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ABSTRACT

An COptical Spectroscovic Investigation
of Hxlium and .itrogen Pleocumas

by

Felvyn Sumuel Monalis

Energetic specics and their respective cnergy cxchange
processes in a cool, high density heliuwa plasma has becen reviewed,
Light from a flouinz heliun afterglow was obgserved from 2500 to
10,500 A using an Evert double-pacs scanning monocnromator coupled to
standard de¢ det=cting cquipnent, Experimental dota in the form of
relative povulations of atomic helium states orovided notivation for s
theery waichn aay woploin the wanner in valeh lonlzaticn is maintoinoed

Ned e,

in the afterglow region of the heliwn plesma,., A bimodal eleetron
distributicn was found to exist in this plusucg the clectron tem-
peratures were ricasurz2d spectroscopically to be in the neighborhood
of 10® and 10* K.

Molecular nitrogen was used as a probe to detect various
energetic species present in the heliwa eftergleow. In addition to
the usuel systems observed when N; is injected into the hellun
afterglov, light from many levels of atomic nitrogen and three new
vibrational population distributions of the first positlive gysten

of molecular nitrouen were observed. Tuo iadopendent mechanisus



for exciting the atomlec nitrosen werce isolated., One mechanism
consisted of a two step collisional process where N, was dis-

M, and the cxcited N

soclated by metastable molecular helium Heg,
was produced by collisions uith clectrons, The temperature associated
with the I level population was about 10* K, confirming the existence
of the high cnergy eleetrons found in the helium efterglow. The
second nechanism for poyulating N was single electron recombination

of nitrozen atomic lons formed in the dissociative charge transfer
reaction of ionized heliwn, He*, with molecular nitrcgen,
Approximately 40O new IiI lines were observed from an inverted

vopulation distributlion,
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I INTRCDUCTION

The energetic particles present in the helium afterglow have
been used to excite selectively various atomic and molecular species
in the laboratory, Accurate rate constants and densities of excited
specics can be determined using the data from these experiments, A
recent and very comprehensive inyestigation of this subject has been
published by Ferguson, Feisenfeld ani Schmelteronf (19569). One
purpose of the present worx is to provide a self-consistent, usable
model to describe the fundamental energy exchange mechanism in the
helium plasma.

Light from a flowing helium afterglow was observed between 2500
to 10,500 A using an Ebert double-pass scanning monochromator coupled
to standard dec detecting equipment, In an attempt to understand
measured relative intensities of atomic helium transitions, a model
has been developed to explain the manner in which ionization is
maintained in the afterglow region of the plasma, The assumptions
included in this model are: (1) 2 timodal electron distribution
exists in the plasmaj (<) the major energy exchange processes which

occur in the plasma are three-body recombination and ionization



n

collisions of ground and excited states of atomic helium; (3) the
functional dependence of the ionization cross section is given by the
classical theory of J, J. Thomson for ionization of gases. The two
temperatures of the electrons were measured spectroscopically to be
near 10° and 10* K, while the relative density of high temperature to
low temperature electrons was measured to be about O,l.

Molecular nitrogen was used as a probe to detect various
energetic species present in the helium afterglow since it has a
large interaction probability to produce light when bombarded by
these species, In addition to the usual systems observed when N, is
injected into the helium afterglow (Collins and Robertson, 1%lc;
Dunn, 1966), several vibrational population distributions of the
first positive system were observed., One population distribution was
unique in that the tenth vibrational level was considerably more
populated than neighboring levels. Approximately one percent of the
nitrogen molccules in the B aﬂg state were in the tenth vibratioral
level distribution, while the population distribution of the remain-
ing molecules could be described by a temperature of LO0O + 150 K,
This phenomenon may be an example of collisional induced level cross-
ing in homonuclear diatomic molecules.

In addition to the observation of the molecular nitrogen systems,
two independent mechanisms for exciting atomic nitrogen were isolated,
One mechanism consisted of a two step collisional process where N, was
dissociated by metastable moleculsr helium, Hell, and the excited

neutral atomic nitrogen, NI, was produced by collisions with



electrons, The temperature of the NI levels was about 10* K, con-
firming the existence of the high energy electrons found in the
heliun afterglows The second mechanism for populating NI was single
electron recombination of nitrogen atomic ions., The ions are formed
in the dissociative charge transfer reaction of ionized helium, He™,
with molecular nitrozen. Approximately 400 new NI lines were
observed with an inverted population distribution,

To aid in thc data analysis, specific computer programs were
developed to determine the response characteristics of the detection
systems used in the experiments, and to present spcctroscopic data
in a manner which would facilitate the rccognition of a Boltzmann
population distribuvion among the observed enersy levels of any

atomic or molecular system (Appleboum and Manalis, 1970).



II EXPERIMENTAL APPARATUS AND TECHNIQUES

2,1 Optical Detection System

The optical detection system used in these experiments was con-
ventional dc detection equipment., All sources that were investigated
were bright and thus relatively convenient for spectroscopic measure-
ment, An Ebert double pass scanning monochromator was used with
various photomultiplier tubes, gratings and optical filters., The
choice of particular accessories depended on the spectral region
investigated, A calibrated quartz-iodine lamp was used to measure
the relative response of the optical detection system. An excellent
description of the detection system used in this laboratory is given

in a Ph,D, thesis by C. Liu (1969).

2,2 Source of the Helium Plasma

The source which was used to excite the helium is illustrated in
Fig. 2,1, Excitation of the helium gas was achieved by flowing the
gas through a liquid nitrogen cooled charcoal trap anrd between a
hollow cylindrical stainless steel cathode and a grounded ring anode

at a speed of 10* cm/sec. The source was operated at a pressure near



p)

one torr, an electrode current of 500 ma, and a potential near 1 kV.
The flow rate of the helium gas was about 275 atm-cc/sec. More
details on this source and the effects of impurities on the excited
helium can be found in a Ph.D. thesis written by J. Dunn (1966),

The region between the electrodes is referred to as the dis-
charge region and the region beyond the ring anode is referred to as
the afterglow region, Target gases such as molecular nitrogen,
argon or hydrogen were added through gas inlet #l or #2. These gas
inlets could be rotated to improve the mixing of gases.

Figure 2.2 illustrates the amount of energy which was available
from the helium species present in the helium afterglow., There are
four energetic species in the plasma: the atonic ion, He', the
molecular ion He} and the metastable atom, HeM, the metastable
molecular, Heg. However, the presence of another energetic species
was needed to explain the many reactions that were observed when
molecular nitrogen was added to the afterglow, This species was

found to be relatively energetic electrons with a temperature of 10* K.

2.3 Qualitative Observations

Using the eye to observe changes in color, intensity and
relative positions of the radiating species while varying the
experimental parameters, was an important part of the experimental
procedure used in this work. It was these qualitative procedures
which led to the first observation of the various vibrational dis-

tributions of the N, first positive system (sece Chapter V) and to a




relatively clean source of atomic nitrogen. For example, when
molecular nitrogen vas injected into the hclium afterglow, a blue
glow occurred in the neighborhood of the gas inlet and further down
stream a faint green glow occurrcd. Spectroscopic measurcments
indicated that the blue glow consisted of strong emission from the
N; first negative system and weak emission from atomic nitrogen., The
green glow consisted mainly of atomic nitrogen lines (see Fig, 2.3,
lower spectrum) but with different relative intensities from the NI
lines which appear in the blue region, When the molecular nitrogen
flow rate is increased by about one order of magnitude, the blue and
green glows vanish and a strong red glow appears, The spectrum of
this glow consisted of an unusual vibrational distribution of the
first positive system of molecular nitrogen. . If the flow rate is
then doubled, the red vanishes and a turquoise blue glow appears.
Preliminary spectra indicated that this glow mey contain emission

from the N, (E °T) state,

If one directs a rf field near the plasma frequency towards the
afterglow, reactions that involve slow clectrons and ions will be
quenched, When rf power is pumped into the afterglow at the plasma
frequency, ambipolar diffusion inhibits clectron-ion recombination,
causing the quenching effect (see section 3,8), It was found that
the green atomic nitrogen glow was completely quenched with this
procedure (sce chapter IV). Thus, this procedure was a very useful

tool to aid in scparating the many rcactions which occur



simultaneously in the plasma,

Another qualitative observation which proved useful was to add a
third gas into inlet #1 and oboerve the effects on the reactions of a
target gas which was injected into the afterglow through inlet #2.

In some cases, the third gas will remove an energetic helium species
which is a precursor of a reaction with the target gas. This
procedurc was used to learn one of the mechanisms which produces
excited atomic nitrogen. From the work of Dunn (1966), it was
verified that argon has a large cross section for removal of
mctastable helium atoms. The experiment was to inject molecular
nitrogen into inlet #2 and observe radiation from atomic nitrogen at

!

inlet /2 whils addlne arger cas throuvsh inlet /1. As a result, the

intensity of the nitrozen lines remainced unchanged. The conclusion
was that metastable heliw: atoms had little to do with the production
of exeited NI. Now, under these exact experimental conditions a rf
field was direcied towards the NI sourcc at inlet #2. Since there
was no change in the intensity of NI radition, neither heliun ions,
metastable atomsnor slow electrons were instrumental in exciting
atormic nitrogen. The only precursors vhich remained were metastable
‘helium molecules and cnerzetic electrons. Thus, a two step process
involving these two encrcetic species provably caused the excitation

of NI (see section 4.3).



Figure 2.1
Iow pressure (1 torr) ic source of the helium plasna.
Excitation of the helium was achieved by flowing the
gas through a liquid nitrogen cooled charcosl trap and
between a hollow cylinirical (6.5 diameter by 8.0 cm in
length) stainless stcel cathode and a grounded ring
anode (6,5 cri disreter), The operating elechrode
voltage and current vere 1 kV 2nd 500 ma, respectively,
The nitrogen plasma was crezted by adding molecular

nitrogen through gas jets 1 and 2,
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Figure 2,2 ,
The partial cnergy level diagram indicetes the arount
of cnergy which is available from the heliwm specics
present in the helium afterglow, The horizontal line
on the molecular levels indicates the spreed of enersy

vhich is available from vibrational energy.
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Figure 2,3
A photograph of the actual photoelectric data from the
helium afterglow at a pressure of 1 torr is shown on the
upper figure, It was observed by anEbert double-pass
scanning monochromator. The atomic emission is two to
three orders of magnitude greater than the emission
from the helium molecule, Also seen in the spectrum
are the brightest lines of iron and chromium which
occur because of electrode sputtering. The spectrum
shown in the lower figure resulted when molecular
nitrogen was added to the afterglow, Analysis of the
complete spectrum indicates that it is predominately
atomic nitrbgen. Many new unclassified IiI lines are

shown in the figure.



(18

i

¥ L

al | o -dy | __
oo | L
o9 S
3P

T T WY 4____,_‘.__‘.__.,J,_,_._._._.
Y

HE-RE 2 E-1 S z2-1,€ M _

|

..ﬂ._\..sﬂ_.ijqﬂ_;_wﬁwd_ﬁgj’)i_i_ .u,:.ﬁ..._l

|

o %

Y ~
"/ _—— ‘ 0
._ L

I
i

|



L

III THE HELIUM PLASMA

3.1 Statement of the Problem

A large percentage of the light which radiates from the helium
plasma originates from transitions between the energy levels of
atomic helium, If the mechanisms for populating and depopulating
these levels can be understood, then the fundamental energy exchange
processes in the plasma itself can be better understood. There has
not been a satisfactory theoretical explanation for the observed
population of these energy levels, This is because the number of
energy exchange processes included in previous theories is large, and
no single closed expression for the population of energy levels as a
function of the principle quantum number has been written,

To illustrate this problem one needs to measure the relative
intensities of the light resulting from transitions between energy
levels of a Rydberg series in Hel. These intensities are converted
to populations using calculated transition probabilities, The
logarithm of the population is then plotted as a function of the
electron binding energy of the excited states., If the plot is

linear, the population of the energy levels may be described by a
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Boltzmann temperature, It may turn out that only some of the levels
can be described by this temperaturc, This is the case for the
light emitted from a helium plasma with electron densities between
10° and 10*® cm™ (Collins and Robertson, 1%la and Hinnov and
Hirschberg, 1962).

These researchers have found that for a principle quantum
number n greaterthan 6 + 1, the levels of Hel are in a Boltzmann
equilibrium, Furthermore, they conclude that the temperature
measured by the above procedure was the plasma electron temperature,
proving that the levels are in a Boltzmann-Saha equilibrium, Their
measured electron temperature was about 1400 K (0.,leV), For n < 6,
the experimental populations are much less than one would expect
from those calculated from the Boltzmann-Saha equilibrium tempcr-
ature,

Thus, the currently accepted explanation for the emission of
atomic light from a helium plasma is divided into two regions, one
for n > 6, and the other for n < 6, For n > 6, the mechanism is three=-
body recombination and its inverse process, ionization from an

excited state,

He* +e +ec>He™ +e (n>6+1) ek

He® represents a helium atom in any one of its energy states. The
balancing between these two processes gives rise to Boltzmann-Sazha

equilibrium,
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It is necessary to erphasize that the electron density in these
helium plasmas ranges from 10° to 10*2 em~3, For this density
range, the limiting form to recombination is three-body or colli-
sional recombination (Bates and Dalgarno, 1962).

