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ABSTRACT

The present study is important in interpreting visible and near-

infrared auroral emissions in terms of electrons entering the atmosphere.

The absolute excitation functions for the (0,0), (0,1) and (0,2) N*

first negative bands and the (4,1), (2,0) and (3,1) N* Meinel bands

produced by 0.07 - 4.0 keV electron impact have been measured.

The emission cross sections have been measured with a photon count
-4inp. technioue in a pressure ranee of 1.5 - 6.3 x 10 Torr in which the 

intensity of the radiation was nroportional to both the electron 

current and the gas pressure.

The maximum emission cross sections for the (f',n), (0,1) and (0,?)
+* 2 “10 2 first negative bands are 16.86 x 10 ° cm , 6.06 x 10 cm and

1.16 x 10 cm^ respectively, and for (4,1),(2,0) and (3,1)

Ileinel bands are 6.76 x 10 ^  cm^, 6.02 x 10 ̂  cm^ and 2.35 x 10 ^
2cm respectively, at 90-110 eV. The average ratio of the cross sections

for the (0,0), (0,1) and (0,2) Nj first negative bands is 1 : 0.34 : 0.O65

and for the (2,0),(3,1) and (4,1) Meinel bands is 1 : 0.4 : 0.12.
+ 2The apparent excitation cross section of the A JIy state is twice
+ 2 +the apparent excitation cross section of the B Iu state.

2 +The excitation of the v’*0 vibrational level of the B state
4. #

of is of the order of 0.1 of the total ionization cross section of
-2  -1

^ 2  by electron impact. This gives an energy flux of 60 ergs cm sec 

for the incident electrons in a type IBC III aurora.

The emission cross sections display an E * in E dependence as 

described by the Bethe - Born approximation above 300 eV.

iH
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CHAPTER I 

INTRODUCTION

Available information (Chamberlain, 1961a)reveals that auroras can 

be excited by the bombardment of the upper atmosphere by the following 

particles:

1. Primary electrons and/or secondary electrons produced by 

the ionization of atmospheric gases by primary particles.

2. Energetic protons.

3. Hydrogen atoms produced by the neutralization of protons.

As these particles penetrate through the earth's atmosphere they 

undergo inelastic collisions (ionization, charge exchange, etc.) with 

atmospheric gases, leading in certain cases, to the excitations.

In order to find out which of these inelastic collisions will 

lead to the excitation of auroral lines and bands, it is necessary 

that one have kn-vledge of the following:

1. The rate of energy loss of electrons and protons through 

the atmosphere and the energy of these particles as they 

arrive at the auroral altitude.

2. The spectra of the atmospheric gases excited by bombarding 

particles having different energies.

3. The cross sections of different inelastic collisional 

processes between atmospheric gases and these particles.

Recent rocket and satellite measurements (O'Brien and Taylor, 1964 

Evans and Belon, 1963) have demonstrated a good spatial and temporal

1
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relationship between precipitated electrons and luminous auroras. The 

BeIon, Romick and Rees (1966) study of the A 3914 II* first negative 

vertical luminosity profile indicated that the extreme energy values 

of auroral electrons are 0.7 to 6.0 keV but the main (characteristic) 

energy is between 1.0 and 4.0 keV. The study also indicated that 

electrons are the primary source for the production of negative bands.

Meinel bands are also one of the prominent features in the infra

red region, but studies of these bands are in a preliminary stage.

The energy flux of a beam of fast electrons absorbed by the 

atmosphere has been derived by Dalgarno et al. (1965) from the result

ing intensity of the (0,0) A3914 N* first negative band. The procedure 

based upon the observation that the variation of the cross section for 

the production of A3914 by electron impact with determined by 

McConkey and Latimer (1965) is very similar to that of the total ioniza

tion cross section and that the average energy loss per ion pair produced

by an electron beam in nitrogen is constant at about 35 eV. Dalgarno
-3et al. (1965) estimated an efficiency of 4.0 x 10 for the production 

of the A3914 band by energetic electrons in the air, in fair agreement
-3with the efficiency of 3.3 x 10 measured for 750 eV electrons by 

Hartman and lloerlin (1962) [Hartman (1967) has recently repeated his
_3

measurement and obtained an efficiency of 3.4 x 10 ]. .

The A3914 cross section measured by McConkey and Latimer (1965) 

is higher than the earlier measurements of Stewart (1956),Sheridan et 

al, (1961), llayakawa and Nishlmura (1964), Davidson and O'Neil (1965) 

and Hayakawa et al. (1965) by a factor of 2 to 3 at the maximum.
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Also,the curve falls off more sharply in the case of Stewart (1956) 

and Sheridan et al. (1961) at higher energies than McConkey and 

Latimer's (1965) curve.

Commenting on the note of Dalgarno et al.(1965), Davidson (1966)

directed attention to the good agreement of the earlier cross section

measurements [Stewart (1956), Sheridan et al. (1961), Hayakawa and 

Nishimura (1964) and Davidson and O'Neil, (1965)]. He pointed out 

that the data of McConkey and Latimer (1965) were taken with an in

directly calibrated system, while the earlier workers used standard 

lamp calibrations.

In view of such discrepancies it was desirable that the experiment 

be repeated from low energy to a few keV in order to cover the character

istic energy range for auroral electrons and to examine the validity of

observations of Dalgarno et al. (1965). Work was in progress in our 

laboratory to measure the cross section for electron excitation of the 

1̂2 Meinel band system. Concurrent with these measurements, the intensity 

of light emitted in the first negative bands was measured, and excita

tion cross sections were determined for electrons with energies of 

70 eV to 2.5 keV. The measurement of X3914, which was presented at the 

A.C.U. meeting [Sfivastava and Mirza (1967)] was the first to provide 

direct support for the 'high' value of cross section reported by 

McConkey and Latimer (1965) in the energy ran^e of threshold to 300 eV.

Also, the measurements of Zapesochny and Skubenich (1966) for the 
2 +B Instate cross section provided indirect support for the higher cross 

section for the N* first negative bands.
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In order to check the validity of the technique used by McConkey 

and Latimer (1965), McConkey, Woolsey and Burns (1967) measured the 

A3914 cross section using a standard lamp calibration. They found 

good agreement with the values reported by McConkey and Latimer.

In our laboratory, the experiment to determine the slow electron 

excitation cross section of nitrogen bands in the visible and infrared 

region has been in progress since 1965-66. The present study includes 

the following measurements:

1. Measurements of the emission cross section for the N* Meinel 

((4,1), (2,0); (3,1)3 bands produced by the impact of 

electrons from 80 eV to 4.0 keV energy.

2. Measurements of the emission cross section for the N* first 

negative [(0,0), (0,1); (0,2)3 bands in the energy range of 

70 eV - 4.0 keV.

The choice of (4,1), (2,0) and (3,1) Meinel bands is made 

chiefly because of their importance in the auroral phenomena. These 

bands can be isolated from nearby first positive bands of N^, while 

the other bands are completely or partially overlapped by the first 

positive bands. In appearance these bands are triple headed and 

degraded toward longer wave lengths. The exact wave lengths of the 

two (Rg and Qj) stronger band heads have been determined by Meinel 

(1951) and Douglas (1953). The stronger bands show, in addition, the 

presence of secondary maxima. The constants for these bands are known 

and thus all the relevant information for determining the absolute 

cross section by filter photometry is available.
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No absolute excitation cross sections for the Meinel bands are
2available except for the total excitation cross section of the A 11̂ 

state obtained by Zapesochny and Skubenich (1966) in a very limited 

energy range (threshold - 140 eV). Also,the measurements of Stewart

(1955) for the (2,0) and (3,1) N* Meinel bands are only relative and 

have been done photographically in a very limited energy range (20 - 

120 eV).
o

Because of the interest in a precise determination of the X3914A 

cross section (discussed earlier) and the non-availability of excitation 

cross sections for the v' = 0 progression of the first negative 

bands in the characteristic energy range of auroral electrons (1.0 to

4.0 keV), the experiment has been performed to determine these cross 

sect ion.

The absolute emission cross sections for all the (0,0), (0,1) 

and (0,2) bands of the first negative system have been measured 

twice previously. [Stewart (1956), McConkey and Latimer (1965)]. Both 

the measurements of Stewart and McConkey and latimer, are in a very 

limited energy range (25 - 300 eV). Not only are the cross sections 

of McConkey and Latimer (1965) a factor of 2 to 3 higher than Stewart

(1956), but the aieasured relative intensities of the progression are 

in disagreement.

The measurements of the first negative and Meinel bands cross 

section will provide data to stimulate and test the development of 

semiclassical theories which rely heavily on the availability of
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experimental data in the absence of any quantum mechanical predictions 

for heavier gases.

The details of experimental arrangement, calibration techniques 

and results vleh a concluding discussion are presented in subsequent 

chapters.
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CHAPTER II 

EXPERIMENTAL APPARATUS

2.1 General Description

The schematic diagram of the experimental arrangement is shown in

Figure 1. The radiation studied was produced by a well defined electron

beam. The fast electron beam passed through a low pressure gas cell

target and the light emitted from the beam path was studied at right angles

to the beam direction through a quartz window and interference filters.

During the experiment, the pressure of the electron gun chamber was

kept at about 10 ^ Torr to avoid contamination of the gun. The pressure
-4 -4inside the collision chamber was varied from 6.3 x 10 to 1.5 x 10 Torr 

during the observations. The electron energy was varied from 70 eV to 

4 keV. The electron currents were usually from 2.5 yA to 25 yA. Single 

photon counting techniques were used in the present Investigation. How

ever, in the beginning some measurements were made by the d.c. technique 

(i.e. the beam current and the photometer output were simultaneously 

measured by d.c. electrometers). In all the observations the anisotropy 

of the emitted radiation was evaluated.

2.2 Vacuum System

The vacuum system consists of the usual type of diffusion pump - 

backed up by a mechanical pump. The diffusion pump is an oil-type 2"

CVC "Blueline" which has a plateau pumping speed of 104 liters per 

second and a back streaming rate of 0.3 cc per hour. The main system 

is connected to the diffusion pump through freon refrigerated and air

7
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ION GAUGE ION GAUGE•, -

Figure 1 Schematic view of the apparatus used for measuring 
the emission cross sections.
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cooled baffles to avoid back streaming of diffusion pump oil into the 

system.

