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1. INTRODUCTION

This work describes how nitrogen, as an impurity in
helium, may be efficiently excited and ionized from its

1 2

ground N2X z a excited state. A

Eg state to the NEB
moderately energetic electron beam supplies the excitation
source, which distinguishes this particular study from most
previous work. Numerous reports have been published about
studies of helium in discharges and flowing afterglow. Some
have included the effects of impurities.

The underlying basis for this investigation will be
examined completely. For the moment, however, some of the
concepts wnich are involved can be introduced. Electrons
of one hundred electron volts or more excite and ionize gas
atoms or molecules to higher energy states upon impact.
Often, fluorescence results as the excited particles decay
radiatively to lower states, and ultimately to the ground

state.1

Some diatomic molecules exhibit spectra which, when
dispersed with sufficient resolving power, may be related to
the thermodynamic properties of the gas. Figure 1.1 illus-
trates that point. E. P. MuntzZ and a number of research-
ers3-9 following his lead have provided descriptions of

how to exploit the fluorescence characteristics to obtain
gas property measurements. They have experimentally veri-

fied the basic concepts. But, at the same time their work

has raised a number of specific questions about how faith-
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fully those basics are followed, particularly at low temper-
ature (5100°K) and high density (31017cm-3). For instance,
Ashkenas8 examined the behavior of measurement temperature

values depending upon the number of rotational lines used to

calculate temperature. He reported a correlation of the

value of measured temperature with the number of lines used.
Within limitations, the total radiant signal emitted

when electrons pass through a gas defines the density. Ig

represents the total fluorescence produced and is propor-
tional to No, the number density. Since the gas pressure p
is a directly measured quantity and p = NokgT, experimental
results are conveniently expressed in terms of p. The trans-
lational temperature, T, must be constant.

Two steps of the process involved in measuring Ig are
particularly important. Electrons impinging upon the gas
excite and ionize molecules to radiative states. Muntz3
and others# 8 have obtained results which support the con-
cept of treating this excitation like electric dipole ra-

diation.
L p
(ANJ.)+ per unit timec = NoonJB/e (1.1)

Equation (1.1) describes the rate of increase in density for
state j (Nj) due to electron impact excitation. Jp is the

current density (amperes/mz) and Q33 the cross section for



primary (P) electron impact excitation (state o -+ state j).
Qé} is determined by invoking the electric dipole approxi-
mation to evaluate matrix elements between states o and j.
The second step to emphasize is the emission of a photon
as the excited molecules decay radiatively to a lower state.
Specifying helium for a moment, ionization is a rare occur-
rence among the direct electron processes. Excited atomic
states are produced more copiously by electron impact and
radiate as the excited atoms decay to lower atomic states.

In either case,

(ANj)_ per unit time = - i N.A. (1.2)

represents the radiation process. Ajk is the spontaneous
electric dipole photon emission probability (Einstein co-
efficient). The process represented by equation (1.2) is
an approximation of well established, widely applicable
validity. However, the dipole approximation applied to
determine Qé? of equation (1.1) is much more restricted.
Our purpose is to develop a model adequate to describe
what takes place as the electron beam indirectly excites
NE(B zzﬁ-x Zzé) rotational distributions. In turn, unknown
gas conditions can then be analyzed using the model and the

observed spectra. While essentially experimental in content,



the work has required understanding the theory of some com-
plex physical processes.

Those complex processes have been the subject of numer-
ous investigations conducted in gases over the last 300
years or so, especially those related to arcs and to dis-
charge phenomena. The results reported here represent a
very modest addition to that wealth of knowledge. General
treatises which serve to indicate the time span and exten-
sive research include references 10, 11 and 12. Even with
the efforts expended over the years in the physics of gases,
much remains to be explained.

Attempts to quantify the processes of energy transfer
took on new meaning upon the development of quantum mechanics.
The great accumulation of data related to arc and glow dis-
charge phenomena, for example, were interpreted in a much
more consistent manner. Unraveling the quantum theory de-
pended directly upon spectroscopic observations in gases,
after all. Effects of the transfer of charge from ions, the
transfer of energy of excitation from atoms and molecules,
and the conversion of energy, from electronic to rotational
for instance, produce complicated results which vary with
the particular conditions. Strides are being made to solve
the theoretical problems even more precisely. However,

experiment still provides much of the information.



The specific situation in which nitrogen, especially the
first negative band system of the ion N‘Z'(B2 ZS-XZ Zg), is
excited in the presence of helium has been recognized for
many years. Pearse and Gaydon13 indicate that the first
negative system is the most prominent in N2 and that these
bands 'occur readily in discharge tubes at very low pressure
or at moderate pressure in the presence of excess helium'".
They 1list several references which date from 1925. Because
these same nitrogen bands are observed in the atmosphere
(auroral spectral4, for example), charged particle impinge-
ment in known to produce.them. As illustrated in the arti-
cle of McCaa and Rothel, electrons passing through gases of
many various types have produced excitation and/or ioniza-
tion which in turn results in optical radiation (fluorescence).

Passing a beam of moderately energetic electrons, 5 kev

or more, through pure nitrogen at low pressures, NE first

negative band spectra can be readily observed. Very little
interference occurs from other band systems (such as Nj
second positive, c3 I -B3 ). A number of investigatorsg’ls‘ZI’
prior to and since the definitive work of Muntz, have ob-
served these bands. Energetic electrons and positive ions
have produced the spectra in other experiments. Discharge

and afterglow production of nitrogen spectra, described by

Dunn?? and the numerous references he cites, becomes con-



siderably more &omplicated than the spectra produced by elec-
tron impact of a single constituent gas.

By initiating energy transfer and charge exchange pro-
cesses in a relatively well defined manner, i.e., passing a
beam of electrons through the test gas, a technique is pro-

vided to study those procecsses. Previous work13,23-26 pas

shown that small partial pressures of nitrogen present in
larger amounts of helium constitutes a medium wherein sig-
nificant NE first negative excitation may be observed. That
particular fluorescence can be extremely useful to determine
gas properties. However, even with simplifying steps as
described, the spectra produced relate to the properties of
the test medium in a complicated manner. Sorting out that
relationship constitutes the bulk of the task undertaken here.
To accomplish that sorting process, important electron
impact processes in helium must be identified. The next few
paragraphs will serve to outline the nature of the effort in
this regard. Direct electron impact excitation of helium by
energetic electrons (26 kev) can be considered to obey selec-
tion rules for dipole radiation to a first approximation.
That is, |aL| = 1 and |AS| = 0 apply. So, helium He (11s)
would be excited to nlP states according to those rules. In

classic papers, Lees?7 and Lees and Skinner?8 identified a

number of excited helium states which are produced



as a result of electron impact. The energy of the incident
electrons in this work was less than 1 kev and they observed
excited helium in many other states than 1P, violating strict
obedience of the simple dipole rules (which apply to the
model of electron impact processes of Muntz19).

Other more recent work?9-32 confirms the significant
role of excited helium in other than lP states. St. John,
Miller and Lin29 have examined a great number of such states,
giving evidence for how substantially they are populated and
the particular mechanism. Cermak>? and Holt and Krotkov>l
reported studies of n = 2 states excited by relatively lower

1

energy electrons. vanEck and deJongh32 observed n*P levels.

A majority of the related work with electron excitation in
helium has utilized lower energy electrons, about 100 ev and
less. That represents a significant difference from the
effort reported here.

After the pioneering efforts to determine atomic states
excited in helium by electron impact, other studies of
energy transfer and collision effects have been reported.
Populating the levels of types 1D, 1F, 35, 3P, 3D and so
forth will be discussed at greater length in succeeding

sections. Papers by Jobe and St. John33 and Frish and

Ionikh34 discuss such results. The former report concerned

4F state population and the latter 1P to 1p energy transfer.



Drake>> discussed how triplet states may become popu-

lated by singlet-triplet mixing. Adequately explaining

the spectra observed when nitrogen electronic states are
excited (and incidentally redistributed among rotational

and vibrational levels) constitutes a very complicated task.
This is especially true when the process is initiated by
electrons but occurs mainly through transfer involving
helium.

Exploratory tests in mixtures of helium and nitrogen
agreed with previous work24, indicating that a significant
interaction must exist between helium atoms and nitrogen
molecules when mixtures of the two are excited by electron

. . + .
impact. These tests were cursory observations of N2 first

negative band fluorescence, which included a preliminary
examination of the rotational distribution within the bands.

Both NE, B-X, (0,0) and (0,1) bands were examined. The Hel

33p.23

S (388.9 nm) line occurs within the R branch of the
(0,0) band. See figure 1.2. The line renders a portion of
that band virtually useless for quantitative measurements

with low resolution.

These preliminary data clearly indicated that under cer-

tain conditions the nitrogen was very efficiently excited

from the ground neutral NZX1

z g to the ion states N}, of
which NEBZZ ﬁ is prominent. The circumstances which produced

this efficient excitation are characterized by low partial
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pressures of nitrogen in 10 times or more as much helium.
The passage of the 26 kev electron beam through the mixtures
was observed to produce substantial emitted radiation.

Large increases in the NE,B-X fluorescence were observed

as helium was added. See figure 1.3. This behavior, as
will be seen later, is related to the manner in which

helium excited states develop (collisional energy trans-

fer processes).

The resolved rotational spectrum, NE,B-X,(0,0) K' to K"
intensities for various K' = 0,1,2,..... , showed a departure

15

from the expected distribution according to Muntz and

36 24 25

others Results of Sebacher and of Whetsel and Shofner

support these conclusions, that helium excitation processes
give rise to an altered nitrogen spectrum. The application
of electric dipole selection rules to the excitation process
should be suspect. Related to that, vibrational distribu-
tions may deviate from the Franck-Condon principle of verti-
cal transitions, which principle is illustrated in figure 1.4.
Since higher energy electrons initiate the processes in

these experiments, one might expect to find some dramatic
changes in the helium excited species; i.e., which ones are
~prominent and have the most effect. However, since the pre-
viously measured cross sections do not exhibit rapid changes

away from threshold, relative populations differ slightly,
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ENERGY

FOR AN ALLOWED ELECTRONIC TRANSITION:
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AV =0, ALL WEAK;

AV=+1, 3—2 STRONG, OTHERS WEAK;
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FIGURE 1.4. ILLUSTRATION OF THE FRANCK-CONDON PRINCIPLE.
STRONG AND WEAK VIBRATIONAL TRANSITIONS ARE INDICATED
FOR THE GIVEN INTERNUCLEAR SEPARATION .
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if at all, from the lower energy excitation sources.
Numerous helium excited states are generally produced,
particularly helium metastable atoms, molecular helium
and atomic and molecular ions. These species must effi-
ciently excite and ionize nitrogen.

To digress a moment in concluding this chapter, abbre-
viations have béen introduced and are continued throughout.
NEB for NEBZZG will be used, as will other single letters
which designate particular molecular electronic states;
NEX, NEC or N2X, are examples. NE, B-X is the transition

from NEBZZG to NEX2

EE. Particular atomic electronic state
designations are used for helium only as needed. He is
understood to be He(IIS) in the general discussion and

particular designations are not written out for He' or He%.



2. THEORY

Helium Excitation And Energy Transfer Processes

The discussion turns now to a description of the
processes initiated and sustained when a beam of electrons
passes through helium, and helium containing nitrogen.
Excited helium atoms, ions, and other species,suéh as
low energy secondary electrons,are formed. Impurities
other than nitrogen are present in helium but do not play
a significant part, in general. This question will be
addressed at greater length, however. Neon, which occurs
in most bottled helium at concentrations of several parts
per million, and atmospheric gases, prominently oxygen in
addition to nitrogen, are the most significant impurities
to be considered.

