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ABSTRACT 

The First Negative (IN) band emission of the molecular nitrogen ion. Njf, is one 

of the most prominent features of the terrestrial dayglow spectrum. However, past 

Nj studies have encountered problems in validating the intensity of this emission. 

.\lso. some anomalous characteristics of the dayglow IN spectrum remain unex

plained. such as a highly developed rotational and vibrational structure. These 

anomalies appear to be due to the charge exchange reaction; O"*" + N2 —^ N^ -f 0. 

which dominates N-t ion production at high altitudes. This thesis examines day-

glow IN spectra acquired by the .Arizona Airglovv Experiment (GLO) flown on the 

space shuttle mission STS-74. In the analysis the emission is separated into two 

components. First is the emission from ions produced by photoionization and elec

tron bombardment. Second is emission from ions produced by the charge exchange 

reaction, which cannot be modeled. The first source is evaluated and subtracted 

from the observed spectrum. The remaining emission is then used to derive em

pirical parameters related to the charge e.xchange reaction. These parameters can 

be used to estimate the IN emission rate expected from the thermosphere. based 

on model atmosphere predictions. This emission rate can be used to determine the 

dayside O"^ concentration using the GLO observations. 
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CHAPTER 1 

INTRODUCTION AND HISTORICAL REVIEW 

1.1 Introduction 

The structure of the upper atmosphere, its composition and temperature profile, 

results from a complex system of simultaneous physical and chemical processes. The 

primary driver of this system is the deposition of solar energy. .Absorption of solar 

radiation at EUV wavelengths by the constituent atoms and molecules results in 

the ionization which forms the ionosphere. Interaction with sunlight also drives 

the excitation of upper atmospheric species, producing the emissions collectively 

referred to as the daygloiv. This thesis examines the interactions which produce 

one component of the dayglow spectrum, the First Negative (IN) system of the 

molecular nitrogen ion. Nt. 

The Nj IN system is defined by transitions between the excited and the 

ground states of the ion molecule: 

Nt ^ .N+ x'e; + hu (1.1) 

The emission spectrum displays a characteristic structure, a manifestation of the 

electronic, vibrational and rotational energy states of the diatomic ion molecule. 
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Although NJ is a minor constituent of the ionosphere, the IN signature is the 

strongest feature of the Earth's dayglovv spectrum. However, the terrestrial IN 

emission spectrum contains several anomalous characteristics which remain unex

plained. These anomalies include: higher intensities than predicted by photochem

ical models, and rotational and vibrational structure which cannot be explained by-

classical molecular theory. .As a consequence, the IN spectral signature generally 

has not been utilized as a diagnostic of the upper atmosphere. 

Past attempts to e.xplain the unusual dayglovv IN emission characteristics have 

been hindered by a lack of observational evidence, specifically in-situ altitude pro

files of the full IN spectrum. These data are now available from the .\rizona 

.•\irglovv E.xperiment (GLO). an imaging spectrograph flown on the NAS.A. space 

shuttle. The GLO program has amassed a unique set of atmospheric emission obser

vations. simultaneously measuring the spectral content and spatial distribution in 

altitude of dayglovv emission intensity. The GLO observations have prompted this 

renewed study of ionospheric Xt. leading to an empirical description of the anoma

lous structure in the IN signature. This thesis presents a methodology for empirical 

characterization of the dayglovv IN spectrum and ionospheric Nt molecules. This 

empirical study has further defined the ion formation processes responsible for the 

unusual spectral signature, vvith the objective of using the IN emission as a tool 

for interpretation of the dayside ionosphere conditions and dynamics. 
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A brief review of historical Xj developments is given below, as a preface to 

the current study. The second chapter describes the GLO experiment and instru

mentation. The spectrograph calibrations are treated in some detail, including an 

error analysis applied to the photometric calibration, leading to an estimate of the 

overall uncertainty in the brightness measurements. .-Mso included are descriptions 

of the GLO data products and their reduction to working spectra. Chapter 3 gives 

a discussion of the atmospheric models used in this work to provide quantitative 

evaluations of the atmospheric composition, and describes the application of these 

models to simulate the GLO observations. Chapter 4 describes the interactions of 

Nt in the ionosphere, and the development of the computer routines used here to 

model the dayglow l.\' spectrum. In Chapter 5. the IN spectrum model is used 

to evaluate a set of GLO data, resulting in an empirical description of the .\'T ion 

formation processes which influence the IX spectral signature. Chapter 6 gives a 

summary and suggestions for further work. 

1.2 Historical Review 

The early experimental spectroscopy of the X? IX system weis carried out by 

Fassbender (1924). Coster and Brons (1931) and Childs (1932). The theoretical 

work of Mulliken (1931) used the newly developed quantum mechanics to describe 

the N2 molecular structure and define the molecular constants. The IX bands were 

first observed in the terrestrial atmosphere by Slipher (1933). Two mechanisms 
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were proposed to explain their presence — simultaneous ionization and excitation 

of neutral N2 (Saha. 1937): 

N2 X'E; +/ztx(<66lA) +e- (1.2) 

N-2 + e- (lS.7-3oeV) St + 2e- (1.3) 

and resonance scattering of sunlight (Wulf and Deming. 1938): 

St + hu ^ St (1.4) 

.A. comprehensiv'e study of the nitrogen spectra observed in normal aurora (Bar-

bier. 1947) and sunlit aurora (Stormer. 1939) was presented by Bates (1949). Bates 

identified the resonance scattering process (ecjuation 1.4) as an important source 

of atmospheric IN' emission. Bates suggested that the resonant photon absorption 

rate should be much higher than the rate of collisions with ambient particles, which 

would lead to v'ibrational level populations approaching a solar blackbody temper

ature distribution. He used this conjecture to give a plausible explanation for the 

e.xtended vibrational development of the IN spectra. Bates further suggested bom

bardment by heavy charged particles as a possible source of enhanced vibrational 

excitation, but reserved judgment on the actual cause of the extended structure 

until the heavy particle effect was understood. 

.\s further evidence of resonance scattering. Swings (1949) suggested the IN 

rotational structure would be modified by Fraunhofer lines in the solar spectrum, 

similar to the Swings effect observed in the spectra of comets. Vallance-Jones and 
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Hunten (1960) confirmed the Swings effect in terrestrial Nj" emission through anal

ysis of high resolution spectra of sunlit aurora. They found a reasonable fit to 

their data using a synthetic spectrum by assuming a population of ground state 

Nj" molecules with Boltzmann rotational and vibrational distributions at 2200°K 

and 2050°K. respectively. The discrepancies between these model characteristic 

temperatures and the solar blackbody temperature of 5500°K they attributed to 

the Fraunhofer lines in the solar spectrum for the rotational case, and a short

ened ion lifetime caused by rapid recombination to inhibit the complete vibrational 

redistribution. 

In an analysis of auroral spectra. Omholt (1957) pointed out that could be 

created by a charge transfer reaction between neutral and atomic oxygen ions 

in metastable excited states: 

0+(-D.-P) + .V, ^ Xt + O('^P) (1.5) 

By observing intensity differences in the St Meinel bands. Hunten (195S) reported 

evidence that reaction 1.5 would preferentially populate the .\-nu(r=l) state, 

which he attributed to the inherent energy resonance of the reaction. Wallace 

and McElroy (1966) developed a model of the Nt photochemistry which included 

reaction 1.5 as a possibly significant source of ionospheric Xt - Dalgarno and McEl

roy (1966) suggested this reaction may lead to high rotational temperatures in the 

product ions, as well as increased intensity of the resonance scattered emission. 
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They constructed altitude profiles for the production rates of the pertinent iono

spheric species — 0''"(^D). and O'^f^P) — based on sounding rocket photometer 

measurements of the associated dayglovv emissions (Zipf and Fastie. 1964: Wallace 

and McElroy. 1966). In a later rocket photometry experiment. Feldman (197-3) 

concluded the 0''"(^D) charge exchange reaction was the dominant mechanism for 

production of above ~240 km. 

A 16-month set of spectroscopic observations of XT emissions in the twilight 

was reported by Broadfoot and Hunten (1966). In their analysis of the IN (0-0) 

band at .3914.4. they fitted the observed rotational spectrum using a thermal dis

tribution at 1600° K. This elevated rotational temperature appeared to confirm the 

suggestion of Dalgarno and McElroy ( 1966) concerning the temperature elevation 

effects of reaction 1.5. Broadfoot and Hunten (1966) also observed a wintertime 

intensity enhancement in L\ emission in the evening twilight. Wiens and Cogger 

(197.5) noted a similar wintertime enhancement in L\ photometer measurements 

taken from the ISIS-'2 satellite: however, this phenomenon still lacks a satisfactory 

explanation. 

.A. theoretical study of the N'T vibrational populations produced by resonance 

scattering was presented by Broadfoot (1967). Broadfoot constructed a system 

of equations to balance the resonant photon absorption and spontaneous emission 

transitions among the vibrational levels of the Nj .A., and B electronic states. 

The results predicted the vibrational level populations as a function of ion chemical 
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lifetime r. The lifetime was used since the chemical loss rate coefficients were 

not available at the time. The ion lifetime determines the proportion of emission 

intensity that can be attributed to the resonance scattering process. Comparison 

with observations of IN emission in the twilight showed nominal agreement at 

r = 6 seconds, with no apparent variation with altitude detected through the entire 

twilight observation period. The Broadfoot (1967) work also included calculations 

of the photon scattering rates, or g-calues. cited in the literature and utilized in 

contemporary models of dayglow L\ emission. .A. principal development of the 

present work is an update of the Broadfoot (1967) paper by inclusion of several 

new parameters. 

The pioneering development efforts in modeling the upper atmosphere suffered 

from a lack of "ground truth" measurements of constituent densities. The .At

mosphere Explorer (.A.E) satellite missions (cf. Dalgarno et al., 1973) provided 

comprehensive sets of in-.'nitu mass spectrometer data, along with electron content 

and thermal structure measurements. The acquisition of these data led to the 

development of empirical models of the thermosphere and ionosphere with global 

prediction capabilities (Hedin et al.. 1977a.b: Rawer et al., 1978). comparison 

between photochemical model results and the .A.E density measurements was 

given by Oppenheimer et al. (1976). The concentrations predicted by the 

models were in e.xcess of the .AE mass spectrometer data by nearly a factor of 2. 

This discrepancy led several researchers to adjust various reaction rate coefficients 
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in order to obtain agreement (Torr and Orsini. 1978: Torr and Torr. 1978: Torr 

and Torr. 1980; Abdou et al.. 1982: Brieg et al.. 1983: Abdou et al.. 1984). Subse

quent rebuttal came from the physical chemistry community fcf. Ferguson. 1984). 

Laboratory reaction rate coefficients are now generally accepted for the photo

chemistry models, although the IN intensities predicted using these model results 

are lower than current spectrometric observations. 

.A satisfactory explanation of the unusually high development observed in the 

dayglow l.\ rotational and vibrational features has remained elusive. The most 

recent theoretical study of dayside .\t vibrational distributions was presented by 

Fox and Dalgarno (198o). Their conclusions e.xpressed a need for altitude profiles 

of the IN emission spectra in order to distinguish among their various models of 

.N'f processes. Torr et al. (1992) presented dayglow emission observations taken 

by a spectrometer aboard the space shuttle. They reported Nf vibrational distri

butions with an improbably high characteristic temperature (~8000°K). as well as 

intensities much higher than predicted by their airglow model. These effects they 

later attributed to an unexplained interaction in the immediate environment of the 

shuttle (Torr et al.. 1993). .\o such environmental contamination effects have been 

detected in the spectral observations of the GLO experiment. GLO has acquired 

the IN emission altitude profiles sought by Fox and Dalgarno. These data present 

an opportunity for significant advancement in the understanding of N2 interactions 

in the dayside ionosphere. 
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CHAPTER 2 

INSTRUMENTATION - THE ARIZONA AIRGLOW 

EXPERIMENT (GLO) 

The instrument used to collect the spectral data used in this dayglow study is an 

imaging spectrograph operated in low Earth orbit aboard the NASA Space Shuttle. 

The Arizona Airglovv Experiment, known as GLO. is part of a USAF sponsored 

project to study spacecraft/atmosphere interactions and thruster rocket plumes. 

Because these dedicated experiments tend to be brief, the GLO instrument is largely 

available during shuttle missions for observations of the Earth's upper atmosphere. 

To date the experiment has flown on six shuttle missions: STS-39. November 1989: 

STS-53. December 1992: STS-63. February 1995: STS-69. September 1995: STS-

74, November 1995. and STS-S5. August 1997. The GLO atmospheric observations 

comprise a unique set of global day and night airglow spectra. .Although details 

of the instrumentation can be found in the literature (cf. Broadfoot et al.. 1992). 

a brief description of the essential mechanical and operational aspects of the GLO 

spectrograph and its detectors is given in the first section below. Next is a detailed 

explanation of the methods used to calibrate the instrument for spectral dispersion, 

spatial resolution, and absolute photometric response, including an analysis of the 

uncertainty in these calibrations. The subsecjuent sections describe the salient 
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features of the spectral image data acc}uired by GLO. and give details of the image 

processing which produces the atmospheric spectrum data. 

2.1 GLO Instrument Description and Operation 

The central element of the GLO instrument is the spectrograph head, which 

contains the field optics, gratings, and detector assemblies (Broadfoot et al. 1992: 

Knecht et al. 1997). The spectrograph head is mounted in a 2-a.xis scan platform at

tached to the shuttle payload bay during flight, .\zimuth and elevation movements 

allow the instrument to point in virtually any direction, however the orientation 

of the instrument field of view relative to the horizon is constrained by the shut

tle orbiter flight attitude. The GLO remote sensing experiments can be executed, 

and fine-tuned if necessary, in real time as conditions dictate. Flight operations 

and science data retrieval are conducted at the .\.\S.A Payload Operations Control 

Center (POCC) located at Goddard Space Flight Center. Instrument commanding 

and data transfers are made possible through an interface with the on-board N.A.S.-\. 

Hitchhiker avionics port. 

The GLO spectrograph is comprised of four separate units, each containing 

two gratings and an Intensified Charge Coupled Device (ICCD) light detector (cf. 

Braodfoot and Sandel. 1992). The ICCD consists of a field array Image Intensifier 

Tube (IIT) coupled through fiber optics to a CCD detector. The photocathodes of 
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the four IITs are made of various materials, optimized for the wavelengths of the 

eight spectral regions. The CCDs are common to all spectrograph units. 

The IIT is a proximity-focused photoelectron multiplier. .A photon incident on 

the tube cathode causes ejection of an electron, which is drawn through a 200 volt 

electric field to a microchannel plate. The microchannel plate is a fine mesh array 

of electron multiplier tubes, each ~ I2;im in diameter and capable of a gain of 

about 10"*. The electron cascade e.xitlng the microchannel plate is accelerated by 

a potential of typically okV toward an aluminum film anode. The anode requires 

about 2500 electron volts to traverse, with the excess energy exciting a phosphor 

screen deposited on the fiber optic exit window. The scintillations produced in the 

phosphor form an amplified image of the incident light pattern. Shuttering of the 

detectors is effected by reversing the cathode bias, thereby inhibiting the initial 

photoelectron current. Detector gain is controlled by varying the potential applied 

across the microchannel plate. For the GLO detectors the full-gain bias is typically 

-hSoO volts. 

The CCD detector is a semiconductor device capable of accumulating photo

electron charge and preserving its spatial distribution. .\n illustration showing the 

essential physical and operational aspects of a CCD is given in Figure 2.1. The 

active picture elements, or pixels, of the CCD are formed by a latticework of Metal-

Oxide-Semiconductor (MOS) layers, as depicted in the figure. Buried in the surface 

of the electrically inactive silicon substrate are strips of active silicon running the 
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length of the chip. These strips form columnar charge carrier depletion regions, 

or channels, separated by inactive barrier regions. The substrate and channels are 

covered with a layer of insulating silicon o.xide. upon which transparent conducting 

electrode strips are laid perpendicular to the buried channels. .A. positive potential 

is applied to the electrodes, causing any charge induced in the active silicon to 

collect against the oxide layer under the electrodes. Since the charge is constrained 

within the channel barriers, the crossed pattern of channels and electrodes forms 

a two-dimensional array of active potential wells. These potential wells constitute 

the CCD pi.xels. 

