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ABSTRACT

The optical radiation from air and nitrogen bombarded by energetic
(kev) electrons has been measured over a wide range of gas pressures.
Absolute fluorescent efficiencics of spectra from 3, 200 to 11, 000 R are
presented for air and nitrogen at both 22 Torr excited by 10 kev electrons
and 600 Torr excited by 50 kev elec*irons. At lower pressures, absolute
intensity measurements have been made in the form of electron excitation
+

cruss sections for the iirst negative and Meinel bands of N2

The radiative

lifetimes of the Meinel bands are also given.

The pressure dependence of the {irst and second positive systems

of N2 and the first negative and Meinel systems of N;

With the exception of the Meinel bands, the Stern-Volmer collisional

has been analyzed.

quenching mechanism accurately describes the pressure dependence of
these systems in nitrogen and air. The Meinel bands of N; are produced
by several mechanisms. One excitation process is pressure dependent
and effective only at lower pressures. The Stern-Volmer expression
describes the intensity-pressure dependence of the Meinel bands at higher

pressures where the direct excitation process dominates.

Based on the Stern-Volmer analysis, the absolute intensity of the
electron induced fluorescence is determined for various transitions of these

four band systems for any pressure of air or nitrogen.
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1. INTRODUCTION

The optical emissions from gases excited by encrgetic electrons are
chdracternistic of certamn paremeters of the gas and the exciting electrons.
Defining the naturc of the optical emissions for atmosphernc constituents
excited by energetic ¢lectrons 1n @ controlled laboratory experniment is
necessary to understand and interpret 1onaspheric radiative phenomena.,
These include natural aurora and airglow emtissions as well as the optical

crmissions associated with the detonation of a nuclear device.

As 1s well-known, thermal X-rays constitute a large fraction of the
total yicld of an uncshielded high altitude nuclear weapon. On encountering
the atmosphere much of the thermal X-ray energy 1s dissipated in the form
of electrons produced by the 1onization of atmospheric constituents. The
clectrons, 1n turn, excite certain molecular and atomic stat 2s of the
atmospheric gases which may decay with the emission of the optical
radiauon. This rescarch study was designed to measure the absolute
intens:ties of the optical emissions from atmospheric gases excited by
criergetic electrons. Very limited experimental measurements have been
reported for absolute fluorescent efficiencies (the percentage of an electron's
total kinetic energy converted into optical radiation). In addition, other
parameters such as radiative lifetimes, gquenching cross sections of the
aimospheric gases and electron excitation cross sections are necessary to
extrapolate from a given experimental condition to other conditions of

pressure (altitude) and incident electron energy.

Presented in this report are various forms of absolute intensity
measurements made with an experimental system designed to provide high
beam currents of electrons with kilovolt energy incident cn target gases
over a wide range of pressures. The a)jparatus facilitates the measurement
of absolute intensities in the two obvious cases (fluorescent efficiency and
excitation cross section) where absolute values cf the radiance by a

specific molecular or atomic transiuon may be described in terms of
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meaningful parameters. The target gases were restricted to cither nitrogen ~r

air.

In the thick target case, the incident encrgetic electron is stopped
within the ob: ervation region of the target chamber and measurements of
absolute intensity yield fluorescent efficiencies. TFluorescent elfficiencies
are presented for the spectra observed in nitregen and air at 22 Torr excited
by 10 kev electrons and 6C0 Torr excited by 50 kev electrons. The spectra
were observed from 2,000 to 11, 000 Angstroms with 18 Angstrom resolution,
Fluorescent efficiencies are presented for resolved spectral features from
3,200 to 11,000 R The band systems observed in the nitrogen thick target
case were the second poritive (CS'I'['u - BSTI'g), first positive (831Tg --A3 }_’;),
Gaydon-Green and Herman infrared systems of N

2.+
system (B }_‘u

2 and the first negative

+ +
~x? x,) of N,. In addition the NO Y system wi=" = x%m

2

2+ .t
and CN violet (B" X —')(2 =~} and red systems (AZT}', -X >_‘+) were observed

i

as impurities in the target chamber. The spectra observed in the air thick
target case consisted of the first and second positive systems of N2, the
+

2’ the NO y bands and some atomic spectra of

nitrogen, oxygen and argon. In addition, the fluorescent efficiency of the

first negative system of N

(0-0) band of the first negative system of N; at 3914 X has becn measured

for a variety of combinations of incident electron energy from 10 to 60 kev

_—— ) Am A& mm e o geimeam L e ) Fa ONAN M L
and targel gas pressure 1iom <<« 1o ouvu L OIT.

&

When the mean time between collisions appioaches the lifetime of
a transition, collisional quenching may compete with spontaneous decay as
a depopulating mechanism of the excited species. Values of the quenching
cross sections of the N2 and air are given for the 3914 X band and intense
transitions of the N2 iirst and second positive systems. Calculation of the
collisional deactivation cross section from thick target measurements infers
knowiedge of the fluorescent efficiency at low pressures where quenching

{s an ineffective depopulating process. In the case of the N2 first and

seconrd positive bands, this quantity is extrapolated from the thick target

il aarer i als




+
measuremants. Tor the N2 first negative system, the low pressure fluorescent
efficiency is based on several established parameters as well as the electron

excitation cross section of this experiment.

In the thin target case the energetic primary electron loses a small
fraction of its energy in traversing the observation region of the target
chamber. In this condition the absolute intensity measurements may yield
values for excitation cross sections providing primary electron excitation
can be distinguished from emission produced by secondary electrons. The
emission from nitrogen in the thin target case (leo-zl‘orr) excited by 50 kev
electrons has been measured from 2,000 to 11,000 R. The spectra observed

includes the first positive, second positive and Gaydon-lierman singlet

-
2 2
and several atomic transitions of nitrogen. Excitation cross sections have

2 2 4
systems of N_, the first negative and Meinel (A Tl’g*'X .‘_g) system of N

been measured for the (0-0) band of the {irst negative system and the (2-0),
(1-0) and (0-0) bands of the Meinel system. Additional! measurements of
the {2-0), (1-0) and (0-0) Meinel bands have determined N2 quenching

cress sections and radiative lifetimes for these transitions.

- +
The first negative and Meinel systems of N2 and the first and

second positive systems of N_ are among the most intense atmospheric

2
emissions. Tluorescent efficiencies for electron excitation, radiative
lifetimes and the quenching cross sections of the atmospheric constituents

________ +i1 £
1

are parameters essential for the interpretation of excitation conditions.
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2. EXFERIMENTAL APPARATUS

The experimental facility used to record the data presented in this
report was developed under a previous comract.l An abbreviated description
of the basic experimental system is repecated here with subsequent modifica-
tions. Previous publications contain a more detailed description of the experi-

5

1
mental apparatus and also initial values for absolute fluorescent efficiencies”

which have been essentially confirmed by subsequent measurements.

The system has been designed to measure the absolute emission
from various gases and gas mixtures excited by electrons. Differentially
pumped nozzlesg are used to provide monoenergetic electrons incident on the
target gas. The maximum system operating conditions are 10 ma beam current,
60 kev beam energy and 1 atmosphere of air or nitrogen target canamber pressure.
Figure 1, a doubly exposed photograph of the differential pumping system,
shows & fluorescing volume extending slightiy outside the observable region '

of the target chamber. The beam energy is variable down to approximately

3 kev with a significant decrease in target chamber beam current due to

electron gun defocussing effects. The minimum target pressure used in the
-4

present measurements was 10  Torr attained by removing two of the three

differentially pumped nozzles used in the high target pressure stud:es.

2.1 Electronic System

The electron gun was similar to the type used in Van de Graaf
accelerators. A series of seven electrodes supplied by a voltage divider
network accelerate and focus the electron beam. At the output of the gun
assembly a magnetic lens reduced the natural focal length of the electron

beam as determined +y the focussing electrodes.

The electron gun cathode, a hairpin tungsten filament, was operated
at a maximum of 60 kv negative potential. A 30 amp dc filament supply,
extraction voltage supply and pulser network rested on an insulated shielded

table and were supplied by a 3 kva isolation transformer as shown in Figure 2
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The electron beam was modulated Ly a control grid. In cne operating mode,
the pulse to the control element was supplied by a strobe which was outside
the insuiated shielded table and detected by a phototube on the table. The
phototube output triggered a pulse generator that controlled the duty cycle
and amplitude of the modulated electron beam. The primary fraciency
generator was a precision variable oscillator which triggered the strobe and
provided the reference signal for a synchronous detection system. This

operating mode was limited to frequencies of less than 450 Hz, the maximum

strobe pulse rate.

Another operating mode was used at frequencies greater than 450 Hz
and was an alternative to the strobe technique at lower frequencies, In this
mode the pulse generator was internally triggered. The beam pulse collected
in the target chamber or on one of the differentially pumped nozzles was used

as a reference signal for the synchronous detection system.

Two pairs of Helmholtz coils were located beyond the electron gun
system in the region of the low pressure chamber. These provided horizontal

and vertical beam deflection to aid in the alignment of the electron beam.

2.2 Pumping System

The electron beam system described here used the technique of
differentially pumped chambers tc allow passage of the electron beam from
the gun to a high pressure target chamber without traversing window material.
The system described here was similar to that of Grun3. The design param-

eters have been discussed by Schumacher4.

This system was composed of three differentially pumped chambers
between the electron gun and the target chamber. Chamber ! (Figure 3) was
pumped by an NRC FEquipment Corporation H34-750 Tvpe 161 diffusion pump
with @ maximum pumping speed of 750 liters/sec unbaifled. Chamber 2 was
pumped by an NRC Equipment Corporation B-4 booster pump Type 126B with a
maximum pumping speed of 240 liters/sec unbaffled, and Chamber 3 by an
F. J. Stokes Corporation 212N microvac pump with a pumping speed of 140

cfm unbaffled. An individually thermostated, optically opagque, cold trap

7
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Q..
was maintained at -20 1" by a freon refrigeration system between each pump

and the vacuum system,

The difterentially pumped nozzles were attached to movable teflon
supports as shown n P'igure 3. These were driven horizontally and vertically
by vernier drive screws, controlied outside the chamber. This allowed for
alignment of the nozzle system to maxiumize the beam current entering the

target chamber.

. . -4
The nozzle design, Figure 4, maintained a pressurc of 1 x 10~ Toir

in the gun chamber with 800 Torr of air or 1\‘2 m the target chamber. The

maximum operating pressure in the gun chamber was limited by high voltage

E——— e T T T T L.

breakdown and rcasonable cathoede life. Tor low pressurce thin target studies,
a single nozzle was used to increase the beam current entering the target
chamber and to increasc target chamber pumping speed. The higher pumping
speed reduced contaminants from residual gases and facilitated target
pressure control. A Granville-Phillips Company varniable lecak was used to

regulate target gas pressure.

2.3 Target Chamber

The stainless steel target chamber was 11 inches in length by 8 inches
in diameter. The 4 x 10 inch window was either lead glass, pyrex, quartz
or arsenic trisulfide depending upon the wavelength region of interest. The

chamber was electrically 1solated and used as a Faraday cup to measure

oy

eam current, A pump port on the target chamber allowed rapid rough-out
of the system by the mechanical pump. Internal target chamber design
differed in the thick and thin target cases. Detalls are described 1in sub-

sequent sections.

