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ABSTRACT

The visible and near ultraviolet spectrum from free jets of nitrogen

plasmas produced by an arc-jet and exhausted into a low pressure
(~1 torr) test cell was photographed under varying conditions. The
spectral characteristics were compared to the spectra obtained from

argon plasmas produced in the same apparatus. The characteristics of
" the argon spectra have been attributed to the existence of long-lived,
metastable argon atoms; the nitrogen spectral characteristics were found
to be interpretable in a similar way. The spectrum consisted of Ny (first
negative) and No (second positive) band systems, N atomic lines, and
strong impurity radiation from OH, NH, and NO. The impurity bands can
be explained on the basis of the ambient test cell gases which mix in the
jet boundary and become excited by collision of the second kind with
nitrpg'eh atomic and molecular metastables. Several gases, chiefly argon,
were mixed with the nitrogen in order to investigate the possible colli-
sions of the secend kind and thus determine the mechanisms responsible
for the radiation. Several possible mechanisms are proposed in the
report, but complete explanation must await further study. The utility of
the spectrum for diagnostic purposes was also investigated, and it was
found that portions of the principal molecular bands are masked by the
impurity radiation and that high resolution is required for their use in
. order to measure rotational temperature.
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SECTION |
INTRODUCTION

Analysis of the spectral radiation emitted from high temperature
gases has come to be regarded, potentially, as a most useful diagnostic
method for measurement of the properties of supersonic plasmas used
for aerodynamic testing purposes. The method avoids disturbances of
the stream which are characteristic of immersed probe methods; this
is a great advantage for high temperature reactive flows because of the
chemical and electrical behavior induced when the gases are disturbed
as well as the thermal cooling problem of the probe. Some success in
using spectroscopic methods for diagnostics of electric arc-heated gas
flows has been achieved in the past for the monatomic gas, argon,
(Refs. 1, 2, and 3) but only after a very clear understanding of the
excitation and radiative mechanisms was obtained. The research re-
ported herein contains work of an introductory nature on the charac-
teristics of a particular diatomic plasma, nitrogen.

The resulis of previous studies of a supersonic free jet of arc-
heated argon plasma by spectroscopy may be summarized as follows:

1. The arc region contains neutral lines, a few ionic lines, and
a strong continuum of magnitude equal to about 30 percent of
that of the strongest neutral lines. The excitation temperature
measured in this region ranged from 20, 000 to 12, 000°K
(Ref. 1).

2. The low density free jet contains highly excited atoms and
radiates over a length of 3 to 4 ft downstream from the source,
even though the gas temperature is very low (100 to 1000°K)
over most of this low density region.

3. The source of the radiation from the expanded plume is be-
lieved to be metastable atoms, which are created in the arc,
are swept downstream, and then are excited through collisions
with electrons and radiate (Ref. 2). The metastable energy is
given up through collisions of the second kind to excitation of
other species, such as nitrogen in the mixing boundary, which
in turn may radiate (Ref. 3).

4. The intensities of the atomic lines indicate a Maxwell-Boltzmann
distribution of the population of energy levels; therefore, an
excitation temperature may be determined (Ref. 4).

5. A theoretical method of writing the distribution function for the
population of energy levels was found (Ref. 4) which preserved
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the Maxwellian character of the distribution while increasing
the total population of each level by several orders of magnitude.
This ensured that the experimentally determined excitation tem-
perature was a valid one. Also, the new distribution function
allowed a determination of the density of metastable atoms to be
made from the absolute intensity of a spectral line (Ref. 4).

6. The excitation temperature was shown to be, in fact, the same
as the free-electron temperature by a simultaneous measure-
ment of excitation temperature by spectroscopy and the free-
electron temperature by Langmuir probes (Ref. 5).

The question consequently arises as to whether the radiation from
the plasma produced from a diatomic gas such as nitrogen will exhibit
a character similar to that of the plasma produced from a monatomic
gas such as argon. Previous work with arc-heated nitrogen exhausting
into the ambient atmosphere showed that the temperature measured
spectroscopically from atomic line intensities was of about the same
magnitude as for the argon plasma (Ref. 6). Although no temperature
measurements were made in the present study, it is shown that the
behavior for low density free jets is indeed similar to, but more com-
plicated than, the argon case.