The array of CCD pi.xels is read out in a sequential manner using a special charge 

sensing circuit. By applying a properly phased sequence of bias potentials to the 

electrodes, connected as shown in Figures 2.1. the charge stored in each potential 

well is shifted linearly down the channel columns. .A.t the end of the active area, 

the charge is shifted into a transverse readout channel. The readout row has set of 

electrodes matching the pattern of column channels, .\pplying a similarly phased 

sequence of bias potentials, the packets of charge from each column are shifted into 

the charge sensing circuitry. The output of the charge sensor is an analog signal 

voltage proportional to the amount of charge contained in each packet, which in 

turn contains information about the photon flux incident on the associated pi.xel. 

In the GLO instrument, the analog output voltage is amplified and fed into a r2-bit 

analog-to-digital converter {.\DC). The output of the .-VDC defines the response of 
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the ICCD detector to incident ligiit. It is quantified as the detector deflection, in 

units of digital Data Numbers (DN). The responsivity of the GLO CCDs is about 

60 e~ per DN. 

The spectrograph design is based on holographically corrected concave diffrac

tion gratings. The corrections reduce optical aberrations and provide flat field 

imaging of the spectrograph slit in the image plane. The flat field design criterion 

is important for maintaining spatial information along the spectrograph slit. The 

spectrographs are designed to match the CCD format (Broadfoot and Sandel. 1992: 

Broadfoot et al.. 1992). and to provide enough spectral resolution for good spectral 

analysis across the full wavelength range from 1150.\ to 9000.A. The combination of 

grating dispersions and available photocathode materials led to the specification of 

eight gratings. The gratings are mounted in four spectrograph units, each grating 

dispersing its spectrum across one half of the CCD. The CCD is about Smm wide, 

therefore the slit is 4mm long. 

The GLO CCD format is an array of ••3S4x.576 pixels: each pi.xel is 22 /im square 

in dimension. The spectrum is dispersed across the 576 pixel dimension. With a 

linear dispersion specification of 6.75 nm/mm. the focus limit of a 66 micron (i.e. 3 

pixel) wide slit gives a maximum theoretical spectral resolution of 4.5.A.. Empirical 

determinations show typical resolutions of ~4.7.5A. The longer wavelength gratings 

have a linear dispersion of 13.15 nm/mm. with a determined spectral resolution 

of about 10.4. Spatial information is obtained simultaneously with the spectral 
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information from the slit-alignecl (384 pixel) dimension. The usual flight configu

ration for limb observations has the slit axis oriented perpendicular or skewed to 

the horizon, which provides an altitude profile of the atmospheric emissions. The 

slit dimensions and foreoptics of the GLO spectrographs fix the field of view at 

approximately 8.5°x0.15°. Thus at a typical tangent range of ~I300 km from the 

shuttle orbiter. the observational field of view is an area about 200 km x 3.4 km. 

The spectrograph foreoptics design provides a collimated field of view and defines 

the light baffling system. Figure 2.2 shows the arrangement of optical elements in 

the GLO instrument. The ray trace originates at the grating, goes through the slit 

and to the field lens. The slit is at the focus of the lens, therefore the slit image is 

at infinity, or the field of view is collimated. The light baffle functions to eliminate 

any light entering the spectrograph which does not fall on the grating. The ray 

trace from the grating edges through the slit and field lens to infinity establishes 

the baffle outline. .A unique baffle position is found where the field lens forms an 

image of the grating in space within the baffle. .A. mask at this point, just larger 

than the grating image, restricts the incident light entering the spectrograph. The 

baffle elements follow the bounding rays of the field of view as far as possible. In 

the GLO spectrographs, the baffle is extended by folding the optical path over the 

top of the spectrograph housing with mirrors, as shown in the figure. 

The nominal CCD exposure configuration for dayglow observations has an eight 

second exposure (integration) time. Detector shuttering is controlled with the bias 
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potential on the IIT photocathocle. The full complement of ICCD detectors can be 

read out in less than one second. The integration time for dayglow observations is 

specified to keep strong emissions from saturating the detectors. Longer exposures 

are used for night sky observations. The data transmission rate to the ground is 

selectable at SSO. 440 or 110 kb/sec. which limits the realtime data collection rate. 

In order to accommodate this constraint, the full-frame CCD images are contracted 

by co-addition of pixel rows during readout. Spectral images are summed in the 

spatial (i.e. slit-aligned) direction. typical summation configuration has eight 

full-frame pixel rows summed into one readout row. This technique also reduces the 

readout noise by a factor of eight. Since the summed pi.xels constitute the working 

GLO image picture elements, the term "pi.xel" is used hereinafter to refer to these 

amalgamated readout elements. The eight-into-one summation gives 24 contiguous 

spectra, which span the length of the slit image at a spatial resolution of about 

0.35°. With the vertical slit orientation typical of the GLO dayglow experiments, 

each pixel row samples an altitude segment roughly S km deep. The full CCD 

image covers an altitude range of about 200 km. 

2.2 Instrument Calibration 

The images produced by the GLO ICCD detectors contain information in es

sentially three dimensions: the two physical dimensions of the CCD array, and the 

response of the detector to incident light. Thus three calibrations are required in 
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order to convert the spectral images into useful observations. Calibration of the two 

physical axes is relatively straightforward — individual pi.xel positions correspond 

to specific wavelengths in the dispersion direction, and to the off-axis look angle 

in the spatial direction. The photometric response calibration is a much more in

volved process, discussed in some detail below. All calibrations are performed with 

the spectrograph optics, detectors and instrument operational software in full-up 

flight configuration. 

2.2.1 VVavelengt h 

The wavelength calibration utilizes the atomic emission line spectra of mercury 

vapor and several of the noble gases. Illumination from cold cathode gaseous dis

charge lamps is directed to a flat scatter screen filling the field of view of each 

spectrograph. The scatter screen is coated with the white reflectance standard 

LabLEADER, a trademark of the Eastman Kodak Co. Sharp emission line spectra 

are obtained without CCD saturation by limiting the detector gain, although in 

some cases strong lines are purposely saturated in order to obtain good spectra of 

weaker lines. 

Images of atomic line spectra for each GLO spectral region are processed in

dividually. The gases are chosen such that the emission lines fall across as wide 

a wavelength range within the region as practical. .All the pixel rows of a region 

are summed externally into a calibration line spectrum. Several emission lines are 
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isolated and identified, and the pixel positions of each line is determined by find

ing its intensity centroid. The vacuum r\' region (Spectrum 9 in Table 2.1) is 

typically calibrated in-flight using atomic airglow emissions. However, a pre-flight 

reference scale for this region is constructed using the mercury line at 1849.l.\ in 

combination with the design specification linear dispersion. 

The wavelengths of the selected emission lines are plotted against their deter

mined pi.xel positions, and a "best fit" is found for each spectral region by least 

squares linear regression analysis. The slope of the regression line specifies the 

linear dispersion in .Angstroms per pi.xel. This empirical dispersion is then used 

to determine the wavelength range encompassed by each pi.xel. .A. list of linear 

dispersions and wavelength/pixel conversions for the GLO-4 instrument is given in 

Table 2.1. 

Table 2.1: GLO-4 wavelengths and dispersions. 

Spectrum Pi.xel 1 (.\) Pi.xel 576 (.\) Dispersion (.\/pixel) 
9 924.0 1969.9 + l.bI9 
S 1974.5 3020.5 -f 1.819 

1 3830.7 2987.7 -1.466 
6 4655.1 3810.5 -1.469 
0 5306.5 4449.1 -1.491 
4 610.3.0 5250.8 -1.482 
3 7618.1 5952.3 -2.897 
2 9087.2 7243.7 -2.893 
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2.2.2 OfF-Axis Look .Angle 

The spectrograph optical axis is rleterminecl and the ofF-axis look angle is cali

brated using a hot cathode deuterium discharge lamp. The deuterium source heis 

a relatively smooth continuum spectrum over most of the wavelength range of the 

GLO instrument. .At a sufficient distance from the collimating optics, the small 

discharge region in the lamp appears as essentially a point light source. The for

ward looking optical axis is established by aligning a commercial He-N'e laser with 

the mechanical axis of the light entrance baffle. The deuterium lamp is placed in 

the path of the laser beam 12-15 meters from the instrument. The folding mirrors 

of each spectrograph unit are then adjusted in their cantilevered mounts until the 

source is detected in all eight spectral regions simultaneously. The spectrograph is 

then said to be boresighted. 

The off-axis angle calibration is performed on each spectrograph unit individ

ually. First, the boresight pi.xel row is determined for each spectral region, which 

requires moving the scan platform to compensate for source parallax. The point 

source continuum appears in the CCD image as a bright band, fully dispersed 

across the spectral region in a small number of pixel rows. The boresight pixel 

row is determined by finding the centroid of a vertical cross section through the 

bright band. The off-axis angle calibration is then conducted by moving the scan 

platform to specific off-axis azimuth positions. Similar images are obtained, with 

the bright band appearing in different pixel rows as a consequence of illuminating 
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different points along the spectrograph slit. The centroids of vertical cross sections 

are found for each innage. and these values are assembled into a table of pixel po

sitions corresponding to the off-axis look directions. The procedure is inclusive of 

the entire spectrograph field of view. 

It is important during shuttle flights to obtain an accurate assessment of the in

strument pointing direction with respect to geographic position and altitude. This 

determination is made by finding the relationship between the scan platform posi

tion. the shuttle orbiter flight attitude, and the known positions of stellar objects. 

The orbiter flight attitude is provided in real time by the N.\S.A. ancillary data 

feed. The ancillary attitude data is translated into body axis directional vectors 

in the mean-of-l9o0 (.MoO) coordinate system, fi.xed to the stars. Periodically, the 

GLO instrument is pointed toward bright stars for calibration purposes. The scan 

platform is slewed to a nominal position, and the star drifts through the field of 

view. Since stellar objects are point source continuum light sources, the spectral 

images display the same bright band structure as the deuterium lamp. Typically 

the star spectrum appears in several consecutive images: finding the pixel row with 

the maximum intensity spectrum signifies instrument alignment with the star. The 

concurrent determinations of the orbiter attitude vectors, the scan platform posi

tion. and the star location are combined into a transformation matrix which relates 

the GLO look direction to the spacecraft attitude in the MoO inertial reference 

frame, .\dditional ancillary data from the NAS.-\ feed are then used to determine 
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line of sight parameters in geographic coordinates. These determined parameters, 

such as nadir and azimuth angles, tangent point location and altitude, and solar 

zenith angle, are crucial for making accurate atmospheric surveys using the GLO 

data. 

2.2.3 Photometric Calibration 

The photometric calibration of the GLO instrument utilizes both laboratory 

measurements and in-flight accjuisitions of the spectra of stars. The two procedures 

are complementary, and combine to overcome a fundamental difficulty encountered 

in the photometric calibration of a spectrograph. The problem is finding a continu

ous relationship between the chromatic luminous intensity of the calibration source 

and the response of the spectrograph detector over the full wavelength range of 

the instrument. Since the spectrograph records the full spectrum simultaneously, 

a continuum source is required in which the luminosity is known at a spectral res

olution similar to that of the instrument. .-Mternately. a set of narrow bandpass 

wavelengths can be used to construct the continuous luminosity curve piecewise. 

Both methods are employed in the GLO spectrograph calibrations. The laboratory 

efTort involves taking a series of pass band measurements to determine the instru

ment response at discrete points in the spectrum. These point determinations are 

then used as fiducials for fitting the continuum spectra of hot stars. 
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For the laboratory measurements, a loO watt high-pressure xenon arc lamp pro

vides a sufficiently stable continuum light source. The lamp feeds a fast (f/2.2) 

concave grating monochromator. which directs dispersed wavelengths into a 12-

inch diameter light integrating sphere (Utrecht sphere). When appropriate, col

ored glass filters are placed between the arc lamp source and the monochromator 

entrance to block second-order wavelengths. The sphere interior presents an essen

tially Lambertian radiation source to the spectrograph, filling the field of view. The 

wavelengths of the calibration data points correspond to a set of thin film inter

ference filters placed between the monochromator exit and the integrating sphere. 

The filters serve to eliminate the effects of scattered light in the source system: the 

spectral profiles of the pass bands are determined by the monochromator grating 

and exit slit. The intensity of light in the sphere is monitored by a photodiode 

photometer mounted in one the the sphere s access ports. The photodiode is cali

brated. traceable to XIST (formerly the Xational Bureau of Standards). The diode 

is configured as a short-circuit current generator, shunted directly across the input 

of a picoammeter. 

Spectral images are taken at full detector gain for each wavelength in the series 

of interference filters. Typically 4-5 data points lie in each of the eight spectral 

regions. These measurements define both the instrument response to the sphere 

illumination and the spectral content of the pass bands. The pixel rows of each 

image are summed and normalized, resulting in a bandpass response curve used to 
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represent all the pixel rows in a spectral region. This method assumes a uniform 

detector response over the physical dimensions of the region. 

The photometric calibration is derived from comparison of the deflections of 

both the diode photometer and the spectrograph in response to the same light 

source — the monochromatic radiation emanating from the integrating sphere. 

The NIST calibration of the photodiode provides a tabulation of its responsivity 

7?.,p. in amperes per photon-sec"', over a wavelength range from 1400A to 1I000.\ 

in lOOA increments. With the field of view of the photometer known, the diode 

current can be used to measure the surface brightness of the integrating sphere. The 

calibration images taken by GLO are are normalized by exposure and integrated 

over wavelength to determine the instrument response to the sphere brightness. 

Details of both the photometer and spectrograph response determinations are given 

below. 

The current i generated by a short-circuit photovoltaic detector e.xposed to 

isotropic radiation with intensity [p in units of photon-sec"'-cm'^-sr"' is given 

by 

ip = tqlp.\d^, (2.1) 

where t is the detector cjuantum efficiency, q is the carrier charge (1.6 x 10"'^ 

Coulomb). Ad is the detector active area, and Q., is the solid angle of the light 

source subtended by the detector system. In terms of the photodiode responsivity 
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TZip. where 

"T^.p = 

the expression becomes 

ip = 'R,pfpA.i9., (2.3) 

In general. TZ,p is wavelength dependent, and Ip is an integral of monochromatic 

intensity /\p over a finite wavelength interval. Thus a more correct form for the 

photocurrent equation would be 

However, the GLO laboratory calibration measurements are made over pass bands 

typically <100A in width, over which the photodiode responsivity varies less than 

0%. Therefore 7^,p is treated as a constant for the calibration procedures. 

In optical aeronomy studies, the quantity of interest is the e.x'cited state species 

volume emission rate, in photons-sec"' cm"^. Photometric observations are spa

tial integrals of the volume emissions through the column of gas defined by the 

instrument field of view. The intensity Ip referenced in equation 2.1 above is nor

mally used to describe the surface brightness of a radiation field. The integrated 

volume emission rate and a surface brightness are directly related quantities, and 

both carry dimensionally identical units. The need to distinguish between the two 

prompted the introduction of a new unit specifically for use in auroral and airglow 

(2.4) 
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photometry, the Rayleigh (symbol R) (Hunten. et al.. 1956). The unit is defined as 

surface brightness B expressed in rayleighs is related to the radiometric intensity 

The word "column" is written in the units to identify the intensity as deriving from 

an integrated volume emission rate. 

Equations 2.3 and 2.5 combine to give an e.\pression for the source brightness 

in rayleighs determined by the previously described photovoltaic detector system: 

The quantities 7^,p. .A,/, and Qj are known for the GLO calibration apparatus. 

Using equation 2.6 and the photometer picoammeter readings, the brightness of the 

integrating sphere in rayleighs is determined at each of the calibration wavelengths. 