2.4 Monitoring and Detection System .

The target chamber pressure was measured by a Wallace and Tiernan
Gauge (5 to 800 Yorr) or an NRC Equipment Corporation "Alphatron" Gauge
- +
(10 4 to 10 4 Torr). The gauges were consistent within five percent in the

overlap pressure range.




CONFIGURATION OF THE NOZZLES SEPARATING

THE CHAMBERS

l:\\'ﬂ\.
CLAMBER 3
CHAMBER 2
CHAMBER 1
T
« SISTTCNET

APERTURE.
DIAMETER = 0.120"

TARGET CHAMBER
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LENGTH = 0.040"
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The pulsed beam current striking each nozzle was monitored through

a leakage resistor by 4an oscilloscope. This aided in the initial alignment of

the nozzles for maximum beam current in the target chainber. Thermistors

monitored the temperature of the copper nozzles and under the usual cperating

conditions the duration of system operation was unlimited.

The radiation emitted by the target gas was spectrally analyzed by a
onc meter MacPherson f/10.0 scanning grating monochromator of the Czerny
Turner design. For the data presented here, 1200 line/mm Bausch and Lomb
gratings blazed at either 7500 R or 3000 X were used 1n the monochromator.
Diffraction orders were separated by Corning filters. The detectors used at
the exit slit of the monochromator were an EMI 6256 photomultiplier with
S-13 respense, an RCA 6199 photomultiplier with S-11 response and a

liguid nitrogen cooled RCA 7102 photomultiplier with 5-1 response.

The modulated electron beam fluorescence was measured by a phase
sensitive amplifier (Princeton Applied Research Model JB-4) and recorded by
a dual channel strip chart. The second channel was used to record either
the electron beam current or a fluorescence monitor signal as provided by a
second phase sensitive amplifier. The fluorescence monitor consisted of

an orptical interference filter mounted on a photomultipher.

A 10-20% duty cycle was normally used with the electron beam pulse
to maximize the ratio of power 1n the fundamental frequency to total power
in the beam. This minimized the general heating effect in the system for a

yiven signal as recorded through the narrow band phase sensitive system.
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3. THICK TARGET CONDITIONS

The thick target studies measured the optical emissions excited by
energelic slecirons stopped within the field of view of the target chamber.
With the present chamber, this requirement limits the range of the incident
; electron to 10 cm or lass. Figure 5, & photograph of thick target fluorescence,

illustrates that the fluorescing volume approximates a sphere. The two thick
iarget cases considered are 10 kev electrons incident on air and nitrogen at
22 Torr and 50 kev electrons incident on air and nitrogen at 600 Torr. Abso-
lute fluorescent efficiencies have been previously presented for 50 kev
electrons incident on air and nitrogen at 600 Torr. 2 Remeasurements have
essentially confirmed the absolute fluorescent efficiencies 1nitially reported2

with revised values, on the order of 10 to 20 percent, for some transitions.

3.1 Target Chamber

The target chamber used in the thick target case is shown in Figure 6.
Since the electron beam :s stopped within a 10 cm sphere. the electrons are
not collected by the walls of the chamber. A thin copper disc with an open-
ing slightly larger than the electron beam entrance opening was mounted on
the copper plate containing the entrance hole. The disc was isolated from

the plate by & thin film of Teflon. This surface was one of two electron

PR

collecting surfaces. The second surface, an innovation since the eariier
reports, consisted of a movable copper disc controlled outside the chamber
by means of rotary seal. When specira was being observed, the movable
plate was withdrawn outside the range of the incident electrons. In order

to measure the absolute beam current incident on the target gas, the movable

plate was positioned within 1 cm of the non-movable disc. In this position

the incident electror. eam strikes the movable copper plate. The two

} collecting surfaces which are separated by a small fraction of the incident
I: electron range collect all of the electrons incident on the target gas. The
diffarence in beam current measured with the movable plate in its two

extreme positions 1s a function of the relative hole diameters of the diifer-

entially pumped plate and the teflon i1solated collecting plate, a function of

12
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the electron range and also the target gas. For the 50 kev, 600 Torr case the
difference in the total measured beam current with the moavable plate in its
extreme positions is approximately a factor of two. In the recent measure-

ments, with the movable plate beyond the electron range about half the

incident electrons are lest either to the differentially pumped plate or

through the opening. The total measured beam current is essentially constant

for a given energy from thin target (range of the electron very large compared
' to the target chamber dimensions) to thick target (range of the electron less
than 10 cm) conditions. All surfaces within the target chamber were painted
black to minimize reflections such as observed on the unpainted surfaces in
Figure 5. The constant relative intensities of the band systems recorded
before and after the paint was applied ensured the paint was ineffective as

a target gas contaminant,

3.2 Procedure

3.2.1 Recording Spectra

The spectra presented from 2,000 X to 11,000 R were recorded with
the monochromator aligned with the center of the fluorescing volume. The
f/10 monochromator was positioned such that the field of view was slightly
underfilled. This ensured that the total fluorescing region was observed

with a slight sacrifice in solid angle collecting efficiency. The 2,000 to

11,000 R spectra were recorded in three segments, The 3,200 to 6,000 A

region was recorded with an RCA 6199 photomultiplier with S-11 response
and the 5,000 to 11,000 & region with a liquid nitrogen cooled RCA 7102
photomultiplier with S-~1 response. The low wavelength limit was extended
to 2000 & by using an S-13 EMI 6256 photorultiplier with a 1200 line/mm
Bausch and Lomb grating blazed at 3000 X The wavelength region observed
with this grating-photomuitiplier combination ranged from 2,000 to 5,000 R
The 1200 line/mini Bausch and Lomb gratings uccd in the monochromator with
2.0 mm slits resulted in an effective spectral slit width of 18 R The

relative spectral response of each detection system was measured with a

15
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standard tungsten filament lamp. For wavelengths below 3200 R the system
spectral response is less certain due to an inicreasing uncertainty in the
standard lamp intensity. Below 2500 R, the lower limit of the standard lamp
calibration, the system response was based on a calibranon technique using

sodium salicylate as a constant quantum detector,

3.2.2 Ultraviolet Calibration Technigque

The experimental set up for the ultraviolet calibration procedure is
shown in Figure 7. The ultraviolet source, a discharge tube producing the
hydrogen continuum, illuminated the entrance slit of the calibration mono-
chromator. In effect, the ultraviolet source-calibration monochromator
system functioned as a continuously variable monochromatic source with a
line width of approximately 20 R A beam splitter at the exit slit of the
calibration monochromator divided the emerging beam between a sodium
salicylate coated photomultiplier and the entrance slit of the system to be
calibrated. The beam splitter consisted of two front surface aluminum
mirrors. The intensities of the split effective line source were recorded by
a dual channel strip chart for a series of wavelengths from 2,000 to 3,000 X
The relative response of the system to be calibrated was calculated based
on the relative intensity of the effective source as measured by the coated
photomultiplier, assuming constant quantum efficiency for the sodium
salicylate phosphor. However, the ultraviolet radiation incident on the
MacPherson monochromator may have been partially polarized. Polarization
may occur both in the calibration grating monochromator and at the beam
splitter. In addition, the degree of polarization is a function of wavelength.
Since the grating efficiency of the system under calibratiocn is a function of
the degree of polarization of the incident radiation, the measured relative
response is 3 unigue ~ase¢ for the given calibrating source pelarization.
Grating polarizing effects are conventionally described by intensity
magnitudes in two orthogonal directions, parallel and perpendicular to
the grating rulings. However, rotating the MacPherson monochromator ninety

degrees about its entrance slit optic axis, reverses the iniensity vectors of

16

e e e — - - m ———r m




EXPERIMENTAL ARRANGEMENT TO MEASURE
UV SYSTEM SPECTRAL RESPONSE

DUAL CHANNEL
STRIP CHART

PHASE
SENSITIVE
AMPLIFIER

1802

b e e e e e

PHASE
SENSITIVE
AMPLIFIER

Reference Signal

S-13
PHOTOMULTIPLIER

L

SODIUM

SALICYLATE

COATED

PHOTOMULTIPLIER
BEAM

SPLITTER X‘_——

1 METER
GRATING
MONOCHROMATOR

i

Monachromator rotated
90° about this axis for
the alternate position

MIRROR
MECHANICAL
CHOPPER
Quartz
—g - Window
CALIBRATION
MONOCHROMATOR
WATER COOLED
H2 DISCHARGE
LAMP
Figure 7
S S el i e gl

T haa——

B Dibsrteil i >




i e o DCETR' A L oA ot 5+

the incident polarized radiation with respect tc the MaclPherson grating
rulings. 1n Figure 8, A and B are defined as the relative system response .n
the two mutually orthogonal monochromator positions to the same partially
polarized source. The relative response in position A and B differ by as
much as 35%. Also shown in Figure 8 is the relative response of the system
above 2500 R as measured with the standard tungsten lamp. The relative
responses for these three cases have been arbitrarily normalized at 2800 R
The relative system response to unpolarized radiation, C, may be described
by

( (}(lA)2 + BZ}I/Z =C = K,D

where D is the relative response measured by the standard tungsten lan.p
and Kl and Kz are constants to correct for the arbitrary normalization at

2800 R Since A, B and D are known for several wavelengths k\'l and K_ may

2
be found by simultaneous equations. The relative system response to an
isotropic source measured directly with the standard lamp and indirectly
with the partially polarized effective line source show maximum discrepancies

of the order of 15 percent.

3.2.3 Absolute Fluorescent LEfficiency

The relative integrated intensity of each resolvable spectral feature

was determined from the relative intensity data by graphical integration

=
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(11
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cr
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ot}
—
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p g
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fu
o3
4]
Q
ey
&
-t
[¢]
]

wiih a poia luorescent efficiency
for a single wransition defined the absolute fluorescent efficiencies for all
spectra from 2,000 to 11, 000 R since the relative ntegrated intensities
were known. An intense section of the fluorescing spectra was observed
with a bandpass interference filter mounted on a photomultiplier. The
photomultiplier was positioned several meters from the fluorescing gas to
approximate conditions of point source illumination. The absolute
responsivity of the photomultiplier and filter was measured with a standard
tungsten lamp calibrated by the National Bureau of Standards. Knowing the
transmission of the filter to the observed spectra, incident electron energy

and electron beam current and assuming the radiating gas approximated an

18
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isotropic point source, the absolute fluorescent efficiency was calculated.

3.3 Results and Discussion

The spectra observed from 2,000 to 15,800
cases considered are presented in Figures 9 through 12. The spectra were
observed with an effective spectral slit width of 18 R with a scan speed of
100 R/minute. The relative intensity profiles have been normalized to a

. . 4
maximum intensity of 10 1in each case.

Absolute fiuorescent efficiencies are presented in Table 1 for each
resolved speactral feature from 3,200 to 10,600 R Absolute fluorescent
efficiencies are not presented for the 2,000 to 3,200 R region. The intensity
of the NO y bands, the dominant radiator in this wavelength region, is a
complex function of several parameters. Until the relationships of these
several parameters are established in a controlled experiment, a"hsolute

fluorescent efficiencies are ot little value.

