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A detailed model was constructed to describe the auroral event, consisting
of a main arc and its associated drizzle environment. Based on this model,
- comparisons between ARCTIC code calculations and preliminary field data
suggest a number of discrepancies. These are described in detail and possible
sources for the differences are suggested.

Study of EUV effects. in the aurora has led to the preliminary conclusions
that (a) the Ny molecule is an unlikely source for certain LWIR features ob-
served on ICECAP and (b) the EUV is probably not an important source of 5577 3
emission in the aurora.

Intense auroral bombardment over a period of 4 minutes is found to result
in negligible atmospheric heave.

Recommendations pertaining to future laboratory and field measurement
programs are given.
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SUMMARY

The work reported herein could not have been accomplished without
the help and cooperation of a number of individuals involved directly in
the ICECAP program. Preliminary data provided to us by them, prior to its
publication in reports or in the open literature, has been of great Lsnefit.
Special thanks go to Mr. James Ulwick and Dr. Rocco Narcisi (AFCRL),

Dr. Kay Baker (Utah State University), and Drs. Irving Kofsky and John
Schroeder (Photomctrics). Benefit was al'so derived from conversations with
ors. A. T. Stair (AFERL), Richard Hegblom (Boston College), and Murray Baron
(SR). Additional aid provided by Major Lawrence Doan (DNA)- is much appre-

ciated. The assistance of all these individuals is hereby gratefully
ackniwledged.
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The High Altitude Effects Simulation (HAES) Program sponsored by
the Defense Nuclear Agency since the early 1970 time period, comprises
several groupings of separate, but interre)ated technical activities, e.g.
ICECAP (Infrared Chemistry Experiments - “oordinated Auroral Program).
Each of the latter have the common objective of providing information
ascertained as essential for the development and validation of piedictive
computer codes designed for use with high priority DoD radar, communica- .
tions, and—éptical.defensiye systems.

™ " T TR, T PP
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Since the inception of the HAES Program, significant achievement
. and results -have been described in reports published by DNA, -participating X
% service Iaboratories, and supportive organizations. In order to provide ol
greater visibility for such information and enhance its timely applications,

9 significant reports published since early calendar 1974 shall be identified

. with an assigned HAES serial number and the appropriate activity acronym

i ) (e.g. ICECAP) as part of the report title. A complete and current biblio-

4 e

graphy of all HAES reports issued: prior to and subsequent to HAES Report

No. I, dated 5 February 1974 entitled, '"Rocket Launch of anr SWIR Spectrometer
into an Aurora (ICECAP 72),'" AFCRL Environmental Research ™aper Nu. 466, is
maintained and available on request from DASIAC, DoD Nucleur Information and

Analysis Center, 816 State Street, Santa Barbara, California 93102, Telephone
(805) 965-0551.

IR TR

This is th@ sixth report in the HAES series and covers technical
work performed under DNA Contract 001-74-C-0143 from 1 January 1974 to
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30 Scptember 1574. Po.tions of this program were previously reported in 3
DNA Report 3297F entitled: 'Studies of Auroral Simulation'. The main

: : purpose of the work is to understand auroral data, especidlly those ;

obtained under the ICECAP program, so that better models can be constructed

F . to describe the nuclear-disturbed environment. One of the principal tools :
E used for this purpose is the ARCTIC code that embodies a wide range of
3

phenomenon including excitation .of atomic, ionic, and molecular states,

] : chemical reactions, and optical/IR radiation in an auroral environment.
The present report includes a description of some calculations pertinent

to auroral events and comparisons with experimental observations:
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SECTION 1
INTRODUCTION

This report describes the continuing work on auroral simulation
performed from 1 January 1974 to 30 September 1974. Related work on the
prior contract was reported in Reference 1.

The main purpose of these studies is to understand auroral data,
especially those obtained under the ICECAP program, so that better models
can be constructed to--describe the nuclear-disturbed environment.

One of the principal tools developed: for use in these studies is
the ARCTIC code, described in Reference 1. It is especially suitable for
analyzing data from multi-experiment rocket flights that provide simul-
taneous information on particle fluxes, chemical species, and optical/
infrared emissions for single auroral events. Indeed, it is in. this capa-
city that the code has been largely used so far.

Section 2 below contains the bulk of our work relating to use -of
the ARCTIC code. It includes (1) the detailed energy partition by primary
electrons incident on "normal' air as predicted by the current version of
the ARCTIC code, (2) results prepared for a code-comparison meeting at
Lockheed, Palo Alto, on 14 June 1974, (3) a detailed comparison with ICECAP
data for an IBC III auroral event recorded by ground- and rocket-based

instruments, and (4) a comparison between calculated and observed auroral
emissions from 0, ('A).
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Section 3 outlines our exploratory efforts to account for certain
long wavelength infrared (LWIR) features observed on ICECAP., It also gives .
some preliminary conclusions with respect to the importance of aurorally-

generated extreme ultraviolet (EUV) radiation in- an auroral environment.

Section 4 presents the results of our study of atmospheric heave
under intense auroral bombardment conditions.

Section 5 summarizes our conclusions and lists some specific
recommendations.

Three appendices are included. Appendix A describes a derivation
of the spectral distribution of chemiluminescent emission in the fundamental
and first overtone bands of NO- arising from the reaction N(?D) + 0, >+ NO + 0.
Appendix B gives corresponding results for NO* -chemiluminescence arising
from the reactions :02+ + NO » 0, + N()+ and N2+ +0+NO' + N. Appendix
C briefly describes the structure of the ARCTIC code and includes (on micro-
fiche) a complete listing -of the program.

e

Tentative conclusions, based on a: study of the '"Murcray phenom=
enon', were reported separately (Reference 2).
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SECTION 2
APPLICATIONS OF THE ARCTIC CODE

A detailed description of the ARCTIC code can be found in Reference
1. It will not be repeated here, although a listing of the code and » orief
outline of its structure appear in Appendix C. Before proceeding with the
applications, however, the following remarks are appropriate.

As explained in Refctence 1, scattering -of the primary electrons
can be treated using two different versions of the code. The first, and
simplest version, is based on what we call the mean scattering approximation
in which each electron is assumed to have the same range. The second version,
called scattering with range variance, recognizes the fact that there is
actually a distribution in range among those electrons that have a common
mean range. The second, and more accurite version, was believed to-be con-
siderably more expensive to run than the first one. We have since found,
‘however, that the range-variance version is much faster than expected (less
than a factor of 2 more than the simpler version). The results presented

below are based on the more accurate range-variance version of the code.

This section presents four applications of the code. The first,
and simplest, is a tabulation -of species populations produced in "normal"
air by the total stopping of primary electrons. Such a tabulation is often
needed as input to chemistry and optical/infrared codes used for weapon
effects studies involving the deposition of x rays or beta particles. The
second is a:-calculation, for the case of a hypothetical aurora, performed
for comparison purposes at a DNA-sponsored -meeting at Lockheed, Palo- Rito,

on 14 June 1974. The third, and major application, is to the case of an

13
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auroral arc measured by ground- and rocket-based instruments on the night )

of March 27, 1973. A detailed comparison with the data available to us is
made, and conclusions and inferences drawn therefrom are given. The fourth
application is to auroral enhancement of 0, ('A) emission at 1.27 um

compared with some observations reported in the literature.
SPECIES POPULATIONS IN "NORMAL" AfR UNDER ELECTRON BOMBARDMENT

The partition of energy into states of excitation, ionization, and
dissociation was dctermined for primary clectrons stopped in a '"normal" air
mixture consisting of 79% N, and 21% 0,. Results were obtained for
primary energics between 0.17 eV and 27 keV. For the sake of compactness,

however, only the results for energies of 0.92 keV and 6 keV are presented
here. These appear in Table 2-1.

For each of the two primary encrgies, Table 2-1 lists the popu-
lation of the species produced directly by the primary electron as well as
the total population, including contributions from all generations of
secondary electrons. Also YTisted are the populations produced per ion: pair.
The Rydberg states with different values of the principal quantum number, n,
are lumped together for each- of the seriesf The energies of the individnal

states fall within the ranges indicated in: the second column of the table.

Calculated values -of the average energy required to produce an ion-
pair in the air mixture, as a function of the primary electron energy, are
shown in Figure 2-1. They are in excellent agrcement with limited data
obtained at energies above 1 keV with beta: particles in air (Reference 3).
Similar calculations have been performed for electrons incident in pure N,

and pure O, and the results (not shown) are in correspondingly good ugrec-
ment with the limited data.

+

The code actually -computes the partition into states with different n,
but for the sake of compactness we have merged the results in Table 2-1 -
for -each of the Rydberg series.