The mechanical pump is a Welch two stage "Duo-Seal" rotary oil 

pump Model Mo. 1402 which has a pumping rate of 140 liters free air per 

minute. The gate, the fore and the roughing valves used in the vacuum 

system are pneumatically operated. The various valves and the 

diffusion pump are interlocked so that the diffusion pump and gate 

valve shut off automatically if a leak develops in the system or if 

the water supply used to cool the diffusion pump is interrupted. The 

interlocking system provides a facility for continuous evacuation of 

the system without danger of diffusion pump oil entering into the 

system.

The vacuum vessels (main system) consist of 2" Pyrex glass pipes 

which are joined by neoprene gaskets using high vacuum silicone grease. 

The various vacuum system components are joined together by 2.2 cm copper 

tubing. Once the vacuum seals are made and the system is outgassed, it 

is very easy to obtain a pressure of 10~^ Torr. The pressure of the 

system is recorded by two Veeco RG 75 ionization gauges. The pressure 

readings of these gauges are calibrated against a high vacuum McLeod 

Gauge (calibration is discussed further in Chapter IV).

2.3 Electron Gun

A schematic diagram of the electron gun is shown in Figure 2. The 

filament is a hair pin V -shaped thoriated-tungsten wire F across which 

an a.c. voltage (1.0 - 1.5 V) is applied through a filament transformer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The primary voltage to the filament transformer is provided by a variac. 

The grid G is biased a few volts negative with respect to the filament 

by adjusting the resistor R. This type of grid biasing avoids over

loading of the filament. and A2  are two cylindrical electrodes 

made of 2.S cm diameter aluminum tubing and are 5.1 cm and 7.6 cm long 

respectively. Aq is a 6.4 mm thick aluminum plate having a 3.2 mm 

beam defining aperture in the center. This also maintains a differential 

pressure between the gun and the collision chamber sections. The

electrode A. and the plate A are connected together and are kept at 
t o

ground potential. The potential to A 2  (final accelerating voltage) 

is supplied by a John Fluke High Voltage Power Supply Model No. 408A 

(0.5 to 6.0 kV) and the potential to electrode is supplied by a 

Northeast Scientific Corporation Regulated High Voltage Supply Model 

No. ZRE 1603 (0 to 1.6 kV). Potentials along the beam path are shown 

in Figure 2.

2.4 Focusing

The three cylindrical electrodes A^, Aq and G form an electrostatic 

lens system. The building up of a space charge is eliminated by the 

negative biasing of grid G. Electrode A^ serves as the first accelera

ting anode and A^ serves the final accelerating anode. The potential 

applied to electrode A2  is always kept greater than the potential at 

Â . The potential at A2  is taken as the final energy of the electrons.

A well-defined narrow beam of electrons is passed into the collision

chamber through the aperture of plate A . In order to overcome theo
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deflection of the beau due to the earth's magnetic field ( 0.6G), a 

permanent bar magnet is placed outside the electron gun assembly and 

its position is adjusted in order to obtain a straight beam along the 

axis of the collision chamber. The divergence of the beam is suppressed 

by the two axial magnetic coils wound around the collision chamber as 

shown in Figure 1. By adjusting the potential on electrode A^, the 

grid biasing, the filament voltage, the bar magnet position and the 

strength of the axial magnetic field, a v/ell-defined and collimated 

beam of electrons is obtained in the energy range of 70 eV - A keV.

2.5 Beam Collection

The collision chamber along with the beam collecting system is

shown in Figure 3. The electron beam enters into the collision chamber

through the beam defining aperture of the plate Aq. C^, and

are three 4.7 cm diameter aluminum cylinders. is the collision

chamber which is described in detail in the next section. and

are two shields which are kept at ground potential. The apertures in

the shields are 0.48 cm in diameter. The electron collector assembly

consists of three elements, S2 , Fc, and Fp. The Faraday cage F^ is a

wedge-shaped 15.2 cm long collector made of copper plates as shown in

Figure 4. [In the preliminary stage of the work an ordinary type of

Faraday cup was used.] The plate F^ is insulated from F£ by two teflon

spacers. F and F are biased 135 - 180 volts and 45 - 90 volts, p c
respectively, positive with respect to the shield Sj. The wedge-shaped 

design of the cage prevents the reflection of electrons, and the escape
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of secondary electrons from the collector assembly. The shield S1 

prevents the penetration of the positive field from the collector 

assembly into the collision chamber and also helps to collimate the 

beam.

2.6 Collision Chamber

Essentially the collision chamber consists of an aluminum cylinder 

C^ which is 12.7 cm long and 4.7 cm in diameter enclosed in a tee-shaped 

pyrex glass envelope. One side of the collision chamber (facing the 

shield Sj) is closed by a thin aluminum plate having a circular aperture 

of 0.8 cm. Near the closed end of the cylinder is a 5.1 x 2.5 cm 

rectangular window through which the radiation is viewed at right 

angles to the beam direction. The inside of the collision chamber 

assembly is painted with acquadag to prevent any reflection of light 

from its walls. The collision chamber is grounded to avoid the effects 

of any stray electrical fields and the building up of an electrostatic 

charge. The optical window is made of a 1.3 cm thick and 6.3 cm diameter 

circular quartz slab which is flanged to one limb of the Pyrex-Tee facing 

the rectangular window of the collision chamber Ĉ .

2.7 Beam Collimator

The collimator is 16.4 cm long barrel with a 4.7 cm inside diameter.

It is made from an aluminum cylinder with, a wall thickness of 1.0 cm and 

houses an aperture, 2 lenses, an interference filter and a slit. The 

geometrical arrangement of various optical components is shown in Figure 5.
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Figure 5 Collimator system and photometer.
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P is an aperture which defines the solid angle of radiation seen by the 

photometer. and L  ̂are two 4.9 cm plano-convex lenses used for the 

collimation. The focal lengths of the two lenses and are 14.6 cm 

and 12.7 an respectively. The distance between the first lens and 

the center of the electron beam is equal to its focal length (14.6 cm). 

A parallel beam of light merging through lens passes normal to the 

interference filter and is finally focused by the lens on slit S.

The slit S can be adjusted to select the desired beam length for the 

observations. During most of the experiment it was set at 1.0 cm.

The magnification of the lens system is 0.87 and therefore the actual 

beam length observed was 1.15 cm. The light coming through the slit 

falls on the photocathode of the photomultiplier tube traversing an 

"EOVac" seal whose function is described in the Photometer Section.

In this arrangement the maximum angle of incidence at the interference 

filter is within 2°. This assures that the normal incidence character

istics of the filter have not changed during the observation. A thin 

circular polarizer can be Installed between the aperture P and the 

quartz window to determine the amount of polarization in the irradiated 

light. Details of the polarization measurement are discussed in 

Chapter IV.

2.8 Photometers

For measurement of the small light intensities encountered in the 

collisional excitation experiments, a careful selection of the photo

multiplier tube is necessary. The major limitation is the dark current
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and the fluctuations associated with it. Various causes of the dark 

current are discussed in a manual of the "Dark Current in Photomultiplier 

Tubes" from E.M.I. Electronics Ltd., but two of these causes are the 

most fundamental and important. These are the thermionic emission of 

the dynode system, and the photocathode and fluorescence of the photo

multiplier walls.

According to ideal statistics, the average fluctuation in the 

number of thermionic electrons emitted in a given time is equal to
L

(N.) where N, is the total number of thermionic electrons emitted d d
in that time. Proper selection and cooling of the photocathode 

material can reduce considerably the number of thermionic electrons 

and hence the fluctuation. Furthermore, the dark current fluctuations 

can be reduced by using an appropriate signal detection system which is 

described in the next section.

The fluorescence of the walls of the photomultiplier tube is 

prevented by operating the tube with its cathode and the outer wall 

at the same potential.

Again, from ideal statistics, the Signal to Noise ratio is given

by

S/N * N q (e. g. -I-)** , 2.1P j-d

where N is the number of photons striking the photocathode surface P
per sec , q is the quantum yield ratio, e is the electronic charge, g 

is the current gain of the photomultiplier, is the dark current 

detected at the anode and t is the time interval over which the anode
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pulses are collected. The quantities which depend directly upon the 

type of photomultiplier tube are g, q and î .

Another important factor is the area of the photocathode. A 

larger area would allow a larger beam length to be studied and hence 

would increase the current output of the photometer.

With all the above considerations in mind the RCA 7265 and the 

Amperex 56CVP photomultipliers were selected to cover the entire 

region of intended observations. The two tubes are manufacturer's 

"Select-Type" (having higher sensitivites and lower dark currents than 

the average type tube). The RCA 7265 with an S-20 photocathode surface
O O

was used in the region 3800 A to 7900 A and the Amperex 56CVP with an 

S-l cathode surface was used for the X8080 (3,1) N* Meinel band.

A coolable Photomultiplier Assembly Model PM-102 of Electro-Optics 

Associates was used for housing the photomultiplier tubes. To prevent 

frosting and fogging of the tubes, specially made vacuum seals called 

"EOVac" were epoxied to both of the tubes. The RCA 7265 photomultiplier 

tube was operated at room temperature to record the strong N* first 

negative bands while for the two Meinel bands [(4,1) and (2,0)] the 

tube was cooled by cold dry air passing through a freezing mixture. The 

Amperex 56 CVP was cooled by dry ice for observation of the (3,1) N* 

Meinel band.

A mu-metal shield was placed around the photomultiplier tubes to 

prevent any distortion in the function of the dynode system due to any 

stray electric and magnetic fields. By keeping it at the photocathode's 

potential, the fluorescence of the tube walls was also prevented.
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2.9 Signal Detection Apparatus

Two different methods were employed for the detection of the signals. 

In the earlier part of the studies, mainly due to lack of funds, a d.c. 

current integrating procedure was used. Both the beam current and output 

of the photometer were measured by 600A and 610A Keithly Electrometers. 

Later on, a beam integrator and a photon counting system were set up.

The chief advantage in using the photon counting technioue over the 

d.c. method is that by selecting the proper base line of the single 

channel analyzer, the smaller pulses due to the thermionic emission from 

the various dynodes can be discriminated against the larger pulses pro

duced at the photocathodes. This improves the S/N ratio considerably. 