In order to develop a picture of the physical system,
consider a nearly closed volume evacuable to a low pressure,

approximately 1.3x10-4N/m2 (10-6torr). It must be thought

of as '"mearly closed" because there are pumping ports, gas
inlet lines and an orifice for electron entry - the last of
which must be open. Helium can be contained statically
within the volume defined. Its pressure can be accurately
regulated from approximately one Newton per square meter to
atmospheric pressure. Observations of the fluorescence
produced by the interaction of the electrons with atoms and

molecules in the volume are made through quartz observation

15
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windows. Electrons pass through the test region for any
arbitrary period of time, eliminating transient start up
or turn off conditions from consideration. Only the longer
term steady state conditions are of interest. Quite a
number of research studies have reported helium excited
species which are created upon electron impact1’27‘29’31’32’
37,38, The theory discussed in thié chapter relates to the
physical system pictured here.

Most previously reported work involved electron impinge-
ment at energies the order of 100 volts or less. Higher
energies may lead to somewhat different relationships

amongst the several excited species. Wine3?

provides an
extensive description of these processes. Thorough

reviews of the electron-atom interaction have been presented
by Moiseiwitsch and smith40 and Massey, Burhop, and Gil-
body41. The fundamentals of electron impact upon atomic
species are widely treated in the literature and the

theory is highly developed42.

Collisional properties of gases for the range of
pressures included in this work vitiate the simplified
picture of helium states, excited by electron impact, decay-
ing only by emission of radiation. Collisions occur

rapidly enough that excitation transfer plays a very

significant role; He*(excited helium) + He(lls),
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excitation to states of spin 1 from the spin O ground

state and ionization all have been observed. Ultimately,
further complicating matters, nitrogen is introduced as

an impurity concentration constituent. In the remainder of
this chapter, the basic concepts underlying helium exci-

tation, collisional energy transfer, and mechanisms which

+

2
impingement upon mixtures of helium and nitrogen, are dis-

produce N}B2 & spectra, all developing from electron
cussed.

When 26 kev electrons pass through helium without
impurities present, rather extensive excitation takes
place37’40’42. The rate of excitation can be written as

dN. /dt = N QT g/ (2.1)
J excitation J

following the previous notation. The process itself, i.e.,
details of momentum exchange and selection rules based upon
the interaction potential, is defined through the evaluation
of ng. %Bng represents a probability per unit time that
the ground state atom, o, will be excited to state j . If

a naive analogy is made to radiation probabilities, electric
dipole selection rules will provide a first approximation.
Hence, applying AL =1 and AS = 0 (dipole selection rules
for orbital angular momentum LA and spin angular momentum

Sh), nlP states will be excited directly by the "allowed"
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path. 1In reality we expect the nlP states to exhibit rela-
tively larger cross sections as the incident electron energy
becomes large. Electron impact studies by Gabriel and
Heddle37 and many observations made in helium discharges22

29,43-46

or afterglow examined fluorescence for which low

energy particles were responsible. The nlpP states were gen-

erally strongest.
A theoretical basis for the naive approach exists. Fol-
lowing Muntz? the total cross section for electron impact

excitation in the dipole approximation can be written as

64 nsmze4 2 m v2
Q2 - © . fen —2C 2.2t
0j kZhZ 0] Ej - EO : '

me is the electron mass, v, the electron's relative velocity,

e
e the electron charge, h Planck's constant, and k is the
wave number of the incident electron. 71,5 is the matrix
element of r given by

= a3 2.3
roj = fwj Ty T (2.3)

which constitutes the basis for comparison with dipole
radiation. These "optically allowed" transitions have an

approximate energy dependence which is E'llogE, E being the

TSee reference 42, equation (117a), p. 497.
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relative kinetic energy of the incident electron.
By way of comparison, for the case where lrojl vanishes, a

quadrupole (next higher order) cross section can be written

as

o = —— KSR (2.4)%*

0] k%h ol

Qé% goes as
E-l when the orbital momentum change is zero, exhibiting a

more rapid fall off with energy than Qg%. Contributions of
a quadrupole character are less important as the incident
electron energy is increased.

Direct electron impact excitation by 26 kev electrons
may be expected to develop helium excited states according
to dipole rules predominantly for nlP states, but by quadru-

pole and other mechanisms for singlet ls, 1p, 1F states and

for triplet 3S, 3P, 3D states. Put symbolically,
1 1, ,
e + He(1°S) » e + He(n P) (2.5)

occurs via an interaction depending upon the matrix element
(f|v|i), |f) for final state, |i) for initial. (£f|V]i) =
(He (nlP) |er |He(11S)) for (2.5). For other states, (flVv]i) =
(He(mzs*lL)|e2r2|He(118)) written simplistically.

** See equation (117b), loc. cit.
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States m%¢S*1L for L other than 1 may also be populated

by other mechanisms than direct quadrupole excitation.

Thus, the excitation of "optically forbidden' terms can be
extensive. nlP states may cascade by electromagnetic radia-
tion, to QlD(n>g) for example. The rate of such transfer is

represented by

dNn/dt = - I NnA = - NA (2.6)

loss

where N 1s the excited state population (nlp), Apy the

Einstein coefficient, Ap = E Apg and & = 2 to n-1.

dN, /dt = I NA n o> e (2.7)
n

n n&’

excitation

represents the radiative decay as a rate of excitation for
the & states. By consulting table I of Gabriel and Heddle3’
for values of A, , the contribution to other than Ip states
are seen to be substantial for principal quantum numbers n
(of n1P) 1 through 4. They are insignificant abowe 4.

Populating 31D, 21F and triplet states requires more
-than simple direct electron excitation. Generally, the
second step, atom-atom energy transfer, proceeds at a rate
described by

dN./dt = ¥ Z_ .N (2.8)
J excitation X
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where state j is populated by collisions of atoms in state

X with ground state atoms. ij, a probability of collisional
excitation, is related to the ground state density Ny by

Zxj = NoQxjv; v is the relative velocity of collision.

Considering the atom-atom collisions as a loss term,

dN./dt = - I Z, (2.9)
X

J loss

where now atoms of state j are lost by energy transferred
through collisions.

To this point, the description has addressed the plausi-
bility of excitation to and from singlet states. He(lls) >
He (n1P) occurs directly excited by primary electrons. Other
singlet states are produced by primary electrons through a
weaker process, and by the secondary processes of radiative
and collisional transfer. Treatment of triplet states has
been only peripherally treated. These latter are of the
most interest, however, because ultimately nitrogen excita-
tion by helium depends upon the triplet metestable, 23s.

Electron impact excitation of states which have spin 1
is forbidden by the Wigner spin rule, AS=0, for total spin
quantum number S. Yet quite a large number of helium atoms
are observed to become excited to 38, 3P, 3D states27-29,33,47-49,

A mechanism which explains the rapid and substantial develop-
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ment of triplet population was developed by Lin and Fowler50
Observations in early studies by Lees and Skinner27’28,
that triplet states were strongly populated during electron

excitation, have been confirmed in more recent researchSI’sz.

Transfer represented by

He (11s) + He(nlp) » He(1lS) + He(n3D) (2.10)
has been observed, and Lin and Fowler explained how such a
transfer process can occur based upon the higher principal
quantum states (n>4) and violation of Russell-Saunders
coupling. Their concept, borne out by experiments48’49’51’52
includes the steps

He(11S) + He(nlP) » He(1ls) + He(nl’’F) (2.11)
followed by the decay

He (nF) - He(mD) + hv,n>m. (2.12)
The key is the mixing of singlet and triplet states for F
configurations with n>4. Thus, the 3D states become strongly
populated without violating the spin rule in the direct elec-
tron excitation.
If one considers the relative contributions to the

helium electronic energy, of the electrostatic interaction
term for electrons (which couples spins of the two electrons)
as compared with terms coupling spin to orbital angular
momentum (spin-orbit interaction and other relativistic

correction terms) one observes the following. At n<3, and
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L <2, the Russell-Saunders (L-S) coupling scheme is excel-
lent and the electron interaction term dominates the encrgy
correction for all interaction terms. At larger values of
L and higher n, the exchange integral has become smaller
than other terms. Then the L-S coupling is not strong. The
wave function for nF states becomes y (nF) = Clw(an) +
c?2 w(n3F). Upon collision we will have, for an atom-atom
intcraction potential V,_,, the expression

(£1Va-gli) ~(cqv(nlF) + cy(n3F) |V, ylv(nlP))  (2.13)
which symbolically represents the first order matrix elcment.
This simply illustrates the mixing of states.

Approximations which are used in the interaction poten-
tial V,_, are low order, therefore, indicative of a solution
and its associated behavior, but not precise. Higher order
terms than the lowest dipole-dipole interaction will permit
AL = +1, whereas the dipole-dipole term itself does not
(L= 4+2,0). Wine3? questions the applicability of the
transfer selcction AL = 0,+2. He concludes that AJ = AL = #1
cannot be ruled out and that AJ = AL = 0 seems to provide a
better intcrpretation of some D state transfer. There is
general agreement that the populating mechanism maintains
the spin rule validity.

Substantial population of the He(238) metastablec state

is virtually assured by a mechanism which populates higher
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triplet levels. The reverse collisional transfer process
from triplet states is reduced quite significantly47’48.

Radiative decay 1is rapid37 enough to produce many atoms 1in
lower triplet levels. Absorption experiments in discharges

and helium afterglow have shown that He(23S) atoms are

formed in relatively large concentrations. Observations of
the (33P-23S) line at 388.9 nm indicates the formation of
substantial amounts of He(23S). Rapid collisional conver-
sion of He(ZIS) to the 23S has also been observed46,49,53,54,

In their review of the reported de-excitation of He(23S),
Elder and WintzerS5 observed that the dominant loss factor
was diffusion to the container walls. Since diffusion is
relatively slow, a large steady state population may develop.
These authors also point out that impurities may be very
effective in removing the 23s energy, among which nitrogen
is prominent.

Atomic and molecular helium ions, and helium molecules
are known to occur in helium discharges and afterglows.
Each potentially contributes to the processes in helium
containing impurity nitrogen. Consulting the relative encrgy
scheme of figure 2.1, the molecule He, does not play a role
in the excitation of NEBZE L. Both atomic and molecular ions
are energetically in the range where they may contribute to

N3B production. The methods and rates of He* and He} pro-
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duction are now considered.
He* can be formed by direct impact ionization of He(lls).
This source appears at first to be relatively weak, since
the cross section for ionization by electron impact at 26 kv
is roughly 7x10"19%:m2 5? Other mechanisms of production in-
clude
e tlic* » He*+2e, , (2.14a)
He*+He* » llet+le+eg. (2.14b)
cg significs secondary clectron and He* the excited helium
states. Becausc sccondary clectrons are generally of very

low energy2

, He* in (2.14a) must be rather highly excited
(within a few cv of ionization). (2.14a) may be unlikely
even if the cross section is large. (2.14b) should also be

a reclatively unusual occurrence. Dunn??2

implies that meta-
stable atoms give rise to the only measurable lle™ production
via (2.14b). Maguire57 concluded from indirect cvidence
that substantial HqSIP)population is directly attributed to
sccondary clectron excitation. Wine39 concluded that sccon-
daries contribute significantly to direct excitation, but

he noted that the number of them per unit path length de-
crecased as the primary clectron encrgy increased. Both of
these reports support the occurrenceof a significant ioniza-

tion.

