 36-meter-long electric discharge
column, are essential to detect various atmospheric bands and lines, some well known and
some little known. Lately, we succeeded to observe the infrared vibration fundamental
band of NH which was previously undetected.

Introduction

In recent years, many studles have been focused on the problems associated with the
infrared radiation observable in the upper atmosphere. Identification of the spectral
features in the observed radiation is a key to improve our understanding of the physics
and chemistry problems relating to the upper atmosphere. The recent rocket data obtalned
by the Air Force Geophysics Laboratory! revealed an intense band structure in the spectral
region between 2800 and 3500 ecm-l. The band is clearly distinguishable from the
4.3 micron CO, band and it spreads 1n a range much broader than what is generally
considered of the OH vibrational fundamental (Av = 1). We at UMass have been engaged in
a laboratory experimental program which studies the physical chemistry of the upper-
atmospheric infrared radiation through the spectrometric technique.2 In so doing, an
electric discharge column of enormous size is formed at low pressure, and the resulting
infrared emission is studied by using the technique of Fourier spectroscopy. Recently
we detected a spectral feature which is identifiable with the one seen between the
4.3 micron CO, band and the OH vibrational fundamental in the AFGL rocket data.
Consequently, we succeeded to identify the feature as the NH vibrational fundamental.

The results obtained from the spectral analysis of this band have already been reported
by us at another meeting.3 In this paper we will present the technical side of our
experimental effort.

Our interest 1s focused on the region in the upper atmosphere above 60 km, where the
pressure remains below 1 torr. Our study is concentrated on the infrared emission
generated by electronic excitation at a level of 20 ~ 30 eV at such a low atmospheric
pressure. Our basic experimental approach to the study is twofold: (1) by forming a
long electric discharge column to produce the infrared photons of various atmospheric
species in a large number; and (2) by using Fourler multiplex spectrometry to optimize
the efficiency of collecting the generated infrared photons. By combining these two
features, we were able to enhance the detection sensitivity to such a level that only
15 minutes observation time is required to cover the entire InSb spectral range
(1800 - 7800 cm~1) with a resolution of 1 em-1l.

Experimental setup

A central feature of our experimental setup is a 30-meter long, l-meter diameter
~ylinder used as a container of the discharge source, which is formed between a 12-meter
long central electrode and the external wall as shown in Fig. 1. An a.c. 60 Hz voltage
of up to 1000 V is applied between the electrodes, activating the discharge. The inter-
ferometer accepts the infrared radiation through a KBr lens placedat the exit port of
the discharge source. The interferogram signal is detected by an InSb detector housed
in a liquid nitrogen dewar. The path difference is monitored by the interference fringe
siegnal of the HeNe cw laser 1line 6328 (air wavelength). The detector output is
properly ac-amplified, synchronously demodulated, integrated, and finally converted to a
diglital signal by an analog-to-digital converter, which is triggered by the zero-crossing
position of the laser interference fringe reference sipgnal. The digitized interferogram
sirnal is then recorded on a mass storage device (a floppy disk) under the control of an
L3I-11 minicomputer. After completion of the interferogram measurement, the interferogram
data 1s post-processed uslng our rentral-site large-scale computer, CDC Cyber system, for
f?“ Fourler transformation, ete. Our data acquisition scheme is shown schematically in
E" . 2

&
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Fig. 1. Schematic representation of the discharge column (not to scale)., Mirrors M)
and M2 are focused on each other, resulting in three passes through the
discharge column.
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There are two components which crucially affect our experiment and which we will
discuss in detail. One 1s the source arrangement, and the other is the interferogram
data acquisition scheme.

Source

The optical cell which is used to house our glow discharge source is generally known
as the "Pfund" cell. The discharge column formed between the electrodes is seen thrice
along the optical path, thus forming an equivalent 36-meter long discharge column. The
discharge region extends only 1/3 of the entire cell length, leaving 2/3 of the cell a
discharge~-free space. This apparent disadvantage created by the discharge-free region is
a blessing in disguise from the experimental point of view, since it prevents the mirror
contamination caused by the electron bombardment.

