
\AN EXPERIMENTAL STUDY OF THE ROTATIONAL 

DISTRIBUTION OF NzB (v) STATES EXCITED 

BY ELECTRON BEAM IMPINGEMENT UPON HELIUM 

AND NITROGEN GAS MIXTURES 1 

by 

John Cameron~Hoppe~ 

Dissertation submitted to the Graduate Faculty of the 

Virginia Polytechnic Institute and State University , 

in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Physics 

APPROVED: 

T. E. Leinhardt, Chairman 

V. L. Teplitz R. L. Bowden 

S. P. Bowen C. D. Williams 

May, 1977 

Blacksburg, Virginia 



ACKNOWLEDGEMENTS 

The author would like to thank most kindly Dr. T. E. 

Leinhardt for his enduring patience and especially for 

his continued interest and encouragement. Appreciation 

is also expressed to Dr. C. D. Williams and to the other 

committee members for their interest and assistance. 

The research was conducted at the Langley Research 

Center, Hampton, Virginia. A sincere thank you is given 

to Dr. W. W. Hunter, Jr. of Langley's staff for his con-

tinuing support and encouragement. 

To two people, my wife, 

heartfelt appreciation is extended for their long hours 

of typing this paper. 

ii 



ACKNOWLEDGEMENTS 

LIST OF TABLES . 

LIST OF FIGURES 

Chapter 

1. INTRODUCTION 

2. THEORY 

TABLE OF CONTENTS 

Page 

ii 

iv 

v 

1 

15 

Helium Excitation and Energy Transfer Processes. 15 
Nitrogen Fluorescence 30 

3. DEVELOPMENT OF THE EXPERIMENTS. 

Preliminary Experiments. . 
Apparatus Used To Obtain The Rotational Data. 

Electron Gun . 
Mixing Chamber. 
Optical System. 
Electronics. 

Procedure . 
Observations . . . . . • . . 
Contributions To Experimental Error. 

Gas Mixtures • . 
Physical Processes 
Electron Beam . . . . 
Optical Detector Systems 
Summary . 

4. RESULTS . 

Rotational Distribution Observations 
Survey Spectra 
Other Results . 

5. INTERPRETATION 

6. CONCLUSIONS 

LITERATURE CITED 

VITA . 

iii 

34 

34 
47 
47 
52 
56 
61 
63 
66 
69 
70 
73 
75 
78 
81 

83 

83 
104 
106 

108 

121 

123 

129 



Table 

3 .1. 

3. 2. 

3.3. 

4 .1. 

4. 2. 

LIST OF TABLES 

Spectral Features Observed In A Typical 
Spectral Survey. 

Rotational Intensity Observations. Pre-
liminary tests; ambient temperature . 

Rotational Intensity Observations. Final 
laboratory data; ambient temperature . 

Effective Rotational Temperatures in Mix-
tures. Laboratory data; all at ambient, 
295±3° K. 

Spectral Survey Results. 

iv 

Page 

. 43 

46 

67 

84 

. 105 



Figure 

1.1. 

LIST OF FIGURES 

V~brational bands of NiCB2I~(v',K')-
X I~(v",K")) 6 produced by electron impact 
in N2 at 300 K. The intensity of the band 
is related to gas number density and the 
rotational distribution to temperature. 

Page 

2 

1.2. Tracing of the (0,0) band of figure 1.1 
s~owing the presence of the helium 33p_ 
2 S line ........ ·· ............ 10 

1. 3. 

1. 4. 

2 .1. 

3 .1. 

Dependence of the Nz first negative band 
intensity upon the presence of helium 
(experimental) . . . . . . . . . . . . . 

Illustration of the Franck-Condon principle. 
Strong and weak vibrational transitions are 
indicated for the given internuclear sepa-
ration. . . . . . ........... . 

Partial energy level diagram showing 
approximate energies for helium and nitro-
gen states. (Only the lowest, v=o; vib-
rational level is indicated for N2) .... 

Top and side views of the electron gun 
assembly, mounted in one of the prelimi-
nary configurations ........... . 

3.2. Variation of the helium 3lp-2ls intensity 
with mixture, as observed in the apparatus 

. 12 

13 

25 

36 

of figure 3.1. ................. 41 

3.3. 

3.4. 

3.5. 

3. 6. 

Spectrometer arrangement used to obtain 
spectral survey . . . . . . . . . . . . . 

Top and side views of the second chamber 
used for preliminary tests ..... . 

Electron gun - filament and grid cap 
assembly. . . . . . . . . . . . . 

Electron gun assembly, complete with anode 
chamber, drift tube, and beam guiding coils. 

v 

42 

45 

48 

50 



Figure 

3. 7. 

3. 8. 

3.9. 

3.10 

3 .11. 

3.12. 

vi 

Block schematic diagram of the electron 
beam system . ............. . 

Final mixing chamber assembly; 
gun positioned vertically ... 

electron 

Schematic diagram of the mixing chamber. 
Gas entry, vacuum pumps, and pressure 
measurements are indicated ...... . 

Diagram of the optical instruments used 
to obtain rotational spectra and to 
monitor total fluorescence ....... . 

Photograph of the experimental apparatus. 
The 1 meter spectrometer is shown .... 

Relative ~pectral sensitivity for the 1 
meter Czerny-Turner spectrometer. This 
curve includes the optics, external and 
internal to the spectrometer, and the 
photomultiplier tube detector ..... . 

Page 

51 

53 

55 

57 

58 

60 

3.13. Block diagram of the data recording system. 62 

3.14. Typical comparison of the McLeod gauge and 
capacitance manometer pressure readings. . . . 64 

3.15. Observed rate of pressure rise in the 
mixing chamber (shown in figure 3.8). 
Data are shown for two tests to indicate 
typical variations. . . . . . . . .. 

3.16. Total fluorescence as a function of beam 
current. The photomultiplier current is 
the filter detector system output signal, 
from the N2, B-X (0,1) band ....... . 

3.17. Rotational spectrum observed in the 
Langley Research Center 22-inch Helium 
Tunnel. The gas was very cold, as the 
rotational distribution shows ..... 

72 

77 

80 



vii 

Figure 

4.la. Logarithmic function from equation (2.23), 
plotted for the observed rotational in-
tensities, Ik,, of the Nz, B-X (O,O) band. 
The measured rotational temperature is 
291° K . ................. . 

4.lb. Logarithmic function from equation (2.23), 
plotted for the observed rotational in-
tensities, IK,, of the N~, B-X (0,0) band. 
The measured rotational temperature is 
394° K . ................. . 

4.lc. Logarithmic function from equation (2.23), 
plotted for the observed rotational in-
tensities, IK,, of the N~, B-X (0,0) band. 
The measured rotational temperature is 
419° K . ................. . 

4.ld. Logarithmic function from equation (2.23), 
plotted for the observed rotational in-
tensities, I',, of the N~, B-X (0,0) band. 
The measuredKrotational temperature is 
446° K. . . . . . . . . . . . . . . . . . . 

4. 2. 

4.3a. 

4.3b. 

Calculated rotational intensities for 
300° K , based on the dipole model of 
NiB excitation and subsequent first neg-
ative emission. The solid circles are 
the calculated relative intensities. The 
curve is drawn for comparative purposes. 

Observed rotational intensities. The 
data (open circles) of figure 4.la are 
compared with the dipole excitation 
theory for 3000 K. . . . . . . . . . . 

Observed rotational intensities. The 
data (open circles) of figure 4.lb are 
compared with the dipole excitation 
theory for 300° K .......... . 

Page 

86 

87 

88 

89 

90 

91 

92 



Figure 

4.3c. 

4.3d. 

4.4a. 

viii 

Observed rotational intensities. The 
data (open circles) of figure 4.lc are 
compared with the dipole excitation 
theory for 300° K .......... . 

Observed rotational intensities. The 
data (open circles) of figure 4.ld are 
compared with the dipole excitation 
theory for 300° K. . . . . . . . . . . . 

N~, B-X (0,0) band rotational spectrum; 
cfiamber temperature ~116° K. Data 
(open circles) are compared with the 
dipole exci ta ti on theory. . . . . . . . . . . . 

4. 4b. 

4. 5. 

4.6a. 

4.6b. 

4.6c. 

4.6d. 

N~, B-X (O,O) band rotational spectrum; 
cfiamber temperature ~ so° K. Data 
(open circles) are compared with the 
dipole excitation theory ....... . 