For n < 6 the major contribution to the population of the He
levels results from transitions between bound states through super-

elastic and inelastic collisions with electrons.

Hel + e = HeMl + e (n<6 +1)

One must know the collisional transition probabilities in order to
apply this part of the theory to the experimental data., In addi-
tion to these two mechanisms, other secondary methods which populate
and dépopulate levels may be trapped resonant radiation, cascading
and radiative decay,

Recently Thornton (1958) has completed an exhaustive experi-
mental and theoretical investigation of the problem. The importance
of his experimental observation that he reported a bimodal
electron distribution consisting of a low energy group of electrons
(0.1eV) and a higher energy group of electrons (10 = 5eV) whose
density is one to two orders of magnitude less than the lower
energy group. The conductivity of the plasma is controlled by the
density of the low energy sroup of electrons while the plasma
itself is meintained by the less numerous group of high energy

electrons.
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Thornton's theoretical fit to the experimental data consisted
of solving a many term (about ten) rate equation for the level pop-
ulation as a function of the binding energy of the excited electron,
Some of the energy exchange processes included in his theory are
ionization and recombination of electrons, superelastic and
inelastic collisions with electrons, and radiative decay. The
essential difference between this theory and others is the treatment
of the electron distribution as bimodal., He fits his data for n=3
to n=10 with two models, Both of these models are complicated and
involve many energy exchange processes.

Therefore, the problem is basically theoretical and may be
stated as follows: Is it possible to fit the experimental data for
the population of energy levels in a helium plasma with a simple
closed expression as a function of the principle quantum number?
What follows is an attempt to solve this problem., The working model
is called the "two electron temperature model" and assumes that the
plasma consists of helium atoms and ions, and a non-Maxwellian dis-
tribution of electrons approximated by two independent Maxwellian
electron distributions, The electron-electron relaxation time
between these two groups was calculated and demonstrates that this
time is sufficient to allow the high energy electrons to exist long
enough to participate in ionizing atoms before losing their energy
to the low energy electrons. The only energy exchange processes

which are built into the model are ionization and recombination,
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3+2 Experimental Results

The 2s S - np 3P0 series in orthohelium was selected for
observation because of the large range of binding energy available
to the excited electron in this series, and because the light from
most of its levels could be detected in the laboratory (from n=2 to
16), It is striking to note that nowhere in the literature does a
complete population study of this series exist., Most researchers
have chosen the 2p ®F° - nd 3D series for their investigation
because the wavelengths of the spectral lines emitted in this series
are located in a region where accurate measurements can be made with
& minimum of difficulty. But, as can be seen from the partial
energy level diagram for Hel (Fig. 3.1), the lowest value of the
principle quantum number for this series is three, and thus the
available binding energy for the electron is reduced by a factor of
nine fourths. As will be seen, this extension of the electron bind-
ing energy range will provide information that will greatly influence
the interpretation of the experimental data,

The measured relative population density of state n in arbi-
trary units is proportional to the product of the intensity (Ipne)
and wavelength (\), and inversely proportional to the atomic tran-

sition probability (Apn:).
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TABLE 3.1

Hel 2s ®S - np 3F° series,
Wavelength
A
10830.3
3888.65
3187.7h
2945,10
2829,08
2723.19
2696,12
2677.1h
2663427
2652485

19

Transition Probability
sec™?

0,109 x 10°
0.121
0.059
0.031
0,018
0.012
0,008
0.006
0,00k

0,003
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This relationship is valii only when the radiation density in the
plasma is small enough tizt induced emission is negligible (Condon
and Shortley, 1963), Sinze the vavelength for the transitions in
helium are vell known (iariin 1960), the error in K, is in the
measured iﬁtensities and calculated transition probabilities,

The transition provatilities were calculeted from a prescription
descrived by Goldberg (1033), The results of the calculation agreed
favorably with the values published by the National Bureau of
Standards (Viese, 1966), The estimated accuracy of the values
obtained from Goldberg's rtrocedure is 10%. The results of the
calculation are shown in Tzble 3.1,

The accuracy to vhich the relative intensity of the lines could
be measured depends upon their wavelengths (see Fig. 3.1). Light
from the 2s S - 2p 3PP transition has a wavelength of 10,830 A and
was detected by & RCA 710z liquid nitrogen cooled photomultiplier
tube, coupled to a scanninz monochro:xator with a 7500 A blaze grat-
ing. The estimated accurzcy of measuring the intensity of this line
relative to the 2s 3s - 3p 3F° (3889 A) is 30%. The relative intensity
of the lines whose wavelensths range from 2800 to 4000 A can be
measured with an accuracy of 10%, For transitions with wavelengths

less than 2800 A, the exrerimental error of the measured intensities
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Figure 3,1

Partial energy level dlagram showing the decay scheme
for two Rydberg series in orthohelium; 2s 35 - np 3F°
and 2p °P° - nd °D, The 2s ®S state is metastable. Ej,
is the energy above the ground state (not shown on
diagram) and X, is the binding energy of the excited
electron, oince the first ionization potential for He
is 24,5%V, X5 = 2k.59 - Ene Noted on the diagram is

the approximate wavelengths of the series limit,
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Figure 3.2
The relative population density (arbitrary units)
observed at position #l1 in the afterglow as a function
of the electron binding energies of the np 310 gtates.,
The pressure was one torr and the clectrode current was
500 ma., The errors of the points shown on the figure
for n=2 and near the series limit are larger than
those for n=3 to 6 because of the incrcased uncertainity
in the measured relative intensities in the respective
spectral regions, The solid line represents the value
of the calculated populations based on the two electron
temperature model. The values for the parameters used

in this calculation are shown on the figure.
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increases since it is difficult to find a calibrated source for this
region, The quartz-iodine or tungsten lamp normally used is not
accurate in this region because the lamp intensity is very weak, A
calibrated mercury source might help (Childs, 1962), but the error is
still quite large in this region (greater than 30%) as compared with
the region of above 2800 A,

The experimental results for the relative population density of
the np ®F° series of helium are shown in Pig. 3.2, The light was
observed at position #1 in the afterglow (see Fig, 2,1) at a
pressure of 1 torr and an electrode current of 500 ma. The solid
line shown on the figure represents the value of the calculated
populations based on the two electron temperature model, The sig-
nificance of the parameters will be discussed in section 3.4 along
with the dependences of the parameters on electrode current, pres=-

sure, ard spatial changes,

3¢3 Development of the Two Electron Temperature lodel

As seen in Fig. 3.2, the experimental points for n > 6 can be
described by an electron temperature of 1400 K (0.12eV), while the
points for n < 5 can be described by a temperature of 11,500 K
(1,0eV). Knowledge of the population of the 2s S - 2p ®F° transition
helped verify this last fact., Thus, it is this empirical description
of the population versus tinding energy graph that provides the moti-

vation for the two electron temperature model,

bt b R o itk

R
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Before considering the problem of the bimodal clectron dis-

tribution, it will be helpful to discuss the entire problem using a
single electron distribution in which the clcetrons are in thermal
equilibrium, Consider a perfectly insulated box containing helium
atoms, helium ions and electrons at temperature T, The particles
inside the box are uniformly distributed in configuration spacec,
the total charge is zero and the clectron density N, is equal to the
ion density N;j. In addition, we assume that the clectrons can be
described by a Maxwell-Boltzmann distribution function at a
temperature T, In order for this assumption to be recalized, the
averege de Broglie wavelength of the elecetrons nust be less than the

average particle scparation:

nAZmkT (V)3 << 1

Thus, as long as this inequality is satisfied, the Fermi distri-
bution function for electrons goes to its classical limit, the
Maxwell-Boltzmann function,

We require that the electron density be of the order of
10*2 cm=® so that the major mechenisms occurring in the box are
three-body recormbination and its inversec process (Bates and Dalgarno,
1962) (see equation 3.1). All other energy exchange mechanisms arc
assumed to be relatively unimportant. Thus, the only processes with
which the particles interact are ionization and recombination by

electrons, For this situation, the population of atoms in state n,
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Np, may be written in terms oI the electron density N,, the ion
density Nj, and the electron i:smperature T:

No Nj
Np = 8n = — (n2 8/2m)3/2 exp(2 X,) 3.3

B¢ 61 2
where & = (kT)-! and k is Belizmann constant, m is the electron mass,
and gn, Si, e are the statistical weights of the atoms, ions (2 for
HeII) and the free electron. X, is the binding energy of the

electron in state n, and for nelium it is given by

x = 2)4.586 - B

n n?

where 24,586 is the first icnization potential for helium in electron
volts and E, is the energy of level n above the ground ;tate.
Equation 3,3 was first develored by Saha who applied it to the study
of ionization in stellar atmospheres (Femi, 1966). Fermi derived
the Saha equation by writing <the Helmholtz free energy for the
system discussed above and arplying the condition for thermodynamic
equilibrium which requires that the free encrgy be a minimum,

It will be useful to knew the three-body recombination
coefficient as a function of the electron density and temperature.
The steady state rate equation for the processes described by

equation 3.1 is

]
o

_—— Rn o I\In Cn
dt
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where R, is the recombination rate in units of (sec - cm®)™?

and Cn
is the probability of ionizing an atom in state n, (See page 36
for justification of this rate equation.,) The recombination

coefficient for state n, o, is defined by the expression
Rp = Ny Ne oy

and has units of cm®/sec, Thus, from the above rate equation and

the Saha equation

¢, =
n ge

g (v B/2m)3/2 exp(s Xn) C 3.

By assuming the mejor processes occurring in the box are the
processes described by equation 3.1, we have calculated the three-
body recombination coefficient, Actually, the steady state require-
ment is not necessary to derive ap; it can be derived by using a
less restrictive method, the principle of detailed balancing.

The probability of ionizing an atom in state n can be calcu-
lated using classical transport theory (Huang, 1963). Considering
binary collisions between the free electrons and atoms of level n,
the number of collisions, z,, per second per unit volume is (Huang

equation 5.1):

Zy = (] a®vy d®ve o, Ve Ty T .
3
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where f, and f, are the distribution functions of the atoms and
electrons. v, and v, are the velocities of the electrons and atoms,
After integrating over the velocity space of the atoms, and using

a Boltzmann electron distribution function in terms of energy,
Nr-yam 3/2 =
2, =V8/mn N, No B Jg On (E) E exp(-BE) dE 3.5

on (E) is the cross section for ionizing an atom in state n, and is
taken as being proportional to the square of the impact parameter dn
of an electron with energy E passing a bound electron with binding
energy X, (Hinnov and Hirschberg, 1962). d, is given by the

classical Thomson formula (Thomson, 1924):
af = ¢*/E (1/X, - 1/E)
The cross section may be written as

2
mdn

on (E)

on (E) = ne*/E (1/X, - 1/E) 3.6

where e is the charge of the electron, The functional form, not the
absolute magnitude of this cross section is of importance. Hence
for this discussion the choice of the proportionality constant is
arbitrary, Since a free electron with energy less than the binding

energy has zero probability of ionizing an atom in classical theory,
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the lower limit of the integral in equation 3,5 can be replaced by

Xne Zp can be written as
Zn = Nn Cn

where C, in units of sec™ is:

Cp = me* V8/m 3/2 N, f; (1/X, - 1/E) exp(-8E) dE

By rewriting the integral in a more convenient form (substituting

z = B(E - X,), Cn becomes
Cp = bme* (8/2m)Y/2 Ng exp(-BXn) Fn(E)/%n 3.7

where

[
7a(8) = | -?{Péfll az 3.8

The integral Fn(8) cannot be integrated directly. It has the

following limits:

.

0‘..[/);' Fn(B) = -.!o exp(-z) dz = 1

B=o
T~ o
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Figure 3.3
Values of the integral F,(%) as a function of the
electron binding energy at different electron temper-

atures,
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. Fp(8) = 1/(8X,) = z exp(-z) dz = 0
Gamy BV n? g *P &=
s-on

T-o

Therefore, the temperature dependence of F, (%) cannot be ignored,
The results of numerically integrating Fn(B) are shovwn on Figs 3.3
and in table 3.2,

The three-~body recombination coefficient can now be written as:

€n  e* n®
o = = 3 N, Fn(8)/Xq 3.9
B 81 ™M

This is the desircd result; o, is now given es a function of the
temperature and density of the electrons, Note that the rate for
three-body recombination, Ry, is proportional to the square of the
electron density, since o is proportional to N,. This is vhat one
would expect, since every time there is a recombination event it
involves two elcctrons,

This concludes the discussion of the single mode electron dis-
tribution, The three-body recombination coefficient and the proba-
bility of ionizing an atom in state n have been derived as functions
of the electron temperature and density. As stated in section 3.1,
the single mode distribution is useful to explain the experimental
data only when the principle quantum number is greater than six,

Now assume that the box contains helium atoms, helium ions, and
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a non-Maxwellian distributicn of electrons, As a first order approx-
imation, we assune that this distribution can be expressed in terms
of two non-interacting thern2l electron distrivutions with different
temperatures and densities, Also we assume that the most probable
interactions among all the particles in the box are ionization from
an excited state, and three-vrody recombination of electrons,
Futhermore, the eclectron sroup with the highest temperature will be
the most likely one to participate in ionization, while the lower
temperature group will be more likely to participate in recombina-
tion, Thus, the most probzble enersy exchange processes occurring

in the box are
He" + e, + ¢, =2 He® + e, 3.10

vhere e, is a member of the low energy group, and e, is a member of
the high energy group of electrons., Equation 3,10 means that low
energy electrons will recomdine with ions and produce a high energy
electron vhile leaving ths atom in one of its energy states. This
high energy clectron can then ionize an atom in any one of its

energy states and produce iwo low energy elcctrons, It may be
possible that these two processes can maintain ionization in plasmas
for some time, [Factors woriing against these processes which are not
built into the rodel are elsctron-electron relaxation, 'linked'
diffusion of electrons and radiation, Thesc processes and their

experimental effects will te discussed in section 3,7 and 3.8,
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The steady state rate equation can be written as:

dlNp

= = M Ny Yo = Np 2Cq + Ny Ney 2o, - Ny °C, =0 3.1

where the 1, 2 denote quantities which pertain to the low, and high
energy group of electrons respectively., Terms which are concerned
with the transfer of bound electrons during collisions between
excited helium atoms and electrons are neglected in this rate
equation, These terms are assumed to be negligible because the
ionizing cross sections (from excited states) are large compared with
the cross sections for the transfer of a bound electron, (It was
difficult to justify this assumption because no theoretical or
experimental information on ionization from excited states could be
located,) Cascading temms are neglected because of the general shape
of the population curve (Fig. 3.2) and because of the frequency to
the fourth term present in the expression for the transition
probabilities., Radiation terms are neglected because the ionizing
collision time is less than the radiation time (see page 51).