An importsnt parameter which controls our glow discharge is the excitation energy
released to th¢« atoms and the molecules. A rough estimate of the excitation energy can
be obtained in thr following way. The electric field in the cell is given as a function
of a distance r (messured from the center) by

= —l———_ - (1)

b s
P(lng)

where V is the electric potential applied between the electrode of radius a and the wall
of radius b. The electrons pick up their energy under the applied electric field and lose

168 / SPIE Vol. 191 Muttiplex and/or High- Throughput Spectroscopy (1979)
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OBSERVATION OF NH INFRARED EMISSION USING FOURIER SPECTROSCOPY

it when they collide with a molecule or atom. The loss of energy occurred at the
collision turns into the energy for exciting the collision partners, for our case either
molecule or atom. This energy loss suffered at the coliision is usually resupplied
between collisions. The mean free path <x> of these electrons, i.e., the mean distance
between the successive collisions, 1s generally characterized by

=1
<x> = s (2)
where n is the number density of the colliding molecules and o a quantity called the
collision cross-section. If an electron moves parallel to the field, it gains 1ts energy
by <x>eE, which is calculated by

eVp
E = e<x>E = o

— (3)
r(lng)Nop

It is seen that the excitation is the highest in the vicinity of the electrode and that it
reduces toward the outer wall. For a typical example, we can assume o ~ 10-16 ¢cm2,

V = 1000, and n = Nyp/pgy = 7.071 x 1015 for p = 0.2 torr. The field at r = 30 cm is about
13 V/cm, while the mean free path is about 1.4 em. The excitation at r = 30 cm would

reach 18 eV = 145000 cm~!. 1In reality, the electrons do not necessarily move parallel to r
the line of force, and the cross-section ¢ is dependent on the electron energy. Nonethe-

less, the value estimated above for the excitation energy agreed well with the
experimental data obtained. In the glow discharge spectra of oxygen, for example, many
infrared atomic oxygen lines are observed, which are produced in quantum transition
between two highly excited atomic levels. By identifying the levels involved for the
observed infrared atomic OI lines, it was found that the excitation energy in our glow
discharge generally reaches a level of 20 eV. Even though some excitations may exceed
this value by a substantial degree, it is safe to assume that a majority of the infrared

.photons observable in our experiment are indeed generated in the processes which require

an excitation energy of about 20 eV or less.

One thing noticeable is that the excitation is very sensitive to the gas pressure.
Once the gas pressure is above 0.5 torr, the glow discharge which is indicative of
transitions between the electronic states is confined to the vicinity of the electrodes,
leaving a dark space elsewhere. For heteronuclear molecules, the infrared emission does
not necessitate the electronic transition. An absence of the visible glow discharge does
not eliminate a possible infrared emission. However, for homonuclear molecules, the
visible glow dlscharge which usually indicates a presence of the electronic transitions
to the ground state is necessary to produce infrared transitions.

The voltage applied to produce a glow discharge is 60 Hz a.c. It is obtained from
the ordinary 60 Hz power, through a step-up transformer. D.C. voltages did not produce
stable discharges. The central electrode is usually water-cooled.

Data acquisition scheme

Two factors that require special attention when implementing infrared emission
spectrometry are of particular concern to the quality of the spectral recovery achieved )
when using multiplex spectrometry. The first is an inherent intensity instability of
the electric glow discharge source. The second is the temporal behavior of the
excitation-relaxation processes of the various species. The physical condition leading
to the glow discharge emission must be carefully adjusted for the maximum intensity
stability. The d.c. discharge, as mentioned above, failed to produce the intensity
stability required. The a.c. discharge was found to be much more stable, as it suppressed
the formation of arcs. However, the a.c. discharge creates an excitation-relaxation
sequence synchronized with the voltage cycle. Within each excitation-relaxation cycle, -
every spectral component produced in the discharge foll .s its own sequence pattern as a
function of time, and 1t is expected to repeat this in every cyecle. The data acquisition
scheme must be implemented with this temporal aspect of the a.c. source in mingd.

The electronics used in the conventional signal acquisition scheme, a lock-in
amplifler, accomplishes the integration of a demodulated signal by an RC filter network
which acts on the temporal flow. In consequence, it fails on two accounts. First, it )
produces no correction to non-uniformities of the interferometer drive.“* Distortion in -
the obtained spectrum may become pronounced whenever one tries to push the interferogram
measurement over a threshold path difference set by the drive non-uniformity. Secondly,
it fails to correct a phase mismatch between the lock-in amplifier demodulation and the
excitation-relaxation sequence of various spectral components.® The effect becomes
pronouncedly evident in the infrared where the excitation~relaxation cycles vary
considerably among the observable species because of a large difference in their
radiative lifetimes.