The GLO ICCD spectrograph obeys a photometric equation similar to 2.1. vvith 

additional terms necessary to characterize the more complex optical system. Since 

the CCD collects and stores photoelectrically induced charge, the quantity describ

ing the detector activity is the photoevent rate P. in units of events-sec~'-pixel~^ 

For an ICCD spectrograph, the photoevent rate is given by 

I R = 10'' photon-sec ' cm ^(column) 

/p by 

/p(photons-sec ' cm "^(column)) 

(2 .6)  

(2.7) 
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where B\ is the incident source brightness in rayieighs. Ag is the grating area, o 

is the operating angle of the grating. F is the focal length of the camera optics, r 

represents the transmission characteristics of the optical system, q is the grating 

efficicncy. .1,/ is the detector area, is the quantum efficiency of the IIT cathode, 

and g is the intensifier gain. In the GLO spectrograph, the gratings remain in fi.xed 

positions, and the intensifiers are typically run at full gain. Thus at a specific 

wavelength, the independent terms of equation 2.7 are constants. Combining the 

constant terms reduces the expression to 

where P represents the photoevent rate after electronic conversion to digital Data 

Numbers (DN). The proportionality constant k characterizes the spectrograph re

sponse to incident monochromatic light measured in rayieighs. 

In order to correspond directly to the photometer brightness measurements, 

the GLO calibration data are integrated over the dispersed wavelengths of each 

bandpass. The nominal center wavelengths of the interference filters are assigned as 

the calibration points. Since the GLO spectrum is acquired in discrete wavelength 

"bins" defined by the grating linear dispersion and the physical width of the pi.xels. 

the integration is performed by numerical summation. The sum gives the overall 

spectrograph deflection P\ at the calibration point: 

( 2 . 9 )  



38 

where P is the net deflection recorded by each pixel in the dispersion direction. The 

wavelength bin width AA is determined empirically from the wavelength calibra

tion. In practice, the summation of eciuation 2.9 is applied to a bandpass response 

curve representative of the spectral region of interest. The pi.xel rows of the cal

ibration spectral image are summed in the slit-aligned direction and normalized. 

The background level on either side of the bandpass is evaluated, and an appropri

ate constant is subtracted from the pixel deflection values prior to the wavelength 

summation. 

Utilizing the integrated deflection P\ in the simplified photometric relation de

veloped earlier (cf. equation 2.S). a similar expression is obtained: 

The new proportionality constant defines the spectrograph sensitivity in units 

of DN/sec per rayleigh/.\. The value of k, is determined at each calibration point 

by substituting into equation 2.10 the spectrograph bandpass response found by 

summation of the calibration images using equation 2.9 and the source brightness 

determined from the photometer measurements. These sensitivity evaluations con

stitute the GLO laboratory photometric calibration. 

Filling out the intervening sections of a continuous spectrograph sensitivity curve 

requires observation of a continuum source with a reasonably well known spectral 

content. Practical problems arise when this task is approached in the laboratory. 

(2 .10)  
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related to the blackbody emission spectrum of an incandescent light source. Since a 

typical tungsten-halogen lamp operates at a temperature of ~3200°K. the intensity 

peaks at around QOOO.A. and falls off rapidly toward shorter wavelengths. This 

problem is circumvented with the GLO experiment by utilizing the continuum 

spectra of bright stars whose effective temperatures are high enough to push the 

emission peak shortward of 2000.-\.. 

Star images are acquired specifically for photometric calibration purposes during 

flight. A stellar source produces spectral images similar to those of the laboratory 

point source continuum, i.e. a bright band dispersed across a small number of 

pixel rows. The deflections observed in these few pixel rows are assumed valid 

for the full spectral region containing the star image. .Astronomical databases 

provide photon flu.xes for the calibration stars. Typically the GLO L \ calibration 

utilizes star spectra obtained from the Voyager spacecraft ultraviolet spectrograph. 

The GLO instrument response is compared with the star spectra, and a linear 

relation similar to equation 2.10 is applied to give a continuous relative sensitivity 

curve for each GLO spectral region. The continuous curves are then fitted to the 

laboratory sensitivity data points. These fitted curves make up the continuous 

photometric calibration of the GLO spectrograph. Practical examples of the star 

spectrum comparison and curve fitting procedures are given in the following section, 

in which the calibration error is assessed. Graphical plots of the sensitivity curves 

are presented therein, along with further specifics of the laboratory data analysis. 
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2.3 Estimate of Cncertainty in the Calibrations 

•A. degree of uncertainty e.xists in each of the instrument calibrations. Errors as

sociated with the physical location of data on the CCD image plane can be assessed 

and corrected post-fiight through image processing techniques. The uncertainty in 

the photometric calibration becomes apparent primarily in the star spectrum com

parison step. Various sources of error in each of the calibrations are identified 

below, with quantitative estimates given where feasible. .\ more rigorous error 

analysis is used to assess the accuracy of the absolute brightness calibration. 

The accuracy of the laboratory wavelength calibration depends primarily on the 

identifications of pi.xel locations of the atomic line spectra. The use of multiple 

lines in each spectral region and applying the linear regression analysis reduces this 

error substantially. The first-order regression provides a suitable pi.xel/wavelength 

conversion at the GLO instrument resolution, despite a small cosine dependence 

with grating operating angle. .Although special thermal compensation is designed 

into the grating mounts to maintain the focal distance, it is possible for the wave

length scales to be shifted slightly by thermal distortion of the spectrograph body 

in the extreme conditions of space. The wavelength assignments can be adjusted 

during the data analysis, based on atmospheric atomic emission spectra. The linear 

dispersion generally does not need re-evaluation. 



41 

The uncertainty in the absolute instrument pointing direction is related to the 

accuracy of the scan platform positioning and the spacecraft flight attitude deter

minations. The GLO scan platform movements are driven with multi-phase DC 

stepper motors equipped with shaft position encoders. feedback loop allows gim-

baling in steps as small as 0.01°. Backlash in the azimuth and elevation drive train 

is minimized by using specially designed constant-mesh "cone" gear driv^es. .Also, 

the motor driver software recjuires final steps of all scan platform movements to be 

unidirectional. The actual geographic look direction is dependent on the shuttle 

flight attitude, which is determined from the N.-\S.-\ ancillary data. The attitude 

information originates from the on-board [nertial .Measurement f'nits (LML s. or 

gyros), which naturally drift over time and undergo periodic realignment. The 

IMU drift represents an equivalent error in the calculated look direction: however, 

the magnitude of the drift is not an available c{uantity in the ancillary data feed. 

Determinations of the absolute pointing direction are made by observing bright 

stars (cf.§2.2.2). The pointing errors can then be assessed in the subsequent image 

processing operations. 

critical evaluation of the photometric calibration amounts to assessing the 

accuracy of the pi.xel deflections as representative of the incident light intensity. 

The sources of uncertainty associated with the laboratory calibration apparatus 

and methods are numerous. Many cannot be rigorously quantified, such as the 

assumption that the intensity within the photometer field of view is identical to 
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that incident on the spectrograph collimating optics. Thus the discussion presented 

here is limited to the most important error sources. Quantitative estimates of 

uncertainty are made where feasible, then combined into an estimate of error in 

the laboratory calibration. .An overall assessment of the photometric calibration 

accuracy is derived in the conte.xt of the star spectrum comparison procedure. 

Since the essence of the laboratory calibration is a comparison between the de

flections of the diode photometer and the GLO spectrograph, uncertainties in both 

must be considered. The photometer picoammeter readings specify the integrating 

sphere brightness B,\ through equation 2.6. The spectrograph deflection is represen

tative of the detector photoevent rate P\ in response to the incident light intensity, 

as described by eciuation 2.10. Error estimates for the two photometric systems are 

considered independently. The are then combined in quadrature to give the total 

error assessment at each calibration point as 

where kg is the spectrograph sensitivity defined in equation 2.10. The AAr, values 

determine the magnitude of the error bars applied to the k, e\-aluations. 

Uncertainty in determination of the calibration source brightness is evaluated 

through the picoammeter readings. Random variability in these readings can be 

attributed to the stability of the .xenon arc lamp and to detector noise. Typical 

(2.11) 
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photometer measurements of the bandpass measurements fall in the range of 0.4-

15 nanoamperes. Since a quantitative evaluation of all the factors contributing to 

random noise in these measurements is impractical, an assessment of the error in 

che picoammeter readings is somewhat subjective. Bcised on the observations made 

during the calibration procedure, an estimated uncertainty of 0.01 nA is assumed 

for all the readings. 

Systematic errors in the source brightness measurements can arise due to the 

performance of the photometer design, the uniformity of the radiation emitted form 

the integrating sphere, and the assumption of constant diode responsivity over the 

calibration pass bands. However, quantifying the uncertainty attributed to these 

sources requires a comparison against a reference standard light source. Since such 

a facility is not readily accessible to the LPL-VVest facilities, possible systematic 

errors in the calibration apparatus remain unassessed. 

.An important aspect of acquiring accurate photometric calibration data in the 

laboratory is the spectral purity of the bandpass illumination of the integrating 

sphere. The photometer responds to radiation incident on the photodiode at all 

detectable wavelengths: however, the spectrograph records only the dispersed wave

lengths of the pass band. Special procedures have been developed as part of the 

GLO project to reduce or eliminate contamination in the calibration light source. 

The entry of e.xternal stray light is minimized by masking the sphere exit port 

and the spectrograph input baffle, and by taking the calibration measurements in a 



darkened room. Scattered light in the source system is reduced by the monochrome-

ter and interference filter system: at off-band wavelengths, the second-order grating 

efficiency and the transmission characteristics of the interference filters combine to 

give a transmissivity on the order of 10"'. Less than total blocking of off-band 

wavelengths by the interference filters has caused problems with past calibration 

techniques, which attempted to use a low-intensity tungsten halogen lamp as a con

tinuum source to feed the integrating sphere, then characterize the light by placing 

filters in the photometer field of view. With such an arrangement, a miniscule 

off-band filter transmissivity will be integrated over the entire spectrum of longer 

wavelengths, where the incandescent source is brightest and the photodiode is most 

sensitive. Highly inaccurate photometer readings result, especially at the shorter 

wavelengths. The problems inherent in this method have affirmed the necessity of 

using stars as continuum sources for the GLO calibration. 

Several assumptions are involved in using summed spectral images to create 

the bandpass spectra used to characterize the spectrograph deflection. These as

sumptions include the spatial uniformity of the [IT components (photocathode. 

microchannel plate and phosphor screen), and a linear detector response over the 

full dynamic range of the detector. Laboratory verifications of these parameters 

are tedious and difficult, and here are entrusted to physical principles of operation 

and the manufacturers" quality assurance standards. .A.n additional property of the 

IIT to be acknowledged is persistence in the phosphor screen caused by saturation 
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electron bombardment. This hcis a negligible effect on the laboratory calibrations 

due to the low light levels used, but can lead to erroneous interpretation of spec

tral image data containing very bright emission signatures. Correction methods 

have been developed, employing alternate photometric calculations (Sandel. et al.; 

1986). These adjustments are applied only to the affected data images. 

The principle source of uncertainty in determining the spectrograph response to 

the calibration source arises from noise in the detector system. The subject of noise 

in ICCD imaging detector systems has been discussed in the literature, with specific 

reference to the GLO spectrograph (Broadfoot and Sandel. 1992). The sensitivity 

of the ICCD detector and the light levels involved allow its characterization by use 

of single-event counting statistics. The individual pi.xel signal to noise ratio p is 

given bv O 

P =  ,  "  =  ( 2 - 1 2 )  
\/-^ rm5 + ^ 

where 5 is the number of photoelectrons induced by the incident radiation. D is 

the count of thermally generated electrons (i.e. leakage current or dark current), 

and Mrms is the contribution from read noise in the electronics. Enhancements of 

the GLO detector system have reduced Xrms to the level of 10-50 e~. while the 

pixel potential wells have an event capacity on the order of lO^e". .\lthough dark 

currents as low as 10 e~ sec"' have been achieved with a cooled IIT photocathode. 

the effects of thermal noise can be remedied by subtraction of a closed-shutter dark 

frame image from each data image. .Appropriate dark current subtractions are 
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performed on the calibration images as part of their evaluation. Dark frames are 

also taken at regular intervals during normal GLO flight operations. 

A c{uantitative assessment of the uncertainty in the GLO detector response is 

made using statistical methods. The spectral images themselves provide the means 

of determining a statistical distribution for each calibration bandpass measurement. 

First, a dark current image is subtracted from each calibration image to remove any 

fixed pattern noise present in the CCD. usually the result of chip manufacturing de

fects. Both calibration and dark images are normalized by exposure time. Random 

noise in the dark image is reduced by successive addition of a number of individual 

dark frames prior to normalizing. The pi.xel rows of a dark-subtracted calibration 

image are then treated as individual bandpass spectra. .A background correction 

spectrum is created by summing the pixel rows in the dark gap between the two 

spectral regions of the bandpass images. This correction is applied as needed in or

der to produce a flat background field. Each corrected spectrum is then integrated 

over wavelength to give a per-pi.xel deflection. The off-band regions in each row are 

also analyzed to provide a background level, which is subtracted from the band

pass integrations. The background subtraction results in a net deflection for each 

pixel row. The individual net deflection values are subjected to statistical analy

sis. resulting in an average per-pi.xel deflection and a standard deviation over the 
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spectral region for each bandpass wavelength. These standard deviation values de

termine the magnitude of the random error associated with the GLO spectrograph 

brightness calibration measurements. 

Sample results of the calibration measurements taken for the GLO-2 instru

ment are given in Table 2.2 for wavelengths <4600.-\. The integrated deflection 

P\ = P is calculated at each wavelength using equation 2.9. The estimated 

error in deflection AP\ is derived from the statistical analysis of the pixel row 

bandpass spectra just described. .\lso included in Table 2.2 are the correspond

ing photometer measurements. The sphere brightness values B,\ are determined 

using equation 2.6 and the photocurrent measurements. The error in brightness 

Ai5.\ is found by propagating the uncertainty in the photometer readings through 

the brightness calculations. cursory examination of the uncertainty evaluations 

points to statistical variability in the spectrograph detector deflections as the dom

inant source of random error in the calibration. 

Table 2.3 gives values for the instrument sensitivity ks calculated using equa

tion 2.10 and the data of Table 2.2. The uncertainty in sensitivity. Akg. is de

termined by propagating the error assessments listed in Table 2.2 through equa

tion 2.11. 

The necessary supplement to the laboratory brightness meeisurements is the 

calibration of GLO spectral image data against the known spectra of bright stellar 

sources. Figure 2.3a shows the instrument response spectrum of the star J-Centauri 
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Table 2.2: GLO-2 laboratory calibration deflection and brightness data. 

VVavelength Px A Pa  photocurrent S B x  
(.Angstroms) (D.\Vs-.\) (D.\7s-.\) (n.\) 

4(jOU 1.30-1-4 - 1.78+3 0.208 65.8 3.1b 
4500 1.51 H—1 1.77+3 0.250 81.9 3.28 
4300 1.83+4 1.75-1-3 0.265 94.6 3.57 
4150 2.04+4 1.76+3 0.304 115.1 3.79 
4000 1.87+4 1.66+3 0.301 114.8 3.81 
3700 2.96+4 2.97+3 0.368 180.8 4.91 
3600 3.44+4 3.28+3 0.415 205.7 4.96 
3400 2.73+4 2.96+3 0.331 157.0 4.74 
3200 2.67+4 2.72+3 0.294 132.7 4.51 
3100 4.57-1-3 7.42+2 0.045 190.7 4.24 
3000 9.00+3 1.54+3 0.087 33.7 3.87 
2800 9.25+3 1.70+3 0.042 14.5 3.48 

- 1.30 + 4 = 1.30 X 10 ' 

taken by the GLO-2 instrument during shuttle mission STS-6.3 in February of 1995. 

Since a star is a point light source, its spectrum appears in at most oniy a few image 

pi.xel rows. .A.s a consequence, the usual noise reduction practice of co-adding pixel 

rows cannot be utilized for this calibration procedure. To smooth the spectrum of 

Figure 2.3a. a running average is taken over several pixels at a time in the dispersion 

direction. 

The GLO spectra of the observed stars are compared with emission spectra 

provided by astrophysical databases. Figure 2.3b shows a compilation spectrum of 

J-Centauri. given in terms of the photon flux in units of photons-sec"^-cm-^-.-V"^. 

