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The nitric oxide afterglow of a low pressure pulsed, R.¥.,
glow discharge in nitrogen with swell aduixtures of oxygen has been
investigated., An oxygen inlet syeten was devised, and added to the
dischapge tube vacuum systen used by My, J, Sutherlend, A technique
was developed for obtaining & unifore sdxture of nitrogen with v U8
of oxyren. :

individual bands of the afterglow spectrum wepe stuiied, and
it was found thet all the observed bands decayed exponentially with
time. The decay conatant of the nitrogen afterglow was greater
| than that of the ritric oxdde v' = O, U bends; and the v! = 0,

! § band decay constant was 15 larger then that of the v} = 0

£ vands, The relative intensity of v' = 0, fand ( bands was
; unchanged when up to 0,15 of oxygen was added to the nitrogen, |
f The varistion of the intensity and decay rate of the afterglow
bands with oxygen added was consistent with the source of the nitric

g L T T e T

oxide afterglow being, !
HelOo ke N* + 8 :
"0 > m»u(mm»ma.ﬁwaf

band photon)
where i is an insctive particle. The rete constant for the coumbination
of nitrogen and oxygen atons was estimsted o be (1.3 & 0.5) x 10732
0o® mo1*? sec™, The rate constant for ¥+ 0y => M0 + O we
(1e4 £ 0,3) = 10™5 oo mo1™se0™ in the glow discharge, snd was
~ 2 % 106 g0 mo1*1sse™! in the aftergiow, The averaze intensity




of nitrogen sf'terglow bands corresponded 0 about 0,2: nitrogen
atoms in the glow discharge. 7This was consistent with the other
measurements, There was evidence that -the rate of attachment of
oxygon atoms to the walls of the system was proportionsl to the

asount of oxygen added in the renge of oxygen conventyrstions studled,
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Two procedures were used to obtain & uniforn mixture of a
soall percentage of oxygen with nitvogen in the discharge tube
vaguum system, '

In&oﬁuﬁnﬁoﬂm@:“tﬁtwﬂamkﬁmﬁn
%0 o prossure of the order of 10 mn Hg, and nitrogen was then
adnd tted to sbout 1 mm Hg pressure, Using this procedure, the
afterglow bands of part of the 1st positive system of nitrogen,
ond some mitrio oxide £ and ¥ bands were vecorded, The decay
v&ﬁsumdﬁuu‘mhwwwﬂum&mut
positive, and mitric axide £ and X bends was expanentisl down $o
the lowest observable intensities, For emsuple 3=

B o SSJeLIR%63 4 funotion of time,

sivilarly Ry, = SAJORISSZS . funotlon of Hoe;

where 1t2363 is the afterglow intensity of the J (0,1) nitric oxide
tand at time ¢ seconds after the shutter opensd, and It5755 is the
sorresponding integrated intensity of the (10,6), (11,7) and (12,8)
bands of the nitrogen 18t positive system,  In gemeral Ry, and
Ryp Were of the order of unity, and Ry, was lerger than Ryg, It
was deduced from the form of the decey with time of the observed

afterglow bands that the active particles in the afterglow were

romoved mainly by attachment to the walls of the systems The

values of Ry for diffevent v} = 0, § and & bands of nitric oxide
aiffered by 5¢ to 20¢ but in one perticular run Ry for the £ bands
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wes 354 less and in another yun 3§ move then Ry, for the J bends,
This was probably due to adsorption or desorption of oxygen by the
walls of the discharge tube during these runs,

In the altermative procedure, which was more satiafactory a
speoially devised preassure reducer was used to aduit doses of 0,025
of oxygen to the nitrogen in the discharge tube vacuum system, Only
the nitric oxide afterglow was studied using this procedure, and it
was found that as in the previous method Ry, = constant independent
of time, On average Ry, was 15¢ greater for the nitric oxide after- |
glow ¥ bands than for the nitric oxide afterglow £ bands for all
oxygen concentrations studied, However, this difference may have
been due to some cyclie vaviation in the concentiration of oxygen
adsorbed on the walls of the systenm,

There was a alight tm__&u By with added oxygen e.g. Tor
the U(0,3) mitrie mm% # 3.8 x 1076 01400 sec™,

mgumdeMMmﬁdm

It was found thet there was no changs in the relative intensity
of the v' = 0, Sand S nitric axide afterglow bends with added
oxygen up to 0,15(, the largest smount added, Hands from higher
levels were in general much weaker, and were not studled, For the
v' =0, fand ¥ bands 1t was found thet the wean vartation of
(Wmv)'*mamwzﬂ’un¢u,mamr
are constants, In fact thers wes & small oselllstion about thds
 mean vardation, For the observed v! = 0 fand ' bands,

o
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i i. m‘i was about & x 10™4 ml"". the values lying within I 50,

dng

lop is the afterglow intensity of an individual band, vhen no oxygen
was added L.e, g = U ‘

Using the WW and photomultiplier gysten, the intensities
of the Re¥. glow discharge bands, as well as the af'terglows, were
recorded for sose mitrie oxide bands, It was found that the intensity
of esoh band decsyed very rapidly for the firet 0.1 seconds, Us2 seconds
after the end of the R.7, pulse, and then decayed exponentially st a
slover rate, The maximum glow intensity was about 10i greater thas
the initisl intensity of the elow sfterglow; snd the imitdal intensity
of the slow afterglow wes about 100 grester than the efterglow intensity,
noasured using e shutter,

Using a tungsten lanp, the optical end recording syaten was
eslibwated in photons sec™ gemerated per ce of discherge tube, It wes

Pound that

xamuw in pmm d"m"‘ in ai

wmmum
gum (la‘ (mmmmt RS -.}
exit slit O,

# (6725 x10" = (7235) x 10" photons co™aeo™latv™,
Using published dats it wes estimated thet Iy, = 142 K5000., 15755,
By meosurement 4t was found that Iy, = O K5000 12363 From the
value of K5000 4t was csloulated that about 0.1/ of nitrogen molecules
were dissociated into etoms in the glow discharge.

M&ﬁﬁmtmhmdﬁ-dm
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afterglow is derived from the three body recomtinstion of mitrogen
astons; and the source of the sitric oxide aftergiow is the combination
of nitrogen end oxygen stoms in eollision with & third insotive particle,

BeOoor M of

!%;}* o HO o+ hv (f?. ¥ mdtriec oxide band photons).

On the besis of these reactions and others, expresaions have beon derived
in the present work for the initial intensity of the nitrogen, and nitric
oxide aftergiows, These expresalons are consistent with the result,
and used in conjunction with them indicate that the rate constant for
the conbination of nitrogen end oxygen atoms in eollision with 2 third
body 18 (143 2 0.5) = 10732 002 mol™? sec™,

this is in fair agreement with the walue O x 10™33 el "Zsec™
obteined by P. Harteck et al (Progress in Resction Kinetice', Fergamon
Pross, 1961).

It is assumed in the discussion of the results, that the nitrogen
and nitrie oxide afterglow intensity is preduced by the addition of
oxyigen, due to the ponctions N+ Og = W+ 0 and N e B0 = lig» G,
The pate constant for the first resction is estimated to be {16 £ 0u3)
£ 10°15 oe.mo1lsse™! in the glow dlscharge snd to De v 2 x 1076 oo
sol "t sec™? in the afterglow, According to the formals glven by
fistiskowsky (1957) the value of this rate constant is sbout
2z 10"‘6 ce nl"“m““ at room texpersture, The values of the
caloulsted wate consients, and the walues of Rgy and By, were
reasonsdly consistent with the U.2% mitrogen aton concentration
caloulated from the walue of KBOUG.
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There was some evidense for the rate of attachment of axygen
atoms to the walls of the aystem being proportional to the amount
of oxygen added to the system,
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If an electric current is passed through an atozic gas,

of wavelengtha,

«8s @& speotrunm of wavelen by & prism, & pattern of lines

. 7 Y B 0 . Yo
nature of the substance, though the

A o g 14 . a5 shanbs o oyl i 2 2 2 o
on the con NS, Sach 2 pattern of lines is known

1% $4 o
R Ph B Tode W7

sotruni, sgcording to the quantun theory the

ine spectrum iz due to tran wition of the outer electrons

from one Specified energy level to another specified

snergy level, Jnly are allowed, Thus only

certain wavelengths, energies, appear in the
stonde spectrum,

hocording to the quantum theory explanation of atu so

N

ectra, each electron can be desoribed by the following gquantum

manbers.

1. : CIPAL CUOANTI M Endetermines the maand tude oF

electron orblit.

0] detersines the orbital

s 2.
angulay somentum, /P« is allowed walues n=~l, n=2
down to U ‘leotrons corresponding to 2, = Upl92:3,

ete. are cslled s,p,4,0 eleotrons.

T8 oA
}. S8 :

jeternines the gouponent




of angular momentum aslong e magnetic field,

Mzl e, =2 ecomenee, <), Thus 2] + 1 states
correspond to a given wvalue of ) sy L,e, the multiplicity
=21+ 1.

he SPIN QUANTUM NUMBER My, My w3 Q. g determines the
angular momentum of the electron due to its spinning
motion, Tormelly the quantum numbers of individual
electrons coubine to give a resultent L, Similarly
the spins combine to give s resultant 85, States
corresponding to L = O, 1, 2, 3 ete, are known as 5,F,D,F
states, The multiplicity s 2S + 1 4f L> S and =
2L+ 14f L< 8, because L and 5 combine to form a
resultant J vhich takes values L + 8, L + 8 = 1, weea [, « §,
To desoribe an atomic state the following symbol is used,

(25+1)ig eege @ state has multiplicity 4,
thus § = 13, n»n.zuﬁ:.-}.

in the case of molecules the spectrum is not a series of lines
but is usually a series of brosd banis, If en individual band is
exanined by an instrument of high resolving power, it can be seen
that each band is mede up of fine lines. According to theory a
molecule possesses energy of rotation end vibration in addition
to that possessed by an atom, Changes in rotationsl energy alone

are ~ 100 qn"" while vibrationsl emergy changes are 1000 om™!,




The region of the speotrus in which & band systes ocours is
determined by the eleotronic transition; the distribution of
bands in the svstem depenis on vibratiomal energy chenges, and
the fine line structure depends on changes in rotationsl energy.
The transitions are governed by specified changes in the
moleocular guantun nusbers,
The energy of a molecule can be expressed as follows

BEa K. “ 8' + x,,.
=« Blectroniec + Vibretional + Rotatiomsl
Eméy Energy of Energy
Huclel sbout abou
equi libriun centre of
position, gravity of

systen,

The energy states of a dlatomic molecule are deteruined by

the following quantus numbers.

1o J\ determines the compomsnt of orbitsl sngular momentus
aslong the internuclesr axis., States oomam
©  =0,8,8,5 00 known a8 T, T, A, O statens

2. GPIN QUANTUM NUMBEER, 2 , deterzines the component of
spin momentum 5 along the intermuclear axis. The
maltiplicity is 25 + 1. |

3, {2 a/\+ 2 = resultant momentus veotor along the

- internuslear axis, ,
' The symbol describing moleculsr states is (ZSH)./XQ
eoze STT. has triplet mltiplioity (5 = 1), A\ =1,
Zt‘h

Trensitions from one vilwational level to snother are

e T

B e o et

-1 -




normally described as (v, vi1) transitions, e.gs (0,2) where

the vibrational level of the upper state was the zerc ons,

and the lower vibrational level was the 2nd one of the lower

1f the electronic eigenfunction of a hononuclear molecule is
unaltered by reflection at the ordgin it is a gerade (g) state;
if it 4s altered it is an ungevade (u) state.
Por & transition to have a high probtability, the following
selection rules must be obeyed, where [\ denotes the change in
a quantum number.
| ADuo, 4
A[\gm,i1
ASwo, waa AS el
There are other selection rules connected with the symmetry
of molecular states which will not be dealt with in this short

account,

¥hen two atoms 1 and 2 approach each other there is a

strong field along the internuclear axis which splits 1% into

components

]%L,| = Lyy Iy = 1,705 and Ly into components
IZ’H"ZI = L2’ 112 -1 ,“,O.‘

For the resulting molecule [\ =[ily + Mgl

and S = 8g ¢ 38 85 +33~ 1y === By =~ 5

A



the multiplicity is 25 + 1.

1% is possible for s moleculs in s stable electronio

state of greater energy than the dissoclation eneryy to
radiate or to undergo s radistionless twensition to en
unstable state having the same energy, if such s state exists,
.I!‘ the molesule should undergo e radiationless transition
the unatable state snd then dissociate, it is said to have
undergone predisscoistion,
The selection rules sve
AS =0 (stwong), = (weak)
AlNao, 24

Aj «0, AKe 0  in restricted cases.
AQ =0, 1 in restricted cases.

As in the case of transitions sccompanied by radiation
there are other seleotion rules conmected with the sy try
of miasuhr states,

1.2 Zhe Nitxogen Afterglow.
1,21 Introdustion.

%hen an sleotrical current is passed through nitrogen at

a low prossure, a pink glow is ewitted fyom the ndtrogen,

- 47 =




dhen the current is switched off an afterglow may be seen, its
duration and appearsnce depending on the gas purity and the
condition of the walls of the discharge tube,

In 1865 ¥orven studled an afterglow in o nitrogen discharge
tube, Using a condensed discharge in pure nitrogen the speotrum
of the sftergiow was found to be banded, Then considerable traces
of oxygen were present, the spectrun was observed to be continuous.

In 1900 lewis found that a golden yellow afterglow reuained
for several seconds when s nitrogen discharge wes switched of'f,
Strutt discovered that the nitrogen associated with the afterglow
nad enhanced chenlcal sctivity and it cane to be known as ‘active
nitrogen'. Strutt (1911) suggested that sotive nitrogen was
atosic nitrogen, e observed that the deep yellow nityogen
afterglow was destroyed by oxygen and that & bluish white
luminosity remeined (1912} which he thought at the time to be due
to the formetion of nitric omide, since adding trace of nitrie
oxide gave the same effect.

The yellow afterglow in nominally pure nitrogon ceme to be
known a8 the 'Lewise-Rayleigh' afterglow, This consists of
bands of the 1st positive system of the nitrogen molecule, which
corresponds o 83713 » ASZJ trensitions, Usually the §
and J and sometimes O ultrasviolet bands of nitrie oxide

accompany the Levis~iayleigh afterglow owing to suall trgoes of
axygen being present in the nitrogen, These bands constitute
the 'mitric oxide aftergiow's

w48 =
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Since 1900 the properties of the Lewis~iayleigh aftergiow

nave been determined with inorcasing precision. Various
theories explained some of the phenomens, though in some cases
the observations on which they were based were fovelids 1In
the last tmmﬂmahavimemnhmnoww show that
the onergy of sotive a&mminxmnmwm to the
presence of ground state (%3) sitrogen atoms, Also there is
mich experisental evidence to support the currently accepted
mechanism of the mitric oxide aftewglow.

12,2

The intensity of the nitrogen afterglow is proportionsl
to the square of the consentration of active nd trogen, Bonhoeffer
and Kaminsky (1926); and is also proportional to the total gas
prossare, Rayleigh (1940). The decay vete of the nitrogen
Mamzuum”m.mmmumumm
coated with metaphosphoric ecld; and the form of the intensity
MM«mmauumw;wmww
form A+ B=> AB, Bayleigh (1935)s fneser (1928) concluded
fmwwuuwmmxw.mtmmam
Wmmmmmmmwmum
atoms, and an inactive particle.

Tasson and Armour (1927 = 1928) observed that active
ndtrogen exolted the 1850./\line of Sodine vapour, The
WWM&M&»“WMMM%
this line is 8.4 volts, Teking 8.4 wolts as being just less

-i0 -




than the dissociation ereray of the nitrogen molecule the
obsorvation of the 18504, Alim sugsested that sctive
nitrogen is atomic nitrogen, [owever the dissociation
energy of the nitrogen molecule was not known to be 9.76 euVe,
and values panging from 7 eV 0 11 ©,ve Were postulated by

diffavent workerd,

The afterglow intensity distribution of the 1st positive
bands of nitrogen differs from the noymal giow discharge
tatensity distribution e.gs bandis from the v! = 12 and v =6
levels of the BTl state are especially prominent in the
afterglow, and no bands are observed with v! greater then 12,

Kaplan (1929) had observed bands of nitrogen of excitation
mnm greater than the sccepted value of the dissoelation
energy of the nitrogen molecule. This was taken as evidence
for the presence of 8 e.v, metastable molecules in sotive nitrogen,

Cario and Zaplan (1929) thus accounted for the enhanced
intensity of the v = 12 and v = & bands of the mmw.rm-

glow as follows. Aotive nitrogen contsins metasteble A
molecules in the lowsst vibratiomal level, These are excited
o the v' = 12 and v} = 6 levels of the Bgﬂgmuw‘
%m%umsmumcﬁw. The energy of the
¢! = 12 level 48 9.76 e.ve above ground state and that of the

v! = 6 lovel is B.37 euve




¥ (%) e Wy A33]) = Wy (PT15) « w0 (8)
356 0uVe + 642 0,7 > 9.75. BaVe
W (%) + My A3Z5) o Wy (BT) o ¥ (b3)
2.37 0aVa + 6o2 0, »>  B37 euv,
Wy (B TTg) > M@WI) + w
Herbert, Hmbm and ¥1ls (1937) fourd no absorption at 1492 4
uﬂ‘l?&zg by the €0 and 2P atondo states of nitrogen, and cone

cluded that their concentration was ot least 18 tines less than
the Cario=faplan theory predicted,
Te2ehe Mitun's Theowys

In 1945 Hitra proposed that active nitrogen was positive ions
of the nitrogen woleoule dn the N," (x') state)s  The following
reactions were postulated to produce the af'tergiow,

H; (') 20 N, «> My (B"ﬂ'j )+ Ny (WBz5)

Ny (33TIg) =p My (AB55) + hw

The first step sccounted for the long life of the afterglow, and
also for the ionisation assoclated with sotive nitrogen, The
energy required for the ist step in Mitra's mechanisn 4o 15.85 euve,
since the emergies of ﬁuﬁﬂg_w A3 £y states are 9,75 ewve
and 6,4 e.v. respoctively. This was supported by Kenty and
Turner's observation thet 16,3 e.v, electrons were required for
the production of sotive nitrogen.