Furthermore, by integrating, the beam current and the output pulses of 

the photometers, the fluctuation in the beam intensity is also accounted 

for.

The block diagram of the signal detection system is shotm in figure 

1. A Current Indicator and Integrator Model No. A 309C manufactured 

by Elcor is used to integrate the beam current over a desired period of 

time. The Ampligrator (Amplifier and Integrator), the Single Channel 

Analyzer, the Electronic Timer and the Scaler are made by Elron.

The Ampligrator Model CA-N-262 is a current-operated module and 

is desired for use in high resolution spectroscopy. Its charge 

collection time is 1.0 n sec to 12.0 psec and the current gain is from 

16 to 16,000. The integrating time constants are from 0.1 to 12.8 psec; 

the intrinsic rise-time is less than 30 n sec. Its amplifier pass-band 

at low frenuency is 3 db down at 15 cycles per sec.
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The Model SCTD-N-10X Precision Single Channel Analyzer is also a 

current-operated module. Its resolving time is less than 0.7 psec and

the rise time of accepted signals is less than 0.25 psec.

The Electronic Scaler Model No. NIS-17 has a Nixie display with 

a count capacity of 7 digits. Its counting accuracy is absolute, the 

resolution is better than 0.7 psec to pulse pairs and the maximum

counting rate is 1.5 million counts per sec.

A Dual Purpose Electronic Recycle Timer Model TI-N-100B is used 

as a master switch to stop the scaler and the bean integrator unit 

simultaneously, after a preset length of integration period. Typically, 

an integration time of 50 seconds was used.
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CHAPTER I I I

EXPERIMENTAL PROCEDURE

The entire vacuum system is evacuated continuously for several

weeks. After a careful degassing of the class chambers and other

components with a heat gun, the typical pressures obtained are 7 x

10  ̂ Torr in the gun chamber and 2 x 10  ̂Torr in the collision

chamber section. After the long evacuation, prepurified nitrogen

gas of purity 99.9% manufactured by Industrial Air Products is

introduced through a variable leak valve at a relatively high

pressure ('v 30 milli Torr) for about half an hour. After flushing

the system, the pressure in the collision chamber is reduced to the
-4desired value 5 x 10 Torr) and the system is allowed to run for 

several more days to achieve equilibrium. Pressure readings of the 

ion gauges are taken throughout this period. A constant reading of 

the collision chamber's pressure is indicative of the equilibrium 

conditions, after which the observations could be started.

3.1 Molecular Spectra Excited by Electrons
0 0

Various scans of the optical spectrum from A3000A to A800GA 

with different electron energies and gas pressures were made in the 

first order of a 70 cm f/3.4 Ebert-Fastie Spectrograph which was 

designed by the author and built locally. The appearance of the 

first negative emissions in the second order of the grating pro

hibited the identification of the Meinel bands. A yellow filter

22
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having a cut off at about 6000 A was used to isolate the presence of 

second order emissions. Two typical scans with and without the filter 

are shown in Figure 6.

3.2 Beam Current and Pressure

The variation of the emitted light intensity per incident particle 

as a function of the target gas pressure p is important since it is used 

as a criterion to determine the source of optical emission. If the 

emissions are due to the collisions between the primary incident parti

cles and the target gas, the light intensity per incident particle will 

be a linear function of p. However, if there are some secondary processes 

present, the dependence will be quadratic.

In order to verify the single collision condition, linearity of 

the photometer's output, both with the gas pressure and the beam 

current, was checked and is shown in Figure 7 for both the first negative 

and Meinel bands. The Intensities of the first negative and the Meinel 

bands are proportional to the gas pressure as well as to the beam current 

below a pressure of lm Torr. In all the observations, collision chamber 

pressure was kept much lower than lm Torr. The actual gas pressure 

inside the collision chamber during the observations for various bands 

are listed in Table 1.

3.3 Data Taking Procedure

The pressure inside the collision chamber is recorded by the ion 

gauge. The narrow band pass Interference filter for a particular band 

to be studied is placed in the collimator which is then mounted on the
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Figure 6 N2 molecular spectra excited by 500 eV electrons 
(16 A resolution) along with mercury lines.
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TABLE 1

Target Gas Pressure Inside the Collision 
Chamber During Observation

Band Pressure

First Negative ( x 10~S

3914 (0,0) 2.0

4278 (0,1) 1.5

4709 (0,2) 3.0

Meinel System

7059 (4,1) 2.0

7850 (2,0) 6.3

8080 (3,1) 5.9

Torr
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quartz window (see Figure 1). The potential at the anode (Figure 2) 

is set at the desired value of beam energy (70 eV - 4.0 keV). The 

filament voltage, the resistance R, the position of the bar magnet 

and the voltage of A^ are adjusted to get a beam current of a few 

microamperes. The beam is usually well collimated in the collision 

chamber after entering through the aperture Aq and can be seen by 

the naked eye. It starts diverging slightly at the other end of the 

collision chamber. A variable axial magnetic field (up to 250 G) 

is used to further collimate the electron beam. Electron currents at the 

collision chamber and shield are also monitored to check the beam 

collimatlon. The sum of the currents at the collision chamber and 

Shield during the observation is always less than 12 of-the total 

beam current up to 2.0 keV and less than 1.5Z up to 4.0 keV.

The current at the shield which is a part of the electron 

beam exciting the observed radiation is added to the total beam current 

measured at the collector assembly consisting of S2 , F£ and Fp (see 

Figure 3). The electron current at the collision chamber was always 

less than 0.5Z of the total beam current and was neglected in deducing 

the cross section.

The pulse output of the photometer is preintegrated by an RC inte

gration circuit (Time constant « 2.4 x 10  ̂sec) before going through 

the linear amplifier. The amplified pulses are counted on the scaler 

after passing through the discriminator. The discriminator base line 

is so adjusted that the smaller pulses from different dynodes are 

suppressed and the signal/noise ratio is greatest. Both the current
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integrator and the scaler are programmed by the relay system of the 

electronic timer which stops them automatically after a fixed time of 

integration. Several data points 10) are taken for a particular 

electron energy and their mean value has been used for deducing the 

cross section. The maximum scatter of the data points is less than 

5Z. Also day-to-day reproduction is better than 5%.

After completion of the observations of a particular electron 

energy the potential at A^ is changed to the next desired electron 

energy. The same procedure is repeated for the entire energy range. 

Pressure readings are taken during each set of observations. The 

maximum fluctuation in the pressure readings is always less than 1Z.
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CHAPTER IV 

PROCEDURE OF DATA REDUCTIOF

The present experiment is concerned with the following inelastic 

collision of an electron with molecules.

iL (X ^E ) + e ■+ R* (A 2Il or B 2E+) + e + e' (excitation) , (4.1)
2 v=0 2 u u yl

and

N* (A 2I1 ) -*■ n! (X V )  + h v . ., (Meinel band emission) , (4.2)2 u yl 2 o v,, v'v"

or

(B Y )  -*• d* (X Y )  + h v , ,, (First negative band (4.3)
U i f c  9  || V  V  j  j  \v v emission) ,

where Vviyit is the frequency of the radiation recorded due to the
2 2 +vibrational transition from the v1 level of A n or B E states tou u

2 +the vM  vibrational level of X E state.g
In order to determine the absolute emission cross section, it is 

essential that in any experimental set up, the errors due to the aniso

tropy of the emitted radiation, pressure measurement and photometric 

calibration should be properly analyzed and estimated.

Working with the assumption that the upper states of the first 

negative and Meinel bands are excited by the simultaneous ionization 

and excitation from the ground state of by electron impact, the 

frequencies of the lines of a particular band and their relative
4

intensities are calculated to determine the filter factor (effective

30
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transmission coefficient) of the interference filter used for recordin'* 

the emission of that band.

4.1 Theory of the Experiment

As mentioned above, in the present experiment an electron beam 

is injected into a collision chamber filled with nitrogen gas. The 

passage of the Lea^ through the target gas forms excited particles 

which, with the exception of metastable states (if any), decav with 

the emission of radiation. The absolute measurement of the intensity 

of certain emission gives the rate of population of a particular 

excited state and hence, in principle, the cross section o for the 

formation of that state. An excited state, j, may he populated 

directly by excitation from the ground state or by cascade transition 

from a higher state, i. Depopulation of state j tah.es place hy 

radiative transmissions to state k, lying below j. The time rate 

of change of the population of molecules in the excited state .1 in 

one cm of beam path can be written as

dN4 T r" V
(4.4)“1 I V  ■-rf * o, - N - / A.. N. + /_A.. !■!. ,dt j e o k 1k 1 J  ij i 1

where N. and are, respectively, the number of particles in state

j and i produced per cm of beam path, A ^  and are the probabilities

per second of spontaneous radiative decay in the transition j k and
3i ■* j, respectively, Nq is the number of target particles per cm , 

is the excitation cross section of the j states in cm2,I is the electron 

beam current and e is the electronic charge. Therefore, I/e is the
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number of incident electrons per second.

After equilibrium has been established, the density IJ of the 

excited molecular ions is constant and therefore eauation (4.4) is 

reduced to

cj i  ■ £ * j k  V  \  V ,  • <‘-5>

It is convenient to define an emission cross section 

A., N, J,.
o.k * ^  2 — 1f- (A.6)

N (J) H (J o e o e

where J^k is the number of photons per cm per sec corresponding to the

transition j -*■ k in all directions alonp one cm of the bean path. The

measurement of photon emission allows the determination of an emission

cross section o., . The level excitation cross section o. may be deter- Jk j
mined only if additional information on cascade terms and transition 

probabilities is available.

All the present measurements are carried out under the circumstances 

where the emission is linearly dependent on both the electron beam 

intensity and target gas pressure (see Figure 7). This ensures that no 

significant population of the excited states takes place through 

secondary mechanisms.

