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Abstract approved

Three-body and wall recombination coefficients of atomic ni-
trogen were measured using an electron paramagnetic resonance
spectrometer to determine the atomic nitrogen concentrations.
Studies of nitrogen gas at pressures from .3 to 35 torr flowing in a
cylindrical tube and of non-flowing nitrogen gas at pressures from
0.3 to 7 torr contained in a 15 cc. cylinder were made. The three-

body recombination coefficient k. with molecular nitrogen as the

-32 2 -
third body was found to be(1.94 = 0.14)x 10 cc. sec. 1, The

1
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wall recombination probability y of quartz ranged from 9 x 10~
to 6 x 10-4, decreasing with increasing oxygen impurity; y ranged
from 10-7 to 2.5 x 10-5 for teflon, increasing with increasing
oxygen content. The sum of the two-~body radiative recombination
and two-body teflon-wall recombination was a significant part of

the total atom recombination at lower pressures; the sum of the



coefficients was 2.5 x 10_1600. sec. -1.

The electron paramagnetic resonance spectrometer was cali-
brated with molecular oxygen. The use of oxygen as a calibration
standard was verified by comparison of its calibration constant with
those of diphenylpicrylhydrazyl and Mn++ ions.

A specially constructed quartz cell externally silvered to form
a resconant x-band cavity for a standard electron paramagnetic
resonance spectrometer was used for the non-flowing gas experi-
ments. This cavity was found to be especially sensitive for use in
gaseous electron paramagnetic resonance spectrometry.

For intervals up to two seconds following atomic nitrogen for-
mation, the data indicate a slower decrease of atom concentration
than may be accounted for by known mechanisms of recombination.
The possible existence of some atom-forming substance in the after-

glow is discussed.
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ATOMIC NITROGEN RECOMBINA TION
STUDIED BY
ELECTRON PARAMAGNETIC RESONANCE
INTRODUC TION
The work to be presented in this report deals mainly with the
use of electron paramagnetic resonance (hereafter abbreviated epr)
as a tool to study the recombination of atomic nitrogen into its molec-

ular form. The epr spectra of nitrogen and some other paramagnetic

gases were also observed.

Atomic Nitrogen

Nitrogen is an element present in the earth's crust, in the pro-
teins of all living matter, and in the atmosphere. Although nitrogen
in all forms constitutes only a fraction of a percent of the total mass
of the earth's crust, in its diatomic form it makes up an overwhelming
78% of the atmosphere at sea level.

Atomic nitrogen is a highly reactive gas which occurs naturally
only in the upper atmosphere. There, two factors work together to
maintain the atomic nitrogen concentration. The intensity of ultra-
violet radiation from the sun is sufficiently high to effect appreciable
dissociation of molecular nitrogen into atoms. Secondly, since the
gases are rarefied, recombination is not frequent. At 100 kilometers,

atomic nitrogen represents about 0. 01% of the number density of



atomic and molecular particles as compared with 1% for atomic oxy-
gen at the same altitude (36, p. 47). Although atomic nitrogen is not
as concentrated in the upper atmosphere as atomic oxygen, it is pres-
ent in sufficient quantities to play an important role there. In order to
understand the upper atmosphere, it is important to have a knowledge
of the rates of all chemical reactions which may occur there. One of
the important reactions, the recombination of atomic nitrogen, is the
chief subject of the work to be described herein,

Visual effects resulting from the recombination of atomic nitro-
gen were first observed by Lewis (32) in 1900; he observed a ''chamois
yellow fluorescence' in vacuum discharge tubes containing nearly
pure nitrogen. Lewis noted that trace amounts of water or oxygen
were necessary for this fluorescence which lasted for several sec-
onds after the discharge was extinguished. Later, in the first quanti-
tative work dealing with this afterglow, Lord Rayleigh (then R. J.
Strutt) in 1911 named the energy carrier for the afterglow ''active
nitrogen' (45). The fluorescence is now called the Lewis-Rayleigh
afterglow in honor of the first two people to do extensive work in the
field.

The color of the afterglow arises chiefly from spectral bands
originating from transitions between the different vibrational levels
of the3II and 32 states shown in Figure 1. These spectral

bands are called the first positive system of the molecular nitrogen
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spectrum.

(37).

Mitra has devoted an entire book to a theory of active nitrogen

Although Mitra's theory has now been abandoned (24, p. 121),

a quotation from his book can best describe the general state of obser-

vations on active nitrogen (37, p. 3, 4):

The chronicling of facts regarding active nitrogen which
may be considered as established beyond doubt, is not
always an easy task. Any one attempting to study the lit-
erature on the subject is not only struck by the large

amount of experimental work done but, at the same time,

is greatly confused by the divergent results and conflicting
statements of the different authors and also, not infrequently,
of the same author on different occasions.

Since the publication of Mitra's book, however, workers who

have made the more quantitative measurements on the atomic nitro-

gen reactions are in better agreement. Only in the last fifteen years

has it been firmly established that atomic nitrogen in its ground state

4

2 2_3
S3/2, which has the configuration 1ls 2s 2p , is the chief constitu-

ent of active nitrogen. Jennings and Linnet (24, p. 122) in their re-

view article on atomic nitrogen stated further:

The first positive evidence of the presence of ground-
state atoms in the afterglow was obtained by examining
the paramagnetic resonance spectrum of active nitrogen.

Once it was established that atomic nitrogen was the chief con-

stituent of active nitrogen, a great deal of effort was made to eluci-

date its various chemical reactions including its own recombination.

Three-body volume recombination is an important process by which



atomic nitrogen recombines at usual laboratory gas pressures, and
it is in this process that the afterglow originates. The most widely
accepted mechanism for this three-body recombination process (24,
p. 124-129; 31, p. 388-404) is that in which two ground state (4S) ni-
trogen atoms collide and form the weakly bound 5‘2 state shown in
Figure 1. This excited molecule then loses sufficient energy in a
collision with a third body to enter the 12th vibrational level of the
3l'[ state by the process of inverse pre-dissociation (pre-association).
This 3l'[ state decays to the 32 state with the emission of the char-
acteristic nitrogen afterglow spectrum. The Vegard-Kaplan bands
representing transitions from the 32 state to the 12 ground state
are observed only in very pure nitrogen (24, p. 129).

The determination of the rate of recombination necessitates
measurement of the absolute concentration of atomic nitrogen and
the variation of this quantity with time; this measurement was ef-
fected in two different manners in the experiments to be described.
1) The atom concentration was measured in gas flowing in a cylin-
drical tube, the time being the spatial separation between the atom
source and concentration-measuring regions divided by the flow
velocity. 2) The atom concentration was continuously monitored
in a chamber sealed off from the atom source; the time was deter-
mined directly from the recorder chart speed. In both cases the

atom concentrations were measured by epr spectrometry,



There are several experimental approaches to the meas-
urement of atomic nitrogen densities: mass spectrometry, Wrede
gauge techniques, chemical titration, catalytic probe methods, and
epr spectrometry. Berkowitz (8) used the mass spectrometer in his
study of active nitrogen; however, he did not measure the recombina-
tion coefficient. Wentink, Sullivan, and Wray (50) were the first
workers to determine a value for the recombination coefficient of
atomic nitrogen. In 1958 they reported the use of a catalytic plati-
num wire resistance probe to measure the atomic nitrogen concentra-
tion. Since that time, four other groups of workers have published
experimental values of the recombination coefficient, kl' Three of
these groups (15; 18; 35) used chemical titration with nitric oxide to
determine the atomic nitrogen concentration. Very recently Marshall
(33) used epr to measure the atomic nitrogen volume recombination
coefficient.

Most atomic concentration measuring techniques depend upon
the destruction of atoms, thus altering drastically the conditions
normally occurring in the afterglow; this destruction gives rise to
possible secondary effects which interfere with the measurement of
kl' Epr measurements, on the other hand, introduce only a slight
perturbation of the electron spin states, and hence do not disturb the

atoms to the extent that their concentration or recombination rates

would be altered. In their determinations of atomic oxygen



recombinations, Krongelb and Strandberg (30, 1196-1210) were the
first to use epr to measure gaseous reaction rates.

In any laboratory experiment recombination also occurs at the
wall of the containing vessel. This fact necessitates the measurement
of the wall recombination coefficient of the wall material. In the ex-
periments to be described, wall recombination coefficients for quartz
and teflon walls were obtained. Values of the wall recombination
coefficient of atomic nitrogen on various wall materials have been re-
ported by four groups (15; 18; 34; 52).

The measurement of the recombination coefficients is further
complicated by gradients in the atomic nitrogen concentration brought
about by a localized source of atoms and by recombination more rapid
at the walls than in the volume. These gradients result in the diffu-
sional flow of atoms which must be considered in a differential equa-
tion relating the decay of nitrogen to the diffusion coefficient, the
volume recombination coefficient, and the wall recombination coeffi-
cient. Various simplifying assumptions are then made in solving this
differential equation, which relates the measured experimental quan-

tities to the recombination coefficients.

Electron Paramagnetic Resonance

Electron paramagnetic resonance is a phenomenon involving

the absorption of electromagnetic energy of a particular frequency



by a paramagnetic substance placed in a magnetic field.

An atom or molecule of a paramagnetic material has a perma-
nent magnetic moment due to the intrinsic magnetic moments of its
electrons and nuclei and the orbital motion of its electrons. When a
paramagnetic molecule is placed in a magnetic field, the
perturbation of the interaction of its magnetic moment with the mag-
netic field results in a splitting of the unperturbed energy levels; the
consequent splitting of the optical spectral lines is commonly known
as the 7eeman effect of atomic spectroscopy. Transitions between
these adjacent perturbed levels may be induced by an electromagnetic
field whose photons have an energy equal to the difference in energy
between the states. The resonant absorption of this electromagnetic
energy is called electron paramagnetic resonance, electron spin
resonance, or simply paramagnetic resonance when the difference in
energy levels is due chiefly to the electrons' magnetic moments, and
nuclear magnetic resonance when due to the nuclear magnetic mo-
ments.,

The electron paramagnetic resonance condition is described by
the basic equation: hv = gf Ho where h is Planck's constant, v
is the frequency of the electromagnetic radiation illuminating a
sample, g is the spectroscopic splitting factor (also called the
Lande g factor), f 1is the Bohr magneton, and Ho is the polariz-

ing magnetic field strength in which the sample is placed. Each
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energy level of a substance has its own characteristic g value; how-
ever, magnetic perturbation does not necessarily result in a symmet-
ric splitting of the energy levels as is described by the above simpli-
fied expression. Thus several closely spaced lines may result. Each
of these lines may be further split into several components as a re-
sult of coupling between electrons and nuclei. To detect all the reso-
nance lines corresponding to the different values of g and the com-
ponents of these lines resulting from the magnetic perturbation and
the nuclear splitting, the magnetic field Ho is varied and the fre-
quency is held constant.:

Any frequency may be used for spectral analysis. Resolution
and sensitivity increase with increasing frequency, so the higher fre-
quencies are usually chosen, commonly about 9, 000 megacycles per
second with a corresponding polarizing field of approximately 3, 000
oersteds.

In 1926 quantum mechanical theory explained the anomalous
Zeeman effect (17, p. 263-277). Since electron paramagnetic reso-
nance is the phenomenon associated with the transitions between the
Zeeman levels, the basic theory for the epr transitions was thus
founded. However, electron paramagnetic resonance was not ob-
served until 1945 by Zavoisky (54). The rapid development of the
field since then has been considerably enhanced by the development

during World War II of the high frequency radar and microwave
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techniques.

Paramagnetic resonance in a gas was first observed in 1949 by
Beringer and Castle (6) who studied the epr spectrum of molecular
oxygen. Atomic nitrogen in its ground state (4S) was first detected
in 1954 by Heald and Beringer (16). Other paramagnetic gases which

have been studied are NO., NO, O, H, OH, Cl, and F. A detailed

2
theory of epr predicts the size of the resonance signal in terms of
certain atomic and molecular constants and instrumental parameters
(30; 47; 48). To determine these instrumental parameters most ac-
curately, the use of a paramagnetic calibrating gas is desirable. The
only paramagnetic calibrating gases stable at ordinary laboratory
temperatures and pressures are nitrogen dioxide, nitric oxide, and
molecular oxygen.‘ For the present investigation, oxygen was chosen
as the calibrating gas since the theory of the epr spectrum of the tri-
atomic molecule of nitrogen dioxide has not been developed and the
spectrum of nitric oxide occurs at a magnetic field that was unobtain-
able with the magnet available.. The oxygen molecule has many spec-
tral lines spread over a wide range of magnetic field strengths and

the theory of the oxygen spectrum has been extensively formulated;

therefore, it is an ideal calibrating substance for gaseous epr work.
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THEORETICAL CONSIDERATIONS

The theoretical considerations pertinent to the experiments to
be described in succeeding chapters include atom recombination theo-
ry and a discussion of flowing, recombining gases. In the discussion
of atom recombination, various mechanisms by which atoms recom-
bine are considered, the differential rate equations governing each
type of recombination are illustrated, and theories of three-body
rate coefficients are discussed. Next, solutions of the differential

equations describing a flowing, recombining gas are considered.

Atom Recombination

Several possible mechanisms by which gases recombine are
listed in Table 1 along with the differential rate equation for each
mechanism. The first two of these mechanisms, three-body and
radiative, represent the volume recombination processes which are
of importance in the upper atmosphere. In mechanism I, two nitro-
gen atoms collide while in the vicinity of a third body. The presence
of this third body allows simultaneous conservation of energy and mo-
mentum for any initial velocity of each of the three bodies, and every
three-body collision can result in a recombination. However, in
mechanism II, radiative recombination, only certain initial relative

velocities allow for the conservation of both energy and momentum.