The data for wavelengths between 1000.4 and 3000.\ are measurements taken by the 

Voyager 1 U\ spectrometer (Holberg. et al.. 1982: and in-house data) and reported 

by Brune. et al.(l979). For the longer wavelengths, a blackbody spectrum is fitted 
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Table 2 . 3 :  C T L O - 2  Laboratory calibration sensitivity data. 

Wavelength 
(.-Angstroms) 

Sensitivity 
(DN/s per 11/A) 

ASensitivity 
(DN/s per R/.A.) 

46UU IJ.19( 0.1)29 
4500 0.192 0.023 
4300 0.193 0.020 
4150 0.17S 0.016 
4000 0.163 0.015 
3700 0.164 0.017 
3600 0.167 0.016 
3400 0.174 0.020 
3200 0.201 0.022 
3100 0.240 0.066 
3000 0.270 0.055 
2800 0.640 0.194 

to the empirical L'V data. The star J-Centauri has a spectral classification Bl. 

corresponding to an effective temperature of 25400°K. This effective temperature 

is used as the characteristic temperature for the blackbody spectrum. 

Dividing the spectrum of Figure 2.3a by Figure 2.3b would result in a relative 

sensitivity spectrum for the GLO spectrograph. However, some undesirable com

ponents present in the GLO star spectra must be assessed prior to the division step. 

As a result of viewing the star through the Earthlimb. the spectrum of Figure 2.3a 

contains a measurable amount of absorption in the O2 Schumann-Runge contin

uum shortward of I750.\. The spectrum also contains a strong emission signature 

of hydrogen Lyman-o from the Earth s geocorona. and second-order emission fea

tures in the spectral region between ~21oO.A. and 2950.4.. The Lyman-o signature is 

used to quantify the magnitude of the second-order blending. The corrected GLO 

spectrum is then divided by the star photon flux spectrum to give a curve of the 
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relative sensitivity of the spectrograph. This relative sensitivity curve is scanned for 

regions of high correlation with the predicted spectral response of the instrument, 

as determined by the c[uantum efficiency curves for the detector photocathodes. 

The values of relative sensitivity found for these high correlation regions are then 

connected by smooth curves to construct a continuous spectrum of the instrument 

sensitivity, subject to the following constraints: I) the ICCD detectors are generally 

not expected to show any large amplitude or high frequency variations in response, 

and 2) since the GLO spectral regions overlap in wavelength, the end points of the 

sensitivity curves must reproduce a continuous spectrum from the star observation 

data. 

The derived sensitivity curves are scaled to fit the laboratory sensitivity data 

by minimizing the least squares sum: 

where the y, and a, represent the laboratory measurements and associated errors, 

respectively, and y takes the value of the fitted curve at the calibration data points. 

Figure 2.4 shows the scaled sensitivity curves, along with the laboratory calibration 

data and error bars. The value of the minimum least squares sum was found to 

be 47. Ordinarily a sum of this magnitude would indicate a fairly poor fit. but in this 

case it is not strictly representative of the calibration accuracy. Because intractable 

systematic errors may exist in the laboratory measurements, especially at the L V 

(2.13) 



wavelengths, the sensitivity curves produced by the star spectrum comparison are 

used for calibration of the GLO spectral image data. 

2.4 Features of the GLO Observational Data 

The illustration of Figure "i.o is a complete GLO spectral image of the Earth s 

dayside upper atmosphere. These data were taken by the GLO-4 instrument on 

shuttle mission STS-74 in November of l99o. The figure is actually a composite 

of about 60 individual image frames which have been summed and normalized in 

order to reduce the effects of random noise and cosmic background events. The 

summed image more clearly depicts the spectral imaging features of the GLO data. 

The four sections of Figure 2.5 correspond to the four ICCD detectors on the 

spectrograph units described previously (cf. §2.1). The constituent images were 

taken using an Sxl summation configuration, thus the sections are each 48x576 

pixels in dimension. The eight spectral regions defined by the eight gratings are 

designated with the numbering scheme shown to the left of each region. Wavelength 

scales calculated from the calibration data in Table 2.1 have been superimposed 

along the edges of the respective spectral regions. Some distinctive spectral features 

are hydrogen Lyman-Q at 1216.A. and O 1304A. which also appear in second order 

in region 8; the First Negative (IX) bands at 3582.A.. 3914A. and 427SA: the 

atomic nitrogen and oxygen forbidden lines [N]5200.A.. [0]o577A. [0]6300/6364A. 

[OII]7320A: and the O2 Atmospheric band at S645.A.. 
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Because the GLO spectrograph was oriented with the slit perpendicular to the 

horizon while the data for Figure were collected, the spectral image displays an 

altitude profile of each emission feature. Higher altitudes appear toward the top 

of each spectral region in the figure. .Altitude structure is clearly visible in the Nj 

IN bands at 3914.\ and 4278.\. S ince the entire spectral image is acquired at the 

same time, all the emission features and profiles originate from the same volume 

of atmosphere defined by the instrument field of view. The observed brightness is 

derived from an integration of the volume emission rate in the column of gas along 

the observational line of sight. Since upper atmospheric constituents generally 

follow an exponential vertical distribution, the recorded intensity is dominated by 

emission from the lateral range closest to the tangent height (except in the case of 

optically thick species). Consecjuently. the altitudes assigned to the spectral image 

pi.xel rows are defined by the corresponding tangent altitudes. 

The bright stripes across some sections of the spectral image are due to scat

tering in the optical path. These data were taken on the sunlit side of the Earth, 

and although the instrument was shaded from direct sunlight, the shuttle payload 

bay was illuminated by reflection from the Earth. The shuttle bay has a very 

high albedo, and scatters light into the instrument. The emission features can be 

extracted from these bright bands through special image processing techniques, 

provided they did not drive the detector into saturation. 
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The complete dayglow spectrum recorded by the GLO instrument is shown in 

Figure 2.6. This spectrum is created by extracting a pixel row from each spec

tral region of a spectral image similar to Figure 2.5. then concatenating the eight 

individual row spectra. Several prominent spectral features of the dayglow are in

dicated in Figure 2.6. Particularly bright emissions such as the IX bands are 

redrawn on a one-tenth intensity scale to show the structure of these features in 

their entirety. GLO observations of the Nj First Negative system are central to 

this davglow study, and will be discussed further in Chapter 5. 
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CHAPTER 3 

MODEL REPRESENTATIONS OF THE UPPER 

ATMOSPHERE 

The present analysis of emission in the clayglovv relies on several numerical 

models, i.e. mathematical representations of real physical entities or processes. 

This chapter describes the numerical models used here to evaluate the neutral 

upper atmosphere, the ionosphere, and the processes responsible for stimulating 

dayglow emissions. 

The compositions of the thermosphere and ionosphere are specified using the 

empirical Mass Spectrometer/Incoherent Scatter (.\ISIS) and International Ref

erence Ionosphere (IRI) models. Both .\ISIS and IRI utilize spherical harmonic 

constructions to provide global coverage of the upper atmosphere. The coefficients 

defining the spherical harmonic structures are derived from ground-based and in-

situ satellite-based remote sensing observations. 

Computations of the photochemical interactions which give rise to dayglow emis

sions are handled by a numerical routine called GLOW. GLOW consolidates the 

MSIS and IRI composition predictions with the processes responsible for inducing 

excited states in upper atmospheric atomic and molecular species. The model out

put is a vertical profile of excited species densities and volume emission rates. In 
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the current application. GLOW is run repetitively to produce a line-of-sight column 

simulation of the GLO observations, since GLO observes tangent to the limb. 

3.1 The Mass Spectrometer/Incoherent Scatter (.\ISLS) Model 

The MSIS model is a computer program which generates neutral constituent 

densities and temperature profiles in the terrestrial thermosphere. The MSIS pre

dictions are empirical in nature, based on accumulated observational data. Global 

coverage is attained through the use of spherical harmonic representations, with co

efficient sets deduced to fit the empirical distributions. Internal model parameters 

are adjusted by input specifications in order to accommodate various geophysical 

conditions. This parameterized representative approach gives the program com

pactness and portability. It is available in source code form, and requires only 

modest computing facilities. 

MSIS predicts the neutral atmosphere composition and temperature profile from 

So kilometers to the e.xosphere. Detailed descriptions can be found in the literature 

[Hedin. et al. (1977a.b). Hedin (1983). Hedin (1986)]. The MSIS predictions are 

based on a combination of in-situ composition measurements taken from satellite-

borne mass spectrometers and ground-based and topside temperature soundings 

by incoherent scatter radars. 

Fundamental to the MSIS model formulation is a temperature profile predic

tion. The Jacchia (1977) model is used for the high altitudes, coupled to an inverse 
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polynomial to represent the lower thermosphere. The temperature value and gra

dient are matched at 116.5 kilometers altitude. Boundary condition temperatures 

are determined by fitting the incoherent scatter data. .Adjustments for geograph

ical location and solar/magnetic activity are guided by appropriate parameters 

accepted as inputs. With the temperature profile thus established, the hydrostatic 

equation is integrated to give density profiles. The diffusive equilibrium model of 

VV'alker (1965) is used for the upper thermosphere. and an assumed constant mean 

molecular mass is used to represent mixed conditions. .\ smooth transition from 

mixing to diffusive equilibrium is imposed near 105 km. The number density at 

120 km is specified according to the geographic and solar/magnetic inputs. Profiles 

for minor constituents such as H and are guided by theoretical constructions. 

The calculated density profiles are then correlated with mass spectrometer mea

surements from numerous sounding rocket and satellite missions, which constrain 

a spherical harmonic representation of the global composition and temperature 

structure. Periodic adjustments to the term coefficients, reflecting incorporation of 

new data (Hedin 19S3. 19S6. 1990). have improved predictions, especially over the 

polar regions. 
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3.2 The International Reference Ionosphere (IRI) 

Development of the IRI has been an international collaborative effort under 

the auspices of the Committee on Space Research (COSPAR) and the Interna

tional Union of Radio Science (I'RSI). spanning almost three decades. The first 

IRI release (Rawer, et al.. 1978) compiled a wealth of ionosonde data, incoherent 

scatter electron temperature profiles. /n-.si7u rocket flight measurements of the D 

and E layers, and topside soundings from the two .\louette satellites. These sur

veys were used to form mathematical descriptions for specific height ranges, which 

were then joined to construct full vertical profiles of the ionosphere, while retaining 

the structure of the individual layers. Measurements obtained over a wide range 

of geographic locations and geomagnetic magnetic activity levels established a set 

of parameterized inputs for a spherical harmonic model. The spherical harmonic 

representation gives global predictions of the electron density, electron and ion 

temperature, and positive ion composition, e.xpressed as a fraction of the electron 

density. 

Since 1982 yearly workshops have been held, charged with discussing and imple

menting improvements to the IRI. These updates, combined with improved in-situ 

measurements of T^ by Langmuir probe and of ion composition by retarding po

tential analyzer, have more clearly defined the empirical characterization of the 

ionosphere. The addition of data acquired over a larger part of the solar cycle has 
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led to better input parameterization. The version used in this study is the IRI-90 

release (Bilitza. 1990). which calculates v^ertical profiles from 80 kilometers altitude 

for Np. Te. T,. and for the fractional densities of O"^. H"*". He"*". Oj. .VO"'". X"''. 

and positive cluster ions. Peak densities and heights for the D. E. Fi and F2 lay

ers are also computed. Corrections for solar/magnetic activity are determined by 

an input parameter specifying the average 10.7 cm solar radio flu.x (or equivalent 

sunspot number). Geomagnetic latitude is either computed internally according to 

the specified geographic location, or may be given explicitly as an input. 

Of particular concern to the present study has been the absence of an IRI output 

giving density profiles for the molecular nitrogen ion. In a personal communication, 

the author of IRI-90 conveyed his rationale for this omission, referring to the minor 

species status of Nt in the ionosphere, and to the lack of an appropriate mathe

matical description of the .N't profile valid over the full altitude range of the IRI 

model. This thesis notes the utility of emissions in characterizing the dayside 

ionosphere, .\lthough a N'j" is a minor constituent, it is one of the most readily 

observable by optical remote sensing. 

3.3 The GLOW .Airglovv Model 

The GLOW model is a set of FORTR.\N routines assembled by Dr. Stan 

Solomon and made available through the NSF-sponsored Coupling. Energetics and 

Dynamics of .Atmospheric Regions (CED.A-R) organization. GLOW was developed 
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primarily to predict vertical volume emission rates in the upper atmosphere under 

sunlit conditions. It constitutes numerical formulations of the essential physical 

and chemical processes involved in aeronomy. GLOW' uses .VISIS and IRI predic

tions to define the initial atmospheric structure at a single geographic location. 

Internal computations are made for solar ionization and e.xcitation rates, auroral 

and photoelectron transport, electron impact ionization and excitation rates, and 

ion and neutral atmospheric chemistry. Typical outputs are vertical profiles of ma

jor species ionization rates, e.xcited species densities, and volume emission rates for 

several prominent airglow emission features. 

The GLOW algorithm hierarchy has a driver program to control a master sub

routine. which in turn calls a set of secondary subroutines. The driver program 

specifies input parameters and defines the variables for output. An altitude array 

is set up from 90 to oSO kilometers. The MSIS and IRI models are run to fill 

out the array with neutral species densities and temperatures, electron densities, 

electron and ion temperatures, and "first guess" \-alues for the major positive ion 

composition. Initial profiles for the minor neutral species .\'0 and are sup

plied explicitly by the driver program. The master subroutine functions mainly to 

execute the secondary subroutines in proper order. .After performing some initial

ization functions, these subroutines calculate the photoionization and dissociation 

rates for the major thermospheric species, the resulting photoelectron production 

rate and energy spectrum, the e.xospheric upward and downward electron flux, and 
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electron impact ionization/dissociation and excitation rates. The final subroutine 

evaluates the pertinent chemical reaction equations to give eciuilibrium densities of 

the most active airglow species. Volume emission rates for a number of prominent 

airglow features are also calculated. 

The present emission study takes advantage of the modular construction 

of the GLOW model by utilizing the results of certain subroutines directly. The 

GLOW calculations of particular interest are those relating to photoionization. 

electron impact and transport, and e.xcited species densities. The importance of 

these calculations to the current analysis merits a more detailed discussion here. 

Essential to the photoionization computations is a model of the solar EUV spec

trum. GLOW provides two options for the solar flux model: the one used in this 

study is from Hinteregger et al. (19S1). The Hinteregger model utilizes the revised 

solar cycle 21 (solar minimum) data spectrum designated SC#21REFW as a base 

reference. The solar minimum spectrum is scaled by enhancement factors for the 

H Lyman- 3 and Fe XVT features. Scaling factors are tied to the 10.7 cm solar 

radio flux by Hinteregger's constant ratio method. The spectrum is resolved into 

oOA-wide intervals between 50.4 and 1750.4. with supplementary bins for prominent 

spectral features. The wavelength intervals from 1.4 to 50.4 follow a roughly geo

metric progression from a lA-wide bin at L4-2A. This wavelength binning scheme 

and solar flux array is used for all subsequent solar interaction processing in the 

GLOW model. 
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To account for attenuation of the solar ionizing flux. GLOW calculates slant 

path column densities for the major thermospheric species O, O2 and N'a and ap

plies a Beer's Law correction for the combined e.xtinction by the three species at 

each altitude and wavelength interv^al. Solar ionization, dissociation, and dissocia

tive excitation rates are then computed by correlating the attenuated solar flux 

values with tabulated cross section and branching ratio data. The photoelectron 

production rate and energy spectrum are determined from the ionization rates 

by matching the scaled solar EL'V spectrum with tabulated ionization/excitation 

potentials. Ion and electron production rates and electron energy spectra are calcu

lated for background stellar and geocoronal sources, auroral particle precipitation, 

and .\uger and secondary auroral electron ionization sources. .-Xfter combining 

these additional contributions with the photoionization terms, the vertical electron 

transport is computed using the Banks and Nagy (1970) two-stream model. Provi

sions for collisional and thermal energy losses are included. The electron transport 

properties are then integrated to give upward and downward electron fluxes, from 

which electron impact ionization and e.xcitation rates are determined. 