The optical detection system (see Figure 5) is a narrow band inter

ference filter photometer which accepts radiation of "ave length A 

corresponding to the transition j -*■ k emitted within a solid angle 

from a small section of the electron beam path t, producing output
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signal the radiation is assumed to be isotropic then the

emission cross section can be computed from the following relation:

°)k <“"2> - ^  U/«,.i -V ff Ho S> • (4' 7)
Ng

where S.. ■ —  ; N are the signal counts per second and E. is
3  K S  A

energy of the photons in ergs; Tej£ is the filter factor (effective 

transmission coefficient of the interference filter) and S is the
A

quantum detection efficiency of the whole optical system. Hie value

of is determined by substituting a tungsten filament lamp of known

emissive power for the experimental source of emission and observing

the output signal at the wave length of interest. (See details of

calibration in section 4.5). The numerical value of is taken in

terms of number of counts per erg.

The gas number density is given by

N * 2.687 x 10^ x ^r" x -rfr- molecules/cm^ ,o T 7bU

where p is the target gas pressure in mm of Hg and T is the gas

temperature in K8.

The polarization of the emitted light can result in anisotropy

of the radiation and hence an error in the determination of the

emission cross section. A brief investigation of the oolarization

was made (see polarization section 4.4) using a simple polaroid

analyzer which indicated that the error introduced in the cross

section determination is negligible.

In all the measurements and 1 were kept constant. Their 
_2values are 5.31 x 10 and 1.15 cmf respectively. The target gas
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pressure is measured by an ionization ®aure which is then calibrated 

against a high vacuum McLeod °auge (details are piven in ®aupe 

calibration section 4.6).

4.2 Synthetic Spectra

The permitted transitions of and are shown in the enerpy
2 + 2 +level diagram given in Figure 8. The transition B E ->Y. E "ivesU 9

+ 2 2 + rise to the first negative system and the transition A HjgX Ê

yields the N* (einel system. The synthetic spectra of these two

systems are discussed below.

4.2.1 (B ^E* - X ^E*) First Negative System

(a) Have Lengths
2 ,The E states are described strictly by Fund's case (b) and there

fore the selection rule AK ■ +1 holds, while AK ■ 0 is forbidden. 

Generally the separation between the two sub-levels with J « K + 4 

and J * K - 4 for a given K is very small compared to the separation 

of successive rotational levels. Each band consists of two branches, 

viz, a P branch and an R branch.

The wave numbers of the spectral lines corresponding to the 

transition between the two electronic states are given by (Herzberp,

1950 a):

v * ue * vv + vr ’

where v = T' - T" , (4.9)e e e
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vv ■ “e (v + m “I K  (v' + !5>2 + <*>1 yl (v' + h)3 - <  (v" + *<)e e e

x.. (v.. + U ) 2 _ „ „ (v„ j 3
A A A •'A 74* (j)' x (v  + *<) -  u " y (v ” + Ji) e e e Je ~7

2 2 
and \>r  « K' (K’ + 1) -  K1 (K' + 1)

(4.10)

- B” K" (K" +1) + DJ K" (Km +1) . (4.11)

In equation 4.7,

B s B - a (v +• *«) ,v e e *

D * D + 6 (v + k) , v e e ’

4B"_e 
2 *u

and
8u x e e 3a 2 a u e e

3
24BJ

The various constants for the upper and loner states of the V^ 

first negative system are given in the Table 2. These values are taken 

from Herzberg (1950b).

Table 2

2 ^ 2 ^ ^ a iMolecular Constants for B £ and X £ States of N. Molecule (cm” )u g 2 ' 7

State Te

.....
ue

11 fa) Xe e u y e e Be
......  '!

a
6

-
Upper |_ 2 + B £u 25461.5 2419.84 i 23.19 -0.5375 | 2.083 0.0195

Lower 1»

* X  i 0.0 2207.19 1 16.136 -0.0400 1.932 1 0.0200
: -------- _L. „ „

1 1 
i !
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The selection rule K" = K' + 1  «ives a P branch while K" *» K* - 1 

f;ives an K branch.

(b) Intensity

The expression for the intensities in photons of the lines of a

rotation-vibration band in emission is Riven by Herzberg (1950c),

C -B'K'CK' + 1)£|Pin 3 .. v WT
^  * XA 0 v <K + K + D e  (4.12)

where IA is an intensity alternation factor which is 2 for odd K' and 

1 for even K' values and can be represented by the formula

I = 1.5 - 0.5 (-1)K* . (4.13)

The value for * 2.010 (Herzberg, 1950d) is taken for the "round

state of N^, assuming that the system is excited from the around state

of the molecule and the angular momentum of the molecule does

not change during the excitation (i.e. AK * 0). However, t*is

assumption for the first negative is not critical, since the "round 
+ 2 +states of and Nj (B Iy) have similar rotational constants (Chamberlain, 

1961b). The rotational temperature T is taken as 300°K, i.e., equal 

to the gas temperature. (Measurements of Polyakova et al. (1967) and 

Culp and Stair Jr. (1967) clearly indicate that the rotational tempera

ture of the Nj first negative band, excited by electron bombardment 

above 100 eV, is eoual to the gas temperature.)

The relative intensity for the P branch is

K. , k ' »• ♦ n  if
Ip * 11.5 - 0.5 (-1) ] Up (K' + 1) e (4.14)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



38

and for the R branch is
, „B' K'<K* + 1)

IR « [1.5 - 0.5 (-1)* ] vjj (K’) e v (4.15)

From the equations 4.8 - 4.15 the synthetic snectra for (0,0),

(0,1) and (0,2) bands of N* first negative are comouted

4.2.2 N* (A 2II - X V )  Meinel System 2 u g 7

(a) Wave Lengths
2 , 2 The £ state always belongs to Hund's case (b) whereas, a II state

may belong either to case (a) or to case (b) or to cases intermediate

between (a) and (b).
2 ,If the n state belongs to Hund's case (b), and if the doublet

2 2separation in both the states ( n - Z) is so small that the doublet 

components cannot be separated in the spectrum, then there will be

three branches P, Q and R, the q branch being the most intense.
2 ,

If the n state belongs to Hund's case (a), i.e., there is a large
2 2 2 2 separation between and II^^* each of the bands of a ( n - Z)

2 2transition can be divided into two sub-bands, viz., ( - Z ) and
2 2( nJ/2 - E), which are separated from each other by the amount of the

2doublet splitting of the n state. For each sub-band six branches are

possible, making twelve branches in all (Herzberg, 1950e). There are 

eight main branches and four satellite branches. The intensity of the 

satellite branches is very small and decreases very rapidly with increas

ing K (Douglas, 1953).
2In actuality, the II state belongs neither strictly to case (a) 

nor strictly to case (b), but represents a transition case which for
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small rotations approximates to case (a) and for lar<*e rotations to 

case (b). Hence the formulas for a transition situation [i.e., from 

case (a) to case (b)] are used.

The expressions for v£ and vv are the same which have been used 

for the first negative system (i.e., equations 4.8 and 4.9) and vr is 

given by (Herzberg, 1950f)

vr * F (J') - F (K")

2 2where F (K“) * K" (K" + 1) - DJJ K" (K" + 1) .

For J’ = K’ + Js; F (J') * Fj (J') and

2 2 ^Fj (J’) * Bv, [(J* + H) - 1 - {4(J' + * *)>]

- D ,J’4 .v
For J' = K' - hi F (J') = ?2 (J') and

i.
F2 (J') = Bv, [(J* + h)2 - 1 + {4(J' + 'O2 4- Xv, (Xy, - 4)}]

- D ,(J' + l)4 (4.10)

where X̂ , =» A/Bv#. The other parameters have been defined in the

previous section for the N* first negative bands.
2The molecular constants of A II state are taken from the work ofu

Douglas (1953). However, some of the values listed in Douglas' naper 

are in error as pointed out by Mathews and Wallace (1961). The correct 

values used here are listed in Table 3.
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Table 3

2 + -1  Molecular Constants of A n State of (cm )

B2 = 1.695 a2 * -7A.62 Be = 1.7AO

B3 = 1.678 V -7A.60 ae = 0.018

ba = 1.658 II -7A.58 De = A x 10”6

T = 9168.AO ui * 1902.84 m X = 1A.91e e e e

The various branches with their appropriate selection rules are 

tabulated in Table A.
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Table A 

Branches of Meinel Bands

Branches
Sub-band AJ AK Main

AJ-AK
Satellite
AJtAK

Relationships

-1 -2 - °P12 J1 = K' - 3/2

-1 pi - J’ * K" - 1/2

Fi
0 0 - J* = K" + 1/2

(J'-K’+l/2) -1 - \ 2 J’ = K" - 1/2

+l ! +1
• 0
!

R1

% U

J' = K" + 3/2 

J' - K" + 1/2

i 1

-i ; -it P2 - J' = K" - 3/2

, 0
i °P21 J' = K" - 1/2

F2

(J'»K’-l/2)

|

0

1
\ 0 

+1
| «2

S i

J* * K" - 1/2 

J' » K" + 1/2

+1
+11 +2

i
1

>
i|

Sp21

J' * K" + 1/2
i

J” * K" + 3/2 ;
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The wave lengths of the branches with the same AK values are very 

close to each other and cannot be separated in actual measurements.
p

Thus in practice there is a total of eight branches, viz., (P^ + Qj^» 

(Q + \ 2) Plf °P12# P2, <Q2 + QP21), (R2 + RQ21) and SP21.

(b) Intensity

The relative intensities in photons are given by

. -B K' (K' + 1) “
Ii * Const. Fi v i (J', Av,) e ,

where is an intensity alternation factor which is 2 for even K" and

1 for odd K", v is the freouency of the "line", i (J’t Av,) are the
2 2line strength factors given by Earls (1935) for the n - Z transition.

The exponential term is the Boltzmann factor for the ground state of

N_ (X *E+) for v = 0. [It is assumed that the excitation takes 2 g
place from the ground state of t!2 and there is no change of angular 

momentum, i.e., AK * 0 (see Chamberlain, 1961b)]. The rotational 

temperature T is taken equal to the gas temperature, i.e., 300°K.