Table 1

Possible Mechanisms for Atomic Nitrogen Recombination

Name Mechanism Equation
ES dn 2
I Three-body N+N+M—=N, (or N, ) + M Fra = -k, n [ M] (2-1)
1I Radiative N+ N—N_+hv dn = -k n2 (2-2)
2 dt 2
111 T bod 11 N+ N 11— N 11 (d = -K 2 (2-3)
wo=-body wa + + wa 2 + wa at ‘wall 3 n wall -
v Wall N + N (adsorbed on wall) = N (i?—b) = -K, n (2-4)
2 dt ‘wall 4 “wall
A\ Complex N + N2—>N3, N3 + N——ZNZ, etc. _————

In the above equations and in the remainder of the report, the following symbols are used:

the concentration of nitrogen atoms
the number of wall recombinations per unit time per unit area

the concentration of any other atomic or molecular specie
Planck's constant
the frequency of radiation from an excited molecule

an excited nitrogen molecule

1
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This restriction on the initial velocities makes process II less likely
than I at common laboratory gas pressures, even though the number
of two-body encounters greatly exceeds the number of three-body en-
counters, Radiative recombination may very well play an important
role in atom recombination in the upper atmosphere where the gas
densities are extremely low, thus making three-body encounters far
less likely.

Mechanism III, two-body wall recombination, is similar to
three-body recombination except that the wall assumes the role of
the third body in the recombination process. Wall recombination (IV)
may occur when an atom in the gas collides with an atom adsorbed on

the wall. The rate of this reaction could therefore be written:

a7
= - i 2 -
(dt) K4nwns’ (2-5)
wall
where K, isa proportionality constant,

n_ is the atom gas concentration at the wall,
and n_ is the atom surface concentration on the wall.
However, the concentration of atoms adsorbed on the wall is inde-
pendent of the gas concentration over a large range of gas densities;

making K. nS a constant, K

4 4

There appears to be no definite experimental evidence for any

complex recombination mechanism, such as V, at the present time,
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although the possibility of reactions involving ions must be kept in
mind.

The differential equations for the loss of atomic nitrogen by the
various processes are listed in Table 1. In general, all the processes
may be expected to participate, and the total rate of recombination de-

pends upon all of the separate rates:

dn 2 2

(ZIT) volume ~ _kl n [M] _kZ n (2-6)
and

a7l 2

(G dwan = 0Esn - Koo (2-7)

These differential equations express the rate of disappearance of
atomic nitrogen at any point in the gas and are to be used as sink
functions in the equation of continuity. The complete differential equa-
tion with added terms due to gradients in the atom density will be con-
sidered in the section on gas flow.

Current theories of the three-body recombination rate yield, at
best, order of magnitude results for the rate constants. Three differ-
ent methods of approach have been used to calculate three-body re-
combination coefficients. The earliest methods used a simple
mechanistic view derived from the kinetic theory of gases (49, p.245-
250). Wigner's statistical theory (51) with recent modifications ( 5;
11; 28; 29) has been applied to atom recombinations other than nitro-
gen. A recent calculation of the atomic oxygen recombination coef-

ficient has been made using a perturbed stationary state quantum
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mechanical approximation (3). Neither the statistical nor the quantum
mechanical approach has been used in the case of atomic nitrogen re-
combination because these calculations require a knowledge of all ex-
cited molecular states of nitrogen which are formed in the recombina-
tion process. Even when applied to other atomic species for which-
this knowledge is available, these methods have not yielded accurate
values for kl'

An approximate expression for the three-body recombination
coefficient can be derived from the kinetic theory approach. In this
theory the atoms and molecules are treated as hard spheres. The
number of three-body collisions in which two nitrogen atoms are si-
multaneously in contact with any other gaseous atom or molecule is
infinitesimally small, far too small to account for the observed three-
body recombination rates, and so it is further assumed that a recom-
bination takes place whenever a third body and two atoms are sepa-
rated by less than some critical reaction distance of the range of the
van der Waal force (approximately 1 -1/2 atom diameters). The values
of k1 resulting from this approximate calculation are of the order of
10-32 cc. 2 sec. -1.

The recombination coefficient k1 is occasionally defined in an

alternative way, different from Equation (2-1) by a factor of two!

dn 1 2
=2 2K . 2-8
It k1 [M] n; ( )
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therefore,

2k. = k. . (2-9)

Thus, care must be exercised in comparing values of the recombina-

tion coefficient from different sources.

Gas Flow Theory

In this section a relationship between the atom concentration of
a recombining gas flowing in a cylindrical tube and the various para-
meters of the flow system will be derived.

To describe completely the flow of fluids, taking into account
viscosity, compressibility, the effect of body forces, pressure
changes, heat flow, diffusion, and recombination, three equations
are required: the Navier-Stokes equation which expresses the con-
servation of momentum, the equation of thermal energy which ex-
presses the conservation of energy; and the equation of continuity
which expresses the conservation of matter. A simultaneous exact
solution of all three equations is impossible without several simplify-
ing assumptions, the first of which is that the flowing gas is at a con-
stant temperature. Therefore, the equation of heat flow may be dis-
carded. The Navier-Stokes equation may also be discarded if it is
further assumed that the gas is non-viscous and imcompressible.

The equation of continuity which describes the rate of concen-

tration change of the nitrogen atoms at each point in the volume of
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the gas is:

%% = -v (D) +¢ (2-10)
where _f is the flux density, I" = n_\;- DV_;I ,

n is the concentration of atomic nitrogen,

: is the flow velocity,

D is the diffusion coefficient,
and ¢ is the volume rate of formation of atomic nitrogen

In the steady state _ng= 0 , and the substitution of this and T.

into the equation of continuity yields;

—_ —_

V- =v-:vyn+nv-v-DVv n=4¢ = -(kl[M] +k2)n

with the boundary condition that the radial current to the wall shall

equal the number of wall recombinations per unit time. The atom

velocity v is equal to the gas velocity ‘—;gas for which
— — —_— 2
v T =v-Vn +n V-v-Dv n=0,
gas gas gas

2
0 and v n = 0;

and, assuming incompressibility so that v n
therefore, v - v = 0. Additional as sumptions which result in what
will be called uniform flow are that the radial diffusion is sufficiently
rapid to result in a radially uniform concentration of atoms in the
flow tube, so that v vn=v g—: , and that the diffusional velocity
in the 2z direction is negligible compared with the flow velocity, so

2
that DV n=0. Thus n is a function of z only, n 2 n(z), and the

resulting differential equation for this uniform flow is:
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dn 2
v a—z—--(kl[M] +k2+k3)n -k4n (2-11)

where the number of wall recombinations per second,

(%ZL) (area) = (-K?’n2 - K4n)(21r r0 6z)

has been replaced by an equivalent number of volume recombinations
per second,

dn 2 2
('a't“)(V01ume) = (-k3n - k4n)(1rro 6z).
For a cylindrical tube, equating these recombination rates yields:

2 2
k3=K3;— and k4=K4r_
o o

The coefficient k, may be expressed in terms of the wall recombi-

4
nation probability y , which is defined as the ratio of the number of
wall recombinations per second per unit area to the total number of
wall collisions per second per unit area. The rate of atom collisions
per unit wall area predicted by the kinetic theory of gases is

(%n €) where T i.s tv.he average thermal velocity of the atoms;
therefore, the rate of recombination per unit wall area is vy (%)n?.
Since for any short sections of the flow tube with wall area Zwroﬁz

2
and volume LESS 6z the number of wall recombinations equals the

number of equivalent volume recombinations, then

1 2 ,
— nc 6z = 2-11
y g nc Zwro z k4n1rro 6z, ( A)
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and solving for k4,

Kk, =1< (2-12)

Equation (2-11) can be integrated, yielding:

k4
n(ng + ) z (2-13)
k[M] 4k, + kg . k45
n, {n+ 4 )
(o] .
kl[M] +k2+k3
Special cases of interest are
k =0 SN (k.[M] +k, + k,) = (2-14)
4 ’ n'_no+ 1 + 5 3 v
and kg =
k.,k ,k_=0: =n iV (2-15)
1° %223 T T ME RS ’ )

At large atom concentrations, the (kl[ M] + k2 + k3)n2 term
in Equation (2-11) will govern the recombination, while at low con-
centrations the k4n term will dominate; therefore, the atom con-
centration may be expected to decay as in Equation (2-14) for large
values of n, and as in Equation (2-15) for small values of n.

In determining values of k., it will be assumed that a linear

1
1

plot of o versus —%— (or time, t) is an indication of negligible wall

recombination; thus, the slope of this curve is kl[M] + k2 + k3.

The errors resulting from this assumption will now be discussed.

Equation (2-13) containing both three-body and wall recombination

terms may be expanded using the approximation:



20

kb (k4t)2
e =14 k4t + 2 (2-16)
The result is:
, k k. t
1 1 4 4
—=—+ (kl[M] tk, + k) +—=) (1) <1+"2—) (2-17)
o o
k4t

1
The non-linearity of a plot of o versus t(t = %) is given by the -

term in the above expression. From observations of trial plots of the
k. t
' above equation, it was determined that if —— Wwas greater than 0. 03

then the curve beyond this time, defined as tc, would be clearly non-
linear and would not be used in the determination of kl' Thus tc is
the time after which plots of % versus t appear non-linear. The
maximum errors which result from ca;lculating (kl[ M] + kZ + k3)
from the apparently linear slopes of plots of % versus t may be cal-
culated from Equation (2-17). If we let nc be the value of n at tc

k t
and substitute ‘21 < - 0. 03, then the value of (kl[M] + kz + k3) de-

termined by the end points (n = n_ at t=0 and n= n_ at t= tc)
of the graph is

1
-1 -0.06 To03l°

.':il.':i
o]

1
k]. [M] +k2+k3:n——1-:—
oOC C

The inaccuracies due to the presence of k4 result in the -0.06
term and the 1,03 factor. The maximum percent error ¢ due to

these effects is thus approximately

.06 .
e=.00 + 0.031100.
o .1

C
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Thus the larger the value of % for which the slopes appear linear,

the greater will be the accuracy in the value of k Some typical

X
Ng
values of ¢ for different — are:
C
n
if ;9 = 1.5, then ¢ = 15%;
C
n
if ;9 = 2 , then ¢ = 11%;
C
n
if ;9 = 3 , then e¢ = 6%;
C
and n
if-t-l-2 = 8 , then ¢ = 4%.
C

As a further justification for the use of these uniform flow
equations, we can compare their predictions with the theory of
Krongelb and Strandberg (30,p.1205) who made several numerical solu-
tions of the differential equations describing the flow of recombining
atoms in a cylindrical tube, without the assumption of a radially uni-
form atom concentration. Their solutions were made with the
assumptions that the fluid is incompressible, that the effect of body
forces is negligible, and that the flow is laminar. The solution of
the simplified Navier-Stokes equation results in an equation for the
so-called Poiseuille flow. Poiseuille flow results in a parabolic

velocity profile (25, p. 215):

(2-18)
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where v is the flow velocity in the tube,
v, is the flow velocity at the center of the tube,
r is the distance from the center of the tube,
and r is the radius of the tube.

Krongelb and Strandberg then substituted this equation for the velocity
into the equation of continuity and obtained numerical solutions.

Their solutions for two specific cases both with no wall recombina-
tion, one with no radial diffusion and one with a fairly large radial

"a'" and '"b" of Figure

diffusion, are shown respectively in curves
2. The solution of our uniform flow equation in the absence of wall
recombination is plotted in curve ''¢'. The agreement between these
three curves is excellent; curves 'b' and ''¢'" are colinear and the

n
slope of "a'' is identical to that of "b'" and ''c'" for values of —3
larger than two. The compatibility of these three curves is added
justification for the validity of the uniform flow equation in the case
where wall recombination is negligible.

A criterion to determine when uniform flow is a valid approxi-
mation in case wall recombination is not negligible will be assumed
to be the following: the mean time for diffusion of atoms across the
radius of the tube must be less than the time constant for wall re-
combination. The time constant for wall recombination is the recip-
rocal of k4, while the time for diffusion may be taken as the radius

of the tube, T s divided by the velocity of diffusion v Since

D
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= i : ; .
Vi = 1 , and if we make the gross approximation that
B n - '
;n An .
P S ooy A8 B ; ,
n n r m maximum
m o

and we want a radial variation of concentration of no more than 5%,
An = 0.05n ’
m
then the criterion becomes

- 2
o 1

g &= g (2-19)

(0.05)(D) k4
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ELECTRON PARAMAGNETIC RESONANCE

Only those aspects of the electron paramagnetic resonance
phenomenon which contribute to an understanding of the spectrum of
atomic nitrogen and to the measurement of absolute concentrations of

atom densities will be discussed in this chapter.

Theo ry

In a discussion of the epr spectrum of atomic nitrogen, an ener-
gy level diagram is useful in predicting the location of the epr spectral
lines. An energy level diagram for the isotope N14 (which has a
nuclear spin I = 1) in a magnetic field is shown in Figure 3. The
ground state of atomic nitrogen is a 483/2 state;i.e., L =0,

2

: y 2
J=8S=3/2. The next four higher excited states DS/Z’ D3/2,

2 2
P3/2, and P are also shown. In considering transitions be-

1/2

tween the four upper levels and the ground state, one applies the

selection rules for electric dipole transitions which are:

AL = 0,+1
AS = 0
AJ = 0,1 butJ =0+ J=0

04 M_=0 if AT = 0.

AM_= O,ilbutMJ 3

J

The change in S is not equal to 0 for transitions between the

ground state and the other four states shown; these transitions are
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therefore forbidden and the upper states are then metastable states of
atomic nitrogen.