14
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Table 2-1 (Continue¢,. Species populations in “"normal'air (79% N, 21% 0,)

produced by the stopping of 0.92 kel and 6 keV

{2)
A3)

{u)
(5)

-{8)

(7)

(8)-

(9)

-electrons.
: Primary Total " Population
Species State Energy Population Population | Per Ton Pair
(eV). 0.92 keV[6 keV | 0.92 kev[6 keV [ 0.92 kev|o kev
0,(v) ~0.25 5.6 |5.6 1.2 7,22 4.3 |4
9.9 eV peak® 9,90 6.7°2 |2.4-1 1.2°Y |7.5Y || 4,773 |4.3-3
02(alaq) 0.98 6.4-! (6,41 9,9 |6.4! 3.9-1 (3,77}
Oz'blxg) 1.64 1.5-1 [1,5°! 2.2 1.4 8.6-2 18,0-2
0, (A3zd) W 4,50 6.2-! |7.57! 7.3 4.7} 2.9°! [2,7°}
0,(B3zg) 12 6,10 1.0 [3.8 2.4 {1.5! 9.472 [8.6~2
0.[Ry(X)] |8.41+13.220 3.5°! |1.5 6.5°1 |4.1 2.5-2 (2,372
0.[Ry(a)]"™|12.70 ~ 15,25 § 1,7} [8.4"! 2.471 (1.6 9.4-3 {9,1-3
0.[Ry(A)] [13.25 = 16.02 % 1.5~ [7.3~! 2.0°' 11.3 7.8%3 |7.43
2[Ry(b)] [15.65 > 17.47 { 6.4-2 |3.3-! 8.272 [5.47V || 3,23 {3,173
0, [Ry®,c)I™ 19.60 » 22,15 | 2.5-2 1.4~} 2.9-2 |2,0-! 1.1-3 [1.1-3
0(3P) - 3.9 [1.4? .70 1.2 6.6"1 |6.3"1
0(1D) - 1.0 3.8 2.4 |1.5? 9.4-2 [8,672
05 (x2ng) 12.10 7.371 13,6 9.9-! [6.5 3.972 [3,7-2
Of(a*my) 16.10 7.0°' [3,6 8.5"! |5.6 3,372 3,272
0% (A1) 16.90 6.8=1 |3.6 8.1°1 5.4 3.2°2 [3,1=2
0(b*zz) 18.20 5.6 {3.0- 6.67! |4.4 2,672 [2.52
¢t B,g?— as) 23.00 2,471 1.4 2.6°1 [1.9 1.0°2 1,12
JFo* (s - 1.1 |5.4 1.2 (7.7 4,72 4,472
:0*(2D) - ] 6.,2=1 |3.2 6.7 |4.4 2.672 (2,572
] - _ _ i - N
(1)

N2(v) refers to the vth vibrational state of N,(X'%).

18% predissociation into N(*S). +N(*S) assumed.

The- Towest Rydberg state of N,.

69% predissociation into N("S) +N(2D)- assumed. + N
Ry(X) means the Rydberg states (n=3,4,5+---) cenverging on N,' (%2Zy)3
similarly Ry(A) means the Rydberg states converging on N, (A%@,), e%c.
For the Rydberg states Ry[A(n=5),B,D,C], the numbers in theft§g1e are
25% of the total excitations to the respective states. The remaining
75% are assumed to be autoionized and- have been added to N,* (¥ 1q).
The nitrogen atoms arise from predissociation and from disscc -ative
excitation and dissociative ionizaticn.

Includes contributions from autoionizaticn of Rydberg states. See note
(6) above).

The atomic ions arise from dissociative ionization.

10 ynassigned.

(1)

Assumed to be 100% dissociated into O(3P) +0(3P),

(2) Assumed: to -be 100% dissociated into Qf3P)} +0(D),
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Table 2-1 (Continued). Species -populations in "normal*air (79% N», 21% 03)

produced by the stopping of 0.92 keV and 6 keV
electrons.

(13) For the Rydberg states Ry(a,---), the numbers in the table are 50%
of the total excitations to the respective states. The rema1n1ng
50% are assumed to be autoionized and have been added- to 02(X2Hg)

(1%} Ry(B, c) is a biend of the Rydberg states converging on the B%Ij
and c'rj states of 0,*.

(151 A blend of the states B2zg and c"Ij.

It should te pointed out, however, that the agreement with data
is partly forced because the unknown autoionization factors have been
adjusted to improve the agreement. Furthermore, a large number of the
excitation cross sections are not well known and, in some cases, especially
for the Rydberg states, are little more than guesses. Changes in the rela-
tivelv large cross sections for the Rydbérg states can have an appreciable
effect ¢ the calculated values for "eV per ion .pair".

TEST CAST (HYPOTHETICAL AURCRA)

For the code-comparison meeting at Lockheed, two test problems
were run using the ARCTIC code. The first one, described here, involved a
hypothetical electron flux of exponential type. The second one, described

in detail in the next subsection, -was based on a flux spectrum measured
under the ICECAP program.

The first problem was -cssentially as follows. -Given an incident
spectral flux of primary electrons:

flux = ¢ B0 (electrons. cm 2 sec ' ster ! keV' 1)

17
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5

at an altitude of 250 km, isotropic downward with a verticul magnetic field,

determine the energy deposition rate as a function of altitude, and the
volume production rate of selected states.

The atmrasphere specified was
CIRA 1965, model 5, hour 0.

Figure 2-2 shows the calculated e¢nergy deposition rate profile.
Shown for comparison (dashed curve) are the results obtained with the

Lockheed (IMSC) code. They are seen to be in substantial agreement with

those from the ARCTIC code. A study of the différences has shown tl nc they

arise almost entirely from differences in the assumed elastic scattering

cross sections. Results obtained with the NRL and Visidyne codes were at

variance with each other as well as with those in ' igure 2-2.

They are not
shown here.

Production rates for about 200- different excited states of N,
0,, N, and O were -0btained.
results from the list.

Figures 2-3 to 2-6 show a few selected

Comparison -of these results with those from other
codes was not made.

AURORAL ARC OF 27 MARCH 1973 (BLACK BRANT 18.205-1)

Preliminary Discussion

A considerable fraction of our effort has been devoted to a study

of the aurorsl event of 27 March 1973, observed in the vicinity of Poker

2lat, Alaska. Details of the event (&. arc with brightaess coefficient at

least II+) were recorded by instruments dn board a Black Brant rocket and
by various ground-based instruments including those located at Ester Dome
(EDO) and Fort Yukon -(FYU);, Alaska. All -of the data obtained with these

instruments are not yet reduced and available. The analyses and results

reported below are based on the limited amount of preliminary data that

was made available to-us. We believe that a better model to describe the

event, especially the auroral environment outside the main arc, can ! :
constructed when. 1t of the evidence is at hand.
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-of maximum energy deposition- (Reference 6).

In this subsection we will first give a brief overview of the
auroral event, together with a description of the types of data that were
taken on it. Next we proceed to set the stage for actual calculations with
the ARCTIC code by -describing the environment into which the electron flux

in the main arc is assumed to be deposited. This description includes a

consideration of the relatively soft spectrai flux of electrons, that we
will call a "drizzle'", tha* is believed to have hombarded the air over a

large region for some time prior to the rocket launch. We next go on to

deduce some geometrical and dynamical characteristics of the arc itself,
and present the data used to describe the incident spectral flux. The cal-
culations are then described and the results, together with data comparisons,

are presented. Finally, some conclusions, based on the comparisons, are

drawn.

Qualitative Description of ‘Event

A Black Brant rocket (18.205-1) was launched from Poker Elat (PF),
Alaska on 27 March 1973 at 0937:45 UT into a bright auroral arc. The
geometrical arrangement, including the projection of the rocket trajectory
in the magnetic meridian plane and the .approximate position of the arc at
91 sec after rocket launch, is shown in Figure 2-7. Details concerning the
rocket attitude .and trajectory and the on-board instrumentation can be
found in Reference 4. The geometry depicted in Figure 2-7 is ‘based on
information supplied to us by Photometrics (Reference 5). For altitudes
above about 70 km, the rocket axis was nearly vertical, being inclined
3 degrees south (magnetic) from the zenith, and 10 degrees from the
magnetic field lines.

Although the rocket was programmed to enter the arc at 100-km

altitude, it actually entered between 105 and 110 km and -overflew the region

The on-board instrumentation
that is relevant to this report included: (1) an electrostatic analyzer to
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measure the differential electron spectra over the energy range 3 to 30 keV,
(2) a scintillator to measure the energy deposited by electrons with energies
greater than about 3 keV, :(3) a positive ion and neutral mass spectrometer,
(4) plasma frequency and Langmuir probes to measure the electron density,

(5) a vertical-viewing photometer at 3914 R (in the rocket nose), (6) a
vertical-viewing dual channel radiometer at 4.3 and 5.4 um, (7) a vertical-
viewing CVF spectrometer (8) a side-looking (80° from vertical) dual channel
radiometer at 2.7 and 5.4 um, and (9) five side-looking (80° from vertical)
optical photometers at 3466 A, 3800 A, 3914 A, 5199 A, and 5577 A.

Ground-based instrumentation included 4278 A- and 5577 K-scanning
photometers (scanning in the magnetic meridian plane) at Ester Dome and

Fort Yukon (see Figure 2-7) as well as all-sky cameras at both of these
locations.

The -general position and motion of the arc, as deduced from the
scanning photometer data at Ester Dome and Fort Yukon (Reference 5) in the
time span from about 10 minutes before to 7 minutes after rocket Iaunch- is
as follows. At -10 minutes the arc was nearly overhead at Ester Dome.

It subsequently moved, rather erratically, northward until it reached Poker
Flat at about -9 minutes. It remained slightly north of that position
until about -6-5 minutes when it moved northward again and reached its

most northerly position (about halfway between -Ester Dome and Fort Yukon)
at about -3 minutes. It then proceeded to move south until about 95 sec
after rocket launch (approximately the time the rocket entered the main

arc — when the arc was ~ 48 km north of Poker Flat) when it moved -northward
again. An erratic movement morthward continued' until about +4.5 minutes,

at which time the arc was 70 km north of Poker Flat, and a generally south-
ward movement then ensued.