The chemistry subroutine calculates equilibrium densities and production and 

loss rates for upper atmospheric species in e.xcited states, which result in the pro

duction of airglow emissions. Interim ground state densities and rates are also 

calculated as necessary. The ionization, dissociation and e.xcitation rates due to 
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photon and electron impact computed by previous subroutines are utilized in chem

ical reaction rate equations. Rate coefficients and excited state branching ratios 

currently accepted for aeronomic use govern the model reaction rates. Initial re-

actant species densities are taken from the MSIS and IRI determinations, however 

some of the chemical equations depend on the results of previous reaction com

putations. This situation stipulates an iterative approach to find a steady state 

solution. The production rates calculated for the e.Kcited state species are coupled 

to spontaneous emission transition probabilities to give volume emission rates. .\s 

GLOW is a one-dimensional model, the volume emission rates given as a function 

of altitude are integrated to give vertical column brightnesses in Rayleighs. 

The photochemical reactions given in Table .'3.1 constitute the modeling scheme 

employed by GLOW which pertains to the production and loss of Nt in the upper 

atmosphere. GLOW' evaluations of these source and sink reactions are utilized by 

the current Nt analysis models discussed in the ne.xt chapter. For calculation of 

the photon and electron impact ionization rates, a GLOW subroutine correlates 

energy-dependent cross sections with the solar EL'\ spectrum and an electron 

energy spectrum. Reaction rates for the other production and loss reactions listed 

are found by solving second-order rate equations. 

The relative importance of the source reactions in Table 3.1 to ionospheric Nf 

concentrations varies cis a function of altitude. The availability of reactants is the 

major factor governing the altitude dependences. Figure 3.1 shows typical altitude 
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Table 3.1: Ionospheric Nt sources and sinks. 

React Kate Coetiicient 
(cm'^sec~') 

Reference ion 

ion Sources 
N2 + \iv —y 
N2 + e~ —>• 
N2 + 0+(^D) 
N2 + 0+(2p) 

Ion Sinks 
NJ + e- • 

Nf 
+ c 
+ 2e-

^ St + O 
-N'T + O 

N+ + O -

N+ + O -

N+ + O2 

• N + N'-
N0+ + N 
N2 + O 

> N2 + Ot 

S.Ox L0-'° 
4.8x10-'" 

10.39 l.Sxl0-'(300./T,)"-
1.793x10-'° + ... 
2.0x10- "  
.5.0xIO-"(300./T^.)°-^ 

•Johnsen and Biondi. 1980 
Rusch. et al.. 1977 

Mehr and Biondi. 1969 
McFarland. et al.. 1974 
Torr. 1985 
McFarland. et al.. 1974 

profiles of Nf production rates in the dayside ionosphere. The plots are of GLOW 

model calculations for a representative time and location appropriate to the current 

dayglow study. Particularly noteworthy is the profile of charge exchange ionization 

from the metastable 0'*'(*D) ion. which dominates Xt production above ~2.50 km 

(Feldman. 1973). 

.Although the individual ion sinks may vary independently with altitude, the 

more important parameter is the ion chemical lifetime. The lifetime is determined 

by the reciprocal of the total loss rate. 

3.4 Simulation of the GLO Limb Observations 

.\s a consequence of the one-dimensional nature of the GLOW model, a supple

mental method of handling the outputs is required in order to simulate the GLO 

experiment limb observations. The approach used in this work is to run GLOW 



68 

500 

photo ion iza t ion  
400 

300 

e l ec tron  impact  

•\ \ 

< 200 

100 

10° 1 O 

Prod .  Rate  ( cm —3 sec—1}  

Figure 3.1: .Altitude profiles of production reactions. 
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repetitively at individual locations along the GLO observational line of sight. A 

computer algorithm vvas developed for this task, which solves the line of sight ge

ometry from instrument pointing parameters. 

The instrument look direction corresponding to each GLO spectral image is 

interpreted from the ancillary data (cf. §2.2.2). The look direction is calcu

lated from shuttle orbiter flight attitude and GLO scan platform positioning data. 

The direction angles specifying the line of sight are referenced to geographic coor

dinates. Locations along the line of sight are then calculated segmentally for use 

as input to MSIS and IRL The segments are defined by 0.4° increments, measured 

with the angle vertex at the Earth center. The longitude, latitude, and altitude are 

calculated for each segment, and also the segment path length. 

GLOW is run at each observation segment location, with the model outputs 

interpolated to the corresponding altitude. .Altitude interpolations are linear or log-

linear. as appropriate for the quantity involved. The interpolated model outputs 

are then numerically integrated along the line of sight, using the segment path 

length as the increment multiplier. The resulting column integrations can then be 

directly compared to the GLO experiment limb observations. 
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CHAPTER 4 

Nf IN THE DAYSIDE IONOSPHERE 

The objective of this work has been to analyze the Nj First Negative (IN) band 

emissions in the dayglovv. A model predicts the dayglow IN spectrum through 

numerical representations of the processes associated with N^ in the upper atmo

sphere. The outputs of the MSIS. IRI and GLOW models discussed in the previous 

chapter are used to specify initial atmospheric conditions. Theoretical results are 

rendered into synthetic spectra for direct comparison with the GLO observational 

data. 

The dayglow IN synthetic spectrum model is based on a detailed examination 

of the Nt molecular structure and of the ion excitation mechanisms at work in the 

upper atmosphere. The first section below gives an overview of the molecular state 

transitions which constitute the Nt IN system and describes the approach used in 

the data interpretation of the next chapter. This review is e.xpanded in following 

sections to establish the key parameters required for spectral analysis. 

4.1 The Nt Ion in the Dayglow 

A diagram of the electronic system of the N j  molecule is shown in Figure 4.1. 

This diagram was taken from Rees (19S9). It is useful in the discussions here 
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because the Morse potentials show the vibrational levels and the effect of transitions 

between the states. 

The states of interest in this study are the Xt  ground state and the N't states, 

primarily the ion ground state and the and ion states. These 

states and transitions of interest are illustrated in Figures 4.2 a.b. The figure illu.s-

trates the approach used in this analysis. The transitions in Figure 4.2a are well 

known, following directly from Bates (1949) and subsequent detailing by others. 

This condition will be referred to as Case(a). The transitions, due to the -t-

X'i change e.xchange reaction, of Figure 4.2b are known to occur, but lack suffi

cient quantum mechanical detail to be modeled accurately. This system will be 

referred to as Case(b). The detail of Figure 4.2b will be examined and determined 

empirically from the observations in the next chapter. 

The two sources of excitation in Figure 4.2a are photoionization and electron 

bombardment. For both excitation mechanisms, the upward transition follows the 

Franck-Condon principal. That is. the relative population of the upper states is 

controlled by the overlap integral of the .Morse potential curves of Figure 4.1. Xote 

that the potential curve of the .Xt X and X'^ B states are very similar to the 

X2 ground state; consequently, the vibrational transition is highly probable. The 

Nj A state has a slightly larger internuclear separation, resulting in a broader v' 

vibrational development from the excitation process. Both the B—>-X and .-V—>-X 

transitions are allowed, resulting in the immediate emission of the X.J IX and the 
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Figure 4.1: Energy level diagram of the nitrogen molecule [from Rees (1989)]. 
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Meinel (M) band systems. These transitions have been studied for years in aurora, 

where the only excitation mechanism is electron bombardment. The ion ground 

state. N'l" can be deactivated or quenched, but has a lifetime dependent on 

the composition of the atmosphere where the ion is formed. 

Of particular interest to this study is the energy distribution in the X ion 

ground state. Note the vibrational levels of the ion ground state are populated 

directly from the N2 ground state and indirectly through cascading, resulting in 

the IN and Meinel emissions. The resultant vibrational population in the ion 

ground state is easy to calculate, since the transition probabilities are well known. 

.•\s stated above, both the IN and M band systems are allowed transitions, 

therefore in the dayglow resonant scattering of solar radiation contributes to the 

observed Nt emissions. In this case, the relative population in the ion ground state 

becomes important in modeling the emissions. Bates (1949). when little was known 

about the atmospheric conditions, suggested that the ground state distribution 

could be modified toward the solar temperature of about 6000° K after a sufficient 

number of scatterings. Now. the lifetime of the ground state ion is known to be 

relatively short. Vibrational redistribution of the energy is minimal, but is included 

in the emission modeling process. Other mechanisms such as selective quenching 

and collisional redistribution can also modify the ground state population. These 

effects will be addressed in a later section. In any case, the e.xcitation and emission 

sources in Case(a) are defined and tractable. 
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This is not true for the processes of Case(b). the O"*" + N2 source of the ion. 

There are two O"*" ion states capable of charge exchanging with the \2 ground state 

molecule. "D and ^P. resulting in another N't ion source. Dalgarno and McElroy 

(1966) pointed out the near resonance of the 0"*"(^D) energy level and the Meinel 

(.•'=1 vibrational level. Broadfoot f 1067) examined the effect of this near resonance 

in search of an optical spectroscopic signature that could be used to validate the 

transition, none was found. Feldman (197-3) used a rocket photometer altitude 

profile of N2" to conclude that the O"^ 4- Na charge e.xchange reaction dominated 

the Nf ion production above "250 km. Later, the 0"''(^D) + X? reaction rate was 

measured by .Johnsen and Biondi (19S0). and Rusch et al. (1977) measured the 

©"•"(•^P) + N'i rate coefficient. The rate coefficients are S.OxlO~'° and 4.8x10"^'^. 

respectively, only a factor of 1.7 in favor of the "D reaction. However, the lifetime 

the two O"^ ion states. 3.6 hours and o seconds, respectively, heavily favors the 

0'*"("D) reaction as the dominant source in the charge exchange reaction production 

of Nt ions. 

Note in Figure 4.2b that the 0"^ + No reactions can populate both the NT -A. 

state and the NJ X state, but not the N't B state. Consequently, the ions produced 

by the charge exchange reaction will only contribute to the IN emission through 

resonance scattering. Therefore, the vibrational distribution of the resultant IX 

emission will contain the signature of the ion ground state vibrational distribution. 
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The assumption made here is that the two emission systems. Case(a) and Case(b) 

discussed above, are completely separable. 

.Atmospheric conditions are well known through many models, which allows de

tailed calculation of the ion production rates outlined for Case(a). The IN emission 

product for Case(b) can be calculated also, but is dependent on a knowledge of the 

O"*" ion density that is know to be cjuite variable. The approach here is to determine 

the emission conditions empirically by removing the classical emission modeled for 

Case(a) from the observed emission, leaving the emission signatures of the O"*" + 

N2 charge exchange process of Case(b). The resultant parameters will be the IN 

vibrational distribution, rotational distribution and intensity. .An attempt will be 

made to reconcile the source reactions required to give this implied ion ground state 

energy distribution. 

4.2 Details of the Nt First Negative System 

The First Negative system of Nt is defined by transitions between the e.Kcited 

and ground electronic states of the ion molecule. .Molecular electronic 

states consist of further states of vibrational and rotational excitation, with cor

responding levels of energy. The difference in energy between the initial and final 

rotational and vibrational levels of the two electronic states determines the line 

positions, i.e. wavelengths, of the absorption/emission spectrum components. This 

description follows the molecular terms defined by Herzberg (1950). 
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The vibrational energy levels of a diatomic molecule correspond to modes of 

oscillation between the two constituent atoms. Figure 4.1 shows an energy dia

gram of the nitrogen molecule. The curves represent the potential energy of the 

internuclear restoring force, termed the .V/or.sf pofenfial. The hash marks super

imposed on the Morse potential curves designate the energy levels of vibrational 

states. These levels are identified by the quantum number i\ with the lowest energy-

level corresponding to f=0. 

Transitions between the various molecular vibrational levels of the electronic 

states give rise to the spectral band structure. The band features are identified 

by the initial and final vibrational levels of the associated transitions. Standard 

nomenclature denotes the upper state vibrational energy level v' and the lower 

state Transitions are identified using the numerical designations of the lev

els in order of higher to lower energy: (c'-c"). .\s a pertinent example, the N'f 

emission feature at 4278-A is termed the IX (0-1) band: the molecule originates 

in the ('•'=0) state and transits to the state. Vibrational band 

sequences are transitions grouped by a common difference between the initial and 

final vibrational levels. Sequences are identified by the vibrational level jump ob

served in an absorption transition. Thus the N't IN (0-1) band belongs to the 

Ar = — 1 sequence. 

This sequence becomes important in the analysis because this sequence of bands 

contains intensity samples from all vibrational levels. The intensity of one band 
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is quantitatively related to every other band radiated from a c' vibrational level 

by the Einstein transition probabilities. The total intensity radiated by the band 

system can be estimated if the relative populations of the vibrational levels are 

known. 

In more formal terms, the intensity of a band is given by 

tv'f" — ^ v' !•' v" (-1) 

where .\\.» is the population of the v' vibrational level. is the transition 

probability of the transition between the v' —> v" vibrational levels. 

It follows that the total intensity radiated from the v' level is 

v" 

If the relative populations of the excited vibrational levels are known, then the 

total radiated intensity is 

f' i" 

These relationships lead to determinations of the relative populations of the 

upper states. They can be used to give the relative populations of the ion ground 

state, which in turn contains information about the excitation mechanism. 

There is an understanding of the distribution of energy in forming the ions by 

photoionization and electron collision excitation. .\n attempt is made in this work 

to understand empirically how the charge e.xchange reaction O"^ -f .\'2 populates 

the ion levels. 
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4.2.1 Rotational Structure 

The molecular vibrational states are split into further ciuantized states of rota

tional energy. The energy levels of the rotational states are separated by amounts 

too small to be resolved on the Morse potential diagram of Figure 4.1. schematic 

diagram showing the IN rotational levels and allowed transitions is given in Fig

ure 4.3. The figure is not drawn to scale. Rotational energy levels are identified 

by the quantum numbers ./ and K. The upper and lower state rotational levels 

are designated with a prime convention completely analogous to that used with the 

vibrational levels. 

Transitions to and from the rotational levels in the upper and lower vibrational 

states are the origin of the fine structure of a molecular band spectrum. Rotational 

transitions are grouped by common changes in rotational quantum number; the 

groups are termed the branches of the rotational spectrum. Branches are labeled 

/?, Q. and P. corresponding to c[uantum changes of -!-l. 0. and —1. respectively. 

For Hund's case B transitions, rotational quantum jumps are constrained by the 

selection rule A/\'=±l. Transitions in the two allowed branches. R and P. are 

shown in Figure 4.3. 

Rotational fine structure lines have finite spectral widths determined by environ

mental influences such as temperature and pressure, and by the transition process 



Figure 4.3: Nj rotational levels and IN transitions [from Herzberg (1950)]. 
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itself. In the upper atmosphere, temperature effects leading to Doppler line broad

ening dominate over collisional and natural line broadening. By specifying the 

ambient ion temperature, a theoretical Doppler profile for upper atmospheric X]" 

IN emission lines can be computed. .Although the GLO spectrograph cannot re

solve the individual lines of the Nt fine structure spectrum, the theoretical line 

width is useful in other aspects of the analysis model development. 

4.3 Resonance Scattering Model Formulations 

The dominant source of dayglow IN emission is resonance scattering. It will 

be shown that resonance scattering accounts for up to 959? of the emission inten

sity. Because the ion molecules can radiate through different transitions than their 

photoexcitation paths, the process is more properly termed fluorescent scattering. 

This distinction in terminology will not be made here, the term resonance scattering 

referring to all transitions of the form 

N.t(.X-'S;) + ^ N.t(B^EJ) (4.4) 

Chamberlain (I960.§1.5.1) discusses excitation by resonant absorption of solar 

radiation. .Although his development is in reference to atoms, the theory is equally 

applicable to molecular transitions in the fine structure spectrum. Chamberlain 

gives the rate at which the photon absorption step of reaction 4.4 proceeds by the 
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expression 

,1 Aj",," (4.0) 
mc 

where -JF is the incident solar photon flux at the resonant wavelength in units of 

photons per sec-cm*-Hz. fj',>j"i" is the transition oscillator strength, and is 

the population of the ground state rotational and vibrational levels. The factor ^ 

is derived from the integrated absorption coefficient, and has the numerical value 

2.647X 10~" cm^-sec~^ This constant is eliminated when the oscillator strength is 

defined in terms of the transition probability. 

