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Reactions involviog reactive apecies produced in electrio dischargea are fr
charscterzed by the amisaion of vIsblo light of maoy diferent colors,

glows and etomic flames heve bheen

uenily
e typicel afser-

aphed, and the obscrved colors (or spectral dis-

L
tributions) are discuesed with regard to the reactions from which they arise.

ptudics of thix sort are helpful for the voderstandiog of the en

al:l-crr&torﬁ
trapafer processes whin

oeoar in flames, in eleatrioal discharges, and it the upper atmesphere,

1. Introduction

Brightly colored afterglows from eleciric dis-
cha hava provided & source of laboratory demon-
sirations and wonder for nearly 30 years. In 1884
Warburg [1]* noticed that, in & tubs of nitrogen at
low pressure which wae subjected to sn electric dis-
charge, pglows persisted for a long tine after the
exciting voltage was removed, Since the beginning
of this century, afterglows in nitrogen [2] and oxyzen
[3) have bean investigated extencively. Most of the
phenomens as=sociated with these afterglows are
caused by reactions of stomic species [4]. It also
haa been found that under some conditions, in prod-
uctz of electrie dizcharges condensed us 2olids at very
low temperatures, there is an “sfterglow’™ from the
aolid [5, 6].

When dissoeciation products frotn an  electrie
discharge through gases at low pressure (0.01 to 100
mm Hg) are mixed with suitably rescting gases or
vapors, bright regions koown as atomdc flanes are
obzerved [7]. In addition to the visible light which
is pbaerved and discussed below, thera 18 also vltra-
violet and infrared emission. Spectra of flames
obtained on mixing hydrocarbons with atomic oxy-
gen [8, 9] have been uzed s & method to help in the
understanding of reaction zones in combustion proc-
eazed.  Emieston spectra of brilliant glows obtained
at the point of mixing of certain organic compoynds
with atomie nitrogen have been studied [10, 11] and
used to obtain information abont the reactions [12,
13) taking place. There is little emission from reac-
tions taking plece with hydregen atoms (7, 8] but
weak flames are ohserved from mixing ozone with
hydrogen atoms, and muveh brighter fames from
ozone mixed with both hydrogen end nitrogen
atoma [14].

1 Fipores lo bracioels Indlcsba the Iterature refareocas at the end of this peper.

Very few studies have been made of glows which
oceur in short times after the discharge, However
some observations have heen made as part of wind
tunnel visuslization afforts [15].

Previous &ttemEta to obtain color photographs of
these phenomena have met with only partial success,
However, racent developments in photographic tech-
nmiques and color film, as well as improvad control
of the afterglow and Bame systema have mads
possible the eatisfactory photographic recording of
these ¥lows. A group of photographa of charaeter-
istic glows and fAlsimes has boen assenbled in fipures
2 through 9, and i1 throuph 24; figures ! snd 1
s}lmw the apparatus uvsed for the excitation of tha
glows.

2. Experimental Procedure

Afterglows and atomie fames were photopraphed
in the apparatus shown in figure 1. High purity
gases from eylinders were admitted to the dizcharge
region by mesns of control valves visible near the
top of ﬂ?le picture. An electrodeless discharge was
maintained in 8 gquartz tube of 10 mm i.d. by means
of & microwave cavity operated at 2450 Mefa with
& maximum input power of 125 w. With this
arrangament, glows could be obscrved ab pressures
between 1.1 and 100 mm Hg. The brightest glows
occurred at pressures between 1 and 10 man Hy.
Two diffierent goses could be scparstely admitted
and mixed before the discharge. A side tube in the
cylindrical chamber (9.5 em diameter) allowed the
mixing of ancther gas downstresm from the dis-
charga. Another inlet tube aliowed pressure meas-
nrements to be mads with an aneroid type, direct
reading roanometer. A pumping line (2.5 om
diameter) was connected to & high speed, mechanical

FACUUTL pump.
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Tn order to observe very short time phenomena
the apparatus shown in figure 10 was used. In this
wpparetus, which was made of Pyrex , tha

potric discharge (245) Mefs) cocurred In w oo-
verging-diverging (de Lawal} nozzle with a throst
of about 2 mm diam and an exit of 6 Tam. The
gazez were emptied into o & em diam chamber, 104
em long. A vacuum pump with o capacity of 500
literafsec was used. Cleanliness of the n[:Ear&tus and
of the gases were essential for many of the pheoom-
eng which are pictured in this paper.