SPIE Vol. 191 Multiplex and/or High-Throughput Spectroscopy (1979) / 17
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At the time of writing this paper, we have not completed the electronics scheme
which accommodates the time-resolved multiplex operation. YLUpon its completicn, we plan
to take the data with a time-resolved capability. Until now, we have taken 2all the data

g with the conventional lock-in amplifier scheme.

‘ The intertferogram data processing and the spectral data re~overy are all pertformed !
k! using our central site CDC Cyber system. We hope to improve the present 300 BAUD data-

i linkage by installing a 1200 BAUD modem in the near future. For the processing of the

65,536~point interferogram data, which produces a spectral resolution of 0,17 em™* <ver

the range of 0 to 7899 cm—l, we belleve that our off-line processing scheme 15 a workable

and practical solution. 1In a case such as ours, where the emission spectra must te

examined over a broad spectral range, the advantage offered by a large-data-polint

Fourier transform processsing scheme using a large scale computer is well appreciated.

With a fast CRT display scope directly connected to the main frame, we arz able o

inspect the data over a wide spectral! range very efficiently.

[T SR N

Observation of NH infrared emission

aot

The NH molecule is a free radical which reacts to the NO molecule with a f
reaction rate. It has been generally considered that the decomposition process,
NH3 + NH, 1is the only feasible generation mechanism. The recombination process

excluded as ineffective for formation of NH.

was

The spectrum shown in Fig. 3 was obtained by the electrir discharge in 0.1 torr of

air, which corresponds to an altitude of 60 km in the atmosphere. The spectral frature

Qb gvsl

. A ' 1
2500 s 3000 ' 4600 m'_. 8000 6000 7000 ]
Flg. 3. Infrared emission spectrum produced by an electric discharge in air. Besides
the indicated NH and OH emission, NO, CO, CO?, “2’ 0I and NI are als~ cbserved.

seen between 2700 cm_l and 2500 cm_1 varied its Intensity considerably from time to time.
The higher cm~+ end of this feature was known to us already as the 0OH vibrational
fundamental, Av = 1. With the knowledge that the OH is formed as a derivative in the
presence of Hp0, we reasoned that a parameter responsib.e for this phenomenon Is the
moisture content of the air used in the discharge source. Being afraid of an irreparable
contamination to the electrodes caused by excessive Hp0, we substituted hyvdrogen,
expecting the same effect. The spectrum shown in Fig. ¥ was obtained by the discharge of

3 Parts AIR
IPart Hy

4+
-
-
3

2000 4000 6000

Frequency cm-

Filg., 4. The spectrum of an alr/Hp discharge. The addition of hydrogen to the air
quenches COp (Avy = 1) emission., NH and OH becume the dominant emitters,
along with atomic hydrogen (n = 5sU, 4s3),

18 / SPIE Vol. 191 Multiplex and/or High- Throughput Spectroscopy (1979}
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OBSERVATION OF NH INFRARED EMISSION USING FOURIER SPECTROSCOPY

air mixed with the hydrogen. We found, as expected, that the feature between 2700 em-1
and 3500 cem=1l was indeed enhanced. As - matter of fact, it became the brightest emitter
in the infrared range covered.

The problem of identifying the band was solved first by the spectral analysis. The
molecular constants determined from the spectral analysis indicated that the band
undoubtedly belongs to the NH vibrational fundamental. Later we confirmed this in spectra
obtained by decompesing HH; in the discharge. Fig. 5 is the spectrum obtained by the
decomposition process taken with a resolution of 1 em-1. Fig. 6 shows the well isolated
NH fundamental with a spectral resolution of Av = 0.1 em-1,

NH3

2 P L 2 - 4 - 4 - 4 L n
-+ : | \ T L | ¥ L § ¥ | L4
2000 4000 6000

Frequency c¢m-l

?ig. 5. Emission spectrum produced by an electric discharge in NH3. The decomposition
products NH and atomic hydrogen (dotted lines) are the obServed emitting
species. The NH fundamental is well isolated here.

U

2500 2700 2900 3100 3300
FREQUENCY cm-!

