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ABSTRACT

The optical radiation from air and nitrogen bombarded by energetic

(key) electrons has been measured over a wide range of gas pressures.

Absolute fluorescent efficiencies of spectra from 3,200 to 11, 000 R are

presented for air and nitrogen at both 22 Torr excited by 10 key electrons

and 600 Torr excited by 50 key elec'zons. At lower pressures, absolute

intensity measurements have been made in the form of electron excitation
+

crubs sections for the first negative and Meinel bands of N2 . The radiative
I2'
lifetimes of the Meinel bands are also given.

The pressure dependence of the first and second positive systems
+

of N an-d the first negative and Meinel systems of N+ has been analyzed.
2 2

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

quenching mechanism accurately desccibes the pressure dependence of

these systems in nitrogen and air. The Meinel bands of N2 are produced
by several mechanisms. One excitation process is pressure dependent

and effective only at lower pressures. The Ste:-n-Volmer expression

describes the intensity-pressure deperdence 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 energetic electrons are

chmadcte[istic of certain parrmeters of the gas and the excitinq electrons.

I)clining the nature ot the optical emissions for atinouphec• constituents

excittd by energetic electrons in a controlled laboratory experiment is

necessary to understand and interpret ion)spheric radiative phenomena.

These include natural aurora and airglow emissions as well as the optical

eivssions associated with the d9tonation of a nuclear device.

As is well-known, thermal X-rays constitute a large fraction of the

total yield of an unshielded high altitude nuclear weapon. On encountering

the atmosphere much of th. thermal X-ray energy is dissipated in the form

of electrons. produced by the ionization of atmospheric constituents. The

electrons, in turn, excite certain molecular and atomic stat .s of the

atmospheric gases which may decay with the emission of the optical

radiation. This research study was designed to measure the absolute

intens~ties of the optical emissions from atmospheric gases excited by

energetic 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, quenching cross sections of the

atmo.tpheric 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 en target gases

over a wide range of pressures. The a)paratus facilitates the measurement

of absolute intensities in the two obvious cases (fluorescent efficiency and

excitation cross section) where absolute values of the radiance by a

specific molecular or atomic transition may he described in terms of

i1



meaningful parameters. The target gases were restricted to either nitrogen

air. 1I
In the thick target case, the incident energetic electron is stopped

within the ob. ervation region of the target chamber and measurements of

absolute intensity yield fluorescent efficiencies. Fluorescent efficiencies

are presented for the spectra observed in nitrogen and air at 22 Torr excited

by 10 key electrons and 600 Torr excited by 50 key electrons. The spectra

were observed fromn 2,000 to 11,000 Angstroms with 18 Angstrom resolution.

Fluorescent efficiencies are presented for resolved spectral features from

S3,200 to 1U,000 R, The band systems observed in the nitrogen thick target
3 3 3 3

case were the second positive (C T" - B T- ), first positive (B -IT -A ". ),
U g g u

Gaydon-Green and Herman infrared systems of N2 and the first negative
2+ 24 + 2 2+system (B2 +--' -X - ) of N2 . In addition the NO Y system (A X 2Ti

u g

and CN violet (B 2 L+- x2 L +) and red systems (A2 -TIT -- X2 L+) were observed

as impurities in the target chamber. The spectra observed in the air thick

target case consisted of the first and second positive systems of N 2 , the
+

first negative system of N2 , the NO y bands and some atomic spectra of

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

(0-0) band of the first negative system of N2 at 3914 ý has been measured

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

*land target gas pressure fromn 22 to 8300 Torr.

When the mean time between collisions appioache, the lifetime of

* a transition, collisional quenching may compete with spontaneous decay as

a depopulating mechanism of the excited species. Vaiues of the quenching

cross sections of the N2 and air are given for the 3914 ý band and intense

transitions of the N2 first and second positive systems. Calculation of the

collisional deactivation cross section from thick target measurements infers

knowledge of the fluorescent efficiency at low pressures where quenching

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

second positive bands, tnis quantity is extrapolated from the thick target

2



+

measurements. For the N first negative system, the low pressure fluorescent
2

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. Jn 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 (5xlO-2 Torr) excited by 50 key

electrons has been measured from 2,000 to 11,000 R. The spectra observed

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

systems of N the first negative and Meinel (A 2T - X2 ,g •-) system of N2' g g 2and several atomic transitions of nitrogen. Excitation cross sections have

been measured for the (0-0) band of the first 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 N 2 quenching

cross sections and radiative lifetimes for these transitions.

The first negative and Meinel systems of N and the first and
2

second positive systems of N2 are among the most intense atmospheric

emissions. Fluorescent efficiencies for electron excitation, radiative

lifetimes and the quenching cross sections of the atmospheric constituents

ote paieters ...... -'a fcx ths interpretation of excitation conditi.ns.

3



2. EXPERIMENTAL APPARATUS

The experimental facility used to record the data presented in this

report was developed under a previous contract. An abbreviated description

of the basic experimental system is repeated here with subsequent modifica-

tions. Previous publications contain a more detailed description of the experli-
1 2

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 nozzles are used to provide monoenergetic electrons incident on the

target gas. The maximum system operating conditions are 10 ma beam current,

60 key beam energy arid 1 atmosphere of air or nitrogen target cliamber pressure.

Figure 1, a doubly exposed photograph of the differential pumping system,

shows a fluorescing volume extending slightly outside the observable region

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

3 key 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 threei differentially pumped nozzles used in the high target pressure studies.

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

4



DOUBLY EXPOSED PHOTOGRAPH OF EXPERIMENTAL
APPARATUS
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The electron bearm was modulated by a control grid. In one operating mode,

the pulse to the control element was supplied by a strobe which was outside

the insulated 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 fre.quency

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 liz, 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 Grun 3. 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 l (Figure 3) was

pumped by an NRC Equipment Corporation H34-750 Type 161 diftusion pump

with a maximum pumping speed of 750 liters/sec unbaffled. 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 opaque, cold trap

7



ELECTRON GUN AND THE DIFFERENTIALLY- PUMPED

-•Tungsten filament

Cathode cup
Extraction cup
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was maintained at -20°1' by a freon refrigeration system between each pump

and the vacuum system.

The difterentially pumped nozzles were attdchLd to movable teflon

supports as shown in Figure 3. These were driven horizontally and vertically

by vernier drive screws, controlled outside the CihdIlIbl . This allowed for

alignment of the nozzle system to maximize the beam current entering the

target chamber.

The nozzle design, Figure 4, maintained a pressure of I x 10 TOIT

in the gun chamber with 800 Torr of air or N2 in the target chamber. The

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

breakdown and reasonable cathode life. For low pressure thin target studies,

a single nozzle was used to increase the beam current entering the target

chamber and to increase target chamber pumping speed. The higher pumping

speed reduced contaminants from residual gases and facilitated target

pressure control. A Granville-lPhllips Company variable leak 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 isolated and used as a Faraday cup to measure

beamn current. A pump nort on the targnt chamber allowed rapid rounh-out

of the system by the mechanical pump. Internal target chamber design

differed in the thick and thin target cases. Details are described in sub-

sequent sections.

2.4 Monitoring and Detection System

The target chamber pressure was measured by a Wallace and Tiernan

Gauge (5 to 800 Torr) 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

CýAMBER 3

CHAMBER 2

CHAMBER I 1ARGET CHAMBER

APERTURE

"DIAMETER- 0.040"
LENGTH - 0.040"

0.48"
APERTURE

DIAMETER - 0.120"
LENGTH - 0.360"

APERTURE
"riAMETER - 0.048W

LENGTH - 0.040"
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The pulsed beam current striking each nozzle was monitored through

a leakage resistor 'by -x oscilloscope. This azdcd 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 operating
conditions the duration of system operation was unlimited.

The radiation emitted by the target gas was spectrally dnalyzed by a

one 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 R were used in 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 response, an RCA 6199 photomultiplier with S-11 response and a

liquid nitrogen cooled RCA 7102 photomultiplier with S-I response.

The modulated electron beam fluorescence was measured by a phase

sensitive amplifier (Princet3n 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 optical interference filter mounted on a photomultiplier.