Ni, B-X co, 0) band rotational spectrum 
at very low temperature. Open circles 
are data from figure 3.17. . . . . . . . 
Intensity differences between the II, 
of figure 4.3a and the dipole excit tion 
theory. (Normalized at K '=L) . . . . . 
Intensity differences between the. IK'. 
of figure 4.3b and the dipole exc1tat1on 
theory. (Normalized at K'=l.) . . . . . 
Intensity differences between the. IK r. 
of figure 4.3c and the dipole exc1tat1on 
theory. (Normalized at K' =1.) . . . . . 
Intensity differences between the. IK,. 
of figure 4.3d and the dipole exc1tat1on 
theory. (Normalized at K' =1.) . . . . . 

. 

. 

. 

. 

. 
5.1. Phase space theory cross sections for 

Nz(C2E~, v'=O,K') to be ·fqrmed by· He+ + 

N 2 (x2E~, v",K")-+NzC· (This curve approxi-. 
mates figure 3,reference 91. Relative 

. . 

. . 

. . 

. . 

. . 

Page 

93 

94 

97 

98 

99 

100 

101 

102 

103 

reaction energy was 0.04 ev (thermal).) . . . 117 



1. INTRODUCTION 

This work describes how nitrogen, as an impurity in 

helium, may be efficiently excited and ionized from its 

ground NzX 1r g state to the NzB 2r ~ excited state. A 

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 which 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.l 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. Muntz2 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-

1 
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fully those basics are followed, particularly at low temper-

ature ( ~l00°K) and high density ( ~1017cm-3). For instance, 

AshkenasB 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 o( measured temperature with the number of lines used. 

Within limitations, the total radiant signal emitted 

when electrons pass through a gas defines the density. Is 

represents the total fluorescence produced and is propor-

tional to N0 , the number density. Since the gas pressure p 

is a directly measured quantity and p = N0 kBT, 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 Is are 

particularly important. Electrons impinging upon the gas 

excite and ionize molecules to radiative states. Muntz 3 

and others4-8 have obtained results which support the con-

cept of treating this excitation like electric dipole ra-

diation. 

(~N.) per unit time 
J + 

p 
= N Q .JB/e 

0 OJ 
( 1 . 1) 

Equation (1.1) describes the rate of increase in density for 

state j (Nj) due to electron impact excitation. JB is the 

current density (amperes/m2) and Q[j the cross section for 
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primary (P) electron impact excitation (state o-+ state j). 

Q P. 
OJ 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, 

( llN.) 
J 

per unit time = I N.A.k 
k J J 

( 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 Qdj 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 

N z ( B 2 r ~ -X 2 I g ) r o tat ion a 1 d i s t rib u t ions . I n turn , unknown 

gas conditions can then be analyzed using the model and the 

observed spectra. While essentially experimental in content, 
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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. llowever, 

experiment still provides much of the information. 
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The specific situation in which nitrogen, especially the 

first negative band system of the ion N+(B2 l: +_x2 l: +) is 2 u g ' 
excited in the presence of helium has been recognized for 

many years. Pearse and Gaydonl3 indicate that the first 

negative system is the most prominent in NZ and that these 

bands "occur readily in discharge tubes at very low pressure 

or at moderate pressure in the presence of excess helium". 

They list 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 Rathel, 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, Nz first 

negative band spectra can be readily observed. Very little 

interference occurs from other band systems (such as Nz 
second positive, c 3 rr-B 3 II). A number of investigators9,15-21, 

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 

Dunn22 and the numerous references he cites, becomes con-
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siderably more complicated 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 processes. Previous workl3,23-26 has 

shown that small partial pressures of nitrogen present in 

larger amounts of helium constitutes a medium wherein sig-

nificant Nz 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 e lee t ron 

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, l6LI = 1 and ll:ISI = 0 apply. So, helium He(l 1S) 

would be excited to nlp states according to those rules. In 

classic papers, Lees27 and Lees and Skinner28 identified a 

number of excited helium states which are produced 
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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 MuntzlS). 

Other more recent work29-32 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. Cermak30 and Holt and Krotkov31 

reported studies of n = 2 states excited by relatively lower 

energy electrons. vanEck and deJongh32 observed n1P 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 1n, 1F, 3s, 3P, 3n 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 lp to ln energy transfer. 
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Drake 35 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 NZ first 
negative band fluorescence, which included a preliminary 

examination of the rotational distribution within the bands. 
+ Both Nz, B-X, (O,O) and (0,1) bands were examined. The lie! 

33r-z 3s (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 ban<l 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 N2X1 E; to the ion states Nz, of 

h . h N+BZ + . . w ic 2 E u 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 Nz,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, N~,B-X,(0,0) K' to K'' 

intensities for various K' = 0,1,2, ..... , showed a departure 

from the expected distribution according to Muntz 15 and 

others 36 . Results of Sebacher 24 and of Whetsel and Shofner 25 

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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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 been introduced and are continued throughout. 

NzB for NzB 2 r~ will be used, as will other single letters 

which designate particular molecular electronic states; 
+ + + NzX, NzC or NzX, are examples. Nz, B-X is the transition 

from NzB 2 r~ to NzX 2r;. Particular atomic electronic state 

designations are used for helium only as needed. He is 

understood to be He(l 1S) in the general discussion and 
+ + particular designations are not written out for He or Hez. 



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 cbntaining nitrogen. 

Excited helium atoms, ions, and other species, such 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 l.3xl0-4N/m2 (l0-6torr). It must be thought 

of as "nearly 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 impactl,27-29,31,32, 

37,38 The theory discussed in this 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. Wine 39 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 arc 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 

produce N;sz I:~ spectra, all developing from electron 

impingement upon mixtures of helium and nitrogen, are dis-

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 

( 2. 1) 

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 Qbj· ~aQbj represents a probability per unit time that 
e 

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 /J. L = 1 and /J. S = 0 (dipole selection rules 

for orbital angular momentum L~ and spin angular momentum 

SJi.), nlP states will be excited directly by the "allowed" 
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path. In reality we expect the n1P 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 

or afterglow29,4 3-4 6 examined fluorescence for which low 

energy particles were responsible. The n1P states were gen-

erally strongest. 

A theoretical basis for the naive approach exists. Fol-

lowing Muntz2 the total cross section for electron impact 

excitation in the dipole approximation can be written as 

2 m v2 
e e 

E. - E 
J 0 

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

e the electron charge, h Planck's constant, and k is the 

wave number of the incident electron. r 0 j is the matrix 

element of r given by 

( 2. 3) 

which constitutes the basis for comparison with dipole 

radiation. These "optically allowed" transitions have an 

approximate energy dependence which is E-l1ogE, 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 I rojl vanishes, a 

quadrupole (next higher order) cross section can be written 

as 

Q Q = 
oj (2.4)** 

Q0~ goes as 

E-1 when the orbital momentum change is zero, exhibiting a 

more rapid fall off with energy than Q0~. 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, In, lp states and 
for triplet 3s, 3P, 3n states. Put symbolically, 

( 2 • s) 

occurs via an interaction depending upon the matrix element 

(fjVji), jf) for final state, ji) for initial. (fjVji) ~ 

(He(nlP)jerjHe(llS)) for (2.5). For other states, (flvli) ~ 

(He(m2S+lL) je2r2jHe(lls)) written simplistically. 

** See equation (117b), loc. cit. 
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States m2S+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 11D(n>1) for example. The rate of such transfer is 

represented by 

( 2. 6) 

where Nn is the excited state population (nlP), Ant the 

Einstein coefficient, An = l Ant and 1 = 2 to n-1. 

( 2 . 7) 

represents the radiative decay as a rate of excitation for 

the 1 states. By consulting table I of Gabriel and Heddle37 

for values of An1 , the contribution to other than lp states 

are seen to be substantial for principal quantum numbers n 

(of nlP) 1 through 4. They are insignificant abo~ 4. 

Populating 3ln, zlp 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./dtl = l: Z .N , 
J excitation x XJ x 

( 2 . 8) 



21 

where state j is populated by collisions of atoms in state 

x with ground state atoms. Zxj' a probability of collisional 

excitation, is related to the ground state density N0 by 

Zxj ~ N0 Qxjv; v is the relative velocity of collision. 