While direct primary ionization seems to be the most
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likely production mechanism, it does exhibit a rather small
cross section. In comparison to apparent cross sections for
a number of atomic excited species which are less than

10°19m?2, ionization may be fairly competitive. lIle* doubt-

less occurs as abundantly as some higher He* species do.
The 1ion, He}, is present as the result of several pro-
duction mechanisms. Previous research?? has shown that Hez

. + . .
dominates over He 1in concentration at pressures above

10% N/m?. ey develops by

He*+2He ~+ lle}+He (2.15a)
He*+lle > Hej+e (2.15b)
HeM+teM + Heb+e (2.15¢)

HeM here identifies He(23S) andHe(2lS). One of the funda-
mental rcferences concerning the formations of ions like
HeM is Hornbeck and Molnar>8. They attributed the ion pro-
duction to (2.15b), producing and identifying it by mass
spectrometric means at low pressures (10'2 to 1 N/mz).
They further suggested that He* of (2.15b) did not include
leM due to the threshold energy required to form He}. |
Process (2.15b) should dominatc the other two at low
pressures. (2.15a) is a three body collision and (2.15c)
depends upon the collision of one collision product with

another. Results reported by Wellenstein and Robertson®?
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suﬁport (2.15b) as the source of He;. The rate of production,
1014 to 101° sec”lem™3 in a discharge at 5 milliamperes cur-
rent and 4x102 N/m2 pressure, is the same order or one order
of magnitude less than the primary production rate of excited
atoms. The rate of 31lp production for the same conditions

is about 101°-1016sec lcm-3. Steady state He} population

may approach and exceed particular excited atomic species.

The loss rate of He; will be dominated by ambipolar diffu-

sion at low pressure. Thus, He! may develop a relatively

2
large steady state concentration at appropriate gas condi-
tions.

If, in addition to (2.15b), the process (2.14a) becomes
significant at higher pressures (>1O3 N/mz), the amount Hez
may become important. Recombination serves to limit its
concentration, but Hez is plentiful in the helium excita-
tion. o

Having reviewed at some length the occurrence of excited
species in pure helium under electron impact, consider now
the addition of some nitrogen impurity. The amount of
impurity dealt with in this work is typically less
than one part in ten. (Experience in wind tunnel facility
testing indicates that 400 parts per million represents
a realistic maximal concentration.) 26 kev electrons

pass through a chamber containing helium with such small
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concentration of nitrogen. What processes occur?
Evidence developed in past studies has been reviewed.
Some of the states involved have been identified. The

specific question addressed by the experiments to be

+B2

reported is; Which processes affect the N2

L, excita-
tion and ionization?

Atomic excitation processes depend on resonance or near
resonance conditions. Likely processes exhibit small
differences of energy between the interacting species.
Figure 2.1 illustrates approximately the relationship for
helium and nitrogen energy states. The figure provides an
idea of which exchanges are favored upon collision. The
smallness of AE, the energy ''defect'" between thc colliding
species, is an approximate indicator, but does not abso-

lutely exclude any particular process. Lower vibrational

levels of N;B have nearly the same energy as the He(ZSS)

and He; species of excited helium.

The ion He* must also be considered. Energetically,
the ground state ion level lies close to vibrational
levels in N}(:ZEG and DZHu. Transfer from the He' to NEC
does occurb0 by

Np(xlgg)+He* (2s) » N3(C2r{)+He(1S)+0.28ev.  (2.16)
N3C does not radiatively decay to N%B, nor does N3D, but

they may transfer energy upon collision with particle A, as
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N;c,n + A > NEB + A (2.17)

Inn%% and others®1-63 suggest NE rapidly converts to Nt
through a predissociation mechanism. However, the possi-
bility remains that He® may affect NEB by a two-step process.
Evidence supports the concept that He(23S) and Hez dominate
the excitation and ionization of Nj.

Since N%B states are readily ecxcited and radiate
strongly in the visible and near uv portion of the spectrum,
first negative bands are very useful. They afford an acces-
sible tool to deduce the properties of the gas. Distinct
changes in the spectrum when nitrogen constitutes an impurity
in helium have prompted the experiments described in the
remainder of this report. In order to facilitate that dis-
cussion and to conclude the present theory chapter, the
rotational intensity distribution for NE,B-X in pure nitro-

gen is described.

Nitrogen Fluorescence

In order to define working relationships for the
experimental parameters to be described, a brief outline
of the dipole excitation model for the rotational and
vibrational transitions is presented here. The rate of
excitation to NEBZZS(V',K') from Nlezé(v?,KQ) can be

written as
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J
z B NVI

= _D 2.18
Rex viKY} e QXquYV K"(VZ)' ( )

e is the electronic charge, QXqu v 1s QOJ where qyuyt
is the Franck-Condon factor for the vibrational levels and
EE(N ) is the number density of nitrogen molecules in the
vy,Ky state. The quantum number K specifies the angular
momentum of the rotational state. Spin is neglected because
these are doublets which are not generally resolved. The
dipole approximation for electron impact excitation yields
the requirement that K' = K{'*1, limiting the into two terms.

1
Q%% includes the rotational dependence of the process. For

room temperature and below, only the vy = 0 state of NZXIZ
is populated significantly. Hence, the %n...qquv becomes
“AQoy -
Ideally, radiative decay constitutes the only loss mech-
anism. The standard intensity expression, written in general

terms, 1is

1 LA V' V'V"
lerka = NhvR L ca A (2.19)

I is the intensity, h Planck's constant, v frequency, and A

Einstein's spontaneous emission coefficient. The subscript
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2 in v, and K designates the NEXZZ state. NK; is deter-
1

mined by the rate equation, dN{:/dt = Rex - radiative loss.

. v' ! _ _ }.: :Vl V'V’?' 5 5
Hence, dNK,/dL = Rox ViKY NK'AK'KQ' (2.20)
This expression, when dNE:/dt = 0 for the equilibrium case,

!

permits NX' to be written in terms of transition probabili-

ties, the ground state rotational distribution, beam current

density and so forth.

P yo IO
N (/) Qypdoyr (Ngr oy + Ny (2.21)
VK = AV'V? . AV'VH LR
K'K'-1 K'K'+1

1]
A somewhat complicated ecxpression results when NKv 1s
substituted into cquation (2.19). The result, for rotation-

al lines of the R branch, is expressed as

4

N |l
S k-1 Qvrvy o fovt e
T 7 (T T >R
. R,y p(Ty) !
IV v = P T ¢
K'K'"-1 v'vY v'vY
Ao * Rerkre
(2.22)
C is a constant. o represents the transition wave number, N,

the nitrogen number density and Z,, and Zp are the vibrational
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and rotational partition functions, respectively. The
function F includes two terms, one for K'+1 and one for K'-1.
The desired result is a relationship between the measured
intensity and the rotational temperature. Due to the nuclear
symmetry requirements, since nitrogen is homonuclear, I for
even K' is multiplied by a factor of %. This accounts for
the nuclear spin weighting of the rotational states.

The concluding expression can be written

Iv'v'g'
en K'K'—i - -K'£K4+1)hc (2.23)
K' (G) OK1K'-1 B°R

(G) is an expression which includes F from equation (2.22)
and depends upon K' and Tgp. Hence, the solution requires an
iterative procedure. (G) values are calculated for an
estimated TR and solution is found, either graphically or

by least squares analysis. Then an improved TR value is

used. The process is repeated until the convergence is
v'vYy

completed. The linear relationship of £&n (IK'Kg) with Tp
V' " .
and K'(K'+1) is important. Throughout the text, IK';; will

be abbreviated as Iyg., when the other paramcters are fixed.



3. DEVELOPMENT OF THE EXPERIMENTS.

Preliminary Experiments

Previous workl3,22,26 supports the existence of an
cnhancement of nitrogen fluorescence, when observed ecmana-
ting from discharges or afterglow sources rich in helium.
Details, particularly of the nitrogen first negative
system rotational intensity distributions in such mixtures,
are sketchy. The processes which occur upon the passage of
a beam of energetic clectrons through helium, which contains
a small amount of nitrogen, also have yect to bec clearly
identified. Our initial experiments, which purpose was to
verify such enhancement, will be outlined in the next few
paragraphs. For the sake of convenience, two different
test vessels were utilized. (The expericnce with them
contributed to the sclecction of a mixing chamber for the
final scriecs of obscrvation, as discussed later.)

The initial obscrvations of nitrogen spectra from
nitrogen mixed in helium werec of NE first negative (here-
after NE,B-X) (0,0) and (0,1) bands and spectrometer survey
scans of 350.0 - 550.0 nanomcters. The respective band
heads for (0,0) and (0,1) bands, usually the strongest,
arc 391.4 and 427.8 nanometers. Both are shaded toward the
bluc end of the spectrum. These scans were made in an
apparatus consisting of an elecctron beam generating system,

cxiting into a small stainless steel vacuum chamber,

34
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complete with a number of access parts and windows. The
configuration is illustrated in figure 3.1. The electron
gun has been described elsewhere®4,65, Additional details
will be given later in this section. For the discussion
here, suffice it to say that the potential was maintained
at 26 kilovolts and that beam currents up to 1 milliampere
were used. Two small orifiées (1 millimeter diameter, 25
millimeters in length) provided a pressure differential
between the filament region of the elecctron gun (kept at

10"¢N/m? or less) and the test gas region. This permitted

pressures as high as 103N/m2 to be used. The bcam travelled
approximately 10 cm from the gun exit orifice to point of
observation. Quartz windows and optics permitted unatten-
uated observations to wavelengths as short as 320 nm. Gas
bleed-in ports and the vacuum pump attachment are indicated
in the figure. The entry of gases into the chamber was
controlled by means of sensitive needle valves.

Basically, two types of tests were conducted using this
chamber. One was to substantiate the manner of mixing the
gases. The other was to observe certain selected fluores-
cence, including the (0,1) band of nitrogen and the 31P-21S
transition of helium using interference filters. The filters
were centered at 426.6 nm and 501.6 nm, respectively. In

addition, survey spectra were recorded in the wavelength
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range 350 - 550 nm using a scanning spectrometer.

The gases were mixed by first admitting one into the
chamber, to a pressure determined by a mercury manometer
(McLeod gauge). After dynamic equilibrium was established,
the second gas was admitted until the desired total pres-
sure and mixture werc achieved. The cquilibrium was
considered dynamic because the chamber was not a closed
system. Orifices permitted the electron cntry, which
causcd a slight vacuum cffect through the differential
pressurc section.

Two methods were used to confirm that this technique
achieved and maintained proper mixtures. First, a stainless
steel capillary tube was connected to the chamber and to a
helium leak detector (a gas mass analyzer tuned to helium).
The tube provided a pressure differential between the
chamber and lcak detector such that the requiremcnt to
maintain low pressurc in the dectector (pg_lO'ZN/mZ) was met.

Partial pressures of helium were determined independ-
ently of the McLeod gauge rcading by obtaining a meter
deflection recading from the lecak detector. A standard leak
was used to calibrate the detector, allowing meter readings
to be converted to flow rate.

Flow rates werc converted to pressure at the test

chamber by knowing the capillary conductance. A linecar
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relationship existed between the lcak detector and the
chamber for a limited pressure range, which corresponded
to the molecular flow rcgime. When the chamber pressure
became too large ( >40 N/mz), the mixture reading erred.
lHowever, in this lower pressure rangec the method of mixing
was confirmed to *20% or better.