A 10-20% duty cycle was normally used with the electron beam pulse

to maxinize the ratio of power in the fundamental frequency to total power

in the beam. This minimized the general heating effect in the system for a

yiveii signal as recorded through the narrow band phase sensitive system,

11!



3. THICK TARGET CONDITIONS

The thick target studies measured the optical emissions excited by

energetic. electrons 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 less. Figure 5, a photograph of thick target fluorescence,

illustrates that the fluorescing volume approximates a sphere. The two thick

target cases considered aie 10 key electrons incident on air and nitrogen at

22 Tort and 50 key electrons incident on air and nitrogen at 600 Torr. Abso-

lute fluorescent efficiencies have been previously presented for 50 key
2

electrons incident on air and nitrogen at 600 Torr. Remeasurements have

essentially confirmed the absolute fluorescent efficiencies initially reported 2

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 is stopped within a 10 cm sphere, the electrons are

not collccted 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 a thin film of Teflon. This surface was one of two electron

collecting surfaces. The second surface, an innovation since the earlier

reports, consisted of a movable copper disc controlled outside the chamber

by means of rotary seal. When spectra 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 electron earn strikes the movable copper plate. The two

collecting surfaces which are separated by a small fraction of the incident

electron range collect all of the electrons incident on the target gas. The

difference in beam current measured with the movable plate in its two

extreme positions is a function of the relative hole diameters of the differ-

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

12



THICK TARGET FLUORESCENCE
N? AT 600 TORR,50 keV ELECTRONSI

Fitgure 5
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the electron range and also the target gas. For the 50 key, 600 Torr cese the

difference in the total measured beam current with the movable 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 lost 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 R 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

region was recorded with an RCA 6199 photomultiplier with S-11 response

and the 5,000 to 11,000 X region with a liquid nitrogen cooled RCA 7102

photomultiplier with S-1 response. The low wavelength limit was extended

to 2000 ý by using an S-13 EMI 6256 photorrultiplier with a 1200 line/mm

Bausch and Lomb grating blazed at 3000 R. The wavelength region observed

with this grating-photomultiplier combination ranged from 2, 000 to 5, 000 R.

Tht 1200 li/.......am Bausch and Lomb gratings used in the monochromat" r '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



standard tungsten filament lamp. For wavelengths below 3200 the system

spectral response is less certain due to an increasing uncertainty in the

standard lamp intensity. Below 2500 R, the lowei limit of the standard lamp

calibration, the system response was based on a calibration technique using

sodium sallcylate as a constant quantum detector.

3. 2. 2 Ultraviolet Calibration Techni ue

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 emergin9 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 .;plit effective line source were recorded by

a dual channel strip chart for a series of wavelengths from 2, 000 to 3,000 5.

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 calibration is a function of

the degree of polarization of the incident radiation, the measured relative

response is a unique -asc for the given calibrating source polarization.

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 intensity vectors of

16
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the incident polarized radiation with respect to the MacPherson grating

rulings. In 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

The relative system response to unpolarized radiation, C, may be described

by

(K A)2 + B 2 ]/ 2 = C = K2D

where D is the relative response measured by the standard tungsten lanp
and K and K2 are constants to correct for the arbitrary normalization at

2800 R. Since A, B and D are known for several wavelengths K and K2 may

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 Efficiency

The relative integrated intensity of each resolvable spectral feature

was determined from the relative intensity data by graphical integration

with a polar planlimeter. Determining the absolute fluorescent efficiency

for a single transition defined the absolute fluorescent efficiencies for all

spectra from 2,000 to 11, 000 R since the relative ntegrated intensities

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 Notional 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 efficien.cy ,as calculated.

3.3 Results and DIscussion

The spectra observed frour 2,000 to 100 ,0 G the four cxp.rmental

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 ot

100 X/minute. The relative intensity profiles have been normalized to a
4maximum intensity of 10 in each case.

Absolute fluorescent efficiencies are presented in Table I for each

resolved spectral feature from 3,200 to 10,600 X. 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, '&solute

fluorescent efficiencies are of little value.

3.3. 1 NO -y System

The NO y bands were readily observed in nitrogen (02 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

02 impurity of 0.9 PPM and a dew point of -70 0 C. Previously, an

independent analysis of a similar cylinder from the same manufacturer

showed an 02 impurity level of less than 4 PPM. ln addition, a sample

from the target chamber showed no measurable difference from a sample

taken directly from the cylinder. Thus the 0 impurity level of the target
2

gas appears to be limited by the gas supply.

Of the spectra observed, this band system is unique in that the

intensity is not directiy proportional to the electron beam current. Figures

13 and 14 show that in both air and nitrogen the NO -y intensity, I (NO y),

may be described by the expression

1.5
I (NO ,) = K]

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

"20
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that above several microamps of electron beam current the NO -V intensity iii

nitrogen increases at a less than linear rate with electron beam current. An order

of magnitude calcu.ation suggests this effect is due to the limited 0( available.

Figure 15 compares the intensity of the NO y (0-3) band and the N
2

2P (2-0) band in air as a function of the electron beam duty cycle. Measure-

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 N, 2P band, in effect is a measure of the ratio of the

amplitudes of the fundamental frequency of the NO -V emission and the

electron beam. The slope of Figure 15 supports the beam current dependencc

established in Figure 13.

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

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

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

vapor, rather than gas kinetics due to a reduced molecular velocity. The

addition of a water bubbler to the dii supply ..... reduced the NO -, ermriSsion.

Thus at pressures of from 22 to 600 Torr, water vapor is an effective quencher

of the NO y bands. In order to control the water vapor present, the air

spectra were recorded with a -78nC cold trap on the gas supply. Assuming

the target gas approached the temperature of the cold trap, v.water vapor wasr

present in the target gas with a concentration of I - 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 intensity to a standard e&ectron

beam current arbitrarLiy established as one microamp. Table 1I presents the

relative intensity of the NO -y (0--n) progression for the four experimental cases.
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TABLE 11

NO y (0-n) RELA.TIVE INTENSITIES FOR I ia BEAM CUPRENT

Electron Energy, Gas Pressurc

Target Gas 10 kev, 22 Torr 50 key, 000 Torr

N (0.9 PPiM 02 3 PPI\I 1120) 3 x 10 4 2 x 10"5

2
Air 01-10 PPM 1120) 4 x 10
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The intensities 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 Kunz have observed NO y emission excited by alpha particle&

in nitrogen at atmospheric pressure with varying 02 concentrations. They I
conclude NO y emission is maximized when the 02 concentration is 500 PP1._

and above this level 02 acts as an effective quencher. Young and Sharpless

have determined that the atmospheric constituents CO2 and N20 quench NO y

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

assumes that the excitation process is independent of pressure and colli-

sional deactivation is described by e.n expression of the form:

1= I (I+ Kv r. P)m
0

where I is the intensity of emitted radiation, I the intensity at a pressure
0

low enough to exclude quenching, K a proportionally constant, v the average

velocity of the colliding molecules, T" the lifetime of the excited species,

u 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 expression does not

describe the NO y quenching in air. The increase in intensity of a factor
2

of 400 is in fair agreement with the square of the pressure ratio (27 = 720).

The decrease in intensity from N 2 to air by a factor of 2 x 105 at 600 Torr is

also in reasonable agreemcnt with a quadratic pressure effect. Thi5 suyy"sts

the dominant quenching mechanism in air in this pressure range may be

three body collisions.

3.3.2 N First Negative System

In addition to the fluorescent efficiencies presented in Table I,

values have been d.tcr..ined for many COmJnatinns nf mncident electron

energy and nitrogen gas pressure from 10 to 60 key and 22 to 900 Torr.