Fig. 6. The IH fundamental observed at higher resolution (ay = 0.1 em™1) 1in an NH,
dizcharre. 3

Now that the IH is undcubtedly formed by recombination, the nature of the recombina-
tinn process that 15 responsible for our observed NH spectra must bte investigated.
Having observed only atomic hydrogen lines in various spectroscopic data taken with the
hydrogen-mixed gases, we concluded that very few hydrogen molecules are present 1in the
discharge. The reaction in question is concelvably with tne atomiec hydrogen., If the NH
w-re formed by the process

N, + H = NH,

1 time-resolved characteristic of the NH band should difter -onsiderably from that of
the !5 bands »r that of the HI emisslon. The time-resolved technique which we already
developed® should produce some data glvineg a crucial scluticn to the problem stated
above,

Conclusion

de have proved that the Fourier multiplex technique arplied to the infrared emission
creetrometry 1o indeed powerful. {ts hirh spectrometric efficlency and wide spectral
tryergre are borth essential to the study. The technique will produce a further impact to
e study, ac it will be extended to add one more multiplexing degree to it In terms of
the Simeapesnlved capahtility.

SPIE Vol. 191 Multiplex and:or High- Throughput Spectroscopy (1978) / 19
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estion (Herbert Flicker, Los Alamos Scientific Laboratory): I gather that your Fourier
transform spectrometer is of the step and modulate design. Did you lock into the 60 cycle
excitation, and did you try locking in on a smaller time interval to insure quasi-static NH
concentration during the measurement interval?

Answer: The lock-in amplifier is referenced to 120 Hz. The interferometer is of the
continuous scanning type. We feel that narrowing the window is best done using digital
techniques. We are presently implementing these.

20 / SPIE Vol. 191 Multiplex and/or High- Throughput Spectroscopy (1979}
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II. The Infrared Spectrum of NH Vibrational Fundamental

The uv spectrum of the NH free radical, the transition between

A3w-X3£, is well known for its emission feature in the NH_, flame. The

3
NH molecule is, in this case, formed by decomposition of NH3. In our .
study conducted on the infrared emission of the atmospheric species, the
vibrational fundamental transitions (Av = 1) of the ground state X3z'
were found as one of the bright features in the mid-infrared region.l
Our experimental data indicate that the free radical can be produced by
recombination as well as by decomposition. The rotational energy levels
of the 32 state, being perturbed by the coupling of the electronic spin
angular momentum, splits into a triplet fine structure. Spectroscopically
this splitting is classified as the Hund case (b).2 The electronic spin
of unity adds to the rotational angular momentum, forming the total

angular momentum J = N+1, J = N and J = N-1.

The rotational level of the 32 system has been studied by many
workers since the early days of quantum mechanics. KXramers derived the
energy levels of those splitting in first approximation.3 Hebb obtained
an expression identical to the result derived by Kramers, although he

interpreted his result quite differently.h The first approximation

formula failed miserably when it was applied to the case of an oxygen

molecule which has the electronic ground state wave function configura-

3

tion I . Consequently, Schlapp recalculated the energy levels in a

ridk

more exact expression for achieving an improved agreement.5 Revisions

to the Schlapp formula were later discussed in a series of papers by

Miller and Townes,6 Mizushima and Hill,7 West and Mizushima,8 and most

9

recently by Steinback and Gordy.




The rotational Hamiltonian for the 32 state is given by

! B, = B+ £ (3% -6%) + yi1- (1)
where the first term represents the rotational kinetic energy, and the
other two terms are the perturbation by the spin-spin and the spin-
rotational coupling, respectively.lo In this expression ﬁ is the angular
momentum of the nuclear motion defined in the body-fixed axis, é is the
electronic spin angular momentum, and SC is the component along the
molecular axis. B is the rotational constant, A is the coupling constant
for the spin-spin interaction, and y is the coupling constant between ﬁ
and é.

The rotational energy is determined by solving the Hamiltonian,
Eq. (1). Experimentally the rotational spectrum of the 35 system retains
a close resemblance with the lZ system, which forms both the P and R
branch corresponding to a change of N (=J for the 12 system) by either -1
or +1. These rotational transitions are conventionally designated by

- either P(N) or R(N), where N refers to the rotational quantum number of

*
the lower energy level. A close inspection of the 32 spectral lines

reveals that they are split into three major lines grouped very closely

and that other weaker lines are formed in a vicinity. Because the

spectral pattern observable for the 3

I is very similar to the case for
- the lZ, the energy expression which is obtained by solving the Hamilton-
ian, Eq. (1), would take a convenient form for interpretation of the data

»*
For a complicated system, both transitions for AJ and AN are included in

the designation as (ANAJN"N,). For an example, the transition between

) N'=3, J'=2, and N"=1, J"=2 is designated as SQ31, indicating AN=2
between N'=3 and N"=1 and AJ=0.