The criticsl factor for the reproducible photog-
raphy of thess phenoinena is tha correct control of
expozure lime. This was echieved through the use
of & Honeywell Pentax 3°/21° exposure meter which
has wery high sensitivity for an arceptance sogle of
3°. The narrow aceeptance angle perinita exposure
rendings from restricted regions of the flames and
thus adjustments may ily be made for small
changes in brightness, These photopraphs were
made on Kodschrome IT film {daylight type) rated
at an exposure index of 32. Exposure times were
varied from 1/25 sec to 30 sec. Chanpes of ex-
posure thine by as little 8= & [actor of 2 made the
differance between good and poor color reproduction.
For ihe longer exposures atteropis were made to
take account of the reciprocity-law failure by the
use of color correction filters as recommended by
the fihn manufacturer. However, it was found that
the best color reproduction was obtained without
the use of filters.

3. Discussion

Two general methods have been used in the study
of afterglows., In a static gas system alter pulsing
au elecirical discharge, changes of color can be
observed as function of tima. Alternatively, the
gsame phenomena can be ohaerved in & flowing ges
sﬁst&m bz & function of distance downstream from
the discharge. The observed phenomana are cansed
by various resctions of energetic species. Diifferent
color regions indicate different concentrations of
atome, molecules, and ion= and the colligion proceases
oceurring between these apecies.

There are many known species in discharges in
pure sternic snd diatomic gases: atoms and diatomic
moleculez each in several electronic atmtes, 1ome of
atoms and molecules, electrons, and photona, Con-
ditions in the diacharga aifect the relative concentra-
tions of these species. Concentrations change as a
functton of time afier the discharge with most of the
miore energetle species decreasing monotonically witlh
titne, Hoeowever in some cases, the collision procesaes
pause increases of certain species. In nitrogen at
times a few milliseconds after the discharge, the
number of lons [16] and of electronically exeited
molecules iz inereased [17], (zce fig. ). A verv
enerpetic N, molecule has been postulated us the
epergy carcter in this easa [18]). At times of tens of
injcroseconds after o discharge in very pure helium,
thera is a large increase in the concentration of elec-

tronically excited helintn atoina and diatomic heliom
molecnles {19), (see fig. 13}, The detnils of the
energy eoxchange mechanisma invoelved in these
short-lime siterglows wre not yet underatoed.

Some collision processes occurnng in afterglows
have been carefully studied. For example, the

long-time nilrogen afterpglow is understood m terms ™~

of reactions of nitrogen atoms to form molecylar

nitrogen |20]:
NOS)+NES)HMoNLZH+M (1)

M iz any third body in the three body collision

process. The electronically excited molecule of
ni n, N.{*Z;) can underzo & collision to change

s e B S o o
N2 4+ M—N(B L)+ M. (2)

This is followed hy radiation of a phaton, Aw:
No(B O —N{A 225 +hv. (3)

Because the anergy availahle in reaction {1) is equal
to the dissociation energy of nitrogen, 9.76 ov {plue
a small addition of kinetic energy of the eolliding
particles), the total en of the B*M, molecular
nitrogen 18 limited to thiz amount. As & conge-
quence, the twellth vibrational level of the BI
stata is the higheat one that can be populated. The
emission from reaction {3) is the Firat Poeitive
gystemn of Ny with 4 non-Boltzmenn distribution of
vibrational populetions, characterized in the visibla
region by a4 maximum near ' =11.

b is this ticular emission of the First Pogitive
system of Ny which gives the “straw-yellow" color
of figures 2 and 11 to the Lewis-Rayleigh nitrogen
afterglow, If the nitrogen is diloted with large
amounts of a rare gas such as helium, the population
distribution in the N:{B 'i,) state 13 changed [21]
moving to maximum populations near »'=8. This
corresponds to a shift toward the red end of the
gpectrum snd Js observed visuslly as & change in
color of the aftergiow. The chanpe in color can be
EBl:il by compearing fizures 2 and 3, and figures 11
and 12,

Impurities in tha discharge cause large changes in
comcentrations snd in the kinds of species. Addﬁ%na
of small amounts of oxygen covse large changes in
the colers of the afterglow because of reactions with
oxygen hloms formed in the discharge. Oxypen
atoms can react with nitrogen producing NO molecules
in the upper state af the 8 bands of NO, B *II:

N¢S}+0CP) + M—-NO(B 1) + M
tollowed by

EY

KO{B M—NO(X *O) L (5)

where Av represents radiation which e brightest in
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the blue region of the spectrum [3, 22], (g 4).