The data points presented in Figure 16 summarize and indicate the range of

many more experimental points. Foi a given electron energy the fluorescent

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

electron range from approximat( ly 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 quenching

process of the 3914 ý emission. Figure 14 may be analyzed in terms of the

Stern-Volmer expression of the form

S( 1 + 2.2 x 1021• ( P)
Co

where c is the fluorescent efficiency at any pressure, C the fluorescento

efficiency at low pressure where quenching Is an insignificant depopulating

process, a the deactivation cross section of the neutral nitrogen molecule
2

in cm , T the lifetime of the 3914 R band in seconds and P the pressure in

Torr. As discussed in the thin target results, electron excitation cross

section measurements of the 3914 ý band together with other experimental
4 -3

evidence indicate that in nitrogen c is ( 6.0 - 1.0 ) x 10 for excitation0

by electrons with an ene'rgy of several hundred -, or more. The lifetime of

the 3914 ý band has been measured by Bennett and Dalby 7; Fink and Welge

Sebacher9 ; jeunehomme10 ; Fowler and Holzberlein and [lesser and
12

Dressier. The experimental results are summarized A Table I1. The

value of Bennett and Dalby has been used to calculate collisional deactiv-

ation cross sections. WIth these values for c and T, Figure 16 results0 + -15 2
in a N collisional deactivation cross section of 5.9 - 1.4 x 10 cm 2

2

Measurements similar to those presented in Figure 16 have been

made in air. In the pressure ranye of 20 to 800 Torr the" efficiency for

production of the 3914 R 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

I I 11 + 2. 2. 10 21T (G N2 PO2
2 o(alr) 2 02 2

where it is assumed deactivation in air is caused by colilisons with either

N2 or 0 . The value of c in air is estimated to be 0. 706 the value in N 2 .

This estimate implies 02 and N2 are almost equally effic-ent in absorbing the

kinetic energy of the high energy primary electron as well as the less
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TABI.L III

N 2 FIRST NEGATIVI: (0-0) HAND 1.IrI:TML M LASURLMILNTS'j

Experimenter lifetime

Bennett & Dalby 6. 58 0.35 \ 10 seo3nds

Fink & Welge 4.5 - 0.4 x 10-8 seconds

4 -8Sebacher 0.S 5 0.2 x 10- suconds

Jeunehornme 7.15 0.4 x 10 seconds

Fowler & liolzherlein 8 2 - 0.8 x ii seconds

4 -8
Ilesser and Dressler 59 - 0.6 x 10 seconds
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energetic higher order electrons. This interpretation is supported by the

total ionization cross sections for 02 arnd N1 under electron impact. Tate
132 2

and Smith present total iiiization cross sections for 02 and N, that differ

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 N have been used to estimate c in air. With a2 2-3 + o- 1 5

value of ( in air of 4.6 x 10 and using ( 5.9 - 1.4 ) x 10 cm for the

N. quenching cross section, the air fluorescent efficiencies result in an
-f-1 4 2

t), quenching cross section of 1.4 - 1.0 x 10 cm

The quenching cross sections of N2 and in some cases 09 for the

3914 R band have been measured by Brocklehurst and Downing i jeunehomme10

16 17
Hirsh et al and Brocklehurst . The summarized results, presented in

Table IV, 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

fluorescence with increasing pressure in a modulated rf discharge.

]eunehomme has suggested that the unusually large collisional deactivation

cross section might be due to quenching by species in the discharge other

than ground state N2 . 1 8

The rotational temperature of the 3914 R band has been measured in

nitrogen and air at target gas pressures ranging from approximately 3 x 10-2

to 6 x 10÷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 in air and nitrogen. At

a target gas pcessure of 10 Torr the rotational temperature was measured as

a function of the electron beam current and monochromator field of view.

With a ,eam, current of several milliamos and the field of view limited to a

volume less than 1 cm from the electron beam entrance hole, an effective

rotdtlonal temperature of approximately 375 0 K was observed. When the

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

density the measured rotational temperature decreased to approximately
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TABLE IV

i COLILISIONAL, DEACTIVATION CROSS SECTIONS FOR TIlE

N4 FIRST NtGATIVL (0-0) BAND
2

Experimenter puenchin Molecule
N- 0L2

(x I0-15 -15 cm(10 cm2) (x 10-c15

Jeunehomme 34

Brocklehurst & Downing 5.9 - 2.2

+ 4-

Hirsh et. al. 6.9 - 1.0 12.3 - 2. 1
+ -4

Brocklehurst 6.0 - 2.0 5.6 - 2.8
-I- -+

This experiment 5.9- 1.4 14- 10

]d
Ialn calculating the collisional deactivation cross section, all experimenters

+. -8
have used a value of 6.58 -0. 35 x 10 seconds for the 3914 band lifetine.
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360 K. 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

entrance aperture. Thus, a slight thermal heating effect was detectable

at the beam entrance aperture with hig.. (ma) beam currents.

The increase in rotational temperature observed in Figu.re 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

to high energy (50 key) electrons contrasting with a much lower average

energy of the excitation elections in the thick target case. The observed

pressure dependence of Figure 17 may reflect an energy dependence of the
19

3914 band rotational temperature. Culp and Stair have recently measured

the rotational temperature of the 3914 X band with electron energy from

threshold to 300 ev. Their measurements indicate a rotational temperature

of 3100K from 300 to approximately 30 cv. Below 33 ev as threshold (18.7 ev)

is approached, the rotational temperature increases to a maximum of approx-

imately 350 K. The authors interpret the increase in rotational temperature,

as a momentum transfe, at excitation energies near threshold. The reported

increase is too small in magnitude and occurs over too small an energy

range to fully explain the increase in rotational temperature observed in

Figure 17.

The rotational temperature dependence fits a collirional model of the

form No collision T = 312°K
t rot

collision T 360°K
rot 211-2.2 x 102 0- T P

P = -e

where P is the probability of collision, a the cross section of the colliding
C

molecule, P the pressu, e in Torr, and r the 3914 R band lifetime (6.58 x 10-

seconds). The data of Figure 17 fits this model with a collision cross section
-15 2 20of from 3 to 8 x 10 cm . Herzberg discusses the effect on the rotational

temperature 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 llerzberg interprets the rotatict.'5l

temperature as an accurate description of the kinetic temperature providtng •

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 N2 ground

state. At high pressures where collisions are probable the rotational

constant of the N B 2u state should describe the population of rotational
2 u

states. Because of the similar magnitude of the rotational constants this

explanation accounts for only a 4- (12 0 K) increase in rotational temperature

from the low pressure to the high pressure case. Since the quenching cross

section of N 2 for the 3914 R band has been measured to be (5.9 +- 1.4) x 10-15

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

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 Welge and Jeunehomme
4B2 .+ lvl

the authors suggest two excitation processes populate the N B 2. level.
2 u

Fink and Welge observe a decrease in the 3914 R band lifetime for excitation

by electrons of less than 50 ev. The authors interpret this effect as a

cascade population of the N , B2 I state from an undetermined higher energySLu
level. Extrapolating the observed energy dependence of the 3914 X band to

excitation threshold, Fink and Welge conclude the lifetime of the 3914
+ 8

band is 4.5 - 0.4 x 10 seconds. Bennett and Dalby observed a similar

effect in their earlier measurements but assum..ed the dereprA in 1ifPtimnp

az low energies was due to overlapping by the N2 second positive bands.

Fink and Welge had sufficient resolution to eliminate this possibility.

jeunehomme, exciting the 3914 R band in an rf discharge with an average

electron energy of from 20 - 28 ev, supports the lifetime of the 3914

band given by Bennett and Dalby (Table III). Jeunehomme also observes a

dual lifetime fluorescence de'7ay which is interpreted as a direct and
+ 2 +

indirect population of the N 2 - level. The indirect process which
2 u

accounts for 10 to 20 percent of the 3914 photonr, decays with a
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3 6 to 4x l-7

3.6 to 4.4 x 1w second lifetime. However, like the unusually large N2

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

indirect populatiniy mecildnism 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 R band and cause a dual

fluorescence decay in N2 -lie gas mixtures.

A dual excitation process could explain the rotational temperature

effect of ligure 17. For example, at higher pressures the population of

rotational states from the cascade mechanism might be collisionallyI redistributed. The higher rotational temperature of Figure 17 could thus

reflect a larger rotational constant of the level from which cascading
i

originates. Although the recent results of Fink and Welge and of Teunehomme
'Indicate an indirect exciting mechanism for the 3914 Rband, these results

Salse propose values for other parameters (the radiative lifetime and the N2

quencking cross section) that are not consistent with other experimental

results. Until these discrepancies are resolved, the indirect populating

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

mechanism.