Solving for N, we have

N, = Ny Ny °n) 3012

where 0 = Noy/Neyo Using squations 2.4 and 3.7, the population

density becomes:
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1+ 2F 7, (08,/7, )3 >

Np = SahaNn (?;:Nez)(
l+rn

where

r, = %Cp/*Cy = o(sz/el)l/ 2 (27,/*F,) exp(B, - 82)X, 3.13

SahaNn (By Moy ) is the Scha perulation for the low energy group of

electrons given by equation 2.3, It 1s useful to rewrite equation

3.1 as

N, = by S2RON_ (8, ,Ng,) 3,14

n

where

1+ 2Fn/tFp (03:/8,)2

n
l+r,
and
N, = Sahay (s No ) + r SRRRN (B,N.,) /(1 + rp) 3415

Table 3.3 lists the values o <he pertinent gquantities discussed above
for T, = 1400 K, T, = 11,500 K and p = 0,07, The results for N, are
shown by the curve in Fig. 3.2. The population density can be

calculated as a function of th2 principle quantum number given the
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three parameters, the te-T-sratures of the two distributions and the
relative density betweern <:nem,
From equation 3,15 z=ni the values of r, from table 3.3, the

asymptotic limits of Nn eres

P

e Vp = Sahay (855Me;) since ry > 1,
n<»5

a{;),'Nn = Sahayy(o, ,Ne, ) since ry < 1,
n>6

The above asymptotic benavior means that the logarithm of the
population density should 2zrroach a linear dependence as a function
of the electron binding energy for both large and small n, This can
be sezn in Fig. 3.2,

It is necessary to ccnsider the following when studying the
asymptotic behavior for n > 6, For the present situation, the Saha
equation provides a valii description of the level population for a
value of the principle juzntum number of less than thirteen. The
population of the levels I¢cr n > 13 is less than one would expect
from the Saha equation t=2z2use the electron binding energies for
n > 13 fall within the ronze of the energy spectrum of the room tem-
perature ambient gas of th2 plasma, In other words, a significant
fraction of ambient gaﬁ cztcms have sufficient energy to ionize

helium atoms which are rcrwulated in these states. In addition, an
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estimate of the time between collisions indicates that it is less
than the radiative lifetine (10'5 sz2) of exclted helium atoms for
n> ;3. Thus, Tor these states,cc”"’slons with the room temperature

heliua atoms should be taien into z:c2ount.

3.4 Data Interpretation

The two electron temperature mciel for the population density
(equation 3,15) was fit to the experimental data by using a computer
program which finds a least-squares estimation of nonlinear paran-
eters (Marquardt, 1963). The progra: adjusts the parsmeters to
minimize the sum of the squares of the difference between the
theoretical model and the experimental data., The best fit of the
data was obtained when the data pcints were weighted by the square
of the reciprocal of the error per cdata point, This was important
in the present experiment since the error per data point varied
considerably (see section 3,2), The results of this fit are shown
on Fig. 3.2, Table 3.4 indicates the results of parameterizing the
experimental data which was taken at differert electrode currents and
two positions in the afterglow, Trhe estimated accuracy of the
temperatures indicated in the tabls is + 15%:, All data was taken at
a pressure of one torr and a heliuw flow rate of approximately
6x10%' atoms per sec (275 atm-ce/sec).

The values for T, are in good a2greement with other workers,
Collins and Robertson (1964a) repcried a value of 1700 K (0.15eV)

for the temperature of the low energy group of electrons in a



TABLE 3.4

#1 «—— Position in Afterglow

1400 K
11400

0.11

1400 K
11400
0.08

1400 K
11500

0.07

Current
100 ma

250

500

— #2

9Lo K
10000

0.12

1100 K

9700
0.1l

1700 K
10100
0.2

L1
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flowing helium afterglow at a pressure of 20 torr., This is a typical
value for the parameter T, (see section 3.9). The temperature of
the low energy group of electrons remained fairly constant through
spatial and electrode current changes, as can be seen from table

3.4. The main source of the low energy electrons is ionization, as
can be seen from equation 3,10, In addition, a few low energy
electrons will result from elastic collisions with high energy
electrons (see section 3.7).

As seen from table 3.4, the temperature of the high energy
group increased slightly when measured closer to the discharge, but
did not change when the electrode current was varied, The value of
T is about 10* K (leV), just about one order of magnitude greater
than T, . The only results which are available for comparison are
those of Thornton (1968), He measured the temperature of the high
energy electrons in a solenoidal-coil type rf discharge tube to be
10 + S5eV by using a double Langmuir probe. A comparison between
this result and the result of the present experiment may not be
meaningful since the latter applied to the afterglow region rather
than to the discharges The method of measurenent is also different;
Langmuir probe measurements tend to be higher than the actual
electron temperature (Powers, 1966), while spectroscopic measure-
ments based on the Saha equation are more accurate since the plasma
is not perturbed by the presence of a probe.

To a large degree, the value of T, depends on the energy level
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structure of the helium atoms, This is illustrated by considering
the source of the high energy eclectrons, As discussed in section
3.1, the higher encrgy electrons are produced during three-body
recombination, The energy which is released during the capturing of
a low energy clectron is transferred to a second electron (the third
body). The magnitude of this released energy depends on which
energy state the helium atom is left in after the recombination event,
Thus, the energy spectrum of the electrons depends on the value of
these various cnergy states in the helium atoris Furthermore,
repcated ionization by a high energy electron may explain why the
distribution for the high energy electrons appears to be thermal,
For example, a 20eV electron may ionize many atoms which are
populated only a feu el:ctron volts from the ionization limit prior
to losing its encrgy.

Before discussing the significance of the changes in p, the
density ratio of high energy electrons to low energy electrons, it
is necessary to point out that the intensity of the light emitted
from position #1 was about nine times the intensity of the light
emitted from position #2, Using equations 3.2 and 3,3 and from the
fact that the density of atomic helium ions is about equal to the
clectron density N,, (Collins and Robertson, 196ha), the density of
low energy clectrons and the ion density were each about a factor
of three larser at position #1 than at position #2, This will be

useful in discussing the spatial changes of o,
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As observed from table 3.4, p is slightly larger at position
#2 in the afterglow. This means that the number of high energy
e¢.ectrons increases relative to the low energy ones as the distance
from the discharge into the afterglow i-creased. Why should this
be? One possible explanation is that this is just a matter of
"name calling" since the temperature of the high enrergy electrons
at position #1 is larger than the temperature at position #2. The
energy contained in the high energy electron distribution at both
positions in the afterglow may be about equal; there are either
less electrons with more energy per electron, or there are more
electrons with less energy per electron, However, there will be a
point in the afterglow where o would begin to decrease with increas-
ing distance from the discharge due to 'linked' diffusion and re-
laxation of the high energy electrons (see section 3.7 and 3.,8), It
would be helpful to study the spatial dependence of p in more detail.

Pressure studies of the intensity of the lizht emitted from
the plasma were not made, All data was taken at a pressure of one
torr. A pressure dependence may be predicted by using the ideal
gas approximation that the ion density is directly proportional to
the pressure., Using ecuation 3.2, 3.3 and 3,14 and the fact that
the ion density is about equal to the low energy electron density,
the pressure (P) dependence of the light intensity (I) may ve

written as:

I oPp2 where 1 € a € 2
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This assumes that no other energy exchange processes will occur as
the pressure varies, For example, in the present source, a strong
emission from a neon impurity is observed when the pressure is in
the nziyghborhood of 10 torr. The energy exchange mechanism becomes
more cormplicated and the assumption used to arrive at the above
relationship may no longer be valid. In addition, as the pressure
increases in the plasma, the intensity of light from molecular
helium increases, indicating that the concentration of the helium
molecular ion has increased (sce section 3,9), Since the total
charge of the plasma is zero, the assumption that densities of
electrons and atomic ions are equal becomes less realistic,

More experimental studies are needed to help substantiate the
above discussion, Variable ambient temperature and pressure
measurements should be made. Absolute intensity measurements should
be made in order to measure the density of the low cnergy electrons,

Also spatial measurements of Ny, would be useful,

3¢5 Application to Stellar Atmospheres
Saha {irst developed his equation to explain ionization in

stellar atmospheres, OSince in these atmospheres the electron

3

density is about 10*® cm™, one probable mechanism for radiation of
licht is three-body rccombination, Thus, the energy exchange
mechanisms imay be similar to those in the helium plasma, and the

two electron temperature model may be useful in interpreting the



relative intensity of spectra from these atmospheres.

Aller (1968) writes the Saha equation in the following form:

Ny = by Sahay (s 1., )

where by is a factor which measures the degree of departure from
thermodynamic equilibrium at the electron temperature T, This is

the exact form of equation 3.14 where

_ 1+ %Rn/'F (p3,/%)°
l+r,

n

It would be worthvhile to know if the data from stellar atmospheres
could be interpreted with the three parameters used to describe the

emission of atomic light from the helium plasma.

3,6 The Three-Body Recombination Coefficient

It is of interest to calculate the total recombination
coefficient for electrons in the helium plasma as a function of the
three parameters used to describe the two electron temperature

model, From equetion 3.1l: an effective recombination coefficient

can be written:

on(3y8a) = Top + ¢ Pay = (Hy/(H, Ny )) (e + 2Cp)
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factor of fifteen fromn =2 ton = 11,
It is significant to note that the expression for the recome
bination coefr'icient was derived fro:.. evidence based on
spectroscopice data, The temperature dependence of ¢ should be cone

firmed direetly from experiment,

3.7 ElcctroneElectron Relaxation

An order of marnitude estimate of the relaxatior. time between
tuo Boltzmunn distributions of clecctrons is necessary to learn if
the hign encergy roun of electrons con last long enough in the
plasma to lose their encriy by ionizing heliuam atoms rather than by
losing it through elastic collisions with the low encrgy group of
electrons, The problen of electron-electron relexation can be disg-
cussed using the formulism of Spitzer (1962, 1¢%0), He considers
the rate at which cquipartition of cnergy is established between
two groups of charged particles. Both groups are assumed to be
described by a Boltznann distribution function, Spitzer's results
apply to fully ioniczed gases, It is assumed that these results
apply to tne present case (to within an order of magnitude) even
thoush there is a large neutral density in the plasma., It is not
the purpose here to jive a detailed description of Spitzer's work,
but only to present the results in order that they may be applied
to the present probloen,

The time constant for approach to cquilibrium is taken as the



relaxation time t,. By requiring conservation of enerzy, the

following expression for t, can be written (Spitzer equation 5-31):

tp ® ( 23/2/n,, | x 2070 sec 3.16
where T, is the temperature of the high cnergy electrons and i, is
density of thc low encrgy group. This cxprescion takes into con-
sideration the center of masgs motion of the clectrons, but is only
valid when the temperature of the low enrnergy group is ruch lese than
Tye There is no problem in applying equation 3,10 to the present

situation since
To/Ty = 10

The estimated accuracy of t, calculated by cquation 3.16 ic about
onc order of magnitude,

Knowledge of the elcctron density N, is the most irxrortant
factor in determining the relaxation time since Ny, can vary as
much as threc orders of magnitude in various helium plasmas, while
the tempcrature of the high energy electrons can vary only about a
factor of two or three. The electron density can be measured by
performing an absolute calibration of the light emitted from the
plasma and by using equation 3.1%. This measurcment was not done
for the present set of cxperiments because the value i, was not
needed clsewherc in the discussion of the theory, and because of

the inherent difficulty in this type of mcasurcment, The density
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of the low enerpy electrons was cstimated to be on the order of 10?
em™® (Ferguson, ct al, 1669), With this estimate of electron
density and with a value for T, of 10* K, the approximate value for
the rcelaxation time is 1077 sec,