In describing the splitting of the ground state energy levels due
to the interaction of the nuclear magnetic moment, the spin and orbi-
tal magnetic moment of the electrons, and the external magnetic
field Ho in the z direction, the hamiltonian including the interac-
tion may be written:

H= _ H -—.'—D _
llo+ gﬁHon gan IZ+AI J (3-1)

o
where H is the unperturbed hamiltonian,
gn is the nuclear g factor,
B is the nuclear magneton,
A represents the constant for the coupling of
the nuclear magnetic moment to the electronic
magnetic moment.
The energy levels are obtained by diagonalizing this hamiltonian.
In a magnetic field where I is decoupled from J, as it is in the case
of the nitrogen atom in a field of 3,000 gauss, a first order perturba-
tion calculation instead of the diagonalization yields the following ap-
proximate energy levels (38, p. 75):
(3-2)

E(M;, M) =E_+gBH M, - g B H M + AM M

J J

In the energy level diagram, Figure 3, the levels due to the addition

of gﬁHoMJ to the ground state are shown on a greatly expanded ver-

tical scale in column a); in column b) the effect of including the




AMIMJ term, and in column c) the effect of adding the gnﬁnHoM

I

term to the levels shown in column b) are represented on still further
expanded scales. In column d) the result of increasing the magnetic
field by 7. 6 gauss is shown.

For magnetic dipole induced transitions the selection rules are:

0

either AMJ =+ 1 and AMI

or MM_ =0 and AM + [,

J I

"

Electron paramagnetic resonance is the phenomenon associated with
the absorption of energy for the AMJ = %1 transition; AMJ = %l
transitions for a constant AE are represented by vertical lines in
column d in the energy level diagram. The energy of this transition

is =% (gBH_+ AM)) (3-3)

AE
(AMy=%1)
and is seen to be independent of the ganHoMI term added in column
b) of Figure 3.
14 . :

In the case of N the g[iH0 term is nearly 1000 times larger
than the AMl term and the three values of MI(+1, 0, -1) produce the
three closely spaced epr lines of atomic nitrogen. The absorption is
called a resonance phenomenon because it is strongly dependent upon

14
the magnetic field. The value of A for N was first measured using
epr by Beringer and Heald (7) who obtained a value of

A
10.45 + 0. 02 megacycles per second for — where h is Planck's

h

constant. More recently a group of workers (20) obtained
AN14
h

10,450,925 + 20 cycles per second for the value of and
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A__15
16, 645,441 + 20 cycles per second for h by a technique using
optical pumping and spin exchange.
For the AMJ =0 and AMI = %=1 transitions
AE = %( - H -
(-g B H_ +AM,) (3-4)

and for N14 the AMJ term has values about 10 times larger than
ganHo in a field of 3,000 gauss. These transitions, which would
then be observable in the absence of a magnetic field, would be only
slightly dependent upon the magnetic field. The expression, magnetic
resonance, however, is generally reserved for situations where the
gnﬁnHo term dominates the energy absorption expression, and the
energy of absorption is hence highly dependent upon the magnetic
field.
The other stable isotope of nitrogen, le, has a nuclear spin
of 1/2 and therefore an epr spectrum consisting of just two lines.
An expanded scale for the MJ and MI levels of the 2P and
D states is not illustrated in the energy level diagram in Figure 3.
Although the vacuum ultraviolet absorption spectra of the 2P and
D states have demonstrated the presence of 2P and ZD states in
small amounts in the nitrogen afterglow (46), the epr spectra of these
two states have never been observed, presumably because their con-

centrations are too small.

In dealing with the more quantitative effects of epr, the mag-

netic state of a substance can be described in terms of its magnetic
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moment per unit volume, or magnetization vector. In an isotropic
medium the magnetization M is proportional to the external field, H,
which produces it:

M=X H
The proportionality constant, X 1is called the magnetic susceptibility.

Consider the situation in which there is applied to a sample a
steady magnetic field Ho in, say, the z direction, and an oscillating
magnetic field Hx in the x direction. The action of both Ho and
Hx gives rise to changing components of the magnetization in the x
and y directions. Then Mx has some definite phase relationship
with respect to Hx' Mathematically, these components of the mag-
netization are most easily dealt with by assigning real and imaginary
parts to X :
! 1

X = X -i%X

The field Hx can then be taken as the real part of 2Hle i

wt

then
M

Real Part of X H
% (3-5)
and

M
5.

n

X l (ZH1 cos wt) +’X,”( ZH1 sin wt).

ZH1 is conventionally used as the magnitude of the oscillating field
Hx because of a convenience in the solution of the Bloch equations
describing the phenomenological character of magnetic resonance.

The power per unit volume expended in changing the magnetic

flux is (39, p: 153):




31

—~ . 9B
P = o m—= -
Fo H ot (3-5)

But B = My (H+ M),

9B 9H oM
so that 5t P'o 3 + 5t H

s H M

therefore, P = p H- o1 + kL .

—

o H
Now H - %t_ is the power associated with the magnetic field in free

space; therefore, the power absorbed by the sample per unit volume

oM

is B = }.LOH . ﬁ— - (3-7)
' 2 . 2 2
then P =X (4H1 Jw sin wt cos wt +7(, "(4H1 )wcos wt. (3-8)

By integrating the above expression over one cycle of Hx’ the aver -
age power absorbed per unit volume per cycle becomes

P = Zlew'X.”. (3-9)
The absorbed power P is the quantity which is eventually measured
by the epr spectrometer and is thus proportional to X ''.

Krongelb and Strandberg (30, p. 1199) have carried out the cal-
culations $§olating the number density of molecular oxygen and atomic
gases to g'X_ '" dH. By using molecular oxygen as a calibration
standard-, oshese workers eliminated unknown instrumental para -
meters. Their resultfor atoms, after we correctedfor a numerical er-

ror of 1/2 because the integral of the line shape factor is m and not

%,is (30, p. 1199):
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/ ~EJM
i A TR KT 2
1 o At X e -
S:X. dH_n(“)(gﬁkT -~ Z e l (p‘r)JM, T (3-10)
JM
where B & angular frequency of Hx )
g = spectroscopic splitting factor (Lande g factor)
P J(J+1) + S(S+1) - L(I.A-l)]
which is [1 + 23(3+1) )
J = total angular momentum quantum number,
L. = orbital angular momentum quantum number,
S = spin angular momentum quantum number,
B = Bohr magneton -EJM
k
Z = partition sum = z e A 5
JM

2
I(”f)JM J"M'l = absolute square of the transition matrix element in
?

the direction of the RF field,
e %2 EF

I(p'r)JM,J'M' g B 5 (J-MIT+M+1),
£ is basically a geometrical factor which is identical
for all samples having the same geometry,
M = magnetic quantum number.

The primed and unprimed symbols represent the
final and initial states, respectively.
4
For atomic nitrogen in the 53/2 ground states, L =0, S = 3/2,

and J = 3/2; therefore,




33

g = 2,

.
kT o

e = €& = X

Z = 2J + 1,

< 2

= (T+M(T+ M+ 1)=5 3T+ 1)(2T+ 1) = 2. 25,
M
% | & .2
" i s [ | o .
and S‘x N = nN(n s | 7 B2 25). (3-11)

For molecular oxygen, Krongelb and Strandberg (30, p.1199) obtained,

again after inserting the correction factor of two,

/
-kEJM .
ch')' G =n_ |TP9l|® e KT |10 g, ! (3-12)
-0 BKT =
- E - 8o,
where
2 224 5
= — ! 1
I(*”I-)‘]I\,I’J!I\,pI g B () {4|(JM|SX|JM )35,
g = 2 dwO
eff. B aq ’
g = 2
o kT
“ 2B
B = 43,100 Mc, /sec, = the rotational temperature

(43,100 Mc, — 2.1 °K).

The K=5 J=4—6, and M = 1 — 2 transition which Krongelb and
Strandberg used was also employed in the present experiments be-

cause this transition produced a line which was one of the most
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prominent lines and was isolated from nearby interfering lines in the
low magnetic field region. The theory of the Zeeman effect for mo-
lecular oxygen is worked out by Tinkham and Strandber%:(48 p. 963)
who obtained a value of 0. 37 for [4|(JM|S IJ'M )l'2 T—] for the
K=5,J=4—+6, and M = 1 — 2 transition and a value of 1.313 for
8off. Substitution of these values and the above values for Z, B,
and g into Equation (3-12), and division by the corresponding ex-
pression for nitrogen yields the following expression:

SX " dH

n-.'= R (1.033x10

o — (3-13)
R S'X" dH

The two corrections which were made in the expressions for both ni-
trogen and oxygen cancelled out, and the resulting expression is of the
same form as that of Krongelb and Strandberg (30, p. 1199) except,

of course, that their expression described the determination of atomic
oxygen concentrations and not those of nitrogen.

To achieve the maximum sensitivity, an ac detection scheme
was employed in the epr spectrometer and ~ ¥ " was not measured
directly. In this scheme, the magnetic field was modulated at a fre-
quency ©_ and amplitude Hm, and a narrow band receiver detected
the ac signal at frequency @ resulting from this modulation.
Halbach (14) has derived the following expression relating this

measured ac signal to g X" dH:
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n —_ —l___
gx dH = C H H.(5.) S‘ AH YdH (3-14)
m 1 L

where S‘AH YdH is called the first moment of the signal,
C is a proportionality constant,
H is the magnitude of the magnetic modulation field,

H. is the magnitude of the 9 gigacycles per second
magnetic field,

S. is the signal level of the amplifier (gain),

H is the polarizing magnetic field strength,

AH = H - Hc,
Hc = H at center of line,
and Y is the recorder output of the epr spectrometer.

A somewhat more generalized derivation of the above expression
following the methods of Primas (40) yields the same expression.

The expression is valid for all modulation frequencies and amplitudes
(even those frequencies greater than the reciprocal of the relaxation
times and amplitudes in excess of the line width).

The independency of the expression with respect to @ and the
linearity of its first moment with Hm were verified for 100 kilo -
cycles per second modulation and 400 cycles per second modulation
in the case of nitrogen in two ways. First, the ratio of the moments
of nitrogen taken at both 100 kilocycles per second and 400 cycles per

second modulation to that of a standard DPPH (diphenylpicrylhydrazy))
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were the same. The DPPH has a line width which is sufficiently
large so that its shape is undistorted by the effects of the higher mod-
ulation frequency. A modulation amplitude about one-tenth of its line
width was used in measuring the DPPH moment. Secondly, the ni-
trogen moments at both 100 kilocycles per second and 400 cycles per
second taken at a constant nitrogen concentration and varying modu-
lation amplitude were proportional to the modulation amplitude even
though it was increased to several times the minimum observed line
width.

If we take the ratio of two integrated susceptibilities in Equation

(3-14):
(H )H.)(S.) (g AH Y dH)
T 1 Li © N

(S i = - & (3-15)

(o amg )

N
(S\ AH Y dH)O

2 2

C cancels out, and we can substitute the resulting expression into

Equation (3-13), yielding the equation used in measuring the nitrogen

{HmHl(SL)}O {SAH Y dH}N
-3 2
n..=(1.033x10 )n~ ) 2=
B O2 {HmHl(SL?N {S‘AH Y d%o
2

Because the spectrum of atomic nitrogen consists of three lines

atom concentration:

(3-16)

4
due to the splitting caused by the N1 nucleus, the value of ‘S‘AHY dH
to be used in Equation (3-16) was obtained by finding the value of

S‘AH Y dH for one of the three lines and multiplying by three.
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The Epr Spectrometer

A standard Varian epr spectrometer with a V-4500 epr console,
a V-4560 100 kilocycles per second field modulation unit, a V-4500-
41A low-high power microwave bridge, a V-4531 resonant cavity, a
V-4007 six inch magnet with 2-3/4 inch gap and Rose shimmed pole
faces, and a V-2200-A magnet power supply was employed. This
epr spectrometer was used as shown in Figure 4 in all experiments
except two, for which minor modifications were made. A low fre-
quency modulation unit was substituted for the 100 kilocycles per
second modulation unit to measure the epr line shape of atomic ni-
trogen, and a specially constructed quartz cavity was substituted for
the Varian cavity when required. The individual components of the
epr spectrometer will not be discussed separately since the instru-
ment is a standard unit and is described adequately by the Varian
instruction manuals.

The microwave bridge is represented in Figure 4 by the group
of blocks connected by double lines which represent waveguides. The
cryostat isolator attenuated the microwave power traveling to the
resonant epr cavity, but did not attenuate the epr signal returning
from the cavity. Adjustment over a range of about 70 decibels of
microwave power in the resonant cavity was possible with the use of

both the cryostat isolator and the variable attenuator. For
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extremely low power measurements, in the vicinity of 60 decibels of
attenuation of the 100 milliwatt maximum power at the sample, the
frequency of the klystron was locked to a reference cavity by the auto-
matic frequency control rather than to the main epr cavity because the
automatic frequency control signal reflected from the main epr cavity
was too weak to provide stability at this attenuation. With this refer-
ence cavity arrangement, a microwave phase shifter in the wave-
guide leading to the main epr cavity could be adjusted to allow the ob-
servation of the X! component, X" component, or some mixture
of these components of the signal.

When the epr spectrometer was operated in high power (i.e.,
the klystron was locked to the resonant epr cavity), only the X"
component was observed. To insure that only the X " component
was being observed when the klystron was locked to the reference
cavity, the signal from a reference sample of DPPH placed per-
manently in the epr cavity external to the flow tube was monitored
periodically throughout the various experiments, permitting compen-
sation for any drift in the settings of the instrument. The shapes of
the DPPH signal at high and low power were compared to determine
the proper setting of the phase shifter for detection of the pure X "
component.