The line strength factors given by Earls (1935) are the 

following:

i (P Op u  (2J+1)2 t (2J+1) U (4J2+4J+1-2A)
1 2* *12; 32 (J+l) *

. ,QP p . (2J+l)2 + (2J+l) U (4J2+4J-7+2A)
21* V  " 32 (J+l) *

, Pn . (2J+l) f(4J2+4J-1) t U (8J3+12J2-2J+1-2A)1
1 w 2» vn > - 32J (J+l) »
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/Rn n x _ (2J+l) f(4J2+4J-1) ~  U (8J3+12J2-2J-7+2X)1 
V "2i* 1' “ 32J (J+l) »

i (P QR > . (2J+l)2 * (2J+l) P (4J2+4J-7+2X) 
1  u>2, k12; 32j

2 T ”  “ '2 .......... -2x)/Sp „ v (2J+l) ♦ (2J+1) U (4JN-4J+1-2
v ’ 21* r  32J

A
where X * —  ,

v
-15

U « [X2 - 4X + (2J+l)2]

and for U a positive root value is taken. For a snecial case of J' = k 

with X < 0;

i <P2) - i (QP21) = 1/6 ,

i (Q2) * i (RQ21) = 1/3 and

for all other branches, it is identically zero.

Using the above formulas, the frequencies and relative intensities

for various lines of different branches of the (2,0), (3,1) and (4,1)

N* Meinel bands were computed on an IBM 360 computer.

4.3 Filter Transmission

All the six filters used are 2" circular Fabry-Perot type inter

ference filters having a narrow band-pass, manufactured by Thin Film 

Products, Inc., Cambridge, Massachusetts. The transmission peaks of 

these filters are near the wave lengths studied and are nearly opaque 

in the other spectral regions of S-20 and S-l photocathode surfaces.
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The transmission curves for each filter were supplied by the manufacturer 

and were also recorded in the laboratory using a half meter Jarrell - 

Ash double beam scanning spectrophotometer. The characteristics of all 

the filters used are shown in Table 5.

Table 5 

Filter Characteristics

Filter
Number Band

Peak Half
Width
(A0)

Wave Length 
(A0)

Transmission
(X)

1 (0,0) N* 1NG 3902 26.0 36

2 (0,1) N* 1NG 4282 44.5 52

3 (0,2) N* 1 NG 4706 80.0 33

4 (4,1) N* M 7065 73.4 55

5 (2,0) N* 11 7848 72.5 50

6 (3,1) N* it 8085 66.0 50

The filter transmission factors are calculated by the following 

formula

^(Intensity of each line) x (Transmission of the filter 
p 3 B at that wave length)

r 1
I Intensity of each line 
B

where £ is the total sum of the intensity of all the branches.
B
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The intensities of the bands have been integrated from K* * 0 

to K' * 30 since, the "lines" with K' > 30 have a little (or no) 

contribution in the total band intensity. Contributions of other 

bands, if any, present within the transmitting regions of the filters, 

have been estimated and corrections are anplied in the final results.

4.4. Polarization

J. A. Smit (1935) has f»iven an exnression for the intensity of 

radiation observed at some an°le, 0, relative to the orojectile axis

in terns of the total emitted intensity and the polarization of the

radiation (assuming cylindrical symmetry about the projectile axis),

31 2- o , 1 - P Cos B .
1 <9) * 7 T  1 3 - p 1 •

where Iq is the total emitted radiation intensity.

If the observations are made at 8*0 * 54° 44', the aboveo *
expression would reduce to 

I
1(6 ) » -r .o 4n

and the dependence of the radiation on P vanishes. However, in this 

experiment, the radiation is observed at 0* 90° and it is necessary

to check the polarization of the emitted lipht. 

The usual formula for the polarization is

111 + 1 J.
90°
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where Ij j and 1^ are radiation intensities at 90? to the incident 

projectile axis with electric vectors parallel and perpendicular, 

respectively, to the plane defined by the incident projectile beam 

axis and the propagation vector of the resulting photon,

A circular Polaroid analyzer is inserted between the ouartz 

window and the collimator aperture. The axis of the analyzer is 

kept parallel to the beam direction and the outout of the photo

meter (I||) is recorded. Again, the axis is made perpendicular to 

the beam direction and Iĵ  is recorded. It may be mentioned that the 

aim of this experiment is not to measure an absolute value of 

polarization or to find its dependence on energy but to estimate the 

amount of polarization present. Several sets of readings were tal en 

and it was found that the polarization decreases ranidly with increas

ing electron beam eneroy.

The amount of polarization is less than 2% for first negative 

bands and 2.5% for all the Meinel bands at 100 ev electron energv.

4.5 Calibration of Photometers

Both the photometers are calibrated against two standard ribbon 

type tungsten lamps U-94 and E-02 supplied by the national Bureau of 

Standards and are used according to the instructions described in 

"Standard of Spectral Radiance for the Region of 0.25 to 2,6 Microns" 

by Stair et al. (1960), These lamps have, fused silicon window and 

are operated at about 6 volts drawing a current of 25 to 35 amperes 

from a specially designed power supply [Stair et al. (I960)] which gives a
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constant current during the operation. The lanp U-94 oneratin® at 35 

amperes has been calibrated in the radiating region from 250^ X to 

7500 X and is used for calibrating the 1!̂ first negative and (4, 1) 

Meinel bands photometers. The calibration of the lamp F.-F2, operating 

at 25 and 30 amperes is from 0.5u to 2.6p and is used to calibrate 

the Meinel bands photometers. The X 7059 (4,1) Meinel band 

photometer was calibrated against both the lamDS (since the calibration 

for both the lamps is available in this re®ion). The value obtained 

for Ŝ , in both of the cases, was within one percent. This gives an 

added confidence in the absolute value of the emissivity of these 

lamps and also in the method used for calibration. The ener®v output

of these lamns are given in a tabular foro in units of micro watts o e r

2 „ „Steradian - millimicron - mm of source. A smooth curve is draT,n

from the ®iven data noints. The spectral radiance at a particular

wave length is then read directly from the "smooth curve".

A diagram of the calibration system is sho’.m in Figure 9. is

a spherical mirror with a radius of curvature of one meter and is

placed at a distance of one meter from the filament of the lamp. The

plane mirror is set at about 60 cm from the snherical mirror facin®

it at an anple of less than in0. The light from the standard lamp

fully illuminates the spherical mirror and is contained within a cone

of 5°. All angles of reflection are keot within 10°. The image (unit

magnification) of the standard lamn filament is focussed at a circular
2aperture S havin® an area of 1.17 mm and the central part of the 

filament is observed through it. The collimator assembly includin® the
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quartz window is placed at a distance from the aperture, S, eaual to 

the distance between the electron beam and the nuartz window, such that 

the image of the filament replaces the electron beam path and the 

actual conditions of the experiment are reproduced (see collimator 

section 2.7).

Extra Kodak filters whose transmission factors are determined in 

the laboratory are placed before the quartz window to avoid excessive 

current in the photometer. The light from S passes unobstructed 

throuph the aperture and the slit (inside the collimator assembly).

The solid angle subtended by the photometer is determined by the 

diameter of the spherical mirror which is fully illuminated by the 

light from the standard lamp, and its distance from the filament.

The possibility of polarization in the standard lamp radiation 

due to reflection at two mirrors is checked, revealinp no polarization. 

The same areas of the photocathode are used during the calibration 

and the measurements. The spectral response of the standard lamps 

and the reflectivity of the aluminized mirrors have been supplied 

by the National Bureau of Standards.

4.6 Calibration of Ionization Gauges

During the experiment the collision chamber pressure is measured 

by a Veeco RG-75K ionization gauge which is calibrated against a CVC 

high vacuum McLeod gauge Model No. OM-110. The volume of the McLeod 

gauge is 2193 cc, capillary diameters are 0.535 mm and the gauge 

requires 75 lbs. of mercury.
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The McLeod gauge (Figure 10) is basically a compression device 

used to extend the range of the manometer. The McLeod gauge equation 

as derived from Boyle's law is as follows: (cf. Carr 1964)

PV » (sH) Ah , (4.16)

or

P = K H Ah , (4.17)

where K = s/V.

P is the pressure (Torr) in the gauge before compression, V is

the volume (cc) of the bulb plus the closed end capillary, s is
2the cross sectional area (cm ) of the closed capillary, IT is the 

distance (cm) from the top of the closed capillary to the ton of the 

mercury level in the capillary and Ah is the final pressure measurement 

in mm of Hg.

The gauge is calibrated by the measurement of its dimensions, s and

V. The compression of gas by mercury must be slow enough so that the

final temperature of the compressed gas is the same as the uncompressed 

gas.

4.6.1 Sources of Error

The chief sources of systematic errors present in the McLeod 

gauge are reviewed by Carr (1964) and are the following:

(1) Deviations from Boyle's law;

(2) The different capillary depression in the capillaries;

(3) The presence of the cold trap used to isolate the mercury 

vapors in the McLeod gauge from the rest of the system.
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figure 10 Modified McLeod gauge assembly for Lhe calibration 
of ionization gauge.
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Any of these can cause an error of at least 10 percent and are 

discussed below in turn.

Deviation from Boyle's law includes (i) the effect of gases 

which condense during compression, (ii) the fact that a real gas obeys 

a non-ideal gas law such as that expressed by the van der Waal equation 

and (iii) absorption and desorption on the walls of the gauge. Since 

^  is a permanent and non-condensible gas over the pressure range 

encountered in a McLeod gauge, (i) is not of any importance, however, 

the presence of residual gases such as water vapors and carbon dioxide 

can introduce errors. This is avoided bv bakin« the gauge above 400°C 

while it is under high vacuum. The van der Waal equation which accounts 

for the finite size of the ga6 molecules and the forces between them 

causes at the most only a 0.5 percent deviation from the perfect gas

law (Jansen et al. 1959) the most important deviation from the perfect gas 

lav; being the effect of absorption and desomtion on the walls of the 

system. A bake out at 400°C is very effective in removing molecules 

loosely bound to the walls by van der Waal's forces, and also minimizes 

the sorption error.

The second source of error is caused bv the surface force 

between the mercury and the glass. The smaller the diameter of the 

capillary, the greater is the depression of the surface of mercury. 

Capillary depression is also a function of temperature, cleanliness 

of the mercury-glass surface interface, roughness of the surface and 

the impurities in the mercury, etc. The depression of the mercurv in 

the two tubes is in general different even when they have identical
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cross sections and the whole svsten is clean.

One must then add the term Ah,(K), the difference in canillarva
depression, between the two capillaries (which is penerally a function 

of H) and the absorption coefficient 'a' to the McLeod gauge enuation 

4.17 ('a' has the dimensions of length) (see detailed derivation in 

Carr, 1964).