3.3.1 NO y System
The NO y bands were readily observed in nitrogen (O2 present as an
impurity) and air at both target pressures studied. The manufacturer's

analysis of the N, supply, Airco prepurified tagged nitrogen, showed an

2
O, impurity of 0.9 PPM and a dew point of —7000. Previously, an

{t]
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{3
3
[oN
[t
3
-+
V]
jo]
Y]
—
2
n
1=
n
o]
-
[}]]
]

similar cvlinder from the same manufacturer
showed an 02 impurity level of less than 4 PPM. In addition, a sample
from the target chamber showed no measurable difference from a sample
taken directly from the cylinder. Thus the 02 impurity level of the target
gas appears to be limited by the gas supply.

Of the spectra observed, this band system is unique in that the
intensity is not direcl.y proportional to the electron beam current. Tigures
13 and 14 show that in both air and nitrogen the NO y intensity, I (NO vy),

may be described by the expression

I (NO y) = Kb *°

where K is a constant and J is the electron beam current. Figure 14 indicates

20
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that above several microamps of electron beam current the NO y intensity
nitrogen increases at a less than linear rate with electron beam current. An order

of magnitude calculation suggests this effect 1s due to the himited 0O, available.

Figure 15 compares the intensity of the NO y (0-3) band and the N2
2P (2-0) band in air as a function of the electron beam duty cycle. Measure-

i ments indicate the intensity of the second positive bands is directly pro-
portional to the electron beam current. The intensity of the second positive
band has been used as a measure of the amplitude of the fundamental

! harmonic (signal measured by the narrow band phase sensitive amplifier) of

‘ the pulsed electron beam. Thus comparing the NO y band as a function of

duty cycle to the Nz 2P band, in effect 1s a measure of the ratio of the

i amplitudes of the fundamental irequency of the NO y emission and the
electron beam. The slope of Figure 15 supporis the beam current dependencc

established in Figure 13,

. ) . o_,
When the emission in air was observed, the addition of a =78 'C
cold trap on the gas supply increased the intensity of the NO y emission.

The cold trap was located close to the gas supply and after cooling the

; target gas passed through a 20 foot length of copper tubing to allow the gas

10 revert to room temperature. This ensured that the effects of the cold

trap were due to the removal of @ condensable impurity, presumably water

| : vapor, rather than gas kinetics due to a reduced mclecular velocity. The

' { addition of a water bubbler to the a1 suppiy line reduced the NO v emission.
Thus at pressures of from 22 to 600 Torr, water vapor 1s an effective quencher
of the NO y bands. In order to control the water vapor present, the air
spectra were recorded with a —7800 cold trap on the gas supply. Assuming
the target gas approached the temperature of the cold trap, water vapor was

present in the target gas with a concentration of 1 - 10 PPM,

In order to compare the intensity of NO y bands in the four cases,
Figures 13 and 14 were used to reduce the intensily to a standard electron
beam current arbitrariiy established as one microamp. Table 1l prescnts the

relative intensity of the NO y (0-n) progression for the {our experimental cases.
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NO y VS N, 2P RELATIVE INTENSITY

AS A FUNCTION OF ELECTRON BEAM DUTY CYCLE
AIR A1 600 TORR, 50keV ELECTRONS
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TABLE 11

NO y (0-n) RELATIVE INTENSITIES FOR | pa BEAM CURRENT

Target Gas

Llectren Lnergy, Gas Pressure

10 kev, 22 Torr

50 kev, 600 Torr

N2 (0.9 PPM 02. 3 PPA 1120)

Air (1-10 PPM HZO)

42
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The int2nsities of the NO y bands in air are reduced by the quenching effect
of several atmospheric constituents in addition to water vapor. Dondes,
Hartech and Kunzb have observed NO y emission excited by alpha particles
in nitrogen at atmospheric pressure with varying O2 concentrations. They
conclude NO y emission is maximized when the 02 concentration is S0C PPM
and above this level O2 acts as an eifective quencher. Young and Sharple556

2O guench NO y

emission in accord with the Stern-Volmer mechanism. Sterm-Volmer quenching

have determined that the atmospheric constituents CO2 and N

assumes that the excitation prccess is independent of pressure and colli-
sional deactivation is described by an expression of the form:

1=1 (1+Kvro P)-1
a

where | is the intensity of emitted radiation, Io the intensity at a pressure
low enough to exclude quenching, K a proportionally constant, v the average
velocity of the colliding molecules, 7T the lifetime of the excited species,

¢ the cross section of the quenching molecule and P the partial pressure of
the quenching molecule. Comparing the NO y intensity of Table 2 in air

at 22 and 600 Torr indicates the intensity increases by a factor of 4 x 102

in going to the lower pressure. Since the Stern-Volmer two body mechanism
implies a maximum increase of 27 (600,/22), this expressicn does not
describe the NO y quenching in air. The increase in intensity of a factor

of 490 is in fair agreement with the square of the pressure ratio (272 = 720).
The decrease in intensity from N2 to air by a factor of 2 x 105 at 600 Torr is
also in reascnable agreement with a quadratic pressure eifect., This suggests
the dominant quenching mechanism in air in this pressure range may be

three body collisions.

+
3.3.2 N2 First Negative System

In addition to the fluorescent efficienciec presented in Table I,
rinined for many combinations of incident electron
energy and nitrogen gas pressure from 10 to 60 kev and 22 to 300 Torr,

The data points presented in l'igure 16 summarize and indicate the range of
many more experimental points. Tor a given electron energy the fluorescent

efficiency was measured with the target gas pressure var.ed to change the

43
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electron range {rom approximately 3 to 10 cm. The linear relationship of

Figure 16 suggests that both the fluorescent efficiency is independent of

electron energy and the Stern-Volmer mechanism describes the gquenching
process of the 3914 X emission. Tigure 14 may be analyzed in terms of the
Stern-Volmer expression of the form

1 = 1 (1+2.2x10%% 1)
€ €o

where € is the fiuorescent efficiency at any pressure, Eo the fluorescent
efficlency at low pressure where quenching is an insignificant depopulating
process, ¢ the deactivation cross section of the neutral nitrogen molecule
in cmz, 7 the lifetime of the 3914 R band in seconds and P the pressure {n
Torr. As discussed in the thin target results, electron excitation cross
section measurements of the 3914 X band together with other experimental
evidence indicate that in nitrogen co is (6.0 M 1.0) x 10-3 for excitation
by electrons with an encrgy of several hundred ev or more. The lifetime of
the 3914 R band has been measured by Bennett and Dalby7; Fink and Welgea;
Sebacherg; Ieunehommelo; Fowler and Holzberlein“ and Hesser and
Dressler. 12 The experimental results are summarized i Table Iil. The
value of Bennett and Dalby has been used to calculate collisional deactiv-
ation cross sections. With these values for eo and T, Tigure 16—]r§su1t25

in a N2 collisional deactivation cross section of 5.9 M 1.4x 10 cm .

Measurements similar to those presented in Figure 16 have bcen
made in air. In the Jressure range of 20 to 800 Torr the efficiency for
production of the 3914 X band in air is reduced by a constant factor of 1.7
from the value at the corresponding pressure in nitrogen. Quenching of the

3914 R band is examined in air by an expression of the form

1 1 21
= [1+2.2.10 7 (o P +a P )]
e (atp fo(au‘) N2 N2 02 02

where it {5 assumed deactivation in air is caused by collisions with either

N2 or 02. The value of eo in air {s estimated to be 0.7¢ the value in N2.

This estimate imglies O2 and N2 are almost equally effic:ent in absorking the

kinetic energy of the high energy primary electron as well as the less
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; TABLL 111

N_; FIRST NLGATIVL (0-0) BAND LIVLTIMLE NMEASUREMENTS

Experimenter dafetime
Bennett & Dalby 6.58% 0.35 x 108 seconds
+ -8
Fink & Welge 4.5 - v, 4 x 10 7 scconds
+ -8
Sebacher 0.5 -0.2x10 seconds
4 -8
Jeunehomme 7.15 - 0.4 x10 seconds
Fowler & Holzberlein 8.2 -0.8x l')”8 seconds
Hesser and Dressler 5.9 -0.6x 10"8 seconds

o o e
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energetic higher order electrons. This interpretation i1s supported by the
total ionization cross sections for OZ and Nz under clectron impact. Tate
and Smlth13 present total 1onization cross sections for O2 and N2 that d.ffer
by less than 5 percent for electrons with energy of up to 750 ev. The more
recent results of Schram et al}4 reporting a 15 percent larger ionization
cross section for 02 than N2 have been used to estimate ¢ 1n air. With a
value of < in air of 4.6 x 10-3 and using (5.9 : 1.4) x 10_15 cm2 for the
N2 quenching cross section, the air fluorescent efficiencies result in an

V), quenching cross section of 1.4 M 1.0 x 10—14 cmz.

The quenching cross sections of N and in some cases O, for the

<

2
1 1
3914 R band have been measured by Brocklehurst and Downing 5, Jeunehomme 0.

Hirsh et all6 and Brocklehurst”. The summarized results, presented 1n
Table [V, show reasonable agreement with the exception of Jeunehomme's
value. In Jeunehomme's experiment the quenching cross section was
measured by observing the decrease of the apparent lifetime of the 3914 R
fluorescence with increasing pressure in a modulated rf discharge.
Jeunehomme has suggested that the unusualiy large collisional deactivation
cross section might be due to quenching by species in the discharge other

1
than ground state NZ' 8

The rota_tional temperature of the 3914 R band has been measured 1n
mtrogen‘ and air at target gas pressures ranging from approximately 3 x 10—2
to 6 X l0+2 Torr. The data presented in Figure 17 summarize and indicate the
range of the experimental results. For a given pressure there was no
measurcble difference in the rotational temperatures 1n air and nitrogen. At
a target gas pressure of 10 Torr the rotational temperature was measured as
a function of the electron beam current and monochromator ficld of view.
With a beain current of several milliamps and the field of view limited to a
volume less than 1 cm from the electron beam entrance hole, an effective
rotational temperature of approximately 37SOK was observed. When the

field of view was shifted to exclude this region of maximum current

density the measured rotational temperature decreased to approximately

47
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TABLE IV

COLLISIONAL DEACTIVATION CROSS SECTIONS FCR THE

+ AN
N2 FTiRST NLGATIVL (0-0) BAND
Experimentc\ara Quenching Molecule
N, O.
Z 2
-1 2 - 2
(x 1071 em?) x 1071 em?)
Jeunehomme 34
Brocklehurst & Downing 5.9 : 2.2
+ +
Hirsh et. al. 6.9-1.0 12.3-2.1
+ +
Brocklehurst 6.0-2.0 5.6 -2.8
< N
This experiment 5.9-1.4 141 10

a ) . : i
In calculating the collisionai deactivation cross section, all experimenters

have used a value of 6.58 t'O.SS X 10-8 snconds for the 3914 X band lifetinie.
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3600!(. Decreasing the beam current by an order of magnitude resulted in a
360°K rotational temperature both in the field of view restricted to the region
of the beam entrance aperture and the larger field of view excluding the
antrance aperture. Thus, a slight thermal heating effect was detectable

at the beam cntrance aperture with high {ma) beam currents.