In order to support the leak detector results at
higher pressures, so-called '"grab samples" were taken,
then analyzed mass spcctrometrically. A stainless stecl
sampling bottle (approximately 0.1 liter volume) was
attached to the chamber through a small opening. The
bottle had been previously cvacuated to 10"4N/m? or lower
pressure. Once the mixture had been developed, the sample
was obtained by opening a stopcock on the bottle for
several seconds to attain equilibrium. Then the stopcock
was closed. The captured sample was analyzed by attachment
to a mass spectrometer and reversing the process. The best
samples were obtained at fairly high test chamber
(_34x102N/m2) pressurcs. Even for very large ratios, 1000
times more helium than nitrogen, the mixtures were confirmed
to be correct with #10%.

Either of two optical systems recorded the fluorescence
produced as the clectron bcam passed through the mixture.

As depicted in figure 3.1, the interfercnce filter obser-



39

vation system consisted of a simple lens, narrow band-

pass filter, neutral density filter, aperture (to limit

the source volume) and photomultiplier detector. The
aperture was square, 2.5 cm on a side, permitting obser-
vation of a region approximately 3.75 cm square at the
electron beam position, due to the lens magnification.

The light collected by the lens was focused at the aper-
ture, just ahcad of a photocathode. It passed through the
filter as a converging beam, thus changing the effective
filter characteristics (broadening the half width).

Neither of the filters was severely affected. For the (0,1)
band of NE,B-X, the filter full width at half maximum trans-
mission was 0.9 nm, centered at 426.6 nm for normal incidence.
Its effective halfwidth becamc roughly 2.5 nm. A similar
change occurred for the helium filter. The broadening did
not overlap any spectral feature of the other gas.

Because the total fluorcscence produced by the electron
beam is proportional to the gas density, thesec filter
detector systems werc intended to monitor one particular
spectral feature, which represcnted the partial pressurc
(density). When radiation is the only significant decay

mode for Nj, as defined earlier, we have

P, - NN 3
NoQEjJB/c = § NjAjy- (3.1)



40

Therefore, Nj = NongJB/ei Ajk (3.2)

The intensity of transition j to m, to which the recorded

signal is proportional, is

Ijm = Njhvjm Ajm' (3.3)

Since i Ajk = constant for a given specie and Jp is a
measured quantity Ijm/JgaNo. A single transition may
represent the gas density. In the case of nitrogen, the
signal is a sum over secveral rotational lines within one
vibrational band, weighted by the interference filter
characteristics.

Results of this préliminary phase are summarized in
figures 3.2 and 1.3. The signal at 501.6 nm in helium
decreases as nitrogen is added, rapidly at first, then
leveling out. Quite the opposite sort of behavior character-
izes nitrogen's signal as helium is added. The observed
fluorescence enhancement of nitrogen in mixtures led to the
investigation of its rotational structure.

The one-half meter scanning spectrometer, shown in
figure 3.3, was utilized to record qualitative surveys of
the spectral region between 350 - 550 nm. The effective
spectral resolution was 0.4 nm and the rate of scan was

5.0 nm per minute. Table 3.1 lists the prominent features
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Table 3.1. Spectral Features Observed In A Typical

Spectral Survey.*

Spectral Feature Assigned Wavelength

N2,B-X,
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*Nominal Test Conditions: 1.3 N/m2 N, partial pressurc;
14.1 N/m? e partial pressure. The spcctrometer output was
set to keep the most prominent helium fcatures on scale.
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observed during the course of several preliminary tests.
Each survey scan was divided into 4 segments, in order to
keep the duration abbreviated and the uncertainty in mix-
ture small. A segment was accomplished in less than 15
minutes; 4-5 minutes to establish a mixture and ~ 10 minutes
to scan 50 nm. While the rate of pressure rise was not
precisely determined, the 15 minﬁte period was brief enough
to assure that only small changes occurred in the observed
fluorescence.

Figure 3.4 illustrates the apparatus utilized to make
preliminary rotational spectra measurements of the NE, B-X
(0,0) and (0,1) bands in mixtures. A somewhat larger test
chamber was used, with the electron gun mounted as indicated
and a 1 meter focal length, Czerny-Turner scanning spectro-
meter positioned as shown. When properly evacuated (for
several days) with no exposure to atmospheric conditions,
this chamber '"leaked'" upward in pressure at less than
10'2N/m2 per minute, an improvement over the previously
described chamber. Spectrometer resolution was 0.04 nm and
the scanning rate 1.25 nm/min. The total test time
necessary to record the rotational intensity distribution
of one band was less than 5 minutes assuring that pressure
changes were negligible for all tests. Table 3.2 includes

the parameters used in the preliminary test series, which
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Table 3.2. Rotational Intensity Observations.
Preliminary tests; ambient temperature.

Nominal Gas Pressures Resultant Gas Observed Band
Nitrogen Helium Mixture N%, B-X
(microns) (microns) (He/N>) (v',v'")

10 10 (R) 1 (0,0)
(1.33 N/m?) 50 5 "
100 (R) 10 "
1000 100 "
10000 (R) 1000 "

20 2000 100 (0,0)
(2.66 N/m?) 4000 200 {
10000 500 "

100 100 (R) 1 (0,0)
(13.30 N/m2) 200 2 "
300 3 "
400 4 "
500 (R) 5 "
600 6 "
700 (R) 7 "
800 8 "
900 (R) 9 "
1000 (R) 10 "

(R) = repeated tests.

9y
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can be compared with the final tests later in the dis-
cussion.

These preliminary results indicated not only that there
exists a substantial interaction between helium and nitrogen
when an electron beam is passed through mixtures of the two,
but also the range of rotational data necessary to quantify
the effects. The remainder of this section is devoted to
describing the laboratory apparatus and tests used to study
in detail the effects of helium upon nitrogen fluores-
cence. As will be evident, the rotational distribution

was extensively investigated.

Apparatus Used To Obtain The Rotational Data

The apparatus is discussed in four parts: electron
gun, vacuum chamber, optical system, and electronic equip-
ment. Each part provides a technical overview and
summarizes the operating parameters.

Electron Gun

The electron source was essentially identical to that
described in earlier work64,65, A small vee-shaped tungsten
cathode was heated by high current at low potential to pro-
duce free electrons. These electrons were directed through
the field determined by the grid cap shown in figure 3.5,
through a small opening to form a beam. The exiting elec-

trons were then accelerated between the cathode and the
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Grid assy.

FIGURE 3.5. Electron gun - filament and grid cap assembly.
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anode assembly (the latter shown in figure 3.6). Since
the anode was maintained at neafly ground potential for
safety reasons, the grid and cathode were approximately 26
kilovolts negative with respect to ground (grid roughly
150 volts more positive than cathode).

A substantial drift region between the grid cap and
exit orifice was used in practice. Deflection and focus
coils were attached along the drift region as'sh0wn'in
figure 3.6, permitting control‘of the beam size and
position at an observation pbiht external to the gun. The
interior of the electron gun assembly was maintained at a
relatively hard vacuum, 10" 4to 10’2N/m2, in order to permit
long term filament operation and unattenuated electron
passage. The necessary buffer to allow test pressures out-
side the exit orifice to reach several hundred N/m2 has been
described. That small evacuable Volume (cylinder ~ 2.5 cm.
in diameter and ~ 5 cm. long) was used only when necessary,
to fulfill the aforementioned conditions. The nominal beam
current for most experiments was 600 microamperes. The
entire operating system is illustrated schematically in
figure 3.7, including the current collector plate.

Both the electron gun cathode and drift regions, as
well as the buffer region, were evacuated with a 5 cm. oil

diffusion pump, backed with a mechanical pump. Each
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diffusion pump was itself buffered by a liquid nitrogen
cold trap from its respective vacuum vessel, to prevent oil
backstreaming.

Mixing Chamber

Several different test arrangements were used during
the course of this work. In addition to the two mentioned
in the description of preliminary work, the basic laboratory
program was conducted in the test chamber which will be des-
cribed here. Some rotational spectra were observed at other
than room temperature, in a cryostatic chamber and a wind
tunnel flow described later.

Rotational intensity data were systematically observed
in the chamber depicted in figure 3.8. Cylindrical in
shape, the chamber was placed vertically upon a circular
plate and had another fastened to the top. All parts were
made of #304 stainless steel. A single viewing port is
represented as the extension centered on one side. The
length was 50 cm and inside diameter 15 cm. The center of
the quartz window, as it was attached by an aluminum ring
flange (sealed with O-rings between concentric flat
aluminum rings) was located 27 cm from the geometrical
center of the chamber.

The electron gun was attached through the top plate

by means of an O-ring sealed vacuum fitting, such that the
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beam traversed the chamber's vertical axis, as illustrated
in figure 3.8. The cover plate attached to the bottom
flange was 1.25 cm thick and had a 5.0 cm diameter hole
in its center. A welded extension from that 5.0 cm hole
provided for the attachment of the vacuum pumps through
that plate, including a diffusion pump and mechanical pump.
The mechanical pump also served to directly evacuate the
test chamber, by-passing the diffusion pump, or to back the
latter. The valve manifold is illustrated in figure 3.9.
Using this arrangement, the ultimate pressure attained in
the chamber was less than 10'4N/m2 ( m10'6torr). As shown,
the mechanical pump was connected through a filter in the
direct line, to eliminate o0il vapors which might otherwise
enter the chamber.b A pressure of 0.3 N/m2 could be reached
using the mechanical pump alone. Several other smaller
openings were utilized, in the top plate, for vacuum measure-
ment by means of mercury and capacitance manometers; and
for test gas entry into the chamber. Helium and nitrogen
each entered through a common 6 mm diameter port. Each
gas was supplied from a high pressure bottle, through a
needle valve, to the chamber.

Pressure measurements (pressure and density are con-
sidered interchangeable here for all work at room tempera-

ture) were made using several gauges. The capacitance
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manometer provided rapid response pressure readings, as
low as 10 IN/m2. A mercury manometer (McLeod gauge) pro-
vided a much slower reference measurement. Bayard-Alpert
ionization gauges were used as pressure indicators to
10-4N/m2. Figure 3.9 indicates the various gauge locations.
Optical System

Figure 3.10 indicates the elements and orientation of
the optical systems used to observe the NE,B-X bands. There
are two distinct optical systems; the narrow-pass interfer-
ence filter grouping to observe a signal proportional to the
total fluorescence and the scanning spectrometer arrangement
used to resolve and record the rotational spectra. Common
to both are the chamber window and the beam splitter at the
entrance of the filter detector system. 90% of the incident
light was transmitted and directed to the spectrometer. 10%
was reflected to the filter.

Figure 3.10 illustrates that a simple quartz lens
collects the light from the chamber. It is then focussed
on to the entrance slit of the spectrometer. Figure 3.11
is a photograph of the chamber. The one meter focal length
spectrometer was utilized as the wavelength scanning device
and light dispersing element. Scans were made at a rate of
2.5 nm per minute for rotational spectra and 5.0 nm per

minute for rotational spectra and 5.0 nm per minute for



57

ELECTRON
BEAM

|||

IMmEITPB>IO

\0 rr

e /

SPECTROMETER

VACUUM / lg/
‘L APERYU‘?E—cy-

iNTERFERENCE
FILTER

PHOFOMULTIPLIER
UBE

—t— HEATER STRIP INSIDE

0

A
HADJUSTABLE H
LEGS

FIGURE 3.10. DIAGRAM OF THE OPTICAL INSTRUMENTS USED TO OBTAIN ROTATIONAL
SPECTRA AND TO MONITOR TOTAL FLUORESCENCE.



FIGURE 3.1l

PHOTOGRAPH OF THE EXPERIMENTAL APPARATUS. THE 1 METER SPECTROMETER IS SHOWN.