Kaplan (1948) pointed out that litre's theory did mot
account for the spectrum of the auroral afterglow in which
Ny dons in the (X') state were known to be present.

-2l -




Strong evidence against Jdtra's Theory wes obtained by |
Worley (1948) who falled to detect aharptian by ground state l
nitrogen moleoulsr fons in & column of glowing ges 15 metres long, | I

Also Denson (1952) found that the heat released by sotive
nitrogen wes sufficient to axeite one moleoule in J50 to 9.6 euVe,
but wiorowave measuresents gave only one free electron per

2.3 % 108 molecules,

Van der Zeil (1937) observed weak predissocietion (1.1.4)
of the 18t positive system of nitwogen for bands with v! > 11,
f.0, with excitation energles > 9.76 e.ve If the resulting ‘
nitrogen atoms were ground state atons, i.es kg atoms, then the ‘
dissociation energy of the nitrogen molecule would be 9,76 e,v,
Howevey, the predissocietion was of a type known to be associated
with A\e &1, Gaydon (1953), also both /\ doubling components
were weskened, Von der Zeil comoluded that a - /\ state was pre-
dtssociating the 2 Tlqstate.

Gaydon (194h, pointed ocut that a JZ%' state oould egually
well predissociate the B5° Il state, and the change in multiplicity
corvesponding to 8 = 1 would account for the weakness of the
predissooiation,

The 3 lowest stetes of the nitrogen atom are 3, with

2,382 e,v, higher, and %P 3,575 e,v. still higher, According

to the correlation rules between atomic and molecular states(1.13)
two 48 nitrogen atoms oen give rise to a 52; state; end o ¥s

- 22 -




and & “D atom to a )\ state, According to Van der Zeil's
explanation of the predissociation of the 5% 115 state the
disscciation energy of nitrogen 18 9,76 e.v, minus the exoitation
energy of the % state, 1e0s D (Np) = 7.38 euvs Acoording to
Gaydon the dissocletion energy 1s 9,76 e.v.

1426 Beges

Cario and Reineke (1949) showed thet Yy assuming that two
nownal nitrogen stoss collide on s slightly stable *ZJ potential
eurve, ¢ rossing the D315, the seleotive enhancesent of some bands
in the nitrogen afterglow was explained, However, they could mot
acoount for the complete intensity distridution of bands in the
nitrogen afterglow,

Jockson end Schiff (1955) investigated the products of a
nitrogen discharge using s mass spectrometer, They found a 1%
inorease in the it retio with the discharge running, where Ml
and M28 are the magnitudes of the mass 14 and mass 20 peaks ros=
 pectively, leasurements were made of the current between two
slectrodes in the nitrogen for different potontial differences
bmm.mmauz.»mmmmmuwwmm
wans nessured, anﬁmgu%.mmxonud
particle and where © 4s the ionie charge, the lonisation
dnmmmmmmmammmww
not, However, the ionisation efficiency fwg = 1he
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inoressed, when the dischargs vwes asctuated, and the appesranse
potential deduced fron these observetions corpreeponded to lonisation

of b3 atons, Devkowits, Chupks snd Eistiskowaky (1956) exandned
the Lewiseiayleigh afterglow with a mass spectrometer snd a photow
maitiplier simultaneously. They found that the magnitude of the
mi#mkhmnébyammofaiwﬂmmm@

was aotuated, and that the appearance potential for mass 14 vas .
$heB 2.ve in good sgrocmont with the value for by nitrozen atous,

2p and 25 atons were not deteoted and the upper limdt of the
concentration of metastable 1325 ana o Tlg molecules was very
stall, They found that the afterglow intensity was proportiomsl

to (k)2 for all wavelength renges investigated, wheve Ny, is the
magndtude of the mesa 14 poak, Bephowits, Chupks and Listiakowsky
proposed thet the following reactions explain the nitrogen aftergiow,

*
Haealael = ﬂa* + M
¥ K

lp s = HeHell
8;(* + B .~> !;k + ¥
* :

fhere the nitrogen atoms ave ground state (43) nitrogen atous;
Ng*ﬂ( is a 525 nityrogen M, ﬂ:hn 3’“3 nitrogen
molecule; Hg! 18 an A5 nitrogen moleouls, and H is en imotive
Assaning that the 2. potential ourve orossed the BT 5
level nesr ¥ = 12, then the enhancement of the intensity of




the 12¢h vibrationsl level i explained by collision induced
mumrmi% to €3ﬂ3. -Alw.wthamﬂaa
BSK s Me>NaNe Uis foster thn ;" s X >My o1,
4% would be competitive with the production of nitrogen efterglow
photons, The enesgy for the resctiony < + M >N ¢+ N + X 48
derived from the thermal emergy of the nitrogen molecules
involved, snd since the dissosiation enorgy of the *Z. state
is small the rate of this resction would inoresse appreciably
with tespovature, Thus assusing N, s M >N + N+l ds
competitive with the afterglow, the decrease of afterglow
intensity with inovesse in temperature is explained,

Beyes and Kistiakowsky (1960) messured the relative
intonsities of B Tq >3 5] , andVa8T(y mitrogen afterglow
bands from 5000 & to 11000 &  They noted changes in the
relative intensities of bands when the temperature was altered
or forelgn gases were aided, and doduced 5 different kinetic
origing for the different groups of bands. At low temperetures
mammwman’ﬂgmx:wa'mwa
limdit about 850 em mmammwdm
nitrogen moleoule and they suggested that this was the
atssostation snergy of the 2 states

13 2k

1e3.1 ZIntzodugtion.
The presence of small percentages of oxyges in s nitrogen
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discharge has several effects depending on the actual concentration

of 02-

In very small amounts it causes an increase in the intensity
of the nitrogen afterglow, As the oxygen concentration is
inereased the visible afterglow disappears and, when the percentage
of oxygen is increased still further, a whitish continuum after-
glow is observed known as the airglow,

1.3.2 Low Oxygen Content. §

Piede and Domke (1913) and (1914) purified nitrogen by passing

. 4% over hot copper and could not obtain an af terglow,

Strutt (1915) after some controversy with Tiede and Domke
gonceded that trace concentrations of many foreign gases increase
the yiéld of active mitrogens Rayleigh (1942) observed the effect
of adding a small percentage of oxygen %o a stream of active
nitrogen flowing from a gas discharge tube, He noted that in

some cases the intensity of the nitrogen afterglow rose 32 times
and observed a time lag between the change in intensity of the
gas and the change of gas composition, Because of the time lag
he oonoludaa that the action of oxygen was on the walls of the
system,

Berkowitz, Chupka and Kistiakowslky (1 956) observed that the
afterglow intensity inereased when the oxygen concentration was
increased from 0.00% %o 0.,0%6s They attributed this to deactivatior

of the walls by oxygen so reducing atomic recombination, [However,



teufman and Kelso (1 960) from studies of inoreased dlse
sociation of oxygen by addition of nd trogen concluded that
such catalytic effects Were due to homogensous gas thase
resctions, The main dlscherge product was found to be
nitric oxide in 906 yeild, They suggested that such
mati:mauﬁa-t}; - W;‘— + 0 and ﬁw++c~>§:40
were cocurring.

Bevikowits et al (1956) also obeorved using their flow
gysten, that, when the oxygen added to the stream of nitrogen
wes inoressed from 1,88 to 75, the intensity of the afterglow
decreased by a factor of about 5; and that plots of log iand
log My, vs oxygen added were streight lines with slopes in the
ratic § to 2, I was the obssyved afterglow intensity and
¥, was the megnitude of the mass 14 peak.

fursweg, Pess and Beolds (1957) added axygen %o 8 strean
of nitrogen flowing through a discharge tube, They found
that the intensity of the nitrogen 18t positive systen decreased
by a fector of 10 when §¢ of oxygen was added to the nitrogen,
the total preasure being 1 mm Hge The intensity of the nitric
ad.do‘ F bands inoreased, when 15 of oxygen Was added; tut
decreased to a value aboub 8 times less than the initisl
intensity, when up to & of oxygen was added to the nitrogen.
1t can be seen that there ie quite good agreenent between the

results of Berkowlts et al and Kuysweg et al, both using {low

systens.
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' They concluded that initially the oxygen added was depositing

Anderson, Xavades, and Meilay (1957) observed the decey
of the afterglow intensity I with tise over a perdod of
about 50 seconds, They found that plots of I"'n time
were linesr for sbout 20 seconds, and plots of log I vs
time were linesr after about 10 seconds, The slopes of
the I’i vs time plots did not vary much with added oxygen
untdl U.3 of oxygen had been sdded, Hut the slope inoreased
rapidly by a factor of about 15 between U and Qi of oxygen.

on the walls of the discharge tube and that chemical effects
set in at 0.5 when cxygen started golng into the volume,

mn.mmm&mumemmuau
aﬂmanmmﬂnammmtmmumm
mermummwummsommm
from a ressrvolir at the start of each experiment., Although
MWMH&:W&M&»WW&W&W
afterglow some information regarding the effect of oxygen on
wmmmww«mm«mumrén
£ig.7 of the above reference. This is sumserised in the
table below,




R

1t g |
Added
el

001 100 0401
Uel3 3 Ue3
006 1647 Ua0B
0,08 12.5 Oe12
Gut1 PR Ou2
0416 63 0e30

I is the observed initial afterglow intensity Just after the

diascharge was cut off,

It can be seen that using the statle
systen the amount of oxygen required to lower the afterglow
intensity By & factor of 10 is almost 2 orders of megnitude
less than that mequired in the experiments of Deriowits et al

and Proida et sl using flow systems.

It will be seen that in the present work, where a static
system was used, the results are much eloser to those of
Anderson et al than to those of Barkowits et al or Irolda et.al.

Tobet

The ovdgin of the ni
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A
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nature of active nitrogen itself, In the last two decades,
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sinoe it hes been established that sctive nitrogen is %8

nitrogen atoms, much evidence has boin sccumalated for the
currently accepted mechanisn of the nitric oxide afterglow,
Strutt (1917) investigated the so ealled /K and § bands
of nitrogen emitted when oxygen containing geses were added
to sctive nitrogen, He could deteot no oxidation of the
nitrogen and thought the bands did not originate from the
nitric oxide molecule,
H,P, Knauss (1928) observed that the maxiwum exeitation
energy of the /ﬁ and 0 bands was sbout 3.4 e.,v, less then
the dissociation energy of the nitrogen molscule, He concluded

that umm atoms recombined emitted the nitrogen 1st positive

bands snd then exelted nitric oxide spectra.

¥illey (1937) investigated the chemical reactions oceurring
in a discharge in nitrogen and oxygen, [He found that the only
oxide of nitrogen forued in apprecisble concentration was nitric
oxide, and that in nitrogen rich mixtures some of the nitrie oxide

 was resoved by active nitrogen, Willey suggested thst the

resction Op (A‘z)tlg»zmmmmtagz Al S oxygen
molecules being formed by collision of wmexdted oxygen and
energetic mitrogen moleculss, The emergetic nitrogen molecules
would be formed by sesoubination of Ny ions and electroms.
uimwmuwxm/&.xm 5 bands of
nitric oxide exdtted in the pressnce of active mitrogen, He
observed nitric oxide bands wp to the following vibretional levels @




(g,v’uﬁx X.V’ab}; 5;""!6(;5%1':%@0::1‘%
R *&'_Ka'ﬂ, Xwézz*u)xzm and & qug_.};a“

tvonsitions), The observed vibrational levels correspond to
an excltation energy around 52,000 eu™, Other workers also
failed to obtain nitric oxide bands from vitwetional levels
higher then those observed by Gaydon. Thus it sppeared thet
prediasociation of some of the excited atates of nitric oxide
was oscurring at about 640 e.ve ( = 52500 ﬂd p
was supported by Gaydon's evidence (194) for the dissociation
energy of the nitrogen molesculs being 9476 o.ve (1,2.5)s From
‘thersochemical experiments 2 W0 « lig + Up + 1,67 ewwy, also |
D (02) = 5,084 e.v., Bichowsiy and Rossini, If D (Nz) = 9.76 ewvs
it follows that D (N0) = 6,40 e.v. agreeing with the pradissociation
limit observed by Caydon and others.

Tanaka (1954) made similar observations to Gaydon on the
emission bands of & nitric oxide afterglow, and on the spectrum
of a trsnsformer discherge through nitrie oxide, He noted that
the afterglow spectrum was cut off at 1915 A (647 esvs), but
thet nitric omide bands of shorter wavelength were exdtted from
the transformer discharge. The intensity distribution was also
different,

Tanaks proposed the following mechaniss for the nitrle oxide
afterglow 3

This view

-3 -
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% (b) '« 0(%%) « 0 (M) >W° ¢ W (T )
w0 e W XTI e bw (£ud)

Keufuan and Kelso (1957) used W& and W5 gsotopes of
niteogen, They added % 2‘32”' eontaining active nitrogen,
L0, W& atons, The vesulting nitric oxide bends Wers erl tted
by ¥4 only supporting the reaotions

e o W% o 0115 4 0

K“*QO-GH-)N“’O* * B

o™ ey 10+ b ( f5)
PN md%ommmwwmecmumﬁmwm
state nitrogen and oxygen atous in collision with an inaotive
particle.

Tonaks (1959) mede observations on the afterglows of nitrogen
and oxygen mixtures. By adding sufficient axygen to the mitrogen
he obtained the nitric oxide afterglow, The absorption spectra
of axygen and ulwrt atons were present in this stage but
nityic oxide was not obaserved to be present in absorption.

Serth, Schade, Kaplan (1959) Gbserved that vhen helius wes
added to a nitrogen, oxygen mixture the vibrationsl intensily
distribution of the /garﬁ ¥ bends was different from that in
& mixture containing no rere 5as. They stated that this was
strong evidense of an intermediate gtate being formed, s in
the nitrogen afterglows The helium cannot affect the intensity
alstribation of the 4% Z end B° Tl statesonce they are forued

- 52 -




sinoe these states have lifetimes ~ 10 seoss, but the time
botween colilsions is v 10" sess, st the pressures used, They
prop:sed that the nechanien is
¥ (bs) + 0 (%F) + He -> W (int.) ¢ He
> M0 (485, BPT1) + He

Vanderslice, Heson and Haisch (1959) were able to caloulate
potential ourves for the 4T, %5 etes states of nitrie oxide
derived from combinetion of a ground astate nit

ocen and owygen
aton, using some spectroscople data, They concluded that the
5ﬂmumnmzywmummmazzmear,
ey _

mMm,um¢mtm.mwm
mmutwmmmwmumummmw
distribution of nitric oxide bends,

mmwmmmmmm.euw
that the arigin of the nitric oxide afterglow is the combination
wammumamummamumamum.
mmm-mm«m:mmwumwuuwm
M,ummteummwm

Bromer (1960) cbserved the decay of the nitrogen and nitrie
Mmmmvmamwmm He observed
s very fast initisl decay fron the glow intensity vhich he
attributed to the removal of elsctronic excitation, The

-3
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afterglow lasted for about 40 sesonds, The decay of the
nitric oxide and nitrogen st positive bands was not mhttal.
Aplwm;l'%w.tmowghtfwabmtamm:u
the intensity of the 18t positive bandsand t is time, This
tuplies, since I = K'n® thet =48 « kn® vhere n s the
goncentration of mitrogen atons and X', K ave constants,
After 20 seconds the rete of decay ineressed, implying that
snother process wae removing nitrogen atoms, Iromer concluded
that the vete of this process which became couparsble with the
recombination rate of nitrogen atoms after 20 seconds was due to

HeOoNadW oM

10" w10+ v (£,8)

By using a olosed system and cleaning up the oxygen present the
FZu* 225 5 bants of N,* were prodused, |
Under thess conditions the decay of N, 1st positive and mitric
oxide bands wos almost expomential, Bromer considered that
this was not dus to destruction of atous st the walls, He
stated that in & 5 litre vessel at J mm.MHg. pressure, wall
deesy would be too slow to acoount for the rapld decay of the
efterglow, and so the three body recombination of nitrogen
atoms must be hindernd in some waye




APPARATUS AND PRELIMINARY FEXPERIMENTS

The aim of the work was to study the decay with time, and the
intensity of individual emission bands of the afterglow spectrum of
nitrogen, oxygen mixtures, lMost of the work was concentrated on
the nitric oxide afterglow spectrum in which only the % and {f bands
of nitric oxide were observed, The afterglow studied was the after-
glow of a low pressure, pulsed, high frequency (R.F.) glow discharge.