The increase in rotational temperature observed in Figure 17 occurs
over a pressure range where the excitation conditions shift from a thin to
a thick target. In the low pressure thin target case the excitation is due
te high energy (50 kev) electrons contrasting with a much lower average
energy of the excitation electrons in the thick target case. The observed
pressure dependence of Figure 17 may reflect an enargy dependence of the
3914 R band rotational temperature. Culp and Staix‘19 have recently measured
the rotational temperature of the 3914 f band with electron energy from
threshold to 300 ev. Their measurements indicate a rotaticnal temperature
of 310°K from 300 to approximately 30 ¢v. Below 33 ev as threshold (18.7 ev)
is approached. the rotational temperature increases to a maximum of approx- ;
imately 350‘)!(. The authors interpret the increase in rotational temperature, i
as a momentum transfer at excitation energies near threshold. The reported
increase is too small in magnitude and occurs over too smmall an energy
range to fully explain the increase in rotational temperature observed in

Figure 17,

The rotational temperature dependence fits a collicional model of the

form No collision T = 312°%
collision T _ = 360°K
rot 21
=2 7
P=1-e 2.2 x10 TP

where Pc is the probability of collision, o the cross section of the colliding

molecule, P the pressu.e in Torr, and 7 the 3914 2 band lifetime (6.58 x 10-B :

seconds). The data of Figure 17 fits this model with a collision cross section
- 2

of from 3 to 8 x 10 15 cm”. Herzberg20 discusses the effect on the rotational

tempearature of the 3914 R band excited by electrons when the pressure

increases such that collisions occur before the excited species decays to

50
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the ground state. For electron excitation Herzberg interprets the rotaticrnal
temperature as an accurate description of the kinetic temperature providing
the appropriate value of the rotational constant is used., At low pressures
where collisions of the excited state are unlikely, the distribution of

rotational states is described by the rotational constant of the N_ ground

2
state. At high pressures where collisfons are probable the rotational

2:4

+4
constant of the N_ B u state should describe the population of rotational

2
states. Because of the similar magnitude of the rotational constants this
explanation accounts for only a 4% (IZOK) Increase 1n rotational temperature
froni the low pressure to the high pressure case. Since the quenching cross
section of N_ for the 3914 & band has been measured to be (5.9 A 1.4) x 10~

2
cm2 in good agreement with the collisional process described by Figure 17, it

15

appears the higher rotational temperature at higher pressures is due to a
preferential quenching of lower rotational states.

In the recent publications of both Fink and Welge8 and ]eunehommelo,

2 ..

+ +
the authors suggest two excitation processes pcpulate the N, B u level.

Fink and Welge observe a decrease in the 3914 s band lifetirf\e for excitation
by electrons of less than 5C 2v. The authors interpret this effect as a
cascade population of the Nz 52 2;: state from an undetermined higher energy
level. LIxtrapolating the observed energy dependence of the 3914 X band to
excitation threshold, Fink and Welge conclude the lifetime of the 3914

band is 4.5 B 0.4 x 10_8 seconds. Bennett and Dalby observed a similar
med the decrease in lifetime

K T 1
whigil SLlilice = Ll (3 arn il 183 me

at low energies was due to overlapping by the N_ second positive bands.

Fink and Welge had sufficient resolution to elimiznate this possibility.
Jeunehomme, exciting the 3214 R band in an rf discharge with an average
electron energy of from 20 - 28 ev, supports the lifetime of the 3914 R
band given by Bennett and Dalby (Table III). Jeunehomme also observes a
dual litetime fluorescence dezay which is interpreted as a direct and
indirect population of the N+ D2 .‘_': level. The indirect process which

2
accounts for 10 to 20 percent of the 3914 R photons, decays with a
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J.6to 4.4 x 10 ~ second lifetime. However, like the unusually large N2

deactivation cross section measured by Jeunehomme (Table 1V), the observed

indirect populating mechdanism may be unique to the rt discharge source -
rather than a general electron impact mechanism, Sebacher9 has observed

that metastabie helium states can excite the 3914 & band and cause a dual

fluorescence decay in N2 -He gas mixtures,

A dual excitation process could =xplain the rotational temperature
effect of I'igure 17. For example, at higher pressures the popuiation of
rotational states from the cascade mechanism might be collisionally
redistributed. The higher rotational temperature of Figure 17 could thus
reflect a larger rotational constant of the level from which cascading

originates. Although the recent results of Fink and Welge and of Teunehomme

“,ndicate an indirect exciting mechanism for the 3914 X band, these results

alse propose values for other parameters (the radiative lifetime and the N2
quenct.ing cross section) that are not consistent with other experimental '
results., Until these discrepancies are resolved, the indirect populating

process of'the 3914 R band is not assured as a general electron impact

mechanism.

3.3.3 yz Second Positive System

As shown in Figures 9 through 12, the N2 second positive bands are
the most intense radiators for the thick target cases considered. A previous
study1 presented the relative integrated intensities of the emission from _
3,200 to 10,800 & in air and nitrogen at 600, 200 and 5 Torr excited by 50 kev !
electrons. However, in the 200 and 5 Torr cases only a fraction of the total
range of the 50 kev electrons was observed. As discussed in the N; first
negative section, the absolute fluorescent efficiency for the 3914 R band

excited by erergetic electrons incident on air and nitrogen is independent

of eiectron energy and a function of only the numb

gas molecules. The relative integrated intensities of the second positive

bands of the earlier results were converted int¢ absolute fluorescent

efficiancies by a conversion factor based on the known absolute flucrescent
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efficliency of the 3914 R band at the given taerget pressure. In the cases
where only a fraction ot the toial ranye was observed, tuis technique
assumes the relative intensities of the 3314 X band and the second positive
bands are typical of the ratio of the intensities integrated over the total
range. With this assumption, the fluorescent eff{iciencies are known for
the second positive bands excited by 50 kev electrons incident on N2 at
600, 200 and 5 Torr as well as {or excitation by 10 kev electrons incident
on N2 at 22 Torr. Tigure 18 prcsents the rour values for the (0-0) and (0-1)
transitions in the form of a Stern-Volmer plet. The data at 600 and 22 Torr
are directly measured fluorescent cfficiencies (Tabiz I). The values at 5
and 200 Torr are based on the i1ntensity relative to the 3914 Rband in a
spectrogram where a fraction of the total electron range is observed. The
linear relationship of Figure 18 indicates that both the inherent assumption
is accurate within experimental error and Stern-Volmei quenching describes

the pressure dependence.

The evidence that the fluorescence of the firsi negative and second
positive system have a similar spatial distribution over the range of an
energetic electron is not surprising. Since the exc.tation of the N2 second
positive system from the ground state involves a forbidden signlet-triplet
transition, direct excitation is accomplished by electrcn exchange. This
mechanism is reflected in the electron excitation [uiicticn by a sirong velocity
dependence. The absolute electron excrration cross seclions presented by
Stewart and Gabathuleer and more recently by Jobe, Sharpton and St. ]ohn22
show a sharp maximuin at 15 ev and a rapid decrease at higher electron
energies. The low energy electrons that are most efficient at exciting
the N2 second positive bands are produced by ionization of the target gas.
Valentine and Curran')'3 in a review article present experimental evidence
that indicates electrons with energy greater than 100 ev luse an average
of 35 ev per ion pair produced in both N2 and air, As discuassed in the
thin target results, electron excitation cross section measurements show

that for electrons with energy greater than approximatelv 100 ev the ratio
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of the total ionization cross section of N2 to the excitation cross section of
the 3914 & band is constant. Since boath the low cnergy secondary electrons
and the 3914 R hand are produccd at a ratec that is directly proportional to the
ratc of 1onization, the second positive and the 3914 R €M15S10N are propor-
tional. At the gas pressures used in the thick target studies (5 Torr or
greater) the range of the secondary ciectrons is very small. Thus the
relative intensities of the 3914 R and second positive emission should be

spatially congruent over the encrgcetic electron's range.

The lifetime of the second positive bands has been measured by
Bennett and Dalby7, Fink and WelgeB, and Jeunehcmme. 10 The lifetime
measurements indicate that a multiple excitation process exists, presumably
a direct and an indirect cascade process. In calculating a value for < and
a (sec first negative discussion} from the Stern-Volmer plots, Bennett and
Dalby's value for the radiative lifetime for the lowest vibrational level was

used for all transitions.

The values for € and ¢ with their probable errors as detcrmined by
a weighted lecast square analysis are presented in Figure 18 for the (0-0)
and (0-1) second positive bands. Figures 19 through 38 present analogous
data for other transitions in N, and air. Table V summarices the collisional

2

deactivation cross sections of N2 and air for the transitions considered. A

weighted average of the quenching cross sections for each upper vibrational

_ i~ MTal
11 40

T B B e R Ty
1€VE1 15 4180 Given i V where

B PN
s v WO

he weight of a given transition is

[ 541 v S RA

proportional te the inverse square of its probable error. Using the average

values of ithe N2 and air quenching cross sections, an O2 quenching cross

soction calculated from

o  =0.790¢ +0.210
air N2 O2

is given in Table VI. Table VI compares the quenching cross sections of

N2 and O2 measured in this experiment with the values presented by

Brocklehurst and Downingls, Hirsn et 3116, and Brocklehurst. 17 The values of

co, the fluorescent efficiency at pressures Jow enocugh to exclude quenching,
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TABLE V

COLLISIONAL DEACTIVATION CROSS SECTIONS OF N, AND AIR
FOR THE SECOND POSITIVE BANDS OF N

Traneitior uench
N,

i (xlowwcmz)
0-0 0.56 % 0. 08
0-1 0.50 £ 0. 08

0-2 0.51 % 0.07

5 0-3 0.49 ¥ 0.07

| Or4 0.50 = 0. 08

’ 0-5 0.85 % 0.20

, 1-2 1.470.4

! 1-3 1.210.15

1-4 1.4%0.2

| 1-6 to.2

; 1-7

i

i - 1.5 2 0.4
2..

I

" 2-8 1.7 2 0.5
3-3 2.310.7
3-4 2.120.8
3-5 2.2%0.9
3-7
3-8 1.9 2 0.5

2
2

Weighted Average for Progression
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cmz) (x10~
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TABLE VI

LLISIONAL DEACTIVATION CROSS SECTIONS OF N, AND O,

FOR THE VIBRONIC LEVELS OF THE SECOND POSITIVE BANDS OF N,

N, xl(]_16 cmz)
a Brocklehurst This
Progression Brocklehurst Hirsh et al Downing Experiment
0-n 0.4 1.2 0.6 1.8 2 0.3 0.5Z = 0.03
1-n 250 a.1t0.5 1.4 0.1
+ + +
2-n 4.8 - 1.4 5.,3-0.8 1.6 -0.2
3-n 6.2 - 1.3 2.0 £0.3
O2 (x10—16cm2)
+ + +
0-n 48 - 20 39 - 11 44 - 4
1-n 52218 59 26
2-n 8i T 32 4926
| 3-n 50 = 7
!
%A1 quenching cross sections are based on the radlative lifetime, (4. 45 : 0.6)x 10_8

seconds, measured by Bennett and Dalby for the (0-n) transitions.