-

otz e - e




if the rotational kinetic energy term Bﬁz is diagonal. (The angular
momentum ﬁ is a component of the total angular momentum 3 = ﬁ + é, which is
a constant of motion. Thus N is not a good quantum number.) The rest in
the Hamiltonian are treated as the perturbation term, even though the
coupling constant A may be larger than the rotational constant B as for the
case of some molecules. The resulting expression would reduce to the
familiar form of the 12 case, E = BJ(J+1) or = BN(N+1), if those coupling
constants, A and y, are very small. There exist many expressions derived
for the 32 system by many workers (References 3 through 10). Mizushima
derived the most complete expression by extending the perturbation

calculation to the second order:

Eod =n+1)=Bn*+3n+3) - D(n* +6n*+19n% +30n +18)
+ H(n® + 9n% + 48n% + 1537° + 279r% + 2701 + 108)
-2 +3r46) - Ay - Ly (InP + 20+ 1)

—J[B(zm 3) —D(4n® + 18n% + 30n + 18)

+ H(6n® +45n* + 152n® + 279n% + 2700 + 108)—

A N(Tn2+21n+18)
m+3 6n+9

—dyQn+3) -

2
I @n® +9n* +21n+ 18)] +

lzw—ﬂ.n_ﬁ).

e 2
4NN 430+ 317 = 2)

Col/=N=m=Br(n+1)--Din(n+ NI +H[n(n + D +IA+§Nn(n+ 1)

-7 =-7nn+ )
(3)

1k




Eodl=n—1)=B(n* —n+1) - D(n* - 2n° +Tn* - 6n +2)
+H(n® - 3n° +18n* — 312> + 33n? - 181 +4)
DN - nra)—dy - by - T+ 4

+J[B(2n- 1)--D(4n® —6n*+6n -2} +

H(6r® — 157* +32n° - 3302+ 181 — 4) -

A N(T® = Tn + 4)
2n-~1 6n -3

-y - 1)~

V' @2n® -3 +9n - 4))% +

n(n - 1)

AN+ Nn? - n+ 1)}
(2n - 1)* (%)

where the coupling constants for both terms consist of two parts, a major
term indicated by unprimed symbol, and a minor N-dependent term by primed
symbol. If the rotational constant B is much larger than the coupling
constants, A or vy, and D = H = A' = y' = 0, the expression reduces to the
Schlapp formula:

E(J=N+1) = BN(N+1) + (2N+3)B - X -

/ (2x+3)28% _ 233 + v (341), (5)
E(J=N) = BN(N+1) (6)

and E(J=N-1) = BN(N41) - (2N-1) B - A +
/(2n-1)%82 + A2 - 2aB - v N. (1)

These Schlapp expressions contain no distortion terms. By comparing

Mizushima's expressions with the Schlapp formula, the distortion terms can

be easily inserted without going back to the original rotational Hamiltonian.
The energy levels are schematically shown in Figure 101(b) of Herzberg's

textbook. Each N level splits into three levels except for N = 0. An




extensive study has been conducted on the 16O2 molecule because of obvious

atmospheric interest. Both homonuclear 1602 and 18O2 have only the rotational
level of odd N values, because of restriction placed by the nuclear spin
statisties. The NH molecule being heteronuclear is free from this
restriction. The rotational levels of all N values, both even and odd,
are allowed. The lowest rotational level of J = 1, N = 0, is perturbed by
an offset of - %ﬁ + vy with respect to the non-perturbed, non-existing level
of J =0, N=0.

In the NH spectrum shown in Figure 6 'of Section I, strong lines form a
structure closely resembling the P and R branch of the lz system. A close
inspection reveals that the transitions involving N =1 and N = O are,

indeed, a well-defined triplet structure. We find that the major transitions

Ne2 = Vyape Mgy - Ny and WAL - Ny

of AN = AT = #1 (i.e., N+1 _,) form a
well-defined group for low N and that they become unresolvable as N gets
larger. '(We use the notation NJ for designating a level specified by N = N
and J = J.) The satellite transitions for AN = +1, and AJ = 0 (i.e.,

N+1 N+1N - NN’ and so forth ) are observable for low N, and

IS TS
those for AN = +1 and AJ = +1 are found very weak.