Considering the atom-atom collisions as a loss term, 

dN. /dtl 
J loss 

r. Z. N., 
x J x J 

( 2. 9) 

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(nlP) 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, z3s. 

Electron impact excitation of states which have spin 1 

is forbidden by the Wigner spin rule, ~S=O, for total spin 

quantum number S. Yet quite a large number of helium atoms 

are observed to become excited to 3s, 3p, 3n 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 Fowler 50 . 

Observations in early studies by Lees and Skinner 27 , 28, 

that triplet states were strongly populated during electron 

excitation, have been confirmed in more recent research 51 , 52 . 

Transfer represented by 

He(l 1S) + He(n 1P) + He(l 1S) + He(n 3D) (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(l 1S) + He(n 1P) + He(l 1S) + He(n 1 ' 3F) (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 3o 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 n23, and 
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L ~2, the Russell-Saunders (L-S) coupling scheme is excel-

lent and the electron interaction term dominates the energy 

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 ~(nF) = c 1~(nlF) + 

c2 ~(n3F). Upon collision we will have, for an atom-atom 

interaction potential Va-a, the expression 

(2.13) 

which symbolically represents the first order matrix element. 

This simply illustrates the mixing of states. 

Approximations which are used in the interaction poten-

tial Va-a are low order, therefore, indicative of a solution 

and its associated behavior, but not precise. lligher order 

terms than the lowest dipole-dipole interaction will permit 

~L = ±1, whereas the dipole-dipole term itself does not 

( L = ±2,0). Wine 39 questions the applicability of the 

transfer selection 6L = 0,±2. He concludes that 6J = 6L = ±1 

cannot be ruled out and that 6J = 6L = 0 seems to provide a 

better interpretation of some D state transfer. There is 

general agreement that the populating mechanism maintains 

the spin rule validity. 

Substantial population of the He(2 3S) metastable 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 significantly 47 , 48 . 

Radiative decay is rapid3 7 enough to produce many atoms in 

lower triplet levels. Absorption experiments in discharges 

and helium afterglow have shown that lie cz3 s) a toms a re 

formed in relatively large concentrations. Observations of 

the (33r-23s) line at 388.9 nm indicates the formation of 

substantial amounts of He(23S). Rapid collisional conver-

sion of He(2ls) to the 23s has also been observed46,49,53,54. 

In their review of the reported de-excitation of He(2 3S), 

Elder and Wintzer55 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 energy 

scheme of figure 2.1, the molecule He 2 does not play a role 

in the excitation of ~zB 2 E ~. Both atomic and molecular ions 

are energetically in the range where they may contribute to 

NzB production. The methods and rates of He+ and Hez pro-
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duction are now considered. 

He+ can be formed by direct impact ionization of Ile(lls). 

This source appears at first to be relatively weak, since 

the cross section for ionization by electron impact at 26 kv 

is roughly 7xlo-19cm2 5 ~ Other mechanisms of production in-

elude 

e 5 +11c* -+ lle++zes , 

llc*+llc* + llc++llc+es· 

(2.14a) 

(2.14b) 

Cs signifies secondary electron and Ile* the excited helium 

states. Because secondary electrons arc generally of very 

low encrgy 2 , lie* 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 relatively unusual occurrence. Dunn 22 implies that meta-

stable atoms give rise to the only measurable lie+ production 

via (2.14b). Maguire57 concluded from indirect evidence 

that substantial lle(31P)population is directly attributed to 

secondary electron excitation. Wine39 concluded that secon-

daries contribute significantly to direct excitation, hut 

he noted that the number of them per unit path length de-

creased as the primary electron energy increased. Both of 

these reports support the occurrcnccof a significant ioni:a-

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 

1 0 - 1 9 cm 2 , ion i z a t ion may be fa i r 1 y c om p e t i t i v e . II e + doubt -

less occurs as abundantly as some higher He* species do. 

The ion, llez, is present as the result of several pro-

duction mechanisms. Previous research 49 has shown that He~ 

dominates over He+ in concentration at pressures above 
2 2 10 N/m • llez develops by 

+ + lie +2He-+ lle 2+He (2.15a) 

+ Ile*+Ile-+ He 2+e (2.15b) 

HeM+1-1eM ..... Hez+e (2.15c) 

lleM here identifies Ile(23S) andlle(2ls). One of the funda-

mental references concerning the formations of ions like 

lleM is Hornbeck and Holnar58. They attributed the ion pro-

duction to (2.lSb), producing and identifying it by mass 

spectrometric means at low pressures (10- 2 to 1 N/m 2). 

They further suggested that He* of (2.15b) did not include 

lleM due to the threshold energy required to form lie;. 

Process (2.lSb) should dominate the other two at low 

pressures. (2.lSa) is a three body collision and (2.15c) 

depends upon the collision of one collision product with 

another. Results reported by Wellenstein and Robertson 59 
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support (2.lSb) as the source of He;. The rate of production, 

1014 to 10 15 sec- 1cm- 3 in a discharge at 5 milliamperes cur-

rent and 4xlo 2 N/m 2 pressure, is the same order or one order 

of magnitude less than the primary production rate of excited 

atoms. The rate of 3lp production for the same conditions 

is about 10 15 -1016sec-lcm-3. Steady state lie~ population 

may approach and exceed particular excited atomic species. 

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

sion at low pressure. Thus, lie; may develop a relatively 

large steady state concentration at appropriate gas condi-

tions. 

If, in addition to (2.lSb), the process (2.14a) becomes 

significant at higher pressures (>103 N/m2), the amount He~ 

may become important. Recombination serves to limit its 

concentration, but He~ is plentiful in the helium excita-

tion. 

~ 

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 he 

reported is; Which processes affect the N+B 2I+ excita-2 u 
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 llE, the energy "defect" between the 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(23S) 

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 NZ c 2 L:~ and n2rru. Transfer from the He+ to NzC 

does occur60 by 

Nz(X1Eg)+He+c2s) -+ Nz(CzI~)+He(ls)+o.zsev. (2.16) 

NzC does not radiatively decay to NzB, nor does N~D, but 

they may transfer energy upon collision with particle A, as 
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(2.17) 

Inn60 and others61-63 suggest Nz rapidly converts to N+ 

through a predissociation mechanism. However, the possi-

bility remains that He+ may affect NzB by a two-step process. 

Evidence supports the concept that He(z3s) and He; dominate 

the excitation and ionization of Nz. 

Since NzB states are readily excited 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 Nz,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 NzB2r~(v',K') from N 2 xlr~(v~,K~) can be 

written as 
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(2.18) 

p p 
e is the electronic charge, QXBqvYv' is Q0 j where qvYv' 

is the Franck-Condon factor for the vibrational levels and 

is the number density of nitrogen molecules in the 

v~,K~ 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 

l: ,,to two terms. 
K 1 

Q[i3 includes the rotational dependence of the process. For 

the requirement that K' = K~±l, limiting the 

room temperature and below, only the vp = 0 state of Nzx1r 
is populated significantly. Hence, the E11 ••• qv"v' becomes v 1 1 

· · · .qov' · 

Ideally, radiative decay constitutes the only loss mech-

anism. The standard intensity expression, written in general 

terms, is 

v' v'-1. 
I KI K'-1. l2.19) 

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 N;x 2r 
mined by the rate equation, dNl:/<lt 

state. v' NK' is deter-

Hence, R ex 

= Rex - radiative loss. 

(2.20) 

This expression, when dNV'/dt = 0 for the equilibrium case, 
K' v' permits NK' to be written in terms of transition probabili-

ties, the ground state rotational distribution, beam current 

density and so forth. 

(.JB/e)Q~~qov'(N~'-1 + N~'+l). 
= - v' v'~-' v 'v" ----(\ ,_ + (\ ;> 

'K'K'-1 . K'K'+l 

( 2. 2 I ) 

v' A somewhat complicated expression results when NK' is 

substituted into equation (2.19). The result, for rotation-

al lines of the R branch, is expressed as 

VI V 1) 

1K 1 K'-l = 

(,KI 4 
' °K 1 K'-l qv'v'' ;> 

2 KI + 1 

-----------·-v-17"-------"~ ------------ . 
A 2 + A ? /\ K I KI - I KI K I+ l 

(2.22) 

C is a constant. a represents the transition wave number, N0 

the nitrogen number density and Zv and ZR are the vibrational 
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and rotational partition functions, respectively. The 

function F includes two terms, one for K'+l 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 

in 

VI V~1 

1K 1 K'-l 
4 

K' (G) OK'K'-1 

= -K'(K'+l)hc 
kRTR 

( ) 7 - ) - . ~ -~ 

(G) is an expression which includes F from equation (2.22) 

and depends upon K' and TR. 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'v" 

completed. The linear relationship of !n (IK'K~) with TR 
2 v'v" and K'(K'+l) is important. Throughout the text I 2 will ' K' K2' 

be abbreviated as IK'' when the other parameters are fixed. 