An ecstinate of the reeiprocal of the colligion frequency
between the high cnergy electrons and the heliun atoms in the
plasna would ;ive a mecaningful comparison with the electron relax-
ation time., For a pressure of ore torr and gas temperaturc of
300 K, the density of helium atoms is about 10*® em™3, Since we are
asguning the primary mechanism in which electrons lose their energy
is by ionizing helium atoms from an excited state, it is nccessary
to cstimate the dengity of excited state atoms irn the plasma,
Assuaing thatore helium atom in ten thousand is in any state other
than the ground state, the excited state density is about 10'? em”2?,
The collision frequency v for clectrons collicding with excited

heliun atoms of density !l can be written as:
v=c V=10 sec-?

where ¢ is the ionization cross scction determined from equation

3.0 to be atcut 20713 cm®, and V is the velocity of a leV electron,
5.9 ¥ 107 cn/sece  Thus, an order of nmagnitude estimate of the tine

between "ionizing" collision is about 107 sec. It is important to
note that th: lifetime for excited stotes in helium ranges from
10-7 sec for small values of the principle quantum number to 1078

sec for large values of n, Thus, the excited helium atoms will last
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long enough to be ionized by this high energy clectron,
The electron-eleciron relaxetion time is about the same or
slightly longer than the "ilonizing" collision time, In summary
then, the high energy clectron lose their energy both by ionizing

helium atoms and by elactic seattering with the low energy electrons,

3.8 'Linked' Diffusion of Electrons

It has been ectoblished that there cre two electron temper-
atures in the helium plasma. Up to thiec point, it has not becn
necesgsary to discuss the umbient temperature of the plasma, This is
because the electrons lose very little erergy by elastic ecollisions
with heavy partieles, The overage fraetional crergy locs rer

collision for electrons colliding with heliun atoms is
2m/M = 0,0003

vwhere M is the mass of the heliwn atom. The clectrons must have
many clastic ecollisions with thc helium species in order to lose an
appreciable amount of their energy. Thus. three temperatures can
be used to deseribe the plasma: the ambicnt gas temperature (300 K)
and two clectron temperatures (10° and 10* k).

The effect of the temperature difference between the electron
and the ambient temperatures can be described by 'linked' diffusion
of electrons (Hasted, 1964). If the plasma is contained in a

bottle whose dimensions are greater than the Debye lensth for
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¢lectrons, the 'llaied' diffusion is called ambipolar, For the
prescent situation, the Debyc lensth is about 10 cm, while the
container dimcnaions arc on the order of centimeters, Thus, the
clectron diffusion is controlled by ambipolar diffusion, This means
that the eclectrons rove outvard towards the walls wherce they remain
or move alonj; the gsurface until they finally recombine with
positive ions, Evcntually, the ions migrate to the walls because
they find themsclves surrounded by a new positive charge created by
the abscnce of clectrons, and they feel an attraction towards the
walls fro: the excess amount of eclectrons present there, lHasted
writes the temperature dependence of the ambipolar diffusion

cocfficient as:
2 m "t
Da (¢ Téés(l -+ Tc/LGas) 3.1,

where Ty is the electron temperature, and T,,q is the ambient gas
temperature,

Equation 3,17 rcans the higher the electron temperature is with
respect to the gas teumperature, the greater the diffusion of
electrons. In addition, when two clectron distributions are
present, the higher energy group will diffuse more than the low
energy group. The ratio of the diffusion coefficient for the two

elcctron groups discussed in the present experiment is:

1 ~ y
°p,/'Dy ® 8



5h
High temperaturc clectrons diffuze <o the wulls about eight times
faster than their low energy parinerse It is thls fact along with
the elcetron-electron relaxation wiilch cxplains why t'e ratio of
the densities of the high energy sroup to the low enrerpgy rroup (n)
is lezs than one,

An apporatus similar to that shown in Fip, 2,1 was used to
lecarn what the experimental resulzis would be if the vessel contain-
ing the helium plasme were liept a2t liquid nitrogern temperature
(77 X)s The entire flov apparazus was surrowided with liquid
nitrogen which was contained in ¢ 5lass dewor, XAt the stary, the
plasma gho:ed 1ts characteristic rini color, but vien the liquid
nitrogen was added to the dewar, the aftergiow wes quenched, Pinht
1ight from the diseharge reglon ceculi still be seen, indicating that

the clectrons were obsorbing encr=»

fron the electiric field present
in the discharge region. The cuencsiing of the afterglow was due to
the cffects of amoipolar diffusion. when the gas temperat:xre
approached 77 K, the diffusion of lie nhigh encrgy cleetrons was ine
creased by about a factor of two (sce eguation 3,17). Sinee it is
these high energy electrons which maintain ionization in the after-
clow, the inereased diffusion breuzit on by redueing the gas tem-
perature vas sufficient to reduce the level of ionization to the
point where equation 3,11 was ro lenger valid, and the atormic

enission of radiation stopped., The rate of diffusion of the low

energy electrons also inercased, >ut sinee they are more numerous
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than the kigh eneriy clecirons, and thelr nuin function is to
participate In recombiration, thelir inercenscd loss was not as
important in malntainlng the aftergslow ag was the reduction of

tholr hipher energy parinors,

34 General Dlgensslon ef tic NMedel

From the evidence presented, the himodal electron distribution
g a convenient method for lescritiiy: the actual eclectron distrive
ution funectlon in the helliwn: plagsaze The high erergy clectrons do
enist long cnoush vo lonize atoms before relaxing to their low
cner.y parsters,  Thus, the high energy electrons must be cone-
sidered as nnother energctic species pregsent in the helium plasema,
This is verifled in the follouing chapter whiere one of the
mechanisms for preducing <xeited atonic nitrogen involves collisions
between these ecleetrons aid ground state nitrogen atoms,

The hich ener:y Limit for those eclectrons is the first
ionization limit for heliw: (2l.55eV)s An electron with this
encrsy is produccd vwhen a2 lo% energy electron is captured by a
kelivm ion, and the resulting; atom is left in the ground state,

The excess cnerry is 2Ll.5C2V and is carried off by the high eneryy
clectron, Another possitle mechanism for procuction of high energy
clectrons in the plusma involves superelastic collisions between

clectrons and the metasintle heliwn species:

+ e — He + ¢y



When 8 metastable atom colllies with an electron, the metastable
atcm will de-excite to the ground state, imparting the excitation
energy to the electron,

The energy diatributicn f:nction for clectrons described by the

two electron temperaturc mcdel csn be written us:

d“‘ . o
&-b-‘ ‘”:1/2( 8;3/2 exp(-8,E) - 052/8 exp(-?,l-:))

vhere E is the electron energy. A graph of the energy distributicn
function is shown in Fig., 3.4, From this figure . ne cen understond
why c-nductivity, microwave pizase shift, and ordinary l.-ngmuir probe
messurements have failed to detect the small high energy tail
indicated on the figure., These measurements are mainly sensitive

to the more numerous low energy group of electrons,
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Figure 3.4

The dotted curve is the Maxwell-Boltzmann energy dis-
tribution function for electrons at a temperature of

1400 K. The solid curve is the first order approxi-

mation to the actual encrgy distribution function for
electrons in a .hclium plasma. It was calculated from
the follc:ing parameters: T, = 1400 K, T, = 11500 K,

p = 0,07,
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Fige 3.5 shows the experimental data of Thornton fit by the
two elecctron temperature model, He observed light from the nd °D
series in a solenoidal-coil type rf discharge tube at a pressure of
0,037 torr., Thornton reported a value for kT, of O.leV which is
in agrecuent with the preseat analysis, His value for p was 0,03 as
compared with the value of 0,05 from the present calculation,

Fig. 3.6 indicates the results of Hinnov and Hirschberg's
experiment in which light from the nd 3D series in helium was
observed from the magnetically confined quicscent afterglow of the
B-1 stellarator, The time-resolved intensities of the light emitted
from this series was observed during the peak of the afterglow, one
half and onc millisecond later at a prcssure near 1072 torr, The
curves shown on the fijure represent the value of the calculated
populations based on the two electron temperature model. The
parancters used in the calculation are indicated on the figure,
Hinnov and Hirschbers reported similar values for KT,. The value
of the temperature for tne high encrgy group of electrons may not
be too meaningful since the range of the electron binding energy is
limited for the nd 3D scries, It is important to note that the
general relative position of the experimental points shown on this
figure and fisures 3.2 and 3.5 is the same whether the plasma was
naintained by a rf or dc field, whether the light from the helium
was observed in the discharge or afterglow, or whether a magnetic

ficld was present.
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It is pertinent to discuss the formation and destruction of
the atomic metastable species in the plasma. These metastables are
populated by the same method in whiech all other excited states are
populated with the addition of cascading from the upper levels. The
two main processes in which the metastable are de-populated are by
superelastic collisions with electrons and by molecule formation,
The latter is verified by the detection of He, emission in the
afterglow (see Fig, 2.3)s Excited He, is formed in the following

reactions:

HeM + He -—» He; + e
+ .5 *

Hey + 2e —>Hey + ¢

Collisions between metastable and ground state atoms forms Hel in
the ground state, Light fron molecular heliwn is produced by
collisional-radiative rccombination of 4:; (Collins and Robertson,
1964b). Thus the presence of excited molecular helium can be
traced to the basic mechanisms occurring in the plasma: lonization
and recombination of electrons.,

As stated previously, the helium plasma can be described by
three temperatures: the ambient gas temperature, and two electron

temperatures, The major factor in determining the
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temperature of the high cnergy distribution is the internal energy
level structure of helium, These clectrons appecar to be thermal

because they are initially formed in a thermal distribution,

The main souree of the high energy elcetrons is three-body
rccombination of eleetrons., Another souree of these eleetrons may
be superelastie eollisions betwecn metastable helium atoms and
electrons, The encrgy of these high temperature eleetrons is dis-
sipated in the plasma by ionization, by elastie scattering with low
temperature electrons and by eollisions with walls. The density of
these clectrons is less than the low energy group beeause of
cleetron-electron reloxation and the increased rate of diffusion
to the walls., The effeet of this diffusion to the walls was
increased by eooling the plasma until all emission from the after-
glow stopped. A similar quenching result was observed when a rf
field was directed towards the afterglow (see Fige 4.5). As
stated in scetion 2,3, the result of applying the rf field to the
afterglow was to heat the low energy eleetrons. Both the cooling
of the plasma, and thec application of the rf field produced the
same result because the ambinolar diffusion eocffieient depends on
the ratio of the ecleetron to ambient gas terperatures, In the
former situation, the diffusion coeffieient for high energy
electrons was incrcased by lowering the gas temperature, while in

the latter, the diffusion eocffieient for low energy became larger
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by inercasing the temperature of the low cnergy electrons, Thus,
cooling the plasma rcduced the amount of ionization to a level
where the plasma could no longer sustain itself, and the application
of the rf field inhibited rccombination to the point where the
plasma could no longer be maintained,

Spectroscopic evidence indicates that the distribution
function used to describe the electrons in a helium plasma is bimodal
consisting of a group of electrons described by a temperature which
is approximately one order of magnitude greater than the temperature
of a more numerous grouvp of electrons., The density of the high
temferature group is about one to two orders of magnitude less
than the low tenmperature clectrons, and it is this high temperature
group which is responsible for maintaining ionization in the plasma.
By assuming that the major energy exchange processes occurring in
the plasma are ionization and recombination of electrons, it was
possible to fit the experimental data for the population of cnergy
levels with a simple closed expression as a function of the prin-
ciple quantum number, The most significant exverimental observation
reported here is that the population of atauic helium energy levels
for small values of the principle quantum number can be described

by the Saha cquation,
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Figure 3.5
The relative population density (arbitrary units)
observed in a solenoidal-coil type rf discharge tube
at a pressure of 0,037 torr as a function of the
electron binding energies of the nd 3D states
(Thornton, 1968). The curve represents the value of
the calculated populations based on the two electron
temperature model, The values of the parameters used

in these calculations are shown on the figure,
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Figure 3,6
The relative population density (arbitrary units)
observed in the quiescent afterglow of the B-l
stellarator at a pressure near 10-® torr as a function of
the glectron binding enerzies of the nd °D states
(Hinnov and Hirschberg, 1962), The three sets of data
represent N at the peak of the afterglow (denoted 0,0
m sec on the figure), and 0.5, 1,0 milliseconds later,
The curves represent the value of the calculated pop-
ulations based on the two electron temperature model,
The values of the parameters used in these calculations

are shown on the figure,
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IV ATOMIC NITRCGEN

,1 Speetra and Data

Figure 4.1 is a spectrum of atomic nitrogen from 3800 to 8800 A
under the green glow condition, It was taken when rolecular nitrogen
was injected into the heliwa afterglow at gas inlet #2 with an
approximate flow rate of 15 atm-cc/scc. The ambient pressure was 1,0
torr, the elcctrode current was 500 ma, and the ratio of helium to
molecular nitrogen was about 20, In order to achieve the cleanest
and brizhtest condition for atomic nitrogen emission, the gas inlet
#2 was rotated 150° from the position shown in Fig. 2.1, The atomic
nitrogen glow appeared green to the eye and had a long tail (similar
to a comet tail) about 6 to 12 inches in length., The intensity of
individual NI lines in the spectral region between 5000 to 6000 A
was two or three orders of magnitude less intense than atomic
eriission from the heliwn afterglow in the same region (see Fige 243).