‘lﬁn R.F, discharge tube which had a quartz window, and was 50 em,
long and 5 em. in internal diameter formed part of the vacuum system
shown in Fig 1, The power from the pulsed R,F., source was fed onto
two eopper rings. on the outside of the discharge tube; the rings
being 4+ om, wide, and separated by about 20 cmss In the experiments
deseribed later, the period of each R.F. pulse was 0,5 seconds and
the pulse repetition time was 6 seconds,

The afterglow following each pulse was analysed by a Hilger
quartz monochromator, and detected by an E.il.I, 13 stage 6256B ]
photomultiplier, The decaying afterglow intensity was recorded
on a Brown R;co:ﬁor. The walls of the discharge tube were coated |
with metaphosphoric acid to inhibit recombination of atoms at the
walls,

The vecuum system shown in fig.1 was designed by Mr, J. Sutherland
and the glassblowing was done by Mr, K, Pike. An oxygen inlet system
(fig.11) was added to the system as shown,

- 35 =
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The electrical and optical system £fig.2 was asseubled by

e Sutherlsnd vho designed the pulse generator. The pulse
generator opevated the relay which oontrolled the shutter botween
the dischewge tube and the moncehwomator entvance slit, It also
operated the switeh for pulsing the X% voltage supplied to the
discharge tube, 4 delay box was included to synchronise the end
of the R.¥. pulse and the opening of the shutter, The shutter was
apranged to isolate the discharge tube from the monoshroma toy during
t!na.?.puluwwbom&uﬁnsmsrwmmfwchmt&m
mmwﬂumw“nmgmwmﬂmﬂnmdﬂﬁ
photomultiplier; though it was later discoverad that it wes not
essential when the pulsed R, woltage wee used, ss the glow intensity
of 8 band was of about the seme order of magnitude as the sfterglow
intensity recorded just efter the shutter opened, The use of the
shutter was in faot dissdvantageous as far as measurements of aftere
glow intonaities were concerned.

The electron current from the photomultiplier wes allowed to
flow to earth through a resistance box, The voltage developed
scross this resistance was the input woltage of the cathode follower,
mﬂmMntethﬁpanmnmmmm
less than that of the decaying sfterglow intensity, even when the
resistanse box was set at maxinus resistence, Jy varying the resistance
dmmumwmmmuvsztmmm&mmm
be varied in steps of tem.

In practise only the two most sensitive ranges (B4) corvesponding
to maximm sensitivity, end (Rz) eorresponding to fy % seximun
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Uptical System and Power Supply,
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sensitivity were used,
The nitrogen used in the experinents was drewn fyom a reservolr

of BeUsCy "mpec, pure’ nitrogen (meximum inpurity concentration 0,00
of oxygen), and the oxygen used was B,0.C, "spec, pure' oxygen,
These geses were suprlied at about atoospheric pressure, The total
gos pressure in the gysten was messured by a manometer contsining
apleson B oll of density 0,86 gms.ce™'s lower gas pressures weve
msmd uaing an Edwards Plrani gauge, end an IG2 londsation gauge.

At first some time was spent in investigating the characteristics

of the discharge tube vecuus gystem, Af'ter evacuating the discharge
tube systen, and aduitting nitrogen to e pressure of about 1 mm Hg.,
the 3.7, woltage was sppided to the tube and an orange dischsrge
observed with blue portions near the electrodes, No efterglow was
observed when the discharge wes ewitched of'f, the room being come
pletely dark, The aystem was eveousted and the procedure repeated
several times, This helped to remove impurities from the tube, and
8 yellow afterglow wes then observed in the discharge tube when the
Re®, discharge was cut off, The afterglow intensity appeared
uniform throughout the tubs, end 4t remsined visible for about

10 = 15 seconds, It wes found that the Lrightest ef'terglow was
obtained when the total ges pressure was about fmm Hg.e The

impurities residing in the systen after evacuation to about 16""‘ mm Hg
were identified from the speotrum of a low pressure 1.7, glow discharge.

o b -




1 Such impurdties as 0O, GOy, OH, H, were present, It was scwotimes
found that the afterglow of the discharge in nitrogen became weskeyw
| and weaker after each sucoereding R.7., pulse and also greyish in
| appearance. This was thought to be due to the desorption of
fmpurities from the walls of the discharge tube by the glow discharge,
Often no afterglow could be obtained, Fventuslly it was found that,
when no afterglow was present, um/hnaé(mw nitric oxide were
very strong in the glow discharge epeotrum, It wes known that oxygen
destroys the nitrogen afterglow, Tanaks, (1959), and that nitrio omide
would be formed because of the presence of oxygen. It apreared that
atoospheric oxygen was leaiing in at the jJunction of the mitrogen gas
cylinder to the aystem., ZHventuslly the gas oylinder was replaced
by & bulb of B,0.,Cs 'apec, pure® nitrogen black wazed onto the system
using a oone and sooket Joint, The af'terglow was then more yellow
in appearance and the af'terglow pulses succeeding easch R.7, glow
discharge pulse remained reproducible over the longest period in
which observetions were made,

It was found that, even when using ‘spec, pure' oxyzen, the
afterglow intensity varied rendomly from pulse to pulse., &y
running the ayele of 2.7, pulses for up o 2 hours, the magnitule
of this variation could be reduced, This is demonstrated in table 1
below, The intensity values are af'terglow intensities recorded at
a fixed time, A ¢ seconds, after the shutter opened, Two values
are shown, the maxisum velue and the mipimus value of sets of 12

- L -




consecutive pulses, recorded within [ § mimute of the times shown,

The intensities wore measured uasing the monochromstor snd photoe
multiplier and ave equal to deflections of the fvown pecopder on

Nonochrome tor Jetting 24N H 3 Entrance S1it Width 4 mm.

Haximun
Afterglow 18 | 18 [18:,5 |18 [18 [|17:8 (175 175

Intensity
Chart Divse (Ry)
155 | theB | 1649 | 15,5 | 16:5 [15:5 | 16 17

Mindman

Intensity
Chart Dives (Ry)

- : ; # S T——
e |20 3| 59 |300] 5030|338 3045 ] e
RIS NS, - S— sea——

In view of these results the ayele of A7, glow discharge
pulses wes ususlly continued for a § hour before meesurements were
mede of afterglow band intensities or decay vates,

A typlenl aftergiow trace is shown in fig.3
2.3 Linearity of the Reeording Svetes.

Two checks were made on the recording system, The lneardty
of the photomultiplier and cathode follower was tested as follows,
The entrance slit of the monochromstor was set at various widths,
and the Brown recorder reading moted with and without a half silvered
plate between the white light source and the monochromator.

bl -




Figs3. Brown Rm:- traces, showing decay with time of 2595 g -
2567 & & (0,3) Mitrlo Oxtds Aftepglow Pand
(a) Of oxygen sdded
(v) 0.5 oxygen added,
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As shown,s plot of Byown recoyxder deflection without filter
versus the corresponding deflection with filter (fig.d) is e
straight line pasaing through the origin, showing that the ratio
of deflections remained constant throughout the intensity range
observed, Since the experimental work was completed, it has been
pointed out that the straight lime plot (fig3) indicatesonly that
the following law is obeyed,

A it e n
where 1! = Brown Recorder deflection.
k = constent,
I = intensity of light emitted from the
discharge tube,
D = eonstant,
However, ¢ 1' 4s a funotion of s single power of I then on empirdcal
grounds it is most likely that n = 1, and therefore that the response
of the systes is a linear function of the intensity being studied,
umnm”nmmvmmmm
the Brown Zecorder deflection plotted against nominel slit width
resding (fig.5)s It cen be seen that this ourve is not lineawrs
Thus it cennot be assumed that intensity is proportionsl to the
entrance alit width used, Vhere intensities measured using
different entranve slit widthe have been compared, this curve has
boen used o obtain the scaling factorss

o b
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Flgshe Brown Recorder Deflection Iy without filter
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Fige5 Erown Recorder Ueflection vs lonoehromstor
Entrancs 514t Width,
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Speetrs of the R.7, glow dlacharge (fig.6) and the of tewglow

(figeba) were raphed using a fllger ssall quarts speotregraph,
and Iiford H.P.8, pletes, The shutter was used to shut off the

1ight of the RF, glow discharge, when photographing the afterglow spectrusm

mMMmWMntmtmmmmm
mteunmmwﬁmwuummmmwzmﬁw
aamz. mmmmmmmznmmmmt»m.

mede; but the densities of the bands recorded on the photogrephioc
plates were measured using s Jarreleish densitometer, and o planineter
to detersine the ares of the pesks on the demaitometer chart, The
measured photographic densities of the banis are shown in tables 2
and 3. The demsity distribution of mitric oxide bands for the glow
wm%tmumwuﬁm-muuhmw
published in Sdewve and Gaydon's 'The Identification of Nolecular
Speotra’ (I.MeBs)s Thus no striking atnormelities were svident in
the intensity distribution of the nitric oxide /fmzf bends in the
glow or afterglow,

From the teble 2 4t can be seen that the sum of the observed
glow band densities 48 109,7, and that of the bends from (I.d.) i
134, In order to compave the two sets of intensity pavemeters, the
observed glow band densities were sech wiltiplied by 382 . ,
and the banis from (LekeSs) vere multipited by 420, It can be

! mmsmwmmmmwmum
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Pig. 6

Pige ba

Befy Glow Discharge Spectyum,
Afterglow Speotrum,
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The procedure of comparing the Wnt nes surements with
published velues, i.n this way, is open to the objection that it
45 sather fortultous that the relative intensities of bands
originating from different vibrstional levels should be the sace
in two indepenient messuremsnise However, as stated above, the
agreement between the two sets of intensity parameters is fair,
The exoeptions to this ave the ( (1,0) and §(2,2) bands, for
shich the agresment is poor; possibly due to the sensitivity of
the photographic mm:m falling off at lower wavelengths. The
agresnent 1s aleo poor for the [(1,4)s £ ibds £(5:6) and

5 (4,5) bands, which were partly overlapped by meighbouring
bands on the photographic plate.

The mwmodmn's.ppuadwmmmw&u

dmﬂhmwmxnmwom thenm with the intensities
from (LoMaSe)e In this oase the obssrved bands weve well spaced on
mmmwuphu.mummmmtwwum
mmnu«mwmmumum
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The aim of the experinments was to study the effect of ocxygen on
the individusl bands of the afterglow of nitrogen, oxygen mixtures;
rother then on the integreted intensity ss Anderson, Favadas, and
Mokay (1957) hed done. 1In fact the integrated intensity of moue
bands of the mitrogen 12t positive system was recowmied, and the
ultra-violet bands of the nitric oxide £ and § aystens were reconded
individually,

The practicsl problem in the experiuments anntm@n, axygen
mu-temm-uumuawm(unmo.m
of the nitrogen added) to the discharge tube vacuum systei,
Eventually two procedures A, and B were used, When considering
such experiuents, the following sins were decided om.

(1) Removal of the meximum possible amount of cxygen from the

(14) To kesp ueasurements couperable the same amount of oxygen

ghould be resoved frou the system each tine, by, for exsuple,
evacuating and outgessing the system untll the intensity of
autuammmmn.mmmammm
decreased to a given value. This procedure was not used
as the tice required to reach a given base pressure vwes
much greater after discharges in mitrogen with \/ 0.05:
wgmMn!m&mwnthnM
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{114) To admit to the system a known smount of oxygen, the
ainimum goncentration being about O.01: of the nitrogen
gconoentretion, The last aim was adopted because Anderson,
Kavedas, and Mofay (1957) hed aduitted oxygen in steps
~ 0,015 to a nitrogen dischargs, and had observed marked
changes in the rete of decay of the nitrogen af'terglow,

The following procedure wes used to evacuate the discharge tube

systen, The systes was pusped down to about 10”7 mm Hg using the
backing punp. m;:ammnnoanm liguid oxygen; and
using the diffusion pump the systes was evacuated to 10™* mm Hg,
when all traps s, b and o were filled, When a pressure ' 2 x 105
mm Hg was reached, outgassing of the discharge tube was carried out
wmmmpuma.za.ammmwmmmm
Re¥e wlhﬁl,cﬁtwlumﬁﬁmumdtbwt‘m The
outgassing d4d not lower the base pressure much lower than 1072 ma Hg,
but wes done to remove impurities which would have evaporated off the
walls during subsequent rumning of the discharge, The most effective
wammmmm,naw.uuamw.
mwmmrafinﬁanﬂwmﬁnm?.&mmwm
for about | hours It was then found possible to puap down the aysten
w”mznammﬁm-anmm-uw
tion, If however about 0.,08( of oxygen was present in the nitrogen
when the R.P. discharge was run, the tize required subssquently %o
mhmmwhumualm. The following
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procedure for sdmitting known amounts of nitrogen and oxygen to the
gysten was the one found to be practicable, The systen was evacuated
atﬂmmmdmuhumd‘aboutzxiﬁaa& Using the
double tap device above wwmm (fige1) oxygen was admitted
to V1 by opening Tap be Tap b was then closed and Tap a opened,

The oxygen pressure in the system rose to about U1 mm Hg with the
backing pusp and diffusion pump running, The aysten was then evecuated
to & pressure of 5 x 10" ma Hg and lsolated from the pusps, The
oxygen pressure was noted, and mitrogen sdmitted to a pressure of about
1 mm Hg, mm-mmmmwmmm%‘magm |
unavoidable using the double tap system for sdmitting oxygesn to the
systen, The procedure was advantageous, however, becsuse it helped
to saturate the walls of the ligquid nitrogen treps on which oxygen
would have been adsorbed more readily than on the other parts of the
systen,

After admitting the nitrogen to the aystem, the pulsed i,
alscharge was run for about 30 minutes to obtain reproducible after=
glow pulses, The monoohromator was then set at the wavelengths shown
in table 4, and the decaying afterglows of the corvesponding afterglow
bands recorded using the photomultiplier and Brown recordesr. About
12 afterglow pulses were recorded for each wavelength setting, The
widths of the monochromstor entrence, and exit siits are also shown
in table 4, The shutter desoribed sbove (2.1) was used to shield
the monogchromstor entrance slit from the glow discharge light,
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5¢2 [osulls .

3e2.1

MnmltnMMwmmhmmu
tables 5 %o 11, It should be noted thet in runs 7 and 8 mo
oxygen was sctually edded. The amounts stated correspond to
the oxygen content given by B,0.0. Ltds A random selectica of
dmm.mmmwﬂmcatme
responding to esch wavelength setting of the momoshromstor,

" and the afterglow intensity of each selected band was messured,
mmuumwwumu.umammxn
the frown recorder deflection on vange (Ry) at time At after

the shutter opened; where A ¢ is constant and. Os5 secs,

The results of measuyemsnts of the integrated afterglow intensity

1p5755 of the (10,6), (11,7) end (12,8) nitrogen 1st positive

mmmuums,wmmmwmmm
of the §(041) nitric oxide bend ave shown in table 6, Afterglow

muummmxmmau/@(o.é)n/f(ms)m
ave included in table 7.

' fhe firet two intensities in table 5 were measured using an
entrance slit width of 0,3 mm and an exit slit width of 0.2 mam,

They were multiplied by a festor of 6 80 as to be compareble with

mm.smmmmuuauw:-m

0.3 bo.suwmwmwwcm

ol o




Ip5755 Hean Ip5755 | Oxygen ‘ﬂlﬁﬂ“
- an.(aa) Chart Dive.(Rp) | Added oo™

|
7 Bl 93 3.7 x 10

» 30 x 10 1
8 90 9

5 20 19.2 7x1

é 174 48,3 3,6 x 10'2

. 3 12 1.7 3.7 x 107




—

Nean Ip2363
Chert Dives(Rp) | Chart Divs.(Ry)

27.8

29.8

26.7

b5ed

5.6 x 1017

28,7

277
29.2

37 % ‘!Q”




Hean Ip2090

Nuuber of

Ghart Dives (Bg) ohart Dives (By) -l g
2143 - 3.7 = 10'2
1 841 3.7 x 10'2
26,5 155 7 x 10'2
3745 22.5 3.6 x 10'°
32,9 18,5 3.7 x 10'°




ot‘g. A photograph of the glow or af'terglow spsotrus has

the nitrogen 18t positive system recorded as s continuous

bend begsuse of the low dispersion of quartz in the visible reglon,
Thus the effect of decressing the exit slit width by a factor of
3 ghould be to reduce the intensity by & fector of 3, The
W&mfumhMmmﬁ- x35=6

The most important source of eyror in determining the form
of the dsoay of the afterglow bands with time was measurement
of the background intensity, As the intensity of the afterglow
degreased towards zero, it becams comparable with , or smaller
than the background imtensity, A 104 errvor in background eculd,

_aamamum.wmmmmmm

numm_mw,m_mmwmmv
measurements and also by not attempting to wmeasure intensitles
smaller than 2 or 5 chart divisions (Ry). Within the ascouracy
mmmmamwvamummuw
oxide bands was exponential, For exemple i~

Ryo - W f function of time,

and By ‘. S42ou I8 4 funstion of time
142363 1a the afterglow intensity of the U (0,1) nitrle

oxide band at time ¢ seconds after the shutter opened and It5755

- 66 =




is the corrssponiing integrated intensity of the (10,6),(11,7) end
{12,8) bands of the nitrogen ist positive system, log It5755
is plotted versus time in figs, 7 and 8, the gradient of this plot
boin;-%. Plots of log I%2363 versus time are shown in figs.9
and 10,  Values of Ry, are shown in table 8 for various amounts
of oxygen sdded to the system, Similarly walues of By, for the
5 (0,1)s. /l? (0,6) and /5’ (0,8) bands ave included im tebles 9,
10 and 11,

mcmamymumu%mumuuuuamﬂ
do not vary regulerly with the oxygen sdded to the aystem. They
probably depend on the previous treatment of the tube as well as
the smount of axygen added; e.8 By mnuzhmémnun
anummmammzsnmuwwumsmm
amount of oxygen added wes about the seme in esch csse, [This
uﬂmwmha\nhm_rutﬂutuma. (not
recordsd here), the discharge was run in nitrogen containing an
amount of oxygen comparable with that present in run 3, wheress in
run § the oxygen used was couparably pure.

nmuﬁwmvﬁnmw%fumﬁm,a) and
£ (0,8) nitric oxide bands sre 35( greater than the value of Ry
for the § (0,1) nitric oxide bend, In run 6 the values of Ry
for the £(0,6) and /5(0.3) bands are respectively 31% and AQL
less than the valus of Ry for the U (0,1) band, In other yuns
the differences in the values of Ry, for these 3 bends vary from
5t to 208,
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Figs. 9 and 10, Decay with time of the Aftergiow Intensity 142363
 of the 2370 A - 2363 A § (0,1) Mtrio Oxide Band,
Fige 9 3-7:10“%%00‘4”&
Piga10, 3.6 x 10'7 cxygen malecules oo™ added,