The solar flux term ~J-\ is a measure of the incident photon flux integrated over 

the spectral width of a molecular absorption line. The spectral profile of Nj absorp

tion lines at F-region altitudes is predominantly influenced by Doppler broadening. 

The corresponding Gaussian line profile has the following mathematical form, giv^en 

in terms of the radiation frequency u: 

exp 
v - vq 

04 
(4.6) 

where uq is centered on the fine structure line of interest. The constant q j  is a 

measure of the width of the Doppler profile. It is related to the ambient temperature 

T bv 

uq 2kT _ 
ctd = —\/ (4.<) 

c \  m 

where m is the molecular mass, k is the Boltzmann constant, and c is the speed of 

light. At a typical IRI-derived ionosphere temperature of 1200° K. the half-width 
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(full width at half maximum) of a Doppler broadened line at 3914A is ~0.017A. 

Because of the small relative differences in wavelengths among the IN bands under 

consideration here. This half-width is presumed for all the fine structure absorption 

lines. 

For the purposes of the present modeling scheme, the solar flux terms are eval

uated by numerical integration of a published solar spectrum. Data specifying 

absolute solar irradiances are taken from the National Solar Observatory .\tlas 

No.I (Kurucz. et al.. 19S4). The NSO atlas provides an empirical solar spectrum 

at roughly O.OOoA resolution. The numerical integration is performed in O.OOOoA 

increments, with linear interpolation used between the NSO spectrum data points. 

-A normalized gaussian profile is calculated for each absorption line of the IN fine 

structure spectrum. The solar irradiance data are weighted by the values of the 

gaussian function corresponding to their wavelengths, then summed over the entire 

line width. The result is a measure of the solar flux over the wavelength interval 

capable of exciting the Nj fine structure transition, in units of /iVV/cm"-nm, Since 

the •kT term in equation 4.5 is a photon flux, the irradiance values are converted 

by the relation 

where the wavelength A is specified in meters and the constants take on MKS 

values. 

photons 
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Transition rates for certain resonant absorption features are affected by the pres

ence of Fraunhofer structure in the solar spectrum. The resulting modification of 

the excited state population distribution is observed in the scattered IN emission 

spectrum. This phenomenon is known as the Swings ejfect. Swings effect charac

teristics enter the model of the \t dayglow spectrum through the solar excitation 

calculations. The high resolution NSO data allow accurate determination of the 

effects of the Fraunhofer structure on the soiar flu.x: terms. Subsequent calculations 

of equation 4.5 then include the altered resonant absorption rates of the affected 

IN fine structure transitions. 

The rotational and vibrational lev^el populations represented by would be 

specified with Boltzmann distributions if the molecules were in thermal equilibrium. 

In the case of ionospheric Nt. however, it turns out the ground state population 

characteristics are strongly dependent on the particular processes of ion formation. 

Determinations of dissimilar population distributions resulting from the various 

sources are a primary objective of the present dayglow study. 

.A. major portion of the rotational energy of the IN system is contained in the IN 

(0-0) band at 3914.4. In the observations of the Ai.'=0 sequence the much weaker 

bands contribute to the profile of the R-branch of the (0-0) band. It is of interest to 

examine the various reported band temperatures with respect to a typical observed 

spectrum. The same observed spectrum is is used in each of Figures 4.4 through 

4.7. In Figure 4.4 the observed spectrum is compared to a thermal spectrum at 
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2200''K as reported by V'allance-.Iones and Hunten (1960) in sunlit aurora. Fig

ure 4.5 shows a thermal spectrum at 1600°K reported by Broadfoot and Hunten 

(1966) for twilight observations. In Figure 4.6. the thermal profile at the expected 

ionospheric temperature of 1200° K is shown. Finally. Figure 4.7 shows the reso

nance scattered synthetic spectrum generated by the process described above. None 

of these approaches provides a good fit. The problem is that the charge exchange 

reaction responsible for much of the emission cannot be modeled. The approach 

used here will result in an empirical rotational spectrum generated by removing 

the Case(a) rotational energy in the shape of the synthetic spectrum of Figure 4.7 

from the observed spectrum. 

In retrospect, the rotational structure of the bands were found to have little 

effect on the total band intensity. The Swings effect is prominent in the IX (0-0) 

band, but was not found to be an important signature because of the multiple 

sources of population to the ion ground state. The present modeling effort was 

subsequently reduced by dropping the rotational terms and J" and dealing with 

the vibrational energy distribution as outlined in the following section. 

4.3.1 Detailed Balance in Nt 

The vibrational band structure observed in dayglow IN emissions is directly 

related to the population distribution among the e.Kcited state vibrational levels. 

In the present study, vibrational level populations are determined through a new 
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implementation of the resonance scattering modeling scheme developed by Broad-

foot (1967). The Broadfoot resonance scattering model consists of a set of detailed 

balance photochemical reaction ecjuations connecting the vibrational levels of the 

X. .A and B electronic states. .An equilibrium condition for the system is es

tablished by solving the set of simultaneous source and sink rate equations. The 

solutions give the relative number densities in each of the ion vibrational levels. 

The objective of the detailed balance representation is to ec[ualize the sources 

and sinks of each vibrational level in the system. Si.xteen vibrational levels 

are considered. The population rate of vibrational levels in the e.Kcited states 

(.A^riu. B'^Eu) includes gain terms for simultaneous ionization and e.xcitation of 

n e u t r a l  X t .  a n d  a l s o  r e s o n a n t  a b s o r p t i o n  o f  s o l a r  p h o t o n s  b y  g r o u n d  s t a t e  X T -

Loss of excited Xj is by spontaneous emission. The ion ground state (X"l!^) gains 

population by ionization of neutral X). and by spontaneous decay of the e.xcited 

states. Loss of ground state XT occurs by resonant absorption excitation and by 

chemical neutralization. The ground state ion vibrational level populations are 

also altered by the vibrational relaxation reactions given in Table 4.1. The detailed 

balance equations representing these processes may be written in the following 

condensed form: 

For X 2S +(l'" = 0): 

-^2 
Ctu" + + A:^..^[0.02.X2]-^l.">0 = ^ f"H (-^-9) 

. . mc T 
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For X''E^(r" = 1 - 0 ) :  

mc 

For A^riufr' = 0 — o): 

(4.11) 

For B2!:+(r' = 0-3): 

(4.12) 

Here a^" and a^.' are the rates of neutral N'j ionization into the Nt ground and 

e.xcited states. .Ai'i" is the transition probability for spontaneous emission, and k\.r 

represents the rate coefficients of the vibrational rela.xation reactions. The solar 

flu.x terms have been discussed previously. The chemical loss rate of ground state 

Nj is governed by the sink processes given in Table 3.1. but only the total loss rate 

is needed here. It is represented by the term, where r is the ion chemical 

lifetime. 

Table 4.1: XT vibrational relaxation reactions. 

Reaction Rate Coefficient Reference 
(cm'^sec~^) 

NT(f" >0) + -\*2 -> X?(i-0) .5.0xIO""' 
>0) + O2 St(v"-l) 5.2x10-'^ 
>Q) 4- 0 X?(r"-1) 1.4x10-^° 

Lindinger et al.. 1981 
Kemper and Bovvers. 1984 
Fox and Dalgarno. 198o 

Solution of the coupled system of equations 4.9 to 4.12 is handled by matrix 

inversion. The individual terms are set into the vector-matrix form a = M.V. where 
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a represents the ionization source terms and .V the population of the vibrational 

levels. The level populations are then obtained by the simple matrix transformation 

M-'rt = M-'M.V = .V (4.1.3) 

In the present implementation, the inverse matri.x M~' is calculated from M by a 

matri.x inversion subroutine included in the detailed balance algorithm. 

Several of the parameters used by Broadfoot (1967) have been updated since 

that time. The transition probabilities .-li-i," of Shemansky and Broadfoot (1971) 

were used here. The N2 ionization rates to the upper states were taken from the 

GLOW model outputs. The solar fluxes were calculated following the discussion in 

§4.3. The most important perturbation was caused by inclusion of the vibrational 

relaxation of the ion ground states. The matrix parameters have been tabulated in 

the .Appendix. The steady-state relative populations in the ion states were calcu

lated and are presented in Figures 4.S through 4.11. These curves have been given 

as a function of lifetime again. If the lifetime was replaced by the specific quenching 

functions, the calculations %vould be atmospheric model dependent. Quenching is 

already included in the atmospheric model. 

The relative populations have been calculated for two cases for comparative 

purposes. The dashed curves represent the relative populations without vibrational 

redistribution for comparison with Broadfoot (1967). The ground state distributions 

in Figure 4.S are similar at the r=10^ limit, but have changed at the short lifetime 
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limit due to a substantial change in the direct population of the ion ground state. In 

Broadfoot (1967) the ion states were populated in the ratio 30:60:10 for the ion states 

X. B. respectively. The GLOW model calculations at altitudes of interest here 

give this ratio as 40:50:10. allowing the ground state population to approach the 

Frank-Condon factors for the N^X—>N't-X transition. This shift in the ion ground 

state relative population does not perturb the B-state relative populations at short 

lifetime because the emission is prompt and dependent on the Frank-Condon factor 

for the N2X—>NjB transition. The vibrational distribution would be thermal. The 

effect of vibrational redistribution on the B-state relative populations. Figure-4.10. 

causes a horizontal shift in the curve inflection points: however, the important effect 

is in the change in g-value. Figure 4.11. The scattering rate through the r'=0 level 

is higher because vibrational redistribution increases the population of the N'f.X 

i'"=0 state at the expense of the higher ion ground state levels. In the limit the 

ion ground state distribution should approach thermal conditions. This limit was 

not included. 

4.4 The 0"^ -f X2 Charge Exchange Reaction 

Ionization transitions such as Case(a) follow a well-defined Franck-Condon prin

ciple. The charge exchange reaction has no similar formula. Some work has been 

done where the charge exchange has been studied. The background of that work 

may lead to an understanding of the O"^ -1- N2 reaction as this analysis proceeds. 
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shows the effect of vibrational redistribution, while the dashed line does not. 
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In the Bates (1949) classical study of the Xj system he reserved judgment on the 

anomalous vibrational/rotational energy distribution observed in the IN' spectrum 

pending a better understanding of the effects of heavy particle excitation. He 

cited the work of Rayleigh (1922). which suggested heavy particles could alter the 

molecular energy configuration of the excited states. 

Moore and Doering (1969) reported studies where they bombarded nitrogen 

with positive ions and electrons and observed the spectrum to be extended in 

both rotational and vibrational energy compared to the Boltzmann expectation. 

These facts suggested that the charge exchange reaction would cause anomalous 

distribution of energy in the .N't ion. 

The charge transfer process resulting in Xt ions has been studied in some detail, 

but not with the O"*" ion. .Most of the ion-molecule studies involving charge transfer 

to neutral Xo have used .Argon as the projectile ion; 

.V. + .Ar+C-P) -X.t + .\r (4.14) 

The experimental and theoretical techniques used to characterize the product XJ 

states for reaction 4.14 have not been applied to the ©"""(^D.^P) -t- Xi system. 

Sonnefroh and Leone (1989) and Hiiwel et al. (1984) used laser induced fluores

cence (LIF) to measure the nascent rotational and vibrational state distributions 

in X2 produced by reaction 4.14. Performing LIF experiments with metastable O"*" 

and X2 as reactants could similarly reveal the state distributions of the product 
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ion molecules, information highly desirable for inclusion in the present IN spec

trum modeling scheme. Theoretical state-to-state cross sections for Ar"*" + N2 

charge transfer were computed by Clary and Sonnenfroh (1989). The basis of such 

quantum mechanical treatments are calculations of the potential energy surfaces of 

interaction for specific reactant and product states. Potential energy surface calcu

lations for ©"^(^D.^P) -t- Ni are not available (C.Y. .N'g. personal communication). 

The charge exchange reaction can occur from two O"*" Ion states: 

N'-i + 0+(^D) ^ N-t + O 4- 1.36eV (4.15) 

+ 0+(^P) -> St + O + -lOoeV (4.16) 

where the e.xothermic energy is measured from the X (i'=0) level. The Nj 

vibrational population distribution from these is very uncertain. From the analysis 

in the next section, this distribution will be determined empiricalh*. and an attempt 

will be made to reconcile the distribution with the energy relationships between the 

0"*" states and the Nj states. The energy surplus of the 0*^(^0) reaction is nearly 

resonant with the (i'=l) level of the Nj A^IIu state and with the (i'=o) level of the 

Nj state. For the 0"''(^P) source, the closest resonance is with the (i'=9) 

level of the Nj .A.^nu state. The significance of these conditions will be examined. 

The dominant source of N'f ions in the upper atmosphere is due to the 0''"(^D) 

reaction. The state has a lifetime of 3.6 hours, whereas the 0"''(^P) state 

lifetime is only 5 seconds before it decays to the state through the emission of a 
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photon O"*" A7320A.7330A. This emission is observed in the dayglow and is a good 

indicator of the O"^ production rate through photoionization. but is not a measure 

of 0"^ concentration. However, since the production of the .N'J ion is dominated 

by the O"*" + N'i reaction at high altitudes, the measurement of the .N'J can be 

considered a reliable predictor of the 0"'"(^D) concentration. 
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CHAPTER 5 

ANALYSIS OF DAYGLOW Nj IN SPECTRA 

The dayglow modeling schemes developed in the previous chapters are used as 

the principle analysis tool in the present study of ionospheric Nt processes. Syn

thetic spectra are generated for direct comparison with GLO observational data. 

•Attention is focused on the anomalous spectral structure seen in dayglow L\ emis

sions. The analysis reveals details of nitrogen ion production in the dayside iono

sphere which influence the Xt dayglow spectral signature. 

.Although the dayglow data set acquired by the GLO instrument after six flights 

is quite extensive, only a few spectra are required to establish the parameters 

required to characterize the Nt IN* emission. The important byproduct of this 

work is that of being able to use the N't emission as a proxy in determining the 

concentration, a major component of the dayside ionosphere. The Nj is a 

minor component. Nevertheless, the .N't IN'(O-O) emission band is one of the most 

intense spectral features in the dayglow spectrum. 

•5.1 GLO Observations 

The illustration of Figure 2.-5 is a complete GLO spectral image of the Earth's 

dayside upper atmosphere as stated before. These data were taken by the GLO-4 
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instrument on shuttle mission STS-74 in November of 1995. The figure is actually 

a composite of about 60 individual image frames which have been summed and 

normalized in order to reduce the effects of random noise and cosmic background 

events. The summed image more clearly depicts the spectral imaging features of 

the GLO data. 

Summation of spectral images to produce the result in Figure 2.5 is non-trivial. 

The spacecraft attitude limit cycle causes fluctuations in the instrument pointing 

direction resulting in variations in the boresight tangent altitude at the limb. The 

variation changes smoothly over a range of about 50 km for the typical limit cycle 

of ±1°. Since multiple image frames are used to construct working spectral images, 

the observed altitudes must be consistent from frame to frame. The technique 

developed to remove the limit cycle v^ariations involves shifting the image by pixel 

rows before summation. The pixel rows of the GLO-4 data images have about 

a 0.4° field of view, corresponding to ~9km in altitude at the 250 km level. The 

attitude of shuttle is known instantaneously and the boresight of GLO with respect 

to the shuttle was calibrated using images of the star field. 

The data presented here have not been subjected to any kind of smoothing or 

high frequency filtering techniques except the summations of images noted above. 

The correction for scattered sunlight continuum is common to both emission fea

tures and background samples, allowing the intensity to be measured but with an 

increase in the signal to noise level. 
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5.1.1 Spectral Profile of Dayglow .N't LN' Emissions 

portion of the spectral image in Figure 2.o has been rendered into the discrete 

spectra shown in Figure o.l. The figure shows the N'J L\' band structure between 

3800.4 and 4300.\. Because the photometric calibration was applied to the image 

data, the intensity is plotted on an absolute photometric scale in units of Rayleigh 

per .\ngstrom. The spectra are composed of single pi.xel rows extracted from the 

spectral image, each corresponding to a specific altitude. The spectrum plots are 

offset for clarity. Higher altitudes are offset toward the bottom of the figure, since 

the band intensity falls off with height. 