The experimental measurement of all factors appearing in the

atom density equation (3-16):




{HrnHl(SL)}o2 {Sl AH Y dH}N

By (1.033 x 10'3)(n

)
o (Tl (Vo o)
o2

will now be described. All of the factors before the integral sign in
the preceding equation appear as ratios so that the absolute values of
these factors need not be known. The 100 kilocycles per second am-

plifier had SL numbers posted on the S. dial; however, the num-

L
bers were found to be insufficiently accurate. The SL numbers were
therefore redetermined to an accuracy of better than 1% by measuring
the signal height from a reference sample of solid DPPH at different
SL settings.

The modulation dial setting, Hm’ was checked in a similar
manner using a solid sample of DPPH and a 0. 001 molar aqueous
solution of MnSO4 contained in a small capillary extending through
the epr cavity. The MnSO4 solution exhibited a resonance signal
containing six lines each 25 gauss wide while the signal from DPPH
was only about two gauss wide. The signal height of the epr signal is
proportional to Hm only for the values of Hm small compared with
the natural line width, so the broader signal from MnSO4 was use-
ful in measuring Hm for the larger values of Hm

The oscillating field strength H] had to be set at low values

(H,)

1N to prevent saturation of the atomic nitrogen signal and at

high values (HI)O for the oxygen signal to achieve a satisfactory
2
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signal-to-noise ratio. From Equation (3-14) one finds for a line of
constant width that the signal height Ymax. divided by the gain S;

is proportional to Hl, then

1, max.
Mo, T,
2 _ 1 (3-18)
(HI)N YZ, max.

(SL)2

where Y1 and Y2 are the signal heights obtained from the same
reference sample at the respective attenuator settings used for the
molecular oxygen and atomic nitrogen calibration. SL] and SLZ
were the respective gain settings ; the modulation Hm
was unchanged. A DPPH sample permanently located in the cavity
external to the flow tube was used as a secondary reference sample
with the Varian cavity and, since the quartz cavity experiments were
performed in a much shorter time than the flow experiments, only
molecular oxygen was used as the reference sample in the quartz
resonant cavity,

The factor Y under the integral in Equation (3-16) is simply
the height of the recorded signal at H. The magnetic field is varied
at some specific rate r with respect to time (-aT = r), and the chart

| dx
of the recorder moves at some speed s (s = E)' Then

dH=§dx. (3-19)

If r and s are constant,
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AH =£Ax, (3-20)

The speed x of the recorder is printed on the recorder; the
determination of r, which is somewhat more difficult, will now be
described.

The magnetic field H as a function of the magnet current I was
measured with the use of a nuclear magnetic resonance proton probe;
the current I was read on the magnet power supply ammeter. The
magnetic field H was an approximately linear function of I, and
a could be considered constant over the width of each line observed.

The current from the magnet power supply was a linear function of the
scan voltage V into the magnet power supply: % = Cm. However,
Cm was a function of both the ''sweep rate'' setting on the magnet
and the value Io of the magnetic current when V = 0, I0 was
changed by varying the ''coarse current' and 'fine current' settings
of the magnet power supply. The values of Cm were measured to
1% accuracy for the two settings of the sweep rate and the different
values of Io used in recording signals from atomic nitrogen and
molecular oxygen.

The voltage driving the magnet power supply sweep originated
in the scan unit in which a choice of 12 maximum output voltages,

Vm was possible; each of these voltages was varied by a 15-turn

potentiometer driven by a synchronous motor. Two different motors
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with speeds S, each with three different gears with relative speeds

Ny Ny ADA D

1 5 3 could be used to drive the potentiometer. Relative

values of the 12 output voltages Vm were measured at a fixed setting
on the 15-turn potentiometer to 0. 5% accuracy with a Leeds-Northrup
K-2 potentiometer while the scan unit was connected to the magnet

dv
power supply. The rate of change a of the scan voltage was there-

fore proportional to (Vm)(S)(n).

The rate r is given by

_dH dH, ,dI
r= 3= (S G G0 (3-21)
and substituting for % and dt = % , then
dH , ,dI dx
dHa (T 65 (V_)(8) () () . (3-22)
. dH dI :
Since a ’ av’ Vm » S, n, and s are approximately con-

stant over a line width, the above equation can be integrated, yielding

ag . a (V) (8) (@

AHOC( ) (g ) R (3-23)
(s)

The above two expressions may be substituted into Equation (3-16)

o, dH [dI} (V)(S)(n)
giving: I ‘dV]

2
(s)
0 H(S) [S.Adex:JN

_N
i dH‘t (V)(S)(n)

“(s) }
H H(S.) [S‘Ax Y dx o
m 1' L

(3-24)

_ -3
0~ (1.033x10 )(noz)

In any one experimental calibration, S, n, and s were the same for
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both oxygen and nitrogen, so these factors cancelled out.

To compute S‘Ax Y dx, AxY was plotted versus x and the area
under the resulting curve was measured with a Keuffel-Esser plani-
meter accurate to about 0, 5%. The natural shapes of X" are
Lorenzian (38, p. 30-34); a calculation of the contribution of the tail

portions of a Lorenzian curve shows that 5% of S‘Ax Y dx is located

max.

—%00 ° This means that great care

beyond the point where Y =
must be taken in obtaining the value of SAx Y dx. At best, 5% is

the accuracy obtainable in this computation.

Epr Calibration Check

To ascertain the validity of using oxygen as a calibration
standard, the epr moments of two other commonly used calibration

standards, solid DPPH and MnSO, in water, were compared with

4
the moment of molecular oxygen. The general relationship between
the number densities of those atomic species with angular moments

J, and Lande g factors g may be obtained from Equations (3-10)

(3-11) and (3-14):

-3
" (TN T+ D)g T 1532 10 n,
R = atom _ 2
"{(slﬂ”ﬂ‘» v, 2 RIETERS
\\d1r Jlavj S dIi\dv S
| “H_H (5 L) b ¥ dx “H _H (5 D))
- 1 atom m 1 O2

(3-25)
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where R should be a constant for any particular epr spectrometer,

One of the difficulties in attempting to verify the above equation
is that the sensitivity of the epr spectrometer is a function of sample
position in the resonant cavity and the above expression is valid only
for samples of identical geometry. The three samples tested differed
markedly in this respect: DPPH was a solid sample which occupied
a negligible volume at the cavity center (position 1), the MnSO4 so-
lution was contained in a one mm. I. D. quartz capillary tube ex-
tending through the center of the cavity (position 2), and molecular
oxygen filled a nine mm. I. D. quartz flow tube also extending
through the cavity (position 3). To account for changes in sensitivity
at these three different sample positions, the ratio of the average
sensitivity within position 3 to that at position 1, and the ratio of
this same average sensitivity at position 2 were measured using two
different probing samples, a point sample of DPPH and an approxi-
mately uniform linear sample of DPPH. The results of these com-
parisons were:

average sensiltJ:.v?ty at pos%t?on 2 0.40 % 6%,
average sensitivity at position 1

average sensitivity at position 3

— 1.1 £ 12%,
average sensitivity at position 2

so that average sens%t}V}ty at pos?t?on 3 0.44 + 14%.
average sensitivity at position 1

I

The presence of water lowers the Q of the cavity and hence
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the overall sensitivity of the spectrometer. To measure this change
in Q, the epr signal height from a small sample of DPPH encapsu-
lated in quartz and placed in the cavity external to the quartz flow
tube was monitored. A length of quartz tubing inserted in place of
the quartz flow tube was used to keep the amount of quartz in the cavi-
ty approximately the same for all measurements taken. The ratio of
the relative sensitivities with and without the aqueous solution of
MnSO, in the quartz capillary in place was:

4

with MnSO
4 _ 6. = 0,69
Ymax, DPPHW1thout MnSO 4 9.3

Ymax, DPPH

The signal observed with the MnSO4 solution in place is due to the
++ . e 6 .
Mn = ion which is in the 85/2 state with J =S =5/2 and g= 2.
DPPH has a loosely-bound electron so that J=S=1/2 and g = 2,
The experimental measurement of the relative values of R

after making the corrections for geometry and sensitivity were:

B 16

RDPPH = 3,30x 10 + 13%

R = 3,13 % 10'° & 11%
o
2

R = 2.52x10% & 169

MnSO4 - o X 0 .

The high value of R in the case of DPPH is to be expected since it
is dubious if very pure samples of DPPH can be obtained; DPPH

also disintegrates a few percent per year. Its R wvalue is, however,

still within the experimental accuracy. The R values for MnSOy
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and O2 differed by 19% which is within the experimental accuracy.
Therefore, it is concluded from this calibration check that molecular
oxygen is an excellent calibrating standard for the epr measurement

of gas concentrations.
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EXPERIMENTAL APPARATUS

The description of the experimental apparatus will be divided
into three parts: the gas handling system, the quartz resonant cavity,

and the atomic nitrogen source.

Gas Handling System

A diagram of the gas handling system is shown in Figure 5.
The apparatus consists of two parts: the main nitrogen flow unit and
the foreign gas adding unit, The discharge unit, which dissociates
the nitrogen, and the epr unit are also shown in the diagram but they
will be described in another section. Each component of the gas
handling system will be discussed starting with the supply tank and
proceeding in the direction of gas flow.

Gas tanks of either Airco water-pumped nitrogen or Matheson
prepurified nitrogen were equipped with pressure regulators to
maintain atmospheric pressure in that part of the system up to the
needle valve.

The entire flow system was constructed of pyrex from the
helium-tested bellows valve at the pressure regulator to the inlet of
the smoothing tank except at the following places: brass connectors
with neoprene 0 rings were silver-soldered to kovar-to-glass

seals at the input of the flowmeter and on the low pressure side of
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the needle valve; a brass tube with 0 ring seals on each end con-
nected the flowmeter and the needle valve; a brass tube with 0 ring
seals on each end connected the bottom of the quartz flow tube to the
pyrex tube which led to the stopcock at the stainless steel smoothing
tank.

The titanium-zirconium (50-50 alloy) oxygen getter was con-
structed of 1,8 cm. diameter vycor tubing 18 cm. long and was
filled with thin chips of the alloy. To remove oxygen in the gas
flowing through the getter, the unit was heated to 800°C by a ni-
chrome wire spiraled around the outside of the vycor tube. The
entire unit was insulated by a 3/8 inch layer of micro-quartz, then
was surrounded with asbestos tape, and finally was wrapped with an
outer layer of aluminum foil. An iron-constantan thermocouple in
contact with the vycor tube was used to measure the temperature of
the getter.

A standard coaxial pyrex cold trap surrounded by liquid nitro-

gen was utilized to trap condensdble vapors from the flowing gas.

50

A U-tube manometer filled with Octoil S oil and having one side

.open to the atmosphere was employed to measure the nearly atmos-

pheric pressure in this part of the system. All manometers used
were filled with Octoil S oil which was very effectively outgassed
when the system was under vacuum by heating the manometers to

about 80°C with a heat gun, and by then stirring the oil with a steel
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ball bearing agitated by hand-held magnets.

The entire system from the pressure regulator to the smoothing
tank was cleaned by evacuation to about 10-6 torr with a sputter
pump. The pyrex-enclosed sputter pump was modeled after the one
liter per second Varian ""Vac-Ion'" pump. A '"Bon-De' ion gauge was
used to calibrate the ion current of the sputter pump in terms of
pressure.

The volume flow rate of gas, from 0.1 to 12 cc. / second,

STP
was determined by a 1/8 inch Matheson sapphire-ball flowmeter
which was calibrated by measuring the rate of pressure change with
time as nitrogen flowed into a known volume. The calibration was
checked by measuring the time of flight of a pulse of the nitrogen
afterglow while it flowed a definite distance down the reaction tube.
The afterglow pulse was timed cither visually or by the use of photo-
multipliers,

The flow velocity and pressure in the reaction tube were ad-
justed with an Edward's needle valve and with the stopcocks greased

with outgassed Apiezon-N grease. The maximum flow velocity was

1000 cm. /second; the pressure was measurable from 0. 1 to 40 torr.
A second U-tube oil manometer used to measure the pressure
in the part of the flow system from the needle valve to the stopcock

at the smoothing tank was followed by another liquid nitrogen cold
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trap to remove any condensable vapors originating in the oil mano-
meter or the 0 ring fittings.

The reaction tube illustrated in the diagram in Figure 5 was the
vessel in which the gas molecules were dissociated, in which the
atoms then recombined, and in which the atom density was measured.
Possible materials for this reaction tube must be heat resistant,
vacuum tight, have a low wall recombination and a low vapor pres-
sure, and exhibit low dielectric loss at 9 gigacycles per second,
Four different types of reaction tubes were tested in an effort to
satisfy these criteria. The reaction tubes were: a fused quartz
tube, a teflon tube, a quartz tube lined with a thin layer of teflon
finish, and a teflon tube inside a fused quartz tube. Initially a stand-
ard General Electric fused quartz tube which measured 1. 2 meters
in length and had an inside diameter of 9 mm. and an outside diam-
eter of 11 mm. was selected. The tube was scrubbed with ""Haemo-
Sol'" laboratory detergent and hot distilled water; then it was etched
for 10 minutes in concentrated hydrofluoric acid diluted three to one
with distilled water and finally thoroughly rinsed in twice distilled
water. Measurements of the wall and volume recombination co-
efficients were made using this tube; however, it was found to ex-
hibit variable wall recombination. Then a 11.5 mm. O. D, teflon
tube with 0.8 mm. walls and a length of 1. 2 meters was substituted

for the fused quartz tube; however, the teflon tube was immediately
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abandoned because it was so porous that large amounts of air dif-
fused through the walls. Visual observations of the afterglow in this
teflon tube, however, seemed to indicate a desirably low wall recom-
bination. Efforts were then made to line a quartz tube with Dupont
852-201 clear teflon finish, However, a uniform wall could not be
achieved with this lining technique because of the difficulties en-
countered in applying the teflon uniformly to the inside of a small
diameter tube of such length.