3.3.3 N2 Second Positive System

As shown in Figures 9 through 12, the N2 second positive bands are

the most intense radiators for the thick target case3 considered. A previous

Sstudy presented the relative integrated intensities of the emission from

S3,200 to 10,800 R 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 key electrons was observed. As discussed in the N2 first

negative section, the absolute fluorescent efficiency for the 3914 band

excited by ernergetic electrons incident on air and nitrogen is independent

of .ipetron enerny and a function of only the number density of th-e target

gas molecules. The relative integrated inten;ities of the second positive

bands of the earlier results were converted into absolute fluorescent

efficiencies by a conversion factor based on the known absolute fluorescent
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efficiency of the 3914 Lband at the given target pressure. In the cases

where only a fraction oi the total ranyC was observed, tios technique

assumes the relative intensities of the 3914 R band and the second positive I
bands are typical of the ratio of the intensities integfated over the total

range. With this assumption, the fluorescent efficiencies are known for

the second positive bands excited by 50 key electrons incident on N2 at

600, 200 and 5 Tor- as well as for excitation by 10 key electrons incident

on N at 22 Torr. Figure 18 presents the iour values for the (0-0) and (0--1)
2

transitions in the form of a Stern-Volmer plc,. The data at 600 and 22 Tort

are directly measured fluorescent efficiencies (Table I). The values at 5

and 200 Torr are based on the intensity relative to the 3914 ý band 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 arid Stern-Volmpi quenching describes

the pressure dependence.

The evidence tnat the fluorescence of the first negative and second

positive system have a similar spatial distribution over the range of an

energetic electron is not surprising. Since the exc.tatio.i of the N, second

positive system from the ground state involves a forbidden signlet-triplet

transition, direct excitation is accomplished by el--ctrcn exchange. This

mechanism is reflected in the electron excitation function by a strong velocity

dependence. The absolute electron excilation cross . ections presented by

Stewart and Gabathuler21 and more recently by Jobe, Sharpton and St. John22

show a sharp maximum 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 Curran23 in a review article present experirmental evidence

that indicates electrons with energy greater than 100 ev lse an average

of 35 ev per ion pair produced in both N2 and air. As discassed in the I
thin target results, electron excitation cross section measurements show

that for electrons with energy greater than approximately 100 ev the ratio
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of the total ionization cross section of N 2 to the eXcittion cross section of

the 3914 R band is constant. Since both the low energy secondary electrons

and the 3914 R band are produced at a rate that is directly proportional to the

rate of ionization, the second positive and the 3914 ý emission are propor-

tional. At the gas pressures used in the thick target studies (5 Torr or

greater) the range of the secondary electrons is very small. Thus the

relative intensities of the 3914 ý and second posltivc emission should be

spatially congruent over the energetic electron's range.

The lifetime of the second positive bands has been measured by
7 8 10Bennett and Dalby Fink and Welge , and jeunehomime. The lifetime

measurements indicate that a multiple excitation process exists, presumably

a direct and an indirect cascade process. In calculating a value for 0 and

a (see 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 c and (T with their probable errors as detc-mined by
0

a weighted least square analysis are presented in Figure 18 for the (0-0)

and (9-1) second positive bands. Figures 19 through 38 present analogous

data for other transitions in N2 and air. Table V summarizes the collisional

2deactivation cross sections of N2 and air for the transitions considered. A

weighted average of the quenching cross sections for each upper vibrational
iv' iS so*- given i" T -l^u • ., the we,, ht of a given transition is

proportional to the inverse square of its probable error. Using the average
values of Lhe N2 and air quenching cross sections, an 02 quenching cross

:ct'on calculated from

. = 0.79 oN2 + 0.21 o
air N 2  0 2

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

N and 0 measured in this experiment with the values presented by
2 2 15 16 17

Brocklehurst and Downing , Hirsh et a1 , and Brocklehurst. The values of

c the fluorescent efficiency at pressures low enough to exclude quenching,
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TABLE V

COLLISIONAL DEACTIVATION CROSS SECTIONS OF N2 AND AIR

FOR THE SECOND POSITIVE BANDS OF N2

Tr3nltion Quenching GQa Weighted Average for Progression

N 2  Air N2  Air

(XlO-16cm2 (xlO-15cm2 (xlO-16cm2 (x2O-15cm 2

0-0 0. 56 0.08 0.95 + 0.15

0-1 0.50 0.08 0.85 0.13

0-2 0.51 0.07 1.0 -0.16 0.52-+)0.03 0.95 0.07

0-3 0.49±0.07 1.0 + 0.16

0r4 0.50 ± 0.08 1.0 ± 0.16

0-5 0.85 + 0. 20

1-2 1.4 + 0.4 1.5 +0.3

1-3 1.2 - 0.15 1.4 0.3

1-4 1.4 0.2 1.3 0.2 1.4 - 0. 1 1.4 ± 0.12

1-6 1.3 ± 0.2 1.6 ± 0.6

1-7 1.3 0.2

2-4 1.5 + 0.4 1.1 ± 0.2
2-6 1.5 - 0.3 1.6 -+ 0. 2 1. 2 + 0.11

+
I .I -+ .2

2-8 1.7 -+ 0.5 1.0- 0.3

3-3 2.3 + 0.7 1.4 + 0.2

3-4 2.1 -0.8 0.8 0.2+ + 4t

3-5 2.2±0.9 1.2±0.4 2.0 0.3 1.2-0.14

1 c A, Ir3-7 I. - V.V

3-8 1.9 ± 0.5 1.6 ± 0.5
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TABLE VI

.OLLIItL-.,.t-,,,-,-Tf CROSS SECTIONS OF N2 AND 02

FOR THE VIBRONIG LEVELS OF THE SECOND POSITIVE BANDS OF N2

N 2(x0-16 Cm2)
2

Brocklehurst This b

Progressionl Brocklehurst Hirsh et al Downi Exeriment

0-n 1.5 0.4 1.2- 0.6 1.8 - 0.3 0.52 - 0.03
+ + +

1-n 4.2 0.9 4.1- 0. 5 1.4 - 0.1

2-n 4.8 -1.4 5.+30.8 1.6 0.2

3-n6.2 
1.3 2.0 - 0.3

02 (x1O cm)
4+

0-n 48 20 39 - 11 44 4± +

1-n 52- 18 59- 6

2-n 81 32 49 6
+

3-n 
50- 7

8 A11+ 
-8

aAll quenching cross sections are based on the radiative lifetime, (4. 45 - 0. 6) x 10

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

bThe probable errors of this experiment do not include the error in the radiative

lifetime-
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TABLE VII

FLUORESCENT EFFICIENCIES FOR THE N2 SECOND POSITIVL BANDS

EXCITED BY ENERGETIC ELECTRONS INCIDENT ON N2 AND AIR

TCaflltlof ( (x 105)a Ratio Weighted Average

N o Air c (N )/c (Air) of Ratio for
2 o 2 0 each progression

0-0 186 - 16 112 - 15 1.7 -0.3

C-1 126- 10 82 - 11 1.5 +- 0.2
+ + + 4

0-2 48- 4 31 -4 1.5 -0.2 1.6 - 0.1

0-3 14.6- 1.2 9.9+- 1.5 1.5+- 0.3
+ + +

0-4 4.0 - 0.3 2.9 - 0.4 1.5 - 0.3

0-5 1.1 - 0.2
+ + +

1-2 38 -8 29 -6 1.3 -0.4
+ +4 +4 -+

1-3 26- 2 24 4 1.1 - 0.2 1.1 -0.1

1-4 18 -2 13 -2 1.4- 0.3
+ + +

1-6 1.54- 0.14 2.0 - 0.7 .8 - 0.3
+

1-7 0.37 - 0.07
+ + +

2-4 8.4- 1.6 5.1 - 0.9 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 +- 0.11 1.1 +- 0.4

3-3 5.6 1.2 5.1 0.7 1. 1 00.3
3-4 1.0 +-0.3 1.1 +-0.3 0.9 +-0.4

3-5 2.0 - 0.6 1.3 -0.4 1.5 -0.6 1.,1 -0.2

3-7 1.1 -0.4

3-8 0.68 -0.12 0.52 -0.17 1.3 +-0.5

aThe fluorescent efficiencies are based on measurements in N2 and Air extrapolated to

low pressure where coMlisional deactivation is an insignificant depopulating process.