Tne intensity of I was extremely sensitive to the application
of a rf fields, A very smoll amount of rf power would quench the
atonie emission cormletely, indicating that electrons and ions must

be important in populating the atomic nitrogen states, It is known
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from similar experinents (Collins and Robertson, 19Ghe) that the

energy of the atomic heliwa ion is dissipated by the reaction:
No + Het —5 N* 4+ Il + He,
Thus a probable mechanism for populating nitrogen atoms is:

Nt +e — N*

Recombination with tvo electrons, or threce body recombiration, was
climinated as a possible mechanism because the electron density in
the region of the NI glow was too low, This can be shown by appeal-
ing to cherge conservation, using the Soha equation (3.3) and the
fact that the intensity from the atomic helium ir the region of the
NI glow was reduced about 3 orders of macnitude (see Fige 2.3). In
addition, single clectron recombination is a slow reaction comparcd
to three body recorbination and thus this mechanism secens to fit with
the appearance of the liI plasma described above,

Photoelectric survey spectra were taken of the green NI glow
under the conditions described above from 3500 to 10,500 A using an
Ebert scanning monochromator with various gratings and optical filters,
Resolution of the spectra varied from 1,0 to 0.1 A, depending on <the
spectral region, In addition to the KI ecmission, the spectra con-
sisted of light from Hel, Nel, N,, N and intense lines of CrI and
Fel, Light rrom thc atomic nitrogen comprised at least 905 of the
total radiation emitted in the visible and ncar infrared, The

source of chromium and iron was electrode sputtering, This NI
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source is unique in that no radiation was detected from excited
states of the nitrogen ion, yet radiation from energy levels near
the jonization linmit of the ncutral atom were observed. These facts
also fit with the clectron recombination mechanism discussed above,

The results of the survey spectra are listed in Appendix I,
Two wavclength "finding lists" were used to help in identifying the
spectra (Moore, 190; Striganov and Sventitskii, 1968), The date
listed in Appendix I is composed of the NI lines and the lines of
Hel, CrI, Fel and liel whieh were used to calibrate the wavelength
scale, Other lines from these latter elements and bands from N; and
Ny were omitted from the tabulation, Wavelenzths of calibrating
lincs are put in brackets. Inspection of Appendix I reveals that
there are many lines which could not be identified from the wavelength
finding lists, lNost of these lines are believed to be unclassified
lines which originate from transitions whose upper levels are ncar
the ionization limit of the nitrogen atom, The reason for this can
be scen from Fig. 4.8 where the population of the classified lines
which originate from thesc levels is inverted. (This fact is also
competible with the single electron recombination ricchanism,)

Striganov and Seventiskii have completed the latest and what
appears to be on accurate finding list of the elements. Their
references on HI includcd the latest and wost pertinent papers on
the subject, For these reasons their NI list was selected as the

standard for the current list in Appendix I, (K. B. S. Eriksson of
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the University of Sweden Lund, Sweden is currently preparing such a
list for the visible but unfortunazesly it is not available at this
writing).

The work of Kamiyermz et al, (i¢hi2, 1940, 1939), which was not
referred to in the Strigzov reference,should be mentioned. They
reported some NI lines which are nct mentioned in Appendix I because
it has been reported thet a2 systematic error of 1,0 A exists in
their results (Eriksson, 1¢58),

The dat: listed in Appendix I is an "over all view" of the

spectra shown in Fig. 4.1,

4,2 Complete Energy Level Diagrams for NI

Figures 4,3 and 4,2 list the observed energy levels for atomic
nitrogen, Figure 4,4 shous the spectral regions where the series
limits may be found, From this fijure, it can be seen that the short
wavelength limit for NI lires occurs around 3300 A, The data in the-
latter part of Appendix I list lines which may be new atomic nitrogen
lines in the spectral resion between 3400 - 3800 A, This data
should be analyzed in order to classify some of these lines. Because
they are located in this spectral region, they probahly originate
from levels very close tc th: ionization limit.

The purpose in designing Fig. 4.4 was to make an energy level
diagram which listed all states independent of their particular

coupling schemes, and to facilitate the recognition of electric
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Figure 4,1

All spectra were tzken with a Bass-Kessler f/5.6 grating
spectrograph, The upper spectrum of pure helium was taken
on an Eastman-Kodz: 103 a-f plate with an exposure of 10
secs The middle szectrum was taken under the identical
experimental conditions as the above with the exception
that a trace of rclecular nitrogen was added through gas
inlet #2, It corsists mainly of atomic nitrogen except
for a weak emission from the (0,0) band of the B 2% — X 2%
first negative system of N;. The spectrum was exposed

for 6 minutes on zn Eastman-Kodak 103 a-I plate, The
lower spectrum of atomic nitrogen was taxen with the
addition of a short wavelenzth cutoff filter (Corning
3-69) to the spectrograph and was exposed on an Fastman-
Kodak I-N photogrsriiic plate for 20 minutes, It consists
of NI emission wita very foint emission from the molecular

nitrogen first positive system between 7500 and 8000 A,
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dipole transitions, Racah (1960) states that there should be more of

an effort to include these states along with Russel-Saunders states,

This is difficult becausc the spcctroscopic notation is different

for different coupling schemes, But as one can sec for nitrogen,

the states are not all Russel-Saunders coupling and any complete

discussion of thc problem must include these other coupling schemes,
For nitrogen, intermediate coupling (LK) is used when the

excited electron assumes large values of orbital angular momentunm,

In this case the spin coupling of this electron has lost most of its

significance, The notation for these states is best explained with

an example, Consider the following state of Lf electron in nitrogen:



l K vector Th

i
T
vector L — "
J vector
where L = Lcore +
A
orbital angular momentum
K=1+5§,
A

—

spin of the core

J=Kzl/2

Radiation from these states was not detected from either of the II
sources (see section 4.6).

The notation used in the energy level diagram (Fig. 4.3, L&) is
as follows: The numbers in the "matrix array" located in the upper
center of Fig. 4.3 are the values of the K vector., The capital
letters represent the L vectors as described above, The lower left
subscripts of this capital letter indicate the type of coupling used
(for this case IK)s. The superscript on the upper right of the letter
represents the parity of the state: "o" Leans oad parity; "blan:"

means even parity (just as in the Russel-Saunders case).



Figure b,2

This diagram shows the energy of the various "terms" of
neutral atomic nitrogen, The ionization limit at 1k4.53eV
is indicated by the horizontal dashed line, The "terms"
in the upper center of the figure are groups of levels
described by intermediate coupling (LK) (Erikisson, 1961).
The sextet terms located in the upper left of the diagram
were identified by Eriksson (1969). The energy region

between the arrows is expanded on the following figure,.

75



76

(A3) AOY3N3
® $ o ] ® < o
] — ] d -“_ | — | | | ﬂ I — 1 —O HO— A
N a o b
__m_______ | | ]
s o 3 Qg
T |
o
L |
& m&54
w
____ _ _ _ _
. "a
“ N
ha » m
[ ] [ | 1
Voo !
a %y 1
N M |
1 | 1 _n 1 | 1 | 1 | 1 ] 1 | |
o ® < o




Figure 4,3

A partial energy level diagram for atomic nitrogen
(ground state not shown), Russel-Saunders states are
located on the extreme left (quartet system) and right
(doublet system) of the diagram. Each member of a major
vertical group share the same parity quantum number,

The diagram was desizned to incorporate more than Russel-
Saunders states and to facilitate recognition of

electric dipole transitions., Note the symmetry in energy
between the terms of the quartet and doublet system,

The short dashed lines are terms <which are predicted on
the basis of this sytmetry. (See text for notation of

LK coupling states),
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Figure Uk

A partiazl encrgy levcl diagram for atomic nitrogen
(ground state not shown)e The diagram was designed to
aid in identifying <z spectroscopic data., The colored
lines represent the cbserved electric dipole transitions,
The red indicates transitions whose wavelengths are
longer than 6000 A, the green, transitions between 6000
and 4500 A and the tlue, transition with wovelengths
shorter than 4500 4, As seen in tre figure, the
intermediate coupli:nz states held to connect the

quartet and doublet systems,
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iy3 Two Mechanisms for Production of NI

When molecular nitrogen is injected into the helium afterglow a
strong blue glow appears which is due predominately to the first
negative system of iif. Spectra of this glou from 2500 to 9000 A are
shown by Dunn (1066). Figures 4.6 (upper) and k,7 (upper) show parts
of the srectral region ascceiated with the blue glow, There also is
radiation from atonric nitrozen in this glow, but with e different
population distribution than in the green NI glow (see Fig. U4.8),
This blue glow always precedes the green in the afterglow, The NI
lines from the blue werc not sensitive to the gpplication of a rf
field, while the lines from the green glow were extremely sensitive
to the ficld (sce Fis, U4e5)s This information surgests two
rmechanisms for producing the NI, The blue glow population distribution
of NI was determined by using a rf field to quench contributions from
the recombination mechanism, The result was a linear distribution
corresponding to a temperature of 10* K (Fige 4.8).

The mechanism for the excitation of atomic nitrogen in the blue
region was determined fronm energetics and qualitative observation
disucssed in section 2,3, It takes about 10eV to dissociate the
nitrocen :olecule, and since NI states from energy levels of lhieV
wore observad in the blue region, a minimum of 23 or 2keV is required,

Sinc: there is no helium species remaining which has that much energy,
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a two step process must be involved, The qualitative experiments
with argon (see section 2,3) demonstrated that the metastable helium
atom had nothing to do with exciting the atomie nitrogen,

Thus, the only speccies left with sufficient energy were the

metastable helium molecules and the high energy electrons. Since
it is known that the temperature of atomic levels reflects the
electronic temperature, the nitrogen molecule was most likely dis-
soclated by Heg and the NI levels excited by collisions with the high
energy electron (see chapter III). The two step process in vhich the

NI lines vere excited in the blue region is referred to as the

collisional mechanisn and is written as:
Hel! + N,— 2N + 2He

*
N+e —mN +e

The fact that the metastable helium molecule dissociates the
nitrogen molecule instead of the metastable helium atom was not
expected according to the literature (Duffendack and Wolfe, 1929).
Figure 4.5 is an example of the actual photoelectric data which formed
the basis for postulating these two independent mechanisms for
exciting atomic nitrogen lines.

No experimental evidence was found to cornsct either of the two
mechanisms of NI with N:. The energy of lit is most likely dissipated

on the walls (Ghosh and Jain, 1966).
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Figure 4,5
These figures arc actual photoelectric data which form
the bases for postulating two independent mechanisms for
producing excited NI, The top left spectrun shows NI lines
excited in the N, blue flame (collisional), while the right
spectrum shows the same lines excited in the green flame
(recombination), lotice that the relative intensity of
the nitrogen multiplets has changed. Also obscrved in
the top left figure is a Hel line, The lower spectra were
taken under identical experimental conditions except that
a rf field was dirccted towards the plasma, Notice the
HeI and NI lines which were produced by electron recom-
bination have vanished.while the NI lines produced by
the collisional mechanism still remain (lower left
spectrum). The weak NI emission scen in the lower right

spectrun is due to the collisional mechanism.

NI ~ refers to 2p 3s' ?D — 2p% (*D) 3p' 2r°

NI 3 refers to ¢p® 3p 28°— 2p® (°P) 34 2P
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Figure k.6
This figure demonstrates the experimental control one can
use to identify spcctroscopic lincs, The spectra are
actual photoelectric data taken during three different
experimental conditions: 1) blue molecular nitrogen flame,
2) green atomic nitrogen flame, 3) helium only. All three
spectra were taken at a pressure of one torr and electrode
current of k50 ma. The top spectrum was taken of the blue
N, flame., As shown on the figurc therc is strong emission
from the N} first negative system and weak emission from
NI (collisional plus recombination mechanism), The middle
spcctrum was token of the green NI flame (recombination
mechanism), The lines labeled with lower case lctters
were assigned to the NI (3s ‘p - 4p “p°) multiplet, The
bottom spectrum was taken of helium only, It shows the
chromiun and iron lines which werc used for wavelength
calibration (therc are no helium lines in this spectral
region). The chromium and iron came from clectrode

sputtering,
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Figure 4,7
The upper trace is of the photoelectric spectrum of the
N blue flame ﬁear 3920 A region, It was taken with a
double-pass Ebert scanning monochromator using a 2160
line/mm grating in first order. The spectral resolution
of the system was 0,1 A. The spectrum consists of strong
emission fron the (0,0) band of Nj first negative
system and weak emission from atomic nitrogen (collisional
plus recombination mechanisms), The lower trace is the
spectrum of the atomic nitrogen greenflame (recombination
mechanism) under the same experimental condition as the
above spectrum, Shown on the figure is the first

observation of the NI (3s ?P - 5p °D°) multiplet.
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Lol The Problem of Identification of Lines

Figures 4.6 and 4,7 illustrate the control which the experimenter
can use to identify lines for the present sources of NI, The problem
of identifying lines from the blue region is very difficult because
there are many rolecular bands which occur throughout the entire
spectral region, Sincc the green NI glow was predominately atomic
niﬁrogen, it was helpful to use this source to find a particular NI
line in the blue region, The line was observed under the green con-
dition and then a small adjustment of the molecular nitrogen flow rate
would allow the line {to be observed under the blue condition., Adjust-
ment of the flow rate would move different regions of the nitrogen

plasma in front of the spectrometer slits,

4.5 Interpretation of Results

The population of levels excited by the two mechanisms is shown
on Fig. heJe The population was calculated using measured intensities
and calculated transition probabilities (Griem, 1964 and Viiese, Smith
and Glennon, 1765) and equation 3.2, It is seen from Fig, 4.8 that as
the levels approach the ionization limit for nitrogen (14.53eV), the
population due to the recombination mechanism is about one order of
nagnitude srewter than the population due to the collisional mechanism,

The two distributions were normalized around lZ2eV as can be seen from
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Fige 4.8. The structure in the recombination distribution around
13.2¢V is probably duc tc cascadins, From Fiz. L.,h it can be seen
that cascading is important when the upper levels are inverted in
nitrogen.