The foregoing description should serve to indicate that a large

air volume, including the measurement space itself, was bombarded sporadically
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by the arc flux for some time prior to the rocket measurements. In fact,
the point where the rocket first penetrated the arc had been irradiated

previously at about -5.5 minutes as the arc moved northward through it.

Exo-Arc Environment

It is clear from the above discussion that the photometer- and
radiometer-sight paths traversed regions outside the arc that had previously
been irradiated- in a complex and ill-defined manner. In order to make
meaningful comparisons between ARCTIC-code calculations and the data, we have
attempted to construct a mean exo-arc environment that may suffice for the

purpose. This model environment will now be described.

The assumed initial necutral atmosphere (prior to any irradiation)

is shown in Table 2-2.

Table 2-2. -Assumed: initial nighttime neutral atmosphere.

Quantity sA]tit%gg>Range Values
z i *7 T 7:
T 180 < h:< 120 1965 CIRA mean, p.12
{ Va1, 1021, 101, T | ) ' P |
] 120 < h < 800 | 1965 CIRA mean, mod.5, hr.0
(03] > 30 4.5 x 1012 exp [{30-h)/5.42]
< 100 | 3 %107 [molecules]
[CO-] - )
> 100 3 x 107" [molecules]exp[(100-h)/17.4]
< 80 | 4 x 107 molecules]
[NO] 80 <h <110 | 4 x10 8% [molecules]exp[(h-80)/4.29]
s 10 | 4 x 107 [molecules]exp[6.99+
! , ! {110-h)/43.5}
1* h is altitude in kilometers.
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The vibrational states of N, are assumed to be Boltzmann distri-

buted initially, and the electron temperature is equated to that of the
i’ neutral -gas.

T TR ST [T e T e TR

An error in the assumed vertical distribution of the major species

can lead to several sources of error in the calculated chemical and optical
environment.

o ety A

Included among these, for example, are errors in the altitude
profile of the energy deposition rate, in the energy partition as a function f

of altitude, and in the rate at which chemical reactions can proceed. Un- !

T

fortunately, neutral mass spectrometer data for this event are not currently

T

available to us and, consequently, the accuracy of our assumed profiles for
the majors species is certainly in question.

-—‘
[

e -
T
e

Considerable evidence is available to suggest that a weak particle

TR T T

bombardment is present in the auroral oval at all times (References 7, 8, 9). ; ’é

“ e S i

In particular, Walker et al., (Reference 8) have fit one set of observations
with a bombarding flux of the form E exp(-E/0.6), isotropic over the lower

hemisphere. Using these results, Jones and Rees (Reference 10) have calcu-

TR
-

: lated an "ambient" high-latitude nocturnal ionosphere. We have used their

i o i g et e e

] , . . ; +
‘ results to define relative concentrations for NQ+, 0, , and 0+,,and have

T

: assumed an "ambient" ionospheric model by normalizing these results to ]

those of Walker (Reference 11). Concentrations of all -other species are )
k
initially set to zero.

e

The foregoing remarks .describe the "ambient" high-latitude atmo-
spheric model assumed, Into this environment must now be superimposed the
modifications that arise from the intense, but localized, electron flux into

B b et S Than

the auroral arc, as well as that from: the associated drizzle precipitation :
that extends well beyond the arc,

< - The work of Frank and: Ackerson {(Reference 9) shows. that the

i

| IR
s
it

e

. particle flux outside an arc is associated in a complex way with that of
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the arc itself. It is generally not a constant in space but shows con-
siderable structure of the "inverted-V' type. That is, the hardness and
strength of the particle spectrum tends to fall off with distance north

and south from the arc proper. The arc and its surrounding flux (that

may extend for hundreds .of kilometers north and south of the arc) evidently
constitute a unified event. For convenience we shall refer to the locaiized
region of intense precipitation as the "main arc', and the larger region of

complex but weaker precipitation as the ''drizzle" region.

Since the main arc generally moves within the drizzle region we
shall, for calculational purposes, assume that the two regions are essen-
tially independent and that the drizzle flux serves to determine the back-

ground environment into which the main arc flux is deposited.

The only particle flux data available for the drizzle regicn are
those obtained over that part of the rocket trajectory outside the main
arc (see Figure 2-7). Samples of such data (Reference 6), corresponding
to various times after rocket launch, arec shown in Figure 2-87 For calcu-
lational simplicity, we have adopted an '"average' -drizzle flux spectrum
shown- by the dashed curve in Figure 2-8, and assume that the precipitation
is isotropic (in pitch angle) in the downward hemisphere. The adopted
spectrum was normalized so as to provide agreement with the measured 4278 A
zenith brightness at Fort Yukon. This flux is assumed to-be constant in
space and time preceding and during the rocket flight, although the
assumption is clearly at variance with the general findings of Frank and
Ackerson mentioned: above. For this reason we cannot hope to achieve precise
agreement with the data from some of the side-looking instruments on board
the rocket (especially the 5199fx and: 3466 Kjemissions from NGZD) and
N(2P), respectively) that depend rather sensitively on details of the drizzle.

*
These spectra show many of the characteristics -of an intense "inverted V'"
structure, particularly the progressive softening and weakening of -the
spectrum -as a function of distance from the main arc.
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Rather, in these cases, the object is to account for the general magnitude
of the observed emissions which, in the absence of an assumed drizzle, we
would not otherwise be able to- do.

In addition to providing a drizzle spectrum, it is also necessary
to specify the time over which it has operated and its spatial extent.
Little information is available on the effective duration of the drizzle
bombardment, although data from the side-looking photometers on board the
rocket provide some guide as to its spatial extent. With respect to the
bombardment time, however, we note that for some ten days preceding the
event, significant magnetic disturbances with K_ indices ranging from
4 to 7 occurred (Reference 12). In addition, ground-based photometer data
(Reference 5) show that a drizzle bombardment probably occurred for at
Teast 1) hours before rocket launch.

In order to determine the effect on species concentrations due to
a- long term drizzle precipitation, we ran the ARCTIC code with the drizzle
spectrum shown in Figure 2-8 (dashed curve) for times to 10° sec. Figures
2-9 and 2-10 show the resulting profiles of 0, 0, and NO for sselected
drizzle duration times. The results clearly show an NO buildup, especially
for 10° sec (11.5 days), along with an increase in [0] and a decrease in
[0,]. Since the effects due to diffusion, transport, and daytime solar
radiation: are not included in the calculation, the late-time results are

not realistic. However, they do--serve to indicate the type of chemical

effects that can arise from prolonged bombardment.

Large enhancement of the NO concentration in an auroral environ-
ment has -been reported by Zipf (Reference 13), and has also been: inferred
from numerous ion: mass spectrometer measurements (eg., References 14, 15).

In fact, for the auroral event considered here, we have inferred an enhanced
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NO profile using the positive ion mass spectrometer data of Narcisi (Refer-
ence 16) and a procedure similar to that described by Swider and Narcisi
(Reference 15). Because -of rocket spin modulation, the mass spectrometer
data show large fluctuations (see Figure 2-39), and the inferred NO profile
reflects. this ambiguity. However, Figure 2-11 shows an NO profile that is
not inconsistent with the mass spectrometer dataf Shown for comparison is

a measured low latitude profile (References 17, 18). The comparison

suggests that the NO concentration in the vicinity of the auroral arc

was greatly enhanced above its low latitude values, at least below about

120 km, and attains values ~ 2 x 10° cm ® between 100- and 105-km altitude.

In preparing an environment in which to deposit the main arc flux,
we have, somewhat arbitrarily, assumed: (19 the drizzle flux is turned on
30 minutes prior to rocket launch, (2) all concentrations, with the exception
of NO, are initially specified by the high-latitude '"ambient'" model
described earlier, (3) the NO =profile is given initdially by the enhanced
values shewn in Figure 2-11.

Unfortunately, as indicated earlier, errors in the assumed con-
centrations of 0,, 0, and NO can lead to significant differences between
the computed and measured environment. For example, the ion concentration
ratios, especially N0+/02+, are sensitive to the NO profile, and detailed
agreement between calculations and observations should not be expected in
the absence of good data on [NO].

With the foregoing assumptions, the perturbed atmosphere (result-
iag from 30  minutes of drizzle bombardment). into which the main arc flux
is deposited, is shown in Table 2-3.

Actuallv, the inferred values for NO are higher above 120 km than are
shown «n Figure 2-11. For simplicity, we have extrapolated the enhanced:
profile above 120-km until it intersccts the low latitude curve,
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As to the spatial extent of the drizzle region, we have made
estimates based on comparisons between calculations and data from the side-
looking rocket-borne photometers and the ground-based 4278 A instruments.
The result of these comparisons, as shown in Figure 2-7, suggests a drizzle
region extending about 310 km south and 540 km north- from the main arc, for
a total north-south extent of about 850 km. The reasonableness of this
conclusion may be judged by comparing it with the previously cited work of
Frank and Ackerson (Reference 9) on other auroral events. They show three
sets of data (Plates 4a, 4b, and 5a) corresponding to Kp indices of 4-,

4, and 4+. For these events, the north-south extent of the associated
drizzle was 800, 1200, and 1400 km, respectively. At the time of the rocket
flight considered- here (27 March 1973), a Kp value of about 4 appears to

be appropriate (Reference 12). The inferred extent of our drizzle, therefore,
is not inconsistent with these other auroral data.

Arc Geometry and--Dynamics

To proceed farther, the geometry and velocity of the main arc

‘must be determined as well as the relationship between the arc and the

rocket- and ground-based instruments.