The probable error does not include the error in the absolute measurement which is

estimated to be an additional - 15%.
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derived from the Stern-Volmer plots of the second positive bands in air and

N2 a're p....nt.ed in Table V1l. 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 VI1 for the ratio of c in N2 and air. The values of ( 0 for

the lowest vibrational level is significantly higher in N2 than air. This
implies a unique excitation process populates the lowest vbrational level
of the N2 C3 I1 state i N 2 but is ineffective in air at thc pressures used in

these thick target stud'es (5 Torr or greater). At lower pressures (less than

5 Torr) presumably the values of •c would become equivalent, assuming0

competing inelastic electron collisions with 02 and the other atmospheric

constituents are negligible.
15

Brocklehurst and Downing compare emission from nitrogen near

atmospheric pressures excited by energetic ,:lectrons with the published 2

spectra of this experiment excited under similar conditions. The relative

intensities of the band systenms show reasonable agreement with the exception

of the second positive bands which Brocklehurst and Downing estimate six

times lesb intense in their results. Due to approximations in their measured

integrated band intensities, it is suggested the experimental differences in

the second positive system intensity is closer to a factor of three as indicated

by the N, quenching cross sections of Table VI. The similar pressure ranges
used in both ...... -- •ts fOr the N seNcorid Positive quenching Analvczi-c and

$J 2Ll_ •_ _2

the general agreement in the magnitude of the 02 quenching cross sections

of Table VI, imply the differences in the second positive system intensities

and the N 2 quenching cross sections are due to target gas impurities.

Brocklehurst and Downing have measured relative band system intensities

as a function of 02 cuntent in the N2 supplied to the target chamber with

only a slight increase in second positive system intensity when the

estimated 0 content decreased from 55 PPM to less than 4 PPM. Table VI
2

indicates preferential quenching of the second positive system vibrational

levels is strong for N2 and slight for 02. If a target gas impurity more than
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triples the number of deactivating collisions in the experiment of Brocklehurst

and Downing, the impurity depopulates the vibrational levels of the secorn

pobitive system in the same preferential ratio as nitrogen. This result in

addition to the aforementioned measurements of Brocklehurst and Downing

eliminates 0, as a poasible target gag imPurity causing the expurlmental

differences in the N,, second positive system intensity.

When the gas flow through the target chamber of this experiment was
3 3

decreased from an estimated 100 cm /sec to 10 cm /sec (maintaining the

same target chamber pressure), the ab~olute intensity of the second positive

system decreased by a factor of two 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 prouacts generated by

electron collision with the chamber walls or other residual gases in the

system that are reduced in partial pre3sure by increasing the gas fiow. 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 (differen~t 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 Tort has been measured within a spectral bandpass of 3200 to

7000 X by Grin. 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 NV. The quenching cross

section of air measured in this experiment for the lowest second positive

vibrational level ITabls ) is equivalent to a hall intensity air pressure of

10.9 Tort, in excellent agreement with the results of GrUn. The similarity

of these results is additional evidence supplementary to Table VI of the

general agreement in the magnitude of the 02 quenching cross section for
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the second positive system.

3.*3.4 N st Positive 'System-

The electron excitation- condiLtions of the first positive bands are

s mlar to the second positivc bands. DirL excitation of the first positive

system from the N2 ground state, like the second positive system, involves

a singlet-triplet transition. The electron excitation cross sections of
25 26 27

Langstroth , Stewart2, and Zapesochnyi and Skubenich indicate a

maximum at approximately 15 ev and a rapid decrease with increasing energy.

In addition to direct excitation, the first p-.sitive system is populated by

allowed transitions from higher triplet states (the second positive,

Goldstein-Kaplan and fourth positive systems).

Jeunehomme28 has recently measured the radiative lifetimes of the

vibronic levels of the first positive system in a 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.

Using the analysis presented for the N2 second positive bands, the

collisional deactivation cross section and c were calculated for the mcre

intense transitions in nitrogen and air. The radiative lifetimes of Jeunehomme

were used to determine the quenchinq cross sections. The number cf iso.lated

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 poorly defined intercepts of the Stern-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) is 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 SECT10"IS OF N _ ,R

Trangition C (x 10-5 a (x 1" 1 7  I2a

N 2  Air N2 Air
+ +

0-0 9-9 5-5

+ + + +
1-0 58 - 16 30 -30 1.9 - 0.5 7- 7

+ + + +
2-0 22 - 6 13 - 13 1.5 - 0.4 6- 6

+ +
3-0 0.9 -0.4 2- 1

+ +

3-1 6-3 3-1.5

+ +
4-1 2.9 - 1.5 4.8 - 2.6

+ +

5-2 4.8 - 3.7 6.5 - 5
S+ + + +

5-3 3.0- 0.6 2.2 -0.7 1.1 -0.3 2.2 -0.7

+
6-3 1.1 - 0.2 1.4 - 0.3

+ +
6-4 0.9 - 0.2 1.4 - 0.4

aThe collisional deactivation cross sections are based on the radiative lifetimes

of Jeunehomme.
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4. THIN TARGET CONDITIONS

In the thin target 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
4

limited to the first negative and Meinel bands of N As observed in this

experiment these band systems were excited 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 secondary 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 thin 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 action while the target
S...... .. "" fom !04 ÷.-2

Pressure ranged from . 0 5 .. 0 To-.. . The I *.)t.'S L%..t.hA,,+ , t ,

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 Tort with a McLeod gauge which read

approximately 10 percent lower than the "Alphatron" gauge. Recently,
14

Schram et al have discussed a pumping effect of mercury vapor in

McLeod 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

N2 AT 10-2 TORR, 50 keV ELECTRONS, 5 mg BEAM CURRENT,
10 PERCENT DUTY CYCLE

a. I MINUTE EXPOSURE

b1 0 MINUTE EXPOSURE

Figure 48
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I
of nitro en increased 8 percent by placing a cold trap immediately above the

mercury res.rvoir. The magnitude of the mercury pumping eltect is a

function of the gas, mercury temperature and the dimensions of the gauge.

Assuming this effect accoun~s in part for the lower McLeod gauge reading,

the'Alphatron" gauge absolute accuracy is believed to be within five percent

over the range 3 x 10 to 5 x 10 Torr.

4. 2 Recording Spectra
-2

rigure 49 is a spectrogram of the emission in N at 5 x 10 Totr
2

excited by 50 key electrons. The spectra were recorded with a series of

gratings and photomultipliers and corrected for the system spectral response

as previously discussed in the thick target results. The monochromator was

positioned sucl :.iat the long dimension of the electron beam was parallel

to the entrance sil The electron beam was imaged on the 2 x 20 mm

entrance slit by a condensing 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, Mctnel and first negative system

(optical 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 of the beam width. Since little momentum is transferred

in elect•roi- exuitdtion, the velocities of the excited molecules are

described by a room temperature Boitzman distribution. The average 3914
-2 -8

emitter travels only 3 x 10 mm over one radiative lifetime (6. 58 x 10 see).

Sheridan, Oldenberg and Carleton29 photogrephed the beam width of the

3914 R band -ind the (2-0) Meinel band emission due to electron excitation
-6

and estimated the (2-0) Meinel band lifetime as 3 x 10 seconds based

on the width of the fluorcscent beam. This value yields an average single

lifetime travel of 1. 4 mn.. The first and second positive bands of N2 are

excited principally by 1:w energy secondary electrons and account for the

emi.zsion outside the primary elect,'n beam of Figure 48. Thompson and

9"
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.30 31a . .. ,,-v l as S........, Cribb-on and E,,• • l u have.........d thIle

same general effect for the first positive bands. Fan32 presents the same

general spatial distribution for electron beam excitation. However, Fan's

spuwctrographic measurements indicate a wider electron beam fluorescence

for the first 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

photomultiplier (RCA 7102) with S-i response. A tubular collimator limited

thc angle of inc;dence to a maximum of 7.5 degrees off the normal. The
cclliniator ensured that the bandpass of the filters did not substantially

shift to lower wavelengths for off axis illumination. The filters were

effective in isolating the Meinel bands from adjacent spectra for normal

incidence illuimination.

4.3 Meinel Band Lifetime Measurements

The Meinel bands of N first identified in aurora, have been
2'9

excited by an energetic electron beam by Sheridan, Oldenberg and Carleton.
-6

In adddtion to a 3 x 10 second lifetime for the (2-0) band, a N collisional
-14 2

quenching cross section of 2 x 10 cm was presented.