Finally a satisfactory combination of the quartz and teflon
tubes was achieved by stretching lengthwise and squeezing diametri-
cally the original 11. 5 mm. O. D, teflon tube to a proper diameter
to allow its insertion inside the original quartz flow tube. Additional
data were finally taken using this arrangement.

The presence of a large smoothing tank shown in Figure 5 was
found to be necessary to prevent velocity fluctuations in the reaction
tube caused by the action of the "Hyvac-7" forepump.

The gas adding unit was attached to the main flow unit so that
measurable amounts of foreign gases could be added to the flowing
nitrogen. A five liter glass flask, used to store mixtures of nitro-
gen and oxygen, was followed by a U-tube o0il manometer employed
to measure the pressure in the flask. The gas flow was determined
by measuring the pressure drop across any one of three different

sized glass capillaries with a U-tube oil manometer connected
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across the capillary system. The capillary system was calibrated
by measuring the rate of change of pressure with time as gas flowed
into a known volume; the flow rate was measurable from 0. 0001 to
0.25 cc, S’I‘P/ second.

The gas flow was varied by changing the gas pressure in the 5

liter flask and by adjusting a system of four all-glass leaks (21).

Quartz Resonant Cavity

In an attempt to measure the volume recombination coefficient
of atomic nitrogen in a non-flowing gas, measurements of the atom
density were made in a fused quartz chamber which could be sealed
off from the atomic nitrogen source. This chamber, coated exter-
nally with silver, and lined internally with teflon, formed the reso-
nant cavity of the epr spectrometer, permitting measurement of the
nitrogen atom density in the same region in which the atoms were
recombining.

A cylindrical quartz chamber was chosen because this shape
was the simplest to construct; also the cylindrical geometry exhibits
high Q values, significant because the sensitivity of the spectro-
meter is directly proportional to the Q of the cavity. The TM010
mode was chosen for three reasons: 1) Since in the TM010 mode

the frequency is not a function of the length of the cavity, any length

could be used; the length of the cavity was chosen so that it would
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nearly fill the epr magnet gap of 2-3/4 inches. 2) In this TMOIO
mode the oscillating magnetic field is azimuthal and hence, at right
angles to the axis of the cylinder at all points. Therefore when the
axis is lined up with the polarizing magnetic field the oscillating mag-
netic field is in the proper direction to effect epr transitions at all
points. 3) The nine gigacycle magnetic field has constant magnitude

over most of the cavity, making saturation less likely.

A silver coating on the chamber was used because of the high

electrical conductivity of this metal. The layer of silver had to be
thin enough so that the 100 kilocycles per second modulation field
would penetrate but thick enough so that the cavity would still have a
high Q at nine gigacycles per second. The required thickness of
the silver layer was calculated in terms of ''skin depth'' which is de-
fined as the depth in a conductor at which incident electromagnetic
energy is reduced by a factor of é. A layer of silver 12 skin

depths thick at nine gigacycles per second is sufficiently thick to al-

J.

160. 000 of the incident electromagnetic radiation
?

low only (%)12 or
to escape, but this thickness is still only 3—10 of the skin depth at 100
kilocycles per second. A layer 12 skin depths or 8 x 10_4 cm. was
applied to the chamber in about 11 applications by the Brashear
chemical process (44, p. 152-157). The amount of silver deposited

in each layer was monitored by weighing a reference pyrex sample

silvered along with the quartz cavity.
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The physical details of the quartz resonant cavity are shown in
Figure 6. The cavity was coupled to a waveguide, which connected
to the epr spectrometer through a 1/4 inch diameter area on the side
of the cylindrical cavity from which the silver was removed. A brass
connector with a 1/4 inch diameter hole lined up with the silver-free
area on the cylinder, and fit closely around 1/3 of the circumference of
the cavity (see Figure 6). An adjustable microwave coupling pin was
located on a radius of this hole. The entire brass connector was
soldered to the end of a waveguide coming from the epr spectrometer.

The 100 kilocycles per second modulation coils each consisted
of 250 turns of #40 single enameled wire wound on composition forms
slipped over each end of the cylindrical cavity as shown in Figure 6.
The coils were connected in series and were coupled directly to the
epr modulation output.

To minimize wall recombination, it was decided to use teflon
walls inside the externally silvered chamber. External silvering
rather than internal silvering was used because metals have wall
recombination coefficients nearly a million times greater than teflon;
therefore, even though the silver were nearly completely covered
with teflon, a tiny hole in the teflon which exposed a metal surface
would result in a large wall recombination. The wall recombination
coefficient of quartz is from 10 to 100 times greater than that of tef-

lon; therefore, a small hole which exposed the quartz would not be
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so deleterious.

The cavity was constructed of a fused quartz cylinder with walls
approximately one mm. thick, an inside diameter of 22 mm., and an
inside length of 55 mm. The ends of the cavity were initially 1. 6
mm. thick quartz discs which were fused to the ends of the cylindri-
cal tube and then ground down to one mm. thickness in order to mini-
mize dielectric losses due to the quartz. An eight mm. O.D. quartz
tube 12 mm. long was then fused at right angles to the middle of this
main cylinder, forming a short side arm. A second quartz tube 11
mm. in outside diameter, fused concentrically outside this arm is
shown in Figure 6, and was attached to the gas system above the dis-
charge cavity.

A valve to seal off the cavity from the nitrogen source was lo-
cated at the end of the small inside arm. This valve consisted of a
teflon plug, spherically shaped at its end, whichcould be raised or
lowered into a cone-shaped teflon seat which had been forced into
the inner arm extending from the top of the cavity. To assure a
tight fit, the plug and seat were lapped together with #1500 alumi-
num oxide grinding compound. The plug could be raised by acti-
vating an ac solenoid whose magnetic field reacted with a pyrex
encapsulated iron slug fastened to the teflon plug by a quartz rod.

The solenoid was located 60 cm. above the cavity to prevent the

interaction of the magnetic field of the solenoid with that of the epr
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magnet. To close the valve, the ac = solenoid was deactivated and
to achieve a tight seal, a dc. solenoid was used to create a down-
ward force on the valve.

Starting at 6 cm. above the quartz chamber, the entire reso-
nant cavity system was lined with two thin coats of Dupont 852-201
clear teflon finish.

The resonant frequency of 9, 062 megacycles per second and
the Q of 6,300 of the quartz resonant cavity were measured with the
aid of a Hewlet Packard cavity wavemeter, The Q of the Varian

V-4531 rectangular TMO resonant cavity, which is standard equip-

12
ment with the Varian epr spectrometer used, was 3, 900 with the
quartz flow tube in place. Therefore the specially constructed
quartz cavity afforded a considerable gain in sensitivity. An addi-
tional increase in sensitivity was achieved with the quartz cavity be-
cause the gas sample filled its entire volume while at best only 1/3
of the volume of the Varian cavity could be filled.

The quartz cavity was positioned in the center of the polarizing
magnet with its axis parallel to the polarizing magnetic field. The
changes made in the gas handling system by attaching the quartz
cavity are shown in Figure 7. An additional titanium-zirconium
oxygen getter was added to prevent the back diffusion of oxygen from

the forepump. An aluminum oxide trap kept the forepump vapors

from back diffusing into the cavity system.
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Atomic nitrogen, formed within the 11 mm. quartz arm of the
cavity by a 2,450 megacycles per second electrical discharge situ-
ated 7,5 cm, above the quartz chamber, traveled to the quartz cham-
ber by diffusion. When a constant concentration of atomic nitrogen
atoms was reached in the cavity, the valve was closed, and the decay
of the atomic nitrogen signal was continuously monitored by the epr

spectrometer,

Atomic Nitro&en Source

A high frequency 2, 450 megacycles per second discharge was
employed to dissociate the molecular nitrogen in all experiments. A
Burdick medical diathermy unit with an output adjustable from 0 to
100 watts was the source of the high frequency energy. A specially
constructed, quarter-wévelength, cylindrical, coaxial cavity con-
nected to the diathermy was used to maintain the discharge in the
flow tube located coaxially in the center of this discharge cavity.
The discharge cavity was constructed of brass and measured three
inches in diameter and one inch in length, Its tunable, hollow, cen-
ter electrode was 3/4 inch long with a 3/4 inch O, D, and a 1/2 inch
I.D.

The discharge cavity could be slid along the reaction tube to
vary the distance, 2z, between the discharge and the epr cavity

where the atomic nitrogen density was measured (see Figure 5),




The electric fields in the discharge cavity were sufficiently
high to initiate the discharge from about 0. 1 torr to 15 torr and to

maintain the discharge from below 0.1 torr to above 80 torr.
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RESULTS AND DISCUSSION

Using the apparatus and procedures described in the previous
chapters, the following experiments were performed: epr spectra
and line widths and shapes for atomic hydrogen, atomic nitrogen,
atomic oxygen, molecular oxygen, and nitrogen dioxide were ob-
served; the wall and volume recombination coefficients of atomic ni-
trogen were measured as a function of oxygen added to molecular ni-
trogen flowing in a quartz tube; and the wall and volume recombina-
tion coefficients of atomic nitrogen were measured in a quartz flow

tube plus teflon liner and in a sealed quartz cavity.

Epr Spectra of Gases

The epr spectra of atomic hydrogen, atomic nitrogen, atomic
oxygen, molecular oxygen, and nitrogen dioxide were observed pri-
marily to become familiar with the operation of the epr spectrometer
and to investigate its use as an atom concentration measuring tool.
All of the spectra were taken with the use of the Varian epr spectro-
meter equipped with the Varian resonance cavity, with the exception
of the molecular oxygen spectrum andone atomic nitrogenline which
were taken using the Varian epr spectrometer withthe quartz cavity.
The Varian cavity with the llmm. quartztube inserted resonates at

9,160 megacycles per second, and the quartz cavity at9,060 megacycles
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per second, The 100 kilocycles per second modulation unit was employed
for all experiments unless otherwise mentioned. The epr spectrum
of each of the gases will be illustrated along with the shapes and
widths of some of the epr spectral lines. The three atomic gases,
atomic hydrogen, atomic nitrogen, and atomic oxygen, are unstable
and were produced by an electrical discharge.

Atomic hydrogen. The observed atomic hydrogen epr spec-

trum was found to be identical with that observed by Beringer and
Castle (6) who first described it in 1954, The spectrum of atomic
hydrogen in its ground state, 281/2’ is shown in Figure 8 and con-
sists of two identical lines resulting from the coupling between the

nuclear magnetic moment and the electronic magnetic moment. The

line at 3, 000 gauss is due to the MJ = % - - %, MI =+ -;- transition,
while at 3, 500 gauss the line is due to the M =% MI- -—trans1-

tion. The widths of the lines, which were found to vary linearly with
atomic hydrogen concentration, were approximately independent of
molecular hydrogen concentration. These observations were in
agreement with those of Hildebrandt, Booth, and Barth (19). The
shape of each line was Lorenzian as predicted for collision-broadened
lines (22, p. 72-73).

Atomic nitrogen. In the case of atomic nitrogen the coupling

between the electronic magnetic moment and the nuclear magnetic

moment is much smaller than in the case of hydrogen, producing
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three closely-spaced hyperfine lines of equal intensity as shown in
Figure 9. The energy level diagram describing this transition was
shown in Figure 3. The double-lined spectrum of le was also ob-
served, however this spectrum is not reproduced here. In the pres-
ent experiments when the atomic nitrogen spectrum was first ob-
served, the signals were found to increase with a decrease in micro-
wave power, indicating a high degree of saturation at this initial
power level of about 10 milliwatts in the sample cavity. The deriva-
tion of the calibration equation (3- 16) is valid only if saturation of
the sample is not occurring. Saturation occurs when the electro-
magnetic radiation is inducing transitions between states at such a
high rate that the population density of atoms in these states is suf-
ficiently altered so that the difference in population between these
states is no longer given by the usual Boltzmann factor e—AE'/kT.
When saturation occurs, the power absorbed will no longer be pro-

portional to H_; therefore, to check on the saturation of a sample

1

one need only plot the signal height of the substance versus relative

values of Hl. The signal height of a substance such as DPPH,

which does not saturate at the values of H1 used in all experiments

reported here, is proportional to H Therefore the signal height

1"
from the possibly saturated sample was plotted versus the signal

height for DPPH. The values of H1 for which the sample was un-

dergoing negligible saturation were those at which the signal height
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from the sample was directly proportional to the DPPH signal height
as is shown in Figure 10, The atomic nitrogen spectrum was there-
after always taken in the non-saturated condition,

Two traces of an individual nitrogen line are presented in
Figure 11; the top trace represents an atomic nitrogen line observed
by the use of modulation at 400 cycles per second while the lower
trace exhibits the result for 100 kilocycles per second modulation.
The modulation amplitudes were in the range from about one-fourth
to one-tenth of the line width for each case, A comparison of the
shape of either of these atomic nitrogen lines with the nearly Loren-
zian shape of the atomic hydrogen line shown in Figure 8 reveals
little similarity.