3. DEVELOPMENT OF THE EXPERIMENTS. 

Preliminary Experiments 

Previous workl3,22,26 supports the existence of an 

enhancement of nitrogen fluorescence, when observed cmana-

ting from discharges or afterglow sources rich in h~lium. 

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 electrons through helium, which contains 

a small amount of nitrogen, also have yet to be 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 experience with them 

contributed to the selection of a mixing chamber for the 

final series of observation, as discussed later.) 

The initial observations of nitrogen spectra from 

nitrogen mixed in helium were of N~ first negative (here-.. 
after Nz, B-X) (0, O) and (0, 1) hands and spectrometer survey 

scans of 350.0 - 550.0 nanometers. The respective band 

heads for (O,O) and (0,1) bands, usually the strongest, 

arc 391.4 and 427.8 nanometers. Both are shaded toward the 

blue end of the spectrum. These scans were made in an 

apparatus consisting of an electron beam generating system, 

exiting 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 elsewhere64,65. 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 orifices (1 millimeter diameter, 25 

millimeters in length) provided a pressure differential 

between the filament region of the electron gun (kept at 

l0- 2N!m 2 or less) and the test gas region. This permitted 

pressures as high as 103N/m2 to be used. The beam travelled 

approximately 10 cm from the gun exit orifice to point of 

observation. Quartz windows and optics permjtted 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 3lp-2ls 

transition of helium using interference filters. The filters 

were centered at 426.6 nm and 501.6 nm, respectively. In 

addition, survey spectra were rec6rded 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 were achieved. The equilibrium was 

considered dynamic because the chamber was not a closed 

system. Orifices permitted the electron entry, which 

caused a slight vacuum effect through the differential 

pressure 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 leak detector such that the requirement to 

maintain low pressure in the detector (p~10-2N/m2) was met. 

Partial pressures of helium were determined independ-

ently of the McLeod gauge reading by obtaining a meter 

deflection reading from the leak detector. A standard leak 

was used to calibrate the detector, allowing meter readings 

to be converted to flow rate. 

Flow rates were converted to pressure at the test 

chamber by knowing the capillary conductance. A linear 
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relationship existed between the leak detector and the 

chamber for a limited pressure range, which corresponded 

to the molecular flow regime. When the chamber pressure 

became too large ( >40 N/m2), the mixture reading erred. 

However, in this lower pressure range 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 spectrometrically. A stainless steel 

sampling bottle (approximately 0. 1 liter volume) was 

attached to the chamber through a small opening. The 

bottle had been previously evacuated to lo-4N/rn2 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 

( ~4xl02N/m2) pressures. 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 electron beam passed through the mixture. 

As depicted in figure 3.1, the interference filter obser-
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vation system consisted of a simple lens, narrow hand-

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 ohser-

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 ahead 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 N!,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 became roughly 2.5 nm. A similar 

change occurred for the helium filter. The broadening <lid 

not overlap any spectral feature of the other gas. 

Because the total fluorescence produced by the electron 

beam is proportional to the gas density, these filter 

detector systems were intended to monitor one particular 

spectral feature, which represented the partial pressure 

(density). When radiation is the only significant decay 

mode for Nj, as defined earlier, we have 

(3.1) 



40 

Th ere fore, N· m N QP·JB/eE A·k J 0 OJ k J ( 3. 2) 

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

signal is proportional, is 

T . 
Jill N.hv. /\.. 

J Jill Jill 

Since E Ajk = constant for a given specie and J 8 is a 
k 

measured quantity Ijm/Jga:N0 • !\single transition may 

( 3. 3) 

represent the gas density. In the case of nitrogen, the 

signal is a sum over several rotational lines within one 

vibrational band, weighted by the interference filter 

characteristics. 

Results of this preliminary 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 
+ N2,B-X, (5,4) 

" " (4,3) 
" " (3,2) 
" " , (2,1) 
" " 'I(l,9) 
lie I, 53P-23S 
" 8 D-2 P 
" 73D-23p 
" 63n-23r + , 
N2,B-X, (2,2) 
" " , (1,1) 
He 1 33p-23s + , 
N2 ,B-X, l (0, 0) He I , 8 1 D - 2 fl~ 

, 41 P-2 1S 
" 7 D-2 P 
" , 7ls-2lp 
" 53n-23p 
" 53s_33p + , 
N2,B-X, (4,5) 
He I, 61D-2lp 
Nz,B-X, (3,4) 
" " , (2,3) 
" " , (1,2) 
II II , (0,1) 
Ilg (tentative) 
He I 5lD-2lp 
" ' 5ls-2lp 
" ' 43D-23p + , 
N2,B-X, (1,3) " " , co,n 
He I, 43s-2.:ip 
" 4lD-21r 
" 3lp-21s 
" 4ls-2lp 

Assigned Wavelength 

353.26 nm. 
353.83 
354.89 
356.39 
358.21 
361.36 
362.43 
370.50 
381.96 
385.79 
388.43 
388.88 
391.44 
392.65 
396.47 
400.93 
402.40 
402.62 
412.08 
414.05 
414.38 
416.68 
419.91 
423,65 
427.81 
435.8 
438.79 
443.76 
447.15 
465.18 
470.92 
471.31 
492.19 
501.57 
504.77 

*Nominal Test Conditions: 1.3 N/m2 Nz partial pressure; 
14.1 N/m2 lie partial pressure. The spectrometer output was 
set to keep the most prominent helium features 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 minute 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 Nz, B-X 

(O,O) 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 

l0- 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 Nz, B-X 
(microns) (microns) (He/Nz) (v' v") 

10 10 (R) 1 ( 0 '0) 
(1.33 N/m2) 50 5 II 

100 (R) 10 II 

1000 100 II 

10000 (R) 1000 II 

20 2000 100 (0,0) 
(2.66 N/rn2) 4000 200 II 

10000 500 II 

~ 

100 100 (R) 1 (0 '0) 0\ 

(13.30 N/rn2) 200 2 II 

300 3 II 

400 4 II 

500 (R) 5 II 

600 6 II 

700 (R) 7 II 

800 8 II 

900 (R) 9 II 

1000 (R) 10 II 

(R) = repeated tests. 
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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 sµbstantial ihteraction 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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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 nearly 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 sh6wn in 

figure 3.6, permitting control of the beam size and 

position at an observation point 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 ( ~io-6torr). As shown, 

the mechanical pump was connected through a filter in the 

direct line, to eliminate oil vapors which might otherwise 

enter the chamber. 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-lN/mZ. 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 N2,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 
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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. T~e 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 observe 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. 

Picoarnrneters 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 ±lo-2 N/m2 for 

pressures as high as 2 x 103 N/m2). 

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 lo-3 N/m2 (usually 

nearer to 10- 4 N/m2), at which point the valve to the 

vacuum pumps could be closed. 

pressure (0.6 to 13 N/m2) was 

Test gas at the lower partial 

rapidly admitted to the 

chamber (1 to 2 minutes). The electron beam, previously 

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 

electron 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 measur-

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 

t es t s ; 2 x l O 3 N / m 2 , fo r i n s t an c e . 0 ne add i t i o n a l fa c t o r , 

the ambient temperature, was recorded. The gain character-

istics of the optical systems were found to he 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 premixe<l test gas, constituting one 

set. They were conducted in a low temperature 

chamber at two different temperatures; approximately 115° K 

and so°K. The other set consisted of several scans made at 

a helium wind tunnel, the Langley Research Center's 22-inch 

tunnel. Here the test temperature was inferred, by calcu-

lation from the nozzle expansion of the test gas, to he 

about 3°K at 27 N/m2(the room temperature equivalent of 20 

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

Ohservati ons 

A brief summary of the observations which were made in 

accordance with the previously outlined procedure follows. 