Visual inspection of the flight records of the electrostatic
analyzer reveals several important :points concerning the geometry. At
about 91 sec the rocket entered a region of intense particle rrecipitation
and then left it at about 121 sec. Two typical plots of the measured flux
spectrum (Reference 6) during this time span are shown in Figure 2-12,

The time required to enter and leave this region was very short, indicating

sharp spatial boundaries.

Knowing the altitude at which the rocket entered and left the
arc, we can then determine the horizontal width, AW, .of the arc (north-south
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dimension) if the horizontal component of the relative velocity between

the arc and the rocket in the magnetic meridian plane is known. In
particular,

o Gkt D
13
.

121 ‘ :

5 AW = Ah/tan -+ f v_dt (2-1) o
‘ 91

g where Ah 1is the altitude difference between the points of rocket entry ; X
to and exit from the main arc, § is the magnetic dip angle (77°), and ‘
Vr is the horizontal component of the relative velocity in the magnetic

meridian plane. From the rocket trajectory data supplied to us (Reference

6), Equation 2-1 becomes, for constant Vr’

T et o

AW = 7.1+ 50V (km) . (2-2)

Uadau

X An -estimate of the relative velocgty, Vr’ c¢an be obtained using

y radiance data: from the upward-viewing 3914 A photometer in the rocket nose. ‘ :
This is shown- in Figure 2-13 along with several simulations of this emission ;
for rocket altitudes below 110-km. Inspection of Figure 2-13 shows that the
slope of the -calculated radiance values below 110 km is very sensitive to

the assumed relative velocity, We have concluded that a value Vr ~ - 0.07

km sec”! best fits the data. This implics an average arc velocity north- ' ]
ward of 0.61 km:sec™ !, slightly faster than that of the rocket itself and, : ;

R \ 3
from Equation 2-2, a‘horizontal arc width of 5 km. ! '

(LA L

It should be cmphasized that the deduced arc motion is valid,

1 at best, only over a very limited time span. In fact, the general descrip-
4 tion given carlier of the arc motion prior to- rocket launch indicated that ;
the main arc was actually moving south just prior to the time interval con-

sidered here. lowever, for the time period considered, the deduced arc

velocity is in approximate agreement with the ground-based photometer
data (Reference 5).
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To summarize, the model of the auroral arc system we have devised :

et

is shown in Figure 2-7. [t consists- of a main arc, approximately 5 km

wide (north-south), moving 0.61 km sec™! to the north, imbedded in a drizzle
region that extends about 850 km in the magnetic meridian plane. The

= s sl A

absolute position of the main arc is determined from a knowledge of the

e ke e 4 B

rocket location when it entered the main arc. For the southern magnetic

R A ]

boundary of the arc at 108.7-km altitude, this corresponds to a displace-
ment from Ester Dome of approximately 80 km. Although the drizzle is

PR

probably of the "inverted-V'" type, we have assumed it to be constant over §
1 : the entire region.

g Electron Flux in Main Arc and Energy Deposition

Lo o

Consider now the -electron flux into the main: arc. We have

§ ; already seen (Figure 2-12) two measured particle spectra for -this event.
} Visual inspection of the flight records at the Air Force Cambridge Research:

Laboratories (AFCRL) reveals that -the spectra were nearly constant while

% o the rocket remained in the arc. However, the ground-based 4278 R and 5577—R
data show a slow decrease in intensity between +100 sec after rocket launch
and termination of the flight at #413 sec (Reference 5), thus suggesting

at least a weak time variation of the electron source. We shall ignore
-any such variations.

Gl e Lo OF.  atue e

The simplest assumption -concerning the pitch-angle distribution

4 is that it is isotropic over the downward hemisphere. The limited data in

TR LT

n— SN vt e 2 e
—— oy r—
a

this respect (Reference 6) indicate that, at lcast over the pitch-angle =

e

range from 35° to 55°, this assumption is valid. However, the magnitude

1 of the spectral flux shown in Figure 2-12, based on this assumption, leads

o

N i

% %

] to discrepancies with: the optical data. In fact, if the magiitude of the 1
- . particle data: is reduced by a factor of 2 to 3, better agreement with the %3
éi -upward-looking rockct—basedf3914—3:and—ground-based 4258'K-radiances=appears %;
? . foe to be achieved. Other possible alternatives are as follows. One is to Eﬁ
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assume an arc width of only 2 km. This would then imply (Equation 2-2), ] :

however, an arc velocity of 0.71 km sec™! that is clearly at variance with

the data shown in Figure 2-13. Other possibilities are that the pitch- .
angle distribution is non isotropic or that the photometer data are in

3 error. The recent work of Evans (Reference 19), in fact, shows that

E precipitating electrons usually exhibit a complex pitch-angle distribution

3
ranging from one that is primarily field :zligned to one that is isotropic. f

In order to proceed with an ARCTIC code calculation, a definite i
decision on what to input for the particle flux had to be made. The weight i
3 of evidence at the time seemed to suggest that we should use the particle

2 spectra shown in Figure 2-12, reduced by a factor of 2. This, indeed, is

]
what we did. In so doing, greater weight was thus given to the 3914 A

rocket data shown in Figure 2-13. This was done because the ground-based

data seemed to be in support of that from the rocket-based photometer.

The assumed arc flux, incident at an altitude of 200 km, is shown
in Figure 2-14. It is one half of the 115 sec flux shown in Figure 2-12. B

No data at energies below: 3 keV are available, so we have arbitrarily ex-
trapolated the spectrum at 3 keV down to zero energy, although this proce-

dure is hazardous. It should be pointed out, in fact, that most of the

k energy deposited above about 125 km is by electrons with energy < 3 keV.
Consequently, in the absence of measured particle data for this energy
region, results based on the assumed extrapolated spectrum are definitely
suspect. Indeed, as we will see later, comparisons between our calculated !
results and the data suggest that the assumed spectrum (Figure 2=14) below :

3 keV is probably an underestimate, while that shown in Figure 2-8 for the

1 drizzle region, is probably an overestimate. Indirect evidence of an en-
hanced arc flux below 3 keV can be seen from-the data curve in Figure 2-13 |

(also Figure 2-23) where a change of slope occurs at about 125 km.

AXl results shown below in this subsection, pertaining to the i

[T T
t

main arc, ave based on the input spectrum shown in Figure 2-14 which, as

iy
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we have mentioned, is a reduction by a factor of 2 from the reported values.
However, subsequent comparison of our results with data, together with recent
information on the possible importance of aerosol extinction in the lower
atmosphere, leads us now to suspect that the measured particle data may

E have been correct and the 3913 photometer data in error. Although the 3
transmission losses due to aerosol extinction in Alaska at the time of i
interest to us are not known, the estimates by Photometrics (Reference 5),
3 suggest transmission factors at Fort Yukon (due to Rayleigh scattering

and aerosol extinction) of 0.60 and 0.36 for zenith anglés 0° and 60°,
2 respectively.

This would then place the ground-based optical data more in
line with the full particle flux data shown in Figure 2-12.

ch e~ ———

As we will ;
3 see later, other data, especially those associated with the electron density ';
; and the side-looking photometers, tend ulso to support the higher flux ; ?
5 ] values. Time constraints, however, ‘have prevented us from using the larger ]
? particle flux to redo the calculations reported below. The reader should

A

keep these remarks in mind, although they will be pointed out again at
appropriate places in the text below.

Ay

Figure 2-15 shows the energy deposition contours for the auroral

model assumed. The contours bear a superficial resemblance to the emission

q (3914 K and 5577 K);profiies shown by Romick and Belon (Reference 20) for

other auroral arcs, but they are, in fact, quite different. Romick and F

Belon subtract out the "background" in presenting their data while we

i include it (the drizzle) in Figure 2-15. From our earlier discussion, it

is clear that the magnitude, character, and even spatial -extent of the

“background" is closely related to the main arc, and a proper interpretation
- of the auroral event demands that aconsideration be given to the entire
system — main- arc and drizzle. If we had used a more realistic spatial
distribution of flux:in the drizzle region (rather than the constant mean

9 one) and then subtracted -out a constant baclground, we would have obtained
contour profiles of the Romick .and Belon type.

»
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Figure 2-15. Calculated contours of constant energy deposition inside -and B

-outside the arc in magnetic meridian plane.
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Figure 2-16 shows the calculated energy deposition rate profile
inside the arc. Shown, for comparison, are the corresponding results
obtained by Lockheed (LMSC). As mentioned earlier, the differences between
the two results can be attributed almost exclusively to diffcrences in the

assumed elastic scattering cross section.

Figure 2-17 shows the calculated secondary electron production
rate spectra at various altitudes in the arc, while Figure 2-18 shows the
sccondary electron flux spectra for the corresponding altitudes. The
secondary flux at 150.5-km altitude is very similar to that at 122.5 km
and is not shown in Figure 2-18. The dip that appears in the secondary
flux at about 2.5 eV is due to vibrational excitation of N, that serves
to deplete electrons with energy near that value.

Energy Partition in: Arc

The ARCTIC code has béen used to compute the volume excitation- :
rate profiles for nearly 200 states of N;, 0z, 0, CO2 and their ions.

Figures 2-19: through 2-22 show selected results for a few of these s.ates. '

Calculational Procedure with Respect to
Chemistry and: Delayed Emissions

With the exception of the foregoing prouuction rate profiles for
the main arc, the results presented in this subsection are formatted in a
way to facilitate direct comparison with the rocket- and ground-based data.