The observed line positions given in Table I were used for the spectral
analysis. Their designation is conformed with that used for the 12 system,
because a majority of strong lines formed by a blended mixture of the major
transition, AN = AJ = #1, are structured very similar to the 12 system. The
line designated by P(N) is actually composed of a major-transition triplet,
n-2 = Ny )» (82
triplet, (N+1N -N

(N-1 Y, and (N-lN_l - NN), and that by R(N) is a

¥~ Vg1

), (N+1N+1 - NN), and (N+1N+ ). The calculated

2~ My

N-1

P
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positions were obtained by the revised Schlapp formula which includes the

distortion term. For the lines not fully resolved into a triplet structure,
they were determined by counting all transitions in a close vicinity with

a proper strength factor. The transitions which occur between N = 0 and

N = 1 are split into a well-defined triplet structure. The position given
for R(0) is for the position of 0,-1, and P(1) for 1,-0,. The spectro-
scopic constants listed in Table II were determined using all observed line
positions. In so doing, we came across a puzzling fact that the rotational
parameters B, a, D etc. thus determined a good fitting to the observed line
positions within a given vibrational transition (r.m.s. error ~ 0.0l cm—l),
while the vibrational parameters wys wexe, and weye failed to produce a

good fitting on the vibrational center frequencies (r.m.s. error ~ 0.1 cm-l)

No conclusions have been reached on the origin of error found on the
vibrational fitting. Malicet et alll reported the band center AG1/2 and

AG of the 32 state as 3125.49 em™T and 2968.89 em . Their values for w,

1

3/2

and w x  are 3282.09 cm — and T78.3 cm—l, respectively. [The value of "

quoted in their original paper contains an 6bvious arithmetic error.} Our
observed values for the band center are AG1/2 = 3125.589, AG3/2 = 2969.518,

2654 .848. Our valuesfor wy = 3280.85 cm-l,

AG /o = 2812.60k4, and AG

5 T/2

-1
WXy = 77.4L0 em ~, and WY

-1k cm-1 have a better accuracy than those

determined using the uv data.
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Table I

Observed line position of the NH infrared band

R branch

observed position

N
1-0 band
0 3157.
1 3187.
: 2 3215.
3 3243.
b 3268.
5 3293.
6 3315.
1 3337.
8 3356.
2-1 band
0 3007.
1 3028.
2 3055.
3 3081.
: L 3106.
5 3129.
6 3150.
! 7 3170.
, 8 3188.

*3ee the text

TUO *
050
740
010
810
150
910
150
840

0TO*
1ko
580
590
150
210
710
610

800

[«

-1
m

-.032
-.013
.034
.009

.005

-.025

.008
.013

-.008

-.001
-.008
-025
.008
-.007
-.015
-.001
.030

.143

3092.
3059.
3023.

2987.

2950.

2911.
2871.

2831.

2937.
2905.
2871.
2836.
2800.
2763.
212k,
2685.

P ®dranch
observed position

310#%
090
830
510
080
580
950
480

310%
390
490
480
350
110
8ko

500

Oo=C

-1

cm

.008
.003
.025
.012
.015
.0k43
.038

. 007

.011
.003
.002
.007
.001
.008
.01k

.008

are e oy o o

il Mo ot e S




st e o =
o N

N R branch o~c
observed position -1
2 vend e.oo0w " o0s
1 2868.990 -.01h
2 2895.090 .021
3 2919.770 -.006
L 2942.980 -.008
5 296k . 700 -.00k4
6 298L4.890 .010
7 3003.550 -.001
8 3020.590 .021
4-3 band
0 2682.830* .072
1 2708.370 . 017
2 2733.1k0 .015
3 2756.480 .019
4 2778.310 . Okl
5 2798.680 .005
6 -
7 2834.840 .0b5
8

*gee the text

P branch

observed position

27182.
2751.
2718.
2685.
2650.
261k,
257T.
2538.

2625.
2595.
256k,
2532.
2Lo8.
2463.

cm‘l

080#%
L4o
8ko
050
160
100
120

8ho

390%
950
520
060
L30

T10

.029 1.0
.009 .9
.002 .8
.052 b
.038 .3
.1k9 .0

.038
.003
.033
.027
.062

.096

Oo=C wt 1
-1 i
cm
.009 .8
.005 1.0




Spectroscopic constants

Table II

of NH electronic ground state (X3Z)

Pl
[}

AL+ ALV

3280.85 cm

1

T7.40 et

-.14 cm-1

16.67Th em™t

.650 em™t

17.6 x 1o'h c

-41 x 1o'h

.911 om™ L

-.013 em™t

-.055 em+

.0037 _—

21
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Excitation of N, and Formation of NH

2

The following brief analysis is presented to develop an understanding

(1) of the role played by the nitrogen molecules in the infrared radiative

processes, and (2) of the formation mechanism of NH observed in our glow

discharge source.