(tomof chart = 2,36 seconds)
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TABLR 8,  APTERGLOV DSCAY CORSTANT Ry,

s ) 3 anm O
A?z!“fv o k. "" ik ¥ dor & 50

or s sesh £ (10,6),

P 5 3 Vi

- Number of
W W ae
added oo
7 1.26 1426 37 %10
1e32
1.4 12
8 104 1.07 ’0? % 10
14008
: : —
4] al2
5 o:g:g Ve 58 7x10
w e g e |
Q.
6 o:g. 0uT? 3.6 x 10'3
0,78 .
- 4 A
1.15 13
3 ‘:1" . 117 5.7 x 10
h dad vt




| 0u75 3,6 x 1013
0.76

g'.ﬁ‘ a.# 3.7 x 1043
0.976
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ZABLE 40, APIERGLOW DEGAY GORSTANT R, OF IHE 2802 A » 2805 A

0.6) NITRIC OLIDE BAND V8, OXYCEN ADDED,
-4 Hean Nuaber of
Ry Bec Oy
- - W Ry sec™ sdded uﬂ
7 a9 09 3.7 = 1012
Ceb 42
8 Qon GeB1 307 x 10
0e85
5 o324 0e32 7 x 10'2
0e513
6 s 0,52 3.6 x 10'3
a5
0e92
3 1.18 14 3,7 x 10°3
1,18




TABLE 14, wawmm mmnmuamwA ag

of
-l SlogIAR0 | Ry s added
7 0.9  0s9 3.7 = 10'2
. 12
04605 0ut 3,7 x 10
: 00608
o - jﬂ
12
e 32k 0,32 7 x 10
5 04 324
g:::: OuhS 3.6 x 1013
y b6
i3
‘ 0495 0. 91 3.7 x 10
.
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About an hour was needed to record all the afterglow bands
during & yun, and 4t seeus likely that some change was taking
place in the discharge m,ummﬁmMag thia time,
oege ol ther adsorption or desorption of oxygen by the walls
of the veouun system, It will be seen that in experizent B,
Mm-mﬂommhmamfwthev’ae.dm
is (15 2 56 greater than By for the v! = O fbands, (3.63)s

preted, it was decided to devise » method of adding small, known

amounts of oxygen to the nitrogen alveady in the aystem, It was

mmu.wmmmm;awwmwmum

in pressure in the system as this was undetectable when ~/UJOt% of
oxygen was added to the nitrogen, m’wmm&u

below, oxygen was added to the mitrogen in amounts eorresponding

m.mwxmmﬁno"’mng.muuumutw

mwaﬂwmmuamwmmmu

s regulsr menner with the oxygen added, Alsc it was found poasible
wmmmmWMwh?ufrth-
ages of oxygen without pumping the nitrogen from the systeu,

The oxygen inlet device is shown in fig.41, Using it a suell
amount of oxyger from the oxygen reservoir could be expended into
the upper bulb end then admitted to the system, mmm
set up for an experiment in the following way. The whole aysten
was evacusted to o pressure of about 10”2 mm Hg, and outgassed
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using the 2.7, power supply and flexible gopper electirodes which
eould be secured to different parts of the system using oroccdile
clips. momwmmnmnpmodﬂmwhnmmml
wmmamwmuwmmmmm‘mmm
ALl taps 1, 2, 3, & of the oxygen inlet device were olosed, The
mlm%mmﬁrhtﬁamm.wupiw
twidmbhwtwatumttwmammhm
voluse Vje Tap 1 was then elosed, and tap 2 opened for 1 minute
‘tomnamwmtmmnnafm:uvm tsp 2 was then
elosed, mwummmtmmmmmmw
olosing tap 7e ‘Mitrogen was admitted to the aystem to a pressure
ufnmnungyummupmmammmw
bottle. mt«mwmmmmwrwn@s
a minute to admit nitrogen to the volume Vo« This step was not
essential but in any case nitrogen would enter the wolume Vg every
time tap & was opened to admit oxygen to the system, The entry
aumu%mv’mamtmwm‘mm
into the method as expleined below (3.4e2)s Tap 3 wos then
opened, and oxygen and nitvogen allowed to mix in the volume Vp
plus Voo
_x:wnnummmwu;mm




s desoribed above, the procedure for the rest of the experiment

was a8 follows, Tep 7 was adjusted so that the discharge tube
vaouun systen beceme a complete oirouit; and, with the R.7,
pulsed discharge running in the discharge tube with a pulse
period of 0,5 seconds and a repetition time of 6 seoconds, the
diffusion punp was used to ciroulate the 5,0,C. mitrogen in the
systen for about 15 minutes, This was done 0 that the procedure
would be unchanged even when mo oxygen had been added. The
_mmmmmmmmmnwhmx,m
after s further 15 minutes the afterglow pulses sucveeding each
pulse of B.¥, glow dischargs became more reproducidle, The
monochromator was then set at the wavelengths shown in table 12;
and the decaying afterglowsof the corresponiing nitric oxide bands
recorded, using the photomultiplier and Brown reoorder. About 12
afterglow pulses were recorded for each wavelength setting, The
mwn.r.ammm'n.mwmm
recording of the afterglows of different bands, This was the
case for all vecordings of afterglow bands in procedure B, After
uﬂWWWMW:&M; tap 3 of the oxygen inlet
device was olosed, the discharge cycle stopped, and the diffusion
pump switohed on, After about 5 minutes it wes confirmed that the
g6 in the systen was circulating by running the discharge for a
moment and observing the afterglow streaming out of the discharge
tube, mu«ummmmmwmmc
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& minutes later the oyecle of i,F, glow dischawge pulses was started,
After about 15 minutes the diffusion pusp wes switched of'f; tap &

of the oxygen inlet device was closed, and tap J opened to allow
oxygen and nitrogen to mix in the voluse Vy plus Vg, Al'ter s
further 15 minutes mm«mm following each H,7, glow
discharge pulse had becoms reasonably reproducible, and bands of
the afterglow spectrum were then recorded as deseribed above.
¥hen all the afterglow banis hed been recorded, tap J of the oxygen
inlet device was closed and & further dose of oxygen was added %o
the nitrogen in the aystes, The afterglow bands emitted from this
nd trogen, oxygen sixture were then regorded. This procedure was
repeated several times; and in the results described in (3.6)
seven sets of afterglow bands ‘are recorded, corresponding to
md&ftmntwwmmum.

¥ g § AW

Sebet  lsaguvement.
The device was ocalibrated as follows, The discharge
tube vacuus syste: was evacusted and oxygen was admitted to
the systen in steps after expansion in the inlet device as
‘deseribed in (3.3)s The gas pressure in the aystem after
each amount of oxygen had been added was estimated using
the ion gaugse However, af'ter sach dose of axygen hed
been sdded the pressure in the systeam deoressed rapidly
after the initial rise, presussbly because of adsorption
of gas on the walls of the systen, In order to prevent

{3 -




this pressure variation occouring ~ U1 mu Hg of oxygen

(smasured on the Pirani gauge) wes sdmitted to the aystea

and pumped out without outgasaing the aysten, This procedure
saturated the walls of the veouun systen with oxygen. As
before oxygen was admitted to the aysten in steps using the
inlet device; and the gas pressure then remained almost
perfectly steady af'ter each addition of oxygen. The gas
pressure in the gyaten was noted Just before and af'ter each
addition of oxygen using the ion gauge; the difference of the
two readings being a messure of the oxygen dose added to the
syatez in one complete oyole of the oxygen inlet device, The
mean oxygen dose measured on the ion gauge and corrected for
the sensitivity of the gauge to oxygen was 3.1 x 10™ am Hg,
3eke2 Galoulation.

Hessurements were made of the approximate dimensions of
the oxygen inlet systes shown in fig.11 b The intermal
diameter of the bulb was about & om snd so its volume was
268 ooy The internal dismeters of the lengths of tubing
_corresponding to Vy and Vg were Ouk om and 0a3 om respectively.
Thtmumﬁawmwminmmmmwwwuhw
From the measured dimensions

VA - ‘ﬂ T x 0,04 oo 00.?5“
V' ® ?T\'lh} = 286 oo

oo




e

Vg = 6x T ® 040225 o0 = Osb2 0o
Py, = 760 mmNg
PV = 760 % 0,75 = 5® pm Hgeoos VWhen the oxygen
M?Amsw‘nﬁdww the buld Vg, its pressure fell to
Ppe
According to Soyle's law
PV, = Pg¥p
Thus Py = B2 = 20 m g
mmwpnunwwmu buld Vg into the
volume there would be only sbout 8 O.2¢ decrease in pressure.

* Thus Pg = Pg = 2.0 nu Hg.
Thus ?aVc s 2,0 % Ol = Qs Bl o figeoe.

mowxmetmmmvm‘shmmm.snm

Wmsnantadu‘?.ﬁxw’m Thus when the

mmmvcmmﬂduwmmmm-mmuag

pressure would be given by

velue was probably due
aternsl diameter of

masmpawdﬂxmw&

4o inscourscies in the measurement of the i

mmmv,wvc.mmmmmmets.q uo"mag

There would be a slight




Oy2i deovease in the pressure of oxygen in the 286 eo bulb

esch time owygen wes expanded into Vg % Uk cos Fach
time tap 3 was opensd the nitrogen percentage in bulb Vp
increassd by about 0.1, as the nitrogen pressure in Vg wes
~ 4 mm Hg sinoe this volume was directly oconnected to the
system st various times during the experiments. mm
eryrors were sumall or could be alliowed for.

3.5 lonoghrou n settln

Table 12 shows the nitric oxide [ end ' bends recorded in
experiment B and the corvesponding settings of the monochromator
uwm.mmmtmﬁtmu The alit widths
used in experiment B were determined by the conflicting reguirements
to allow the maximum smount of light from the aftergiow to enter the
photomultiplier and to look at only one dand st a time,

The magnificstion of the monochromator priss for a beam of
light wes unity, since the light lesving the exit slit always
passed through the prisa parellel to one of its edges in the
position of ninimum deviation, '

Thus the width, A 4 of esch band at the exit slit was equal
to the width of the entrance slit A2 4 plus the extrs smount
due to the Pinite width of the band A 1 A  The wAdth of the exit
s1it A3 % was ususlly made just greater or just less then the
total width A £ of the band being studled. The valuss of S2 R
and A3 A were caloulated from the dispersion curve for the
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monochroma tor published by Hessra, Hilger, Fig 128 indicates the

wuzmmnummﬂmmumwmntwmm
identified from a photogreph of the sfterglow speotrun (figl.Ga),
tmmuﬁautﬁd\gam. It can resdily be seen that no
mrumngwmu%wammmmummW.
The nitrogen dioxide soutinmn choerved with high percentages of
Wummmi wmimvamw&m,&u
and Brodda (1957), 80 that even if it were present, it would not
overlsp the nitric oxide bends stulled in experiment B,
3.6 Results B.

Se6at

Tables 13 o 19 sre the results obtained using the
progedure deseribed in (3.3)¢ The shutter deseribed in
(241) was used in the experiment to cover the entrence slit
of the wonoohromator, while the R.F. discharge was running,
The afterglow intensities of various nitric oxide bands were
measured 0,9 seconds af'ter the opening of the shutter,
Measurements of the intensities of the ¥ (0,3) amd & (0,6)
nitric oxide bands versus oxygen added are shown in tables
13 and 14 respectively, liessurenents of the intensities
of the §(0,4), 0 (0,2) amd £ (0,7) mitrio oxide bands
versus oxygen sdded are inoluded in table 15, Inm fig.12
log (afterglow intensity) versus oxygen added is plotted for
the 0(0,1), §(0,2)s ¥ (0p3)s [d (0,6} and ,K (0,7) bands.
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Ip2690 Chert Dive,(Ry) Oxygen | of Oxygen
Moleoules | edded
Mbiw.(ggg added ce™!

s % % 7 & 67 0 0
S 5 A2 Mt D 3400 10'3 0,025
2 1.8 1.6 1.6 2 2 2 1.86 2x10'? | 0,08
145 192 1.5 1ub 1.4 1.6 13 3.4 x 1019 0,075
0u9 049 o7 140 it 140 048k bot x 9001 041
1.0
0.9 1.1 0.8 1.0 0,9 1,0

? " " GeOh 5.4 x10'3 | 0,128
0e9
Osle 0u3 Ouh 003 0u3 Oub OebS 6.1 x 1017 | 0,15
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Mean Ip2363 YMean IpaL7s Hean Ip30LO Nunber of Fmaha].
Uxygen of Uxygen
iolecules |added

Ghart Dives(Rp) | Chart Dive, (By) | Chart Divs, (Rp) | added oe™
47 i 8 0 0
21 3.9 10'3 04025
12,5 12 2.8 1 2ax10'3 | 0. 08
743 %7 1.8 3.1 z10Y| o015
5.8 65 b bt x10'3] 041
5e6 1,05 5.4 107 | o.128
¥ 3.8 6.4 2109 | d.18
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Pig.12.,  Afterglow Intensity of v » O Nitris Oxide Bands
Ou9 seconds after opening of shutter ve, percentage
of Oxygen added.
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Wo striking change in the relstive intensities of the v! = 0,
/(mélwm«mwmumm The large
mthrﬁmmummmwmfwm F(&.é)m.
for percentages of oxygen above U,1i, is probably due to errors
in the estimation of the background intensity, The lower
intensities of this band were recorded on range 1 as they were
to0 small to be messured on range 2 of the recording systeu,
362 (fserglo Intenslsr)™

In table 16 (afterglow intensity)™¥ is caloulated for the
E(0s1)s U (042)s ¥ (03)s £ (0,6) andf (0,7) nitrio axide
bands, In Pigs.i3 to 16 (aftesglow intensity)™¥ is plotted
against oxygen added per ce of the discharge tube vacuun system
for the O (0,2)y T (0,3), [ (046) and £ (0,7) mitrie oxide
bends, Streight lines have been drawn through the experisental
points and the scatter of points about the straight lines is not,
in general, large, There i3 o small but noticeable oseillation
about the mean gradient, however, which is reproduced in each
curve, In table 17 the gradients of the plots in figs, 13 to
iﬁmm_ Mmathmlﬂmdby(afwglw
intensity) ¥ of the corvesponding nitric axide band for sero
sddition of oxygen in order to bring the gredients onto a
comparable scale, There is some varistion in these walues,
~ 15t of the largest value, but the closeneas of the values

.96*
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Plge. 13, 14, 15 and 16, (Arterglow Intensity of M4trie Uxdde
Bands O.9% seconds after opening of ahuttw}'& Ve
Percentage of Oxygen added,

Fige13. 24784 =247 4 ) (0,2) Bend
Plgethe 2595 A - 2587 & ' (0,3) Bema
Fige15. 2892 A - 2085 A /[( (0,6) Band
Pigi6e 3043 A - 303 A /f (0,7) Band,
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of the quantities in table 17 and the lineerity of the plots

in figs. 13 to 16 appear to be significant. They show that

(afterglow intensity)’é = E + Py (oxygen added ac'a). where

% and ¥ are independent of oxygen added to the system, wince

as mentioned above there is a small oselllation about the

straight lines drawn in figs. 11 to 14 the above ecuation

represents the mesn variation of (afterglow 1ntemity}'%

with added oxygen.

34643
As observed in experiment 4 the decay of the af'terglow

intsnslty wes expomential with respect to tine, i.e

ﬁ.éﬂ;.ﬁi = =Ry, sec™!, where

Hyy; 48 a oonstant, © is time and It is the intensity of an
individual aftergiow band at time t seconds after the opening
of the shutter., Flots of log It versus time are shown in
f4ga. 17 and 18 for the 2595 4 = 2507 A 0 (0,3) nitric oxide
band for O and Uel. of ocxygen added to the nitrogen, The
greadients of these graphs are equal to = Hype  In table 18
values of iy are shown for the ¥ (0,3) and F(i.,,éj nitric
oxide bands and percentages of uxygen up 0 Uell e Sy for
the J(0,3) band 4s (15 % 5). greater then iy for the/l( (4,6)
band from table 18,
In £ige19 Ry is plotted versus oxy en added {'>r the
¥ (Uy3) and (5 (0,6) bands, Straight lines have been drawn

- 10k =



Mg. 17 and 18,

Decay with time of the Afterglow Intensity
182590 of the 2595 A = 2567 A U (0,3)

Mitrie Oxide Band, Ha.‘l?. U oxygen sdded,
Flge18, 0ot omygen added,

(1 om of chart = 2,36 seconds)
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throug: the experimental points in £ig.19 for both the J (0,3)
and ﬂ(o,é)m Due to the scatter of polnts, there is
some uncertainty in the slope of these lines. The lines drawn

have the maximn slope which it is ressomable to sssoolate with
the plots, Idnes with slope = O could also be drewn through
these points. The gradients of the lines drawn are
745 x 1016 oo sec™! molecule™ for the ¥ (0,3) band and
6.3 % 10716 oo ses™ molecule™ for the [ (0,6) bends
Thus taking into account the ercors imvolved
AR | (3.8 L 5.8) x 107° g sec™ molecure™
dny
for the (0,3) band and

a
..%"-i- w(3.225.2)x 10"16 o0 sse™'molecule™

mmf{o&)nu.--uma,ummarm
molecules sdded per ce of the discharge tube vesuum system.