Compare the cnergy level distribution for the NI (green) shown
by the dashed line on Fig. 4.8 to the level distribution for helium
shown on Fig. 3.2, The important difference vetween these two
distributions is that as the binding energy of the excited electron
approaches zero, the population of the NI levels rapidly increases,
vhile the population of thc Hel levels rapidly decreases, This
decrease of the Hel levgls is explained by ionization from an excited
state by electrons. The source of thesc ionizing electrons is three
body recombination (see equation 3.10), Perhaps the reason why the NI
levels increase in pooulation as this energy region is approached is
because there are no electrons to depopulate these states by
ionization, This indicates that two body rccombination, or single
electron recombination is probably the mechanism for populating the
NI levels. (A third body other than an clectron is possible, but this
would require additional investigation.) The I levels should continue
to increase in population until the excited clectron binding energy
approaches about S(KTrco:) or 0,12V where the roon temperature
anbiant gas particles weuld have sufficient energy to depopulate the
NI states before radiatirg (see the last parasraph of scction 3,3).

More wor: nceds to te done to learn hov the II levels are
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populated by the recoibination mechanism. In other words, how docs
the probability for recombination depend on the quantum numnbers of the
states such as parity, nultiplicity, and orvital angular momentun?

For cxample, hish orbital angular momentwn states (f) do not seem to
be populated as nuch as reported in other sources (McConkey, Burns
and. Kernahan, 1907). The levels need to be sorted according to their
quantun numbers and the vopulation of these levels studied as a
function of their quantun numbers, Also, additional cxperimental
information would ve useful, If the continuwi from the captured
electron could be observed, it would be possible to confirm the
single electron recombination mechanism and to measure the matrix
elements of the electron going from a free to a bound state, From
the energetics, the continuum should peak around 2 microns,

Two scparate mechanisms were found to excite atomic nitrogen,
H~* was the precursor of the green atomic nitrogen spectrum and Heg
vas the precursor for {II lines in the blue glow. The green glow was
fvﬁgi to be the cleancst and brightest source of atomic nitrogen thus
reported, It would be an excellent source for accurate waveleﬁgth
rmeasurenients which in turn vwould allow precise determination of many
new energy levels near the ionization limit. Since the manner in
which these levels are vopulated is not understood qualitatively,
intens ity measurencnts could not be used to determine transition
provabilities, IHowvever, the collisional mechanism for producing

exceited 11T reswlted in a level distribution which was in
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equilibrium, and thus could be used to measure transition
probabilities., The problem with this source is that the atomic
enission is obscurcd by stironger molecular cmission and the intensity
of the transitions ncar the ionization limit is very weak (seec Fig,
4,8), Thus with this sowrce one would not have the cxperimental
ocontrol he would have with the recombination source., A solution would
be to combine the best features of both sources in order to measure
the transition probabilities., The NI lines could be isolated using
the recombination source and with a turn of a dial, the intensity
from the equilibrium situation could be recordad, This procedure
would be a good mecthod for determining transition probvabilities of
levels very near the ionization linmit of the atom,

One of the most important features of Fige 4.8 is the population
invertion of the nitrogen levels. Calculations of densities and other
important quantities necessary for laser action should be completed
in order to test the possibility for constructing a NI lascr from

this source.
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Figure 4.8
The relative populzazion per unit statistical weigat
(arbritrary units) a2s a function of the electron
excitation energy i atomic nitrogen, The dashed line
represents an averz-ed populatien function for the
recombination mechznism., The states below 12eV were
rainly populated oty cascading from levels near the
ionization limit fcr nitrogen. When the recombination
mechanism is quenchel, the collisional mechanism
predominates (solii lire), This solid line represents
an averaged population distribution for the collisional
mechanism, The NI leovels populated by this mechanism
appear to be in equlllibrium at a temperature near

10,000 K.
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V  MOLECUIAR NITROGEN

When molecular nitrogen is added to the flowing helium afterglow
many different reactions occur simultaneously in time and space
(Wright and Winkler, 1968), Dunn (1966) has studied systems of N
which radiate under these conditions. Rcported here are three new
vibrational distributions of the first positive system of neutral
molecular nitrogen, B sﬂg -A 3?;. No complete analysis in regard
to the mechanism of these reactions was made; only the experimental
data is reported,

The spectra shown in Fig, 5.la was taken of a glow which
appeared red to the eye, and was unusual in that the tenth vibrational
level was more populated than neighboring levels., Figure 5.2 shows
the population distribution of the vibrational levels excited in the
glow. Populations of the levels were calculated from relative
intensities, Franck-Condon factors and r-centroids (Zare, Albrighton,
and Schemltekopf, 1968), Approximately 1% of the nitrogen molecules
in the B srg state were in the "tenth level .istribution," while the
population distribution of the remaining molecules could be described

by a temperature of 4050 K (& 3%) e
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A possible explanation for the large population of the tenth
level may be that the level is being populated from some other state
in the molecule., Figure 5,3 illustrates a collision induced level
crossing with the B' ®% state. The explaination is based on a Franck-
Condon overlap. In addition, there are many metastable N, states
that somehow may be invclved (Oldenberg, 1967)., The 4050 K
temperature may come about by collision with the 1l.0eV electrons and
nitrogen molecules.

Another experimental fact available is that the N, flow rate
(200 atm-cc/sec) is large. This may imply that collisions between
N, and metastable nitrogen molecules may be involved or that nitrogen
atom recoribination may be important,

The spectra in Fige. 5.1b occur when N, is injected into the
afterglov at a flow rate of about 1.0 atm-cc/sec and a helium gas
pressure of 0,1 torr and flow rate of about 10 atm-ce/sec. This
source of the first positive system is very constant and uses very
little gas, thus making it a good source for very long time exposures
at high resolution, At such low flow rates, the source could operate
without interruption for days. The population distribution for this
source is shown in Fig. 3.4, Experiments with an rf field indicate
that the mechanism for the distribution involves reactions with
metastable species,

The spectra in Fig. 5.1lc occur when hydrogen is added in inlet

#1 at a flow rate of about 0.2 atm-cc/sec, The spectra was taken at
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inlet #2 where N, was added with 2 Tlow rate of about 4,0 atm-cc/sec,
The total pressurc was 0,6 torr, The population distribution is
shown in Fig, S.4. It can be seen Trom the figure that a small
amount of the tenth level distritution is mixed with this
distribution,

The spectra in Fig., 54 was taxen of the nitrogen afterglow with
helium added, The experimental aprrzratus is described by Oldman
and Broida (1969), The purrose of the experiment was to learn if
there were any similarity vetween the level distribution of the
top three spectra shown in Fig, 5.1 and this spectra. From Fig. 5.k,
it can be seen that an important similarity of the level distributions
is that all have a group of vibrational levels which can be described
by a temperature of L4O50 K. This may be a clue about the exciting
mechanism,

Table .1 summarizes the results of adding molecular nitrogen to
a flowing helium afterglow, Only neutral nitrogen radiating species
were investigated. A "rf" in the column labeled "Remarks" means that
light from the particular reaction was quenched vhea a rf field was
directed towards the plasma., The figure nuwibers of the populating
distributions for the various radizting species are also indicated
in the column, The radiation from the N,(E °F%) state (2100-2600 A)

should be confirmred,
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Figure 5,1

Photoelectric speciraz of the various vibrational dis-

tributions of the Jirst positive system cxcited in a

heliun plasma, The scectra were taken with a double-

pass Ebert scannins :onochromator using a 1200 line/mm

grating in first ordsr blazed at 6000 A under the follow=

ing
a)
b)
c)
d)

experinental ceniition:

Pressure = 1,0 torr; [Hel/TiH,] ~ 1.

Pressure = 0,1 zorr; [He]/[l,] ~ 10,

Pressure = 0,6 torr; [Hel:[i,]:[H,] ~ 800:20:1,

N, afterglow pressure = 1,0 torr; [Hel/[W,] ~1

(0ldman and Broiiz, 1969),

99
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Figure 5.2
Relative populations (arbitrary units) of the N, B °n
state as a function of the electron excitation energy.
Data for this graph -ras obtained from the spectra shown
in Fig. la. The s;iitols represcent the following

vibrational progressions:

Av

0 o
1 A
2 ¥
3 0
b A
> t

As seen from the fizure, the vibrational levels between
v' = 0 to 8 can be isscribed oy 2 tempersture of 4050 K
(+ 33)s lovels v' > 3 are povulated also by another
nmechanisne The tenih vibrational level is clearly

inverted with respect to v'=7, 5 and 9,
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Figure 5,3
A partial energy level diagram of N, which shows the
level crossing of the B and B' curves at v;=10. The
probability of crossing may be proportional to the
overlap of the classical turning points of the two
curves, This could result in an asymmetrical shape

for the probability function as seen in the figure.
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Figure 5.4
Relative populations (arbitrary units) of the N, B °n
state as a function ¢ the electronic excitation energy.
The symbol "O" refers to the dzta under conditions of Fig,
5.1b; the symbol "*", Fige S5.1c (hydrogen added); and
"+ Fige Seld (I, afterglow). A line whose slope
corresponls to a tenprerature of 40Y0 K is drawn for
comparison, As seen in the figure all the distributions
have a group of vibrational levels which can be des-

cribed by that temperature,
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VI CONCLUSION

It has been demonstrated that the population distribution of
atomic helium levels excited in a cool, high dense plasma can be
understood in terms of a bimodal electron distribution, From a fit
of the Saha equation to the experimental data, it was shown that both
of these electron distributions appear to be Boltzmann, In addition,
evidence has becn presented to show that the major energy exchange
mechanisms occurring in the plasma are three body electron-ion
recorbination and its inverse process, ionization from an excited
state, The role of ionization from an excited state of an atom may
be very important in understanding cool plasmas in general. Both
theoretical and experimental investigations on the cross sections for
this process need to be made,

More experimental work needs to be done to verify many of the
conclusions reached in this work, For example, a simple experiment
can be done to verify that the ambient temperature dependence of the
enission of atomic light from the plasma is given by the temperature
dependence of the ambipolar diffusion coefficient, Also accurate

pressure and spatial mecasurements of the emission of atomic light
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would be useful. In addition, absolute light measurements would
allow accurate spatial dependence of the electron densities to be
made and using calculated transition probabilities useful information
regarding the cross scctions for ionization from excited states would
be obtained,

Finally, the procedure discussed here for a helium plasna may
be applicable to plasmas composed of other atoms as well, Schluter
(1963) has used a two electron distribution and Saha equation to des-
cribe the bchavior of a hydrogen plasma, lis approach did not go
into as much detail as was presented in the present discussion, It
may prove uscful to apply thc present procedure to hydrogen and other
plasmas,

Two separate mechanism were found to excite atomic nitrogen. Onc
mechanism consisted of a two step collisional process where N, was
dissocliated by metastable rolecular heliunm and the excited neutral
atomic nitrogen was produced by collisions with electrons, The
temperature of the IiI levels was about 10* K. The other mechanism
was single electron recombination of nitrogen atomic ions, The ions
were formed in the dissociative charge transfer reaction of ionized
helium with molecular nitrogen. This source of atomic nitrogen was
very clean and approximately 400 new NI lines were observed with an
inverted population distribution., Together, these two sources could
be used to measure transition probabilities wvery near the ionization

limit of the atom, The possibility of using the population inversion
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shown on Fig. 4.8 to make a laser should be investigated., If a
supcr-radiant situation could be made, it may be possible to produce
an ultraviolet or X-ray laser,

More experimenting needs to be done to determine the mechanism
for the various vibrational distributions of the N, first positive
spectrwun, Perhaps with further investigation of this source, new
information about the complicated energy level structure of the

nitrogen molecule may be learned,
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APPEIDIX I

Wavelengths for NI spectrum (recombination - green)

Table Code ¥

Ia

A

Means identification, A NI in the column means that the line
has been identified as an atomic nitrogen line., If the column
is blank, this means that the line is most likely a new atomic
nitrogen line and has not been detected before because 1t was
obscured by other emission or it was not populated in other
sources, Any other element in this colwnn neans there is a
confusion between lines of this elcment andi a new atomic nitrogen

line,

Wavelength (A) (measured in air)