The electronic energy states of N2 listed in Table I are classified

into two major categories, the triplets and the singlets.l The adiabatic

molecular potentials of the triplet state are shown in Fig. 1, and those

of the singlet in Fig. 4. The glow discharge excites these levels by means

of the electronic collision. The integral cross-sections for the electronic

excitation have been experimentally determined by Cartwright et al as a

function of the incident electron energy.

2,3 They are shown in Fig. 2

for the triplets, and in Fig. 5 for the singlets. The excitation to the

3
C L

state seems most efficient compared with other excitations in an

energy range below 20 ev. The de-excitation by means of interaction to

the radiative field is specified by the transition probability, shown in

Fig.

3 for the triplets and in Fig. 6 for the singlets. The singlet

states de-excite to the ground state at a rate much faster than the

. i
triplet states. The radiative transitions observable in the infrared

region are:

(1) the first positive band of B3ng-A3z:
(2) the Wu-Benesch band of w3Au-B3ng

(3) the McFarlane IR band of wlAu-alwg
(4) +the McFarlane IR band of alng-a'l‘z;.

In our glow discharge excitation, all states shown in Figures 1 and k

would be produced as a result of the direct excitation by the electronic

22
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collision. The energy available in the glow discharge for the excitation
is certainly high enough for the transitions. The produced atomic oxygen
emission furnished supporting data for the excitation.5 The upper state
B3"g for the first positive band transition is populated by three possible
mechanisms:

(1) the direct ex~itation by means of the electronic collision;

(2) the intersystem cascading from the WBAu;

(3) the intersystem cascading from the C3nu

The Wu-Benesch band transition involves radiative transfer
to and from W3Au which is populated by both the direct excitation
from the ground state and the intersystem cascade. The tran-
sition is inter-related to tne first positive band, since

it :s one of the populating mechanisms to the B state. Both transitions
of the McFarlane IR bands are interconnected; the wlAu is populated by the
direct excitation, and the alng is populated by both the direct and the
intersystem cascading process w-+a. There should be a definite distinction
in the infrared emission of N2 between that produced by the triplet system
and by the singlet system. The former is always accompanied by the first
positive band observable in the near infrared, and the latter is devoid of
it. When the incident electron energy is above 30 ev, the emission by the
singlet system would dominate because of a large cross-section for the
alﬂg state in the region. In contrast to this situation, when the electron
energy is below 30 ev, the emission by the triplet system would take over.
The glow discharge condition obtained in our experimental setup favors the
emission by the triplet system, dictated by the average electronic

acceleration between the collisions.

The CBnu state, having a rather large cross-section in the lower




electron energy renge, may play an interesting role in the excitation
mechanism of our glow discharge source. The state is characterized by the
decomposition to N(hSO) + N(2DO) with a low dissociation energy of ~ 1 ev.
f‘ If in the glow discharge a product is formed in a reaction of N2 with an

* 3

atom, say X, specified by N, + X > NX + N, tae C ™ state is able to serve

2
as a very plausible candidate for the reaction because of its low dissociation
energy. The proposed process above is a good candidate for a recombination
mechanism of the observed NH infrared band. The adiabatic molecular
potentials of NH sketched in Fig. 7 show that the A3ni state of NH

decomposes to N(EDO) + H(2S), and it has a dissociation energy estimated

2.6 ev. The atomic hydrogen is certainly abundant in our glow discharge

source,5 evidenced by many observable infrared HI lines. It is a safe

assumption that the atomic hydrogens are available as a reactive collision

partner. Thus it is very possible that an exothermic reaction
n, (cn )+ 5(%s) > m (a3n) + n(*s%) |

3

would ocevr in our discharge source. The ground state Xt of NH is formed

by de-exciting the A3ni state. The C3nu state of N2 de-excites to the
r B3n state rather quickly with a lifetime 5 x lO_8 sec. The exchange
3

reaction above is required to occur at a rate faster than this value.
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Potential Energy Curve for the Triplet
States of N
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F integral Cross Section
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Potential Energy Curves for the Singlet States
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