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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.
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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



29
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



3l

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 pres<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>