The wavelength scale was set by those wavelengths enclosed in
brackets,

Wavelength Error Code

"plank” = + 0,1 A

(a) =+ 0,2 A
(v) =+ 0,5 A
(e) =+ 0,TA
(d) =+ 1,0 A

Wavenumber (em™) (vacuun)

Tables of Wavenumbers (Coleman, et al, 1960)
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Intensity in arbitrory units (relative precision). The intensity
was measured from linear photocleciric spectra (the height of
I'QM

the line was assumed to be proportional to the intensity).

means that the reproducibility was in doubt,

Hote: Read page 14y for additional information regarding the

lines whose wavelength is less than 3800 A,



NI

NI

NI

NI

NI

Fe

NI

NI
NI
NI
NI
NI

NI

Id

A

A
[10549.64)
[20539.55]
10520.4 (d)
10505.1 (d)

10479.7 (d)

10406,1 (d)
10397.6 (d)
10164.6 (d)
10157.8 (d)
[10147.27])

[10128,29]
{10114,.64)
{10112,48]
[10108,90]
(10105,157

10024,6 (d)

10002,8 (d)
9983.3 (d)
9940.8 (d)
9899.3 (d)

v
cm

976,436
985,517
9504739
95164579
9539.6hk

=1

9607.116
9614, %69
9835.273
9841, 954
9852.138

9870.620
9883,989
9886,0L2
9889, 562
9893.186

9972.7<7
9994, 461
10013.98
10056, 80
10098, %

116

320,¢
677.6
28547
2ko

175 2

175 1
175 2
131,8
76,92
131,8

L32.3
1343.8
83546
74349
43545

31.4
21 1
28.5
20,8

47.9
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Id X v I
em~?
9890.,9 (d) 10107,.53 31.5
9875.5 (d) 10123,49 2
NI R72,5 (d) 10126,370 38.9
NI [ 9863.33] 10135,785 181.0
9851433 (d) 10148,131 23.2
NI 9837 (4) 10165.,291 L48.8
9828,0 (d) 1017222 42,6
NI 98z22,7 (b) 10177.658 83.0
NI 93810.,2 (b) 10190.678 21,9
NI 9798.9 (v) 10202430 2243
9797.7 (b) 10203.68 36.1
NI 9788.5 (b) 10213,269 9.7
NI 9787.0 (b) 10214,835 17.4
9780.1 (b) 10222,0k4 28.5
NI 9776.8 (b) 10225,492 11.8’
9772.1 (b) 10230.51 42,9
9767.6 (d) 10235.12 7
9751.6 (b) 10251,92 13.4
y706.6 (b) 10299, 4k 32.7
9%691.7 (b) 10315,28 5546
%88.6 (b) 10318,58 28,6
N, ? 9679.1 (b) 10328,71 12,2




Id

NI & He
NI

NI
NI

95591
952345
9cl.l
9501.9
9L85.1

9ok ,9

(o)
(o)
(v)
(v)

(d)
(v)
(o)
(d)
(o)

(b)
(v)
()
(a)
(b)

(a)

[ 9460,076)

9h0z,.6

(v)

[ 9392.759)
[ 938¢,805)

9344445

9310.5

(a)
(a)

v
cm

-1

10345,81
10349,02
10364458

10367.47

10394475
10399.19
10413,05
10419,78
10455.09

1045837
10497, 46<
10500,11
10521,44

10539.%

10562455
10567,166
1063244k

10643454k
106504325

10698,20

10730,70

SR T T

81.3
2.2
2l.2

15.6

22
16,1

13.2

10.7

8.1
146
11.6
11

846

Lo,6
20

355.0

118




Cr

Ne

NI

NI

NI
NI

NI

NI

Id

)

A
9301.9 (a)
9301.8 (b)
9293.9 (a)
9289.9 (a)
9234,8 (a)
922149
9218.8 (a)

[ 9208.0011
9194.9 (a)
9193.5 (c)

[ 9187.449)

9177.8 (c)
9138.6 (b)
9102.8 (b)
09%5  (c)
[ 9060.472)
9050.0 (a)
[ 9045.878)
9039.8  (a)

[ 9028,918]

v
cm™?

1074754
10747466
10756469
10761443
10825,63

10840,78
10844 42
10857.142
10872.61
10847.27

10881.k27
10892,87
10939.59
10982,62
109926k

11033.927
110464692
11051, 723
1105916

11072,483

b3
3el
10.7
1.8
5.8

14,0
4,0
8heb
259
49

106,8
hel
246
045

242

102,2
90.3
9545

0.5

657

119




NI
NI

NI

NI

Fe

NI

Id

P\

A
9020.,8 (a)
9013,0 (a)
8992.9  (b)
8980.6 (a)
8976.0 (a)
8oz, (b)
8937.3  (b)
8899.2 (a)
8886.7 (a)
88716 (a)

8822.,3 (a)

8747.5 (a)
8728.9 (b)
8722.3 (a)

{ 8718.8u1]

[ 8711,708]

[ 8703.255]
8698.4  (a)
8691.5 (a)

[ 8686.161]

c;'1
1108245
11092,04
11116,83
11132,06

11137.76

11179.99
11185.99
11233,88
11249,68
11268,83

11331.80
11428,699
11453,052
11461, 72
11466,833

11475.651
11486,806
11493,21
11502, 34
11509,406

Lol
49
6.0
9e3
5.0

6.8
3.6
13.4
14,6
5.1

14,7
2.0
594
Te3
307.3

397.3
hiz,2

8ol
408.3

120




NI
NI
Fe

NI

NI
Ne

NI

NI
NI
NI
NI

NI

NI
NI
NI

NI

A
A

[ 8683.40)

[ 8680,27]
8667.1 (a)
8655.9 (a)

[ 8629,238]

8602,1 (a)
85942  (a)
8591.6 (a)
8567.9 (a)
8420,0 (c)

[ 8242,37h4]
[ 8223,121]
[ 8216,312]

8210.8 (a)
8201.9 (a)
8200.5 (a)
[ 8188.005]
{ 8184,.852]
8166.3 (a)

8152.3 (C)

v
cm-?

11513,06k4
11517,216
11534, 72
11549,6k2
11585.32h

11621,88
11632,559
11636,08
11668, 266

11873.22

12129,099
12157.492
12167.569
12175, T34
12188,946

12191,027
12209,623
12214,337
12242,082

12263, 1).

806.9
1000,2
49.0
e,

175.4

26k .4
2577
636.0
10045
86.4

43.1
236.8
2334
120,1

ne
o
n

121




NI
NI

NI
NI

Id

A
A

8112.6

[ 7915.419]

7899.L
7753485
TTh4e5

T7357
7730.6
772540
T713.9
77115

762647
760k, 7
7551.6
754740
75364

[ 7468.309]
[ 74h2.299]
[ 7423.639]

7406,3
7386,2

(a)

(a)
(a)
(a)

()
(a)
(a)
(a)
(c)

(a)
(a)
(a)
(2)
(2)

(a)
(c)

Vv
em”

1
12323,12
12630,094
12655,708
12893.27

12908.84

12973,52
17932,05
12941 k42
12960,05

12964,08

13108,22
13146.14
13238.58
132L46,.65
13265,28

13386, 22k
13433,00
13466, 772
13498.30
13535.03

23
132.7
211.0

9elt

L6

6.1
10.6
L6
4.8
4.8

6.2
Tolt
kb
6.8
52

205.6
115. 4
48,8
26,0

6.1

122



NI

NI

NI

NI

NI

NI

NI

NI

id

A
A

727046
1773
715943
71358
6982.0

697943
697341
[ 6951.50]
[ 69h5.22]
69268

679543
679348
678843
675842
675149

6741.0

[ 6733.48]
672640

[ 6723.12)
672245

(a)
(a)
(a)
(a)
(a)

(a)
(a)

(a)

(a)
(a)
(a)
(a)
(a)

(2)

(a)

(a)

em™,

13750.23
13928,98
139640
14009, 98
14318,595

14324 ,134
14336.87

14381.418
1439k, h22

b3k, 221

14711.99
14715242
14727416
14792,76
14806.56

14830,501
14847.063
14683458
14869, 9z
14871,.31

IETIT E JO R PR N e W 1 TETRTN T T S T N e T TR T P S R g oy

el
1.8
32.9
3ke3
645

2.7
2.9
6.1
13.7
D

3¢5
3.3
643
9.9
9.2

9e3
4.2
Tel
304

292

«om e 5o

123




124

Id R 2 I
6720,9 (a) 14874,85 12,6
6717.0 (a) 14863, 49 4,9
6715.9 (a) 14885,93 2.6
NI 6713.2 (a) 14891,915 8.3
NI 6708.8 (a) 14901,68¢ 16,5
NI 6706,1 (a) 1h907.6él 15.0
NI 6667,06 (a) 14995.110 10,0
6666,1 (=) 14997.13 11,2
NI 6656,7 (a) 15018,312 Te3
NI 6653.4  (a) 15025,761 15.7
6648.,9 (a) 15035, 70 9.7
NI 6646,6 (a) 15041,133 6.9
NI [ 66uk4,963] 15044, 777 2k, 7
NI 6636.9 (a) 15063116 6.8
NI 6623,0 (b) 15094,729 13.7
NI 6622,5 (a) 15095869
Cr 6612,5 (a) 15118.698 6.8
659.5 (a) 15155436 548
N, 6545.,0 (a) 15274.62 8.6

6533.0 (a) 15302,68 6.5




NI

NI

NI

NI

NI

NI

NI

NI

NI

NI

NI

NI

NI

NI

NI

el gh e mal ol A B EU Dany g iRl N B g gk e ihd o g e o

Id

A
A

650645  (a)
64996  (a)
6491.3  (a)
[ ohdh,88]
[ 6483.75])

[ 6482,74]

[ 6481.73]
64711 (a)
6468.5  (a)
6458.1  (a)

6441,8  (a)
64410  (a)
6437.8  (a)
6436.8  (a)
6ho3,2  (a)

6420.7 (a)

6417.,2  (a)
639k (a)
63845  (b)
6378.5 (a)

v
cm”

1

15365.001
15381,313
154004979
15416 ,226

15418,913

15421,315
15423,718
15449,055
15455, 20k
15480,129

15519.3<3
15521.250
15528, 97
15531.378
15564 ,26

155704322
15578.815
15634436
15658,61
15673434

g g Tebeiey g Vet dh o bl e e b R e s i e

2045
12,1
11.6
10445

83,1

153.2
49,8
3.7
15.0

1.6

20
4a5
6.9
3.7
8.5

11.3
b2
4.9
3.3
6ol

125




Iad

NI ?

NI ?

NI ?

NI ?

A
A

6369,2
6304,0
62984t
62894
628641

627547
6273.1
625943
6253.1
6243,2

6237.8
623k .2
6230.3
6217.7
6194.1

6188.8
6182,1
617543
6117,.1

(a)
(a)
(a)
(a)

(a)
(a)
(2)
(a)
(a)

(a)
(2)
(2)
(a)
(v)

(v)
(v)
(v)
(v)

v
cem=}?

15696, 22
1585856
1587 60
15895437
15903, 7

15930,07
15936467
15971.81
1598765
16013,00

160.6,386
16036,2

16046,15
16073,67
16139.93

16153.75
1617126
16189,07

16343,09

4,8
5¢9
6.6
Te2
13.8

540
17.6
1.6
1.5

3¢5

0.9
0.8

2.k

126



g B Rt a R

Id

NI & Fe 2

NI & Cr ?

NI

NI

A
A

609641
6095.7
6080,7
607549
6069.9

6017.7
6013.3
[ 6008,48]
[ 5999.47]
598949

596243
585640
585U o t
5840.9
58346

5832,0
5831,0

[ 5829,53]
5816,6
5790.0

I PR T W el e R R e Y “'5%"'5' =

(a)
(2)
(a)
()
(a)

(a)
(a)

(a)

(a)
(a)
(a)
(2)
(a)

(v)
(v)

(a)
(a)

v
cm”

1
16399.39
16400, 47
16L440,92
16453,912

16470,18

16613,016
16625420
166384536
16663, 496
26690.15

16767.41
17071, 771
170764437
17115,905
17134,386

17142,03
17144 ,96
17149,288
17187.409
17265,18

pomd i ¥ g B e

14,8
4,1
L34
23.3
2okt

1.7
6.9
15,0
4.3
7.8

4,1
3.2
16,8
842

L.l

127




Id

NI

NI

NI

NI/Fe
NI

NI/Fe

NI
NI

A
A

5772.1  (a)
5768.7 (a)
5768.1 (a)
57649  (a)
5758,1  (a)
5752464 ]

5T47.3  (a)
S7ulke5  (a)
5740.8  (a)
5740.3  (a)
5625.5 (a)
5623.3 (a)
5618.4  (a)
561654

5611,5 (a)
56044  (a)
5600454

5591.5  (b)
55715  (a)

5564 ¢ 5k

v
em™!