The most noteworthy feature of the spectrum profile in Figure o.i is the increas

ing development in the l.N" vibrational band structure with altitude. The spectra 

from ~250 km and higher show the presence of significant vibrational level pop

ulations up to i'=4. This extension of the population to high vibrational levels 

is one of the key anomalies of the IX dayglow spectrum and is caused by the No 

-I- O"*" charge e.xchange reaction. The same condition is present in the rotational 

structure, as will be demonstrated later in this analysis. 

5.1.2 Monochromatic Imaging of the l.\ Emission 

.An altitude emission profile can be extracted from each spectral image as the 

shuttle moves along the orbit. When these altitude profiles are arranged as a 

function of time along the orbit with the intensity as a grey scale, a monochromatic 
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Figure 5.1: No IN At'=0. —1 spectra at decreasing altitudes. 
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image is formed of the emission distribution through the sunlit part of the orbit. 

The images in Figure 5.2 were produced in this manner. .-V spectrum profile was 

acquired typically every 10 seconds, from the time of sunrise on the orbiter to sunset 

on the orbiter. Images can be produced for any strong emission. In this case both 

the IN and 7.320.-\ emissions are of interest. This method of representing 

spectrographic data is known as htjpf .rspfctral  imaging, to distinguish it from other 

tvpes of imaging. The data used to construct the hyperspectral images of Figure 5.2 

were taken on shuttle mission STS-7-1. from orbit pass *104. It is noteworthy that 

the two emissions show very different diurnal profiles and will be discussed later. 

The objective here is to characterize the emission conditions used to select the 

data for the analysis. The intensity of the two emissions at constant altitudes. 260 

and 215 km. were taken from the images in Figure 5.2 and plotted in Figure 5.3. The 

\-ertical lines in the figures delimit the time period from which the data discussed 

here were acquired. Figure 5.3 shows clearly that conditions for the IN emission 

through the sunlit hemisphere change remarkably with solar local time and altitude. 

5.2 .Atmospheric Model Prediction of Observed Emission 

The intensity of the Nt IX Case(a) emission is calculated first using the results 

of the steadv-state vibrational distribution calculation in §4.3.1 . Synthetic spectra 

are calculated and subtracted from the observed spectrum to leave the Case(b) 

emission. The Case(b) emission is analyzed to determine the resulting rotational 
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structure and the relative vibrational distributions at two altitudes. .\ g-value 

for the Case(b) scattering rate at both altitudes is calculated for the resulting 

vibrational distribution. These g-values are used with the Case(b) ion concentration 

to predict the C'ase(b) omission rate. 

5.2.1 Nj IN Emission for Case(a) 

The GLOW model (cf. §3.3) was used to define the expected conditions at the 

altitudes of the spectral samples at 215 and 260 km. The input parameters to 

the GLOW model are listed in Table 5.1. The ion production rates in the vertical 

column through the tangent point location are shown in Figure 5.4a. At the two 

altitudes the Nj ion production rates are 200 and 40 cm"^-sec~^ (photoionization + 

electron impact). The fraction of the e.xcitation arriving in the Nt B-state is ~10%. 

the rates giv^en in Table 5.2. This excitation is distributed among the vibrational 

levels following the Franck-Condon principal, and is followed by prompt emission of 

the IN system, .\bout 88'X of the transitions arrive in the i''=0 level, of which 22% 

radiate through the IN (0-1) band. The IN (0-1) intensity observed by the GLO 

instrument was calculated by integrating the source along the tangent line of sight 

as described in §3.4. 430 and SOR respectively. The estimated prompt emission 

intensities are given in Table 5.2 for the two altitudes. It is useful to calculate the 

equivalent path length also, it was found to be about 1000 km. 
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Figure 5.4: .-Mtitude profiles: (a) Nt ion production rates, (b) Ion lifetime. 
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Table 5.1: GLOVV model input parameters. 

Description GLOW Parameter Value 
date/time/location parameters 
date 
time 
location longitude 
location latitude 
conjugate point longitude 
conjugate point latitude 

TD.ATE 
IT 

95323 
9676.9 
121.2 
60.3 
121.6 
-40.7 

GLON'C; 
GL.AT 
CLONG 
CL.AT 

solar flu.x parameters 
10.7 cm solar Hu.x F107 73.9 

70.5 
73.4 
3.0 

81-day average 10. < cm flux F107A 
previous day 10.7 cm flu.x F107P 
•\p magnetic activity index AP 

The resonance scattered fraction of the Case(a) emission is calculated ne.xt. 

The ion lifetime plot. Figure 5.4b. was produced from the GLOVV model. The 

lifetime at the reference altitudes. 215 and 260 km. appears to be 3.6 and 9.0 

seconds respectively. From Figure 4.10 the relative populations for the two lifetimes 

were noted and listed in Table 5.2. The ion concentrations at the two altitudes 

due to Case(a) excitation were calculated by the GLOW model and are shown in 

Figure 0.5. These values are entered in Table 5.2. about 7.2 x 10^ cm~^ and 3.6x 10^ 

cm~^. respectively. From the model the Xj ion column density was calculated. 

Again the equivalent column can be determined. The scattering rates, or g-values. 

for the two lifetimes for the {,•'=0 level are taken from Figure 4.11. O.OSO sec~^ and 

0.073 sec"'. This is the total scattering rate through the y'=0 level and has to be 

shared among the bands according to the relative lifetimes. The g-values for the IN 
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Table 5.2: Nj Case(a) modeied and calculated quantities. 

Keterence Altitude: 215 km •>60 km 
frompt Emission 
N2 B production rate 20 cm~^ s . -I  4.1 cm"^ s"' 
Prompt emission rate 20 ph cm s-i 4.1 ph cm"^ s~' 
B ^Sji"(u'=0) volume emission rate 17.7 ph cm" s~' 3.54 ph cm"^ s~' 
IN (0-1) volume emission rate •3.89 ph cm~^ s~' 0.78 ph cm"^ s"^ 
IN (0-0) volume emission rate 12.7 ph cm~^ s~^ 2.55 ph cm"^ s~^ 
Column emission rate (0-1) 0.4.3 kR 0.08 kR 
Column emission rate (0-0) 1.40 kR 0.26 kR 
Equivalent column - prompt emission 1.10x10® cm 1.02x10® cm 

Resonance Scattered Emission 
Nt Case(a) ion production rate 200 cm~^ S-'  40 cm~^ s"^ 
NJ ion lifetime 3.6 s 9.0 s 
NJ Ccise(a) ion concentration 7.2 X 10^ cm 3.6 xlO^ cm~^ 
N2 Case(a) column density 1.20x10^^ cm 2 5.14x 10^° cm-2 
Equivalent column - scattered emission 1.60x10® cm 1.35x10® cm 
Relative vibrational populations (53 v'= 1) 

v'=0 0.78 0.70 
v'=l 0.15 0.18 
v'=2 0.05 0.08 
v'=3 0.02 0.04 

g-value; u'=0 8.0x10-2 3-1 7.4x10-2 s-^ 
g-value: IN (0-1) 1.8x10-2 s"' 1.6x10-2 s"^ 

g-value: IN (0-0) 5.8x10-2 5.3x10-2 s"^ 
Column emission rate (0-1) 2.16 kR 0.82 kR 
Column emission rate (0-0) 6.96 kR 2.72 kR 

Total Casefal emission rate (0-1) 2.59 kR 0.90 kR 
Total Case(a) emission rate (0-0) 8.36 kR 2.98 kR 
Percent prompt emission 17% 9% 



(O-l) band would be O.OIS sec"' and 0.016 sec"' at the two altitudes. The g-values 

are higher than suggested by Broadfoot (1967) because more of the ion population 

is in the (,'"=0 vibrational level of the ground state due to vibrational rela.xation. 

The ion column density and the g-values give the scattering rates. These resonance 

scattered emission rates are added to the respectiv-e prompt emissions rate to give 

the Case(a) column emission rates given in Table 5.2. 

5.2.2 The Case(a) Synthetic Spectrum 

.•\ synthetic spectrum for the Caseia) emission is calculated as described in §4.3. 

The atmospheric temperature estimated by the MSIS model is used. This temper

ature. 1200°K. is used for both the vibrational and rotational energy distributions 

in the N2 ground state. The details for generating rotational spectra were discussed 

in §4.3. and a synthetic and observed spectrum of the IN (0-0) band were com

pared in Figure 4.7. Relative populations for the vibrational levels were taken from 

Figure 4.10 and entered in Table 5.2 for the two Case(a) altitudes. The resulting 

synthetic spectrum is shown in Figure 5.6 for the Ai'=-1 sequence, where it is 

scaled to the intensity predicted for Case(a) above. The synthetic spectrum was 

then subtracted from the observed spectrum to leave the Case(b) spectrum. The 

same subtraction was made from the Ai'=0 sequence, and the result is shown in 

Figure 5.7. 
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Figure 5.6: Nj IN Ai.'=-1 observed spectrum at 260 km altitude and Case(a) 
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0.3 Analysis of the Case(b) Spectra 

Both the rotational and vibrational energy distributions in the Case(b) spec

tra are expected to be anomalous. The Case(b) spectra from two altitudes and 

two sequences are compared in Figures 0.8 and 5.9. They are normalized by the 

unblended area of the (0-0) and (O-l) band so the shape of the bands can be com

pared. The At'=0 sequence shows that the rotational structure does not change 

appreciably with altitude. From Figure o.9 it appears that there is a change in 

relative vibrational population with altitude. This is likely caused by vibrational 

redistribution in the ion ground state. Referring back to Figure 4.8. the effect of 

vibrational redistribution is illustrated. .A considerable amount of the higher vi

brational energy in the X state is shifted to the lower vibrational levels. The effect 

on the B-state emissions is shown in Figure 4.10. The effect on Case(b) emission 

is similar. 

The ne.Kt task is to simulate the rotational band structure closely enough to 

separate the blends in the Ar=-1 sequence. This will lead to an estimate of the 

relative populations in the B state, and subsequently an estimate of the total 

band intensity. In continuing, only the higher altitude spectrum will be used, since 

it should be closer to the real e.xcitation distribution. 

There are several ways to simulate the rotational structure. The technique 

reported here is to use the IN (0-0) band of Figure o.S and make the assumption 
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Figure 5.S: Ai'=0 Case(b) spectra at 215 and 260 km altitude. 
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that all the rotational bands will have a similar shape. The R-branch of the (0-0) 

band is blended with the (l-I) band and (2-2) band. .An iteration process is used 

to remove this blend from the (0-0) band and give a representative rotational band. 

The (0-0) band was shifted and scaled to fit the (0-1) band. The scaling factor was 

determined by the unblended area longward of the (1-2) band. The (0-0) band was 

shifted and scaled again to fit the (1-2) band in a similar manner. When the fit 

of the two bands was satisfactory, the ( l-l) band intensity was estimated by using 

the ratio of the transition probabilities. .-In/--^r2- The (0-0) band was shifted to the 

(l-l) band position and scaled with the factor determined above and subtracted 

from the (0-0) band. The end product is shown in Figure o.IO. The shifting and 

scaling process was repeated again using the modified (0-0) band as the model. .\ 

synthetic fit to the A{.'=-1 sequence proceeded band-by-band using the area of the 

P-branch and the R-branch shortward to the ne.xt band. The process is illustrated 

in Figure 5.11. The blend of the longer wavelength R-branch running under a 

band head was subtracted, leaving the major section of the band blend-free. The 

intensity of the band was determined from the synthetic spectrum, knowing the 

scaling fraction of the band from the total synthetic band intensity. The intensities 

of the (0-1). (1-2). (2-3). and (3-4) bands were estimated in this manner. 

The relative populations of the Xj B state were determined by the relation 

noted previously, in the form: 
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The relative populations .Vi.'=o.i.2.3 at 260 km were found to be about 0.56, 0.23. 

0.14. 0.06. where AV=1. 

The scattering rate through a B-state vibrational level is dependent on the 

population distribution in the ground state: 

•> 

~ /I't" A v" (1-) 

Consequently, a ground state distribution has to be found that results in the Case(b) 

vibrational distribution through resonant absorption. .\s a first approximation, it 

is worth reviewing the cases already presented in Figures 4.10 and 4.S. The Case(b) 

relative populations are a close fit at a lifetime of > 10^ seconds, resulting from 

the ground state distribution in Figure 4.S at that lifetime. This .\'t state 

relative distribution was used to estimate a g-value for scattering through the 

state. In fact, the g-values already calculated for the ground state distribution are 

given in Figure 4.11. The g-value for scattering through the i''=0 level is 0.074 

sec"', and subsequently the Case(b) (/(o-i) = 0.016 sec"'. Combining this g-value 

with the observed intensity of the N-t (O-I) band results in an estimate of the Nt 

column density and the Nj concentration at 260 km. These numbers have been 

entered in Table 5.3. The Nt ion concentration can be found using the column 

length for resonance scattered emission in Table 5.2 for 260 km altitude. This ion 

concentration. 1.25x10"^ cm~^. from the observed emission can be compared to 

the calculated ion concentration (Figure 5.5) of S.OxlO^ cm~^. The observed is 



about 50% higher than calculated, implying that the 0''"(^D) concentration is also 

higher if the .N'2 density were true. 

Table 0.3: ('ase(b) resonance scattered .\t l.\' emission. 

Measured Intensities (kR) 

Vibrational Levels 
Relative .\\,/ 

gy'-values 

(0-L) (1-2) (2-3) (3-4) te.xt reference 
l.3o 0.79 0.34 

_0_ 
0.56 

0.074 

_L 
0.23 

0.025 

0 
031 
o.ou 

v+ 
•^2 l.\ (0-1) g^./^.-'-value 

.Vj Column Density at 260 km 
Column Length for Scattered Emission 

.Apparent .\"t Ion Concentration 

JL 
0.06 
0.005 

Figure 5.11 

Figure 4.8 
Figure 4.11 

= 0.016 ph-sec -1 

= 1.65 X10 cm 
= 1.35 X LC* cm 
= 1.25 X 

. - 2  

10^ cm ^ 

Since this Case(b) ion concentration is due to the charge exchange reaction, 

primarily with 0"'"(^D): 

N  >  +  0 + C ^ D ) - V t + 0  ( 5 . 2 )  

and the rate coefficient k.-t for this reaction is known (cf. Table 3.1). the 0'''("D) 

ion concentration can be determined through the rate equation: 

= t„[0+C'D)|lN2) (o.:i) 

The production rate is determined from the concentration and the ion 

lifetime r; 

d m ]  _ [N?] 
dt T 
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Table 5.4: 0'''(^D) concentration - observed and model comparison. 

text reference 
Rate Coefficient kd = S.Ox 10~^" cm^ sec"' Table 3.1 

Case(b) Concentration = 1.25x10^ cm"^ Table 5.3 
Nj Ion Lifetime = 9.0 sec Figure 5.4 

Neutral N2 Concentration = I.r2xl0®cm-^ MSIS 
0'''(^D) Concentration = I.6xl0^cm~^ observed. Equation 5.4 
0"^(^D) Concentration = 9.4 X 10^ cm~^ modeled. Figure 5.5 

The implied 0"^(^D) concentration is then found by: 

,5.4, 

-As listed in Table 5.4. this result is compared with the 0"''(^D) concentration pre

dicted by the GLOW model. Figure 5.5. 



CHAPTER 6 

DISCUSSION 

In the process of developing the approach to separation of the Nj IN into the two 

emission sources. Case(a) and Case(b). several important subjects which deserved 

comment were passed over but are returned to here. In the study of rotational 

distribution in §4.3. two historical analyses were noted. V'allance-.Jones and Hunten 

(1960) and Broadfoot and Hunten (1966). The observations were similar because 

they involved solar resonance scattering but were from different conditions, sunlit 

aurora and mid-latitude twilight. 