In table 19, valuss of Ry ave shown for the 2370 X =
2363 8 ¥ (0,0), 2995 % - 2987 £ ¥ (0,3), 2892 £ - 2085
B0,6) em 3206 £ - ;198 & £(0,8) nitrio oxide bands.
hese values show that the mean decay constant of the v! = 0,
Y mitric oxids bunds is grester than that of the v' = 0,
f(umww. '

=41t -




"o

€108 ¥ %%

et

5%

Lo

“ 148 =




As mentioned in (2,1), the use of the shutter o eover the
mmuWthm&F.mmmm
dissdvantageous to measurement of the intemsity of the subsequent
afterglow, libst interest was centred on decay rate messuresents,
when experiments A and B were carried out; though later it was found
necessary to obtain intensity valuss from the data of these experiments.
Thus it is secessery to consider the inscowrscies in the intensity
valuss in tables 5 %0 7 end 13 to 15, introduced as a result of using
the shutter, The shutter was designed to open jJust after the R.¥,

- discharge pulse was out off, Thus owing 10 a slight tize lag in the
opening of the shutter the afterglow intensity would have decressed
below its initial valus, Also there was probebly o small variation
um«nmmmwmmmmmﬁmm 4
being in the fully open posttions |

mmmm,mm«m«mmuh
experiments A and D but not using the shutter, it was found possible
to record both a discharge pulse and its socompanying aftergiow by
using & narrower monochromstor entrance slit, This was dus to the
faot that, when the shutter was ussd, and the R.%, glow discharge was
pulsed, the intensity of the R." glow discharge bends was not
aMmemnwmvdemw
bands recopded just af'ter the shutter opened,

The relation between the glow end afterglow intensity is

.'1,.




illustrated in £15.20 below, ¥, glow intensities and the
mmmmmm (fige20a), the sfterglow
intenalty belng recorded down to the lowest observable intensity,
The sene band was then recorded with the same momochrommtor settings
but using the shutter (fig.20bh),

I = Initisl afterglow intensity,

Ip = Afterglow intensity messured ot time A ¢ seos,, af'ter
the apening of the shutter,

It e« Intensity meesured at time t secs,, af'ter the opening
of the shutter,

| Intensity units = chart diva. (Rp)

From fig. 20 1t cen e seen thet the percentage differerce between
22363 the maximum R.P. glow intensity and Ip2363 the afterglow intensity
was for these two pulses =120, It is also evident that when the
Re¥ pulse was initiated the recorded intensity rose rapidly, remsined
constant for about 0,2 seconds and then rose sharply o a peak before
the intensity decayed slowly awsy during the afterglow,

- 1k -
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The ecurves shown in ©igs.21 and 22 were recopded af ter 0,086
of oxygen had been uniformly mixed with the nitrogen used to obtain
curves shown in £i5,20, 1% can be seen from fig.2t thet the form
of the complete pulse and the afterglow trace was different from
that in the more pure nitrogen, When the R.P. pulse wes initiated
the dntensity of the ¥ (0,1) band ross repidly, remsined constant
8% the glow intensity 22363 for sbout 0,5 seconds then fell off
repidly, mmm:.uwmwmkuu
wuﬁam*ﬁnwmwmmm
mmﬂ»mummumsvuwnud
mw;mvmmmmmmmmam
This fest decay lasted for about Ouf seconds. A discontinuity in
followed by a period of very slow decays The rete of decay inovessed
in o further period ~ Oy1 < seconds snd the intensity then decayed
exponentially with time for 10 to 15 seconis down to the lowest
intensity vecorded, This type of afterglow decay curve was observed
by Bromer (1960) for both mitrio oxide and nityogen 1st positive
bands, He attributed the initial fast decay of intensity to the
decay of slestronic exoitstion of nitric axide molecules fommed in
the disecharge. :
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he Gate in teble 21 are taken from the cusves in fig.22, Prom

table 21 4t can be seen that the afterglow intensity Ip2090 was
grester then or squal to the imitial afterglow intensity for
different pulses, This may have been due to the inertis of the
Brown Recorder, iees in the eate where no shutter was used the pen
would tend to overshoot downmards after the fast decays In the
rapidly and the effeet would be to inoresse the appavent intensity,
for the 2892 § - 2085 § miteie oxide band as 52090 the meximm glow
Mﬁma&u‘lm This was due to bends of the nitrogen
2nd positive system, emitted by the glow dlscharge-overlapping the
2092 § - 2085 & band, e 2nd positive aystes of nitrogen would
deoay very rapidly, when the R.¥, glow discharge was cut off, as
4% 214 not contribute to the slow afterglow, This cen be seen
from the glow and afterglow spectra in fig.6 and Gae

- 149 =



The fornm of the afterglow decey curves in figs.21 and 22

suggests the following hypothesls, “hen sowe oxygen was added
to the discharge an appreciable equilibrium concentration of stable
nitric oxide molecules was bullt up, These molecules becaue
elestronioally excited end euitted nitrie axide fand ¥ vands,
ihen the discharge was ewitched off, the electronically exeited
solecules decayed relatively Fapldly to the ground stete. The
ﬂmmumm.mf'mlfmmwm
followsd the fast afterglow indicates that there wes & seconi

mw«m&.u the nitric oxide afterglow mechanism,

The observed inftial intensity due to the second source of excitation
was defined to be I, It is sssumed in the discussion of the prosent
W(t}mtmmwwmumm,@mb’m
mmwmmmwmummmwxum
glow also, The ewror introduced by sssuning this is ssall, L.esnti
eonsidering the initiel slowness of the decay of the nitric oxide
aftergiow, In any case it hss been nevessary 1o cssume in the
discussion (6) that the observed afterglow intensity using the
shutter 13 a good messure of the initial afterglow intensity I.
From fig.20 it can be seen that the error introduced would be
about 10¢ for intensities ~ 40 chart divisions (Ry) amd A 308
for bands of intensity ~ 5 chart divisions (Np) which ave overlapped
by bands excited in the glow discherge only.
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A tungeten strip filement laup was set at 12 om, distance
from the monochromstor entreance alit as shown in fig.23: The
mwmunutath,mmmtww
lamp was adjusted until the deflescotion of the Irown Secorder
pen was 30 diviatons (Rg)s Using s dissppesring filament
optical pyrometer, the brizhtness teuperature of the tungsten
filament, as viewed through the laup envelope was deterined
to be 1700%, The dimensions of the womoshromator slite were @
entrance alit width = 0,005 on and length = 1,75 en,
exit slit width « 0,060 = 2104 at 5000 . The
tungeten filament width = 2 ma,
be2.2

The anount of emergy entering the monochromator entrance
slit in a given wevelength renge can be calculated from the
filament tenmperature and the geosetry of the system, fenve
the number of photons entering the monochromator per seecond can
be caloulated, The rate of generstion of photons in the
discherge tube which gives rise to an identical number of
photons entering the aystenm, and to 30 divisions deflection
on the Brown Recorder can then be csloulated, ‘There is,
however, a difference betwsen the number of photons entering
the monochromator slit and the number of photons striking the
photomultiplier cathode; due to absorption in the monochrometor

w il -
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conponents, and also due to photons entering the slit et a
large angle with the mein boem dlrection. The absorption will
attenuate light of equal wavelengths from the filament and the
discharge tube equally. There is, however, a difference
botwesn the angulsr distribution of light Crom the I'ilament
and the discharge tube at the momochromator entrance silt.
Thus different amounts of light will be lost froa the tean

in the monochromstor in the case of the filament and the
discharge tube. The ratio

Sragti

on of 33 i85t ght lost from Dead
Praction of discherge tube 1ight lost

is of the order of unity (he2e7)s
beRe3 She True Tesperature of the Tungsten Tilament.

The brightness temperature of the tungsten filament
= 1700°% = 1973°%,  The dats in tables 22 and 23 sre taken
from *Tempersturs its Neasursment ani Control in Science and
Industry’, Americen Institute of Fhysics.
JARSZ 22,  HELATION BETREEN TRUE AND BRIGHTIEGS THNE

True Tempersture Brightness
Teuperature (0,88 p )
o oK
2100 1546
2200 2031

The measured brightness temperature is 1973 °K.

- {8k -




Thus the corresponding true tesperature lies between 2100°K

and 2200°K from teble 22, 1973 = 1946 « 27 and

2031 « 1506 = 85, Thus by sisple proportion the tyue
mmnmwuwim%.amumagwumm

tral Eudesivi .
Tt Y | e | e

The wevelength setting of the momcohrometor wes \ = 5000 %,
Thus \ 7 om dogs = 5 % 10™° x 2132 « 0.1056 om degs  When
AT & 0,105 on deg., then for s black body

;‘ (l.n) 2
o 245 10
- s 56 = ;

MV’ ()\.2) .mmmwamimm

of wevelength renge and per ou® of filament, snd where

¥ mex (1) = 1,29 x 10™° l’uu .-2P “l.  The equations ave
taken from the ‘Americen Institute of Fhysics Handbook (6s6.5)'
"hen T = 2132%, ¥ max (7) = 59.5 watt en™2p ',

hus ¥ (A ,%) = 1,52 watt 0a™® ™! for o black dody. For

» tungsten filament ¥' (A ,7) = 0,715 mtte ea™p =1, atnoe

-‘35 -




from table 23 the ealssivity of & tungsten filament ot 2000%
and 4670 £ 18 0k7.

Le2.5

The amount of energy entering the slit per second in the
vavelength range A\ = 210 & centred on 5000 § = Prection of
energy from the filament incident on the monochromator aslit
x aves of filament x %' (A ,2) xAN,

¥e wil) now conelder the fraction of energy fyom the
filament incident per second on the monochrometor siit,
Pig.2h shows the geometsy of the slit-filement aystem The
lemp filsment was longer than the sonochromstor entrence alit
but 4t is aseumed that only the 1ight energy from the length
1,75 om opposite the slit would veach the detector, the rest
‘bedng scsttered on the inside walls of the momochromator,

Consider an slemont of area dy. dx. om® on the filament,
The amount of energy rediated from this element, whioh enters
& narrow horisontal strip of the monochromator entrence siit
w-m«-‘.umumwmmuwﬂ;m
r is the dlstance between the clemental arvess, dA = rd N x
M&uwmmsur.m[a 0,005, Thus the solid angle

g .C:lsﬁ.%.

»r
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F does not vary by more than 1Gt with position of dA and dy.dx.

For if we suppose that dA is ak y = 0 and dy.dx at y = 1.75 on
then r2 = 122 + 1.75% , and so r =124 om ¢ If dA is at
y=0and dyydx at y = O then r =12 ems Thus the total
solid engle subtended by the monochromator entrance slit a%

dy.dx on the tungsten filament

& y u1-7§

: r2 = 42 f dn
y =0
_ ¥y =175
. M2nte™ fdyb
y=0
:
|

y‘

e - Sl

12 cm

| . ElG 25

Fig,25, Vertical seation of lamp filament and monochromator
entrance slit,
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Let / in = 4} . The frection of energy
¥y =@

from the element dy.dx of the filament ineident on the
sonochronstor slit is proportionsl to the solid engle
he2 2 10™  subtended by the slit at the element dy.dz.
The total energy from dyedx is mdiated into s hesisphere,
thet ds into 2  units of soldd angle, Thus the frection

ol
of cony SEtBa 0 She BA R T T 0

2an
This is because for a tungsten filsment the energy radisted per

unit s0lid angle is preotically equal in all directions,
(*Teuperature 1ts Nessurement end Control in Selence and
Infustyy’, Anerican Institute of Fhysies), _
“paction of enmergy incident on momochromator entrence slit
% ares of fllsment » H
a2

1, 1.75
_ “f#\_ﬁ ._ ¢ dy f ‘."i*l‘ﬁ" f ¢ dy ll’.
0 8 0

aince ¢wn~mmm.m x®0 0 x =02 om

e now consider the integrel "{”(P a7, ¥ have from
L]

fige23 95 = tan™ ﬁ"el':.’; tan™ “@‘a

o« W (WBRE) . et
Lot f& . :'? tan™ (ha-h!)q nd

-129 =




let 5o = 2, Tensly =12 ds

12
4]
and /& = 12 f ton B, A2, |

L3

Integrating by parts,

/A = [-Qlu"u * [ﬁ?‘“ ]
W

o

4

= | [0 « 0 -u a.i“z%:ﬂ -%‘l_q. (a.oav)_] |

U

- [-chu"nw%h.‘(iol’)]

= 040114
Lot fn - :F m""ﬁ. ay . From £1g.25.

.“mhmﬂutwmfl ./a.
e P &y = /At/!ﬁﬂ.m
e

L

The amount of energy ¥ radiated from the filement, entering
‘ ]

mmummumuwmmmm = 210 A,

mtndumz s fraction of ensygy froam filavent

incident on the monochromator slit x eres of filasent
x " ()\.!’)”A)\
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1.75
The fivet two terus = 1342107 | ?u on®
0

. 2.9 x 10™7 on®

Thus ¥ = 2.9% x 1077 x 0,715 x 210 x 10™ x 107 ergs.sec™

o heb2 ® 10" evgaseec™,
Let V = the nusber of photons per second entering the
sonochromtor slit corresponding 10 Weergsesee™, then
¥eVhy sine the energy of ssch photon is hv where
B e 6,6 x 10727 erga,se0s, and Vv seo™ s the frequency

sssoolated with the wavelength A = 5000 %,
10

=
5000210

3 ol . o Hljﬂ:'.lﬁllﬂ
s 3%10' cusec™, Mus Ve YT

v seo™!  since the velosity of light

o 141 x 10'0 photons sec™,

Fige26 shows the relative positions of the discharge
tube and the monochromstor entrence slit durdng all the
experiments desorited in this wovks

fhen V photons sec™' fros the discharge tube enter the
monsohronator slit then I photons oo™ eeo™" are genereted in
the discharge tube, According to Perkowits et el (1956,
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Pige26, Hordsmontal seotion through discharge tubs and
monochroma tor entrance slit,
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vedd [l*(!',g#tz)&" (:,02*(‘*1)2)&]

where A @« the ares of the slit,

i = the length of the discharge tube,
el mdius of the discharge tube,

8 .u' / ﬂmm Mﬁmrm tube to slit,

Pm(ﬂ.‘l)ml@..&t)nm lesS on regdon ae12
v.% [goa»(x.s oﬂa) - (&980“249‘3)2)%:,

=& 50+ 12,26 - &0 |
nﬂ;ﬁ- x AL mm"‘.

A = 0,005 x 1,75 on® (be241)
Thus ¥ = 0,005 x 1,75 % 1 % 0,405 photons sec™
or I = 1,09 %10° V photons cc™ sec™,

Pron pessurements using the tungsten Pilament (Le2.1);3
shen the musber of photons entering the monochromator slit
uﬂwnmmuawulm&mmwu
Vo 1419 2 10'7 photons sec™ (8e2.5), then 1 = 30 ; vhere
1! 1s the musber of chart divisicns defleotion on the Irown

(Rg)e If the 30 divistons deflection had been dus
to 1ight from the dlschazge tube as in £ig.2) then the rate |
of genevetion of photons in the discharge tube would be |
I = 1,09 x 10% x 1,41 x 10'° photons o™ sse™,
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ixamzy in photons “-4 sco™ in ﬂlwlurﬁ

corresponding to the wavelength range wgs to 5105 ) @

gcmw& m»umwmimmm

let 5000 =

divisions ( (Ww uam slit 0,006 om,
exit alit Oy

than K5000 = z,. m.:ﬁum.uﬁ.. o bt 30"
m“m““ﬁ. |

T e B Vo R

However & correction is applied to RBOUO in (Ae2i7)e

MIRROR
SLIT
SOURCE

Dcm

Acm : , l24£_cm

A EIG: 27 - ’

Fige27s Verticel section through Pirst oncohrosator collimsting
wirror, and entrance alit; ond the ldght source, %

.'&. ,
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it is assumed that spproximestely all light striking
the Ciret collimating sdrror in the momochromator can reach
the photomultiplier window, apart from the frection absorbed,
The distance A betweon the sdrror and the slit is spproximately
20 on, mumwmwmmxmmsnaa
‘ma.metcmammmmwumm
from the alit = 12 » 1 on, :

idght from the tungsten fllament will enter the photos
maltiplior, 17 at m-&mmmuh .%:w
The varistion of (0 with vertiosl position on the filsment s
dzpored in this approximate caloulstion, Thus the frection

b oekcy
The angle in which light leaving the discherge tube must
lie to enter the photomultiplier depends on 1, ignoring the
effeot of position dn the verticsl plene, within the tube, on (0.
then 1 = O % uﬁ cﬁ* nesrest end of tube
- 1 =25 eonm, % n% :-'& gcentre of tube

le®en %.& 37% far end of tube

For the discharge tube the sversge walue of the fraction

bl oo kR s L s R R T L TR e S Rk AR B G s




Thus the ratio
& a Wﬁmﬂwngtlutrmhm

fraction of discharge tube light lost from beanm

u%‘:?.@.‘

This means that if V photons seo™ from the filament enter the
mmmmzmmm.wmmx‘nmm
“‘mmmmmmm

Recorder, 1,67 V photuns sec
tube to produce the sawe deflection, Thus
£5000 = 647 % 10'7 photons ce™ see™ aivl,
he2,8 'The Accurscy of LS

Agoording to Hel .l Breddick, pe21, 'The Fhysics of
Bxperimental Method', the square of the percentage evwvor of

cmuﬁnmwtlummatthommmm
of the factors, where the errors are raniom errorss

Let the percentage error in K5000 « A K5000 where
W-ir = *. 900 belo® and 4e2sTe Thus
A2ggooo e A2 5 A% 1Y 4 A, whore the prefix A
indicates the ervor in the quantity shich follows, We will
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consider the ervars A I, A ' and A £,
¥o have fyom he2eb that I 21,09 210°V  where,
from Le2.5, V = Fraction of snergy from‘ filament incident on
the uonochromator siit x area of filsment = 5 ()\.t)xA% .
The ervors in the individusl quentities which deterwine 1
are now considered,
A 1,09 510

This factor is caloulated in (be2:6) from the squation
vadl [+ (s?e o) oin?e (a0 vAE],

The sres A is implicit in the expression for V from (Le2.5)
given above, 8o the error in A will be ignored. Any errors
in the other quantities on the RH.5, of

Ve ? [l.*(r,‘oc:)*u(r,zw(aol)’ )*]

sve small and cancel out, except for s cosparstively ssall

wwmmtiumm(m.s). The amount of
myM&aﬁmmunﬁumwvtﬁtﬂnﬁt
munmmmvummzmwumm
filoment. Thus on average the error da + ¥ ., The ervor

umnmdtbmhmeMtM&u
mmwwmmxgm,o,“&,

Q',?.