To do this, it is necessary to take into account the geometrical and

dynamical nature of the arc as well as the rocket position and motion rela-

tive to the arc. This means that because of arc motion, different points
along sight paths (through: the arc) that are not field aligned will have been
irradiated by the clectroi flux for different lengths of time. Thus, in

computing the radiance along a given sight path through the arc, it is
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necessary to allow for different chemistry times at each point along the

[
path (except for those prompt emissions, such as 3914 A that do not depend '
on chemistry). For example, in our model, when the main arc is moving with

constant velocity to the north, the environment at a point just in front of

T

the arc's leading edge is that provided by our 30 minute drizzle. On the

other hand, the environment at a point on the arc's trailing edge corresponds

to that prodi.ced by the arc flux (+ chemistry) -operating for a time AW/V

g W T T STy

arc’

where AW 1is the horizontal arc width, and Varc is the arc velocity. For
; a- different point, at a distance Ax behind the leading edge of the arc, ‘
- the chemistry operates for a time, tchem’ given- by f
; tenen = 8% Varc : (2-3) i
- i

In general, for an arbitrary point x,y behind the leading -edge, where x
is the displacement north from Ester Dome and y is :the altitude, Ax
is given. by

e

Ax = x - [85 + (At - 91)'Varc - {y - 108.7)/tan 8] . (2-4)

Here, § 1is the magnetic dip angle and At is the time elapsed since :
] rocket launch. '

In performing the chemistry calculations for each point along a
. given sight path, care must :be exercised to see that the arc flux is turned
on-while the point is within- the arc and is then turned off and the drizzle

flux turned on when the arc has passed.

AT (T

I TR T T
PSRN

The results presented below were deduced from ARCTIC code runs !
that may -be summarized as follows. The drizzle environment w7, determined
by inputting the drizzle flux (Figure 2-8) at an altitude of 200 km, Tho |

energy deposition and partition were then- computed and the chemistry sub-
routine run for times to 30-minutes. The main arc flux (Figure 2-14) was

| PR T T T T

142

then turned on in the .above-determined drizzle environment, and deposition
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and partition profiles were calculated. The chemistry subroutine was run
for 8.2 sec vith the main flux on and, subsequently, to 60 sec with only
the drizzle flux operating. The calculations, for chemistry times between
8.2 and 60 sec, provide estimates of the decay in the emission rates and

changes in species concentrations that ensuc after the main arc has passed
beyond the point in question.

Results and -Comparisons with Data

Output from the ARCTIC code, for both the main arc and the drizzle
region, is voluminous. It includes many items, such 2s species concentra-
tions and volume emission rates, that will not be shown here because of
space limitations. Instead, with onerexceptiont we limit the results shown
to those that can be compared directly with data available to us.

Except as noted below, the formulas used to compute the various

*
emissions are giver inReference 1 (Appendix C) and will not be repeated here.

Figure 2-23 shows the -calculated and observed zenith radiance at
3914 X%as a function of rocket altitude on ascent. As was mentioned earlier,
‘the abrupt change in slope of the data at 125 km may be indicative of the
presence of a much larger flux -of electrons with energy < 5 keV than what
our input spectrum (Figure 2-14) shows, As was also discussed earlier,
‘the slope change below 110 km is an effect related to the geometry of the
arc and to its motion relative to the rocket.

The calculated -electron tcmperature profile is shown- in Figure 2-37,
although no information on measured values are yet available
(Reference 6).

* %

The reaction numbering in the first column of Table C-1 (Reference 1) is
in.-error. From the top down it should read: 68, 74, 75, 71.
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; Considerable weight was given to the data shown in Figure 2-23 in
deciding on the magnitude of the input particle flux. Use of the reported

e i

flux spectrum shown in Figure 2-12, rather than the one shown in Figure 2-14,
would have led to calculated values for -the 39I4’R brightness twice as large

4 5Dadt M B

as the calculated ones shown in Figure 2-23 — and more than twice as large
as the indicated data below 130 km.

g
e o e e e e o e s i~ e A A

Figure 2-24 shows comparisons between the calculated and observed ?

]
brightness at 4278 A from ground-based scanning -photometers at Ester Dome

Tt A0 KL K B A

e

and Fort Yukon. The instruments scanned in the magnetic meridian plane,

i and the results, corresponding to times between 92 and 102 sec after rocket
launch, are given as functions of the zenith angle.

‘ The -data clearly show the presence of a drizzle to the north and
‘ south -of the main arc. The Fort Yukon data give a rough idea of the northern
; extent of the drizzle region. The small peak in- the Fort Yukon data to the

! north is probably a geometrical effect due to the long path lengths at large
zenith- angles.

RN

The calculated full width at half maximum (FWHM) of the arc bright-
ness is narrower than that measured. We have performed parametric studies

of the FWHM seen from Fort Yukon: and Ester Dome for different arc widths,

R AN

3 ¢ AW, and’ velocities, varc* The results show an insensitivity to variations §
é‘ in these parameters. We suspect that the main source of ‘broadening is due ' %
E to the :presence -of an "inverted V" structure for the drizzle region rather : %
] than the constant one assumed here. j

We should point out that the calculated: values shown in #igure
2-24 have not been corrected for transmission losses to the ground if
these losses are as great as quoted earlier (p.44), the magnitude -of our ;
calculated radiances would be smaller than those observed. In fact, if !

we were to allow for the variation of the transmission factor with- zenith- CoC
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angle, and were to then increase the resulting values by a factor of 2, the
magnitude of our results at both Ester Dome and Fort Yukon would appear to
‘be in closer agreement with the data than Figure 2-24 indicates. This would
then lend support to the idea that the magnitude of the reported particle

flux (Figure 2-12) may be correct and the rocket-borne 3914 R data (Figure
2-23) erroneous,

Figure 2-25 shows similar comparisons with the ground-based scan-
] N
ning photometers operating at 5577 A for times between 89 and 99 sec. The
calculated volume emission rates are based on the equation

& (5577 A) = 1.34 [0('S)] (cm™? sec™) (2-5)

that presupposes a -0.75-sec lifetime for the 1 state of atomic oxygen.
The 0(48) concentration is detérmined from the chemistry subroutine, with
the assumed production mechanisms shown in Table 3-2 of the next section.
The entire chemistry scheme is shown in Reference 1 (Table B-i%f In: the
next section we emphasize that the rate coefficients for (what now appear
‘to be) -the dominant production sources of 0(!S) are not at all well known.
In our scheme, the quenching of Nj(A3Z) by O(°P) is dominant, but other
Teactions, with uncertain: rate coefficients; combine to -compete with it.
Direct -excitation by the ‘bombarding electrons appears to contribute in only
a minor way.

The foregoing remarks should serve to indicate that .any agreement
between calculated and observed: radiances at 557772 is probably fortuitous.

Figure 2-25 shows that the calculated values are generally high,

although the FWHM is approximately correct. The latter agreement may

imply that most of the emission: is from the main arc. The angular positions

The -only reaction rate coefficient in Table 3-2 that -differs from that in
Table B-1 :(Reference 1) is for quenching of Nz (A3Z).

61

= STl - - e

T e hem

S ek e e

o




LR s S D e e

BRIGHTNESS (KR)

BRIGHTNESS (KR)

T T T T T T T T T T
_____ Scanning photometer
data (Ref. 5) (89-99 sec)
60  —— ARCTIC code
50 |

Ester Dome

40 Fort Yukon -
30 _
20 .
10 -
/
,o i i L - - _ _ 7 I
90 80 70 60 50 40 30 20 10 :0 10 20 30 40 50 60 70- 80 90
SOUTH: ZENITH ANGLE (degreess) ‘NORTH:

Figure 2-25.

tauroral event of 27 March 1973).
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5577 A brightness at Ester Dome anu Fort Yukon, Alaska
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of the peaks, however, are somewhat different from the measured ones (also
o
at 4278 A). This may be attributable to a somewhat harder spectrum for

the main arc flux. The peak in the data to the north of Fort Yukon is,
) again, probably a geometrical effect.
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Tigure 2-26 shows the peak zenith spectral radiance near 5.4 pm

1
observed with the nose-mounted circular variable filter (CVF) spectrometer ;

on board the rocket (Reference 21) together with our computed values. There

is considerable scatter in the actual data points, but they lie roughly

g e

TS

within the cross-hatched area shown. We do not know what additional spread

may exist due to experimental uncertainty associated with the data points

themselves. The comparison is shown for both the ascent and descent portions

3 , of the flight.

The computed -emission is completely dominated by the N(2D) + 0,
chemiluminescent reaction for which photon efficiencies have not been measured.

However, we have assumed that the vibrational states of NO are equally
populated up *o v =

TS T, T

18 following each reaction, and the photon efficiencies
. that result from this assumption are shown in Table C-1 (Reference 1Jf On

& the same basis, we have- computed the spectrum of the fundamental- and first

: . overtonc-band emissions. The results of this calculation are given: in
E Appendix A.

v i e i At el O Y g A o e
o Ladeny

The ARCTIC code outputs volume emission rates for the entire band

being considered — ir this case, the NO fundamental at 5.4 um. Tn order

TR
.

to compare with the spectrometer data, we used the information supplied to ]
us (References 4, 21) for this instrument, together with the computed
spectrum shown in Figure A-1. The wavelength region scanned by the instru- ‘
ment was from 1.6 ym to a maximum of about 5.4 um. At 5.4 um- the bandwidth
of the spectrometer is about 0,18 um. Thus, from Figure A-1, the peak

P
emission observed-with this instrument should occur in the wavelength in- ?