V'allance-.Jones and Hunten (I960) analyzed a high resolution spectrum of the 

Nj" IN At'=0 sequence. The rotational lines of the IN (0-0) band were resolved, 

showing detail of the Swings effect. The noted anomalies were the very e.vtensive 

rotational distribution, near 2200° K. and a remarkable change in intensity above 

and below the Earth shadow line. This was difficult to explain using only a source 

of high energy electrons. .A. new analysis including the charge exchange reaction 

might be appropriate. In Figure 4.4 a synthetic spectrum with a Boltzmann dis

tribution at 2200°K is compared to the dayglow spectrum reported here. The 

auroral emission was far more extended than the dayglow. Nevertheless, the con

ditions are extremely different. Undoubtedly the dayglow analysis will be useful 
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in a re-analysis of the auroral spectrum. On the other hand, the auroral spectrum 

contained a piece of the puzzle in dealing with the dayglow spectrum but could not 

be put into place. 

The twilight spectrum analyzed by Broadfoot and Hunten (1966) demonstrated 

the same problem area, the rotational distribution was more e.xtensive than could 

be produced using the knowledge of atmospheric conditions at that time. .A. de

tailed synthetic spectrum including the Swings effect was compared to the twilight 

observ'ation. .A. fit. longward of the L\' (0-0) band head at 1600° appeared reason

able but was well under the observed profile at high ./ values. This is still the case 

in the comparison in Figure -l.o of the Boltzmann synthetic spectrum at 1600° K 

to the dayglovv spectrum reported here, .-\gain the atmospheric conditions near 

twilight are far different from subsolar dayglovv conditions. .A re-analysis of the 

twilight observations may be instructive and resolve the remaining question of the 

winter evening enhancement of the Nt emission. 

In the approach used in the present analysis there are two spectra, the Case(a) 

spectrum which is defined to have the ambient rotational temperature, and the 

Case(b). the difference between the ambient and the observed. .A normalized com

parison is shown in Figure 4.6 where the synthetic spectrum has a Boltzmann tem

perature of 1200°K. Figure 4.7 shows the same comparison but with the Swings 

effect included in the synthetic spectrum. More important than the thermal shape 

is the difference in intensity. This comparison is in Figure 5.7 where the Case(b) 
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rotational spectrum is determined at 260 km. There is sufficient evidence that 

the charge exchange reaction perturbs the rotational distribution significantly as 

suspected by Bates (1949). The Swings effect is an interesting signature of the 

resonance scattering, but overall the rotational distribution appears to be non

diagnostic. 

The effect of new parameters on the vibrational energy distribution has some in

teresting consequences. In the curves Figures 4.S to 4.11, two conditions are shown, 

one set of curves with vibrational redistribution and one set without (dashed curves) 

similar to Broadfoot (1967). There is a remarkable difference in the distribution in 

the ion ground state. Figure 4.8. .At the short lifetime limit one would guess that the 

distribution would approach the Franck-Condon distribution for prompt emission 

similar to the Broadfoot (1967) solutions. However, at the short lifetime there is a 

competition between the c[uenching of the ion state and collisional redistribution. 

When the rate coefficient of Lindinger et al. (1981) for collisional redistribution is 

applied (Table 4.1), all upper level collisions result in direct population of the l'"=0 

level. The limit here is undoubtedly thermal. In any case these conditions are not 

within the scope of the conditions of interest in the dayglow. Unless there is a good 

reason for adjusting the g-value as a function of altitude, one g-value should give a 

good estimate of atmospheric conditions. 

The peak of the dayglow emission source function is near 200 km where the life

time is on the order of 2 seconds. .A.t lower altitudes, or shorter lifetimes, quenching 
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removes the ions rapidly and the surviving emission is too weak to provide a sig

nificant intensity signature. This is evident from an examination of the relative 

populations for the Nj .V and B electronic states. Figures 4.9 and 4.10. respec-

tivelv. The effect of vibrational redistribution moves the curve inflection points 

between the totally prompt and totally resonance scattered emission toward longer 

lifetime. The real question is the error in using the g-values resulting from these 

solutions because the g-value is used to estimate the total emission intensity, an 

end product. The lifetime at the two altitudes used in this study were 3.5 and 9.0 

seconds from the curve. Figure 5.4b. calculated by the GLOW model atmosphere. 

The two gt,/=o-values. 0.080 and 0.073 ph-sec~'. represent 7S% and 70% of the total 

emission of Case(a). a difference of [1%. However, since the Case(a) emission is 

dominated by Case(b) resonant scattered emission, the error is relatively small. In 

most cases the lower g-value. 0.073 ph-sec~'. should be an appropriate estimate for 

Case(a) resonance scattering. 

In Chapter 5 it was noted that the relative populations derived from the Case(b) 

spectrum was similar to the distribution reported for the long lifetime limit of the 

B-state. Figure 4.10. E.xamination of the charge exchange mechanism populating 

the i;'=l level of the .-V state and the i'"=5 level of the X state in different rates did 

not identify an observable that would resolve the population process. Consequently, 

the g-values for the long lifetime conditions are appropriate for Case(b) emission 

analysis. These g-values will be nearly independent of altitude since the peak in 
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the charge exchange ion concentration. Figure 5.5. is near or above 300 km where 

the lifetime is of the order of 30 seconds and collisional redistribution will be small. 

6.1 Continuing .\nalysis of the Dayglow 

Until now it has been difficult to monitor the O"'" ion concentration in the day-

glow thermosphere. By e.xpanding this study through the daytime hemisphere 

more confidence can be established in this technique. The data in Figures 5.2 and 

5.3 show the measured distribution of Nj IN emission throughout a dayglow cut 

through the thermosphere. The second monochromatic image corresponds to the 

production rate of during the same period. The production rate of LV 

Case(a) emission should follow a similar production history. Therefore, the relative 

difference between the and .N't images can be related to the O"*" concentration 

by the thesis put forward here. The cuts through the images at our analysis al

titudes. 215 and 260 km (Figure 5.3) show more clearly the effect of the 0"^ ion 

concentration. 

The Nt IN sequences used in spectral analysis. Af=0 and Ar=-1. are blended 

with their higher level bands. .Nevertheless, a major fraction of the IN (0-0) and 

(0-1) bands are clear of blends. In the analysis of the IN (0-0) band, the wavelength 

region between 3891.4, and 3929.A. contains 85% of the band emission in Case(a) 

spectra and 83% in Case(b) spectra. In the analysis of the IN (O-I) band, the 
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wavelength region between 4242A and 4293A contains 90% of the band emission 

in Case(a) spectra and 92% in Case(b) spectra. 

In order to relate the Case(b) measured column density to the ion concentration, 

a column length is required. The column was integrated for the prompt emission 

of Case(a); the equivalent length was found to be 1.02x10® cm. For resonance 

scattered emission, the equivalent length was 1.35 x 10® cm. The difference is caused 

by the increasing lifetime, and therefore the scattering density along the optical 

path. The equivalent length for resonance scattering by Case(a) is appropriate for 

Case(b) also. 



131  

CHAPTER 7 

CONCLUSIONS AND SUGGESTIONS FOR FURTHER 

WORK 

7.1 Conclusions 

1) The resonance scattering study of N't by Broadfoot (I96S) has been updated 

with present day parameters. Since ion quenching is implicit to atmospheric models, 

the development continues with respect to ion lifetime making the work independent 

of the model atmosphere. 

2) The anomalous extended vibrational and rotational energy distribution in the 

dayglow l.\' emission is caused by a heavy ion excitation mechanism as suggested 

by Bates (1949). Molecular parameters are not available to model the energy 

distribution by the charge e.xchange reaction ©"""("D.'P) + Nt + O. However, 

the energy distribution was determined empirically by removing the contributions 

by other sources of Xt ions that are %vell understood: that is photoionization and 

electron collision and subseciuent resonance scattering. 

3) The charge e.xchange reaction 0"'"(^D.^P) + So —> Nt + O is the dominant 

source of Nj ions at high altitudes >200 km in the dayglow. Consequently the 
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emission of the minor ion. Nj. one of the strongest emission in the dayglow. becomes 

an important proxy of the major ion O"*". 

7.2 Suggestions for Further Work 

The current modeling scheme has areas which are recognized as needing strength

ening in order to improve the accuracy of the .\ J ion density predictions. Of partic

ular concern are the insufficiently determined rate constants for reactions involving 

Nf in vibrationally excited states. Improved rate specifications for both the ion 

loss reactions and the vibrational deactivation processes would improv^e and affirm 

the empirical determinations made here. 

The present IN spectrum model formulations would benefit greatly from labo

ratory determinations of the product rotational states of .N j produced by the O"*" 

charge transfer reactions. These determinations can be made by merging two ex

isting laboratory techniques, those involving isolation of the metastable forms of 

O"*" for reaction with .V?. and the empirical determination of nascent .Vo product 

states by Laser Induced Fluorescence. 

Theoretical assessment of the O"*" charge transfer reactions requires calculation 

of the interaction potential energy surfaces. Separate calculations are required 

for each of the energetically accessible product states. The classical trajec

tory/quantum mechanical interaction treatment could provide an explanation for 

the energy distribution which produces the anomalous features of the dayglow IN 
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spectrum. Insights into possible energy resonance effects are also possible with this 

type of analysis. 

Contributions to current areas of research in aeronomy can be realized through 

application of the present modeling development. Most contemporary dayglow 

models compute IN intensities using the photon scattering rates (g-values) 

calculated by Broadfoot (1967). The techniques developed for the present study 

offer a more appropriate way to characterize dayglow L\ emissions by predicting 

the full LX spectrum rather than a single integrated band intensity. Ionospheric 

modeling efforts can benefit from the improved specification of the disposition of 

energy by the O"*" charge transfer reactions. .A. further application could carry 

the current, more complete description of Nj photochemistry into global upper 

atmospheric models such as IRI and TIGCM. 
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Appendix A 

MATRIX ELEMENTS FOR THE DETAILED BALANCE 

SYSTEM OF EQUATIONS 

Xv"30 v-'l w-=2 \r=4 v-=S 

Xv"=0 Z21E-01 O.OOE«00 O.OOE-KX) O.OOEKXl O.OOE-KX) O.OOEKX) 

V=1 O.OOE*00 2.22E-01 O.OOE-KX) O.XEKX) 0.00E-K)O O.OOEKX) 

O.00E*OO O.OOE-KX} 123E-01 O.OOE-KX) O.OOE-KX) O.OOE-KX) 

ir»3 o.oaE«oo O.OOE-KX) O.OOE-KX) 1 S6E-01 O.COE-KX) O.OOE-KX) 

O.0OE*OO O.OOE-MX) O.OOEKX) O.COE-KX) Z51E-01 O.OOE-KX) 

w-=5 O.OOE'KX] O.OOE-KX] O.OOEKX) 0.00E-KX) OOOE-KX) 9 74E-02 

A V=0 O.0OE*OO -4.67E-02 -9.06E-03 O.OOEKX) O.OOE-KX) O.OOE-KX) 

v'=1 0.00E«OO -3.1SE-03 -4.4SE-02 -1.40E-02 O.OOE-KX) OOOE-KX) 

V«2 O.OOE-HX] -1.87E-02 -1.53E-03 -2.54E-02 O.OOEKX) O.OOE-KX) 

v^3 O.OOE^OO -2.21 E-02 -1 08E-02 -1.24E-02 -1 01 E-02 OOOE-KX) 

O.OOE-KX] -9.8gE-03 -1.97E-02 -1.S7E-03 -1.96E-02 -1 32E-03 

W=5 O.OOE+00 -3.4gE-03 -1 34E-02 -1 37E-02 -5.01 E-04 -2.01E-02 

Bv^  -5.87E-02 -S.32E-02 -Z01E-02 -5.3SE-03 -1 34E-03 O.OOE-KX) 

v^1 O.OCE+00 -2.14E-02 -5.77E-02 -3.77E-02 -1 40E-01 -4 59E-03 

-3.41 E-02 -3.SSE-02 -S.24E-03 -4.S4E-02 -4 70E-02 -2.34E-02 

v^3 0,OOE-K)0 •8.18E-03 -4.06E-02 -1 51E-04 -3.23E-02 -4 80E-02 

AV=0 V=1 V=2 V=3 •=4 •=5 

X v-=0 -9.S3E*04 -i.oie*cs -6.05E-KJ4 -2.75EK)4 -1 08E->04 -3.87E-K)3 

v^1 -3.34E-̂  -7.82E-KJ3 -6.93E-K)4 •«.61E-K)4 -6.07EK34 -3.24EK)4 

>r=2 -3.S0E-K33 -2.82E-K34 -2.09EK)3 -2.S3EK)4 -7 31EK)4 -7 S9EK34 

w"=3 -1.00E«02 -6.10E-KJ3 -1.50E->C4 -1 34EK)4 -3.03EK:3 -»37EKJ4 

w"=4 O.OOE^OO •2.50e*02 -6.78E-K)3 -5.14EK)3 -1.99EK)4 -a.70E-K)2 

w-sS O.OOE-KX} o.oae*ao -3.70E-K)2 •5.97EK)3 -6.60E-K)2 -1.84E-K)4 

Av-=a 1.32E-K3S O.OOE-KXJ O.OOEHJO 0.00E-KX) O.OOE-KX) O.OOE-KX) 

V-sl O.OOE+00 1.43E-KJ5 O.OOEKX) 0.00EKX} O.OOEKX) O.OOE-KX) 

O.00E*OO O.OOE-KXl 1.S4E-K)5 O.OOEKX) O.OOEKX) O.OOE-KX) 

v^3 O-OOE+OO O.OOE-KXJ O.OOE-KXJ 1.63E-K)S O.OOEKX) 0.0OE-K)O 

O-OOE-KX) O.OOE-KX) O.OOEKX) O.OOE-KX) 1.6aEK)S 0.0OE-K)O 

v^S O.OOE-KIO O.OOE-KX) O.OOE-KX) O.OOEKX) O.0OEK)O 1.78E-K)5 

Bw^  O.OOE-KX) O.OO&KX) O.OOE-KX) O.OOEKX) O.OOEKX) O.OOE-KX) 

v'=1 OOOE-KK) O.OOE-KXl O.OOE-KX) O.OOE-KX) O.OOEKX) O.OOE-KX) 

v^2 O.OOE+00 O.OOE-KX) O.OOE  ̂ O.OOE-KX) O.OOEKX) O.OOE-KX) 

V=3 O.OOE+00 O.OOE-KX) O.OOE-KX} O.OOE-KX) O.OOE-KX) O.0OE-K)O 

B V=0 •=1 ^=2 V=3 

Xv^  -1.10E+07 -6.70E-K)6 -1.27E-K)6 O.OOE-KX) 

v^1 -3.3SE+06 -3.87E»06 -9.16E-K)6 -2.98EK)6 

v-=2 -6.75E-KI5 -3.81E-K)6 -8.99EK)S -9.46E-K)6 

w*=3 -1.11E+05 -1.32E-K36 -3.13E-K)6 -3.80E-K)4 

\r«4 -1.61E+04 -3.12E-K)6 -1.71E-K)6 -2.18E-K)6 
\r=s 0.0QE-KX3 -5.9aE-K)4 -S.43E-K)S -1.82EK)6 

AV^  O-OOE-KX) O.OOE-KX) O.OOE-KX) O.OOE-KX) 

v^1 O.OOE-KIO O.OOE-KX) O.OOEKX) O.OOEKX) 
V=2 0.00E*OO O.OOEKXJ O.OOE-KX) O.OOE-KX) 

V=3 O-OOE+OO O.OOE-KX) O.OOE-KX) O.OOE-KX) 

O.OOE-KX1 O.OOE-KX) O.OOE-KX) O.QOE-KX) 
W=5 O.OOE-KX) O.OOE-KX) O.OOE-KX) O.OOE-KX) 

Bv^  1.S2E+07 O.OOE-KX) O.OOE-KX) O.OOE-KX} 

v^1 O.OOE-KX} 1.89E-K>7 O.OOE-KX) O.0OE-K)O 

v'=2 O.OOE-KX) O.OOE-KX) 1.87E-K)7 0.00&KX) 
•=3 O.OOE-KX) o.oo:=-KX) O.OOE-KX) 1.6SE-K)7 
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