A second objective of this spectral study of the radiation from a low
density, arc-heated nitrogen plasma is to locate the lines and bands in
the visible spectrum which show the least interference from neighboring
lines and bands and thus can be used for quantitative measurement pur-
poses. In particular, the bands of the molecular N2 or Ng systems
which appear clearest for the measurement of the rotational temperature
are sought. The choice of bands to use was found to depend strongly on
the impurity radiations in the plasma.

SECTION I
APPARATUS

The spectral measurements were performed in an aluminum test
cell evacuated by mechanical vacuum pumps. The complete physical
arrangement is shown schematically in Fig. 1. The cell is 5 ft long
with a square cross section 15 in. on a side. Measurements were taken
through a 4- by 20-in. quartz window, 3/4 in. thick. A cell pressure of
0.1 torr can be maintained with no gas flow; with the maximum gas flow
used (0.7 gfsec), the cell pressure was 2 torr,

The Gerdien-type dc arc-jet was mounted outside the cell and
positioned such that the blown arc just protrudes into the cell. It
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consists of a tungsten rod cathode and an annularly shaped copper
anode. The gas enters the rear of the arc chamber, passes through
the arc, and is then expanded into the test cell. A typical arc current
used was 170 amp at a potential of 60 v, giving an applied power of
10. 2 kw. Power efficiencies on the order of 60 to 70 percent were
obtained. A radio frequency voltage applied between electrodes was
used to initiate the arc process., The plume extends about 30 in. and
has a diameter of about 3 in. A normal shock wave exists about 4 in.
downstream of the arc. The stream is shown photographically in
Fig. 2.

A CENCCO grating spectrograph with no collecting optics and
Kodak® -type 1-N spectroscopic filmm was used for recording spectra.
The spectrograph has a focal length of 50 ¢cm and uged a 2- by 2-in.,
15, 000-lines/in., replica grating, blazed for 4000 A. A reciprocal
dispersion of 16.7 A/mm and a resolution of about 0.5 Ain the first
order resulted. Slit widths of 20 to 50 microns were used.

A nitrogen {or argon) gas flow of about 0.5 g/sec was necessary
to produce a steady plasma of sufficient dimensions. Exposure times
of 10 min or more were necessary to photograph the spectrum. The
spectral range photographed was from 3000 to 7000 A.

SECTION IlI
PRELIMINARY DISCUSSION

The composition of the nitrogen plasma emanating from the are
region of the arc-jet was expected to include neutral molecules and
atoms, the molecular ion, the atomic ion to a lesser extent, and free
electrons. From past experience with argon plasma, the state of the
gas was not expected to be an equilibrium one because of the arc heat-
ing process. The electron temperature was expected {o be con-
siderably greater than the gas temperature at the orifice exit, the
degree of ionization was expected to be greater than predicted by the
Saha equation at the gas temperature but less than if the electron tem-
perature were used, and likewise the dissociation was not expected to
exhibit equilibrium character. Again, by judging from resulis of
studies of an argon plasma and the fact that the static temperature in
the low pressure plume is less than 1000°K, the metastable states of
nitrogen were expected to play a dominant role in the radiative mecha-
nism. Thus, a study of the energy level diagrams of the nitrogen atom
and the molecular species would appear to be profitable.
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The energy level diagram of the nitrogen atom appears in Fig. 3,
where the transitions giving rise to the principal spectral lines are
designated. The most important points of note are:

1.

The metastable levels 2p3 2P and 2p3 2D of the nitrogen atom
lie at 3.58 and 2. 38 ev; the metastable levels of argon were
11. 55 and 11. 72 ev. Neglecting lifetimes would mean that the
density ratios of metastables to ground state atoms for nitro-
gen, N™/N, * are larger than for argon, A™/A, at the same
temperature condition. If the density of N'' is sufficient, then
the forbidden transitions at 3467 and 5198 A may be detected.

The energy increment from the metastable levels to the next
excited states is large, about 7 ev. Thus, the mechanism of
electron collisional excitation of metastables to higher
radiating states, as found in argon, appears to be less likely
in the nitrogen plasma. Therefore, the appearance of atomic
line radiation from upper states would require some other
excitation process.

A 38 6sUl metastable state which has an energy of 17.2 ev is

thought to exist in afterglow plasmas (Ref. 7). This energy
level is greater than any of the excited levels from which
atomic line radiation of interest occurs and may be instrumental
in producing such radiation downstream of the arc.

A partial energy level diagram of N9 appears in Fig. 4. The follow-
ing comments can be made about it and the general nature of expected
nitrogen molecular spectra:

1.