T

T il

ey

RS

terval from:5.22 to 5.40-um. Tiie calculated spectrum (Figure A-1) shows 5

E ) that 16 percent of the total band energy is..emitted in. this interval:

E Eg—

3 R * .

7 ) For correction to this table, see footnote on p. 55 of this report.
4 .
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Figure 2-26. Peak zenith radiance near 5.4 ym (Black Brant 18.205-1).
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Therefore, to compare our calculated emission rates with the spectrometer
data, we have multiplied them by a factor 0.16,J.18 =~ 0.9.

Unless recalibration subsequeutly changes the observed values
-downward, agreement with calculations is quite poor, especially for the
descent portion of the flight where at 90 km we appear to be about an. order
of magnitude low. It is interesting that the measured radiance on descent
(outside the arc) is not much lower than that on ascent, even though a more
pronounced arc enhancement would be expected on ascent. Use of the reported
particle flux (Figure 2-12) rather than one half of it (Figure 2-14) would
have improved the agreement, but not by a sufficient amount. The assumed
photon efficiency for the N(?D) + O, reaction could be raised, but not
by more than a factor of 2 (to preserve energy conservation). It is more
likely, indeed, that the value used here is already on the high side. The
assumed emission spectrum (Figure A-1) may also put too much energy at wave-
lengths beyond detectability of the instrument. However, the slopes of the
observed and computed curves are different. The effect is as -though an
additional strong production source of vibrationally excited NO (or of
N(®D)) is operating between about 100 and- 110 km both inside and outside
the arc. Assuming the correctness of the data, we are:presently unable to
account for the large differences.

Figure 2-27 is another comparison at 5.4 um, this time with data
from the rocket-borne dual channel radiometer in the rocket nose. To--make
the comparison with the data, we multiplied our code values (for the entire
NO- fundamental band) by a factor f = 0.23. This factor was obtained by
multiplying our normalized spectrum, I(X), (Figure A-1): by the instrument
relative response function, R(A);, (Reference 4) and integrating. Thus,

oo

f = fI()\) R(A) dA . (2-6)

0
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Figure 2-27. Calculated and obscrved intensity in 5.4-um :band
(vertical path) {Black Brant 18.205-1).
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Except at altitudes below 110 km on rocket ascent, our computed

values arc again considerably lower than those observed. Note that thesc 3
3

data, like those from the spectrometer, show descent radiances nearly as high 4

_ . . E.
as those measured on ascent, contrary to our calculations and expectations.

E
Figure 2-28 ceaparves the calculated values for the peak zenith

TR T T T

radiance near 4.3 um with those measured by the CVF spectrometer. The
. . . . +
theoretical values include contributions from NO

chemiluminescence, CO,
vibraluminescence, and ambient (ecarthshine excited) CO; emission. The

+
NO

Arqn

and €O, (vibraluminescence) curves in Figure 2-28 were computed with '

T AT

the ARCTIC code; the ambient CO, curve was deduced from the work of |
Kumer and James (Reference 23).

0 L i el

Details concerning the NO¥  chemiluminescence model in ARCTIC ]

i}

Calculations

: based on this model show that most of the NO  chemiluminescence arises f

can be found in Reference 1 and in Appendix B of this Teport.

from the reactions

) 0,7 + NO -~ 0, + NO ]

o ’J" YT
Soiain,

N,¥ + 0N+ NOT

that are sufficiently exothermic to populate the tenth vibrational state -of
No'. With the assumption that cach state up to v = 10 is populated with-
equal probability, we have computed a spectrum for the emitted photons.

The results are shown in Appendix L (Figure B-1).

TR T

e

T T

The spectral resolution of the spectrometer at 4.3 um is about
0.16 um -(Refercence 4). As the spectrometer sweeps in wavelength over the

spectrum shown in Figure B-1, the maximum- power it will .detect will occur

i

% in a 0.16-um interval from- 4.28 to 4.44 um, representing about 40: percent

L g

. of the total band emission. In order to comparc our calculations with the

sl

& -
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Figure 2-28., Peak zenith. radiance .near 4.3 .um (Black Brant 18.205-1).
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spectrometer observations, therefore, we have multiplied them by 0.40/0.16

= 2.5, which then places our radiances on a "per micrometer'" basis. i

As for the CO, vibraluminescence (4.3-um band), we have assumed

a spectral profile similar to that for thermal emission at 300 °K. Our low
resolution (0.02 um) approximation to the computed spectrum of Malkmus

(Reference 24) is shown in Figuré 2-29. As the spectrometer sweeps across

it et e P e AT Y,

this spectrum, with a 0.16-um resolution, virtually all of the band power
will be detected. Therefore, to comparc our CO, vibraluminescence values i

with the spectrometer data, we have multiplied them by 1/0.16 =-6.2. :

The solid curve in Figure 2-28 is a sum of the three contributions
described above. No corrections for radiation transport, self absorption,
resonance scattering, etc., have been made, although we don't believe these

could serve to enhance the calculated values.

Frem Figure 2-28 we see that the total calculated radiance on
ascent is larger than that for the descent portion of the rocket flight, but
not nearly as much as the data show. Although the comparisons between 105
and 112 km -(where the data end) on ascent are quite favorable, the computed
values below 100 km are low by as much as a factor of 4. Considering the
many uncertainties inherent in the calculation, this may not be bad, but
the rapid fall off in- the ascent -data above about 98 km is more than we
can account for. The descent data (only available below 110 km):, however,

are in rcasonably good agreement with the calculations.

Figure 2-30 is a comparison between our calculated zenith bright-
ness at 4.3 pm and data: (Reference 21) from the rocket-borne radiometer on:
both ascent and descent. There is considerable spread in the data that lie
approximately within the cross-hatched areas. The theoretical values again
include contributions from the three sources- described above and: indicated:
in: Figure 2-30.
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Figure 2-29, Estimated spectral distribution of .C0, vibraluminescence
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To compare the code values (for the entire bands) with the

radiometer data, we have folded the instrument relative response function

(Reference 4) with the respective emission spectra (Figures B-1 and 2-29)

according to Equation 2-6. The resulting correction factors applied to the

B e ]

calculated NO+ chemiluminescent and CO, emissions are 0.16 and 0.79,

e

respectively. With these corrections, the total calculated values are seen

e

to be lower than the reported ascent data by factors ranging from about 6
at 100 km to 4 at 110 km to 20 or so at 130 km. The comparison on descent |

[P SPTPIR

is only slightly better. It is interesting to note that our (full) band i
radiances, without applying the above-mentioned correction factors, would
have put us in much better agreement with the data.

o et uen o

A peculiar feature of the radiometer data shown in Figure 2-30
is i'ts apparent constancy above about 120-km rather than. a monotonic

decline as would be expected. The spectrometer data (Figure 2-28) are in-

adequate to confirm- this because they do not extend to altitudes- above about .
112 km.

-~

An: increase by a factor -of 2 in the assumed particle flux into R
the arc would certainly improve our agreement with- the ascent portion of

this flight, although it would be insufficient by itself to account in full i
for the differences.

We turn now to comparisons with the side-looking instruments on
board the rocket. These consisted:of five visible photometers and a dual-
channel radiometer operating in the 5.4- and 2.7-pm bands. Each instrument

was mounted with its viewing axis 10° above the normal to the rocket axis.

PSP PR VRV SURE B APPETREIL

avom

If the rocket attitude were vertical at all times, the viewing sight paths

would be 10° above the horizontal. -However, as mentioned earlier, the

rocket axis was inclined about 3° south (magnetic) from the vertical. As

the rocket spun, therefore, the sight paths to the south and to the north ’

were elevated: about 7° and 13°, respectively, from the horizontal.
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The data supplied to us (Reference 6) included uncalibrated strip
charts of voltage output as a function of time for each of the instruments,
and calibrated versions of these charts (except for the 5.4-um channel) for

four specific rocket spins corresponding to altitudes between 95 and 103 km

on ascent. Because of rocket spin, the data are continuous plots of the

radiance as functions of azimuth and elevation angle. From the four cali-

brated spins available to us, we have attempted to pick out radiance values
corresponding to sight paths toward magnetic north (through the arc) and

toward magnetic south (away from the arc) and have performed our calcula-
tions for these same sight paths.

Before comparing the data and calculations, we emphasize again
that the sight paths in question include long segments through the drizzle
region and (except for the east-west directions not considered here) rela-

tively short segments through- the main arc. In fact, the radiances measured

to the south exclude the arc emissions entirely, at least until the rocket

entered the main arc at about 108-km altitude. Since details of the drizzle

region are largely unknown, we can not |, a priori, expect -our assumed: model
to provide agreement in cvery detail with the observations. Rather, the

hope is that the model can account, at least qualitatively, for the observed
features.

Figure 2-31 shows our computed brightness at 2.7 pum for the north-
ward- and southward-viewing paths. Only one north-viewing data point and
two south-viewing ones are shown because so many spikes appear in the records
it 4s hard to pick out rcpresentative values. In addition, it should be
mentioned that the side-looking radiometers (2.7 and 5.4 pm) detected large
signals that are believed to be thermal emission from ejected:pieces of
the rocket (such as "clamshells" and other instrument covers). For this
recason we do not presently have data from these radiometers that we can,
unequivocally, attribute to the atmosphicre. llowever, the -data points
shown in Figure 2-31 are -believed to be aurorally produced.
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The computed emission arises almost exclusively from the
. N(®D) + 0, reaction. For comparison purposes, the total band radiance
(calculated) has been reduced by a factor of 0.63 to allow for the limited
system response. This correction was determined from Equation 2-6, using

1 the computed” spectrum (Figure A-2) and the relative response function
i reported in Reference 4.