bThe probable errors of this experiment do not inc

< iCLINE
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TABLE VII

FLUORESCENT EFFICIENCIES FOR THE N, SECOND POSITIVL BANDS
"EXCITED BY ENERGETIC ELECTRONS INCIDENT ON N2 AND AIR

T itio ‘0 (x 10—5)5 Ratio Weighted Average
N2 Alr (0(N2)/(0(Air) eaﬁfyfr—é%%on
0-0 186 * 16 112 115 1.7%0.3
6-1 126 = 10 82111 1.5 0.2
0-2 a8l4 3114 1.5 2 0.2 1.6 0.1
0-3 14.6 1.2 9.9% 1.5 1.5 2 0.3
0-4 4.0 0.3 2.9%0.4 1.5 0.3
0-5 1.1 0.2
1-2 3878 2916 1.3 0.4
1-3 26 = 2 247 4 1.120.2 1.1%0.1
1-4 182 132 1.4%0.3
1-6 1.5420.14 - 2.0%0.7 8%0.3
1-7 0.37 £ 0.07
2-4 8.4 1.6 s.1lo.9 1.6 0.4
2-6 3.1%0.7
2-7 0.81%0.13 1.4%0.3
2-8 0.40 < 0.08 0.35 2 0.11 1.1% 0.4
3-3 5.6 1.2 5.120.7 1.120.3
3-4 1.0%0.3 1.120.3 0.970.4
3-5 2.0% 0.6 1.320.4 1.5 L 0.6 1.1 0.2
3-7 1.120.4
3-8 0.68 X 0.12 0.52 % 0.17 1.3% 0.5

a‘l‘he fluorescent efficiencies are based on measurements in N? and Air extrapolated to
low pressure where collisicnal deactivation is an insignificant depopulating process.
The probable error does nor include the error in the absolute measurement which is

@stimated to be an additional : 15%.
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derived from the Stern-Volmer plots of the second positive bands in air and
N, arc prescnted in Table Vil, The ratio of the values in N2 and air are
calculated for each transition, For each upper vibrational level observed,
a weighted average (based on the inverse square of the probable errors) is
given in Table V]I for the ratio of (o in N_ and air. The values of « o for

2
the lowest vibrational level 13 gignificantly higher in N, than air. This

2
implies a unique excitation process populates the lowest vibrational level
of the N2 (33 Il\l state 1n N2 but is 1neffective in air at the¢ pressures used 1n
these thick target stud'es (5 Torr or greater). At lower pressures (less than
S Torr) presumably the values of o would become equivalent, assuming
competing inelastic electron collisions with 02 and the other atmospheric
constituents are negligible.

Brocklehurst and Downmg15 compare emission from nitrogen near
atmospheric pressures excited by energetic r:lectrons with the pubhshed?‘
spectra of this experiment excited under similar conditions. The relative
intensities of the band systems show reasonable agreement with the exception
of the second positive bands which Brocklehurst and Downing estimate six
times less intense in their results., Due to approximations 1n their measured
integrated band intensities, it 15 suggested the experimental differences in
the second positive system intensity is closer to a factor of threc as indicated
by the N? quenthmg cross sectionc of Table VI. The similar pressure ranges
used in b‘oth experiments for the N, second positive quenching analysis and
the general agreement 1n the magnitude of the O2 quenching cross sections
of Table VI, imply the differences in the second positive system intensities
and the N, quenching cross sections are due to target gas impurities.

2
Brocklehurst and Downing have measured relative band system intensities

2
only a slight increase in second positive system intensity when the

as a function of O, cuntent in the 1\12 supplied to the target chamber with

estimated O2 content decreased from 55 PPM to less than 4 PPM. Table VI
indicates preferential quenching of the second positive systen: vibrational

levels is strong for N_ and slight for 02. If a target gas impurity more than

2
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triples the number of deactivating collisions in the experiment of Brocklehurst

e e e e g

and Downing, the {mpurity depopulates the vibrational levels of the secon’
positive system in the same preferential ratio as nitrogen. This result in
addition to the aforementioned measurements of Brocklehurst and Downing
eliminates O2 as a posgible target gas impurity causing the experimental

differences in the N, second positive system intensity.

When the gas flow through the target chamber of this experiment was
decreased from an estimated 100 cma/sec to 10 cm3/sec {(maintaining the
same target chamber pressure), the ak~olute intensity of the second positive
system decreased by a factor of twe while the first negative system remained
unchanged. The change in second positive system intensity with gas flow
is interpreted as collisional quenching from impurities originating in the

vacuum system, possibly from leaks or outgassing prouudcts generated by

electron collision with the chamber walls or other residual gases in the
system that are reduced in partial pressure by increasing the gas flow. This
tentative explanation is somewhat suspect in that it requires a surprisingly
large combined partial pressure and quenching cross section for the impurity
to produce an intensity change of two (different flow rates this experiment)

or three (Brocklehurst and Downing and this experiment).

The electron induced fluorescence of air at pressures ranging from
10 to 600 Torr has been measured within a spectral bandpass of 3200 to
7000 X by Grun, 24 The pressure dependence of the radiance was accurately
described by a Stern-Volmer quenching process with the fluorescence
reduced by a factor of two at 11,5 Torr. Figures 10 and 12 indicate the
dominant radiator in air excited under these conditions is the lowest vibra-

tional level of the second positive system of N The quenching cross

-
section of air meas_red in this experiment for the lowest second positive

ribrational level (Table V) is squivalent to a half intensity air pressure of

[1+]

10.9 Torr, in excellent agreement with the results of Grin. The similarity
of these results is additional evidence supplementary to Table VI of the

general agreement in the magnitude of the O2 quenching cross section for
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the second positive system,

3.3.4 N, T

-

The electron excitatic:i conditions of the first positive bands are
similar to the sccond positive bands. Direct excitation of the {irst positive

system from the N_ ground state, like the second positive system, involves

a singlet-triplet trzansition. The electron excitation cross sections of
Lanqstrothzs, Stewart%, and Zapesochnyi and Skubenich?'7 indicate a
maximum at approximately 15 ev and a rapid decreasc with increasing energy.
In addition to direct excitation, the first p- sitive system 1s populated by
allowed transitions from higher triplet states (the second positive,

Goldstein-Kaplan and fourth positive systems),

]eunehomme28 has recently measured the radiative lifetimes of the
vibronic levels of the first positive system in @ pulsed rf discharge. The
fluorescence decay is described by the sum of three apparent lifetimes,
The smallest value is interpreted as the natural radiative lifetime for direct
excitation with the longer lifetimes due to cascading from longer lived

states. i

Using the analysis presented for the N_ second positive bands, the

collisional deactivation cross section and eo viere calculated for the mcre
intense transitions in nitrogen and air. The radiative lifetimes of Jeunehomme
were used to determine the quenching cross sections. The number cf isolated
first positive transitions in the nitrogen spectra is limited because of over-
lapping emissions of the Gaydon-Green, Herman-Infrared and CN red systems
as well as atomic nitrogen. Figures 39 through 46 illustrate the best fit of
the data to a Stern-Volmer plot as determined by a weighted least squares
analysis. Table VIII summarizes the results. The large probable errors are
due to the pooriy defined intercepts of the Stermn-Volmer plots. An exiension

of the measurements to lower pressures is necessary to reduce the errors in

the calculated parameters. In addition, the magnitude of the overlapping
molecular spectra (observed with N2 as the target gas) 1s reduced at lower

target pressures.
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TABLE VIII

FLUORESCENT EFFICIENCIES OF THE N2 FIRST POSITIVE BANDS EXCITED BY ENERGETIC
ELECTRONS AND THE COLLISIONAL DEACTIVATION CROSS SECTIONS OF N2 AND AIR

Trangition

€ (x10°

0-0
1-0 58 %16
2-0 22 %6

3-0

4-1
5-2
+
5-3 3.0-0.6

6-3

5

)

0.

Air

9 -

+
30 -

132

+
g -

9

30

13

0.

4

o (x 10_17 cm%)a
N2 Air
+
S5-5
+ +
1.9-0.5 7-7
1.5 2 0.4 626
+
2 -1
3-1.5
4.8 - 2.6
6.5-5
+ +
1.1-0.3 2.2-0.7
+
1.4 -0.3
1.4 -0.4

e'The collisional deactivation cross sections are based on the radiative lifetimes

of Jeunehomme,
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4. THIN TARGLET CONDITIONS

In the thin targe’ studies the gas pressure was reduced such that
the energetic primary electron lost a small fraction of its energy in crossing
the observation region of the target chamber. The collimated energetic
electron beam in the thin target case facilitates the distinction between
primary and secondary electron excitation based on the spatial distribution
of the emittance. The thin target measurements presented in this report are
limited to the first negative and Meinel bands of N+. As observed in this

2
experiment these band systems were e:xcited by primary energetic electrons.

4.1 Target Chamber
The target chamber design for the thin target measurements is shown

in Figure 47, Wall effects, including emissions due to sccondarv electrons
produced by the impact of the electron beam on the end of the target chamber,
were isolated from the observation region by two copper baffles. Figure 48,
photographs of the thinr target fluorescence, illustrates the effectiveness of
the baffles in isolating wall effects from the observation region where the

thin target measurements were made,

A single 3 x 9 mm differentially pumped nozzle maintained a maximum
pressure of 5 x 10-4 Torr in the electron gun ection while the target
-4 2

m™ N 1
prescure ranged from 10 " to S x 10 Terr, The isclated target chamber

functioned as a Faraday cup to measure the electron beam current.

Target chamber pressure was measured with a National Research
Corporation "Alphatron" gauge. The "Alphatron” gauge was calibrated
over the range of 0.02 to 1.0 Torr with a Mcleod gauge which read
approximately 10 percent lower than the "Alphatron" gauge. Recently,
Schram et al14 have discussed a pumping effect of mercury vapor in
McLleod gauges previously reported by others. Mercury vapor diffusing
from the reservoir causes a pressure gradient between the gauge and the cold
trap conventionally used to isolate the vacuum system from the gauge, This

effect results in a low McLeod gauge reading. Schram's pressure readings
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THIN TARGET FLUORESCENCE

No AT 1072 TORR, 50 keV ELECTRONS, S mg BEAM CURRENT,
10 PERCENT DUTY CYCLE

b. 1C MINUTE EXPOSURE

Figure 48
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of nitro yjen increased 8 percent by placing a cold trap immediately above the
mercury rescervelr. The magnitude of the mercury pumping ettect is a
function of the gas, mercury temperature and the dimensions of the gauge.
Assuming this effect accoun.s in part for the lower MclLeod gauge reading,

the"Alphatron” yauge absolute accuracy is believed to be within five percent

over ithe range 3 x 10~4 to 5 x lO—ZTorr.

4.2 Recording Spectra

Figure 49 is a spectrogram of the emission in N2 at S x 10—2Toxr
excited by 50 kev electrons. The spectra were recorded with a series of
gratings and photomultipliers and corrected for the systein spectral response
as previmusly discussed in the thick target results. The manochromator was
positioned sucl .1at the long dimension of the electron beam was parallel
to the entrance slit Thie eiectron beam was imaged on the 2 x 20 mm
entrance slit by a corndensing lens resulting in an optical gain that was
inversely proportional to the width of the fluorescing beam. The optical
gain was approximately one for the {first positive bands and progressively
increased for the second positive, Meinel and first negative system
(ortical gain of approximately ten). The long exposure of Figure 48
illustrates the emission was not confined to the path of the primary electron
beam. The 3914 X emission excited by the primary electron beam is an
accurate measure ol the beam width. Since little momentum is transferred
in electron excitation, the velocities of the excited molecules are
described by a room temperature Boltzman distribution. The average 3914 8
cmitter travels only 3 x 10-?' mm over one radiative lifetime (6. 58 x 10—8 sec).
Sheridan, Oldenberg and Carletonza photograiphed the beam width of the
3914 R band nd the (2-0) Meinel band emission due to electron excitation 4
and estimated the (2-1) Meinel band lifetime as 3 x 10-6 seconds based i
on the width of the fluorcscent beam. This value yields an average single
lifetime travel of 1.4 mir.. The first and second positive bands of N2 are
excited principally by low energy secondary electrons and account for the

emission outside the primary electron beam of Figuwe 48. Thompson and
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William=~  as well as Stewart, Gnbbon and Lmeleus™  have reported the

same general cffect for the first positive bands, Fan32 presents the same
general spatial distnibution for electron beam excitation. lHowever, Fan's
spectrographic measurements indicate a wider electron beam fluorescence

for the {irst negative bands than the Meinel bands.