The second positive system should be the strongest band
system of Ng in the spectral range viewed, according to
observations in other gas discharges (Ref. 8).

Metastable electronic states of the molecule are;
a. A 32 : - B6.17 ev - 1 sec half-life (Ref. 9)

b, 3a, - ~7.5ev - >1/2 sec half-life (Ref. 10)

’

c. a 12{; - 8.40 ev - 0.04 sec half-life (Ref. 9)

*Superscript "m'' is used to denote atoms or molecules in electroni-
cally excited metastable states.
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d. a'l1, - 8.55 ev (Ref. 9)

e. wla, - 8.8% ev - >1/2 sec half-life (Ref. 10)

Radiation arising from these states appears in afterglows as:
a. Vegard-Kaplan bands

b. Wilkinson-Mulliken ultraviolet bands

¢. Lyman-Birge-Hopfield bands

3. Excited vibrational levels of the electronic ground state of Ny
exist at these temperatures. These have been used in the
literature (Ref. 10) to explain the excitation of Na atomic radia-
tion and to justify the direct exchange of electronic and vibra-
tional energy.

+
- A partial energy level diagram of N; is also shown in Fig. 4. If Ny
is present, its first negative band system should be observed since the
excited electronic level is at only 3, 15 ev.

Since there are so many possibilities for energy carriers downstream
from the arc region, it is expected that the excitational energy transfer
mechanisms may be quite complicated. A general rule that governs direct
quantum state transfer of energy is that the probability for transfer
reaches a sharp maximum near the energy where the energy difference be-
tween the quantum state of the carrier and that of the receiving energy is
zero (Ref. 11).

SECTION IV
EXPERIMENTAL RESULTS

During the course of these studies, the spectra of the clearly out-
lined free jet of plasma were photographed many times, at different
positions along the axis, at different operating conditions, and with
various gases mixed into the nitrogen stream. The study began with a
supposedly pure free jet of nitrogen plasma. Very strong impurity
spectra of OH and NH bands were first interpreted as an indication of
water vapor either in the nitrogen gas supply or leaking intc the plasma
generator from the cooling water and thus passing through the arc.
Analysis of the gas, use of bone-dry nitrogen, and use of cold traps
showed that the water vapor must enter the free-jet plume downstream of
the arc discharge and from inside the test cell. Consequently, the free
jet was surrounded by a glass tube, and later a stainless steel tube with
quartz windows, in an attempt to eliminate the water vapor. Some
improvement was noted in the weaker-appearing OH and NH spectra, but
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the impurities were not completely eliminated. Instead of making
further attempts to eliminate the impurities, it was decided that a
more important function would be served by providing an explanation
for the spectra, since it was certain that only a very small amount of
water vapor could be present. It appeared that some sort of selective
excitation phenomena must be present. For the remainder of the study,
an investigation of the possible means by which the observed spectra
could be excited was made. To aid this study, other gases were added,
and the results were compared to those obtained from a pure argon jet.

The following sections describe in detail the observed spectra
under the various conditicns. Variations in the intensities of lines and
bands observed are given in relative terms only, since no film calibra-
tions were made. However, the published spectral responge of type 1N
film is relatively constant in the range from 3000 to 4300 A, where most
of the comparisons of intensities are made.

4.1 NITROGEN PLASMA

4 The dominant nonimpurity molecular band radiation was from the
Ny first negative system. At least 16 bands of this system were
identified. The only other nitrogen band system observed was the No
second positive system, of which at least 13 bands were identified. The
total intensity of the N; first negative system was much greater than

that of the Ny second positive system. The strongest Ng second positive

bands were partly masked by the impurity molecular radiations, in
particular from OH and NH. Many atomic lines, of which 28 were identi-
fied as nitrogen lines, appeared in the spectrum. The nitrogen band and
line intensities were roughly constant from the arc to the shock region
and then decreased downstream at about the same rate.

The relative intensities between the impurity radiations and the
nitrogen spectral lines and bands changed along the axial length of the
plasma. The impurity radiations were weak in the arc region and were
normally the strongest downstream from the normal shock. Usually
OH, NH, and NO were observed. Three atomic lines each of H and O
were present - but only downstream of the arc.