The primary experimental effort was to determine the form of 

the rotational distribution of intensities for N~,B-X hands 

and the dependence of that distribution upon the mixtures of 

nitrogen an<l helium. Preliminary tests are outlined in 

Table 3.2. Using the test chamber an<l proce<lures <lescrihed 

in the present part of this chapter, rotational intensities 

were observed and recorded for the parameters shown in 

Table 3.3. 

For that same range of pressures and mixtures, the inter-

ference f i 1 ter 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 
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Table 3.3. Rotational Intensity Observations. 
Final laboratory data; ambient temperature. 

Nominal Gas Pressures 
Nitrogen Helium 
(microns) (microns) 

5 
(0.67 N/m2) 

10 
(1.33 N/m 2 ) 

20 
(2.66 N/m 2 ) 

50 
(6.65 N/m 2 ) 

100 
(13.30 N/m 2) 

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 
20 
40 

100 
500 

2 
3 
4 
5 
8 

1 0 
20 
50 

100 
250 
600 

7 
10 
25 
50 

150 
300 

4 
10 
20 
50 

120 

2 
5 

1 0 
20 

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

( 0 '0) 
" 
II 

" 
II 

" 

( 0 'I) 
( 0 '0) 
( 0 ' 1) 
(O,O) 

" 
(0,0)(0,1) 
( 0' 1) 

II 

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

( 0 ' 0) 
II 

" 
" 
II 

II 

( 0 '0) 
II 

II 

II 

II 

( 0 '()) 
" 
" 
II 



Table 3.3. Continued. 

Nominal Gas Pressures 
Nitrogen Helium 
(microns) (microns) 

2.5(0.33 N/m2)* 250 
10 1000 

1.0 -40 N/m2,** 
Total static pressure 

68 

Resultant Gas 
Mixture 
(He/N2) 

lOO(pre-mixcd) 
100 

104(est.) 

Observed Band 
Nz, B- X 
(v' ,v' ') 

( 0 '0) 
" 

( 0 '0) 

*Cryostat Chamber (low temperatures; approx.imatcly 
116° K ; 50° K ) 

**Helium Tunnel (very low temperature; less than 4° I\ ) 
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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 ~v=-1 of Nz, 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/m2 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 

estimates is made into categories labelled gas mixtures, 

electron beam, optical detector systems, and physical 

processes which affect the fluorescence. 

Gas Mixtures 

Several factors influenced the determination of gas 

mixtures. They included the test pressure measurement, leak 

and outgassing rate of the chamher 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, hy supplier analysis, except neon. Neon was con-

sidered to be of little consequence because it was present 

in very small proportion relative to helium and hehaves 

thermodynamically like helium. 

Atmospheric gases were present largely by virtue of 

leaks from the exterior and outgassing after exposure to 

atmospheric conditions. Tests were conducted to Jeter1ninc 

the conditions necessary for minimizing the leaks and out-

gassing. The mixing chamber, in practice, was scaled for 

several weeks at a time. During these periods, the rate 

of pressure rise, when the valves to all pumps closed after 

the lowest possible chamber pressure had been reached, was 

dependably lower than 10-l N/m2.per minute. 

To determine the rate of pressure increase (leak rate), 
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the chamher was thoroughly evacuated, usually to lo-4N/m2 

or lower. The valve to the pumps was closed and the ion 

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 measurements were 

obtained when the ion gauge was turned off, and the capaci-

tance manometer alone used to measure 6 p. 

The test pressure measurement was the most important 

factor in determining the gas mixture. Several aspects of 

the McLeod gauge and the capacitance manometer uncertajnties 

were investigated. The working pressure range was io-1 to 

2x103 N/m2. For lower than lo-1 N/m2,an ion gauge was used. 

11owever, accurate measurements using the ion gauge were not 

sought, only an indication which could he repeated. Both 

the McLeod gauge and the capacitance manometer were cali-

brated against secondary standards. They were used jn com-

parison with each other (figure 3.14). To reduce the rncrct1ry 

streaming effect from the McLeod gauge6?,68, 69, a liquid 

nitrogen cold trap was used between the test region and the 

mercury. 

Individual pressure readings were precise (99% or 

better) at the higher pressures, as determined hy the 

capacitance manometer in the null mode. The McLeod gauge, 
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by virtue of a change of scales at 27 N/m2 and a larger 

reading error, was 97% certain at best. Low presst1res, 

below 10-l N/m2,were uncertain by ±10% or more, based upon 

the lack of absolute standards70. In our operating range, 

the absolute pressure was measured to tl0% near 10-J N/rn2, 

rapidly, improved to ~3% above ~s N/m2. The precision, as 

tested by repetitive measurements at fixed pressures in the 

scaled chamber, 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/rn2 (10-2torr) was uncertain hy ±0.07 N/m2 

initially. The leak rate accounts for 0.01±0.005 N/m2 per 

minute increase (or 0.1 N/m2 in 10 minutes). Thus, the un-

certainty was no worse than ±20% for a 10 minute test, con-

siderably smaller for shorter periods or for larger nitrogen 

partial pressures. 

Physical Processes 

Two particular items were potential influences upon the 

observations of electron impact fluorescence fTom helium-

nitrogen mixtures. The first was the spatial dependence of 

radiation processes, including resonance radiation transfer, 

transfer of helium excitation 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 region over 

which the desired wavelength emanates. The important 

transition affected is the 3lp - zls (501.6 nm) of helium. 

Its related resonance is 3lp - 1ls, 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 agree on the pressure (equivalent 

density at room temperature) required to assure complete 

trapping. The pessimistic interpretation indicates that 

more than 95% is converted within 2 centimeters of the source 

when the pressure is 7 N/m2, 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 run 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 viewed the entire 

source of radiation. That limit was greater than 2 x 103 

N/rnZ for the optical system we have described. The test 
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pressures <lid not exceed that limit (sec Tables 3.1 an<l 3.3) .-

Polarization of emitted radiation results from a 

"directionality", imposed by the source mechanism, for 

example. 

p ( 3. 4) 

defines the polarization P in terms of the intensity ~ 

emitted parallel to a given direction (here along the beam) 

and I 1' perpendicular to that direction. lluntcr64 dis-

cussed the effects upon helium fluorescence, concluding 

that no effect 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 reduce any directional dependence. 

Electron Beam 

The electron beam provided the initiating mechanism 

for all processes which relate to the observed fluorescence. 

Equations ~.D and 0.~ illustrate that the fluorescence <le-

pends upon the electron current density, J 8 , and the col-

lision cross section, Qr. 
0 J . The latter depends upon the 

electron accelerating potential (i.e., energy). JB depenJs 

upon the total current, 18 , and the spatial character of 

beam (i.e., diameter and spreading). 

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

1330 N/m2(10 torr) in helium, .these electrons collide once 

per centimeter of trave171. 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 di~meter was 6-7 centimeters. 

Figure 3.16 illustrates the results of a typical test to 

assure that the total fluorciscence (interference filter 

system signal) depended linearly upon beam current. The 

pressure for this test was ~12.6 N/m 2 nitrogen. 

The average beam current was measured as discussed 

earlier, for which measurements the precision was 98%. The 

total fluorescence system aperture was large eµough to in-

clude the entire electron beam geometrical cross section up 

to greater than 2 x 103 N/m2. Hence, J 8 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, Qgj. 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). Effects due to the high voltage 

are thus negligible, since Qgj depends upon the accelerating 



77 

1.0 X 10-6 AMPERES 

..... z 0.8 ..... 
~ 
~ 
:::> 
u 

0.6 
~ ..... -a.. 
..... -:::> 0.4 
~ 
0 ..... 
0 
% 
a.. 0.2 

0 
0 200 400 

MIXING CHAMBER 
PRESSURE• 12.6 N/M2 
(PURE N2 ) 

600 800 x 10-6 

ELECTRON BEAM CURRENT, AMPERES 

FIGURE 3.16. TOTAL FLUORESCENCE AS A FUNCTION OF BEAM CURRENT. 
THE PHOTOMULTIPLIER CURRENT IS THE FILTER DETETECTOR 
SYSTEM OUTPUT SIGNAL, FROM THE N~, B-X (0,1) BAND. 



78 

voltage Vas v-1 tnV. 

Optical Detector Systems 

The segment of radiation observed hy 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 response. 

Scan rate was kept as rapid as possible without 

attenuating full scale recorder displacements (2.5 nm/minute). 