89



59

survey scans. The resolution in wavelength was determined
by the entrance and exit slit dimensions. Both were 0.05
millimeters in width by 1 centimeter in height for rota-
tional data, and survey scans were generally obtained with
those same slit dimensions. The grating dispersion pro-
vided an effective spectral width of 0.04 nm at the exit
slit, for the given slit width.

The spectrometer sensitivity was examined experimentally
as a function of wavelength. The results were normalized
to 300 nm, the grating blaze wavelength. The purpose was
to determine how spectral line intensities, far apart in
wavelength, would compare. Figure 3.12 shows the observed
relative sensitivity, which includes the grating, the photo-
multiplier tube, the other optical components, and the
readout electronics.

Fluorescence diverted by the beam splitter into the
interference filter system was brought to a focus at the
aperture, then passed through a second lens, becoming
slowly divergent. From the collimator lens, the light
passed through the filter, to be collected at the photo-
cathode for conversion to current. The filters have been
described previously (peak wavelength and half-width).
Since the light is not parallel, the concept of a broadened

half-width applies, as it did for the preliminary tests.
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The aperture was designed to obsérve 10 cm across the beam
(perpendicular to electron flow) and 1.25 mm along the
beam. The intent was to monitor the entire beam cross
section, which must be done to interpret the output signal
directly in terms of gas density.
Electronics

In order to record the various quantities which were
generated, amplified analog signals were measured. Electron
beam current, photomultiplier anode current, transducer out-
put from the vacuum gauges, the high voltage on the electron
gun and photomultiplier tubes, and other quantities were
either regulated precisely or measured. The block diagram
of figure 3.13 illustrates the entire system for data read-
out and recording.

Picoammeters were used to record the electron beam
from the current collector, and the photomultiplier output
currents. The ammeters were connected to strip chart
recorders, from which continuous traces of the signals were
made. For all tests in which the shot noise was insignifi-
cant (S/N~10), the traces were accurate to within their
reading error. Repeat tests verified this. When noise
became more significant, the signals varied to an extent
represented by the RMS noise level.

Pressures were determined by direct reading and hand
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written record from the mercury manometer or the capacitance
manometer. Figure 3.14 is a comparison of the pressure |
readings of the two devices, typical of periodic checks
which were made. The capacitance manometer was generally
operated in the null mode, permitting very precise deter-
mination of the chamber pressure (reading +10-2 N/m2 for

pressures as high as 2 x 103 N/mz).

Procedure

Extensive trial and error testing was required to devel-
op an appropriate procedure for observing the rotational
spectra in mixtures. The method which emerged consisted of
the following steps. The test chamber was evacuated
sufficiently to reach a pressure below 103 N/m? (usually
nearer to 1074 N/mz), at which point the valve to the
vacuum pumps could be closed. Test gas at the lower partial

pressure (0.6 to 13 N/m2) was rapidly admitted to the

chamber (1 to 2 minutes). The electron beam, prcviously
aligned and focussed, was activated by reducing the grid
bias voltage, permitting electrons to pass into the chamber.
Scanning the spectrometer through the rotational lines of
an appropriate band then took about 1.5 minutes. The
eclectron beam was immediately deactivated and the test
region evacuated to low pressure.

Sufficient time between runs was permitted for the
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chamber pressure to reach the former low value. The
electron beam "on time" was minimized in this manner,
avoiding significant collector heating. (Since the collector
plate was not massive and stood off the chamber bottom
plate on insulators, heating occurred for extended test
times.) Exposure of the photomultiplier tubes to mecasur-
able signals was brief, rendering negligible the gain
changes due to photon impingement upon the photocathode.
Pre-test exposures were normally conducted, however, for

15 - 30 minutes to help stablize the gain characteristic.
The test chamber was also purged periodically with helium
and nitrogen to pressures much in excess of those used in
tests; 2 x 103 N/mz, for instance. One additional factor,
the ambient temperature, was recorded. The gain character-
istics of the optical systems were found to be affected by
the ambient and, for nearly all tests, it represented the
comparison gas temperature.

The measurements of total fluorescence (interference
filter detector) served as a control. Output from the
system was monitored, in order to compare the signals from
different tests with one another, to ascertain consistent
mixtures and account for unexpected changes.

Two sets of data (rotational intensity scans) were

obtained which differed distinctly from the rest. Three
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scans were made in a premixed test gas, constituting one
set. They were conducted in a low temperature

chamber at two different temperatures; approximately 115°K
and 50°K. The other set consisted of several scans made at
a helium wind tunnel, the Langley Rescarch Center's 22-inch
tunnel. Here the test temperature was inferred, by calcu-
lation from the nozzle expansion of the test gas, to be
about 39K at 27 N/m2(the room temperature cquivalent of 20

torr). The results of these tests will be discussed later.

Observations

A brief summary of the observations which werc made in
accordance with the previously outlined procedurc follows.
The primary experimental effort was to determine the form of
the rotational distribution of intensities for NE,B-X bands
and the dependence of that distribution upon the mixtures of
nitrogen and helium. Precliminary tests are outlined in
Table 3.2. Using the test chamber and procedurcs described
in the present part of this chapter, rotational intensities
were observed and recorded for the parameters shown in
Table 3.3.

For that same rangec of pressures and mixtures, the inter-
ference filter system monitored the total band fluorescence,
or the 501.6 nm helium line fluorescence. The signal was

normalized to electron beam current, which rendered it



Table 3.3.

Nominal Gas Pressurecs
Helium
(microns)

Nitrogen
(microns)

67

Rotational Intcnsity Observations.

Final laboratory data; ambient temperature.

5
(0.67 N/m?)

10
(1.33 N/m?)

20
(2.66 N/m?)

50
(6.65 N/m?)

100
(13.30 N/m?)

25
50
100
200
500
2500

20
30
40
50
80
100
200
500
1000
2500
6000

140
200
500
1000
3000
6000

200
500
1000
2500
6000

200
500
1000
2000

Resultant Gas
Mixture
(He/N»)

5
10

150
300

10
20
50
120

10
20

Observed Band
+  B-X
(v',v'")

(0,0)

(0,1)
(0,0)
(0,1)
(0,0)
(0,0)(0,1)
(0,1)

(0,0)(0,1)



Table 3.3. Continued.

Nominal Gas Pressures
Nitrogen Helium
(microns) (microns)

2.5(0.33 N/m2)* 250
10 1000

10 -40 N/m2, **
Total static pressure

68

Resultant Gas Observed Band

Mixture N%, B-X
(He/N2) (v',v'")
100 (pre-mixed) (0,0)
100 "
104 (est.) (0,0)

*Cryostat Chamber (low tempcraturcs; approximately

1169 K ; 50° K )

**[lelium Tunnel (very low tempecraturc;

less than 49 K )
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proportional to density. However, the dependence upon
density was quite complex, as discussed in the section.
The complicated energy transfer among helium states and
from helium to nitrogen, as well as resonance fluorescence
transfer, beam spreading and secondary electron effects,
severely limit interpreting the filter system signals as
partial densities.

Ratios of vibrational bands were spectrometrically
observed for the sequence Av=-1 of N%, B-X; the (0,1),(1,2),
and (2,3) bands. The mixture conditions were essentially 10
to 1 and 100 to 1 (helium to nitrogen) at several total
pressures from 1.3 N/mZ to 102 N/m2. Again, these obser-
vations were made to support the rotational spectrum data
by observing the ratios of band intensities as functions
of the mixture. The low temperature chamber and the tunnel
provided variations of the temperature, offering the
opportunity to include some lower temperature data to that
tabulated in Table 3.3. Indeed, these tests provide a

significant additional dimension to this work.

Contributions To Experimental Error

Collective instrument errors contribute a significant
part of the uncertainty in experimental work. Estimated
errors may be defined by considering the experimental

procedure outlined, the apparatus discussed and the
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calibrations accomplished. An arbitrary grouping of these
cstimates is made into categories labelled gas mixtures,
electron beam, optical detector systems, and physical
processcs which affect the fluorescence.

Gas Mixtures

Several factors influenced the determination of gas
mixtures. They included the test pressurc measurcement, leak
and outgassing rate of the chamber and the initial gas
purity. Ultra-high purity grade helium was used for all
tests. Any single impurity did not exceed 4 parts per
million, by supplicr analysis, except ncon. Ncon was con-
sidered to be of little consequence because it was present
in very small proportion relative to helium and bchaves
thermodynamically like helium.

Atmospheric gases were present largely by virtue of
leaks from the extcrior and outgassing after exposure to
atmospheric conditions. Tests were conducted to determine
the conditions necessary for minimizing the leaks and out-
gassing. The mixing chamber, in practicec, was scaled for
several wecks at a time. During thesc periods, the rate
of pressure rise, when the valves to all pumps closed after
the lowest possible chamber pressure had been rcached, was
dependably lower than 10-1 N/m2.per minutec.

To determine the rate of pressure incrcasc (lcak rate),
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the chamber was thoroughly evacuated, usually to 10-4N/m2
or lower. The valve to the pumps was closed and the 1ion
gauge and capacitance manometer readings were monitored

for a substantial period (3 - 10 minutes). Figure 3.15
illustrates such tests, showing pressure plotted as a
function of time. The most reliable measurcments were
obtained when the ion gauge was turned off, and the capaci-
tance manomcter alone used to measure A p.

The test pressure measurement was the most important
factor in determining the gas mixturc. Scveral aspects of
the McLeod gauge and the capacitance manometecr uncertainties
were investigated. The working pressurc range was 10-1 to
2x103 N/m2, For lower than 10-1 N/mz,an ion gauge was used.
However, accurate mecasurements using the ion gauge werc not
sought, only an indication which could be repeated. Both
the McLeod gauge and the capacitance manometcr were cali-
brated against secondary standards. They werc used in com-
parison with cach other (figure 3.14). To reduce the mercury

strcaming effect from the McLeod gauge67’68’69,

a liquid
nitrogen cold trap was used between the test region and the
mercury.

Individual pressure rcadings were precise (99% or

better) at the higher pressures, as determined by the

capacitance manometer in the null mode. The McLeod gauge,
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by virtue of a change of scales at 27 N/mZ and a larger
rcading error, was 97% certain at best. Low pressurcs,
below 1071 N/m2 were uncertain by +10% or more, bascd upon
the lack of absolute standards’0. 1In our operating range,
the absolute pressurc was measured to +10% near 10-1 N/mZ,
rapidly, improved to +3% above ~5 N/m? . The precision, as
tested by repetitive measurcments at fixed pressures in the
sealed chambher, was 90% at the low pressures and better than
99% at the highest.

The most stringent requirement for accuracy applied to
the minor constituent, nitrogen. A mixture which contained
nitrogen at 1.33 N/mZ (10-2torr) was uncertain by +0.07 N/m?2
initially. The leak rate accounts for 0.01+0.005 N/m? per
minute incrcase (or 0.1 N/m in 10 minutes). Thus, the un-
certainty was no worsc than +20% for a 10 minutc test, con-
siderably smaller for shorter periods or for larger nitrogen
partial pressures.

Physical Processcs

Two particular items werc potential influences upon the
observations of elecctron impact fluorescence from helium-
nitrogen mixtures. The first was the spatial dependence of
radiation processes, including resonance radiatjoﬁ transfer,
transfer of helium cxcitation energy, and the spreading of

the primary electron beam. The second was polarization of
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the emitted light.