The results suggest that our calcvlated values between 90 and
100 km are low by more than an order of magnitude.

Figure 2-32 shows the corresponding results calculated for the
5.4-um band.

o wm—————-— . .

T AT

They have been corrected for the instrument relative response

T

as described above (see description of Figure 2-27). Corresponding data
for this band: .are not yet avaidlable to us.

b2
k.
s
4
t

Figure 2-33 comparecs the calculated and observed radiance at
3914 A. In this figure, as well as in the succeeding four figures, we have
attempted to extrapolate the four calibrated data points (for both the mnorth-
and south-viewing sight paths) to higher altitudes (dashed -curves) using the
uncalibrated strip charts mentioned above. Although this procedure leads,
perhaps, to the correct trend, it should be realized that the magnitudes
shown by the dashed curves arc by no-means certain.

e 1 ~ i S

In Figure 2-33, the "hump" in the calculated northern radiance

between 95 and 110 km is -duc to- the main arc. A rather similar hump appears

in the corresponding data although larger in magnitude by a factor of about

X 2. This may, indeed, be -evidence to support the larger (by a factor of 2)
- measured- flux values (Figure 2-12) for the main arc, instead of those
} (Figure 2-14) actually used in :ithe calculation. Another alternative,

however, is the presence -of an "inverted-V" type of drizzle that would

b dac
£l

serve to-broaden and increasc the magnitude of the calculated "hump'.
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The calculated brightness above 120 km arises primarily from long
path lengths through the drizzle region, and the results would appear to
‘be in reasonable agrecement with the extrapolated data.

The 5577 A comparisons shown in Figure 2-34 are not so favorable,

especially above 115 km where the extrapolated data appear to decrease faster

with increasing rocket altitude. This may be evidence for the presence of

too many electrons with energy < 3 keV in our assumed drizzle spectrum. The
"hump' in the calculated northern brightness is again- due to the main arc
and is in reasonably good agreement with the data. As we have mentioned

before, however, the production rate of 0('S) atoms is quite uncertain
because the main mechanisms involved in the present calculations are

chemical and quenching rcactions whose rate coefficients are little more
than guesses.

-0
The 5199 A comparisons shown in Figure 2-35 present an -enigma to us.
The calculated brightnefs curves are based on: the assumption that the

emission is from N(?D), with the volume emission rate given by
¢ (5199) = 1.23 x 1075 [N(*D)} . (2-7)

The portion of the sight path to the north that intersects the main arc

occurs at altitudes sufficiently low so that the K(2D). should be

severz2ly quenched by reaction with -0, (to form NO). As a result, almost
all the calculated radiance arises from long paths through the high-altitude
portions of the drizzle region. That is why our calculated curve (north):
is so flat and shows no arc enhancement. By contrast, the (north-viewing)
data clearly show a "hump'" at about 100 km, somewhat similar to that
xhibited by the 3914 3 data in Figure 2-33. This result would appear to-
suggest a strong contribution from the -arc.

. . , . . +
‘Most of the N(ZD} atoms arise from- dissociative recombination-with NO-.
‘Contrary to Table B-1 (Reference 1).. the calculations in this report assume

that the nitrogen atoms from this source are all in the 2D stote,
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The calculatad brightness to the south shows a monotonic increase
with increasing rocket altitude as the sight path traverses regions of in-
creasing N(2D) concentration. Again, by contrast, the observed (south-
viewing) radiance appears to exhibit the opposite character, actually de-

creasing monotonically with increasing aliitude.

Although our model accounts for the magnitude of the 5199 R
emission seen to the north (at least below about 115 km) it clearly does not
account for the slope of the observed emission cither to the nov.h ur the
south. The observations scem to imply the presence of a streng low-altitude
(> 100 km) source of N(?D) both inside and outside the main arc. In this
connection we note, as mentioned on p. 63, that such a source would also
result in better agreement with the observed zenith radiance at 5.4 pm.
Further insight into this problem may be gained when the data for the descent
portion of the flight are available.

With respect to the 5199 R radiation, we have also investigated
the possibility that it-may arisc partly £rom sources other than NE*D).
The photometer bandpass -covers *he wavelength interval from about 5195 R to
5212 R (Reference 4). Permitt i transitions at 5201.8, 5199.5, and 5206.7 A
from N, N+, and 0+, respectively, fall in this wavelength: interval (Refer-
ence 25). Thesc emissions can, presumably, be excited by -dissociative exci-
tation and/or dissociatiwve ionization. The 0" emission-could also be
excited by direct ionization of atomic oxygen. The strongest of the above
threc emissions is likely ‘to be the first one .at 5201.8 K:{ZpZSdZP ~+ 2p23p2s?)
from atomic nitrogen because the energy of the -upper state involved (13.98 eV)
is -considerably lower than that for the ot .er two emissions. In this case
the total excitation encrgy for the dissc:iative excitation process -would
be 23.74 cV. The cross section for dissociative excitation of this emission
has net been measured. However, if we use, as -a guide, the measured disso-
ciative excitation cross- section in. N; for 1177 R emission (threshold at

23-eV) we find, from the ARCTIC code, brightness curves about 1.5 x 1072 of
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those shown in Figure 2-33 for the 3914 A emission. This would then provide
o

values in close agrecement with the observed 5199 A radiance, especially to

; the north, and would account for the observed "hump'" in the data. At the

1 present time, however, this possibility is only a conjecture, because -exci- 1
a

*
tation cross sections for the above-cited emissions are not known.

v e e o

(Y]
Figure 2-36 shows the comparisons at 3466 A. The calculations

assume that the cmission arises from N(?P). Unfortunately, the production

mechanisms (mainly chemical reactions) for N(®P) are not well known nor,

3 indeed, are the quenching mechanisms. The production and destruction

e s

mechanisms assumed here arc given in Reference 1.

TR
wltn

g 5

As in the casec of N(ZD), discussed above, our calculations

show -that the 3466 Kﬂemission from the side-looking photometer should be

Yo,

dominated by the drizzle region, with only -a negligible contribution (along

gz 34

the northern path) coming from the main arc. 1In the southern direction, our

it e T N2 P

TIRT

agreement with the low-altitude data is quite good although, at -higher alti-
F- tudes; the larger calculated values may imply, igain, an overestimate of our
3 assumed drizzle flux for electron enecrgies < 3 keV. The northern data seem

i to exhibit the same -type of "hump" scen at 5199 & ond 3914 A although, 3

o L s

) ] y . . . 1
from an increased production rate of N(ZP) in the main- arc or £rom an

F perhaps, not quite so pronounced. It is noi clear whether this hump arises
3
A "inverted-V'" type of drizzle.

[+]
We ‘have also considered the possibility that the 3466 A emission

ot e o R ey kot A

may receive contributions from other sources. The photometer bandpass -covers
] (1]
the region from about 3450 A to 3480 A (Reference 4). Included in this region-

arc permitted transitions from o* (3471 X), Ar (3461 R)Q Ar® 454 R)a the ‘ :

STl

(4,6) ‘band at 3457 Riof the 0 Herzberg T system, the (10,10) band at 3466 R
of the 0% (I NEG) system, and the (3,47 band at 3469 A of the Nj(2 POS)

system. The molecular bands appear to be much too wecak to play a part,

Fﬁﬁthé*more, auroral spectrograms do not clearly show the presence of a
line at ©201.8 A,

IR ARSI IE T L e
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Figure 2-36. 3466A brightness ( horizentil) viewed toward magnetic north and
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although it is conceivable that the atomic lines could contribute. Cross

sections for their excitation are not available and we have not attempted to

s e

estimate their possible magnitude. However, the possibility of a signi-

TET T NI T e Y

ficant contribution from one or more -of these lines cannot be ruled out at
the present time.

e

sl

The comparison at 3800 K, shown in Figure 2-37, is the final one
for the side-looking instruments. The calcula*ted brightness is based on
emission from the (0,2) band of the N;(2 POS) system. The shapes of the

observed and theoretical curves are roughly similar, although our calculated '

PR FTCS PR A

values are low by factors ranging from cbout 2 to 5. Again, use of the full

particle flux spectrum for the arc {(Figure 2-12) would have improved the I
7 agreement.

Sr iy

Figure 2-38 shows the calculated clectron temperature, 1;3 as a

TR SR

function of rocket altitude. The values at altitudes between about 108 and )
140 km -correspond to those in -the arc; other valyes are those appropriate .
‘to the assumed drizzle region. Data are not yet available for comparison.

Also shown in Figure 2-38 is the adopted profile of the neutral gas ©
temperature.

el

Kt Bt

If the full measured arc flux (Figure 2-12): had beun used as input

§, T e AL

= to the ARCTIC code, the calculated values for Te in: the arc would have been

vt e e e Mo

T

X larger than those shown in Figure 2-38.
: .

oo

3 A comparison-:between. the calculated ion concentrations on rocket

é ascent and the mass spoctrometer data.of Narcisi (Reference 16) is shown in
Figure 2-39. The jagged appearance of the data is modulation due to rocket
spin; their absolute values were obtained by normalization to the electron !

density profite deduced from the plasma frequency probe (Reference 16).
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2 Figure 2-37. 3800A brighiness {~horizontal) viewed toward magnetic -north

and south from Black srant 18.205-F on ascent.
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Before describing the comparisons shown in Figure 2-39, we empha-
size again the fact that the computed concentrations are based on chemistry
times, at each point, determined by the effective duration of the electron
flux., This time, in turn, depends on the geometry and velocity of the arc
as well as on the type, strength, and prior history of the drizzle. The
electron density, in fact, is rather sensitive to these parameters which, as

we have pointed out before, are not at all well established.