The (2-0), (1-0) and (0-0) Meinel band measurements were made
with three bandpass interference filters mounted on a liquid nitrogen cooled
photomultiphier (RCA 7102) with S-1 response. A tubular collimator limited
the angle of incidence to & maximum of 7.5 degrees off the normal. The
cellimator ensured that the bandpass of the filters did not substantially
shiit to lower wavelengths for off axis itllumination. The filters were
effective 1n isolating the Meinzl bands {from adjacent spectra for normal

mcidence 1llumination.

4.3 Meinel Band Lifetime Measurements

-+
The Meinel bands of Nz, first 1dentified in aurora, have been
9
excited by an energetic electron beam by Sheridan, Oldenberg and Carleton. 28
In add:tion to & 3 x lC-6 second lifetime for the (2-0) band, a N_ collisional

2
-1 2
quenching cross section of 2 % 10 4 cm  was presented.

In the present experiment the lifetimes of the (0-0), (1-0) and (2-0)
Melnel bands were measured. A low signal to noise ratio prevented the
fluorescence decay from being displayed on an oscilloscope and measured
directly. Two cxperimental technigques were used to measure the radiative
lifetimes. VYigure 50 1illustrates the experimental arrangement for the
technique using a gated input to a phase sensitive amplifier. The gate
width was controlled by a pulser which also provided a continuously
variabje delay from an external reference (electron beam pulse). This
technique allowed the narrow band phase sensitive amplifier to scan the
fluorescence decay of the photomultiplier output. Initial results indicated
the Meinel band lifetimes to be pressure dependent and range from
2to 5 x 10—6 seconds over the pressure range of 3 to 20 x 10—3 Torr. The

-b
gated sample width was 0.4 x 10 seconds and the electron beam
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.

modulation frequency 2 x l04 Hz for most of the lifetime measurements

with the linear gate technique. The phase sensitive amplifier was tuned

for a logic pulse with no delay from the arbitrarily defined zero time.
Introducing a delay to the logic pulse detuned the phase sensitive amplifier.
The amplitude of the fluorescence decay was corrected for the effective
decrease in the gain of the amplifier which was proportional to the cosine

of the angular delay.

In the second experimental technique the amplifier output was
applied to a Princeton Applied Research waveform eductor. an instrument
designed to recover repititive waveforms from low signal to noise ratio
inputs. In the waveform eductor, the repititive waveform is divided into
one hundred segments which are switched sequentially and synchronously
through a resistor to memory capacitors where the average signal is
obtained and stored. The information in the memory was read out on a strip
chart recorder. The minimum sample time per channel was one microsecond.
The Meinel band lifetimes were corrected for a system rise time of about
one microsecond caused by the limitation of the waveform eductor high

frequency bandwidth.

The measured lifetimes are based on the exponential decay of the
fluorescence over approximately an order of magnitude of intensity. It
has been assumed that the {luorescence decay is described by a single
exponential decay. Worsley33 has treated the problem of extracting
multiple exponential decays from experimental data. It is necessary that
the experimental data ke very accurate in order to be meaningfully described
by a sum of exponentials. In addition, observation of the intensity decay
over several orders of magnitude may be necessary. Lven with these
conditions satisfied, the determination of several coefficients and
exponents by curve fitting can be ambiguous. With the accuracy of the
data of this experiment and the limited range of intensity observed, a

single exponential decay is the only meaningful interpretation.
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The pressure dependence of the lifetimes of the (2-0), (1-0) and
(0-0) Melinel bands are presented in Figures S1, 52 and 53. For most of the
data the results the two experimental methods show no measurable difference.
However, at the higher pressures the lifetimes measured for the {(Z-0) band
with the waveform eductor are significantly larger than the values measured
with the linear gate technique. Thi: effect is believed to be due tc over-
lapping by a first positive band which increases the lifetime measured with
the waveform eductor at high pressures. As subsequently shown, the
intensity of first positive bands increases faster than pressure while the
Metne!l band intensity ‘ncreases less than the rpressure in this range. Thus,
fluorescence within the bandpass of the interference filter of the overlapping
first positive emission should ‘ncrease at higher pressures. Figure 10
tndicates the relatively weak (7-6) first positive band coincides with the
(2-0) Meinel band. ]eunehommezehas shown the fluorescence decay of the
first positive bands in an rf discharge are described by tne sum of three
exponential decays. The natural radiative lifetime (presumably the fastest
exponential decay) for the seventh upper vibrational level is 5.3 x 10_6
seconds. This minimum value of the several first positive decay rates is

larger than the (2-0) Meinel band lifetime at the higher N_ target gas

pressures. In the case of the linear gate technique the mf)dulauon
frequency was 2 x 104 Hz compared to 5 x 103 Hz for the waveform eductor.
Operating at a 10 percent duty cycles, the electron brym pulse width was
5x 10-6 seconds for the linear gate and 20 x 10_6 seconds for the wave-
form eductor measurements. The narrow beam pulse used {n the linear gate
case has reduced the relative intensity of the longer lived overlapping first
positive bands. This interpretation is supported by Figure 54 which shows
lifetime measurements of the (2-0) Melnel band as a function of pulse
width at two N2 gas pressures (5.3 and 23) x 10-3 Torr. The 5:; 3 x 10..3
Torr lifetime is independent of pulse width, while the 23 x 10 ~ Torr data

shows a significant decrease In lifetime at narrow pulse widths.
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Figures 51, 52 and 53 have been analyzed by a Stern-Volmer
quenching expression of the form

177 = 2.2.1021 o P+ 1/
o

where 7 1s the cbserved fluorescence decay time, o the collisional quenching
cross section of N2, I’ the pressure 1n Torr and T the natural radiative
lifetime. The collisional quenching cross section of N, has been estimated
as 6.6 x 10-15 cm2 for the (2-0) band, 6.1 x 10—15

-15 2 -
4.6 x 10 cm for the (0-0) band. The respective valucs of T, are 6.3 x i0 "

cm? for the (1-0) band an!

_ -6 -6
L.8x 10 7, and 8.5 x 10 seconds. Shenidan, Oldenbery and Carleton
measured a value of 6 x 10_20 cm2 seconds for the product of the (2-0) band

Lifetime angd the N2 quenching cross section. This experiment indicates a
o}

value of 4.2 x 10729 oy~ seconds for this quantity.

4.4 Neinel Band Collisional Deactivation Cross Secuons

In the previous section the N, collisional quenching cross section
was measured by observing the pressure dependence of the exponential
decay of the Meunel band fluorescence. NMeasuring the less than linear
increase of the Meinel band intensity with pressure 1n the range of 0.3 to
20 x 1()-3 Torr 1s an alternative method of measuring the collisional
deactivation cross section. In this method two photomultipliers were used

to observe the electron beam fluorescence as a function of target gas
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...... ith 5~1 response was fitted with

either one of the threc Meinel band interference filters and the tubular

collimator. A narrow band interference filter that i1solated the first

negative (0-0) band at 3914 R was mounted on a second photomultiplier

with an 5-11 photocathode response. The intensities of both the 3914 S

band and ecither the (2-0), (1-0) or (0-0) Meinel band were measured by the

phase sensitive amplifier as a function of the target gas pressure measured !
by the "Alphatron" gauge. The pressurc dependence of the 3914 X band for

a typical case 1s presented in Figure 55. The siight scatter about the ’ '

l:near relationship 1s due to errors in the pressure measurement. The best

linear fit of the data has been used to define a corrected pressure for each '
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data point. The corresponding Meinel intensity at each pressure is plotterd
against the corrected pressure value 1n the form of a Stern-Volmer pliot in
I'"gures 86 through 61, The figures indicate that the Stern-Volmer guenching
expressaon 1s vahid over himited pressurc ranges and, the Meinel band

intensity as recorded, 1s frequency dependent.

The fundamental harmonic of the fluorescence 1n 8 given transition
excited by a modulated electron beam 1s shifted 1n phase because of a finite

rahhative Lifetime. The magnitude of the phase shift 1s expressod by

— fH=arctan 2 7 f r
where f{ 1s the electron beam modulation frequency and 7 1s the radiative
Litetime. In addition to the phase shift, the amplitude of the fundament. |
harmor.ic 1s attenuated as described by an expiression of the form

A=[1+ @rint) V2

where A represents the amplitude attenuation, Tro phase sensitive amplificr
was turmed in cach lustance for maximuin signal output for the 3914 R band.
I'or the modulation frequencies used (2 x 104 Hz maximum) the 3914 R band
{€.56. )D—B socond liretune) was essentially a measure of the electron beam
rhase. The Meinel band intensity as measured 1n the fundamental harmonic
by the phase sensihive amplifier 1s proportional to the product of the
aniplitude and the cosine of the angular delay. Thus the {requency depen-
inténsily 15 described by

l=(1+2rin’)!

as measured by the phase sensitive amplifier tuned for 3914 R band. The pro-
vious section :ndicates the Meinel band lifetimes are on the order of 6 x 10
seconds. Thus at & x 103 Hz, 1t is antic:pated the Neimnel intensities will b
reduced on the order of five percenl from the maanitude measured at lower fro-
quencies. Hoeweoever coliisional quenching comrpetes wiln {luorescence decay
at higher pressure. and causes an increase in the depopulation rate of the
exciten state. Thus in order to measure Meinel intensity as a function of the
sinaic variable pressure, modalation freguencies less than & x 103 Hz were

usced to avord mtensity attenuation at the lenger decay times {(low pressuresi.

100




AON3NOIY4 NOILY INAOW Z¥3H OSi i}
ONVE T3INI3W (0-2) 107d U3WTCA-NY31S

Figure

{,-440L ¢, 01%) d/|
o2 Sl (O] S0 0

107

\q
w
(syiun K1oapqiy) 1714

\q\

98 _Wwd Qi \Q

2 ouuwb\
pd

0]]
J3s _wd Djxg'g= 1o

ai

1602

B 24 ST e - et ion-y S A e PO, P




AON3NO344 NOILVINCON ZY¥3H 01X
GNVE T3NI3W (0-2) 107d ¥3IWTOA-R2ELS

&~
w
[:8)
S
(,_d4cl cOix)d/| i
(o4 Sl o G0 o}
T T \J._ 0
i v
| ke
| %
—_— —_— l:w! ——— QQ\ N
m ?..Ew\
T Al
[ r‘?vﬂ.\‘,\ !
A7 ! <
\\WQN ,R.‘ _— U nJ.Fi — e b H m
\\m\ m >
w\ .. ]
\vvj ! =
m e m
i 2
\ | s
"
J9es mEu o~|0_-o_uhb 23S Nﬁu owio_um b= 10 =~
I
\
nn \p ol
e UL 2 R erese oo e 0 AR B e oo Tl N B o - s . L




02

AON3ND344 NOILYINGOW ZY3H O
GRVE 13NI3N (O-1) L01d Y3WTOA-NE3ILS

(,-4401 cOIX) 4/}

S

o't : S0

..Nd
7

%95 ,wd ow-o_xvmupb G\

N4
\d

e

™

(Siun Ainanqiy) 174

Figure 58

108

]
i
I
i
@
i




§¢

ADN3NO3¥4 NOLLYINAON ZY3H OIXS
GNVv8 13NI3W (0-1) 107d Y3WTOA-NY3LS

(,-2201 OIX) d/i

0¢ Sl o S0

0
]

e

\

e
\

) ,

P )

Pl o_

\ Jas NEU ONlO_I bp-210

pd :

!