In the present experiment the lifetimes of the (J-0), (1-0) and (2-0)

Ivieinel bands were measured. A low signal to noise ratio prevented the

fluorescence decay from being displayed on an oscilloscope and measured

directly. Two experimental techniques were used to measure the radiative

lifetimes. Figure SO illustrates 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

variable delay irom :n 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 hand lifetimes to be pressure dependent and range from
-6 -3

2 to 5 x 10 seconds over the pressure range of 3 to 20 x 10 Torr. The
-6

gated sample width was 0.4 x 10 seconds and ,he electron beam
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tI

modulation frequency 2 x 104 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 Melnel band lifetimes were corrected for a system rise time of about

one microsecond caused by the limitatin 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 fluorescence decay is described by a single

exponential decay. Worsley has treted the problem of extracting

multiple exponential decays from experimental data. It is necessary that

the experimental data be 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. Even wi'h 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) Meinel bands are presented in Figures 51, 52 and 53. For most of the

date the results the two experimental methods show no measurable difference.

However, at the higher pressures the lifetimes measured for the (2-0) band

with the waveform eductor are significantly larger than the values measured

with the linear gate technique. Thit. effect is believed to be due to 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

Metnel band intensitj increases less than the pressure in this range. Thus,

fluorescence within the bandpass of the interference filter of the overlapping

first positive emission should Ancrease at higher pressures. Figure 10

indicates the relatively weak (7-6) first positive band coincides with the

(2-0) Meinel band. Jeunehomme28 has 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 N2 target gas

pressures. In the case of the linear gate technique the modulation

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 br-ým pulse width was
-6 -6

5 x 10 seconds for the linear gate and 20 x 10 seconds for the wave-

form eductor measurements. The narrow beam pulse used in 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) Metnel 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

-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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MEASURED LIFETIME FOR (2-0) MEINEL BAND
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Figures 51, 52 and 53 have been analyzed by a Stern-Volmer

quenching expression of the form

1/ 2.2.10 4 1,

where -r is the observed fluorescence decay time, 1 the collisional quenclingj

cross section of N I' the pressure in Torr and -r the natural radiative
2' 0o

lifetime. The collisional quenching cross section of N? has been estimatedas66xI-15 2 c1 2frtie(-)bn al,
as 6.6 x 10 cm for the (2-0) band, 6. 1 x 10- 1c for the (1-0) band an

46x0-15 2
4.6 x 10 cm for the (0-0) band. The respective vdlueS of r are 6.3 x 10-)

- 6 -6 0
6.8 x 10 , and 8.5 x 10 seconds. Sheridan, Oldenberg and Garleton

meaure a ale o 6 l-20 2
measured a value of 6 x 10 cm seconds for the product of the (2-0) ban(!

lifetime and the N2 quenching cross section. This experiment indicates a

value of 4.2 x 10-20 cni seconds for this quantity.

4.4 Meinel Band Collisional Deactivatiorn Crois Sections

In the previous section the N. collisional quenching cross section

was measured by observing the pressure dependence of the exponential

decay of the Meinel band fluorescence. Measuring the less than linear

increase of the Meinel band intensity with pressure in the range of 0. 3 to

20 x 10-3 Torr is 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

Pressure. A c.o.lcd photomultiplie with S-i response was fitted with

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

collimator. A narrow band interference filter that isolated the first

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

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

band and either the (2-0), (1-0) or (0-0) Mleinel band were measured by the

phase sensitive amplifier as a function of the target gas pressure measured

by the "Alphatron" gauge. The pressure dependence of the 3914 ý aand for

a typical case is presented in Figure 55. The slight scatter about the

hInear relationship is 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. Thie corresponding Meinol intensity at eachi pressure is plotted

again1S1 the corrected pressure value in the form of a Stcrn-Volmer plot in

Ylgures S6 tihrough G1 . The fIigures indicate that the Stern-Volnier aulccinogI ex;prossion is valid over limited pressure ranges and, the NMeirel' band

intensity as recorded, is frequency dependent.

The, fundanientdl hdrmonic of the fluorescence in a given transition

excited by a modulated electron beam is shifted in p~hase because of a finite

rd1ahatiVy I ifot irc. The inagnitude of the phase- shift is expressA~ by

0- arc tan 2 77 f

where f is the electron beam modulation frequency anid T is the rad.ative

lifetime. In add itiol) to the phase shift, the amplitude of the fundament, I

haicmoi ic, is attenuated as described by an expiession of the forml

A [ [1 (2 7- 2 1- 112

wý,here A represents the amplitude attenuation. T;--, phase sensitive amplificr

was turned in each iristance for maximumi signal output for the 3914 band.

F'or the modulation frequencies used (2 x 10 4liz maximum) the 3914 band

IL . 5S. 101B seconid Iiietume) was essentially a measure- of the electron bean!

?phase. The Mleinel !)anid intensity as measured in the fundamciiltel harmonic

by thce phase sens.tive amplifier is proportional to the rurodjuct of the

CIiiPlitude arid the cosine of the aingular delay. Thus the frequency depcn-

Cf ~ *'CIJ li-iLils1Ly IS It Ci i)C Y

1 -( r f T)2 -1

as mneasured by the phase sensitive amplifier tuned for 3914 band. The pit

v~cous sect~ion indicates th-e Memnel band lifetimes arc on the order of 6 x 10

-eon-'s. Thus at 1, x 10 3 Iz, it is antic-,paled the Moinal intensities will 1-

reduced on the or(!..: of five perce it from the magnitude mieasured at lo'v"r fri-

quencies. ll, vrct .I>sional quenching t-onipotes with fluorescence decay

at higher pressurp- and causes ar. increase in the depopulation rate of the

excitced state. Thus in order to measure NMeiniel uintensity as a function of thi:

sinrjic \'riricllke pressu;-e, niod-ilation frequeincies less than 'S X 10 H 1Z were-

usuid to avoid intenisity attenuation at the longer docay t inis (low pressuresi
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In Figures 56 through 61 Stern-Volmer quenching was analyzed by an

expression of the form

T- 2.16 x 10' or 1
K KP

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

lifetime, a' the collisional quenching cross section of N and P the pressure

in Tort. For the several linear sections of the figures the ratio of the inter-

cept to the slope was calk.ulated and expressed in the form of the o'i product.

The lifetime measurements of the previous section indicate that this quantity
-20 2 -20 2

is 4.2 x 10 cm seconds for the (2-0) bands, 4. 1 x 10 cm seconds
-20 2

for the (1-0) band, and 3.9 x 10 cm seconds for the (0-0) band. Figures

56, 58 and 60 indicate that under similar conditions of modulation frequency
3 -3

(5 x 10 Hz) and pressure (2 to 20 x 10 Tort) 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 interpreted as emission within the band-

pass of the interference filter with an 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

.. Irst posit..ve D... s of N• 2 that mje coincident in wavelength with the

Meinel bands. Figure 62 indicates the pressure dependence of several

first positive bands near 6600 R. 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 Meinel bands with pressure, first positive band overlap is anticipated

at higher pressures. As discussed in the previous section, the first positive

overlap recorded by the phase sensitive system is expected to decrease at

highebr modulation frequencies due to amplitude attenuation and phase shift

of the fundamental frequency caused by first positive longer radiative

lifetimes. Thu. if first positive band overlap is proposed as the reason for

113
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the deCparture of 1' igures So throuci I 1~ 1 roui t he d en i 1t i of th I wt :,tr -VolIIt:

express ion, anl increase in absolute intensity would bec cxpected at h11it,

pressures and low miodlulation frequencies . 'I is is iio 4 tile case. ThIe

inten sity of the (1 -0() Mlemitel band relative to tile .3914 hand ., pres en ed

in 1'igure ()3 as a funiction of the electron beami nodu lat ioni frocqit'icy . Tl i

Memnel band shows a significant increase in intensity at tlic lowecr nindula

tion frequencies for the lower pressure case. In addition, the Memnel band

intensity is linear with electron beam current for the I )w pressure-low

frequency condittions. Thus thle em iss ion is the rsuLl~t of d1 s iinile electr n

collision resulting in one or more excilation miechaniisms.