4 Ares of Filament.
The ef'fective area of the filament was probably 108

less then the nominal velue as it was not perfectly flat.
Ag ()3

The brightness tewpersture of the tungsten filament
determined in he2.3 is probably corvect to within & 20°K,
™us T « 2132 S 20 %%,

3 4 A omdegs
2112 0 41086
2132 0,106
2152 0 41076

Prom the Americen Institute of Fhysics Hendbook (6.6.4)
" we have the following data.

A T omedog ';'mg/\ i;}

Q100 1,649 x 107
04105 2,565 x 1072
04110 3,765 x 10°°

and *x ¥ max T watt a-"ap -
2000 4427
2% 52,67
2200 66ub7

From this data 4t can be seen that the variastion of
+ 20 % in T oorresponds to & varistion of about I 150 in

W (A2
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A (M)

A\ depends on the exit siit width, This wes correct to
2 U002 om which corresponds to an ervor of about S 3.

Prom the discussion of the individual errors it cen be
scon st A 2T AW (A, e AR(AN),
only vandon errors belng mw in this expression for
A%, mue A%t e225+9 ovd ALs?is,

From heZe! we have that I’ « 30 chart divisions (Rp)
This is corveot to £ 1 dlvision thusil! = 2 3.

The randos errors Ln KS000 ave due $0A1 sod A IV thue
A2 g0 » 234 ¢ 9 and A KS000 = & 16i, However, this is
ssall compered with the uncertainty in f which was not caloulated
vory sigorously (he2e7)e £ may be underestimated or overs
cstimated by on unknown factor, The corrected walue of KHOO0
18 6,7 x 10" photons ca™! see™ aiv™l. Due to the uncertainty
in £, K5000 may @iffer from 6.7 x 10'% photons oot sec™aiv™t,
In view of the mature of £, 4t seens unlikely thet it differs
maoh from unity, and 8o the velue of K5000 probably lies within

the 1imits 2 x 10 to 1.8 x 10'2 photons cc™! see™ atv™

®

In the experiment A desoribed above (3.) the integrated
Latensity of the 5854 &, 5804 & and 5755 A nitrogen afterglow
bands was recorded, The monochromator entrance slit was set at
8 width of 0.5 ms, and the exit alit at e width of 0,6 mmy which

."3’&




: 9
nde to s wavelongth range of JOO A

mwumm u" “1 40 the discherge

chart divisions (R,), (Monochrometor entrence
aidt 0,06 om, exit“siit 0,06 “.)a

.

{cmm Mm«aaaf JSpown Hecorder in

B5000 wae usasured with the monocchromator entrance slit
0s05 om wide and the exit slit 0,06 om wide, Fig.d shows
that, when the entrance alit width wes inoreased from 0,05 om
to 0,08 om, the Hrown Seeopder defleetion inoressed by s factor
of 22, mmuuvwmmam«ums!-ﬁu
sensitivity of the photomultiplier at 5000  frow data published
W Baltels 144, mxsmalg x K5000 » 0,127 = X5000 photons
u"m“&v"‘

Bayes and Kistiokowsiy (1960) have measured the intenaity
of the visible and infre ved ndtrogen aftergiow B[ g => 4357
and ¥ = PT g bands, Using their intensity scale the totel
tand intensity = 42,54 § the intensity of the bands in the
wavelongth rangs 5755 % = 5804 £ = 4,29, and the intensity of
the bands 4n the wavelength renge 5905 & = €427 & » 0,77,
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seos & 57558  s90s R 61278
i
[Extra Extra |
width of width of |
bands due bands due =
to width to width |
of entrancg of cntroncc{
ey - S
1508 1508 1
exit slit
£
FIG. 28

Pig.28, Relative positions of the lonochromstor HExit S1it
_ and bands in the wavelength venge 5905 1 - 6127 &,

Fige28 refere to the measurement of I5755 in experisent A,
The dotted 1ine shows the width of bands in the venge 5905 A
627 £ Gue to the finite width of the entrance siit, It
mmmx%xmmeywmumum”m
5908 & = 6427 & would pass through the exit slit of the

monoshromnator. :




Using the data of Dayes and fMatiakoweiy 1t ven be seen
that on thelr intensity scale IB7S5 & 4,20 &%ﬂ = &e 55 3
and that :

Sinoe the nitrogen sfterglow has s charscteristie iatensity
distribution, it is sssumed thet the equality appliies to the
present experdnents,

It is aloo assumed that the relative intensity of the
mitrogen afterglov bands was unchanged by the sddition of the
szall amounts of oxygen added to the system in the »vesent
expordmonts,  Thus xgao&xsm. end we osn write

- lug = Db 15785 H5755
‘ ® %k ISTSE K000 photons eo”leee™,

Afterglon Bands, Ly,

The interadty 1p2363 of the 2570 £ ~ 2363 £ ¥ (0,4) mitete
mmmmhmtkﬂm:mm
entrance allt of eddth 1 me and an exit slit of width 1.6 mn,

: mvmmmum"umw !

2%(@). (mmmmm mcm&qwg

The sensitivity of the Fhotomaltiplier at 2363 4 = 21 x sensitivity
at 5000 £,

P1g.5 shows that when the entvance slit of the monochromstar,
was widened from 0,05 mm to 1 wn the Myown Recorder defleotion
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inoreased by a factor of 59, Thus K2363 = -2-7%-5-9- K5000
-4

- 0,0081 K5000 e seo  aiv™t,

The spectroscopic measurements (2.4) made in the present
investigation show that there is falr agreement between the measured
density values of the MO F and ¥ bands and the visual estimates

aarse

publisha& by Bieree and Gaydon in 'The Identification of Molecular

Spectra', Robinson and Nicholls made photo-electric measurements of
the intensity of some NO [ and § bands and slso caloulated theoretical
ﬁtemities. When Ef:;a and Gaydon's values were compared with the
more accurate intensity measurements of Robinson snd Nicholls there
was still fairly good agreement though the values differed by a factor

of 2 in some cases,

Integrated Integrated
Intensity Intgmity Reference
of [ Bands of 0 Bands
1410 45,8 Robinson and Nicholls
114 s "The Identification
of Molecular Spectra’.

The sum of the .’mﬁmi’ctn recorded by Robinson and Nicholls is shown
in table 24, also the sum of the intensities for the corresponding
bands published in 'The Identification of liclecular Spectra' (I.MLS.).
It can be seen that the agreement was fairly good. Table 25 shows

that individual intensities agree fairly well.
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Intengity of Intengity of Intenasity of
2570 8 - 2563 % | 2850 £ - 2085 % | 5206 ¥ ~ 3198 % | mererence
¥ (0,4 band /3(0,6} band ﬂ (0,8 band
N 8.5 %7 Robinson
end Nicholls
10 10 10 Toligiie

The assunption is now made thet the measured densities listed in
table 3 gquantitatively deseridbe the nitric oxide speotrum eudtted by
the aftergiow in the present experiments, Heference %o fig. 62 will
show that this is ressoneble, The following equality can then be
written Iy = 'i%o’? x 12363 K2363 ;
where Iy = the sbsolute integreted intensity of nitric oxide /f and

5 bands in photons co™sec™; X athe integrated demsity of the
nitrie oxide f and ¥ benis in table 3, and 12363 = the measured
density of the 23N g - 2363 : § (0,1) nitric oxide band on the sase
scale, From table 3 5 =17.6 and 12363 = 1.5.

Thus Iy = 11,7 12363 %2363

= 0,1 E5000 323563
The above assumption may lesd to an error of I 25 in Iy, beceuse the
density values correspond to a seale proportiomsl to log (intensity).

This con be tested by comparing the ratic ol with
B+ d @ % gune
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log b+ logo+ logd+ 10g € + wes where 8, by €y 4, @) see

are & set of about 20 munbers of the same magnitude as the density
values in table 3. »

The sssumption that there is no chenge in the relative intensity
distribution of nitric oxide {! and § bands with oxygen is lmplieit in
Iy © Ot KS0UO I2363. From fig.12 it can be seen that there wes no
ehgmgo in the relative intensity distribution of the observed nitrie
oxide [5 and { bends with oxygen in experiment B,

The intensity Ip2890 of the 2892 k- 2885 H F (0,6) nitric oxide
band was recorded in experiment A wn@; a monochromstor entrance slit
width 1 om, and the sensitivity of the recording gysten at 2090 )
1.86 x sensitivity at 50002 (B, 8,1, Ltd, data)s Thus
K2890 = .51’, x ?}B KS000 = 0,0091 KS000 ec™teeo™atv™l. (¥ig$
shows thet the Brown fecorder deflection inereases by e factor of 59,
when the alit width is inoressed fyom Uy05 mm, used for K500 to 1 mm
used to measure Ip2890). According to table 5 ) Iyg = 135 #2890 12890,
thus Iy, = 0,12 K5000 12890,

The intensity Ip3200 of the 3206 4 = 3198 & F(a,s} band of
nitric oxide was measured waing a monogchromstor entrence alit of
width Oo5 mm, This corresponds to s factor of 22 inorease in Brown

Regorder deflection compered to that observed using a U.U5 mm slit
(fﬁd). The sensitivity of the recording eystem at 3200 £e
2,08 x sonsitivity at 5000 A (E.i.I. Ltd, dats), Thus




3200 = 1215 = —2—1:3; x B5000 = 0,0219 K5000 oc™ sec™atv™, Agoording
&

to table 3, Iy, = 93 K3200 13200 thus Iy, = 0u20 X5000 13200,

Berkowits, Chupka, and Kistiokowsiky (1956, using » mess
spectrometer found thet the intemsity of the nitrogen afterglow ias
proportional to the square of the concentration of ground state
nitrogen atoms (1.2.6), Also the nitrogen af terglow intensity
132 is proportionsl to the total number of molecules per oo, ses™, ’
Thus Iﬁz = 31&\13 where ny is the number of nitrogen stous per oo
and By is the total rate constant for the production of the nitrogen

af'terglow photons by the processcs

HeNo e 32** * B
* g &
”2*" ﬁ’) 52* + M

ﬁ: - !(3 + by (Mitrogen afterglow bend photon).

Frow a vough calibretion of the aftergiow intonsity and the
cmtmt«ian of mitrogen atoms, Perkowits and dstlekowsiy deteruined
Boas2x 10°9% oo? moleoule™2sec™!, lowever the infre red afterglow
bends were not included in the messured radistion intensity, thus the
rate constant By was smaller then the total rate constant for production
of photons by the above reactions.

Harteck ot sl (1958) measured the nitrogen atom comcentration

by titrating active nitrogen with nitric oxide {5.2) at a given
point in a stream of sctive mitrogen, The rate of recombination

- ThE »
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of nitrogen atous wes messured by the decresse of intensity of the
afterglow along the tube the gas flow vete being known, According
to their measurements By = (1,72 & 0,17) = 10°32 ge®umol2g0c™,
in the present experiments the mitropen used was at a pressure
of 1,23 mn Ng and at & temperature of about 20°C. This corresponds
to a total particle conpentration ¥ = 4,06 x ‘IG"é molecales cc"1,
and to Byl ¢ 7 x 10“6 ml“'cc sec™, We are sssuning that the
rate conastant B¢l relates the total intensity of the bands observed
by Bayes and Kistiakowsky (1960) to the mitrogen atom concentration, }
by Iy, = Bing % ¥e have Iy, = 1.2 K5000 I5755 from 4e3, thus |
"12 - 5:53 = Wﬁi % atons? ce® I
By 1% 10

o 1,72 x 100 X5000 15785 atoms® oo™S,

KBOUO = 6,7 x 10'! from be2.7s ond in experisent A & typicel value
of Ip5755 was 10 chert divisions (Ry)s The comvesponding value of
ng ds 1.1 x 10%% atoms oo". 1.0, sbout 0,1 of nitrogen molocules

were dissociated into atoma, The corresponding walue of Byling is

" - Jel o0 :sae"‘. duing to the uncertainty in

5000, ny ldes betwoen the lumits 5 x 10'7 to 2 x 10'% atons oo™,

L 0,08 oo seo
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Iy = Integrated Intensity of Nitrie Oxide Aftergiow Bends
in photons oo"' m".

Igz = Integrated Intensity of Nitrogen Af"terglow Bands
in photons ac"sec™,

t = time in seconds.

Igwo = WNitric Oxide Afterglow Intensity at time €.

I@N},2 = Nitrogen Afterglovw Intensity at time €,

I, ) = Afterglov Intensity at time & of band of wavelength\ i

e o« 22300 1;:* sec™,
By, o 1080 sec™.

e Nusber of Mitrogen atoms oo

. L ] ovm » !l‘

“ e " Maleoules 00 e

s " " Nitric Oxide Molecules oo™,

RFfa 82

Q Number of Mtrogen lolecules n"‘ and also represents
a moleouls.

= Wall of discharge tube,

Rate of genmeration of Nitrogen atoms in glow discharge
in oc™sec™,

hv = Nitrogen Afterglow Band photon.

hv (F. Y) = Fhoton from Mitric Oxide Molecule due to BT =3 X7
or 237 =5 %27 tremsitions.

w
]
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Berkowits, Chupks snd Kistlakowsky (1956) observed thet the
intonsity of the mitroges afterglow Iy, = Byling? , where ny is the
consentration of ground state nitrogen atoms and By 4s a constent,

The reactions which give rise to the nitrogen afterglow are described
in (1,2.6), Effectively the oversll process 4s N e N o M == Ny + K + hv,

According to Ksufmen and Selso (1957) the W ﬁmx ¥ bands emitted

when nitric oxide is added to sotive nitrogen are due to the reactions
RO+ N= Nae 0
He Ol !l)* + M
m*-é m*m({,z).

They deduced this by adding 170 to N,'% conteining W% atous,
having previcusly moted the isotope wavelength shift between H'“0 and
550 spectra, They found thet the N0 bands were emitted by N''O only
supporting the resctions N'4 + 8150 o w1015 4 g

M a0eue wh o
n“o* = 50+t (f,Y |
If as Tanska (1954) had proposed the mechenism of excitation mas
of the type
HeO a0 = m* + RO
0" > 5+ hw (f,7)
then some %50 bands should have been detected when N'%0 was sdded to W%,

Acoording to Kaufmen (1958), if oxygen is present with active
sitrogen, 4t is ressorable to suppose that oxygen atons ere produced
by the resotiona N+ Op »» N0 ¢ O, N+ N0 «> Ng + U The oxygen

atons then coubine with nitrogen atous, mm(m” bands are exdtted

"‘9 -
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S o

s*aan.-gm* +» U

m* - m*m(ﬁ.x).

If the btealc mechanisn proposed by Hsufuwan and Relso for the

nitriec oxlde aftergliow is ocorrect then 4t would be expected that
the nitrie oxide afterglow intensity = Byzlininy where n, and ny arve
the consentrations of ground state mitrogen atoms end axygen atoss
romuvmmgauumm. the energies of the upper
states of the nit:d ¢ oxide afterglow transitions are about &,4Y ev
nhothgm;hto.uaﬁuwum&mm.mw&m
nitric oxide molecule, Hence the nitrogen and oxygen atous must be
in the ground state Mm‘ combination according ¢ the above mecharisn,
The purpose of the discussion in chapters 5 and § is to relate the
observed intensity of the nitric oxide afterglow Danis quantitatively
to the law :mu't,ﬁng.mnmﬁmmunumnncmum
for ombination of nitrogen and oxygen atoms, The resotion
N40p=>W0+0,and the effect of the walls are also discusseds
5e2 Ihe Clow Discharne.

It s standard knowledge, Hinshelwood (1940), thet in simple
@ phase reactions of the type,

' A+B=> 4R
the reactants are reuoved at the rate

'ﬂ"« - * e Hngng s
and that the product is formed at the rate
o %‘u Engng vhere
By, mp, and myp are the volume concentrations of A, B, snd AD
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reapectivaly.