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 emission 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, 

s 
N 

1 PMT 
--- .·---~ 

( 2 e (; /'., f I p MT ) -
( 3. 5) 

G is the gain of the photomultiplier tube, t:. f is the 

system bandwidth, and irMT is the photomultiplier output 

current. F o r th c current , i p MT= 5 x 1 O - 7 amp c re s , a s ma 11 

uncertainty is introduced by shot noise ( < 1%). That is 

typical of the interference filter system. 

amperes typifies the spectrometer output signals, which arc 

subject to larger noise fluctuations ( rv 7% r.m.s.). In-

dividual line readings were uncertain by as much as ±20%. 

Several lines arc present in vibrational band of N~, H-X, 

and the entire distribution characterizes the gas tempera-

turc, TR, as calculated by equation (2.23). Figures 1.1, 1.2 

and 3.17 further illustrate this point. The behavior 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 conditicins by heating the 

entire cavity (see figure 3.10) to 900F. The system was 

calibrated in pure nitrogen, at known pressures. 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/mZ. The worst case was 95% near 10-l 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 2 was smaller than ahout 

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 were ob-

served in 15-30 seconds, quickly enough to insure constant 

ambient conditions. The individual line intensities, 1PMT' 

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 

recording the resolved R-branch rotational spectrum of 

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

Observations were made mainly of the (0,0) band, although 

the (0,1) hand was studied for comparative purposes (sec 

Table 3.3). The R hranch lines of the (O,O) hand could he 

used for K' up to 19. For K'> 19 (shorter wavelengths), 

the 388.9 nm. helium line and (1 ,1) h~nd of nitrogen over-

lapped the spectrum. The results presented here arc those 

obtained using the mixing chamhcr described in figure 3.8. 

(The preliminary data showed complete agreement.) 

fn order to illustrate the results compactly hut 

completely, an effective rotational temperature is shown 

for each nominal set of conditions studied. The effective 
I 

temperature ls determined using - ln (lK') as dcscrihe<l in 

chapter 2. (I' refers to the measured intensity.) Table 

4.1 provides the complete set of results. The r.m.s. 

error (square root of the variance) associated with each 

point is given. Some arc ±5% or larger. The reason is 

that the intensity data deviates, in a systematic fashion, 

from the ideal linear equation. Ilowcver, this manner of 

presentation docs 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±3°K. 

Nitrogen Partial Gas Mixture Measured Effective 
Pressure (He/Nz) Rotational Tcmrerature* 

1microns) (N/m2) OK (± st<l. <lev.) 

5.0 .67 5 309±12 
5 . 1 .68 10 352±14 
5.0 . 6 7 42 390± 8 
5 . 7 .76 92 427±10 
5. 1 .68 5 1 () 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 l. 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. 7 141 451±17 
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 54 446±14 
50.1 6.7 123 429±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°K) 92±19, 82±10 
10.5 1. 4 (Cryostat) 99 (ll6°K) 212±27 

*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 hy showing experimental 

values for the l.h.s. of equation (2.23) plotted as a func-

tion of K' (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.lb-4.ld). There are several 

possible explanations for such behavior. The nitrogen 

ground state rotational distribution may become altered hy 

collisions. Variations from the dipole approximation which 

describes the ionization-excitation process are possible. 

Collisional effects may alter the excited NzB rotational 

states. (An explanation is given in the next chapter.) 

The rotational intensities are also displayed by 

plotting IK1as a function of K' Ii1is multiplied by 2 

for each line with K' even. (This accounts for the nuclear 

spin factor of ~.) Figure 4.2 illustrates the distribution 

of intensities for electron impact fluorescence in pure 

nitrogen, according to the dipole excitation model. Figures 

4.3a-4.3d compare N;, B-X spectra ohserved in mixtures at 

room temperature, for the mixtures indicated. These are 

normalized as indicated. 

The choice of a line for normalization is somewhat 
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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'~ 8 arc forced below the case for pure N2 Such a 

selective reduction of intensities would be very difficult 

to explain and has not been previously observed. Increased 

IK' 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. In nitrogen, P 

branch lines fold back upon themselves. llence, the P branch 

line for which K' =26 lies very near the R branch line for 

which K' =l in the (O,O) band. Their separation was not 

resolved in these experiments. Previous work72,73,74 shows 

that the overlapping is small (a 2% contribution to the K'=l 

and K'=2 lines) at room temperature, and negligible at lower 

temperatures. 

At elevated rotational temperatures, the overlap can 

significantly affect several R branch lines; 400° K requires 

corrections out to K'=6. All of the work reported here was 

accomplished at room temperature, or below. However, as the 

tabulated results illustrate, the effective 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 achieved when 

several tests were conducted in mixtures for which the gas 

temperature was suhstantially helow 3QQO K. Figures 4.4a 

and 4.4b show Ik, for N~, B-X, (O,O) at two gas temperatures, 

where the gas was introduced pre-mixed an<l cooled in a cryo-

static chamher, the same chamber as in reference 64. Figure 

4.5 illustrates the (O,O) band rotational spectrum ohserved 

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 case, hut <lid 

not exceed 400 parts per million. The results indicate that 

the intensity values observed are signi£icantly enhanced for 

the higher rotational energy states. 

The clearest manner of display, to show the enhancement 

effect due to helium mixtures, as exhihite<l by the rotational 

spectra, is to plot /:J. IK' as a function of K'. l:J. IK' is 

the difference between the calculated intensity, TK 1 ,accor<ling 

to the dipole excitation theory and the observed intensity, 

Ikr, normalized appropriately. Figures 4.6a-4.6<l illustrate 
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6 IK' for the data series shown in the figures 4.1 and 4.3. 

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

Survey Spectra 

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 Nz and the excited 

neutral helium atoms account for nearly all the promine11t 

features. Some high vibrational quantum number Nz, B-X 

hands (v~l2, red-shaded) were found at the highest pres-

sure conditions. A single line, which is apparently Ile+, 

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 hackstreaming was found to be the 

source of this impurity.) Other major spectral sources 

were absent; notably lle 2 , which bands have been observed 

using an electron beam at high helium pressures c~ 2xl0 3 

N/m2), and Nz second positive hands. N+ lines, probably 

due to the predissociation of N~c2~~, were observed when 



Table 4.2. Spectral Survey Results.* 

Spectral Feature 

He I, 103n-z3p 
11 , 93n-z3p 

Nz,B-X, (20,16) 
11 , II' (18 15) 

lie r 6ls-2ip 
,+ ' >h,B-X, (4,6) 

11w, II' (3,5) 
II II (2 4) 

' ' ' He I I, 4- 3 N2, B-X, (13,15) 
II ' II ' (14,16) 
II I, 4-2 

Nz,B-X, 3 (4,~) N I I, 3 P- 3 S 

Nz,B-X, 
" " 
II II 

" " 

(2,5) 
(19,20) 
(1,4) 
(0' 3) 

Assigned Wavelength 

355.44 nm. 
358.73 
376.3 
378.3 
416.90 
451.59 
455.41 
459.97 
468.6 
474.4 
485.0 
486.1 

495.8 
500.1,500.5 

507.7 
513.7 
514.9 
522.8 

SEecial Notes 

** 
** 

Red shaded. ** 
Red shaded. ** 

** 
** 
** 
** 
** 

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

in most tests. 
** 

Observed only for 
low He/N 2 . 

** 
Red shaded. ** 

** 
** 

*Included here are additional spectral lines and hands ohserved during 
various survey tests. See Table 3.2 for the remainder which were identified. 

**All of these features were found at high helium pressure and for large 
helium to nitrogen ratios (100). 
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the helium pressure was not high ( ~ 20 N/m2), but they 

were greatly diminished as the helium pressure increased 

(not found for p lie"' 133 N/m2). 

Other Results 

Spectrometric observations of the N~, B-X 6v= -1 

sequence were attempted. The results arc very difficult 

to interpret. The major reason stems from the total hand 

fluorescence spatial dependence. To insure that the 

observed signal for a hand (L: T'K,) is representative or 
K' 

its intensity, the entire source (here the electron heam 

effective geometrical cross section) must be included by 

the optics. The spectrometer did not observe the entire 

cross section as the beam spread at higher densities. 

llence, the signal was not necessarily correlated with the 

emitted intensity. 