(siiun Asoapqay) 171

Figure 59

110

te0e




. AR G N T

AON3NO3Y4 NOILYINGOW Z¥3IH 0S!
ANVE T3NI3IN (0-0) L0d Y3HTIOA-NY3LS

(2401 c0IX}d/}

0} ) S0 0
T T T T T 0
b/
\q\q\ |
AV}
Vol
Q\
q\
e
208 _Wwd __ O|XL'9:20 \Q\
v
v
v £
P / c
9 285 Jwd ., OZ1:10
v
I \ i ! 2 ] 1 v

(siun Aoy 174

Figure 60

111

m
|
|




AON3NO344 NOILVINAOW ZY3H (0OIXG

ANVE I3NI3N (0-9) LOTd ¥3IW ICA-NY3LS

(,. 4401 cOIX) d/1

P

~

° ]

ped

,‘
b
;
|

Figure 61

112

wd , _QI¥LEs10

G

(ssiun Asoanqayg) 171

i602




In Figures 56 through 61 Stem-Volmer quenching was analyzed by an

expression of the form

)1
-1 2.16x10% o7 | 1
' K KP

where I is the Meinel band intensity, K is a constant, T the natural radiative

lifetime, o the collisional quenching cross section of N_, and P the pressure

2
in Tort. For the several linear sections of the figures the ratio of the inter-
cept to the slope was calceulated and expressed in the form of the o1 product.
The lifstime measurements of the previous section indicate that this quantity

is 4.2 x 10-20 c:m2 seconds for the (2-0) bands, 4.1 x 10-20 cm2 seconds

for the (1-0) band, and 3.9 x 10.20 cm2 seconds for the (0-0) band. Figures
56, 58 and 60 indicate that under similar conditions of modulation frequency
(5 x 103Hz) and precsure (2 to 20 x 10-3 Torr) this experiment confirms
these values within experimental error. However, at lower modulation
frequencies and lower pressures the magnitude of this parameter increases.
The frequency dependence may be intarpreted as emission within the band-
pass of the interference fiiter with sn apparent lifetime substantially greater
than 6 x 10-6 seconds. The longer lived emission may be either overlapping

spectra or Meinel band radiation due to an indirect excitation process.

The only known potentially overlapping emitter are the relatively
' f N_ that are coincident 1n wavelength with the
Meinel bands. Figure 62 indicates the pressure dependence of several

first positive bands near 6600 ﬁ The greater than linear intensity increase
with pressure occurs until the range of the secondary electrons is confined
within the field of view. Considering the less than linear intensity increase
of the Meine!l bands with pressure, first positive band overlap is anticipated
at higher pressures. As discussed in the previous section, the first positive
overiap recorded by the phase sensitive system is expected to decrease at
highér modulation frequencies due to amplitude attenuatior and phase shift
of the fundamental frequency caused by first positive longer radiative

lifetimes. Thus if first positive band overlap is proposed as the reason for
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the departure of 'igures St through 61 trom the descriptin of the Stern-Vaoly o1
CXPresstion, an increase in absolute intensity would be expected at high
pressures and low nmodulation frequenecies. Thos 1s not the case. The
mtensity of the (1-0) Memel band relative to the 3914 X band s presented

in Figure 63 as a function of the cieciron beam modulation frequency. The
Meinel band shows a significant increasce 1in intensity at the lower modula-
tion frequencies for the lower pressure casce. In addition, the Memnel band
intensity 1s hinear with cloctron beam current for the low pressurce-low
frequency cond:tions. Thus the emission 1s the result of 4 single clectron

collision resulting 1n one or more excitation mechanisms,

The variation of the inteasity of the Meinel bands at lower pressurcs
with modulation frequency suggests a8 multiple excitation process. The
data 1s consistent with a direct and an indirect populating mechanism whicn
1s characterized by a substanuially longer fluoruscence decay, the phasce
sensitive amplifier 1s detuned to the indirect excitation at the higher moduola-
tion frequencies., The prominence of the indirectly excited emission at Jow
pressures suggests a colhisional process compeles with the relatively slow

process which indirectly populates the hlcinel system.,

In view of the complexity of the prorosed miedel, the values pre-
sented for the collisional deactivation cross sections are tentative values

unti] turther experiments define the excitation and de-excitaticn mechanisns.

AT
“ .

<4
Absolute Cross sections for 'roducuion_of I\) iirst Negative and

NMeinel Bands by Llectron Impact

4.5.1 Introduction

The mmportance of a knowledge of absolute and relative cross section s
in understanding exoatation phenomena 1n gases has beon pointed out many,
times in the past, Th:s knowledge s rarticularly applicable Lo the phen-

omena of auroral and 1onospheric processes.

l.aboratory studies of electron interactions witn atmospheric gases

. .34
were carried out at jeast as early as 1931 by lLindh. It was observed

llo
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that at low pressures the more orominent ennssions m the vesaibhle re-gron of

5. LRI
i

i cgative band system. [aor. it was

. 35 32
obscrved 1n aurara by Meinel and 1n the laboratory 'y Fan that under
certain conditions the intensity of the Meinel system of N may appoar with

an mtensity of the savie aorder of magmtude as the }\'2 first negative syston..

-
Absolute cross sccuions for production of 1\7 first ncgative cn1ssions
by clectron mmpact have been measured in various cnerqgy regions from

. - 3b . . 3
threshold to 29 Lev by by Stewart ); Sheridan, Cldenbery and Carleton”™

S 38 3y, .
Hayakawa and Nishimura™ 7; NicConkey and latnier 7 dMoConkey, Woolsey

14 11 1!
and Burns 73 Holland  7; Srivastava and Mirza. The results differ by

aporoximately a factor of two 1n the overlap regions bhetween the first three
and the last three references. In an effort to 1so2late the source of this
discrepancy, a series of jomt measurenients werc n.ade 1 l.os Alamos with
Dr. R, Hulland“ of the L.os Alamos Scientific Lavoratory and 1in Cambridge
with Dr. MN. P. Carleton of tlarvard University. The nature of the joint
measurements are included 1in a recent report by Iloliand.41 Based on the
results of the cross checks with Dr.'s Holland and Carleton the originally
reported 43 cross section for electron production of the 3914 R band has
been revised, mcreased by a factor of two to agree with the results of

41 39,40, 42
Holland and other recently reported valucs.

27

Zapesochny! and skubenich™ have measured the absolute cross

- 7 e
section for low energy electron production of the A ]Tg sitate of 1\7.
Relative electron excitation cross sections {or scveral Moimel bands have

- 26
been given by Stewart. Absolute cross sections for producs-tron by vrotons
. - 44 . o
irave been given by Carleton and lLawrence and by sheridan. Oldenberg
. 7 ... 32 , .

and Carletorn.. 'an compares the relative mtensity of 3711 R pand and

the Meinel bands excited by protons and elections.,

The data presented 1n this section arc 1n the forn of abscelute
cffective cross sections ior production of the radiation obsserved 1ndependent

4
of excitation path. It 1s generally assumed that the bands »f the N | furst

X rathel

negative system are excited directly from the ground state of M




&

than as a result of a cascede process. Recent results of Lassettre et al 45
on electron eaergy loss 1n collisions with nitrogen fail to show the charac-
teristic loss at 18,7 eov that is expected for direct excitation, Vink and
Welgee, and Teunehomme 10 in the measurement of firs¢ negative band
radiative lifetimes have interpreted anomalnus effects as indications of a

dual excitation process.

t 18 of interest to compare the results of the excitation cross section
measurements with the measwed cross sections for 1onization of N2 as
given by Schram, e: al. 14 Experimental results indicate for slectron pro-
duction the ratio of the total ionization cross section to the 3914 2 Cross
section is constant. This ratio, when combined with the observecd 35 ev
average energy loss by clectrons stopping in N2 or air for ¢ach ion pair,
1s used to estimate the cfliciency for producing 3914 R cmission by energetic

electrons,

Results are presented for the absolute cross sections for production
+
of the (0-0) band of the N_ first negativc system and the (0-0), (1-0) and

2
+
(2-0) bands of the N2 Meinel system by electrons of energies between 3 kev
and 60 kev.

4.5.2 Experimental Method

The absolute cross section for electron excitation of the 3914 R
kand was measured by observing a 2.5 cm path length of the cleciron beam
in the observation rogion of the target chamber (Figurc 46) at a distance of
several metecs. The emission was assumed to approximate an isotropic
point source. The target chamber and baffles had been painted with a flat
hlack paint to minimize reflections. It was verified that the black paint
did not altaer or add to the relative emission of the observed band systems.
A standard tungstien ribbon lamp was used to calibrate the photomultif Lier
filter detector. The photomultiplier response was assumed to be constant
over the 75 R bandwidth of the interference {filter. Knowing the transmission
of the filter to both a continuous source and the 3914 X band, absolute

pressure, beam current, window transmission, and path length observed,
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the absolute cross section was determined {or a given cnevgy. The relative
Cross section eneryy dependence was measurcd by using the two phase sensitiie
amplhifiers and dual channel strip chart to record the 3914 K signal and beam
current as a function of energy. The Meinel band cross sections were

measured by mounting the three bandpass interfcrence filters successively

on the cooled S-1 photomultiphier which was positioned scveral centimeters

from the target chamber window. The absolute cross scctions were determined
by measuring the intensity rclative to the 3914 R band with the nitrogen target
chamber pressure 5 x 10—4 Torr. The signal was recorded by a phase scnsi-
tive amplifier and strip chart recorder. The maximum angle of incidence

through the filters was approximately 7 dearees as determined by a cathode
surface mask and the filter mount geometry. An RCA 6199 photomultipler

with an S-11 response with a field of view similar to the 5-1 tube was used

as a measure of the relative 3914 cross section. Both tubes were calibrated
with the tungsten ribbon lamp, The cooled 5-1 tube with each of the three
Meinel band f{ilters was also calibrated with a 115006 blackbody. Kknowing

the transmission of each filter to the molecular band as well as a continuous
source and the response of the photomultiplier filter detectors to the standard
sources, the relative cross sections were determined assuming the same

path length and solid angle of the source was observed.

The correction in the originally published cross section 1s based
principally on a revised measurement of absolute pressure. To avoid spuricus
currents generated by the electron beam, the “Alphatron” gauge was mounted
approximateiy 3C o from the observation vegion of tne targe. “hamber . a
pipe leading to the large mechanical pump. It was previously observed for
a given 3914 X radiance, the "Alphatron"” pressure increcased when the gas
flow through the target chamber was substantially reduced. This was
erroneously treated as a pressure gradient with the value meas'red at mini-
mum gas flow accepted as an accurate measure of the pressure in the region

of the 3914 R emission. Additional recent tests indicate the pressure increase

with decreasing gas flow is due to outgassing contaminants generatad by

A AR n s s %




electron beam impact with the target chamber. Increasing gas flow more than
an order of magnitude while maintaining the same target chamber pressure
recuces the partial pressure of the outgassing constituents to negligible

proportions.,

4.5.3 Results

The revised cross section measured for electron excitation of the
3914 X band is compared with some of the previously published values 1n
Figure 64. The recent results (not shown in Tigure ¢ 4) of McConkey, Woolscy
and Burns40, of Holldnd41 and of Srivastava and Mirza42 support the cross

. 39
section of McConkey and Latimer = and extend the electron energy 10 2 kev.