Let us consider the reaction

A+ Bl iBe R

vhere A and B are atouws, ¥ i3 2 wolecule, and AR is of-gourse a dlatomio
molecule, Fhen two atoms approsch to within an 2mtram or so of each
other, they foru an unstable solecule; and they will waplidly fly apart,
unless sufficient energy is removed to aliow them to drop into e steble
molecular state, Sinoe the collision tisze is ~10™J secs, then
rediation of the excess energy is not likely to ooccur, because the
rediative lifetine of sn excited state is ~ 10™° secs. However the
excess energy cen be removed, 4f the two atons A and P colllde at the
sane time with a molecule X which undergoes the necessary change in
energy. Thus in a resction of the type A + B + i =3 4B ¢ i wheve
Ay B, are atoms and il is & molecule,

:25‘ = :55!~ ADSE‘! = iﬂ!ﬁpb ’
dat ds as

where X1 is a constant and ¥ is the volume concentration of molecules.
The following veactions, (Table 26a), are likely to be predominant
_umgwamw.umm.wmm.mmom :_"
discussion of 5,1, Yo doudt some of the reactants will be in an
ionisod state but it is essumed thet chamicslly the reactions would
be the sase, The rete constants, and the rate of removal of the
reactents per oc are given for esch reactent; the rate constants
being equivalent to £ end K' in the sbove discussion, The
combination yete of oxygen atoms is very slow and is negleoted,
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Resgtdion Rat
Reaction fate Conatant Bate cc™iseo
RHela+ ¥ @ﬁa*nvm B,ocgm"‘ml’a B‘ma
He0Oy wp HO + 0 : chc m"‘m&“ nun‘n’
Ne® > N+ 0 By, oo seo” mo1™ Byymymy,
% : 4 -
O+ Wl = dopewn Byy seo n@&” Byyty
Naeball = -}n,«.m By sec™ Mol By
® :
HeOo+8 «» W +H ' T
e i B, 00 ses”lmol™® 3, Jin n,
Rate of formation of nitrogen atomn S

Acocording to Berkowitz et al (1956) the nitrogen aftsrglow band
intensity 132 is given Ly,

(1)

o I (2)
hp =By,
At eguilibrium in the R.,P, dlscharge the rate of generation of each
mnwmmm.mum&bymn«arm From
table 26a we have the following equations,

."52-
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*%u -ﬁ*ﬁ'ﬁm e 313“1“3

2 (3)
+Bwn‘n)‘ * Bmim.nz + E"ﬁni e ;
Uxy cen Atons,
%
2 CAAS C A .
*Bpfp * Agm; = 0
Nitrie Uxide Molecules.
-"% = -B,,n,u’ + Bi&-”‘!“k s O (s) ?
. a‘ = m (5)
"
Substituting in eqel using eq.6 we have
2Bany = Byny ¢ Bygiagn, U

', Omygen Atom Concentration n,

| . Byymoy
| (Bgy + Byimy)

From eged and eg.6 we have thet the nitrogen atom concentretion

n, is given by, . 8 } 8
RS vy ey v g w

From ege2 and eqe7
21210 my oy (9)

™ " T+ Bamy)

!
|

k i ‘



Substi tuting from eg.8 in eg.9,

o A0 =
%o Bgy + By gin, u‘“qﬁ*%ﬁ,,‘w {(10)

lasuring that By Mn, umuwmu&nnm(amm,«s Byiing )
is small coupared with (qw*u,,u,). then

.“ :
il 7 Ty yon U £

The above sssumptions are shown to be justified in section Gube
Lot P = 28,08, 5%, (12)

I o g“(?;:‘ﬁ%;ﬂ (13)

Eget) duplies that as n,. the eonoentration of oxygen wolecules,
inoreases the intensity of the nitric oxide bands will deorease as
was observed (3.601)

S8dmplifying eq.B scconiing to the sssusption that
(Byy + 2Bygns) > (Bygiin, + Biin,), used to siaplify eqs

we have ﬁum. Substituting this in eg.?

we have a '
g .(fa'?a'-—y‘ T Hy (13s)

m-mmn,“*-ur., whers £ and F sre constante 4P
Byy and ¥ ave constants.




5.3 Zhe Aftergiov.
We will now gonsider the decay of the aftergiow, It is a8z umed
that the rate of removal of atoms by recoubination of nitrogen atoms

AR
He N #iﬁ-)??z ¢ N

*
Myt eM = HF en
Hy' > Myehw

and alsc by combinstion of mitrogen and oxygen atoms

s BoR o W ¥

n - mq.tu()&,&)
is ssall compared with the rate of attechment of atous to the walls
of the discharge tube,

Noewall = i+ wall

0+wll = 05+ wall,
Thus in equations 3 snd 4 the terss B, jmyn, and Blin,? are considered
negligible compered with B,.n, and Bounise The production of axygen
am.tmnun,,qu,u,&.wummuumt
neglected, xas.a.snummtn,,umuwumam
than in the glow discharge.

From eqs.3, & and 6, deleting the terns ByJingn, end Bying?, and

anhd’m&m#ﬂwsmnmsquhn.

N M N U Y D Al e it T e

E - %. = B ) + Rl.’g;\l(:» (1%)
Kol
- ? - '”f\?z - 2B13(Ig1%’10;) (‘5)
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;‘- end %mmtemtommmmm.mmmtm

of the active species are decreasing,s Thus adding egse ¥4 and 15 we have

AP S Powwmvnian

a - B
oF - lgﬂf i:ng.:nwoawq-%"n’-_%% n__1.
E!meqﬂ,ngamignzmmmglwwﬂ;mushm

By (elow).

,*(19851*10852)'(31'*52'('*;302!1’3)tomm.sinnn"

(afterglow) &<Byz (glow), (Fe2.3), then the sbove emation is effectively

= log nqng = (Byy + Boy + 2Byzn3) t + constent (16)
Thus using eqe 2, -
mxtmla(mwé%Oa"?})QOWMOmn'& (17)

where Il is a constant, when the total gas presswre is constant,
By differentiating the theoretical equatiom 17 we have

- 22800 = (Byy + By ¢ Bazty) . (18)
%Wmmm, : , :
-%2\. = (Byg* Byy + 2Byzns) (19)

. where Ig) is the efterglow intensity of an individual band at

time t. Bgy and Boy in eqe 19 might differ slightly from By and
Boy in eqe 18, assuming that the rate constants for attechment of
atoms to the walls are dependent on the mean emergy of the atomsy
MMMMMMM:M&!WM&MW
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of stous giving rise to different upper vibrational levels of the
ritrio oxide molecule, Eq.19 is identical in form with the observed

: Vo o 2 = W s (3e242) amd (3.603)s

This law was obeyed from ¢ = 0 to the saximus time observed; Ry,
being s constant, independent of time,
. Thus, according to this discussion,
Ryo = Byy + Byy + 28B40, (20)
and By, = 2 (Byy + aaun}) {21,

- 457 =




, e ‘2.
in both eaperiment A and experiment B the decay of fadividusl

afterglow bands obeyed lewe of the form Ry » “SwioBiSA. gop
nitrio oxide afterglow bands, and iy, » SIOEILL  pop
mitrogen afterglow bands; where Ry, snd a,ammmn:
of tiwe,

vnmswxmmuiumummmhmw
for verious nitric oxide bende, In the case of puns 8, § and 3
the observed values of Hy, very bty % §¢ with wavelength, In the
case of runs 7 and 6 the varlation is = 38, '

The values of Ry weasured in experiment B are shown in
tables 12 and 19, Prom table 19, Ay, for the v' = 0, J nitric
mumuus:s}%mmm%mmﬁ.o,fum
oxide banda, mmmw%mmwhnwuum
oxygen added es discusssd in 3,6,3,

In gemeral the Ry, values varied more erraticslly in experisent
A& than in experiment B,

The main differenve bLetween experiments A and D was that in
experiment B the same nitrogen was used throughout the experiment,
Also the ayele of R.¥. discherge pulses was not interrupted
MMﬁmtw-ﬂwanumth&
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Reyleigh (1942) has ehown thet the sdecrbed layer on the
walls of an afterglow tube has o marked influence on the charscters
istics of the discharge tube, Thus it is seserted that in expericent
B the effect of the adsorbed layer on the afterglow decay rate
wvaried little, but in experiment 4 there was some veristion in the
adsorbed leyer. It is pertinent to note that esch run lested
about 1 houwr, The large varistion of Ry, with wavelength in
. vuns 7 and 6 is therefore expleined by s changs in the adsorbed
layer in the tine between observations, This is supported by
the fact that in sun 7'By, inoresses with wavelength and in run

6 it deoresses,
[ [EREW The —he g
Added oo
: - — «uﬁ-—-—-——--—-—n--u-—————-—-b
7 | 3710 066 | 09 09
8 |37x10'? 0e63 0458 06
5 |7x10'2 038 Ge32 Ue 32
6 |36 10" 075 052 0els§
5 |57z10" 0496 148 o9t
SRS SO S o R :

The erratic waristions of Iy, in experiment 4, in run 7 and
run 6, are thus sssumed to be due to changes in the sdsorbed
layer on the walls of the af'terglow tube during the experizent;

- 150 -




and are therefore rejected from further discussion, The

amthmafi&%Mthummebhmuu
experiment B may be due %0 & regular cyele of change in the
condition of the walls with time,

In both experiments A and B nitrie oxide sfterglow bands
from levels above v' = O were rather weak, Thus the docey vate
of these bands could not bs masured, In view of the ssell
difference observed between Ry for v! = 0, [f and § vands, and
the amall energy differences between the vibwational energy
levels of the B*Tg and A°Z7 states of the nitrie oxide
molecule 3 ttnmmumtmmnIuw%.
corresponiing > the decay of the integrated intensity of
nitric oxide afterglow bands, differs by more than 200 from
the values of Agg for individuel bands, Thus at various points
samwmau.mmnmnﬁ%}ﬁ_.u
given by the decay rate of sn individusl nitric oxide bend, The
value of Ry, used in By, « ~h2k. 1s the valus corresponding
to the decay of the integrated intensity of the (10,6)s (11,7),
(12,8) bends of the nitrogen af terglow,
bete2 : 9

She falls.
According to the discuselon of 5.3, Hyy = Byy + Bpg + 2830y
(8g420) and Ry, = 2(Byy » 2Bygny), (eqe21); where Byy and By ave
nummﬁmmawwum and oxygzen atoms

to the walle of the system respectively, The values of Ry

- 460 -




and B, derived from the results of experiment A are shown in
table 28, It should be noted that certain experimental values
of Ryy have been rejected from the discussion as discussed in
Getlets

It is shown below (6,2.3) that the value of By in the 4
grmgxmuxeumwzwn,,mmwam

The values of By, in table 20 appear more or less indepondent
 of wavelength as they would be expected to be, Byy was caloulated
mmmumna;amn-‘%‘.mmmmmmm.
M&oxmmmmumlmma,ammmw
mgnitude grester than Bgy; end @o precision in the values of By
oould not be expeoted. From table 26 4t ocon be concluded that
Byy is proportional o the axygen added to the system, in the range *)
of oxygen concentrations used, A possible explamstion of this is E
that By, is proportionsl to the concentration of oxygen atoms on
the walls, and that the concentration of atoms on the walls wes
proportional to the oxygen added, Changes in the equilibwiun
concentration of atoms on the walls of the discharge tube could
partly explsin the erratic variastion of By, evident in some coses
in experiment A, (Table 27)s Running the discharge cycle, without
interruption, between after;low dand obssrvations corresponding o
a given oxygen concentration hes a stabilising ofTeot, as the

values of Ry, messured in experiment B were less erratic, It
can be dedused that the 2,7, discherge has an influence on the

- il -
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equilibrium between the oxygen concentration on the walls and the
system,

We have from fig.19 that in experiment B,Ryy for the J (0,3)
and '3 (0,6) nitric oxide bands increases on average by 10% when

5x 1()13 oxygen molecules 00'1 are added to the systen,

According to the discussion in 5., the integrated intensity of
nitric oxide ﬁ and & sfterglow bands &s given by

: I = an'znwni,znj s (2q.9) 3 vwhere By oy is assumed %o be |

(Boy + Byoiiny)

small compared with Boy. Thus substituting from eq.d in eq,9

' we have ay * 2Bi2 B‘_,L_INZ;ﬂ (22)
Bow By

Thus Iyp f’%ﬂ o ﬂ = oonstant. (23)

‘ Bow Iﬂg By

Assuming Ino o X2363 = IP2363 and Iy a =S :5755 = IP5755 (43 and

| 1

| bs) wonave 100TP263 P g o o gonstant (24)

| Ip5755 3

| : Values of 32363‘ 32890 and 33200 have been calculated using
the intensities and values of Boy corresponding to the 8 (041),

ﬂ (0,6), and K (0,8) mitric oxide bsnds respectively, (rable 29).
These data were measured in experiment A,
According to the discussion in this section the values of |

"‘5:“
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Basgy etes should be independent of the oxygen sdded, There
snmmtmummmumnmmwrum
than By, or the oxygen added, Thus equation (24) &s supported

by theae results,

Variations in the concentration of oxygen adsorbded on the walls
of the systen might be the resson for the remsining scatter in the

- Values of Basgys Bpggo a0d Bypgge  The mean values of Bysgy,
DMMMMMM,WMMW!M
chronator exit slit widths wers used (Teble 29), snd because of
varistions in the sensitivity of the photomultiplier with wave=
lengthy (4eb)s The msen valuss for ssch oxygen concentration

27.8 a3
29.8 P
26,7 19.2
b€ 18,3
291 1.7

teb
2.5
2.5

3.7 = 10'2
3.7 & 102
7 x 102
346 x 1013
3.7 = 10%3




it can be seen from table 30 that Wumumafém
with oxygen is mﬁw suall, This would be mo:g}i
4t has been shown mz%ﬂ.‘ﬁ e constsnt, and that Bpy is
proportionsl to ng (6.%2)355 It can also e seen from the resulfs
of Kursweg, Bass and frolde (1957) that the intensity of the
nitrogen afterglow, and that of the nitrie afterglow, deorsase at
‘sbout the ssme rete with oxygen sdded,
Galade

According to £igs.13 to 16 the mean wariation of the afterglow
intensities of the §(0,2), ¥(0,3), 'aw,s) and 'J (047) bands of
nitric oxide with sdded oxygen can be represented by

1 «%+ Poy (25)
where Ip s the afterglow intensity of en individusl nitric ozide
band, mnmrmwt#asmwmcwwrwct
nitrogen. Rearranging Q.25 we heve

ip = % (26

Aseording to the theoretical eq.i3

#

™ TRy Bt
total pressure; end according tv experdsent A (teble 28), Bgy is
proportional to nge Assuming that Ip the afterglow intensity of
u%ﬁwlﬂwm&mnﬂuﬂmmﬂnwhmw

as Ino, we can mdify eqid %o

+ Where F is & constant at sonstant

nﬁ%n

|




| F
Ip = (Byw + 2Byng) (27)

when Py is a oonstant, This equation is identicel in form
with the empirical eguation 26,
Aomwuummxupimiuumm
. mmmzsmmm,mwumnmwxﬁ
.mm-,.o. This can be explained as follows, Rearranging
©q27 we have Ip"F = ?,"* (Byy + 28 gny) (28)

m‘&;-t -?,'* (n,,)- From eqe27 we have zw*aﬁg ’
_ By

e tg‘i -2, (@)

Whmmﬂmnﬂﬁmlﬁ-%’i = gonstant,

Muﬁumnmmvuw&xq*.‘&uuoﬂm"m

anumumwn,,«n?,m:,,m.a seo™ from tadle
19; and 80 acoording 0 0qe29 By3 « 4e2 x 10'5 molecule™oe sec™,
Using the equation 1)‘* = conatant X (Byy + 8’”6,) (30)
& set of values of By, is now caloulated, The value of By, will
be taken as % since a move sccurate valus is mot awailable,
The method of caloulation is self evident,




T [ O |
| (Rg) seo™ oo
2 a5 0422 0 07 = K (022) |
b 15.3 0e23 10'7 0e26 = K (0e23 + 2 x 10‘5a|3)ﬁ l{
o 9.3 Ou2h 221013 10,33 = K(0u2h + & x 10V3Ry) |
8 67 0a26 | 341 x 1013 (0,39 = K(0,26 + 6s2 x1013ngy)

a 5.5 0e26 | 4ot % 10'7 0,43 u K(0s26 + 8,2 zw"nui

£ bols %27 | 501 x10'3 10,48 = K(0.27 +10,2x10"78y)

o o s

. & g:s 5 (a.zsoegiom)

C.22
foee 0,536 = 0425 x 2 x 10V78,,
By3 = 53 x 1075 mo1™ o0 see™,

sk 233 _ (024 + 4 x10Vn,)
‘ 0e26 (0.23 + 2 x 10"y 3)

Cross sultiplying 0s292 + 2,56 x 101785 = 0,24 + & x 10'73,,
By ® 3,56 x 10”15 mo1 oo sea™,




d:0 i . (026+62z210,)
Sl (Oe2h + & x 10'98y3

Cross multiplying 0e28h + 4u72 % 102 B, @ 0,26 + 6.2 x 10" 1,
B3 = 1.6 % 1077 201 oo seo™,

: ﬂd’g; {%,36 + 8.2 % w‘% ‘
¢ e Ue 3 5 el + 0,2 x 4 §$

6.28‘ + 0,86 = 10'3 By 0,26 + 8,2 x 103 Dy
&3 = 1.9x 10‘4, ”1*.3 ”.‘u

0.0 S8 (0u27 + 1042 x 10'
' Oed3 . (0426 + 82 x 10195,4)

0429 + 9415 x 10178, 5 » 0,27 + 10,2 x 10'3 3,
Byy = 149 x 1075 m02*! oo sec™,

5.3 x 10”13 1013 | o.028
3.6 x 10715 2 x1013 0a085
146 x 10712 szt | oom
1.9 =107 bet x 10V3 Oat
149 x 10”15 stx10'? | 0.2
.16y -




The mean of the values of By in table 32 4s 2,9 x 10™15
w0l oo see™! which 1s about 75¢ of the velue caloulated from
xq*sﬂg-;ﬁ.

&mﬁuhh&oﬂl"amhwh-d«iﬂhnw
with added oxygen, reflecting the oselllation of the lp‘* Vae By
cwrves about the mean linear variation, However the rate constant
~ for the resstion N + Oy «> M0 « 0 by definition does not wery with
added oxygen. mmmsmuun,,umwmw
hmuunuetam.mcmumumu
nitrogen stom ooncentration, as axygen wes added, Acoording to
0qs10 (5.2) the initisl intensity of the af'terglow is given by

Ino -W o c
(Bgy » Bygimy) (B, + 28 4n, + B, + Bin, )2

T -
(By) (Byy + my ll,,,*hs‘l 03‘33. > .,

uu«!“ >D"h‘ from table 35, It wes sssumed in celoulating

By3 that the denoninator of Iyp was of the form Boy (Byy + 2Bymy)?, |

Identifying this with the more generel denominator in .10 it can
hmhtﬁ.mlmhudulwafnumhmznmw

B3 *ay- * %5- s The last term would certainly
deorease with added oxygen. In 6,4, where the removal rates of
stoms by various processes ave compared; it is shown that the
removal of nitrogen stous by preconbinstion, corresponding to the

w‘”u




tern ﬁ“_ s sould account for the deorcsse in the celoulated |
. any !

values of B, 3
The subsequent increase in the last two values of Iy5 is

not scocounted for, The mesn value of i% 3 csloulated asbove may
B 4

be 3 times the true wvalue since el 18 comparable with B3 at
n

>
the lower oxygen concentrations, This is discussed in 6elsy and

it ie ooncluded that 313 e (ted = 0.3) = w"‘5 ml"ce m"‘.