P * K' (Ah + Ah, (H)] (H + a) , d

x*here

K' =  h ' • (4*1P)V[l+3a$^) 3̂]

Kreisman (1960) has performed a series of experiments with baVeable 

McLeod gauges in an ultra high vacuum system which show that ’»ith care

ful technioues the sorption error can be made negligible and that a 

correction can be made for the capillary depression error.

The third systematic error arises in the cold tran used to isolate
-3the McLeod gauge mercurv, which has a vapor pressure of 10 Torr at 

room temperature, from the gauge being calibrated. The mercury stream

ing from the McLeod gauge into the trao sweeps along other gas molecules 

and exerts the same pumping action occurring in a diffusion pump.

4.6.2 Elimination of Errors

As discussed earlier, the sorption errors can be made negligible 

by a careful heating and degassing of the McLeod gauge while it is under 

high vacuum.
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The capillary depression correction Ah, is obtained by a seriesd
of variable compression measurements. The mercurv is raised slowlv 

and after it has filled the volume V, a reading of H and Ah is made 

as the mercury rises to successively higher levels ir. the capillaries, 

thus giving a series of readings for the same initial pressure P.

If 'a* is negligible compared to H then eauation 4.1C can be written 

as

lh  + 4hd •  b  i  • (4 ' in>

Thus a plot of Ah versus 1/H would give a straight line of slope 

P/K1 which intercepts the Ah axis at -Ah^. Fipure 11 represents a 

series of such straight lines made for a particular gauge T»ith 

different pressures. The data points on a straight line also indicate 

that ’a’, the sorption coefficient, is negligible.

Another method, depending upon the variable depression technique 

[cf. Podgurski and Davis (I960)] is used. In this method the open 

capillarv in a conventional McLeod gauge is ignored, and the side arm 

is used to record the Ah (see Figure 10), since the variation of the 

capillary depression in a wide tube are negligible. A set of readings 

using this method are shown in Figure 12.

Meinke and Reich (1962) have made a theoretical calculation for 

the pressure difference between two systems due to the presence of a 

cold trap, and have verified them experimentally. The ratio y of the 

pressure ?2 Torr) indicated by the gauge being calibrated, to 

the pressure P^ in McLeod gauge is given by

b4
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Figure 11 Pressure calibration by the variable compression technique, 
using the open end capillary. LnLn
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Figure 12 Pressure calibration by the variable compression technique, 
using the wide side arm.
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where f = 6.91 x 10*^ • r • —
T
\

Pj is the vapor pressure of mercury in Torr, at room temperature, T

is the room temperature, r is the radius of the tubulation from the

McLeod gauge to the trap in cm, a and a. are the effective radiiP. a
(cm) of the gas and the mercury molecules respectively, from kinetic

theory and M and M. the respective molecular masses in prams mole S d
Cooling the mercury reservoir would reduce this error, but it is 

very cumbersome to cool the large quantity of mercury (about 75 lbs.). 

Moreover, a difference in temperature between the McLeod gauge and the 

gauge under calibration will introduce an error due to thermal 

transpiration effects. However, since y is a function of r, y can be 

decreased by decreasing r by means of a needle valve. A bakeable 

needle valve was put at the mouth of the cold trap as shown in 

Figure 10. When the sensitivity of the gauge under calibration does 

not change by a slight change of r, y will be equal to one, to within 

the accuracy of the measurement.

The presence of cold trap alone can produce errors as large as 

10 percent in some cases. Two volumes having the same temperature 

and with a cold trap between them can have an apparent pressure 

difference if the radius of the tube joining them is not uniform 

throughout. Rusch and Bunge (1932) found that the pressure difference 

is a sensitive function of the dimensions of the trap. By studying the

(a« *  v  rm r
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pressure difference as a function of the relative diameters of the 

cylindrical re-entrant type trap they arrived at the empirical 

relation that when the inside diameter of the inner tube is equal to 

the difference between inside diameter of the outer wall minus the 

outside diameter of the inner tube, the pressure difference could 

be made negligible. A special cylindrical re-entrant tvpe trap is 

made to conform to this requirement.

Furthermore, the volume of the system is large and the raising 

of mercury in the McLeod gauge does not alter the pressure of the 

system.

Moreover, the mercury is raised from a point just below the 

cut-off of the bulb and adequate time is allowed for the pressure in 

the McLeod gauge bulb to come to an equilibrium with the gauge beinp 

calibrated. The rising of mercury is maintained at a very slow rate 

without violent bubbling to avoid building up of an electric charge 

which would affect the function of the gauge. The pressure calibrations 

were made by using dry ice as well as liquid i'!̂ in the cold trap. 

Strikingly, in both cases, after making a proper adjustment of the 

backable needle valve, the pressure calibrations were within 2%.

This clearly indicates that the thermal transpiration effects were 

negligible.

The maximum estimated error in the pressure measurement is 

probably about 5X after taking all the necessary precautions as out

lined above.
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CHAPTER V 

EXPERIMENTAL PESULTS AMD DISCUSSION

In this chanter, the emission cross sections for the N* first 

negative [(0,0), (0,1) and (0,2)J bands and the N* Meinel [(4,1),

(2,0) and (3,1)] bands produced by the electron impact are presented. 

Also, the measured cross sections are comnared with available experi

mental and theoretical results.

5.1 N* First Negative Bands

The emission cross sections for the (0,0), (0 ,1 ) and (0,2) bands 

at various energies (from 70 eV to 4 keV) are shown in Figure 13 and 

tabulated in Table 6. The maximum values of the cross sections occur 

at about 90-100 eV and are marked by an asterisk (*). These data points 

represent an average of about ten independent readings at every energy. 

The maximum scatter of the data points was less than 5%, and the day- 

to-day reproduction was better than 5%. Results of McConkey and Latimer 

(1965) and those of Holland (1967) at 907 eV are also shown in Figure 13 

as a comparison.

Corrections are made for the contribution of other bands lying in 

the band pass of the filters. The A3914 (0,0) band is contaminated by 

the A3834 (1,1) band of the N* first negative band. From the synthetic 

spectra of these bands and the transmission curve of the filter, the 

effective transmission of both bands through the filter was determined 

with a computer. Using these filter factors, Einstein A coefficients

59
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Figure 13 Emission cross sections for the Ng first negative bands 
produced by electron impact.
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TABLE 6

Emission Cross Sections of N* First 2relative Bands (cm )

(0,0) (0,1) (0,2)

i E (io“18) (10-18) do”19)

70 15.05 5.76 10.77

90 16.54 6.06* 11.64*

100 16.86* 5.85 11.06

110 16. G6 5.31 10.78

150 16.25 5.49 9.81

! 200 15.23 4.89 9.16

250 14.13 4.47 8.14

300 13.06 4.00 7.63

500 9,69 3.14 5.60

600 8.59 2.76 5.21

700 7.81 2.56 4.41

800 7.02 2.38 4.09

900 6.52 2.20 3.74

1500 4.50 1.49 2.69

2000 3.65 1.13 2.05

2500 3.10 1.02 1.70

3000 2.65 0.86 1.49

3500 2.40 0.80 1.33

4000 2.10 0.73 1.21
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given by Wicholls (1963) and relative ponulation of v to v, levels aso 1
9 si, measured by Sheridan and Clark (1965) for proton and electron 

impact and calculated by Franck-Condon factors (Nicholls, 1961), the 

ratio between the intensities of the (1,1) and (0,0) band observed 

through the filter was obtained. The contribution due to the (1,1) 

band was about 2% in the measurement of the (0,0) band cross section.

The same correction factor was made over the whole energy range assuming 

that the relative band profile and intensity do not change with the 

energy (both bands are directly excited by the primary electrons, 

neglecting secondary effects, at low nressures of 10 ^ Torr in the 

collision chamber). Even if there is a change in the relative band 

intensity with the energy of electrons, the error is negligible, since 

the total intensity of the (1,1) band is only a few nercent of that of 

the (0,0) band [recent measurements of Havakawa et al. (1965) indicate 

that the absolute intensity of the (1,1) band is only 1% of the (0,0) 

band]. Similar considerations lead to a 3% contribution in the measure

ments of X4278 (0,1) band due to (1,2) band of the N* first negative 

system.

The emission cross sections are uncorrected for the nolarization 

which was less than 27, at 100 eV electron energy in all cases. Cross 

sections were measured at 500 eV - 1 keV electron energy with and with

out the radial magnetic field, which was used for the collimation of 

beam in the collision chamber. No variation in the outnut intensity 

(signal/beam current) was observed. Also, by varying the magnetic field
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from 100-250 0, no variation in output intensity was observed, indicating 

that the magnetic field had no undesirable effects on the excitation.

5.1.1 Comparison with other results

The absolute emission cross sections of all three bands [(0,0),

(0,1) and (0,2)] have been measured twice previously [McConkey and 

Latimer (1965); Stwart (1956)] and recently Uishinura (1968) has also 

measured them relative to (0,0) band. The results of McConkey and 

Latimer (1965) are in good agreement with the present results where they 

overlap (see Figure 13). The measurements of Holland (1967) at 907 eV 

are also in good agreement. However, the present cross sections are a 

factor of 2.5 higher than those of Stewart (1956) and Nishimura (I960) 

which have been omitted from Figure 13 for the sake of clarity.

Figure 14 shows all available measurements for the A3914 (0,0) 

emission cross section and compares them with the present result. The 

measurements of Holland (1967) are in good agreement with the present 

result over the common energy range but are lower by 10 to 12 percent. 

The measurements of McConkey et al. (1967) are in excellent agreement 

above 300 eV, However, their cross sections are 4-12 percent lower 

in the low energy range. The differences between the present results 

and those of Holland (1967) and McConkey et al. (1967) are well within 

the quoted experimental accuracies. The values of Sheridan, Oldenberg 

and Carleton (1961), Stewart (1956) and Hayakawa and Nishimura (1964) 

are in poor agreement, and the present results are higher by a factor 

of 2 to 3.
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Figure 14 Comparison of the electron excitation cross sections of 
X 3914: (1) Stewart (1956); (2) Sheridan, Oldenberg and
Carleton (1961); (3) Hayakawa and Nishimura (1964); (4) 
McConkey and Latimer (1965); (5) Holland (1967) (6) 
McConkey, Woolsey and Burns (1967); (7) present results.
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The cause of the disagreement with the results of Sheridan et al. 