As discussed in Section 4.4, the absolute intensity of the Meinel
bands at low pressure as measured in this experiment was dependent on the
modulation frequency. This 1s interpreted as a dual excitation process,
presumably a direct and an indirect populating mechanism. At a modulation
frequency of 5 x 103 Hz and target gas pressure of 5 x 10_4 Torr, the rat:os
of the (2-0), (1-0) and (0-J) Meinel baud cross sections to the 3914 R band
are 0.60C A 0.06, 1.40 L 0.14 and 1.290 I (.18 respectively. The revised
cross sections for this case are presqonted in Figure 65. As indicated by the
Stern-Volmer plots of Figures 56 through 61, for these conditions the direct
excitation process dominates. At the lower modulation frequency of 150 Hz,
the magnitude of the Meinel cross sections also measured at a gas pressure
of 5 x 10"4 Torr increasea by a factor of 1,5. The increase is presumably
due to an indirect populating mechanism. As shown in Figure 66, no
measurable difference was observed in the energy dependence of the Meinc:
bands compared to the 3914 R band. The target chamber pressure was
S5 x 10—4 Torr and t-e¢ emission of each Meinel band and the 3914 R band
were recorded simultaneously through the dual channel recording system.
The increase in experimental error at the lower energies was caused by the
decrease in target chamber beam current and at the longer wavelengths bﬂz

the lower quantum efficiency of the photomultiplier.
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4.5.4 Digcussion
14
Schram, et al  have analyzed a measured ross section for the
fonization of rautrogen by electrons of from 0.6 to 20 kev energy in terms of

the Born approximation. The resulting express:ion has the form

°n' = A log, cCL

2 E'

g, .t ] ) 2 ) 2
where N2 1s the cross section in cm” per molecule, L' = 1/2 mgv (mO =
rest mass of the electron) and A and C constants. Schram found the Born
approximation to be an accurate description of the nonselativistic energy

~1
dependence. The constants A and C are (1.84 10.0D x 10 4 ev cm2 and

+ -
0.078 - 0,001 ev 1, respectivelyv.

For analysis of the excitation cross section for the 3514 2 band by
electrons of from 3 to 60 kev energy., where relativistic cffects become

significant, the expression

93914 R = -% [ loge CL' - loge (1-p2) - p¢)

is used where B is the ratio of the eiectron velocity to the velocity of light,

In Figure 67 (“3914 K £') js plotted as a function of the quantity loge | SR

~
&

loge (l—ﬁz) - B°. The linear relationship indicates the Born approximation
accurately describes the energy dependence of the 3914 R band cross section.
A least squares analysis of the data presented in Figure 67 yields values of
Rend Cof {12.6 % 0.4) x 1071 ev em” and (0.08 8'83) ev’?,

+
An additional estimated error of ~ 15% exists in the valuc of A due to the

respectively.

error in the absolute cross section measurement. Schram's value of A is
15 times the vaive nresented tor the 3914 R band while the -'alues of C
agree within experimental error.

36-43

A comparison of the published 3914 R band electron excitation

. . ... 13
cross sections and the total ionization cross sections of Tate and Smith

46 14
Cook and Peterson , and Schram et al~  indicates a similar energy depen-
dence for all the measurements. For electrons with energy in excess of

100 ev, an essentially constant ratio exists between given 3914 R band

e e iy - sy - fetmes e e vRMR- E -
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the magnitude of this ratio vanies from approximately 13 to 50 among the
various results due to discrepancies i1n the magnitude of the cross sections.,
Tha bulk of this discrepancy is in the excitation cross sections. The total
ionization cross sections of Tate and Snuth13 and Schram et al14 agree

within 20 percent,

23 . )
Valentine and Curran ~ present a review of experimental evidence

that indicates energetic clectrons inzident on nitrogen losc an average 35 cv
per ion pair produced. The average encrgy lost 1s irdependent of electron

energy for electrons with energy in excess of approximately 100 ev.

Based on the ratio of 15 1on pairs per 3914 R photon and 35 ev lost

per ion pair produced, a fluorescent efficiency of 6.0 x 10—3 is indicated

i for production of the 3914 R band 1 N_ by electrons. Values of 13 to i5 1on

2
39-42
pairs per 3914 R photon are indicated by recently reported 9 excitation

. . 14
cross sections based on the total ionizat:on cross saction of Schram et al.

36,37.38,4
Similar analysis using the originally reported 38,43 excitation cross
sections yield approximately 35 ion pairs per photon and a fluorescent

efficiency of 2.6 x 10-3 for electrons incident on N_. The cross section

) 2
3 measured by Schram et al for eiectron 1unization is 16 percent larger for 02
than Nz. Assuming negligible competing 1nelastic electron collisions with

e}
2

other atmospheric constituents, the 6.0 x 10" 3914 i electron induced

fluorescent efficiency in N2 reduces to 4.6 x 10_3 in air. The fluorescent
efficiency calculated in this manner 1s independent of electron energy for
electrons with energies in excess of approximately 100 ev. Hartman47 in
an experiment designed te measure fluorescent efficiency directly in air at
pressures low enough to exclude collisicnal deactivation presents a value
of 3.4 x 10“3 for production of the 3914 X band by electrons. This value
confirms a tentative result given in an earlier report.48 Green and Bart‘n49
present a theoretical estimate of the fraction of a 30 kev electron's kinetic

energy lost by inelastic collisions resulting in the population of the

+
electronic states of N_ and N .

5 2 A fluorescent efficiency of 1.4 x 10—3 is
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of 3105 x 10 ” for production in nitroger. by cle~trons with encryy 1n the

rangc of 1 to lf)3 kev, However both of these calculated tlunrescent
cefficiencies are based on inttially reported values of the clectron excitation
cross sectjon for the 3914 ht band. Usc of the larger more recently reported
values would increase the fluorescent efficiencies by a factor of shghtly

greater than two.

N;cholls51 has caleulated I'rank-Condon factors tor th2 first negative
and the Meincl systems of I\';. In addition to calculations of the relative
Frank-Condon factors for transitions of a given progression, values are
presented for the transitions to various upper vibrational levels excited
from the ground state. Based on these Frank-Condon factors and assuming
the electronic transition moment 1s a constant, the relative Meinel band
cross sections have been calculated. The calculation also assumes the
vibrational levels are populated by electron excitation in proportion to their
Frank-Condon factors. The calculated and experimental values are compared
in Table IX. The I'rank-Condon factors indicate the (2-0), (1-0) and (0-0)
bands represent 10, 24 and 18 percent of all the Meinel band transitions.
Similar analysis indicates the 3914 n band represents 65 percent of all the
first negative transitions. On the basis of these percentages and the cross
1ie Meinel band

. . . PO Y : JUY 'S R N = Y
secitons for direct excitation (¢ Cross seclio

3
S x 107 Hz), the ratio of the population by direct electron excitation of the
2

+ 2 4
N AT T tothe BY X state1s 410 1. Since it1s alse hnown the 3914 ht

excitation cross section represents one out of 15 1onizing colhisions, a
maximum value for the relative population of the .\'2 ‘_; state of N; may be
ralculated. Assuming the first three electronic states represent the total
ionization cross section, the X, A and B states are populated 1n the ratio
of 5:4:1. Zapesochnyi and Skubcnxch27 have measured the cross section
for the electron excitation of the 1‘\2 IT and 82 :':1 electronic states of N; by

summing the cross scctions for the more intense Mesnel and furst negative
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i RELATIVE MLINEL BAND EXCITATION CROSS SECTIONS

i Transition

2-0
1-0
0-0

© e e b,

TABLE IX

This Experiment

1.0
2.3
2.0-10.3

+ 14+ 0+

0.1
0.23

128

1.0
2.4
1.8

a
Theoretical

aThe theoretical values are based on the Frank-Condon factors of Nicholls
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transitions. At the maxunum clectron energy of 140 ev the rauo of the A to B
state excitation cross scection 18 approximately 2,51, While a maximum
crror of 40% is given for the absolute values of the cross sections, the error
in the relative cross sections and the target gas pressure for the Meinel

band measurements are not specified.

The (2-0), (1-0) and (0-0) Mecinel bands have excitation cross
sections (including the indirect populating process) that are 0.9, 2.1 and
1.8 times the 3914 R band. At pressures below 5 x 10_4 Torr where collisional
quenching 1s an ineffective depopulating process the cross sections repre-

3 saxi10 %and3.9x107%, At

sent fluorescent efficiencics of 2.7 x 10
this pressure, it 1s estimated that approximately 55 percent of the emission
15 due to direct electron excitation and the remainder the result of an in-

direct populating mechanism,
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5. CONCILUSIONS

The absclute intensity of the optica: &missions resulting from electron

bombardment of nitrogen and air have been measured. The intensities have
been expressed in the form of fluorescent efficiencies, the fraction of the

electron's kinetic energy converted into optical radiation in a given trans-
+

2
The measurements have

1ition. Deéta are presented for the first negative and Meinel systems of N
and the first and second positive systems of NZ.
been made in the pressure range where collisional deactivation and radiative
transitions are competing depopulating processes. With the exception of
the Meinel bands of N; Stern-Volmer gquenching describes the pressure
dependence of the flucrescent efficiencies. The Meinrel bands are ex:ited
by a dual excitation mechanism. One of the excitaiion mechanisms is
pressure dzependent and is not described by the Gtern-Volmer gquenching

process.

Figures 68 and 69 present fluorescent eificiencies as a function of
pressure in N2 and air for representative transitions of the band systems
considered. The fluoiescent efficiency for the (1-0) Meinel band is for
direct excitation excluzive of the casrade mechanism. The magnitude of
the efficiency is rased in part on the cross section measured at 5 x ].03 Hz
at a N2 pressure of 5 x 10"4 Torr. Figure 59 indicates at 5 x 10"4 Torr the
excitation cross section for direct excitation represents 80U percent of the
total cross section. The fluorescent efficiency for the (1-0) Meinel band
given in Figure 68 is baced on the cross section measured at 5 x 103 Hz
reduced by 20 percent. Thus the fluorescent efficiency is a minimum value
and at lower pressures an increasing additional contribution to the fluor-

escence is made by an indirect populating mechanism.

The data of Figures 68 and 69 aid in the interpretation of atmospheric
radiative phenomena produced by electron excitation. The magnitude of the
fluorescent efficiencies are estimated to be independent of electron energy

for electrons with energy in excess of approximat-ly 100 ev in agreement
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. . 52
with the calculations of Stolarski and Green™ 7. Below 8u km, photochemical !
reactions are minimal, the atmosphere 1s almost completely N and OZ 1
! the ratio of 4 to 1 and the fluorescent efficiencies of Iigures 08 and 69 apply

directly. Above 80 km, the increasing concentration of atomic specics offer

alternative energy dissipating mechanisms to the molecular process prescnted

i this report.,
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