Resonance radiation transfer enlarges the rcgion over
which the desired wavelength emanates. The important
transition affected is the 31p - 21s (501.6 nm) of helium.
Its related resonance is 31P - 11S, roughly 50 times more
likely. However, the effective distance over which 53.7 nm
radiation can travel before being totally converted to
501.6 nm decreases rapidly as the helium density is increased.
Not all published results agrce on the pressurc (ecquivalent
density at room temperature) required to assurc complete
trapping. The pessimistic interpretation indicates that
more than 95% is converted within 2 centimeters of the source
when the pressure is 7 N/m?, for example. Since the inter-
ference filter optical system utilized an aperture of 10 cm.
in the dimension perpendicular to the electron beam, the
entire 501.6 nm source was observed. The spectrometer slit
dimension was much smaller and did not collect emitted
helium radiation from the entire source volume.

Primary beam electrons were elastically scattered as
they traversed the gas. A broadening of the fluorescence
region at higher pressure resulted. This effect limited the
upper pressure for which the filter system vicwed the entire
source of radiation. That 1limit was greater than 2 x 103

N/m¢ for the optical system we have described. The test
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pressures did not exceed that 1limit (sec Tables 3.1 and 3.3).-
Polarization of emitted radiation results from a
"directionality'", imposed by the source mechanism, for

example.

(3.4)

defines the polarization P in terms of the intensity HT )
emitted parallel to a given direction (here along the beam)
and I_L’ perpendicular to that direction. Hunter®4 dis-
cussed the effects upon helium fluorescence, concluding
that no cffect greater than 1% was observed. No favored
direction existed for nitrogen fluorescence. Nearly all
of it is produced by collisions with excited helium, which
acts to further recduce any directional dependence.
Electron Beam

The clectron beam provided the initiating mechanism
for all processes which relate to the obscrved fluorescence.
Equations (3.1 and (3.2) illustrate that the fluorcscence de-
pends upon the electron current density, Jg, and the col-
lision cross section, ng. The latter depends upon the
electron accelerating potential (i.e., energy). Jp depends
upon the total current, Iy, and the spatial character of
bcam (i.e., diameter and sprcading).

Divergence of the incident electrons has becen dis-
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cussed in the preceding section and previously64’65. At

1330 N/m2(10 torr) in heiium,,these electrons collide once
per centimeter of travel71. At the point of observation in
the test vessel described here, the deflection gives rise

to a beam diameter of approximately 3 centimeters. At the
collector plate (figure 3.8) the diameter was 6-7 centimeters.
Figure 3.16 illustrates the results of a typical test to
assure that the total fluoreéscence (interference filter
system signal) depended linearly upon beam current. The
pressure for this test was ~12.6 N/m2 nitrogen.

The average‘beam current was measured as discussed
earlier, for which measurements the'precision was 98%. The
total fluorescence system aperture was large enough to in-
clude the entire electron beam geometrical cross section up
to greater than 2 x 103'N/m2. Hence, Jg was determined with
an error of +2% or less. The meter spectrometer output did
not depend upon the absolute beam current, only variations
during a given scan.

The effects of the high voltage power supply are mani-

fested through the collision cross section, ng- Only

slight variations in the voltage occurred, less than 500
volts drift in 30 minutes provided warm up was sufficiently
long (at least 30 minutes). ELffects due to the high voltage

are thus negligible, since ng depends upon the accelerating
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voltage V as vl onv.
Optical Detcctor Systems

The segment of radiation observed by the spectrometer
for rotational spectra observations was 0.07 mm across the
beam (some at 0.035 mm ) and 14.3 mm along it. Alignment
was completed by adjusting the spectrometer position to
maximize output. Several factors affected the signal, in-
cluding the rate of scanning, the photomultiplier tube
stability, the amplifier gain (current meter) and the chart
recorder responsc.

Scan rate was kept as rapid as possible without
attenuating full scale recorder displacements (2.5 nm/minutce).
Thus, no error was attributable to the scanning.

Periodically, tests of the linearity of the picoammeter
and recorder systems were conducted. A standard current
source, which was correct to within +0.5% of the current
setting, fed particular currents into these systems. For
readings less than approximately 30% of the full scale
current, recorder reading error dominated. Above that level,
the recorded currents varied from the standard by no more
than +2%.

The statistical nature of the photon cmission from
atomic and molecular species, and the random emission pro-

cesses which are characteristic of photomultiplier detection,
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give rise to noise (random signal fluctuations). Shot
noise dominates the effect and may be expressed by the

signal-to-noise ratio,

: g
> = Pl : (3.5)
(2c¢G Af 1

T
'PMT)J

G is the gain of the photomultiplier tube, Af is the

system bandwidth, and ipyp is the photomultiplier output
current. For the current, ipyr= 5 x 10°7 amperes, a small
uncertainty is introduced by shot noise (<1%). That is
typical of the interference filter system. lipyy = 5x10°8
amperes typifies the spectromecter output signals, which are
subject to larger noise fluctuations ( V7% r.m.s.). In-
dividual line readings were uncertain by as much as +20%.
Scveral lines are present in vibrational band of Nﬁ, B-X,

and the entire distribution characterizes the gas tempera-
ture, Tp, as calculated by cquation (2.23). Figures 1.1, 1.2
and 3.17 further illustrate this point. The bchavior of

the rotational distribution is much more certain than a
single line intensity.

The total fluorescence observations were made to insure
that the rotational intensity data could be compared for
successive tests. Again, the detector element was the
dominant source of uncertainty. The photomultiplier tube

and interference filter were sensitive to temperature and
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were kept at constant thermal conditions by heating the
entire cavity (see figure 3.10) to 900F, The system was
calibrated in pure nitrogen, at known pressures;v Sufficient
signal was observed at all times to keep signal-to-noise
large. Overall, the instrument errors were very small in
this system, amounting to the +2% ammeter-recorder error
noted earlier.

Summary

Absolute pressure measurement (at constant temper-
ature) was of secondary importance to repeating partic-
ular experimental conditions. Experience indicated
that a particular pressure could be set precisely,
above 7 N/m2. The worst case was 95% near 10°! N/m2. Gas
mixtures were repeated precisely, but changed as much as
10% in the minor constituent, nitrogen, when the partial
pressure was 1 N/m2 or less. The absolute uncertainty of a
particular mixture was just the error in the nitrogen
pressure, except when the ratio He/N, was smaller than about
10.

The detector system sensitivity was constant for a
given data run. Noise produced fluctuations in the peak
current readings (intensity), which became as much as 20%
of the signal level for the weak rotational lines. The use

of 15-20 lines (laboratory data) in a single rotational
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intensity distribution reduced the uncertainty involved
in interpreting the behavior of each given data set.
Errors were typically #5% or less.

Additional rotational intensity distributions were
observed at temperatures other than ambient, in the cryo-
static chamber and the helium wind tunnel. Figure 3.17
illustrates one such scan. Here errors are approximately
the same as in the laboratory case. Test data werc ob-
served in 15-30 seconds, quickly enough to insure constant
ambient conditions. The individual line intensities, ipyr,
were comparable to the laboratory observations.

It should be noted that the photomultiplier signal,
iPMT’ has been and will continue to be written as I to
represent the intensity. For the rotational measurements,
only the relative intensity is important. The data have
been corrected for beam current variations, background
signal (photomultiplier dark current) and other systematic

changes, then normalized for convenience.



4. RESULTS

Rotational Distribution Observations

The experiments discussed in chapter 3 focussed upon
rccording the resolved R-branch rotational spectrum of

N;, B-X bands in varied mixtures of helium and nitrogen.

Obscrvations were made mainly of the (0,0) band, although
the (0,1) band was studied for comparative purposcs (scc
Tahle 3.3). The R branch lines of the (0,0) band could be
uscd for K' up to 19. For K'> 19 (shorter wavelcngths),
the 388.9 nm. helium linc and (1,1) band of nitrogen over-
lapped the spectrum. The results prescented herc arc those
obtained using the mixing chamber described in figure 3.8.
(The preliminary data showed complete agrcement.)

In order to illustrate the results compactly but
completely, an effective rotational temperaturce is shown
for ecach nominal sct of conditions studied. The effective
temperaturc is determined using - &n (Ié') as described in
chapter 2. (I' rcfers to the measured intensity.) Table
4.1 provides the complete sct of results. The r.m.s.
error (square root of the variance) associated with each
point is given. Somc arc +5% or larger. The rcason 1is
that the intensity data deviates, in a systematic fashion,
from the ideal linear cquation. Ilowever, this manner of
presentation does not clearly indicate the deviation.

The calculated effective rotational temperature in-

83
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Table 4.1. Effective Rotational Temperatures in Mixtures.
Laboratory data; all at ambient, 295#30K.

Nitrogen Partial Gas Mixture Measured Effecctive
Pressure (He/N?2) Rotational Tecmperaturc*
(microns) (N/md) OK (% std. dev.)
5.0 .67 5 30912
5.1 .68 10 352+14
5.0 .67 42 390+ 8
5.7 .76 92 427+10
5.1 .68 510 422+22
10 1.3 5 330 4
10.5 1.4 10 361+ 8
10.2 1.4 96 395+20
10.3 1.4 234 419+23
10.1 1.3 599 433%16
10. 1.3 1000 446+12
21.6 2.9 9 369+ 7
20.0 2.7 45 433+19
20.3 2.7 141 45117
20.2 2.7 298 427+15
51.6 6.9 10 394+ 8
49.7 6.6 20 419+ 9
50.0 6.7 54 44614
50.1 6.7 123 4290+13
94.2 12.6 6 383+ 7
96.0 12.8 12 406 9
94.8 12.6 25 419+10
95.8 12.8 44 429=+11
2.7 .36 (Cryostat) 99 (55,52°9K) 92+19, 82*10
10.5 1.4 (Cryostat) 99 (116°9K) 21227

*A linear least squares analysis was used to determine
these '"best fit'" temperatures.
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creases as the ratio of helium to nitrogen increases. That
tendency is clear. Figures 4.1 illustrate the effect of
helium upon the rotational spectrum by showing experimental
values for the 1.h.s. of equation (2.23) plotted as a func-
tion of XK' (K' + 1). For pure nitrogen, figure 4.la, the
result is reasonably linear but when several times as much
helium is added to the nitrogen, systematic departures from
linearity occur (figures 4.1b-4.1d). There are several
possible explanations for such behavior. The nitrogen
ground state rotational distribution may become altered by
collisions. Variations from the dipole approximation which
describes the ionization-excitation process are possible.
Collisional effects may alter the excited NEB rotational
states. (An explanation is given in the next chapter.)

The rotational intensities are also displayed by
plotting Igias a function of K' . Igris multiplied by 2
for each linec with K' even. (This accounts for the nuclear
spin factor of %.) Figure 4.2 illustrates the distribution
of intensities for clectron impact fluorescence in purc
nitrogen, according to the dipole excitation model. Figures
4.3a-4.3d comparc N}, B-X spectra observed in mixtures at
room temperature, for the mixturcs indicated. These are
normalized as indicated.