17320,21
17330.12
17331493
17341,55
17362,03

17378503
17394,650
17403.13
174244345
17415,86

177714265
17778.218
177934722
177994583
17815.601

17838.171
17850,L66
17879.33
17943451
17965, 948

L2
boli
246
17.1
8.8

29¢3
12,9
1.7
647
8.2

9.1
20,8
8okt
293
R

1.5
566
0.7
243

8.1

128



NI

NI

NI

NI

Ia

\
A

[ 556L4427)
[ 5560437
555G T4
5557 440
5556407

5551613
5548,23
55U5426
5545411
55kl 4€0

5542 o &4
5540450
5535457
553349
5530411

5529405
552340
551947
550349

55000;“5-

(a)

(a)
(a)
(a)

v
cm”

17966497
17979.422
17981.459
17989.031
17993.337

1

18009.349
18018, 76z
18028,4U45
18028, 901
18030, 364

18036.284
18043901
18059.971
18066, 40
18077.802

18079.31
18199.11
18111.90
18163.89
18175.361

%.8
7’4.2

16,0

1,7

7.0
k.9

1.2

1.1
4.9
4.9
0.9
ke

6.0
2,0
1.5
0.8
6,0

129

T




130

Id N v I
A e
5LITe15 18186,192 10,6
5495475 18187.52 2.7
543548  (b) 18223,82 0.8
547841  (2) 18249.43 1.1
5472,40 18268444 Le5
Fe 53944  (a) 18532459 643
52314  (a) 185774360 2.0
NI 5378 Lk 18587.583 8eT
5370426 185954121 641
5374.89 18599.86 2,8
NI [ £372.66) 18607,560 %1
5370.91 18613,643 18,6
NI [ 5367.27] 186264266 8ok
5353467 18638, 768 10,1
5361.96 1864k, 712 he2
5361,06 (a) 18648,05 1.1
535977 18652433 be5
NI 5350477 186624776 21,2
53552 (a) 18668425
Fe 5353.1 (a) 18675457 0.9
- R TR




Id

NI

NI

e
NI

X
A

5350.,1
53U6, 95
534641
53hk,22
5343473

5343.47
5341,32
9339.50
533776
5336472

5334.38
5330.85

[ 532847 )

538443
5326434

5324400
5314495
5310469
5310,60

5305.12

(

(

a

e

[3Y

)

)

v
cm”

18686,04
18697.016

1

18700,02
18706,60:
18708,.32

18709.23

18716.758
187:3,138
18729,241
18732.891

18741,108
18753.518
18761,085
187624035
187694397

18777.,647
18809,62

188:4,708
18824,991
188hk 472

o B e s T Tl

840
247
33.6
Tolt

2.7

43
1.3
1.2 ?
2.1 ?
246

131




Id

NI/Fe

Fe

)
A

5298,11
5297.46
593,50

[ 5292,751
[ 5281,18)

52759
5234,8 (a)
523246 (a)
5218,98
5208, 72

520397

[ 5201.71)

5199.87
5197.86
9193.09

5191.78
518943
5186,6U
5185.91
5182,88

v
cm~1

18869,405
18871.751
18885,838
18883,514
18929.895

18948,839
19097.61
19105.64
191554499
19193231

19210, 750
19219.059
1922548%
192334331
192544705

19255.855
19264574
19275.829
19277.651
19288,290

1.7
2.7
b2
1.3
16.1

3.7
1.4
1.8
49
1.1

2.0
85.b
337
22,8
18.8

279
97.1

Selt
251
13.9

132




Id

.\
A

5161.34
5179.78
5179453
5179.38
5169.58

5168.81
5167.82
5167.41
5165490
5165477

5165.66
5163.77
5162,91
5162,78
5162,61

5160.7
5158449

5156,72
5155.87
5155437

(a)

v
cm™!

19294,653
19300, 464
19301,3%
19301,955
19338455

19341426
19345.131
19346,666
193524321
19352,808

19353.183
19360.303
19363.528
1936k,016
193644654

19371.82
19380.12
19386, 771
19389,968
19391,8L48

10,8
4,0
Te2
8.8

L

3¢5
82,0
3.8
8.0
8.5

R

1.6
32,5
L.b
1.6

133




Fe

Id

A
A

5155426
515ke5

5153476
2153405
2151.33

514962
5156.6
5146.0
5141,93
5141,16

5136431
5135479
5134439
513245
512043

5117.88
511646

511544
5110,52
5100469

(2)

(2)
(a)

(a)
(a)

(a)

v
cm”

1

19392,262
19395.221
19397. 906
19400, 579

19407.056

19413.501
19424,89
19427.16
19438, 754
19445146

19463,807
19465. 778
19471,086
19478,26

19524 4665

19533.897
195384555
195434215
195624030
1959979

134

53
2.1 ?
1.3
246
43

1,6
1.3 ?
2.3 ?
Selt

2,0

L.l
3ed
6.
1.4
1,6

1.6
b ?
2.3
bS5
bob




Ne

Fe

Id

)
A

5100,45
5080, 47
5037.68
5031.5
5009.2

5009k
50076
4997.1
4993.3
498747

4987.3
4982,0
4976.31
4974 .82
4973437

497151
1496831
1966 k1
L9654 54
4963 .98

(a)
(v)

()
(a)
(2)
(a)

(a)

v
cm™?

19600,651
19677734
1984k, 874
19869.25
19957.7

19956.9
19964,08
20006,03
20021,25
200Uk, 654

20045434
200566,66
20089,606
20095.623
20101,482

20109,043
20121,95

20129,65=
201334179
20139, 506

8.8
okt
Belt
2,0
1.4

1.5
b
1.6
1.4
3.9

1.6
242
0.7
2.7
ko6

10.5
343
2.0
1.0

20,6

135
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Id

A
A

~202e29

‘9570“2

)

554 Th
L33.42

2951448

w2

N

4950423
L249.13
T Th
4546453
L245.90

4545479
4543461
492,89
42375  (v)
593503

bg33455
«218,85
4516,08
~21449 )

L9lh.0 (a)

AY
cnm

-1

20146,771
20166,156
20172,992
20182,440

20190,347

20195,4k46
20199.934
20205,609
20210,55¢
20213,126

20213,576
20222,489
202254435
<0247,51

20257.647

20263,724
2032h,281
€0335.733
20340,615
203h4ke 34

L6
3.9
10.3
4.8
6.7

136




Id

R & Fe

NI

NI

A
A

4913,0
4895.03
4,890.0
14,886,6
4,881,8

4879.3
487847
14869.10
4866 .90
14865.68

486446

4863419
14858,80
4855.56
4852455

[ 4847.38)
L8450
4839.85
14836.42

[ 4837.93)

(a)

(2)

PRI A, Ve "&‘“‘5." h "-é.u'\” P oRT R L Y

\Y
cm

=1

20348.48
204234182
204h44,19
<0h58 .41

<0478.529

20489,02
20491 ,54
20531.942

20541,223

20546.373

20550494
20556.89
205754466
20589.19%
20601, 967

206234939
20612,80

20656,0:6
20662,131
20664422l

s e e

0.6
1.9
1.5
3.0
2.4

1.8
2.1
3ok
3.2

2.3

2.8
3.3
)
1.3
4.9

137




NI

NI

Id

X

A
4834 ,60
4831.21
4,830,69
4829.89
14829,85

4829,10
14828,06
4827,86
4825 ,64
4823.80

4822,22
4,820,69
4819, 38
4819,10
4809.03

4754,01
4753,54
4753430
4751,21
L7h7.4

(a)

v
cm

-1
20678457
20692,967
20695194
20698,622

20698793

20702,008
20706467
207074375
20716,851
207244753

20731.543
20738.123
207434760
207hk , 966
20788,405

21028,993
21031,073
21032,134
21041,386
21058.27

240
15.9
4,6

243 7

2.4

4.0
542
14
2.7

0.7

23
0.8
3.9
246

0.9

2.6
1.3
3.8
2e5

0.9

138




Id

NI

NI

NI

A
A

L7473
L7h2,0
4738473
473246
4718,36

4709.33
L686. L
4685.8
468k .31
4683,91

4679.51
4678,5¢2
L6T77.82
LET75.4k
1669.,894

4660, 46
4656448
4652431
4651,76
4650,2

(a)

(2)

(a)
(a)

(a)

v .
cm~!
21070,122
21087425
2109%6.8
21124,13

21187.877

21228, 504
21332437

21335.102
21341,889
21343711

21363.78
21368.301
21371.L498
213682,38
21407,789

21451,105
21469,439
21,488,682
21491223
21h98,43

27
1.5
1,6
L1
1.9

265

0.6 ?
0.7 ?
1.5 2

1.2

1,6
566
2.3 7
2.2

21.0

12,4
5.0
0.9
3.8
0.8 ?
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NI

NI

NI

Id

A
A

L6k7,00
L6L6,60
455845
L55L.3
455341

4552,2
4499.1
Lok 81
k92,51
4485,81

LL485,29
L7738
bh77.12
476,36
4358.3

L351.2k4
4343 ,60
L340,8
432390
L321.32

(a)
(a)

(a)

(a)

(a)

cm™?

21513.237
€1515,089
21930.894
21951,118
21956 . 904

219612kl
2e2204435
222U1,6u2
222534029
228666

22:88,8u49
£2328,1:25
22329452z
223334313
22938.280

22975.497
23015.908
23030, 754
£3120,769
23134457

1.6 ?
0.5
1.2
1.7
0.5 ?

0.9
0.9
L.9
L.k
1.1

2.8
1.4
1.0
0.8
0.6

1.2
2.1
1.5

2¢5

1.4
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NI

NI
NI

NI

Cr

NI
NI
NI

NI
NI
iI
NI

nI

Id

)

A
4317.79
4313.13
4313.4
4305.46
L284,96

4281.37
4278.11
4269.59
4267.41
4z63.21

4258,76
L255,18
L25k o Th
h253.31
k230,5¢<

hezh, 81
[ 4223.051
beoe 09
4218.93

4216,01

(a)

v
cm=?

23153.485
23178,500
e3177.050
23219.791
23330.877

23350.440
23368,233
23414,863
2346,824
23449, 904

23474406
23494155
23496,585
2350l . 484
23631,10¢

23663.0L40
23672.901
23678.<8
23696,02
23711,08

9.k
4.6
ko3
7.8
1.3

2.1
11.¢
1.2
1.2
1.4

3.5
6.5
10.8
1.5
8.7

11.8
27.2
7.9
3.0
6.2

L)1




NI

Fe

Id

A
A

4214,.85

11,7 (a)

L:05.,8 (a)

4167.0 (a)
[ 151.46)

L143 bk
4137.58
[ 4113.97¢]
[ 4109.9597
[ 4099.951)

40uU5.89
LOuli 31
LO37.48
L035451

L035.06
4030,02
L0457
L0z1.72
L011.53
4010,87

v
cm?

23718.%
237367
23769, 993
23991.318
24081,122

2k1:7.731
24161,903
24300, 565
2h3zhe2Th
2h383,660

24709,46

24719.114
24760.929
«h773.016

24775, T79
24800, 763
2UBh0,4355
2uE6i 4140
«h9:1,100

l925,01

10,1
1.2
1.6
3k

30.8

18.3
8.8
6.4

57.6

3k.1

3.1
3ol
13,2
2.4

10,7 ?

1.3

w2




NI

NI

NI

NI

Id

)
A

400« o e
400:,316
395%.¢
3925.00
3955.405

3957.0

3952470
3974.03
3950.45
3957.<0

395:.21
390404
3904.16
3900.16
3892.93

389:z.1k
3857.15
382¢c.15
383345

363%ec7

(a)

(a)

cm™?
24965,.472
24978.45
24993.,059
25061.853
2506556

2507k U2
25101,43
251564257
25242451k
25263.2U45

25295141
25594.127
25606, 451
25632, 712
2563k o 22U

25685, 53
£5718,501
25Tk
2606l ,622
26073.187

143

1.3
k.6
10.6
b2

1.3

b5
0.8 1
0.9
7.0
1.0

53.2
375
8.0
he7
1446




NI

NI

Id

A
A

[ 3830.39]
3829.93
3823.65
382,82
3822,00

3818,<8

v
cm”?

26099, 595
26102,732
26145.603
26151279
26156.889

26182,373
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57.3

30 ?
€e3 ?
2.8
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15

The following data is preliminary, and should
be confimed., It is precsented here bececuse there are
not many NI classified lines in this wavelength region
(3800 - 3400 A) and it is the region :herc many of the
geries limits may be found., More careful asnalysis of
the data needs to be done in that some confusion exists
with molecular lines. More careful experimenting neceds

to be done, The wavelength accuracy is between 0,1

and 0,2 A,
Id : c:" I

3791.96 26364,10 5
3781.32 «6U38,282 6
3758.33 26600,003 8
3749.81 26660,k 5
3749.40 26663.356 2

Fe 37u8.35 26670,82U 5
3734.96 26766,438 1
3713.88 26918,361 4
3713.43 26921,623 5
3700,28 27017.29%4 1n
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. \ O
3652437 2T371.684 15
3651429 27379.760 L
3641,61 274524554 6
3639.65 27u67,342 5
3624 .62 27561,235 6
3610,52 27688, 94k 6
3581,10 27916,413 2N
3563.86 28051,453 9
3554.81 28122,866 12
3534021 28287,582 23
NI 3532,61 28299.673 12
352h47 28364,952 el
Te 3523.39 28373.646 11
352,09 28384,118 7
3520,26 28498,873 10
351525 28439,346 7
351,92 28442,017 11
347231 28791,0-9 10
3461,46 288814271 20
3456,79 289:0,<89 6
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