The filter systems were designed to overcome that 

handicap. llowever, in the mixing chamber of figure 3.8, 

the primary electrons were scattered hack from the collector. 

There was also light reflected from the walls of the chamber 

into the fjeld 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 he repeated for a given set of conditions, the corrc-

lation with number density of the excited species was lost. 
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!fence, the interference filter system served only a moni-

toring function <luring the final mixing chamber test series. 

The trends of the N;, B-X fluorescence and the lie (31P - zls) 

from the preliminary tests were shown in figure 1.3 and 3.2. 

These were supported by the later results to the extent 

possible. 



5. INTIRPRETATIO~ 

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 n1P 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, occurred due to 

the higher energy electron beam source. 

Three species of excited helium are particularly impor-

tant because they arc energetic enough to excite and io11ize 

nitrogen to NzB. They persist for periods longer than 

typical dipole radiation lifetimes, since collisional pro-

cesses account for their excitation and decay. These arc 

He•, Hez, and He(23s). · 

The abundance of atomic excited states indicated that 

Ilez was formed by the associative ionization process, equa-

tion (2.lSb). Ilez radiation has not been observed to date. 

The presence of the ion may sometimes be inferred from llc2 

bands, formed by recombination 26 • 75 . However, no diatomic 

helium bands were definitely identified from the spectral 

surveys. Their presence as very weak spectral emission may 

have gone undetected at high helium pressures ( > 10 2 ~/m2). 

108 
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Rapid collisional processes with impurities arc known to 

deplete Hez76 

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 (PHe~l02 i'J/m2) exhibited that 1 inc. 

I3oth the Hez and I-le+ ions have been observed previously to 

occur at the same test conditions, and to transfer 

ch a r g e 7 7 , 7 8 , 7 9 . He+ con v c rs j on to II c z , a cc o rd i n ~'. to c qua -

tion (2.1.Sa), becomes significant at high pressures. That 

conversion and the associative ionization thus prc~umably 

p~o<luced significant Hez· 

Both ions excite and ionize nitrogen, as in<licate<l in 

the first chapter. The molecular ion energy overlaps the 

vibrational energy levels of NzB, while lie+ occurs close to 

N~C levels. The reaction, He++N 2+He+N;c, with subsequent 

Nz, C-X fluorescence, an<l the occurrence of K+ 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. N;, 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 ~ith other 

work77. The total N~, B-X fluorescence increased notably 

with an increase in helium partial pressure (figure 1.3). 
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That change is more rapid than linear. 

the excitation of helium, follm,·ed hy the excitation tr;rns-

fer to nitrogen, in general. 

A major contributor to the nitrogen fluorescence was 

the helium z3s metastable state. That particular state was 

populate<l through several mechanisms, including radiative 

<lecay from higher triplet states, collisional energy trans-

fer an<l conversion of the z1s state. Since the triplet meta-

stahlc state provi<lcs a nearly resonant source or ~~B exci-

tation an<l is lost only through collisional mechanisms, it 

has long been identified as the dominating excitation source 

for excited irnpudty spccies 80 - 84 . This Penning ioni:ution 
+ process dominate<l the excitation of >JzB. Although some dis-

agreement exists, the process has generally hec11 interpreted 

to follow the Franck-Con<lon principle. That is, the excita-

tion process describe<l by 

( s . 1 ) 

occurs in such a manner that the v' states fol low a popula-

tion <listribution governc<l by the vertical overlapping or 

wavcfunctions, fiJ;~,iµv,1,<l 3 r. That is equivalent to s;1y1ng 

that the internuclear <listance is constant during the exci-

tation-ionization. Therefore, it i.~ ;rssumL'd tli;1t 

= I!·'·* ,,, u3r 12 '+'v ''+'v'i ( s. 2) 
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represents the Franck-Condon factor of the earlier 

equation (2.18). 

The rotational states arc also excited according 

to the principles <lcscrihe<l in the first ctaptcr. 

a 11 y, the intensity of a rot:1tional line is vovcrncd ,, 

h y the p Ii y s i cs em hod i e d i n c 'I u a t i on ( 2 . 2 2 ) , ,,. i th , 1 i po 1 c 

selection rules :1pplying to the excitation process. The 

primary mechanism is an llc(Z·)S) atom collision ,,·ith >I:X 1 :~, 

as distinct from the electron impact for which the theory 

was originally <levelope<l. If these principles apply without 

deviation, -R-n{I~;~:~/K' (G)aK4'K'i} relates linearly to K' (K'+l) 
I II I 

for measurements of q~,~~· Furthermore, l'IIK' = IK1-lK' 

would be zero for all K provided I'K' an<l IK' arc normalized 

in the same manner. Observations <lo not conform to these 

expectations; 6 JK' deviates systematically from zero, and 

the Zn{I'K,} function, equation (2.23), is not linear hith 

respect to K'. 

Recently, further stu<lies of vibrational hand populations 

of the nitrogen first negative system have been renorted in 

helium-nitrogen mixtures77,85. The results of these studies 

were interpreted to indicate that N~,R-X fluorescence departs 

from the Franck-Con<lon principle. In those cases, the 

nitrogen fluorescence was excited in a <lisch<lrge, which con-

tained predominantly helium. Only inconclusive trends 
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of the vibrational intensities could be derived from obser-

vations made <luring the present experiments. Band inten-

sities for >lz,B-X, (O,l), (1,2) and (2,3) were observed and 

the populations of the v'=l and v'=2 levels increased rela-

tive to v'=O as helium was added to nitrogen at a constant 

partial pressure. 

The detailed rotational spectra oht:1inei.l in our 1rnrk 

can be interpreted as stemming from N~l;, excited hr lle(2 3S), 

Il c + and II e; . De ta i 1 e d b a lance e qua t i on s n re v c.' n· cl i f f i cu 1 t 

to develop due to the complexity of the physical precesses. 

A c on s i s t c n t i n t e r p r e t a t i o n o f t h c c x p L~ r i me 11 t s i s p o s s i b 1 e , 

however. The results of several past resc:1rch prograr1s, in 

w h i c h on 1 y one o r two c x c i t a t i on p r o cc s s e s 1·: c r" d om i n ; 1 t c , 

support the folloK:ing interprct;1tio11. 

Let 11s briefly summarize the situation again. The 

three heliulT' species lle(23S), lie+, and lie~ arc idt·ntified 

as the principle source of nitrogen excitation. (The atomic 

and molecular helium ions 1dll not he distinguished for 

the moment, hut are considered together.) The observed 

r o t a t i o n a 1 i n t c 11 s i t .i e s , i d e n t i f i c J a s r I~ , , Ke H' !' r o d u c c d b y 

passing an electron hcam through helium which cont:iincd a 

small amount of nitrogen. These spectra consistcnt1~· sho1\·ec1 

departure from the mo<lel presented in chapter 2. This depar-

ture may apply more wid<'ly th;111 for just tlw helium mixt11r<'s. 
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llowcver, the interpretation here applies strictly to helium. 

The results presented in the previous chapter illustrate 

the effect in several 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. llc(2 3S) strongly excites NzB and accounts 
I 

for a major portion of the ohserved TK'· This Penning ioni-

zation process docs follow the original model devised for 

energetic electrons. Equations (2.18)-(2.23) apply, except 

that the parameters associated with the electron beam have 

to be replaced with the triplet metastable density, 

lle(2 3S)+N2(X) cross section, and so forth. 

lfelium ions also excite and ionize the impurity nitrogen. 

llowcvcr, the ion-molecule excitation process docs _not follow 

the dipole excitation model. This conclusion is supported 

by the numerous previous experimental results cited. T t is 

further hornc out hy some theoretical work done by .J.C. Light 

and several co-workcrs 86 - 88 . They developed a so-called 

"phase space theory" to dcscrihe reactive collison processes 

in gases. 

Their approach circumvents detailed calculations of 

cross sections (or reaction rates). I nstcad, the concept 

that production cross sections are averages over numerous 
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initial phase space coordinates is applied. The portion of 

phase space available to products in specific states is 

calculated. Its ratio to the total available phase space, 

considering energy and momentum conservation, proviJes the 

conditional probability for those product states. That 

probability, integrated over energy and momentum variables, 

yields the particular cross section sought. 