The choice of a line for normalization 1is somcwhat
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ARBITRARY UNITS

INTENSITY,
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1 5 10 15 20

ROTATIONAL QUANTUM NUMBER, K'(N3B)

FIGURE 4.2. CALCULATED ROTATIONAL INTENSITIES FOR 300° K, BASED
UPON THE DIPOLE MODEL OF N;B EXCITATION AND SUBSEQUENT
FIRST NEGATIVE EMISSION. THE SOLID CIRCLES ARE THE CALCULATED
RELATIVE INTENSITIES. THE CURVE IS DRAWN FOR COMPARATIVE PURPOSES.
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FIGURE 4.3a. OBSERVED ROTATIONAL INTENSITIES. THE DATA (OPEN CIRCLES) OF
FIGURE 4.Ja ARE COMPARED WITH THE DIPOLE EXCITATION
THEORY FOR 300° K.
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-FIGURE 4.1b ARE COMPARED WITH THE DIPOLE EXCITATION
THEORY FOR 300° K.
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THEORY FOR 300° K.
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arbitrary. For the plots in figures 4.3, the most intense
line of the theoretical distribution (Figure 4.2), K'=7,

is used. The spectrum is systematically shifted, however,
if normalization is performed at K'> 8. Then, the lines for
K'é 8 arc forced below the case for pure N, . Such a
selective reduction of intensities would be very difficult
to explain and has not been previously observed. Increased
Ix' for the rotational lines above K'~ 7 is a more plausible
explanation, as will be discussed further.

P branch lines overlapping into the R must also be con-
sidered when normalization is accomplished. TIn nitrogen, P
branch lines fold back upon themsclves. IHence, the P branch
line for which K' =26 lies very near the R branch line for
which K' =1 in the (0,0) band. Their separation was not
resolved in these experiments. Previous work’2,73,74 gshows
that the overlapping is small (a 2% contribution to the K'=1
and K'=2 lines) at room temperature, and negligible at lower
temperatures.

At clcvated rotational temperatures, the overlap can
significantly affect several R branch lines; 4000 K requires
corrections out to K'=s6. All of the work rcportcd here was
accomplished at room temperature, or below. Ilowever, as the
tabulated results illustrate, the cffcctive calculated

temperature becomes significantly higher at particular
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mixture conditions. Trial normalizations for a given
spectrum, based upon different lines for which K'<7, showed

slight differences in some instances.

An important parameter variation was achicved when
scveral tests werc conducted in mixtures for which the gas
temperature was substantially below 300° K. Figures 4.4a
and 4.4b show I}, for Nz, B-X, (0,0) at two gas tecmperaturces,
where the gas was introduced pre-mixed and cooled in a cryo-
static chamber, the same chamber as in reference 64. Figure
4.5 illustrates the (0,0) band rotational spectrum observed
in the hypersonic, very cold helium flow of Langley Re-
search Center's 22-inch Helium Tunnel. The calculated static
temperature of that flow was less than 4° K. The nitrogen
content was not precisely known in the latter casc, but did
not cxceed 400 parts per million. The results indicate that
the intensity values observed are significantly enhanced for
the higher rotational encrgy states.

The clearcst manner of display, to show the cnhancement
effect due to helium mixtures, as exhibited by the rotational
spectra, is to plot AIK, as a function of K'. AIK, is
the difference between the calculated intensity, TK,,according

to the dipole excitation thcory and the obsecrved intensity,

I'kr, normalized appropriately. Figures 4.6a-4.6d illustrate
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ATk for the data scries shown in the figures 4.1 and 4.3.

The enhancement for K' >7 shows up very clearly.

Survey Specctra

Qualitative spectral scans were recorded at several
mixture conditions, as previously described. Table 3.2
indicates the most prominent features which occurred for a
moderate mixing condition. Table 4.2 adds spectral lines
which were observed at higher helium density and a larger
mixing ratio. These surveys do not include intensities
because such quantitative observations were not practical
with the apparatus which was utilized.

The first negative band system of NE and the excited
neutral helium atoms account for ncarly all the prominent
features. Some high vibrational quantum number N§, B-X
bands (v 212, red-shaded) were found at the highest pres-
sure conditions. A single line, which is apparently He*
consistently appeared. The presence of hydrogen was noted,
particularly by the Balmer series lines at 486.13, 434.05,
and 410.17 nm. (Pump oil backstreaming was fouhd to be the
source of this impurity.) Other major spectral sources
were absent ; notably He,, which bands have been observed
using an clectron becam at high helium pressures (v 2x103
N/mz), and Ny second positive bands. N* lines, probably

due to the predissociation of NECZZG, were observed when



Table 4.2. Spectral Survey Results.*

Spectral Feature

He I, 103D-23p

n’ T g3p-23p
N3,B-X, (20,16)
n’ " , (18 15)
e 1, 61s-21p
N3, B X, (4,6)
", ", (3,5)
" M " M (2’4)
He 11, 4-5
VZ, B-X, (13,15)
(14,16)
HI, 4-2
N5 ,B-X

Assigned

Wavelength

355.
358.
376.
378.
416.
451.
455.
459.
468.
474 .4

.0
486.1

485

495.
500.

507.
513.
514.
522.

44 nm.
73
3
3
90
59
41
97
6

8
1,500.5

[ <BNOTN BN |

Special Notes

* %
* %

Red shaded. **
Red shaded. **
* %

* %
* %
% %
* %

Red shaded. #**
Red shaded. **
Weak, but present

in most tests.
k%

Observed only for
low He/Nj
* %

Red shaded. **
* %

%%

*Included here are additional spettra] lines and bands observed during

various survey tests.

See Tabhle 3.2 for the remainder which were identified.

*%*A11 of these fecatures were found at high helium pressure and for large
helium to nitrogen ratios (100).

SOT
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the helium pressurc was not high (520 N/m?), but they
were greatly diminished as the helium pressurc increased

(not found for py¢v133 N/m2).

Other Results

Spectrometric observations of the NE, B-X Av= -1
sequence were attempted. The results are very difficult
to interpret. The major rcason stems from the total band
fluorescence spatial dependence. To insure that the
ohserved signal for a band (E'I'K.) is representative of
its intensity, the entire source (herc the electron beam
effective geometrical cross section) must be included by
the optics. The spectrometer did not observe the entire
cross section as the beam sprecad at higher densities.
lHlence, the signal was not nccessarily correlated with the
emitted intensity.

The filter systems werc designed to overcome that
handicap. However, in the mixing chamber of figure 3.8,
the primary electrons were scattered back from the collector.
There was also light reflected from the walls of the chamber
into the field of view. Both of these effects varied with
the gas pressure and mixture conditions. While signals re-
sulting from the electron beam passage through the gas
could be repecated for a given set of conditions, the corre-

lation with number density of the excited species was lost.
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Hence, the interference filter system served only a moni-
toring function during the final mixing chamber test series.
The trends of the N;, B-X fluorescence and the lle (31P - 21g)
from the preliminary tests were shown in figure 1.3 and 3.2

e

These were supported by the later results to the extent

possible.



5. INTERPRETATION

The tabulated spectral features indicate that numerous
excited helium singlet and triplet atoms were observed in
S, P, and D levels. To a good approximation, the primary
electron beam excites only the nlp states directly. Several
energy transfer mechanisms, including cascade from higher
excited states, the mixing of the F states, and violation
of the strict dipole excitation model produced the prolif-
eration of excited species. These processes, which are
known in discharges and afterglow sources, occurrcd duc to
the higher energy electron beam source.

Three species of excited helium are particularly impor-
tant because they arc energetic enough to excitec and ionize
nitrogen to NEB. They persist for periods longer than
typical dipole radiation lifetimes, since collisional pro-
cesses account for their excitation and decay. These are
He*, He}, and He(23S).

The abundance of atomic cxcited states indicated that
He} was formed by the associative ionization process, cqua-
tion (2.15b). Hez radiation has not been observed to date.
The presence of the ion may sometimes be inferred from lle)

26’75. However, no diatomic

bands, formed by recombination
helium bands were definitely identified from the spectral
surveys. Their presence as very weak spectral emission may

have gone undetected at high helium pressures ( > 102 N/mz).

108
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Rapid collisional processes with impurities are known to
deplete He§76.

The atomic ion was directly observed at 468.6 nm, as
shown in Table 4.2. All of the survey traces for moderate
and higher pressures (pHezIOZ N/m2) exhibited that line.
Both the HCE and He* ions have been observed previously to
occur at the same test conditions, and to transfer
charge77>78’79. He* conversion to Hcg, according to cqua-
tion (2.15a), becomes significant at high pressures. That
conversion and the associative ionization thus presumably
produced significant Hej.

Both ions excite and ionize nitrogen, as indicated in
the first chapter. The moleccular ion energy overlaps the

+

vibrational energy levels of NEB, while Ile” occurs close to

N!C levels. The reaction, He*+N,»He+N¥C, with subsequent
2 2 2

NE, C-X fluorescence, and the occurrence of N* produced by

N;C predissociation60'63, both indicate the existence of the

atomic helium ion. However, N¥ lines were observed in
nitrogen fluorescence only when little or no helium was
present. NE, C-X bands occur at wavelengths shorter than
350 nm and were not recorded. Excitation to other nitrogen
ion excited states was not observed, consistent with other
work’7. The total NE,

with an increase in helium partial pressure (figure 1.3).

B-X fluorescence increased notably
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That change is morc rapid than lincar. It is cxplained by
the excitation of helium, followed by the excitation trans-

fer to nitrogen, in general.

A major contributor to the nitrogen fluorecscence was
the helium 2°S metastable state. That particular statec was
populated through scveral mechanisms, including radiative
decay from higher triplet states, collisional cnergy trans-

fer and conversion of the 21

S state. Since the triplet meta-
stable statc provides a necarly resonant sourcc of NEB eXC1-
tation and is lost only through collisional mechanisms, it
has long bcecen identified as the dominating excitation source

for excited impurity specj0580'84.

This Penning ionization
. . . + .

process dominated the excitation of NpB. Although some dis-

agreement cxists, the process has gencerally been interpreted

to follow the Franck-Condon principle. That is, the excita-

tion process described by

He (23s) + Nzlzg(vy,Kq) s He(1ls) + N;Bzza(v',K‘) (5.1)

occurs in such a manncr that the v' states follow a popula-
tion distribution governed by the vertical overlapping of

- PERN * 3 " . . .
wavefunctions, fwv.qud r. That is cquivalent to saying
that the intcrnuclear distance is constant during the exci-

tation-ionization. Therefore, it iz assumed thuat

quv' = IIWCIwVTderZ (5.2)
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represents the Franck-Condon factor of the earlier
equation (2.18).

The rotational states arce also excited according
to the principles described in the first chapter. Besic-
ally, the intensity of a rotational linc is governed
by the physics embodied in cquation (2.22), with Jdipole
sclection rules applying to the excitation process. The
primary mechanism 1s an HC(ZSS) atom collision with NZXlY:,
as distinct from the electron impact for which the thecory
was originally developed. [If thesec principles apply without
deviation, Qn{IK:KE/K'(G)oé.KE} relates lincarly to K'(K'+1)
for mcasurcments of IK:XE. Furthermore, Algr = IQ'—IK.
would be zero for all K provided I'g: and lg» arc normalized
in the same manner. Obscrvations do not conform to these
cxpectations; AIK, deviates systematically from zero, and
the Zn{I'K|} function, equation (2.23), is not linear with
respect to K'.

Recently, further studies of vibrational band populations
of the nitrogen first necgative system have been renorted in
helium-nitrogen mixtures’7»85. The results of these studics
were interpreted to indicate that NE,B—X fluorecscence departs
from the Franck-Condon principle. In those cascs, the
nitrogen fluorcscence was cxcited in a discharge, which con-

tained precdominantly helium. Only inconclusive trends
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of the vibrational intensities could be derived from obser-
vations made during the present experiments. Band inten-
sities for NE,B—X, (0,1), (1,2) and (2,3) were observed and
the populations of the v'=1 and v'=2 levels increcased rcla-
tive to v'=0 as helium was added to nitrogen at a constant
partial pressure.