In summary, the spectra in the normal shock region from the pure
nitrogen plasma in approximate order of intensity consisted of

N; - 186 bands of first negative system lying between
3500 and 4700 A

OH - 2811 Aband appearing in second order and
3064 A band
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NH - 3360 and 3370 A, Q branches

Ng - 13 bands of second positive system lying
between 2950 and 4050 A

N - 28 lines, from 3800 to 6800 A

NO - 4 bands appearing in second order, 2800 to
3300 A

H - 3 lines, Balmer series, Ha‘ HB' and Hy

@) - 3 lines, 3947, 4368, and 5331 A

The complete observed spectra are illustrated in Fig. 5.

Special effort was given to attempts to determine whether the for-
bidden atomic lines 2P —4s (3467 A) and 2D 45 (5198 A) appear in
the spectra, since their appearance would show definitely whether the
atomic metastables exist in appreciable quantities. Both of these lines
lie very close to other atomic lines or within molecular bands which
appear and, therefore, are difficult to identify positively. In both cases,
weak lines do appear at the appropriate positions on the spectral plates.

4.2 ARGON PLASMA

The spectrum of the argon plasrna contained not only argon atomic
lines but alsoc radiation from Ng, N2, OH, NH, O, and H. Again, the

impurity radiation enters the stream through mixing of the ambient cell
gases with the argon plasma. In fact, the Ny and NE spectra were more

intense than in the pure nitrogen plasma. The N9 second positive sysiem
dominated the spectrum in the arc region but became weaker downstream.
The N'é' first negative system was weak in the arc region but was intensi-

fied downstream until it was nearly as strong as the Ny band system in the
normal shock.

Impurity radiation from NO was not observed, and radiation from NH
was weak. The OH radiation was of approximately the same intensity as
in the nitrogen plasma. Continuum radiation was observed in the arc
region only.

A summary of the spectra in the normal shock region from the argon
plasma is as follows:
Ng - Second positive system
Ng - First negative system

A - Many atomic lines
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OH - Two bands as in the Ny spectra
NH, H, and O - Weak

4.3 NITROGEN-ARGON MIXTURE

Numerous different nitrogen-argon mass flow ratios were used for
further spectral studies. Increasing the percentage of argon resulted
in the enhancement of the Ny second positive system. The relative in-
tensities of Ny and Ng for any one stream position changed smoothly

from the pure nitrogen case to the pure argon case. The argon atomic
line radiation did not appear until about 50-percent argon was used, at
which time the nitrogen atomic lines were getting weak. Continuum
radiation was not seen in the arc region until a greater percentage of
argon than nitrogen was used.

In summary, for two cases of nitrogen-argon mixtures, the
spectra in the normal shock region appeared as:

Greater Ny Flow: Ny Ng N NH OH NO
+
Greater A Flow: Ng Nog A NH OH N

4.4 NITROGEN PLASMA IN A HYDROGEN ATMOSPHERE

The addition of hydrogen to the cell atmosphere of the nitrogen
plasma strongly quenched atomic nitrogen line radiation. The Balmer
lines of hydrogen were observed. A spectrum was taken of a pure
nitrogen plasma just after the hydrogen experiment. The comparison
shows that NH and N9 radiation is greatly enhanced in a hydrogen

atmosphere, whereas Ny is only slightly enhanced. The OH intensity
remained about the same except for the strong appearance cof the SR21

branch of the (0, 0) band which had been observed only weakly before.

A summary of the two spectral comparisons in the normal shock
region follows:
. +
Ny In Hy: Ny NH H OH No NO
, +

4.5 NITROGEN PLASMA IN AN ARGON ATMOSPHERE

In contrast to hydrogen, argon atomic radiation did not appear,
and argon did not guench the atomic nitrogen lines. There was no
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apparent change in the spectra of the nitrogen plasma when the argon
was added.

4.6 NITROGEN-ARGON PLASMAS IN AN NocOH SPRAY

Small droplets of NaOH were sprayed into the plasma stream be-
tween the arc and the shock. In nitrogen, a bright orange glow was
observed which is attributed to the sodium D-line resonance radiation.
No NE bands were observed; weak N9, H, and N, strong NH and OH,
and metallic lines from the stainless steel spray tube were observed.