(1961), Stewart (1956) and Uayakawa and Hishimura (1964) cannot be 

explained, owing to the absence of details of photometric and pressure 

calibration in their papers.

The relative transition probability of A3914, A4278 and A4799 of 

v'»0 progression of N* first negative bands are compared with other 

theoretical and experimental values in Table 7.

5.1.2 Comparison with Total Ionization Cross Section of Nj

The emission cross sections of N* first negative bands are similar 

to the total ionization cross section of by electron impact. Dalgarno 

et al. (1965) have reported that the A3914 emission cross section is 

nearly 6% of the total ionization cross section of 11̂ above .109 e,T. 

However, this value depends upon the choice of ionization cross section 

used in the calculation. In Table 8 the ratio of A3914 cross section 

to the ionization cross sections of Tate and Smith (1932), Rapp and 

Englander-Golden (1965) and Schram et al. (1965, 1966) are shown. The 

mean ratio of the A3914 cross section to the total ionization cross 

section comes out to be 0.068.

In Figure 15 the ratios of total ionization cross section of Rapn 

and Englander-Golden (1965) to the emission cross section of A3914 have 

been plotted. In Figure 16 the excitation cross section of the v'«0 

[sum of (0,0), (0,1) and (0,2)] vibrational level of the B state 

of N* are compared with the total ionization cross section [Rann and 

Englander-Golden (1965) and Schram et al. (1965X (1966)] of by
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TABLE 7

Relative Transition Probabilities of the v'=0 Progression 
in the First Negative System

I

Investigators
X3914

(0,0)

X4278

(0,1)

X4709

(0,2)
Method

Herzberp, (1928) 1.0 0.38 0.058 Measured in ^  
discharge

Pillow (1951) 1.0 0.34 0.119 Calculated

Bates

Wallace and

(1952) 1.0 0.31 0.071 Calculated

Measured in M 2  

negative glowNicholls (1955) 1.0 0.33 0.074

Stewart 

Philpot and

(1956) 1.0 0.39 0.105 Election impact 
excitation 
Proton impact

Hughes

Hayakawa

(1964) 1.0 0.32 0.067 excitation 

Electron impact
et al. 

McConkey and

(1965) 1.0 0.43 0.084 excitation 

Electron impact
Latimer 

Sheridan and

(1965) 1.0 0.32 0.084 excitation 

Ion impact
Clark (1965) 1.0 0.53 0.125 excitation

Holland (1967) 1.0 0.33 0.075 Electron impact 
excitation

Nishimurai
Present

(1968) 1.0 0.29 0.059 Electron impact 
excitation 
Electron impact

Results 1.0 0.34 0.065 excitation
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TABLE 8.

Ratios of N2 Total Ionization Cross Sections 
to A3914 Excitation Cross Sections

Ratios
Energy
(ev)

Tate and Smith (1932)
Schram et al. 

(1965) and (1966)
Rapp and Englander- 

Golden (1965)

70 17.81
1 1 i

15.48

90 17.35 15.04 !
i

100 17.19 14.59
i14.96 j

110 17.12 14.99 ji
150 17.04 15.10

200 16.68 13.79 14.91 j

250 16.55 14.75 |

300 16.36 13.17
I

14.68

500 16.15 13.11 14.97

600 15.96 13.39 15.05 I
I

700 15.76 13.06
i

14.87 |
1

800 13.19 15.16 !t
900 12.94 15.11

2000 12.58 i
2500 12.29 1

i

3000 12.38 ii
3500 12.08

i
i

4000 12.48

Averages 16.72 13.00 15.01

Mean = 14.9
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electron imoact. The v'=0 vibrational level accounts for ln% of the 

total ionization cross section. This result is in excellent agreement 

with that of hahlber«» et al.(1967) for nroton bombardment at higher 

energies.

5.1.3 Comoarison with Theory

The excitation of the N* first negative system is mainly by simul-
■ftaneous ionization and excitation of I:!,, molecules leavin® '̂ ions ir.

7 +the B I excited state and is a constant fraction of the total ioniza- u
tion of [see Section 5.1.2], This means the excitation cross section 

can be represented similar to the Bethe-Born aonroximation eouation for 

ionization [cf. Schram et al. (19^5) ],

An R 0
a - ■ V -°- IT I n C - E , ,  (5.1)e E , e 1 el ’el

9where o is the excitation cross section in cm , a is the first Bohr e o
radius, T is the "ydberg energy, is the electron energy corrected

2for relativistic effects, C, is a constant and M is the effective* 1 e
dioole matrix element for excitation, squared.

From the above equation (5.1), it can be seen that a nlot of

°e ^el 9 =—  versus Hn E , will alio" one to determine the value of U . Such/ 2 n el eAn a F o
a plot is p.iven in Figure 17 for the v’=0 vibrational level [sum of

2 +(9,0), (0,1) and (0,2) cross sections] of the B state. The value
2of M from the graph is 0,51. Also the measured cross sections verv e
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nicely display an E  ̂in E variation at the higher beam energies (above 

300 eV).

5.2 N* tfeinel Bands

Figure 18 represents the emission cross sections for the (4,1),

(2,0) and (3,1) N* Meinel bands which are also shown in Table 9. The 

maximum of the cross sections occur at about 100 eV and are marked 

by an asterisk (*) in the table. Each of these points represents an 

average of about ten data points. The maximum scatter and the day-to- 

day reproduction were better than 6%. The emission cross sections are 

uncorrected for the polarization which is less than 2.5% at 100 eV.

The mean ratios of the (2,0),(3,1) and (4,1) bands cross sections are 

1 : 0.4 : 0.12.

The excitation cross section 0 of the vibrational levels v = 2, 3v
2and 4 of the A J1 state are calculated from the measured cross sections u

of the (2,0), (3,1) and (4,1) N* Meinel bands by the following equa

tion (Nicholls, 1964):

T  3
„ v" Sr'v" Vv,v" «
%  e 3 V v "  ’

9v»v" vv'vn

where Q_ , „ is the emission cross section of the (v*, v") band; v , „\ ' y  V V

is the v' - v" transition frequency; » is the Franclc-Condon factor 

for the v' - v" transition (Nicholls, 1961). The calculated excitation 

cross sections of the vibrational levels v f * 2, 3 and 4 at the maxima

(100 eV) are 13.4 x 10 3.2 x 10 and 1,5 x 10”*® cm^ respectively.
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TABLE 9

Emission Cross Sections of 1*2 Meinel Bands (cm2)

(4,1) (2,0) (3,1)
E -19(10 (10"18) (lO'18)

80 6.51 5.62 2.00

90 F.62 5.85 2.21

100 6.76* 6.02* 2.35*

150 6.25 5.50 1.98

200 5.93 4.87 1.88

250 5.37 4.48 1.78

300 4.83 4.20 1.68

500 3.80 3.29 1.37

600 3.35 3.05 1.21

800 2.80 2.67 1.08

1200 2.47 1.86 0.81

1500 2.05 1.68 0.66

2000 1.58 1.23 0.49

2500 1.33 0.99 0.39

3000 1.14 0.83 0.32

3500 1.03 0.72 0.30

4000 0.87 0.68 0.29
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5.2,1 Comparison with other Theoretical and Experimental Results

The relative vibrational population obtained from the experimental

cross section measurements are compared in Table 10 with those obtained
2 +from the Franck-Condon factors of excitation of the A II state of N.u 2

from the ground state (X E+) of N„ by electron impact [Nicholls,
8 v=0 2

1961]. Mo experimental measurements for the various bands and/or 

vibrational level excitation cross sections are available for comparison. 

In determining the vibrational level cross section from the intensity 

measurement of the single band, the electronic transition moment varia

tion with internuclear separation, the so-called r-centroid, has not

been taken into account. This may be one of the reasons for only a

fair agreement between theoretical and measured relative populations.

TABLE 10
2 +Relative Vibrational Populations of A n State of N_

U

Vibrational
Level Experimental Theoretical

0 - 1.09

1 - 1.36

2 i;oo 1.00

3 0.24 0.55

4 0.11 0.25

5 - 0.11
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2The total excitation cross section of the A II state of the Meinelu
band can be determined using the relative vibrational copulations given 

in Table 10 and the excitation cross section of any vibrational level.

Using the excitation cross section of v' * 2 level, the apparent excita-
2 -17 2tion cross section of the A II state is 5.4 x 10 cm at 100 eV. Thisu

-17 2value is in a close agreement with the 4.5 x 10 cm read from the pranh
2of excitation cross section of the A state presented by Skubenich 

and Zapesochny (1967). However, in the present measurements, the 

maximum occurs at about 100 eV electron energy whereas Skubenich and 

Zapesochny (1967) have reported it at about 62 eV.

All available relative intensity measurements of N* Meinel bands 

are presented in Table 11. Most of the measurements are from auroral 

observation. The measurements of Dufay et al. (1966) are for proton 

impact excitation. The relative intensity of the present measurements 

are in reasonable agreement with that of the nroton impact data.

5.2.2 Comparison with the Total Ionization Cross Sections

The excitation cross sections of the (2,0), (3,1) and (4,1) Meinel

bands of N* are also similar to the excitation cross section of the first

negative bands and they are a constant fraction of the total ionization
-2 -3cross section of The mean fractions are 2.3 x 10 , 9.0 x 10 , and

_3
2.7 x 10 , respectively. The total excitation cross section of the

2A n state is nearly 20% of the total ionization cross section of 

The excitation cross section of the N* Meinel bands can also be 

represented by means of the Bethe-Born equation for ionization and 

excitation of the H* first negative bands. In other words, the measured 

cross sections display an E * in E variation at the higher energies.
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TABLE 11.

Relative Intensity of Meinel Bands*
1

Auroral Measurements Proton Electron Impact
Band Origin Meinel

(1951)
Omholt
(1957)

Hunten
(1958)

Fedorova
(1964)

Brown
(1966)

Dufay
(1966)

Present Results

0,0 1.11 - - - (35)
51

- -

1,0 0,918 - - (700) (100)
147

(100)
131.6

(1000)
208.3

-

2,0 0.785 (105)
100

(78)
100

- (68)
100

(76)
100

(480)
100

100

2,1 0.947 - - (260) (21)
30.9

(41.2)
54.2-

(195)
40.6

••

3,0 0.638 (7)
5.7

(11) 
14.1

- - (27.7)
36.4 _

3,1 0.808 (53)
50.5

(38) 
40. 7

- (30)
55.9

(38.5)
50.7

(175)
36.4

39

4,1 0.707 (11)
10.5

(10.3) 
13. ?