Bu is the rate constant for the resction N + Ug 80 + 4,
and sccording %0 0ge20 (5.3) Ruo = Byy + By + 28,40

a{ By 1) :
m;‘,:%;. . W"'jn;ﬁﬂw + Dy (31)

It is known from the results of experiment A, that By
inorsases with added oxygen (6.1.2); and from fig.19 that

i-;é-n— 2 ~ bz 1076 oo sec " mo1™, Assuming that

3

a(Byy ¢ Boy) | on _ then we have that in the aftenglow
dng 13

3,3~2 = 10“6 oo uadml". This 48 in good agreement with
Kistiakousky*s value (1957) of 2 x 1016 oo ses™ mal™ for B,
at roon tempereture, dedused from his formuls

B3 e 3 x10'2 exp. (-i-"‘%?-} oo see”lmol*!.  The larger
value of Byy in the glow is probably due to the greater energy
available in the discherge to provide the activation energy for

.1710
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the reaction B » ua - N0 e Uy

Godols

From ege. 1 and § the integreted nitrogen fterglow

intensity : :
I’ W r—g—..—-—? : *
2 By v 2By + gy »

The ters Bygiin, 48 ignoved, becsuse from the diseussion of
Gob 4% appsare thet Byliny ~ 28405 but B giing << 28,305 o
Assuning that Ly, is proportional to Ipgyss; end since ¥ is
proportional to the totel ges pressure p am Hyg, we have
(Sogpss)t (Byy + 2mygny + Bytiny ot = G
Values of G, shown in talile 33, have been calouleted using the
 walues of Ipgzss messured in experiment A, and B4 = 1075
wo1™ oo seo™ which is the lower 1iait of the true welue of
i.,m-;umwwu.
ny? = 172 x 10'® 20w 1555, from 45,

3 .1.u:tﬂdd¢~*mnmau
(1958) and By » 7 x 1079 w1*too see™ from bese

The veluss of G are within 2 130 of esch other exsluling
that corvesponding to run 5, This shows that the veristion of
the nitrie oxide aftergiow intensity in experisent B, and the
nitrogen afterglow intenalty in experiment 4 woe detornined by
the sase psrameters; even though the fors of the varistion was
obacured in experizent A by the errstic verdstiom of iy from
one yen 10 snothers  This 1s 4n agresuent with the Sheays

“ {72 -
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Experimental errors in the measurement of ny in the two experinents

may sccount for the rensining veriation in &

6e2.5 QComparison with |
Anderson, Kgvedas and Mefay (1957) carried out experiments

similar to the present sxperiments {1.3:2) using & non flow
discharge tube systen and ngam‘;m mixtures, They ddd
not, however, study individusl bends in the spsotrus of the of'tere
glow, Although they wave not concerned with messursuent of the
ndtrogen afterglow intensity, the intensity values shown in

table 34 can be deduced fyom Fig.7 in thelr paper.

I'% 4 Fucmtage
t sl tal Added
6.01 ‘m i}'m
0e03 33.3 Uali3
0.06 1&7 {}' -’5
0,08 $2.5 Gell
Oeld et Ve
D16 6.3 Ga 30

In table 34, I = totel afterglow intensity in arbitary wd ta

and ¢t = time in seconds, the serc of time sorresponding to the
gwitching off of the discharge. Pron the walueas of I,

- 4T -
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it can be seen that the percentage of oxygen needed to lower the
af'terglow intensity by & factor of ten is of the opder of Outiie
In the present experiments about the seme smount of oxXygen was
needed to lower the intensity of individual afterglow bands by a
factor of ten, . It is of interest to note that, where a continuous
flow of oxygen and nitrogen through a discharge is employed, up to
_ %dmyn“mﬁﬂ»mﬁm%d%whﬁm&qwu
- factor of ten, Berkowits et al (1956) and Kuraweg et al (1957).
It can be ssen fyom table 3h that I¥ incresses less rapidly
with added oxygen than the (aitrie oxide afterglow imtensity) ¥
in the present experiments (Table 3¢). However, in inderson's
experiment the decay of the afterglow intensity with time was nainly
due to the recombinstion of nitrogen stoms for the first 20 seconds
or s0; also the logarithmic decay constant (oorresponding to
Byp = 2Byy in the present experiments) decreased slightly with
added oxygen, Thus the slower decresse arl"*!:lih oxygen can
readily be explained in terms of eqe32 oy - n.xs*

Although. motmsnua,mtmnac.a"nndl'h,m
decreasing; m»z" luztmudmalawly.

‘ *
n,zlothotohluhmmtfwﬂ»mumn40¢!»m + M
mm* ~i mq»lw(f'.b)é According to 0qe22 (642,1)

h,ﬁ;&mﬂl .mmmz-l,h,’(oq.um |
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Iy = E%’ﬁi& M%aﬁ%. (33)
Almfma&»#nhﬁnlmu(}.‘l maxw,mﬁfrmbduhm

ny uh']‘ﬂ:ib”lsmlgm atoneo™2,

Substltuting in 0g.33 we have

Qs %

l.z . 172 x ‘lﬂ'm’f‘é “9795"
e W g By (3)
2 Igyss ny h?ﬁ = 13’ l@’
" Values of 'ﬁ"’ o —ﬂm (eqs2h)

2 Ipspss By
are shown in table 29 Aecording to the theary (Gi2e1)y Byegs e
independent of the amount of cuygen added to the systes, and this is
memaw,uung. Since wo are assuming
mﬁwaalmhwdtmﬁm,ummnm&Mm&

x Ol 2ol *2gea™
'"_. Mg x1.72x 1 "

P36y = 0,16 (Table 29)
By = tub 2 1075 mo2tes see™  (64)
Yl « 4506 x 10'® molecules ec™ (4.5)

016 x 0p
B2 ¥ Rz i00 g i.:s 10710 x 132 x 1040

Amu 1.”:10” oe nl"m"

oi”n




Fe have from (hes) that

Taag0 = 00t (table 29)
Substituting in (33) far Ing in terms of Inpgn,

S % 0,12
ﬁt ﬁ.:ﬁm‘;,?& x 16‘

01&58:10"':&}3:&*_
~32 —
We have from (h.b) that

I = 0.2 ‘m xm
Bia00 = 0405 (fable 29)
Thus edjusting the value of B8, of (34) as above

&:nﬂ%&ifnl&ﬂ l% .
Ok 5*32 oo®mol"Pasn™

The mean value of Byp » 143 x 1072 co?mol 2eee™,
According to P, Havteck, H. Reeves and G, Mamnells (1958),
Byp = 3 % 1073 gc?uolecules™2see™, no dotalls being givens
However sceonding to Keufman (p.30 'Frogress in Resction Kinetics',
Pergamon Press, 1961) the ssme suthors heve aince measuved o value
5 x 1033 0o®mol™%se0™! for Bype  The moan value of Byy caloulated
Muumwsﬁammmctwum




it hae been assumed in the foregoing discussion, that the dowinant

provesses of remdval of atoms in the present experiment were stischment

of nitrogen and oxygen atoms to the walls of the gystem

N o+ Wall > § + Wall
O + Wall > {05 » ¥Wald

%tm waﬂal Zate

Byyng
Bymp ;

and also removal of nitrogen atoms Yy yesction with oxygen molecules,

and nitric oxide molecules

2@@02-91%*0
H+Hﬂa§ﬂ24~0

The eifect of vecoubination of nitrogen atous

£ 3 s
?%-a-’@@ﬁi-) ﬁ;‘ + §

ﬂa 4-%*652
Nyt - Nz +hv

and combination of nitrogen and oxygen etons

NeOasNod M oN

0 o> W+ kv (f;.zf}

wea neglected,

dtom Removal lgte
Atoms o™ sec

2By 3nyny

Atom amaval 3%
Atoma ec

B oiyng




m.um-ammmmwbmt.m
initial intograted intenslity of the miteic oxide af'terglow ia
acoording t0 eg.10

if the procesess of atomic recombinstion and combimstion are neglected,
ls0e IF 1t is sovumed thet Bpy>> B,  and

(Byw + 2By 3n3) >> Byghmy + Byiiny, then

{eqett s e now consider

Mum«muymw(q,,mﬁwmﬂ‘ Byl )e
It is nocessary to osloulate the welue of ng first of all,

The data in table 35 are typlesl weluss of the guantitiss sessured
in the peesent experisents. According to eqe7 the oxygen aton

gongentyetion 48 given by V-
i " "‘&%M

and this is sisplified tonp o El'gﬂ.

scoording to the spproximetions mentioned sbove, Thus using the
data in talle 35.amd 36

By = : O,: : 3 : & 246 x 10V3 g™

and Bypiing ~ 0.014 see™s

u‘”c




Humber of Ipgyss Hitrogen atom| Oxygen Atom

Oxygen concentration| Wall decay By gwol*lee sec™

Holecules |Chart Divs.(dg)|ny atonms cc™ | Hate constant

ASiph Bay sec

(34 Ed l!3

13 14 _ liean value

5x 10 ~ 10 ~40 N Gy 1.75 = 10_@5
forny = 3 x 1013,
4 x 1013 oo™

Reference | TANIE § (heB) TARE 28 TAILR 32

From table 36, Bpling ~ 0,035 sec™ . This velue is of the order of
magnitude of the smellest values of B,., but is seall compared with the
total Geeay constant Ry, of the nitrie cxide afterglow bands; and would 1
not introduce appreciable curvature into the log (afterglow intensity) |
versus tise curves, The values of Bﬁ; and By ln, sre thus consistent
with the assumption used in the discussion in chapters 5 and 6 The
measured values of Byy (Table £8) are a messure of the rete constant for
premoval of oxygen atoms by all contributing processes, so that these
values of By, would include the term B, in, averaged over the duration
of the afterglow,

We now consider the ratio of (Byy + 28 3ng) to (Byling « Bylin, ).

From table 36 we have Bygiing ¢ Byliny = 0,14 sec™. Also we have

By + 2By3ny ~ 05 sec™i, These velues ore also consistent with

the sssumption made in chapters 5 and 6,  In (6.2.2) values of B3
were caloulated and it was found that 313 appesred tH vary with oxygen

.an.
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According to HeJoJ. Breddick 'The Fhysics of Experimental Method®,
Peil, the square of the percentage error of a produet is the sum of the
squares of the percentage errcrs of the factors, where the errors are
random errors, let the percentage error in Byp sABya. Ve now
eonsider the errors in the individual factors in the expression 35,

A l-j. 200
The values of Ip3200 used in caloulating Byp were ~15 chart

ds.viémm (Rg)e Acoording to the disoussion of 4.1, Ip3200 ~ 16
less than 13200
Lok

The error in the faector 0.2 from Ly, = Ue2 Hgonp I3200 48 from
(hals) ~ S 250
228

Boy was measured from the gredients of straight line grephs,
Since Bgy was included in Byg00, end the mean value of Bygnp was used
(Table 30) to caloulate Byz, then effectively the mean of three values
of Byy was used, The error in this quantity is grohahl,y not more than
S 158,
|

The total pressure in the vacuun system oould be resd to about
* 5, thus the error in X is T 5§,
8.

The value of By3 used to calculate Byg was the value 1,4 x 10713

nol"'ccm"‘.
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iocording to the disoussion of G.4 the true value of

B3 is

probably about (14 5 0u3) = 10™'5 po1™lee sec™, L.0, theve 40 o
= 20 uncertainty in By

Ll

is in the ocsse of 1;452‘_353 the velue of & Pypns Bsed o calgulate
By my be 10: less than L5758
AdaZR.
Aocording to Harteck et al (1958) theve is a 10 ervor in the
value of By which gives & 10° error in the faotor 1.72 = 40'° (see Leble
Any further error in 1,72 2 10'0 cannot be estimeted but is not
ifkely to be lowpe.

A

Do
mM

3

The mean of 3 valuss of By Was ssed %o calowiate 311 ae The eryor

in ny is not likely to be more than = 106,

[ 2!

Usinz the inforsstion from "The Physies of Experinental Yethod' we

hﬂv@,
Any s 0% 62 +A%g o AR A%y e A% 1724 Afny

Substituting in the percentage errors of the individual guantities

involved in Byp we have AZByo = 625 + 225 + 25 + 400 + 100 + 100,

The errors in Igong and Igpes should cencol outs Thus ARy = & 400,

Since ‘:312 e 1o x 10‘32 002 mi“z m"‘i’

0.5) x 10738 cotmol*2sec™ .

« *
e

?A‘& = {1..}
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The aftergiow of an R.F, discharge through nitrogen et a pressure
of shout 1 am Hg hes been fnvestigated, Up $o 015 of axycen vas
added to the nitrogen; and the effect on the nitrie oxide afterglow

§ ama 0 bands ard nitrogen afterglow 1at positive bends stuiled,

it is concluded that there is no change in the reletive ef terglow
intensities of the v' = 0, {fmabumafmmn axide, when up to
u.i%wwwua&lﬂ to the nitrogen,

For a given percentage of oxygen, the sfterglow intensities of
the v's 0, ,&m 3 mitric oxidebends decay with time in the ssue
manner, = -Uﬁia is (15 £ 5)% greater for via0, § nitric oxide
bande than for vls 0, ( nitric oxide banis, where Iy is the afterglow
intensity at tiwe ¢, though it is possible that the observed difference
was Gue t0 & chenge in the condition of the discharge tube walls between

one messurenent and another, e.z. adeorption or desorption of oxygen by
the wells, Scatter~ 35¢ in the cbeerved values of -S54 for
the ¥ (9,1), [(0,6) and [ (0,8) nitrie oxide bends in two pertiouler
runs may have been due © & more erretic waristion in the condition of
the discharge tube walls, In general the decay rete of the intensity
of the nitrio oxdde af'terglow bends differs from thet of the nitrogen
af'tergiow bands, « ﬁ.:_;ﬁ_& = constant independent of time for all
observed bands in these experinenta, thus it is concluded thet the
aotive perticles giving Mee to the afterglow were renoved meinly Wy
attachment to the walls.

- 105 -
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Two sources of excitation of nitric oxide F and § bands werve
considered to be present in the R.F, glow discharge; electronic

excitation of nitric oxide molecules, and the excitation which gave
rise to the nitric oxide afterglow, It is concluded from the
roelationship of the initial intensity of a F or § afterglow band of
nitric oxide, to; the initial intensity of a nmitrogen 1st positive
aftexg;lmv band, the decay rate of the given nltric oxide bend, the
decay rate of the nitrogen 18t positive band, and the amount of oxygen
added that the source of the nitrie oxide afterglow is combination of
nitrogen and oxygen atoms in ocolidsion with a third inasctive particle,

He+sOel -9?'?&* + ¥

W > N0 + h ({S 0)

in agreement with the currently accepted mechanisn, The rate oansiaz';t
for the coubination of oxygen and nitrogen atoms
Byg = (1e3 ¥ 0.5) x 10732 0c?mol™%sec™, This is in fair sgreement with
the value 5 x 10"93 go l"aaec"" obtained by P. Harteck et al frrocress
in Reaction Kinetics, Pergamon Fress, 1961 Jo Nitrogen atoms were
prodused by diszscolation of nitrogen molecules in the glow {i scharge
about 0.4 of the molecules being dissoclated according to & calibration
of the recording aystem; and oxygen atoms were produced in the glow
disecharge, and the affterglow by the reactions

HeOpg=> W+0

e O > Nge0O
as proposed by Kaufman (1958)s The removal of nitrogen atons by the

above reactions is the cause of the decrease of the initial intensity
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of the nitric oxide and nitrogen af'terglows, when the aRygen perventage
is increased, The rate constant ‘?‘;j for the resction B + Og => N0 +
was (1eb & 0.3) x 10*15 mol* oo see™! 4n the glow diescharge.

n the af'terglow B 13 ~ 2z 1016 go1ies sm"’. vhich agrees with
the value of 2 x 10™16 ml’qm aem"‘ caloulated for a tespemsture of
about 209C from the formuls given by Kistiakowsky (1957).

Un the basis of the currently sccepted mechesniem of the nitrie oxide
afterglow, and other resctions and wall processes; it is concluded that

the integrated intensity of the nitrie oxide afterglow is given by

o - &éjéﬂ gﬂ}u i’ ,‘
HO gisze ¢+ Byg Hng) (B + 2B 405 + Byling + By g #

"é

ruv
ey

.’im is the integrated intensity of the nitric oxide afterglow,

when the eleotronic excitetion of nitrie oxide bands has just decaved
to sero, which it doos in less than Ust seconds iy @ psnbey of
cygen moleoules per 00, By = nunber of mdtrogen atoms per oo,

Ny = mm‘mg of axygen stoms per cej M 48 the total number of particles
per o2 and 5 is the rete of production of nitrogen atoms per oo in the

e o e

preceding discharge. Soy ¢ constants for moncstondo

&%
#
3
.
&
o
o
3
¥
%
("l‘

wall attaghment of oxygen and nitrogen atoms respectively and By 48 the
rate constant for the three body oombination of nitrogen atoms, Thias
equation is useful, whers removel of atoms by atlachment to the wells
dominates yeuoval by combination,

-

In the present experimerts 1i was found that By wes proportionsl

to n3 the amount of oxygen added to the sraten, "his suggests ghate
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