In argon, the stream shrank dimensionally and appeared red in
color. The spectra showed no Na lines, but extremely strong H,
NH, and OH, strong A and N, and some N3 and O radiation. (Pre-
sumably the extremely strong hydrogen alpha line produced the red
color. )

A comparison of the two cases in the normal shock region follows:
NaOH in Ns: Na OH NH Ny N H
NaOHinA: ©OH NH H Nj A O Ny

SECTION ¥
DISCUSSION OF EXPERIMENTAL RESULTS - EXCITATION MECHANISMS

The mean lifetimes of excited atoms and molecules in the nitrogen
plasma are on the order of 108 to 1078 sec, as for the argon plasmas
previously studied (Ref. 1). Velocities at the exit of the arc-jet are
not more than 5 x 10° ecm/sec so that almost all the radiation from
states excited within the discharges should occur within 1 cm or less.
Temperatures, both of the gas (-200°K) and electrons {(~5000°K), are
insufficient to produce the observed radiation. Thus, to account for
radiation throughout the free-jet plume, some other mechanism must
exist. One energy source which seems to account for the observed
performance is long-lived energy carriers such as metastable atoms.
To account for the excitation producing the observed lines and bands,
the energy carriers must encompass a range from 2 to 16 ev, as
illustrated by the energy level diagram (Fig. 6). Thus, the search for
the energy source must encompass several kinds of carriers.

The following sections are discussions of the various types of
energy exchange reactions believed to be possible, with emphasis on
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the ones believed to be the most probable. The discussion is presented
in the same order as the experimental results in Section IV.

5.1 NITROGEN PLASMA

Possible excitation mechanisms for the spectra observed using the
pure nitrogen flow through the arc-jet are:

1. Direct Excitation by Electron-Atom /Molecule Collisions. In
the arc region where the electron current density is large, electron-
heavy particle collisions account for most of the thermal heat addition
to the gas, the dissociation, the electronic excitation, and the icnization.
Based on experience with similarly produced argon plasma (Ref. 4), the
neutral nitrogen plasma which flows through the arc has an electron
density of some 1 percent of the total number of particles, and the
electron temperature (=17, 000°K) will decrease along the expanded plume
to a value near 5000°K (approximately 0.5 ev). Thus, electrons could
not produce an appreciable number of excited atoms or molecules with
excitation energies above 1 or 2 ev. Thus, excitation from the ground
state of levels, other than vibrational energies of molecules, by electron
collisions is highly improbable. However, if molecular metastable
states exist in appreciable quantities, further excitation to higher states
by electron collisions may be an important mechanism of excitation,
just as for argon.

2. Atomic Metastable Collisions with Various Molecules. An over-
population of the nitrogen atomic metastables of 2. 38 and 3. 58 ev is most
probably present. It was pointed out in Section III that energy transfer
is most probable when the donor and receiver energy levels are very
closi:. Since the metastable energies are near those of the excited levels
of Ny and the molecular impurities that contribute so heavily to the
spectra, they would be expected to transfer their energies by means of
collisions of the second kind. These molecules will already have several
electron volts of vibrational energy in the ground electronic states.

Thus, reactions of the form

v

N™ + M

' Lo N+ M

M M+ hu*

where M denotes some impurity molecule, are possible (Ref. 12). There
is, apparently, a large cross section for this type of reaction, as
evidenced by the observed strong argon metastable-nitrogen molecule
reaction (Ref. 2). In the spectra observed in this study, MV may be

OH, NH,

*Superscript "v'' denotes vibrational excitation; superscript 'n"

denotes electronic excitation to the nth state.

10
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N%, or NO, all of which exhibit strong bands. The most probable are
NE and NH, according to Fig. 6.

Another nitrogen atomic metastable has been reported (Ref. 7), the
650 1evel at 17. 2 ev carried in a complex form of Ng. Although little
is known about this level, it is energetically possible that it could distrib-
ute its energy to the upper states of the nitrogen atom and thus produce
the atomic line radiation observed from levels as high as 15 ev. Accord-
ing to Ref. 7, one result of this level should be an enhanced population of
the 3s 2P level, and thus a very strong atomic line should appear at
1743 A. This explanation for the N-line radiation is only a tentative one,
and further study is required. An important factor would be whether the
line intensities obey the equation derived from a Maxwell-Boltzmann
distribution of states.

3. Nitrogen Molecular Metastable Collisions with Other Species.
The molecular metastable states of nitrogen range in energy from 6.2
to 8.9 ev and have half-lives up to 1 sec. As is seen in Fig. 6, the
probability of excitation of impurity molecules by direct collisions of
N9 metastables appears small because energy levels of interest do not
lie near them, even though the impurity molecules may use several
electron volts as vibraticnal energy.