The detailed rotational spectra obtained in our work
can be interprected as stemming from NEB, excited by Hc(ZSS),
tie® and ch. Detailed balance cquations arc very difficult
to develop due to the complexity of the physical preocesses.
A consistent interpretation of the experiments i1s possible,
however. The rcsults of scveral past rescarch programs, 1in
which only one or two c¢xcitation processes werce dominate,
support the following interpretation.

Let us briefly summarize the situation again. The
three helium species ”0(235), le*, and HCE are identificed
as the principle source of nitrogen excitation. (The atomic
and molecular helium ions will not be distinguished for
the moment, but are considered together.) The obhserved
rotational intensitics, identified as l&,, were produced by
passing an clectron beam through helium which contained a
small amount of nitrogen. Thesc spectra consistently showed

-

departure from the model presented in chapter 2. This depar-

turc may apply morc widely than for just the helium mixtures.
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lHHowever, the interpretation here applics strictly to helium.
The results presented in the previous chapter illustrate
the effect in scveral ways.

The hypothesis which explains the departure of I from

'
the dipole excitation model provides that two independent
excitation-ionization processes occur at the same time in
these mixtures. ”0(235) strongly excites NEB and accounts
for a major portion of thec observed Ié'. This Penning ioni-
zation process does follow the original model devised for
cnergetic clectrons. [iquations (2.18)-(2.23) apply, except
that the paramecters associatecd with the clectron beam have

to be replaced with the triplet metastable density,
He(235)+N2(X) cross secction, and so forth.

Helium ions also excitc and ionize the impurity nitrogen.
However, the ion-molecule excitation process docs not follow
the dipolec excitation model. This conclusion is supported
by the numecrous previous cxperimental results cited. Tt 1is
further bornc out by some thcoretical work done by J.C. Light

and scveral CO-WOI’kCI‘SS()—88 .

They developed a so-called
"phase spacc thcory" to describe reactive collison processcs
in gases.

Their approach circumvents detailed calculations of

cross scctions (or recaction rates). Instcad, the concept

that production cross sections are averages OVEIr numerous
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initial phasc spacc coordinates is applied. The portion of
phase space available to products in specific states is
calculated. TIts ratio to the total availablc phasc space,
considering cnergy and momentum conservation, provides the
conditional probability for those product states. That
probability, integratecd over cnergy and momentum variables,
yiclds the particular cross sccfion sought.

A fundamental aspect of this thcory, which applies to
helium ion cxcitation of nitrogen at thermal energies, is
the concept called strong coupling. This term is used in
the context of reaction kinetics, and relates to how the
rcacting species bchave. The reaction partners must inter-
act by means of a potential which is substantially greater
than zcro over long ranges. That is, a rcaction '"complex"
must form, or the particles must influence one another for
a period long compared with characteristic internal motions
of the molecule in the case of heavy particle-molecule
interactions.

Gioumousis and Stevcnson90 present an approach, based
upon classical mechanics, to estimatc cross scctions and
rcactions rates. Their calculations are based upon the
interaction potential for an ion acting upon a spherical
ncutral molccule, given by

Vi(r) = = (5.3)
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a represents the molecular polarizability. The interaction
is based upon the ion-induced dipole effect, and it over-
simplifies matters. The reaction rate, for instance, de-
pends upon the ion only through u, the system's

rcduced mass. The cross section is a function of ugz, where
g is the relative velocity. IHence, this model docs not dis-
tinguish between the HeE and He' interactions with nitrogen
in any fundamental manncr. The results presented here, in
Table 4.1 as values of TR’ and in the figures of chapter 4
as AIK., are probably too coarsc to reveal any fine distinc-
tion between Heﬁ and le". Thus, the two ions may be dis-
tinguished only on the basis of energetics. ”CE is, however
strongly favored over e to produce NEB from this consider-
ation. Indeed, it is possible to infer that, at high helium
pressures when et is largely converted to ”CE, He(ZSS) and
He} are the dominant sources of nitrogen first necgative ox-
citation. Ilez+ is then responsible for the cnhancement of
rotational lines at K> 7in NE, B3-X bands.

An application of the phasc spacec model was made by
Moran and Fullertondl. They calculated the rotational
excitation-ionization cross scctions for Hc++N2+Hc+N§(C),
among others. The results of these calculations included
the dependence upon the vibrational state, upon the reaction

energy, and particularly upon the rotational quantum number.
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Figure 5.1 illustrates the cross section for excitation of
the lowest vibrational state of NEC, at thermal cnergy.
Alyr, as plotted in the figures of chapter 4, rcsembles the
behavior of these calculated cross scctions. AT+ compares
with the ion excitation cross section since the Ho(23S)
cxcitation of nitrogen is independent of the ion cxcitation.
The rate of excitation describing NEBZXG(V',K') production
can be cxpresscd by

RL, = a"(” c(238)+N,) + Ig(llotllc;h\'z) (5.4)
5B
(by “0(233)), the second, ion cxcitation. Overall, the rate

The first term represcnts metastable production of N

of change in the population of K' state, assuming only
radiative decay, is written

dNg+ = gy

dt ex Z;Kb\IK'A

K }\El (5.5)

The terms of Réxarc further described as

A 1. M " VYK, .
e (235)+N2) = fype Voxh (v, Kysv KON (N) (5.0)
and

Y T
SRte” Hejen,) = EgoN NEORQAM (v K v L K YR (N2)

(5.7)
g represcnts the average relative vclocity between the col-

liding species, M refers to Hc(ZSS), and Q is cross section

(also averaged over velocity). This representation is anal-
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ogous to that used in equations (2.18) - (2.23). The v',K|
subscripts act as dummy variables, since we have not defincd
the v'/,K'| and v',K' relationship to be the same for both
equations (5.6) and (5.7).

It is important to recognize the complexity inherent in

these two equations. NM and N'°" are determined by compli-
cated processes involving several rate cxpressions. The
mechanism inherent in Q%&? is difficult to cxpress. llence,

the phase space thcory presents a mcans to estimate the
dNK'

dt
ing the resulting expression for Ng+ into the intensity

cross sections. If equilibrium 1is assumed, 0. Writ-

equation, we derive

: M M ion,ion
(e NN+ gV TN (N ))

K'Ky ~ ACKT) hvegoAggy -

(5.8)

Here, A(K') = (AK:X?_1+AK:§?+1), the symbols have been
M Qion
XB’ <XB

follows the original dipole cxcitation theory, by hypothesis.

. v 'K!
supressed, and the Q notation shortcned. Q%BNVTKT
Hence, KY=K'#*1 and two terms result. V%Y = 0 since only the
lowest vibrational level of N, is significantly populated
at room temperaturc or beclow.

The result is that
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Mo M v 'K
81N QuNyyky Vi gyl ky

ACKD) = (constant)-Ig'ky, (5.9)

where IK'KS is the intensity of equation (2.22).
Thus,
AIK' = I}'('K'_l'(constant)'IK'K|._1

N ion~ionyv'K' hVK'K-lAK'K'-l
= (V"&‘K"gZN QXB NV"K"(NZ)) A(K') - (g.lo)

for R branch lines of NE,B-X. I' represents the measurcd

intensity, as before. In practice, both the intensities
are normalized at the same K'. Since experimental and
phase space results indicate a larger effect at higher K',
the K' = 1 linc has been used for normalization of the re-
sults presented in figures 4.6a-4.6d. P branch overlapping
causes some difficulty. However, adjustments made to com-
pensate this overlapping by changing the choice of normali-
zation do not alter the conclusions. Our comparison is
made to the calculated cross sections for NEC since NEB
calculations were not published for helium. NER compari-
sons have been made by Moran and Fullerton”! for heavv
inert atomic ions. Their behavior is gencrally similar to
that illustrated in figure 5.1.

Results at low temperaturé support this interpretation

of Alyy.  The effect was obscrved at the lower temperatures,
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as figures 4.4 and 4.5 show, and the K' valucs involved arce
smaller as the temperaturc decreases. Moran and Fullerton's
calculations indicate such a trend, the peak cross scction
occurring at lower K' values as the relative energy is
reduced.

Excitation of NEB which occurs by transfer from ecxcited
neutral atomic statcs, other than the metastable, should
further enhance the term proportional to Ik in equation
(5.10). The constant for normalization can be adjusted to
include any processes which are like HC(ZSS)+N2, including

primary clectron becam excitation.



6. CONCLUSIONS

Rotational spectra of N%, B-X bands, produced from
impurity nitrogen in helium, have becn investigated spec-
trometrically. A becam of 26 kilovolt electrons, up to 1
milliampere in currcnt, provided the primary source of
excitation. Fluorescence from a number of dircctly and
indirectly ecxcited helium atomic states was resolved during
spectral surveys of the wave length region 350.0 to 550.0
nm. Onc lle* linc appcared, at 468.6 nm. Scveral N3, B-X
bands werc found in the surveys. The prescnce of HCE ions
and of the helium triplet metastable He(23S) was inferred.

The major contribution to the N%, B-X specctrum was duce
to the helium species colliding with Ny exciting and ioni-
zing the molecules. He(23S), He*, and He} account for sub-
stantially all of the excitation. A model of the process
has been derived, which attributes a large fraction of the
observed rotational line intensity to Hc(23S). Hc(23S) +
N2-+Hc(118)+NEB+o, the Penning ionization, follows the
Franck-Condon principle and behaves as a rapid energy trans-
fer, permitting dipole sclection rules to govern. lHe* and
ch charge transfer processes do not follow this principle.
Since the two types of interaction arc independent, the
observed rotational linc intensity represents their sum.
The measured intensities were normalized to the intensity

distribution calculated from a dipolec excitation thecory,

121



devised for high ecnergy collisions (electrons). Tk'-IK'
was then evaluated, line by line. The resulting AIK,
follows qualitatively a '"phasc space thcory" model. That
fact, togethcer with cxtensive past research related to the
He (233), He*, and Hcg recactions with nitrogen, established
this interprctation of NE, B-X fluorescence for mixtures
of helium and nitrogen. Specific phase space calculations
of the HCE+N2+2HC+NEB and Hc++N2»Hc+NEB should be accom-

plished in the future to further support the concepts

derived here.

Encrgy considerations favor the molecular ion charge
transfer recaction. The electron beam induced first negative
system fluorcscence for high helium pressures was inferred to
be duc to the helium triplet metastables and the diatomic
helium ion. The latter is responsible for the obscrved
enhancement in the populations of the higher rotational N;B
states, exhibited by larger intensities than predicted by

the dipolc cxcitation model.
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AN EXPERIMENTAL STUDY OF THE ROTATIONAL

DISTRIBUTION OF NEB (v) STATES EXCITED

BY ELECTRON BEAM IMPINGEMENT UPON HELIUM
AND NITROGEN GAS MIXTURES

by

John Cameron Hoppe
(ABSTRACT)

A large number of atomic helium states uare excited
by inelastic «collisions. That excitation may be induced
by various methods, including gas discharges, flowing after-
glows and electron beams. The first negative nitrogen

bands,'NE(BZEG-XZZ+), have been observed with relatively
g

high intensity from small quantities of nitrogen in helium,
also induced by such methods. These bands have been studied
by passing 26 kev electrons through mixtures. The resolved
rotational spectra of the (0,0) and (0,1) bands have been
analyzed as functions of pressure and mixture. An observed
enhancement of the intensities has been interpreted in terms
of selectively enhanced N§B rotationai state populations.

The particular helium species responsible for the enhance-
ment are discussed. Experimental results are compared with

a general '"phase space" approach for calculating the reaction

cross sections.
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