The widths of the two atomic nitrogen traces were 80 milli-
gauss for 100 kilocycles per second modulation and 49 milligauss for
400 cycles per second modulation. A study of the details of the shape
obtained utilizing 100 kilocycles per second modulation led to the
conclusion that the line was distorted due to effects connected with
the comparable magnitudes of modulation period and spin relaxation
time. The width and shape of the line taken at 400 cycles per second
modulation were found to be almost unchanged by any of the follow-
ing factors which are known to affect line widths and shapes (22,

p- 71): increase of the overall pressure, increase in the concen-

tration of atomic nitrogen, reduction in the microwave power, and
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decrease of the modulation amplitude. The width and shape of the
epr line were found, however, to vary greatly with the positioning of
the sample in the magnetic field; the observed shape of this line was
therefore assumed to be due to the inhomogeneity of the magnetic
field. A very careful measurement of the width of the atomic nitro-
gen line, taken at 100 kilocycles per second modulation in the Varian
cavity, as the nitrogen atom concentration was increased by a factor
of 25 (covering the entire range of concentrations observed in the
experiments)revealed a change in width of less than 6%, In measur-
ing concentrations of atomic nitrogen this constancy of the shape of
the epr line is very useful, as can be noted from the following con-
siderations:

since (as shown by Equation (3-24)) nOCSV Y (Ax) dx,

then, if the shape is constant so that (4-1)

Y = (anax) (f of Ax) , n e Ymax. ;
therefore, it was necessary to perform the time consuming evalua-
tion of SI Y (Ax) dx only once to obtain the proportionality factor
between the atom density and the signal height.

Since the gas sample in the quartz resonant cavity occupied a
much larger volume than the space occupied by the gas sample in
the Varian cavity, one would expect a much greater inhomogeneity
in the magnetic field with the use of this cavity. The atomic nitro-
gen signal obtained from the use of the quartz cavity is shown in

Figure 12; the effect of the increased inhomogeneities has, indeed,
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become very pronounced in this distorted and broadened line.

The increased signal width obtained in the quartz resonant
cavity results in a corresponding decrease in signal height and hence
a decrease in signal-to-noise ratio., However, this decrease was
more than compensated for in the quartz cavity by three factors:

1) The Q in this quartz cavity was higher than in the Varian cavity.
2) The entire volume of the cavity was filled with sample while only
about one-third of the Varian cavity was filled. 3) A 10 decibels in-
crease in the microwave power level above that used in the Varian
cavity was possible because saturation effects were decreased by

the nearly uniform configuration of magnetic energy in this mode,
and by the larger volume, both of which resulted in a maximum mag-
netic energy density less than that in the Varian cavity when both
cavities were operated at the same microwave power levels.

16

3
Atomic oxygen. Atomic oxygen 0 has a P2 ground

state with 3P1 and 3P0 states lying a few hundredths of an elec-
tron volt above the ground state. 016 has no nuclear magnetic
moment and hence no hyperfine splitting. The spectrum shown in
Figure 13 exhibits 6 lines, one for each AMJ = = 1 transition. The
separation of these lines is due to a quadratic magnetic field dis-
placement by the field of 4,400 gauss acting on the 3P states (41).

The widths of the atomic oxygen lines were much broader than those

of atomic hydrogen or atomic nitrogen, and varied approximately
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linearly with total pressure.

Molecular oxygen. The epr spectra of molecules are much

more complex than those of atoms as can be seen from Figures 14
and 15. A total of 110 lines of molecular oxygen were observed be-
tween 1, 850 and 6, 100 gauss. The spectra were taken with the use
of the quartz resonant cavity for which the sensitivity was about a
factor of 5 greater than that of the Varian cavity. The number of
lines observed in magnetic fields ranging from 1, 850 to 6, 100 gauss
by other workers were 10 (6) and 48 (47, p. 958-959); thus a con-
siderable increase in overall sensitivity was achieved in our meas-
urements,

The molecular oxygen line used in calibrating the epr spectro-
meter is marked in Figure 14 and shown in greater detail in Figure
16. The asymmetry in this line is caused by the magnetic field
inhomogeneity. The line widths were found to vary linearly with
pressure at pressures which produced line widths greater than the
inhomogeneity of the field. The line widths were about 10 gauss at a
pressure of 7 torr.

Nitrogen dioxide. The epr spectrum of nitrogen dioxide is

shown in Figure 17. Currently the theory of triatomic molecules
is insufficiently advanced to explain this spectrum with a thorough-
ness comparable to the theory of the epr spectrum of molecular

oxygen; however, it is known that the nitrogen dioxide epr spectrum
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is due to a nearly free magnetic moment of its odd electron coupled
to the nuclear spin of N14. This coupling produces three main sets
of lines which are further split by the rotational levels. The spec-
trum of nitrogen dioxide was found to be composed of about 125 lines
while 17 lines were previously observed by Castle and Beringer (12).
If the more sensitive quartz cavity and a lower pressure (which de-
creases the line width and hence increases the resolution) had been
used, a spectrum of even greater complexity would probably have
been observed.

The five gases observed with the use of the epr spectrometer
have shown increasingly complicated spectra, from the rather sim-
ple cases of atomic hydrogen and atomic nitrogen, to the somewhat
more complex spectrum of atomic oxygen, to the detailed spectrum
of molecular oxygen and the complicated and poorly understood

spectrum of nitrogen dioxide,

The Recombination of Atomic Nitrogen Measured in aQuartz Flow Tube

Qualitative measurements. Several preliminary measurements

of the three-body volume recombination coefficient of atomic nitro-
gen were performed using the quartz flow tube and Airco water-
pumped nitrogen which was analyzed by means of a mass spectro-
graph and found to contain as impurities 0. 65% molecular oxygen,

0.04% argon, and 0.02% hydrogen, and negligible water and




hydrocarbons. These volume recombination measurements were
reproducible from day to day and the atomic nitrogen epr signal was
constant after about one minute each time the discharge cavity was
moved to a new location on the flow tube. Flow velocities of several
hundred centimeters per second and pressures between 5 and 10 torr
were utilized to obtain values of about 1 x 10-32 ce, Zsec. =1 for kl'

After successful initial experiments, the flow system was
cleansed by evacuation to about 10-6 torr and Matheson prepurified
nitrogen, passed through the hot titanium-zirconium oxygen getter to
remove oxygen impurities, was substituted for the Airco nitrogen.
The nitrogen which passed through the getter was termed ''extra
pure'' nitrogen. The same pressures and velocities were used with
this "'extra pure'' nitrogen as with the Airco nitrogen. Mass spec-
trographic analysis of the prepurified nitrogen (directly from the
tank) before and after it flowed through the oxygen getter yielded the
following concentrations of impurities, respectively: molecular ox-
ygen, 20 ppm. and less than 10 ppm. (10 ppm was the minimum de-
tectable concentration); argon, 0. 02% and 0. 02; hydrogen, 0.04%
and 0.02%; and negligible amounts of other impurities.

An atomic nitrogen signal comparable with those observed
with the use of Airco nitrogen was observed when the discharge,po-

sitioned at the top of the flow tube,was first ignited. However, it

was found to have completely disappeared after 12 hours; the
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afterglow was also greatly diminished. The flow tube was removed,
cleansed with hydrofluoric acid, rinsed in distilled water, remounted,
and re-evacuated; however, the same results were again observed.
With the tube in this condition extinguishing the discharge for 5 or 10
minutes did not result in a return of the nitrogen signal; however,
twenty-four hours later, during which time the system was at fore-
pump pressure, the initial ignition of the discharge produced a sig-
nal as strong as before with the afterglow again as bright. The sig-
nal and afterglow were again found to be gradually decreasing in in-
tensity. Moving the discharge cavity down the flow tube to a position
which had not yet been ''discharged' greatly enhanced the afterglow
and the nitrogen signal. When the cavity was returned to the original
position, however, the nitrogen signal and the afterglow had dimin-
ished in comparison with their prior intensities. The movement of
the ignited discharge cavity down the entire flow tube in about five
minutes and then its placement back to the original position at the
top of the flow tube resulted in the complete loss of the nitrogen sig-
nal and a greatly diminished afterglow. The process of moving the
discharge up and down the flow tube to produce a stable situation was
called conditioning the walls with the discharge.

Qualitative observations were then made to determine the ef-
fects of adding various gaseous impurities up to about 10% to the

flowing nitrogen prior to its passage through the discharge region.
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These observations are summarized below.

1)

2)

3)

Water vapor. Water vapor resulting from the evaporation

of water in a small flask was cleansed of dissolved gases
by evacuation until about 50% of the water remained. The
use of this "pure'' water vapor produced no increase in the
nitrogen signal and afterglow intensity.

Molecular oxygen. A very large increase in the atomic

nitrogen concentration was noted upon the addition of a few
parts per million oxygen to the flowing nitrogen. The addi-
tion of about one percent of oxygen caused the afterglow to
become bluish; however, the atomic nitrogen signal con-
tinued to increase up to about 1. 5% of added oxygen. The
addition of still more oxygen decreased the nitrogen signal,
and the afterglow became bright green, quite different
from the usual yellow-green color. These color changes
have been previously reported by Kaufman (27) as due to
the reactions of NO. The addition of molecular oxygen
directly to the afterglow by means of a special tube pro-
duced very little change in the afterglow or the signal,

thus indicating that the oxygen effect was dependent upon
its passage through the discharge region.

Water vapor plus molecular oxygen. The addition of this

combination produced the same effect as molecular
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oxygen alone.

4) Helium or argon. A very slight increase in the atomic

nitrogen signal and the afterglow intensity was noted upon
the addition of either of these two gases.

5) Molecular hydrogen. The addition of hydrogen produced

a violet color in the discharge and decreased the atomic
nitrogen signal.

6) Nitrogen dioxide, nitric oxide, or nitrous oxide. Each of

these gases when added to the flowing nitrogen produced
the same general effect as the addition of molecular
oxygen.

7) Carbon dioxide. This gas also produced the same effect

as that of okxygen.

8) Ammonia. The afterglow disappeared but the nitrogen
signal increased slightly for small additions of ammonia
to the flowing nitrogen.

From these observations it was concluded that all gases added
which contained oxygen in their molecules, except water vapor, in-
creased the nitrogen signal and the afterglow intensity. Of these
gases tested which produced this effect, molecular oxygen is the
most likely impurity found in commercial nitrogen gas; it was,for
this reason,decided to measure and observe the quantitative effects

due to the addition of only molecular oxygen as an impurity.
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Observations were made on the effects of the addition of about
0.3 ppm. of oxygen to the flowing nitrogen before it entered the dis-
charge cavity when the latter was located at the top of the flow tube.
The afterglow front was seen to gradually extend down the flow tube
and to reach the epr cavity 80 cm., away in about one-half hour, at
which time, the atomic nitrogen signal rapidly increased to a constant
level. The discharge was then extinguished for one-half hour while
the gas mixture was allowed to flow continuously; upon re-ignition
of the discharge the afterglow and the signal were only slightly de-
creased, apparently indicating that the effects of this wall condition-
ing did not rapidly disappear. Increasingly larger percentages of
added oxygen resulted in correspondingly faster movements of the
afterglow front down the tube; with 1% oxygen the flow almost in-
stantaneously filled the entire flow tube.

The foregoing observations may be explained as follows (al-
though other more complicated explanations are also possible).

1) The increase of the nitrogen signal and afterglow intensity
are associated with the addition of some substance, resulting from
the discharged oxygen-nitrogen mixture, which forms on the walls of
the vessel.

2) This substance was adsorbed on the walls at a consider-
ably higher rate from the discharged oxygen-nitrogen mixture than

from either molecular oxygen or air.
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3) Possibly the detachment of this substance from the walls
into the discharge volume enhanced the formation of atomic nitrogen
as was indicated by the immediately brighter afterglow when the dis-
charge cavity was moved to a fresh section of the flow tube.

4) Since the unknown substance remains on the walls in the
absence of the discharge for periods of more than one-half hour, it
is apparently a relatively stable material.

These observations, agreeing with those of Lord Rayleigh (42,
p. 123-139), seem to indicate a greatly decreased wall recombination
when slight amounts of oxygen are present.

Quantitative measurements of oxygen's possible effect upon the
Y& P P

atomic nitrogen recombination rates. Quantitative measurements

were made to determine any possible effects of added oxygen upon
the three-body volume and wall recombination coefficients of atomic

nitrogen. The three-body volume recombination coefficient kl in

a flowing gas was obtained from the linear sections of graphs of 1/n

versus Z[VIVI] . The previously derived expression (2-14) relating

k1 to the parameters in a flowing gas with kz, k3, and k4 equal

to zero is:

= k (4-2)
(z|M|) 1

1
A(g)
The quantity Az[ M] is the straight line slope of the reciprocal
A
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of the atomic nitrogen concentration n (number of atoms per cc.)
determined on the epr spectrometer plotted against the distance z
(cm.) between the discharge and the epr cavity times the third body
concentration [M] (#/cc.) divided by the velocity of the gas. [M]
was nearly equal to the pressure in the flow tube since the
atomic species was less than 1% of the total gas concentration. The
velocity v (cm. / sec.) of gas at pressure P2 in the flow tube of
cross-sectional area A was determined by measuring the quantity
W (cc./sec.) of gas at pressure P1 flowing through the flowmeter.
Since the quantity of gas flowing through the flow tube must equal
the quantity of gas through the flowmeter in the same time interval,

and assuming constant temperature, then

VAP, = WP (4-3)
or WP1
v = XP—Z (4-4)

The slope of the graph obtained using these mentioned values will

g ; : 2 -1 .
yield the value of k1 in units of cc. sec. . Atom concentrations
used in determining recombination coefficients were taken at several
distances, 2z, between the discharge, and the epr cavity, the dis=
charge cavity always being moved towards the epr cavity to elimi-

nate effects due to the heating and conditioning of the quartz tube by

the discharge. The discharge cavity was generally moved about 3

to 7 cm. before each measurement and the atomic nitrogen signal
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was allowed to stabilize for a minute or so before the next measure-
ment was taken.