Reaction equations involving several metastables, both atomic and
molecular, can be written to account for energies needed to excite the
No (CBIIu) level, thus producing the second positive system of Ng:

m

N, + N ——— N (C'l) - N

N, (C 11, Na (B M)+ hy (second positive aystem)
Energetically, the process

NBP L ND — N, (X‘Z?+ NE

N© N + hy (N-line radiation)

can populate ten excited levels of N, and perhaps more, with NI? vibra-
tion energy. These possible processes seem very unlikely because of
the small population of either metastable relative to the total particle
population. The number of such collisions is probably insufficient to
account for the atomic line and second positive band radiation cbserved.

4. Excitation by Trapped Vibrational States. In Ref. 13, it is
shown that the vibrationally excited ground state of nitrogen can excite the
sodium atom to its first radiative level. The level v©* = 7 has 2 ev, v~ = 15

11
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has 4 ev, and v'' = 24 has 6 ev so that enough energy is available to excite
N; and the molecular impurities. This is a competing process with the
N metastables, and it is difficult to assign an importance to it.

5. Chemiluminescence. In flames and discharges, emissions of
the (0, 0), (1, 0), and (2, 0) bands of OH are commonly observed. The
excitation is presumed to originate in chemical reactions involving H,
Ho, OH, and O and is discussed in Ref. 11, If similar reactions
occur in the nitrogen plasma, some initial energy mechanism is needed
to dissociate HoO and OH in the boundary region. These energies,
approximately 5 ev, are difficult to account for except by No metasta-
bles. The excitation of NH and NO can perhaps be similarly explained
by a chemiluminescence process, but no precedence could be found in
literature to support this mechanism.

6. Photon Absorption. Ozone, supposedly produced by ultraviolet
radiation emanating from the plasma and passing through the quartz
window, could be smelled outside the test cell. Thus, excitation by
self-absorption must also be considered. If the self-absorption within
the plasma is appreciable, then the excitation of upper states can be
explained on that basis. A study of the radiation in the vacuum ultra-
violet would shed more light on this possibility.

In summary then, the strong radiation from the low-lying impurity
molecules can be explained on the basis of either (1) an overpopulation
of atomic metastables which give up their energy by collisions of the
second kind, (2) transfer from vibrationally trapped energy in the Ny
ground state molecule, or (3) chemical reactions which leave the specie
in an electronically excited state. Of these three, the first is preferred
because of its prominence in argon-nitrogen plasmas (Ref. 2) and because
of the possible existence of the forbidden atomic nitrogen lines. Three
explanations were also given for the lines and bands emanating from upper
excited states, namely (1) existence of a metastable atomic level of
nitrogen at 17.2 ev, (2} metastable-metastable collisions, and (3) photon
absorption. No preference of these three can be stated without further
study.

5.2 ARGON PLASMA

An overpopulation of argon metastable atoms has been established
for the RTF Research argon plasma jet. It was expected that the nitrogen
second positive system (nitrogen coming from cell leaks and swept into
the boundary} would be selectively excited by the argon metastables since
the energy levels are so close. This was borne out in the arc region be-
cause Ng radiation is dominant there.

12
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The collision process is

A+ N (X 'z‘g“) ——— A+ N {COy)

N, {(C ,) N, (B ’ﬂg) + hv (second positive system)

An explanation for the N radiation is needed. The difficulty is that
it takes 15. 6 ev to ionize N, but only 3.2 ev to excite the N; to a radiative
level; the argon metastable atom energies of 11.55 and 11.72 ev are
unsatisfactory for either process. After emission of the second and first
positive systems, the nitrogen molecule is in the A3 2'{1 metastable state

at 6. 17 ev. The collisional process,
N, (A ’E:} + A —— N-: X ’Z;) + e + A+ 2.3 ev

may then possibly occur, or, given some Ny vibrational energy,

A
NWA'ED) + A" —— N, (BT +e= + A

-+
N3

N, B:3hH

(X 22;) + hy (first negative system)

However, a more probable process would seem to be the charge exchange
reaction,

+ +
A - N, —— A + N,

Either of these processes would explain the observed buildup of NE radia-
tion downstream.

The appearance of the NH bands indicates that both N9 and H»O are
being dissociated by some process. The following reactions could
account for the dissociation:

m

A+ N, A+N+ N+ 10Qev

Am+N,v———->A+N+Nm

These nitrogen metastables could then presumably cause excitation of
the various low-lying energy levels of the impurity molecular species,
OH and NH.