Nitrogen atoms react rapidly with the NO to make
N; and oxygen atoms;

N {3 + NO—=N.+00F) {6}

When sufficient oxygen is added all the nitrogen

atoms are consumed in the reactions. In the absence

of nitrcgen atoms, MO rencts with oxygen stoms to

%ﬁve NGO, in an electronically excited state [23] and
ig ia followed by the emission of a photon,

NOLOCP) L MoKO3 M )
NOI—>NOs+ho. (3)

Beaction (3) eauses the vellow green ffair afterglow™
ghown in figure 5.

Bright “atomic flames" often can be seen when
pases of vapors are added to the atoms produced in
the discharge, For example the plow produced by
reaction (8) 12 formed by adding NO in excesa of the
ainount of nitrogen utoms to the alterglow of purs
niteozen. Thus the color, and the spectral emission,
of figurez 5 and 7 are the same, If hydrocarbon
vapors are addad to nitrogen, as in figures 8§ and 22
brizhi vigible emission coused predominatly hy CN
is observed [10, 11, 13]. Atomic oxyegen mized with
bydrocarbons shows neompletely different sppearance
(Iglp{ﬂ, O and 21) becauen the emission ia due to CH
und €[5, 9]

To obeerve sleady-state afterplows at very short
times after n discharge, it haz bean necessary to use
supersonic flows from a discharge in o de Laval
nozele [15, 19]. At aueh high gus velocities, or
riither i1 zuch shorl limes, there is very little mixing
of gases as illustrated m fignre 14, However it is
possible to observe some very efficient collision
processes with  metwsleble helium  Briplet  atate
atons,  Epergy cxchange eollisions with neon canse
excitation of many electronic statea of neon {figs.
15 and 16). Oxygen and nitrogen ave lonized as
well as electromenlly excited eollisiona  with
metaatable helium atoms, by what is known as the
Penning proceass |24]:

He (253 +N,—+Ni +He {1 'Sh+e {M
He (2%} +0.—05 +He (1 13)4¢

(105

Some dissociation of molecules also occurs since
ernisgion of atomie oxyeen hag been obeerved [19].
Io figures 17, 18, und 13 the zones in the fames m
which tha various species are excited are cleacly
distinguishable from the colors: atomic and molec-
ular belium Is piok; N2 is blue; O and O are green.
The diamond-shaped regions i which the different
E.Eecias appear are characteristie of shock frents in
the supersonic flow regime.
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Frovme 1, Appnratos for producing afteeglows aond atomie fames,  The pink glow in th
exlindrical vessol Is o nitrogen alterglow o nn exeess af hellum al g prvssure of 27 mm Hi



Afterglows from Discharges Through Nitrogen

2 Pure pitrogen st 4mon Heg, pressure showing thoe typleal Lowts-Ruyleigh alterglow,
3 Safme amonnl of nltraEin in ||||',l;|' pxeess of heliim at 50 mm Hyg.
4, Approsimately 1 pereont O silded to the nitrogen of figure 2,
5

Approximedely & pereent Op wilded to the nitrogen, showing th “sle-altorglow
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Afterglows from Discharges Through Nitrogen—Centinued
Frovme 8, Short-duration, pink "suroral” afterglow surounded by the Lewis Rayledgh
afterglow nt 4 mm Hg

Atomic Flames
Frovne 7. Nitrogon atoma with added nitrin oxida (N0,

Fravwe 8, Nign 1 atoms with mddoed methylene ehloride (CH,Cly)
Frovee 9,  Oxygen stoma with added acetylens (C;H,),




11 12

Atomic Flames—Confinued

Fiouss 10,  Astrojet apparatus for prodicing heliom afterglows eod flames,

Afterglows from Discharges Through Nitrogen in the Astrojet

Fiorane 11 Pure nitrogen.
Frovee 12 Nitrogen with large excess of helium



Short-Duration Glows from Discharges Through Helium in a delaval Nozzle

Ficrae 18, Pure belinm afterglow at L4 mim Hg.
Ficrre 14 Interseotion of two high-velocity s strenms oneh showing the pure halinm
aftorglow
Fiorre 15, Same concitions ss 15014 mm Hgh with the wddition of 1o
neon downsteeam [rom the dischargs.

g4 than 0,01 perpant

Fioure 14, Sawme mixture as 15 pt 10 mm He.
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Helium Flames at Supersonic Velocities

Metastpble helium at 2

Saine mixtore ns 17, mti 4

mm Hi with oxyvgen sadded downstream from th disohnren.
b o Hi
Metaztable hellum nt 2 mm Hg with ooveen added downstream from the disehiarge

Bame mixture as 19, ot 20mm Hyg
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Flames

Atomie oxygen with ndded acetvlens (0.H,

Atomule mitrogen with added methyione ehlorine {(CH L)
Motastable holinm with added oxygen,

Metastable holivm with addsd nitrogen.