Thle variation of tile intensity of tile MQ1iiiel i)adsl' at lwrpesi

with modulation frequency suggests a inultiple excitation process. Th11e

F ~data is cons isteint with a direct and an indirect populating mechanisma wh ic'1.

is characterized by a substantially longer fluorescenrce decay, thle ph~ase

sensitive anipl ifier is detunedl to the indirect. excitation at. the h ighier mlodukli-

tion frequencies, Thle prominc-nce of the indirectly e2xcited emnission at low'

pressures suggests a collisional process competes with the relatively slow

process which indirectly populates the Msemnel system..

In view of the complexity of the proposcd model, thle values pre-

sented for the collisional deactivation cross sections are tentative values

until further experiments define :he excitation and, dc-exc~itation mcchanisiis.

4.3 Absolute ross Sections for Production of 1., ri eaiv n

M~emel Bands by LloctronftImpact

4. 5. I Introduction

The im~portance of a knowledge of absolute 'Inch relative cross soctilo2-'

in understandingj tc:.%jtation phenomenia in gases has beýni pointed out man:

timi-es in thle nast. 'fhi!s k~nowledge is ~Jr~ualapplicu-ie2 ti the phen--

omena of auroral and-, ionospheric trocesses.

Laboratory studies of electron interactions %vitni ctmospheLric gases

were carried out at icýast as early as 1931 by h.ind~h. 31It was observed
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tii~it at low~ pressurL'- the~ r t 'aoH~nn Cnin'-isios in1 tlo vi:;iIo- i.-cjiiin 'if

olhservcd InI auror'a hy >"icincl 3 and in the laboraitory !-.. Fan 3,t11ia1 Unifo(rI certain! conlditjoiiS tile inltenity oA thw emNcel system" 01 '1 '.v&1ur it

anl '1tens ity of the sap e orde r of miagnitude is II~ N 2 first. neiga ti. ICSYS to.ýi-.

Absolute cross sections for production Af 1% first nugative (-II issianis

b~y electron impact have been ineiasured in various ed' rug iJons fromt

threshold to 20 1.ev by by Stowart 3u;Sheridan, . (ldcnhterog and C:arlet)n 3

I Iaya Lawa and Ni shmiui 3er ; N c-Conkcy and I at iicr 3- N1c oky Woolsey

aind turns't ; H lotland Sivst1 and NI r7.a. 4-) he rsu its differ by
approximately a factor- of two in the overlap regions !etweecn thie first threeý,Iand the last three referenccs. In an effort to isolaite thc source of this
discrepancy, a series of jo~nt m ea surenents wcere in.ade in Ilos Alanmos with

Dr. R~. H olland 41of thc Los Alamos Scientific laiboratom y and in C~ambridge

with Dr. N . 1'. Carleton of IHarvard Uniiversity,. The nature of the joint

imeasurements arc included in a recenlt report by Hlb]land. 41 ased onl thoe

results of the cross checks with Dr. 's Holland and Cirleton the originally
reported 43cross section for electron production of the 3914 Xý ianI ha's

been revised, incredscd by a factor of two to agree with the rebults of

11ollanld 41and other recently reported value~s. 39 40 4'~'

Zapesochniyi and :;Kubenich 27have nmeasuredl th,- absolute cross

Section io o n-r, lcro rdcino ieAT .s~tt-of N) uotn

bengiven by Stewdrt. 26Aslt rs etosfrproductio!(nbvpons

iaobeen given b~y Carleton and Lawrence 44and by SIieridajl Uldencilrg
37 32Q

adCarletor.. Fa n compares the relative intei~sity of 311 1 A and and

the Miemo!e bands excit-od b~y protons and elections.

The data presented in this section aro in the forrr. L)f ab~solute

effect ive cro(-ss sections jor production of thle rad iation ohser'. tci inde~pendejit1

of excitation path. It is geiierally assumed thiat the hands Of thre Nfirst

negative systemn are excited directly from the ground state of N)rathei:
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than as a resuit of a cascede process. Recent results of Lassettre et al

on electron eaergy loss n collisions with nitrogen fail to show 'he charac-

teristic loss at 18.7 ev that is expected for direct excitation. Vink and
0 10

Welge', and Teuriehomme in the measurement oi firsc negative band

radiative lifetimes have intei'preted anomalous effects as indications of a

dual excitation process.

It is of interest to compare the results of the excitation cross section

measurements with the measuied cross sections for ionization of N as
14 2

given by Schram, el al. Experimental results indicate for electron pro-

duction the ratio of the total ionization cross section to the 3914 R cross

section is constant. This ratio, whnri combined with the observed 35 ev

average energy loss by electrons stopping in N or air for each ion pair,
2

is used to estimate the cfficiency f-Dr producing S914 R emission by energetic

elections.

Results are presented for the absolute cross sections for production
+

of the (0-0) band of the N2 first negativc system and the (0-0), (1-0) and
+

(2-0) bands of the N2 Meinel system by electrons of energies between 3 key

and 60 key.

4.5.2 Experimental Method

The absolute cross section for electron excitation of the 3914

band was measured by observing a 2. S cm path length of the electron beam

in the observat=on region of the target chamber (Figure 46) at a distance of

several meters. The emissioi: was assumed to approximate an isotropic

point source. The target chamber and baffles had been painted with a flat

black paint to minimize reflections. It was verified that the black paint

did not alter or add to the relative emission of the observed band systems.

A standard tungsten ribbon lamp was used to calibrate the photomultil lher

filter detector. The photornultiplier response was assumed to be constant

over the 75 ý bandwidth of the interference filter. Knowing the transmission

of the filter to both a continuous source and the 3914 R band, absolute

pressure, beam current, window transmission, and path length observed,
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the absolute cross section was determined for a given ene:rgy. The relative

cross section energy dupimidence was measured by usin g the two phase sens~ti:t

amplifiers and dual channel strip chart to record the 3914 ý signal and beam

current as a function of energy. The Meinel band cross sections were

measured by mounting the three bandpass interference filters successively

on the cooled S-1 photomultiplier which was positioned several centimeters

from the target chamber window. The absolute cross sections were determined

by measuring the intensity relative to the 3914 2 band with the nitrogen target
-4

chamber pressure 5 x 10 Torr. The signal was recorded by a phase sensi-

tive amplifier and strip chart recorder. The maximum angle of incidence

through the filters was approximately 7 degrees as determined by a cathode

surface mask and the filter mount geometry. An RCA 6199 photomult~p.,ier

with an S-l1 response with a field of view similar to the 3-1 tube was used

as a measure of the relative 3914 cross section. Both tubes were calibrated

with the tungsten ribbon lamp. The cooled S-I tube with each of the three

Meinel band filters was also calibrated with a 1150 0 GC blackbody. Knowing

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 is based

principally on a revised niea!ýuielient of abjsolute pressurc. To avoid sPurious

currents generated by the electron beam, the "Alphatron" gauge was mounted

approximately 32 _;,n from the observation egiun of tie Largc: t.hnbbi d

pipe leading to the large meCildnical pump. It was previously observed for

a given 3914 R radiance, the "Alphatron" pressure increased when the gas

flow through the target chamber was substantially reduced. This was

erroneously treated as a pressure gradient with the value measired 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 generated by
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electron beam impact with the target chamber. Increasing gas flow more tAln

an order of magnitude while maintaining the same target chamber pressure

reduces 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 R band is compared with some of the previously published values in

Figure '64. The recent results (not shown in Tigure %'4) of McConkey, Woolsey
40 41 42

and Burns4, of Holland and of Srivastava and Mirza support the crossI 39
section of McConkey and Latimer and extend the electron energy Lo 2 key.