5.3 NITROGEN-ARGON MIXTURE

The results obtained when various nitrogen-argon mixtures were
run in the arc-jet served to verify the interpretations of the spectra
made on pure nitrogen and pure argon plasmas, individually. No

13
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important characteristics of the mixture that were not characteristic of
the individual plasmas were noted.

5.4 NITROGEN PLASMA IN A HYDROGEN ATMOSPHERE

Hydrogen effectively quenched nitrogen atomic radiation; hydrogen
Balmer lines appear in place of nitrogen atomic lines. The levels of
the Balmer series are from 12.0 to 13. 6 ev or slightly below the excited
nitrogen levels. The very strong NH radiation is an indication that many
of the free nitrogen atoms have united with hydrogen atoms instead of
being excited fo radiative levels. This depletion of free nitrogen atoms
is believed to be the quenching mechanism. An important peint to note
is that a high energy excitation mechanism is st111 needed for the Balmer
lines, perhaps supporting the presence of the N 630 metastable levels
since photon absorption or molecular metastable collisions would not
seem likely to produce H atomic e_:Ecitation. No explanation can be given
for the apparent enhancement of Ny radiation.

5.5 NITROGEN PLASMA IN AN ARGON ATMOSPHERE

Insignificant energy transfer to argon occurred to produce argon
line radiation. The excited levels of nitrogen and argon are energeti-
cally similar, but it appears that some overpopulated carrier near the
excitation energy is a requirement in order to excite the spectra. The
inertness of argon as contrasted to hydrogen is evident.

5.6 NITROGEN - ARGON PLASMAS IN AN NaOH SPRAY

Atomic sodium was excited in nitrogen but not in argon, whereas
strong OH radiation appeared in both. Neglecting the OH excitation
would give strong evidence of selective metastable excitation of Na be-
cause argon metastables are unable to excite the sodium, but nitrogen
metastables are. This would then be explainable on the basis of the
energy difference between the metastables and the excited Na states.
However, the vibrationally excited nitrogen may be respons1ble for all
or some of the sodium excitation (Ref. 13). The absence of N2 bands

in the case of nitrogen indicates a dependence of Nz excitation on
nitrogen atom metastables and hence a preferred excitation of sodium
by the metastables.

A consideration of the excitation energy involved shows that the
absence of Na and the strong appearance of OH in the argon plasma
are contradictory. This implies that OH is perhaps not excited from
ground state in argon but in some other process, such as chemilumines-
cence,

14
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SECTION VI
USABLE LINES AND BANDS FOR TEMPERATURE MEASUREMENT

In the use of spectral methods for the measurement of temperatures,
it is important that the methods of excitation of the levels giving rise to
the lines and bands appearing in the spectra be known (Ref. 8, p. 205).
The meaning of temperature is based on a Boltzmann distribution of
states as established by purely thermal excitations. The distribution in
emission bands occurring in electric discharges is usually a Boltzmann
type. However, for excitation by collisions with metastable atoms, by
chemical reactions or by dissociation of polyatomic molecules.
nonthermal-type distributions which do not lead to a temperature meas-
urement occur. Since, for instance, nitrogen metastable atoms appear
to play an excitation role in the nitrogen plasma, a detailed study of the
line intensity distributions within bands will be necessary before rota-
tional or vibrational temperature measurements can be interpreted. An
electronic excitational temperature as obtained from atomic nitrogen
lines would also not be usable until the excitation process responsible
for populating the upper levels is established {Ref. 4). This is especially
of concern since the excitation mechanism has not been firmly estab-
lished.

It is also necessary to establish the behavior of the distributions of
rotational and vibrational levels when rapid expansion to low pressure
is involved. In this case, the collision frequency may not be sufficient
to produce an equilibrium between vibration and heavy particle translation.
Also, it is not completely clear what role the electrons play in vibrational
and rotational excitation. Experience has shown that electron tempera-
tures do not relax to the gas temperature in the plasma plume and remain
many times larger (Ref. 4). Thus an investigation of their role in
vibrational and rotational excitation is a necessity.

As shown in Fig. 5, the Ng second positive system and the NE first

negative system overlap. Impurity radiation from NH and OH masks the
strongest bands of the weakly radiating No second positive system. In
the following table, the usefulness of the two nitrogen systems is sum-
marized.