- - (27)
35.5

- 13

4,2 0.G32 (13)
12.4

(12)
15.4

- - (25)
32.9

-

* The 
the

number in parentheses a 
other figures are norm?

re taken 
lized to

directly from the cited
hp.o) - 100

reference;

-j
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5.3 Experimental Errors

The accuracy of the absolute measurements of the emission cross 

sections is affected bv the followinp experimental limitations:

(1) Determination of radiant flux: In the visible spectral

range, the radiant flux from a tungsten ribbon lamp has associated 

errors of about + 5%, allowing for about 2% uncertainty in the emis- 

sivity of tungsten.

(2) Gas density measurement: This has been discussed in detail

in section A.6. The estimated error is 5 to 62.

(3) Polarization of radiation: The determination of the angular 

distribution of radiation has been described in section 4.A. Since

a very small amount of polarization is present, its effects are 

negligible.

(A) Instrumental polarization: This can cause an error in the

measurements. However such an effect was not present in the current 

measurements. All optical setups were the same during the measurements 

and calibration.

(5) Nonuniform sensitivity of the photomultiplier surface: The 

same area of the photocathode was illuminated during calibration and 

in all measurements and the effect was negligible.

(6) Beam length: The effective beam length is longer than the

physical path length due to the streaming of gas as a result of differ

ential pumping. This effective increase in the path length is esti

mated to be 2%.
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(7) Measurement of beam intensities: The electron current and

the output of the photometer were integrated and sufficient data 

points were taken to reduce the counting statistics to better than 

1%. The counting accuracy of the scaler is absolute whereas that of 

the current integrator is 1%.

(8) Impurities in the target gas: Commercially made pre- 

ourified gas of purity 99.9% was used and this source of error may 

be negligible.

Therefore, the total estimated error is 15%.

5.4 Fluorescence Efficiency

Available laboratory data indicates that about 35 eV energy is 

lost in the production of one ion-pair in nitrogen. This energv loss 

is independent of the energy of the bombarding electrons. [The 35 e,r 

energy loss per ion pair production is based on the measurements at 

higher electron energies. One should, therefore, be cautious to assume 

the same value for the energy loss per ion pair nroduction for low 

energy,less than 100 eF, primary electrons.] The fluorescence efficiency 

of any band and/or band system can be determined by the following equa

tion

„  »  -1 ex p 
nX 35 o, X ' ion

where o^ is the excitation cross section of a particular band X, 
ex
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o. Is the total ionization cross section and E. is the energy in e'r ion A *

of the photon. The fluorescence efficiency for the A3914 band in 

nitrogen based upon an average value of a3 g^4 ^°^on r̂om Table 8 is

n3914 * 6.15 x 10"3 .Jnitrogen

Therefore, for an electron bean absorbed in air (80% and 20% 0^)
_3

the A 3914 efficiency is 4.9 x 10 . The A3914 efficiency in air
_3measured by llartman (1967) is 3.4 x 10 for 750 eV electrons. T>>e

recent measurements of Hirsh and Poss (1968) indicate a value of 
. 3

(3.7 ± 0.5) 10 at 1 Itev electron energy.

The estimated value of |n. cannot be given too much weight,
air

since it depends uoon the measured values of ionization efficiency and 

an average ionization cross section, as well as the A3914 excitation 

cross sections, all of which have some uncertainty. Also an assumption 

has been made that the ratio of the number of nitrogen ions to the 

number of A3914 nhotons nroduced is independent of the energy of 

exciting electrons over the important energy range. Even so, the above 

calculated value for n3914 is in fair agreement with the efficiency
air

measured in the laboratory. In a way, this may be taken as a confirma

tion that in the laboratory efficiency experiment each excitation of t^e 

narent state of the A3P14 band is produced by a single collision of an 

electron "ith in the ©round state.

Similarly, the fluorescence efficiencies of Meinel (2,0), (3,1)

and (4,1) bands in air under electron bombardment are 8,3 x 10~\ 3.2 x
-4 -410 and 1.1 x 10 respectively.
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5.5 Excitation of N* Bands in Aurora

It is certain now, that most auroras are excited by the penetra

tion of energetic electrons in the upper atmosphere. The character

istic energy of these primary electrons lies between 1 IteV and 4 keV 

(Belon, Romick and Rees, 1966) and the electrons lose their energy by 

ionizing and exciting atmospheric constituents. The first negative 

emissions result from simultaneous ionization and excitation of 

The luminosity of these bands can be related to the incident electron 

flux and to the rate of ion production by electron impact [cf. Rees

(1963) and Dalgarno (1964)].

The photon emission of X3914 in aurora can be represented by the 

following expression

n(N2)2
P3914 " P 9(z) -^jj- ,

z

vrhere q(z) is the total ion pair production rate at the atmospheric 

depth z and depends upon the flux and energy of the incoming particles; 

n(M) » [nOO + n(0,) + |  n(0) ], [assuming that the total ionization
Z 6 2 Z Z Z Z

cross section of 02 = N2 and twice the ionization cross section of 0

atoms (Fite and Brackmann, 1959)]; n(N2)z, n(02)z and n(0)z are the

density of N2, 02 and 0 atoms, respectively, at the atmospheric depth z, 
_2and B ■ 6.8 x 10 is a constant which is the ratio of the excitation 

cross section of X3914 to the total ionization cross section of N^.

From the luminosity curve of X3914 and adopting a model atmosphere, 

the energy flux of incoming primary electrons can be determined. If the
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possibility of large fluxes of soft electrons (with energy less than
-2  - 11.0 keV) is ignored, the energy flux [ergs cm sec ] in auroras can 

be determined from the measured photon emission of A3914 in Rayleighs. 

In Table 12 the energy fluxes for different IBC auroras are given 

assuming 70% of *n the atmosphere.

TABLE 12

Energy Flux for Different IBC Auroras

International Brightness Coefficient 
I II III IV

Green 5577 line (kR) 1 10 ion 1000

A3914 (kR) 0.5 5 50 500
-2 -1Energy flux (erg cm sec ) 0.6 6 60 600

In section 5.2.2 it has been shown that the A II upoer state 

of Meinel bands is 20% of the total ionization cross section of 

Also the A3914 (0,0) first negative band of H* is 6.8% of the total 

ionization of Therefore, one should expect that the total Meinel 

band photon emission in aurora due to electron impact should be 3 times 

the A3914 emission. The relative photon emission of both the systems 

due to electron impact would be insensitive to the change of streaming 

electron energy distribution function. Chamberlain (1961c) has tabulated 

intensities of various auroral emissions f°r III aurora. The

intensity of the A3914 is 100 kR and of the Meinel bands 2,500 kR. 

Therefore it seems that a large percentage (88%) of the N* Meinel bands 

must be excited by secondary processes.
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CHAPTER VI

CONCLUSION

In this chapter the salient features and conclusions of the present 

study are presented:

The measurements of the excitation cross section of the N* first 

negative bands by electron impact have supported the "higher" results of 

McConkey and Latimer (1965) and are in good agreement with the measure

ments of Holland (1967). The excitation cross section of (0,0), (0,1) 

and (0,2) first negative bands have been extended to higher energies 

(4 kev).

The extension of the Bethe-Born approximation to two electron 

transitions does not necessarily yield the same results as for the one 

electron system. In case of ionization and excitation of l’e as well as 

dissociative ionization of H^, a relationship between the cross section

and the energy of the beam goes as However, in the case of N* first' E L

negative and Meinel bands, the excitation cross section disnlay —  in E£
dependence above electron energies of 300 eV similar to the one electron 

system.

The excitation cross sections of the N^ first negative and lleinel 

bands are a constant fraction of the total ionization cross section of

The relative transition probabilities derived from the experimental 

results of the cross sections are in good agreement with the theoretical 

predictions obtained from the Franck-Condon factors.

83
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The estimation of the fluorescence efficiencv of the A3914 (0,0)

^  first negative band, based upon the present emission cross section 

measurement is in fair agreement with the direct laboratorv measure

ments of Hartman (1967) and Hirsh and Poss (1968).

The energy flux for various types of IBC auroras, estimated on the 

basis of an average constant ratio (15) between the total ionization 

cross section and the emission cross section is in accord with the 

measurements of Belon, Romick and Rees (1966).

The measurements of the absolute emission cross sections of the

(4,1), (2,0) and (3,1) N* Meinel bands bv electron impact are the first

measurements in the literature. Earlier measurements were only relative 
2or for the A n upper state of the Meinel system between threshold 

and 140 eV. The present measurements are from 80 eV to 4.0 keV, the 

characteristic energy range of the auroral electrons.

The excitation functions of the N* Meinel bands are similar to
+ 2 the N,, first negative bands. The excitation cross section of the A n2 ' u

+ 2 + state of N_ is two times the excitation cross section of the B Z 2 u
state of N^. Semi-empirical calculations of Bauer and Bartky (1965)

and Prok et al. (1967) also show that the emission cross section of 
2 +A Ru state of excited by electron impact are 2.2 to 2.5 tines

2 + +the cross section of the B Z state of tl„. This is a fair agreementu 2
between the experimental result and the semi-theoretical calculations. 

Uowever, the absolute values of the semi-theoretical cross sections are 

higher by a factor of three to four than the exnerimental results.
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The intensity estimate for different band systems of N* in an 

aurora shows that the total emission from the Meinel bands is 15 to 

20 times the total emission of the first negative bands [Chamberlain 

(1961c), Omholt (1966)] whereas the laboratory measurements by electron 

impact are only two times the total emission. Therefore, electron 

impact excitation alone cannot account for the emission of N* Meinel 

bands as it can for the first negative bands in aurora. It is 

apparent that a major portion of the N* Meinel emissions are due to 

secondary processes.

A study of the relative intensities of M* first negative and 

Meinel bands versus height in different types of aurora will help to 

uncover the possible excitation mechanism of the N* Meinel bands.
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