A fundamental aspect of this theory, which applies to 

helium ion excitation of nitrogen at thermal energies, is 

the concept called strong coupling. This term is used 111 

the context of reaction kinetics, and relates to how the 

reacting species behave. The reaction partners must inter-

act by means of a potential which is substantially greater 

than zero over long ranges. That is, a reaction "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 Stevenson 90 present an approach, based 

upon classical mechanics, to estimate cross sections and 

reactions rates. Their calculations arc based upon the 

interaction potential for an ion acting upon a spherical 

neutral molecule, given by 

Vy(r) (5. ::;) 
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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, <le-

pends upon the ion only through µ, the system's 

reduced mass. The cross section is a function of ug 2 , where 

g is the relative velocity. Hence, this model <locs not dis-

tinguish between the llez and lie+ interactions with nitrogen 

in any fundamental manner. The results presented here, in 

Table 4.1 as values of TR, and in the figures of chapter 4 

as 6IK'' are probably too coarse to reveal any fine distinc-
+ + tion between Hez and Ile . Thus, the two ions may be dis-

tinguished only on the basis of energetics. llcz is, however, 
+ + strongly favored over He to produce NzB from this consider-

ation. Indeed, it is possible to infer that, at high helium 
+ + ~ pressures when lie is largely converted to Hcz, lle(2'S) and 

llez are the dominant sources of nitrogen first negative ex-

citation. He 2+ is then responsible for the enhancement o[ 

rotational lines at K.::_ ?in '.'Jz, B-X bands. 

An application of the phase space model was made hy 

Moran and 1=ullerton91. They calculated the rotational 

excitation-ionization cross sections for llc++:-; 2-.-11c+'.';z(C), 

among others. The results of these calculations inclu<le<l 

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 NzC, at thermal energy. 

6IK'' as plotte<l in the figures of chapter 4, resembles the 

behavior of these calculate<l cross sections. ~IK' compares 

with the ion excitation cross section since the lle(2 3 S) 

excitation of nitrogen is in<lependent of the ion excitation. 

The rate of excitation <lescrihing ~~B 2 ~~(v' ,K') production 

can be expressed by 

R~x = ~(Ile(2 3 S)+N 2 ) + ~~(11e:11e;+N 2 ) ( 5. 4) 

The first term represents metastable production of ~~B 

( by I I e ( 2 3 S )) , t he s e c on d , i on c x c i t a t i on . 0 v e r a 1 1 , t he r ;1 t c 

of change in the population of K' state, assuming only 

radiative decay, js wrjttcn 
<lN , _ , . v'v~ 
-d K - Rex- ~ Kt~K'AK'K2' t v 2' z 

( 5. 5) 

The terms of R~xare further <lescribe<l as 

L: , 1~1QM ( 11 K" , K')Nv'K' (·:-.1) 
vi'KJ.'gl.~ XB "'1' i ;v ' · 1 'v~'K~' :~2 c 5. 6) 

an<l 

( 5. 7) 

g represents the average relative velocity between the col-

liding species, M refers to Ile(2 3S), and Q is cross section 

(also average<l 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 <lcfincd 

the v" K" and v' ,K' relationship to be the same for both 
l ' l 

equations (5.6) and (5.7). 

It is important to recognize the complexity inherent in 

these two equations. NM and Nion arc <leterminc<l by compli-

cated processes involving several rate expressions. 'fhc 

mechanism inherent in QixoB° is cl i fficul t to express. llencc, 

the phase space theory presents a means to estimate the 
. <lN KI 

cross sections. If equilibrium is assumed, dt = 0. Writ-

ing the resulting expression for NK' into the intensity 

equation, we derive 

( 5. 3) 

v' " v'v'i Herc, A(K') = (A. v 2 +A ) the symbols have . K'K'-1 K'K'+l ' 
been 

supresse<l, and the Q~8 , Q~~n notation shortened. 

follows the original dipole excitation theory, by hypothesis. 

Hence, K'i=K'±l an<l two terms result. v'1' = 0 since only tlH' 

lowest vibrational level of N2 is significantly populated 

at room temperature or hclow. 

The result is that 



119 

where IK'K~ is the intensity of equation (2.22). 

Thus, 

tiIK' = IK'K'- 1 -(constant)·IK'K'-l 

( L g NionQionNv'K'cN ))hvK'K-lAK'K'-1 = 2 x B I v" K" I 2 - A ( I' I ) v" K" " 

(5.9) 

(5.10) 

for R branch lines of NZ,B-X. I' represents the measure<l 

intensity, as before. In practice, both the intensities 

arc normalized at the same K'. Since experimental and 

phase space results indicate a larger effect at higher K', 

the K' = 1 line has been used for normalization of the re-

sults presented in figures 4.6a-4.6d. P branch overlnpping 

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 

d h 1 1 d . f N+C, . N+I' ma e to t e ca cu ate cross sections or , 2 . s1ncc , 2 ) 

calculations w-ere not published for helium. ~;n compari-

sons have been made by Moran and Fullerton91 for heavv 

inert atomic ions. Their hehavior is generally similar to 

that illustrated in figure 5.1. 

Results at low temperature support this interpretation 

of 6IK'. The effect was observed at the loKer temperatures, 
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as f i g u res 4 . 4 an <l 4 . 5 sh o \\' , n n d th c K ' v a 1 u cs i m· o 1 v c d a r c 

smaller as the temperature decreases. Moran an<l fullerton's 

calculations indicate such a trend, the peak cross section 

occurring at lower K' values ns the relative energv is 

reduced. 

Excitation of N;n which occurs hy transfer from excited 

neutral atomic states, other than the metast;1hle, should 

further enhance the term proportion;1l to IK'K'-l in equation 

(5.10). The constant for normalization can hL' adjusted to 

include any processes which arc like He(23S)+'.\ 2 , including 

primary electron beam excitation. 



6. CONCLUSIONS 

Rotational spectra of N~, B-X hands, produced from 

impurity nitrogen in helium, have heen investigated spec-

trometrically. A heam of 26 kilovolt electrons, up to 1 

milliampere in current, provided the primary source of 

excitation. Fluorescence from a numher of directly and 

indirectly excited helium atomic states was resolved during 

spectral surveys of the wave length region 350.0 to 550.0 

nm. One lie+ line appeared, at 468.6 nm. Several Nz, B-X 

hands were found in the surveys. The presence of llcz ions 

and of the helium triplet metastahle lle(23S) was inferred. 

The major contrihution to the Nz, R-X spectrum was due 

to the helium species colliding with N2 , exciting and ioni-

zing the molecules. lle(23S), lie+, and llez account for sub-

stantially all of the excitation. A model of the process 

has heen derived, which attrihutes a large fraction of the 

ohserved rotational line intensity to lle(z3s). lle(23S) + 

N2 -+lle(11S)+N2B+e, the Penning ionization, follows the 

Franck-Condon principle and hehavcs as a rapid energy trans-

fer, permitting dipole selection rules to govern. lie+ an<l 
+ He 2 charge transfer processes do not follow this principle. 

Since the two types of interaction arc independent, the 

observed rotational line intensity represents their sum. 

The measured intensities were normalized to the intensity 

distribution calculated from a dipole excitation theory, 
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devised for high energy collisions (electrons). 

was then evaluated, line by line. The resulting ~IK' 

follows qualitatively a "phase space theory" model. That 

fact, together with extensive past research related to the 

II e ( 2 3 S) , II e + , and I I e z r c ;1 c t i on s w i t h n i tr o g c n , cs tab 1 i shed 

this interpretation of\~, B-X fluorescence for mixtures 
.... 

of helium ~rn<l nitrogen. Specific ph:isc space calculations 

o f t h e H e z + ~ z -+ 2 H c + '.'; z B :rn d I I c + + : ~ z-~ II c + :\ z B s ho u L d h c a c c om -

plishe<l in the future to further support the concepts 

derived here. 

Energy considerations favor the molecular ion charge 

transfer reaction. The electron beam induced first negative 

system fluorescence for high helium pressures was inferred to 

he due to the helium triplet metastahles an<l the diatomic 

helium ion. The latter is responsible for the observed 

enhancement in the populations of the higher rot;ition:ll \~B 

states, exhibited hy larger intensities than predicted bv 

the dipole excitation model. 
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AN EXPERIMENTAL STUDY OF THE ROTATIONAL 

DISTRIBUTION OF NzB (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 are 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, N2CB 2 L~-X 2 Lg), have been observed with relatively 

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 NzB rotational 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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