N, SECOND POSITIVE SYSTEM

Band Head A,_zo}_ Comments

(2,0) 2976. 8 Clear, very weak .
(1, 0) 3159. 3 Masked by OH (3064 A)
(0, 0) 3371.3 Masked by NH (3370 R)
(0, 1) 3576. 9 Masked by Nj (1, 0)

(0, 2) 3804.9 Clear, very weak

15
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N3 FIRST NEGATIVE SYSTEM
Band Head A. A Comments
(1,0} 3582.1 Masked by (0, 1) No
(0,0 3914. 4 Partially masked by
N5 (3, 6) (3894.6 A)
(0, 1) 4278.1 Masked by Ny (1, 5)
(4269. 7 A)
(0, 2) 4709, 2 Clear, weak

Greater instrumental resolution can extend the usefulness of these bands
when weakly masked by others by use of only a few of the multiplets in
the band, if it can be established that a Boltzmann distribution exists.

The rotational temperature measurement of nitrogen using the bands
of the second positive system 1s discussed in Ref. 14. The rotational
temperature measurement of N2 using the (0, 0) band of the first negative
system is discussed in Ref. 8, p. 206, and contains an additional refer-
ence. In Ref. 135, the rotat1ona1 and vibrational temperatures of nitrogen
have been measured by using N2 bands because the N9 was excited
directly from Ng in an electron beam. The necessary information for ob-
taining a rotational temperature from OH emission is given in Ref. 186.
For an adequate determination of electron temperature, atomic nitrogen
infrared multiplets must be used because transition probabilities are
known for only a few lines inthe visible range, and the upper excited
levels for these lines were not studied in the present work.

SECTION viI
CONCLUDING REMARKS

In summary, the existence of the long, radiating plume at relatively
low gas temperatures implies the existence of long-lived, energy-
carrying states. These may consist of atomic metastables, molecular
electronic metastables, and trapped vibrational states. The strong
radiation from molecular spec1es having excitation energies from 3 to 5 ev,
even though these species (Nz, OH, NH, and NO) make up a very small
portion of the gas, strongly implies that collisions of the second kind are
a prevalent mechanism. That is, collisions between N metastables at
2.38 and 3. 58 ev and molecular species produce excited states of the
molecular species. Radiation from atomic nitrogen states as large as
15 ev is not easy to explain; ultravioclet absorption may play a dominant
role here, but the influence of a metastable state at 17.2 ev as reported
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in the literature cannot be overlooked. Radiation from the C 3IIu State

of Ng at 11.5 ev and greater indicates that the molecular metastakle
states from 8.4 to 8.9 ev and greater may be further excited via electron
collisions giving rise to the second positive system of No. Further study
of several other mechanisms which are discussed in the report is
necessary to confirm their existence.

Further investigation in at least two areas is recommended. First,
a study of the vibrational bands of the species OH and N; should be
made in order to detect if a selective excitation of the vibrational levels
exists. Such would be strongly suspected since the N metastable energy
is discrete. In order to excite the molecular electronic state whose
ground level is larger than the N metastable energy, the molecule would
be required to be in a vibrational state suitably above the greound elec-
tro_mq state.

) " The second area suggested for further investigation is the ultra-
violet region extending from 3000 to about 1000 A. A great amount of
insight into the basic mechanisms may be gained by such a study. In
particular, the existence of the 17.2-ev nitrogen metastable state may
be confirmed or disproved. Furthermore, study of the absorption of
ultraviolet lines and the subsequent influence on the atomic radiation
may be very rewarding. It is even possible that selective absorption of
the three principal ultraviolet lines can be used to determine the
densities of N atoms in the neutral and metastable states.

Very few molecular bands are free enough from overlapping bands
of other species to be useful for rotational temperature measurement.
However, this problem may not be as serious as it seems from these
studies. Better resolution would undoubtedly show that the structure
of the strong bands can be distinguished and that careful measurement
of wavelengths may allow enough of the basic structure to be identified
so that an intensity distribution can be found. It is important in tem-
perature measurement to establish the existence of a Maxwellian
distribution of states; once such distribution is established, then only
two or three lines need to be measured to obtain a temperature. Thus,
an apparatus should be constructed such that no impurities, mainly
water vapor, can enter the stream; this source can be used to establish
whether the distribution is Maxwellian. Then the technique of using only
orie or a few lines can be developed with more confidence, although it
still must be established that the impurities do not distort the distribution.
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