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 is interpreted as a dual excitation process,

presumably a direct and an indirect populating mechanism. At a modulation

frequency of 5 x 103 Hiz and target gas pr,_!ssure of 5 x 10-4 Torr, the ratios

of the (2-0), (1-0) and (0-3) Meinel banid cross sections to the 3914 ý band
+ 1- +

are 0.60 - 0.06, 1.40 - 0.14 and 1.20 - G.18 respectively. The revised

cross sections for this case are presented in Figure 65. As indicated by thQ

Stern-Volmer plots of Figures 56 through 61, for these conditions the direct

exzitation process dominates. At the lower modulation frequency of 150 Hz,

the magnitude of the Meinel cross sections also measured at a gas pressure
-4

ot 5 x 10- orr increasea by a f.actor of 1 .5. The increase is presumabiy

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 X band. The target chamber pressure was

5 x 10-4 Torr and ti-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 by

the lo-wer quantum efficiency of the photomultiplier.
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I
4.5.4P aic so 1 4  -nI~danes rd oss section for the

II

Ionization of ratrogen by electrons of f-am 0. 6 to 20 ~e'enerqy in termis of.1 the Born approximation. The resulting expression has the formn

N As loge GE
2 E l

o + 2 2
where N is the cross section in cm pei molecule, L' = 1/2 ni v (i0

2 o
rest mass of the electron) and A and C constants. Schrain found the Born

approximation to be an accurate description of the non:elativistic energy
S-14 2

dependence. The constants A and C are (1.84 - 0.01) x 10 ev cm and
+ -1

0.078 - 0.001 ev , respectively.

For analysis of the excitation cross section for the 3914 R band by

electrons of from 3 to 60 key energy, where relativistic effects become

significant, the expression

3914 A• _A [ loge C0' - loge (-i 2) - P2 i

is used where 0 is the ratio of the electron velocity to the velocity of licht.

In Figure 67 ((3914 R E') is plotted as a function of the quantity loge L'

log e ) _f . The linear relationship indicates the Born approximatione
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
A and C oa (i2.6 +C1.4) x v-16 c 2 __a n ' ( 0.04

U.Li) V ciIIaiku ~ 0.02' roecie-

An additional estimated error of - 15% exists in the value of A due to the

error in the absolute cross section ineasuiement. Schram's value of A is

15 times the vai2,r presented tor the 3914 R band while the - 3lues of C

agree within experimental error.

A comparison of the published3 6 - 4 3 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 band
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, and N W t -on t-on cross section measurements, However,

the magnitude of this ratio varies from approximately 13 to 50 among the

various results due to discrepancies in the magnitude of the cross sections.

The bulk of this discrepancy is in the excitation cross sections. The total

ionization cross sections of Tate and Smith13 and Schram et a]14 agree

within 20 percent.

23
Valentine and Cuunan present a review of experimental evidence

that indicates energetic electrons incident on nitrogen lose an average 35 cv

per ion pair produced. The average energy lost is irdependent of electron

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

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

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

for production of the 3914 R band n N2 by electrons. Values of 13 to 15 ion
2 39-42

pairs per 3914 R photon are indicated by recently reported excitation

cross sections based on the total ionizat-on cross section of Schram et al. 14

Similar analysis using the originally reported 36, 37,38,43 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 2" The cross section

measured by Schram et al for electron iunization is 16 percent larger for 02

than N . Assuming negligible competing inelastic electron collisions with
_ other atmospheri constituents, the 6.0 x 10- 3914 A electron induced

fluorescent efficiency i N 2 reduces to 4.6 x 10.3 in air. The fluorescent

efficiency calculated in this manner is independent of electron energy for

electrons with energies in excess of approximately 100 ev. Hartman47 in

an experiment designed to measure fluorescent efficiency directly in air at

pressures low enough to exclude collisional deactivation presents a value

of 3.4 x 10-3 for production of the 3914 R band by electrons. This value

confirms a tentative result given in an earlier report. 48 Green and Barth49

present a theoretical estimate of the fraction of a 30 key electron's kinetic

energy lost by inelastic collisions resulting in tue population of the

electronic states of N and N . A fluorescent efficiency of 1.4 x 10 is
2 2*
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ind e fai ei. ta*. ie~.n uf tie 39 ..4A a 1 't a.. - . .1

-3
of 3 to 5 x 10 for production in nitrger. 1,y ckl.-tr ,'s w~t encr,;y in tlc

3
range of I to I() key. However both of these calculated flu-oretscent

efficiencies are based on initially reported values of thu clection excitation

cross section for the 3914 X band. Use of tie larger morc recently rcported

values would increase the fluoresccnt efficiencies by a fdctor of slightly

greater th~an two.

51
NMcholls has calc:ulated t'rank-Condon factors tor thr2 first negative

4

and the Meinol systems of N 2' In addition to calculationis of the relativc

Frank-Condon factors for tranbitions of a givcn progression, values are

presented for the transit.ions to various upper vibrational levels excited

from the ground state. Based on thebe 1-'rank-Condon factors and assuming

the electronic transition n'ornent is 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 Frank-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 R band represents 65 percent of all the

first negative transitions. On the basis of these percentages and the cross

NOW 5t.Cilý.Tl It-) d11UCtL ex ia Mo te Melnel band Cross sections m-easured at

5 x 101 Hz), the ratio of the population by divect electron excitation of the+ 2 .

N A 2 T to the B2 -, state is 4 to I. Since it is also known the 3914
2 u u

excitation cross section represents one out of 15 ionizing collisions, a
.2 4 4

maximum value for the relative population -of the L 9 stdte of N2 may beg

calculated. Assuming the first three electronic states represent the total

ionization cros. section, thle X, A and B states are populated in the ratio

of 5:4: 1. Zapesochnyj and Skubenich27 have measured the cross scction

for the electron excitation -of the A2 l and B u electronic states of N; by

summing the cross sections for the more intense \inenel and first negative
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TABLE IX

RELATIVE MLINEI. BAND EXCITATION CROSS SECTIONS

Transition This Experiment Theoreticala

2-0 1.0 -0.1 1.0
+i-0 2.3 - 0.23 2.4

0-0 2.0 - 0.3 1.8

aThe theoretical values are based on the Frank-Condon factors of Nicholls
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transitions. At the maxirnuni electron energy of 140 ev the ratio of the A to B

state excitation cross section is approximately 2. 51, While a maximum

error of 40% Is given for the aLsolute values of the cross sections, the error

in the relative cross sections and th.e tarqet gas pressure for the Meinel

band measuiements are not specified.

The (2-0), (1-0) and (0-0) Mcinel bands have excitation cross I

sections (including the indirect populacing process) that are 0. 9, 2. 1 and

1.8 times the 3914 Rband. At pressures below 5 x 10-4 Torr where collisional

quenching is an ineffective depopulating process the cross sections repre--
- 3 - 3 -3

sent fluorescent efficiencies of 2.7 x 10 , 5.4 x l3 and 3. 9 x 10. At

this pressure, it is estinated that approximately 55 percent of the emilssion

is due to direct electron excitation and the remainder the result of an in-

direct populating mechanism.

12
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S. CONClUSIONS

The absolute intensity of the optica, t,ýmissions resulting fiom 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 trars-

ition. Data are presented for the first negative and Meinel systems of N 2

and the first and second positive systems of N . The measurements have

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 2 Stern-Volmer quenching describes the pressure

dependence of the fluorescent efficiencies. The Mei-el bands are excited

by a dual excitation mechanism. One of the excitaLion mechanisms is

pressure dependent and is not described by the Stern-Volmer quenching

process.

Figures 68 and 69 present fluorescent efficiencies as a function of

pressure in N and air for representative transitions of the band systems

considered. The fluoiescent efficiency for the (1-0) Meinel band is for

direct excitation exclusive of the cascade mechanism. The magnitude of
3

the efficiency is based in part on the cross section measured at 5 x ].0 Hz
.44

at a N2 pressure of 5 x 10 Torr. Figure 59 indicates at S x 10 Torr the

excitation cross section for direct excitation represents U0 percent of the

total cross section. The fluorescent efficiency for the (1-0) Meinel band

givLn in Figure 68 is based 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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* EFFICIENCY FOR PRODUCTION OF OPTICAL RADIATION
BY ELECTRONS INCIDENT ON NITROGEN
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EFFICIENCY FOR PRODUCTION OF OPTICAL RADIATION

BY ELECTRONS INCIDENT ON AIR
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with the calculations of StolarsE: and Green j2.Below 80 12, pi 2:tocmIca]
reactions are minimal, thc atmosphere is almost completelfy N2 a1d (2 iI I

[ the ratio of 4 to I and the fluorescent efficiencies of l'igurcs 68 and 69 apply

ilr~ctlv. Above Go km th. increa:ina concentration of atomnic species offer

alternative energy dissipating mechanisms to the molecular process presented

in this report.
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