P(z)

A set of four curves of % versus —= is shown in Figure
18, Values of k1 which varied from 0.8 to 2.4 x 10-32cc. 2sec:. “1
were obtained from the three experiments in which oxygen was added
as an impurity to ""extra pure'' nitrogen. The curve representing
no added oxygen had no straight line portion and hence yielded no
value of kl'

A summary of all of the measured values of k1 using the
quartz tube, plotted as a function of added oxygen, is shown in Fig-
ure 19. These values were all taken with flow velocities between
200and450 cm, /sec. and pressures between 9 and 35 torr. The ac-
curacy of such measurements of k1 depends upon the accuracy in
the measurements of z, v, n, and [ M], the constancy of the produc-
tion of atomic nitrogen atoms, and the extent of wall recombination
present. These data show a trend for the k1 values to decrease at
about 20 to 50 ppm. of added oxygen; however, since the spread in
values of k1 lies outside of the bars representing the ranges of ac-
curacy of the experiment, a rather innaccurate value, about 1. b %
10-32 + 70% cc. 2sec. -1, of k1 was obtained from these measure-
ments. The data were insufficiently accurate to determine k2 + k3.

The assumptions which were made in deriving the expression

used in calculating k., were justified for the quartz flow tube

1
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experiments; these assumptions are:

1)

2)

3)

4)

5)

6)

The gas flow is laminar. This assumption is valid since
Reynold's numbers were less than 2, 200 for all gas veloc-
ities and pressures used, the value 2, 200 being the criti-
cal value for onset of turbidity (25, p. 216).

Gradients across the epr cavity were assumed to be small
for all cases. By examination of the n versus 2z curves,
it was determined that these gradients were small for all
cases from which k1 values were calculated.

The criterion for a radially uniform density was satisfied,
again in all cases from which values of kl resulted.
Pressure gradients in the flow tube were small in all
cases. This was verified by the use of a formula given by
Kaufman (26, p. 11).

Axial diffusional velocities were small with respect to the
flow velocities used in the experiments (26, p. 12).

Since the walls of the quartz flow tube were at room tem-

perature, the temperature in the flowing gas was assumed

to be nearly constant,

The data obtained using extra-pure nitrogen, plotted on a log-

arithmic scale in Figure 20, were used to calculate the atomic ni-

trogen wall recombination coefficient in the case of "extra-pure' ni-

trogen.

The nearly identical straight line slopes at intermediate
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values of z/V for each curve of Figure 20 were assumed to repre-
sent wall recombination almost exclusively. The average value of

y for these slopes was 63 x 10-5. The shallow slopes at low con-
centrations were possibly due to a non-constant density of atoms at-
tached to the wall due to the low atom concentration. The shallow in-
itial portions of the slope of the 52. 8 torr curve may be due to the
slow diffusion rate to the walls at this high pressure. The shallow
initial portion in the 3. 33 torr curve might be due to a non-constant
impurity level.

To measure the wall recombination rate in the presence of
relatively large amounts of oxygen, Airco tank nitrogen was utilized
in a non-flowing gas system. An atom concentration gradient which
resulted from diffusional flow of nitrogen atoms in non-flowing molec-

ular nitrogen was analyzed to yield a value of the wall recombination

d
coefficient. For the steady state, a—?- = 0 and assuming only wall
dzn
recombination, D—2 = k4n , which can be integrated, yielding
dz
n ky 1
(0] 4 =
In— =( ¥ @ (4-5)

n D
In the non-steady state condition, analysis of the increase in atomic

nitrogen concentration with time resulted in values of the diffusional

+ 2 -
coefficient, D, of —%—ﬁ cm. sec. 1where P is measured

in torr. This value of D agrees with that of Schiff (43) which is

221 % 3 2 N |
D=P— cm. Ssec. torr.
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By substituting Schiff's value of D into the above equation (4-5)
n

the slope £ of a plot of In ?o versus 2z is given by the expression

1
i lnnl-lnn2 ) k4P 3 -
N Az ~\ 221 -
. 2
Then, k4 may be determined from the slope of a plot of £ versus B
2
A(L7)
k4 = 221 2D’ (4-7)

and y is given by Equation (2-12):
k42 ro

Y = T

Figure 21 shows the logarithm of the atomic nitrogen concen-
tration plotted versus z for four different gas pressures. The value
2
of y obtained from the slope of the graph of £ versus P was

found to be 0.7 x 10—5.

Experiments Using a Quartz Flow Tube with Teflon Liner

The intensities of the atomic nitrogen signal and the afterglow
obtainable with the use of the teflon tube liner were two or three
times greater than those in the case of the unlined quartz tube. Also
the signal and afterglow seemed to be nearly independent of the oxy-
gen content of the gas sample. The increased signal and afterglow
intensities plus the presence of a visible afterglow at much lower

pressures indicated a possible reduced wall recombination coeffici-

ent by the use of the teflon liner.
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When the discharge was operated above approximately 5 per-
cent of full power, the afterglow became a whitish-green color, indi-
cating a possible interaction between the hot gases of the discharge
and the teflon w;ll. To minimize this wall reaction, the discharge
was always operated below one percent of full power. At these power
levels, the nitrogen signal and afterglow intensities were no greater
than those noted in the use of the unlined quartz tube at the higher
power levels,

Many of the values of ;11- versus —;: t, when plotted,were scat-
tered more than in the case of the quartz flow tube. This scattering
of points was considerably reduced by conditioning the teflon walls
by slowly moving the operating discharge cavity down the flow tube,
the entire procedure taking about two hours. The results of such a
conditioning using ''extra pure'’ nitrogen are indicated in Figure 22;
the circled points were taken prior to the conditioning and the re-
maining points were taken subsequent to the conditioning procedure.
Even after the conditioning, there was more scattering of the points
than in the case of the unlined quartz flow tube. The lower wall re-
combination and high concentrations permitted the use of lower pres-
sures and lower flow velocities than in the case of the quartz flow
tube. Pressures from 3 to 12 torr and velocities from 15 to 100
cm. /sec. were utilized. The value of the slope in Figure 22 was

T3 x 10-15 cc, sec, -1.
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An experiment differing only by the use of Airco water-pumped
nitrogen produced the curve in Figure 23. In this case the initial
scattering of points was less and consequently the wall conditioning
did not show such a pronounced effect. The value of the slope ob-
tained from the steeper portions of the plot shown in Figure 23 was
6.7 x 10-15 cc. sec. _1, which is in agreement with the value obtained
from the slope of the line in Figure 22. The shallow initial part of the
curve in Figure 23 approximated a straight line; this initial portion
will be discussed later.

Values of the slopes, which should be equal to k1 [M] + k2+ k3.
obtained from the final straight line portions of the five experiments
using the teflon liner with preliminary wall conditioning were plotted

(Figure 24) versus the pressure to determine k The slope of

1

this curve equals k. and (k2 + k3) is eliminated. Four of the points

-32 2 -1
were nearly colinear yielding kl = Z. 2% 10 cc. sec. with a

1

deviation of about 10%. This deviation plus the accuracy of the cal-
ibration (8%) yielded an overall accuracy of 13% for this value of kl'
In the experiments employing the flow tube with the teflon liner,
the wall recombination coefficient was again found to be variable, in-
creasing with added oxygen rather than decreasing as in the case of
the unlined quartz tube. When oxygen was present the wall recom-
bination increased for a time as long as the discharge was in opera-

tion, approaching a constant value after about two hours. Values
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for y , obtained by the diffusional method, were 4.5 x 10"6 using
prepurified nitrogen discharged for two hours, and 0.5 x 10-6 in the
case of '"extra pure'' nitrogen.

Assumptions used in deriving the flow equations and discussed
in the previous section on the use of the unlined quartz flow tube were
justified for all experiments employing the flow tube with a teflon

liner.

Recombination Studied by the Use of the Quartz Resonant Cavity

To eliminate the time-consuming wall conditioning process
and to minimize the scatter in the plots of the data apparently caused
by the variable wall conditions at the discharge in the case of the tef-
lon-lined flow tube, the three-body volume recombination coefficient
was measured by the use of the quartz resonant cavity which could
be sealed off from the nitrogen source.

The results of the experiments using this specially constructed
cavity were indeed impressive. Straight line plots of % versus
t were obtained with time intervals up to 30 seconds and with %
varying by factors of up to 12. The nitrogen concentration was mon-
itored continuously on a chart recorder and an oscilloscope equipped
with a camera.

Three representative sets of data from the oscilloscope and

the chart recorder are shown in Figure 25. The magnetic field was
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adjusted to permit continuous monitoring of the peak signal height,

Ymax. Ymax is illustrated in Figure 12). Activation of the dc¢
solenoid caused the spike in the oscilloscope traces of the epr sig-
nal, signifying closure of the valve at the quartz resonant cavity.
Graphs of the data shown in Figure 25 with n plotted on a recipro-
cal scale are illustrated in Figures 26 and 27. The accuracy of the
oscilloscope data was not as great as that of the recorder data;
however, because of the faster response times, more information on
the initial portions of the recombination curve was available with the
use of the oscilloscope.

As may be noted from an examination of Figures 26 and 27,
the scatter of the data points is considerably less than in the case of
either of the flow tube experiments.

A plot of the slopes from the straight line graphs of % versus
t resulting from a study of the recombination of "extra pure'' nitro-
gen using chart recorded data is shown in Figure 28. The slope of

the curve illustrated in Figure 28 yields a value of (1.94 + 0,14) x 10'-32

2 -1 ; .
cc. sec. for kl ; the intercept at zero pressure gives a value of
-16 -1 . .
2.7x 10 cc. sec, for (k2 + k3). The point at 7.1 torr deviated
considerably from the straight line determined from the remaining
points because of a low signal-to-noise ratio at this high pressure
and hence was not used in the determination of kl' The slopes of

the recombination curves of atomic nitrogen were independent of
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varying amounts of added oxygen up to 0. 24%, revealing no depend-
ency of kl upon this amount of oxygen.

The data for ''extra pure'' nitrogen given in curve ''c¢'" of Figure
25is shown in Figure 29, withthe logarithm of n plotted versus t, to
obtain the value of k4 less than 61_0 sec. “1 for the teflon-lined
quartz cavity. However, the straight line portion of % versus t
extending for times up to 30 seconds would indicate a value of k4 of

less than sec, . Values of less than 0.4 x 10_6 and 0. 08 x

"1
300
107" for y were calculated from k4 by substituting the surface-
to-volume ratio for the cavity into Equation (2-11A). A value of
-6 : , . . .
Yy of about 25 x 10 was obtained in the experiment using Airco
water -pumped nitrogen.
Four factors led to an increased accuracy in the value of k1
as determined in the quartz cavity compared with the flow tube.
1) An increase in the volume-to-surface ratio as well as a
somewhat lower value of the wall recombination probability resulted
1 no
in linear plots of o Versus time to much larger value of o
2) Because of the greater inhomogeneity in the magnetic

field, the same modulation setting was used with both O_ and N;

2
this factor thus did not appear in the calibration formula.
3) The time was measured directly. rather than by measuring

z :
—, and hence was much more accurately determined.
v

4) Possible effects due to the repositioning of the discharge
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on the flow tube were eliminated. The net result was an overall ac-

curacy of about 7% in the measured value of k_ with the quartz

1
cavity.

The only assumption made in determining kl by the use of the
quartz cavity is that the concentration be spatially uniform. Since
the shape of the epr signal is dependent upon spatial distribution of
the sample in the inhomogeneous magnetic field, different distribu-
tions of atomic nitrogen in the cavity would produce correspondingly
different shapes of the epr signal. No variations in the signal shape
taken under steady-state conditions with the trap door open were ob-
served,even though the pressure and the discharge power were varied
over their widest limits; it was therefore concluded that no appreci-

able atom gradients existed in the cavity under the experimental con-

ditions used.

Comparison of the Atomic Nitrogen Recombination Coefficients
Measured by the Use of the Three Experimental Arrangements

A summary of the three-body recombination coefficients,
which were determined for atomic nitrogen using the two types of
flow tubes and the quartz resonant cavity, is given in Table 2 along
with corresponding values reported by other workers. No experimen-
tal or theoretical values of either k_ or k3 have been reported

2
3 : -16
with which to compare our measured values of 2.5 + 0,4 x 10




Table 2

Summary of Atomic Nitrogen Three-Body Recombination Coefficients

k

Time after

n

1 Percent P . max. max. Method .
accurac torr discharge n used R Re
(10_320(;.256(;_—1) y seconds #/cc. min.
In these experiments
0.5to 2.4 30 9 to 35 0.1 to 0.5 1015 2 unlined quartz
flow tube
15
2.2+£0.3 13 3to 12 0.5 to 6 10 3to4 quartz tube with
teflon liner
1.94 £ 0.14 7 0.3 to 5 1 to 40 5x1014 10 quartz resonant
(best value) cavity
By other workers
3.3 25 0.1 to1l <2 - - non-flowing gas (50)
platinum wire
thermometer
5
3.44 10 0.5to 1.3 <1 101 2 flow system (15)
NO titration
1.57 14 3to8 0.2 -- 2to3 flow system (18)
NO titration
1.5 20 2 to 10 0.5 8x1015 7 flow system (34)
(corrected to 4.5) epr
3.0 16 2.5 to 4 0.1 -- -- flow system (35)

2.56 (average of other workers values)

NO titration

0TI




111

cc. sec. =1 for (k2 + k3) of teflon.

A comparison of the results of the three different methods used
in the present experiments reveals an apparently lower value of k1
for measurements taken at distances corresponding to short times
after the discharge. This apparent decrease in the recombination
rate may be seen in the shallow initial portions of the curves in Fig-
ures 18, 23, and 26. The data representative of all three curves
may be combined in a hypothetical three-body recombination curve
of the type shown in Figure 30. The approximate intervals for which
the data were taken by the three methods are shown on the time scale.
The initial time for the sealed cavity measurements was taken as the
approximate time required for diffusion of the atomic nitrogen into
the cavity.

Since no single experiment covered the entire time scale shown
in Figure 30, a final experiment was performed using prepurified
nitrogen in the quartz flow tube at much slower velocities to obtain
measurements covering the entire time scale. Although the effects
of wall recombination became pronounced after about eight sec-
onds, the curve of % versus time up to that point was nearly iden-
tical to the hypothetical curve. Thus, it is concluded that the hy-
pothetical curve is representative of the combined data taken with
all three experimental arrangements. An explanation must now be

found for the shape of this curve. Since the three-body recombination
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curves for the quartz cavity data have linear portions over approxi-
mately an order of magnitude change in the nitrogen atom concentra-

-32
tion and exhibit little scatter, the value of kl’ (1.94 £ 0.14)x 10

cc. 2se(:. -1, calculated from these curves was accepted as repre-
senting the most accurate value of kl' This value is in reasonable
agreement with those obtained using both quartz and teflon-lined flow
tube. Thus the final linear portion of the hypothetical curve repre-
sents a process in which nitrogen atoms are disappearing by three-.
body plus radiative and two-body wall recombination processes with
negligible first order wall recombination. The shallow inital portions
were dependent upon the amount of oxygen impurity as was evidenced
by the varying values of k1 measured with the quartz flow tube.
There are at least three possible explanations of the shallow

initial portions of these recombination curves: 1) in the immediate

proximity of the discharge the gas was sufficiently hot either a) to

decrease the third body concentration or b) to decrease the value
of kl’ 2) the diffusional flow of the nitrogen atoms was appreciable,
or 3) some process was in operation which produced nitrogen atoms

in the afterglow,

These three possibilities will now be examined: la) and 1b)

the recombining gas could be hot either because it had not cooled
after passing through the discharge or because energy was being

added by the recombination process. A study of the steady-state




solution of the heat-flow equation in the case of energy addition by

three-body recombination at a constant rate twice as large as the
greatest we observed experimentally, assuming the walls were at
room temperature, yielded a temperature difference across the radi-
us of the flow tube of only one-fourth of a degree centigrade. A tem-
perature difference of several hundred degrees would be required in
order to explain the low recombinationby excessive heating of the
gas, causing a decrease in the third-body concentration. The inten-
sity of the afterglow, which has been shown to be proportional to the
rate of atom recombination, has a temperature dependence of T-o' G
(24, p. 117); using this value a temperature of 9000 C would be nec-
essary to explain the shallow portion of the recombination curves.
Similar considerations show that the hot discharge gases were cooled
within a few hundredths of a second, far too rapidly to account for the
low recombination coefficients. 2) The rapid diffusional flow of
atomic nitrogen is not a satisfactory explanation of the shallow por-
tion of the curves for two reasons: a) the shallow portions were de-
pendent upon the additions of very small amounts of oxygen and

b) they were present at the high pressures where diffusional flow
should be smaller. 3) The only remaining possibility is that there

is some mechanism providing continuous formation of atomic nitro-
gen outside the discharge region. A simple hypothesis which could

account for the addition of atoms to the afterglow is that there is a
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constituent X which is present inthe early afterglow and whichmay be
altered to yield nitrogen atoms in the ground state. If this hypotheti-
cal particle were disappearing to yield nitrogen atoms at a rate pro-
portional to its own concentration, then, with tl— as the proportion-

o
ality constant,

4a[x] _ _[X] (5-1)

dt t
o
which may be integrated, ¢
- To
[X] =[X] e ; (5-2)

O

The rate of increase of nitrogen atoms would be proportional to

%gth , and for a qualitative discussion will be considered equal to

d| XI g g a : ;
at . The equation governing the nitrogen concentration, assuming

only three-body recombination and the atom-producing process are

in operation, may then be written:

t
. 7
dn 2 [Xo] e ©
% = -k [M] n —— (5-3)
o
or &
"t dn 2
Q o RS 2
[Xo] e = dt+k1[M]n)to. (5-4)
. dn 2 .
Thus, a plot of the logarithm of FT + kl [M] n~ versus time should

be a straight line. The results of such plots using the data from
three of the curves in Figures 23 and 26 which represent recombina-
tion of prepurified nitrogen are shown in Figure 31. All three plots

yielded straight lines with nearly identical time constants of about
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0.9 seconds, thus adding considerably to the evidence for the exis-
tence of a particle decaying in the postulated fashion. It should be
noted however, that all the points corresponding to times greater than
about two seconds fell appreciably below the straight line portions of
the curve. This would seem to indicate that this simple mechanism
is not a complete explanation for the entire decay mechanism, but
only an indication of a more complex process which may be occurring
in the nitrogen afterglow. A similar plot for the curve in Figure 18
showing the addition of 1780 ppm. of oxygen had a time constant of
0. 075 seconds; however, the large amount of added oxygen may
have considerably shortened the life of particle X, The maximum
concentration obtained for X was between 1 x 1014 and 4 x 1014
particles/cc. Other workers (2, p. 882-884; 10, p. 3-5) have re-
ported deviations from straight lines in plots of the reciprocal of
the square root of the optical intensity of the afterglow plotted versus
time; however, it is not firmly established that the intensity of the
afterglow is proportional to the square of the nitrogen atom concen-
tration, especially in cases of extreme purity of the gas (1, p. 887-
899), so that no exact comparison of their results and ours is pos-
sible.

The strength of the magnetic field was scanned near values
where the 2P3/2 and 2D5/2 epr spectral lines should occur, to

determine if hypothetical X might actually be atomic nitrogen in
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either of these states. No indication of the presence of either state
was found; the limit of detectability of the concentration of atoms in
either of these states, assuming that each of their spectra is of the
same character as that of the 4S ground state of atomic nitrogen,
was 2 x 1612 avomislice.

The existence of some high energy substance, which has been
postulated for some time to be in the nitrogen afterglow, is indicated
by the short-lived, pink, auroral afterglow (4; 9; 53;). The maxi-
mum intensity of the pink afterglow and the maximum value of the
hypothetical particle postulated here both occur when nitrogen with
small amounts of oxygen, approximately the amount found in Mathe-
son's prepurified nitrogen, is used in the discharge.

It has been suggested by Innes and Oldenburg (23) that the 6S
state of atomic nitrogen might be the energy carrier for the pink
afterglow. In the present study the epr spectrometer was used to
attempt to detect the presence of the 6S state. It was assumed
that the nuclear splitting of the epr spectral lines for the 6S state
would be different from that of the 4S, and the line width would be
roughly the same. No evidence was found in either the pink after-
glow or the normal afterglow and an upper limit of 2 x 1012 par-
ticles/cc. for atoms in this state was set in the same manner as
; 2 2
in the case of the P3/2 and D5/2 states.

The foregoing discussion cannot be interpreted as positive
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evidence for the existence of a hypothetical particle which forms ni-

trogen atoms; however, it can explain some of the low values of k1

obtained. At any rate, the evidence indicates that accurate measure-
ments of k1 should be made using time intervals of several seconds.

The fact that none of the measurements of k1 reported in the liter-
ature have been made using such long time intervals may explain the
variation noted among values of k1 cited, although inaccuracies in
the different methods of atom concentration measurement should also
be considered in this regard.

Marshall (33), the only other worker reporting values of k1
using epr techniques identical to ours and employing a quartz flow
tube, reported a value of 1.5 x 10-32 cc., sec, =l for k1: however,
he claims to have made an arithmetical correction of Krongelb and
Strandberg's calibration formula. A check of the arithmetic in the
calibration formula and the performance of the calibration test con-
vinced us that Marshall was in error. Marshall also calculated an
average velocity by integrating over the radius rather than the area
of the flow tube, thus adding an additional error to the determination
of k.. Correction of both of Marshall's errors would change his

1
. «32 2 ) 2
listed value of k1 to 4,5x 10 cc, sec, . This value would

probably be reduced if Marshall had evaluated the integral ng dx
of the nitrogen line rather than used the width squared times height

as a measure of 5 X "dH. The method Marshall employed to
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determine S‘ X "dH would have been satisfactory only if both the
oxygen and nitrogen lines had identical shapes; his reported width of
200 milligauss for the atomic nitrogen lines, which was five times
greater than the value determined in the present investigation, could
have been caused by either magnetic field inhomogeneity or modula-
tion broadening. It is highly unlikely that a Lorenzian line for atomic
nitrogen would result under these conditions.

Our measured values of the wall recombination probability vy
are listed in Table 3 along with the values measured by other work-
ers. Our value of y for quartz determined by the use of the "extra
pure'’ nitrogen agrees well with that of Marshall (34) who also used a
carefully cleansed system. Besides that of Marshall, all values of
Y reported for silica-containing materials have been for pyrex
which may be expected to have y values similar to those of quartz.
The three values of y for pyrex listed in Table 4 apparently were
obtained using no special effort to condition the walls or to use
"extra pure'' nitrogen; these values agree quite closely with our re-
ported value of y for quartz using Airco water-pumped nitrogen.

Young's (52) value of y for teflon is somewhat higher than
any of ours; however, slightly different baking techniques used in
applying the teflon finish can result in finishes differing markedly
in appearance. It is thus likely that values of y for

teflon may vary considerably.



Table 3

Summary of Wall Recombination Probabilities
dn

defined by: e = k4n
with: Yy = (k‘i)m ivolume}
c (area)
Wall G.rade af v Method used Source
Material Nitrogen
In these experiments
quartz ''extra pure" 630 x 10-®  quartz flow tube
quartz Airco water-pumped 9.1x 10-6 quartz flow tube
teflon tube ""extra pure' 0.67 x 10-6 quartz flow tube with teflon liner
teflon tube Matheson 5.7 x 10-6 quartz flow tube with teflon liner
prepurified
teflon finish "extra pure" 0.1x10-6 quartz resonant cavity
teflon finish Airco water-pumped 25 x 10-6 quartz resonant cavity
By other workers
quartz Matheson 800 x 10-6  flow system, epr (34)
prepurified
pyrex super-dry 15x 10°®  flow system, NO titration (18)
pyrex ? 30 x 10~ non-flow, platinum wire (50)
pyrex 99. 9% 75 x 10-6  flow system, NO titration (35)
pyrex mass spectro- 17 x 10-6  flow system, afterglow (52)
scopically pure intensity measurements
teflon finish mass spectro- 29 x 10" flow system, afterglow (52)

scopically pure intensity measurements
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SUMMARY

This investigation of the recombination of atomic nitrogen uti-

lized both a flowing gas, passing through either an unlined quartz

tube or a quartz tube with a teflon liner, and a non-flowing gas sealed

in a specially constructed quartz resonant cavity. Atomic nitrogen

concentrations were measured by employing a Varian epr spectro-

meter.

The results of experiments culminating in the accurate

measurement of kl by the use of the quartz resonant cavity are

summarized as follows:

1.

The epr spectra of molecular oxygen and nitrogen dioxide
have been observed with greater resolution than has been
reported in the literature.

The natural width of the nitrogen line was found to be less
than 49 milligauss, approximately one-half the previously
reported values.

Molecular oxygen was shown to be an excellent calibration
substance for the measurement of gas concentrations with
an epr spectrometer. The calibration formula of Krongelb
and Strandberg (30, p. 1199) was experimentally verified by
comparison of the oxygen sensitivity with that of two other
commonly used calibration standards.

The value for the three-body recombination coefficient of
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atomic nitrogen, kl, which was independent of oxygen con-

; -32
centratioas up to 9.25%, was found to be(l.94 + 0.14)x10
2 -1, . —
cc.. sec. in the experiments utilizing the quartz resonant
cavity.

The value of the wall recombination probability y for
; -6 -6 . .

quartz varies from 9.1 x 10 to 630 x 10 7, increasing
with nitrogen purity. The smaller values may be caused
by the adsorption of some substance present when oxygen
or several gases containing oxygen in their molecules are
present in the nitrogen passing through the discharge.
The wall recombination probability y for teflon has a

. -6 -6
value of less than approximately 0.1 x 10 = to 25 x 10 ,
increasing with oxygen content.
The sum of the two-body radiative recombination coeffi-
cient and the two-body wall recombination coefficient
(k2 + k3) was found to have an average value of(2.5% 0.4)x

10-16 GE 2sec. =4 in the case of the teflon surfaces.

2 2 . .
If the P3/2, DS/Z’ and 6S states of atomic nitrogen
have spectral lines of approximately the same width as
4 :
those of the 'S state, then these states are present in the
2 : 12
nitrogen afterglow in amounts less than 2 x 10"~ atoms/cc.

Evidence was presented for the possible presence of some

particle which produces atomic nitrogen in the afterglow



by some unknown process. From a hypothesized decay
scheme for this particle, experimental evidence led to
the estimation of its lifetime to be 0.9 seconds and its

: 14 : 2
concentration about 2 x 10"~ particles/cc. Its existence

and lifetime are apparently very dependent upon oxygen

impurity.
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