Consider now the computed and observed electron density profiles

shown in Figure 2-3¢. Below about 112 km, the agreement is reasonably good.

-Between about 115 and 150 km, however, the theoretical values are lower

than the measured ones by as much as a factor of 2; above 152 km they exceed

the measured values. As we noted earlier, energy deposition above about

120 km-occurs mainly by electroas wi.h energies < 3 keV.

This is precisely
the region where particle flux data are absent.

OQur assumed primary
spectrum (Figure 2-14) for this region is a pure guess. The measured
e¢lectron density profile above 115 km in the arc (Figure 2-39) suggests that
the arc flux spectrum should increase toward lower energies below- 3 keV

(n Figure 2-14) rather than decrease as we have assumed. -On the other ‘hand,
‘the rather abrupt change in slope of the measured profile (unlike that for
the calculated curve) at about 145 km, after the rocket has left the arc,
suggests that -we have overestimated the flux of low-energy primary electrons
in the drizzle spectrum (Figure 2-8).

In summary, several factors combine to :ender calculation of the
ion and: electron concentrations uncertain, especially abovc about 120 km.
These include :(1) the unknown incident flux of electrons with energy < 3 keV,

(2) the unknown history of prior electron bombardment, and (3) the uncertain
geometry and dynamics of the arc itself,
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E The lower (calculated) values of the clectron density above about ]
‘ 112 km in the arc may also suggest that the full flux values (Figure 2-12)
should have been used rather than the reduced (by a factor of 2) ones k
3 actually employed. This would have increased the calculated values of }
3 electron density by about v2, although the resulting values near 108 km
; would then be nearly a factor of 2 larger than thosc mecasured. | ]
%
E The foregoing remarks are also apropus to a description of the ion ?
; concentrations. The "kinks" that occur in the calculated N+, Nz+, and o %
profiles at ~ 140 km, as the rocket leaves the arc, arc also seen in the %
data, but they then occur at a somewhat higher altitude and are not so %
é pronounced. This is probably due to th2 spatial variation of the drizzle 3
3 near the main arc. 3
i Figure 2-40 comparcs the [NO+]/[03+] ratio on rocket ascent. ;
; The calculated values on rocket descent in the drizzle region are also shown. ?
: ) The comparison shows that the calculated ratios are somewhat higher than the é
ﬁ, measured ascent values. :
p . :
; Tt can be shown (sce, for cxample, Reference 15) that, in equili- E
A brium, the [NO+}/[02+] ratio is dominated by the quantity k;[NO}/(kgne) %
§ where n, is the clectron density, and k; and ks are rate coefificients g
s for the reactions 1
: i
3 02" + NO » 0 + NO¥ i
? and g
NO* + ¢ N+ 0O , !

respectively. Larger values for n, and/or smaller values for [NO], there- ;

fore, would scrve to lower our ratios more in line with the data. As we have

§
discussed earlier, use of the full particle flux (Figure 2-12) would, indeed, -

increase the calculated values for n, and- improve the agreement. As fer

the NO concentration, large uncertainties are inherent in its determination
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(as -previously described) because its magaitudc depends on the prior bombard-

ment history (see Figure 2-10). The assumed "initial" profile of [NO]

prior to onset of the drizzle (Figure 2-11) is somewhat arbitrary. A dif-

ferent profile would have resulted in different values for the [NO+]/[02+]
ratio.

s Mo

ol s

The sensitivity of the [NO+]/[02+] ratio to the strength and dura-

tion of the bombardment flux is illustrated in Figure 2-41. This figure

shows how the ratio varies with time at an altitude of 103.5 km under the

R N TR T T P

following conditions: After 30 minutes of continual drizzle bombardment,

the arc flux is turned on at t = 0 sec and rcemains on for 8.2 sec. At 8.2

4
sec the arc is turned off but the drizzle remains on. 3

The results can be
described as follows. At t = 0, the arc flux ionizes O;
.

.and drives the
! : [N0+]7[02+]: ratio down from its initial value of about 55 to a low of less

than 2 wnen- charge transfer with NO brings it back to a stabilized arc

il s

o bt

R _ +
value of about 6. When- the arc flux is removed;, ([C_'] decreases by charge
transfer with NO- faster than the N0t can decrease by dissociative re-

combination- and the ratio is then driven to values exceeding 100. Although

not shown in Figure 2-41, the ratio must eventually (~ 10 sec) settle back
to its steady state drizzle value of about 55.

o it B

In view -of the uncertainties associated with the bombardment

‘history of the region, agreement much better than that shown in Figure 2-40 2
can hardly be expected.
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Summary and Conclusions

A summary of our work and conclusions, based on a study of the
auroral event of 27 March 1973 near Poker Flat, Alaska, is presented below.

It should be emphasized that the data upon which much of this work was based

have not yet been formally published, but have been made available to us on
a preliminary (subject to change) basis.

Consequently., the conclusions

should likewise be considered preliminary, pending final confirmation of
the data.

e e T

The summary and conclusions are as follows:

(1) The event consisted of a thin arc (~5 km thick) with IBC
coefficient at least II+, imbedded in a surrounding drizzle region approxi-

E
3 . i
% ‘ mately 850 km in north-south extent. The arc moved erratically north and .
1

Y FRTe LTS PO
Ll e o e " s o il Lt b

s

south in a region between Ester Dome and Fort Yukon, irradiating the

atmosphere in a manner, illJ-defined, -except in the limited air space sur- :
rounding the rocket trajectory.

ot s iy

g (2): A model to -describe the event, including the arc geometry,
1 -dynamics, and accompanying drizzle environment, was devised. The ARCTIC

PPNV

code was run, for this model environment, and comparisons were made with
the preliminary data.

e ST

0
3 (3)7 Data from the upward-viewing rocket-borne 3914 A photometer
are inconsistent with the particle flux measurements.

Either the particle ; ?
flux is too high by .a factor =2, or else the photometer data are low by a
corresponding: amount.

T

Ground-based photometer measurements, uncorrected
for transmission losses, support the rocket photometer data. However, if a
the ground-based data are corrected for Rayleigh scattering and aerosol i

extinction, the weight of evidence shifts more in. favor of the particle flux

T

data. Comparison with data from other rocket-bornme instruments (especially =
. I

_}...yu..u#m st bt sl
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the side-looking 3914 A and 3800 3 photometers) lends additional support to
the particle data and suggests that the (zenith) 3914 R rocket data are

in error. : 4

AR il

(4) The calculated zenith radiance near 4.3 um is about four times

lower than the (ascent) CVF spectrometer data below 100 km, although the

agreement is reasonably good for rocket altitudes between 105 and 112 km on
ascent and also for altitudes down to 90 km on rocket descent. Agreement

with the (zenith) radiance data from the dual channel radiometer (4.3 um),

TR g e e e

however, is not so good, with the observed brightness above 120 km about 20

times larger than the calculated values. The apparent constancy of the radiom-

—vey

eter data above 120 km with increasing rocket altitude remains unexplained.

(5) The zenith radiance observed near 5.4 um, with both the rocket-

‘borne CVF spectrometer and the dual channel radiometer is not Significantly

AT

TSI SR

different on ascent (through the arc) and descent (outside the arc). This

contrasts with the calculated results that show a much higher relative

PRI LP I

‘brightness from the arc than from the drizzle region outside the arc.

A Furthermore, the obsérved brightness is about an order -of magnitude larger

PRI . WP R GNCPIIaNY

than the theoretical values. The data seem to suggest the presence of a .
source for vibrationally excited NO, both inside and outside the arc, much
3 greater than the calculated N(?D) + O, reaction can provide.

(6) Data at 5.4 and 2.7 um from the side-looking rocket-borne
radiometer are contaminated with thermal emission from ejected instrument

covers. However, the detccted radiance at 2.7 um that i5 (believed to be)

it

aurorally produced, is at least an order of magnitude larger than our
theoretical values. This appears to be consistent with: the discrepancy

noted in Item 5 above.

{7) Rocket data at 5199ax are hard to-reconcile with the calcu-

lated 'N(zD) emission. Suggested possibilities are (i) an additional

RN PO U

strong source of N(%D) operating at low altitudes (~100 km) inside and
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3 outside the arc (which would also be consistent with Items 5 and 6 above),

(i1) contributions from direct excitation of permitted line radiation (N, -

|-

+ 1
N, 0+) that falls within the bandpass of the photometer. Dissociative 1
excitation of such emissions appears plausible.

(8) The shape of the observed (northward) 3466 K radiance curve !
is also somewhat difficult to reconcile with the calculated N(?P) emission. @

Additional sources for N(2P) within the arc, or contributions from other
sources, are suggested.

(9) Comparison with the observed electron density profile, and

o
also with the zenith radiance at 3914 A, implies that our assumed particle

]

spectrum at energies < 3 keV contains too few electrons in the main arc and
too many electrons in the drizzle region. )

0,(1A) EMISSION

Enhancement of OZ(IA) emission (1.27 um) in auroras has been
E . the subject of controversy for several years. No data at 1.27 pm are
1 available from the ICECAP program. However, we have made a comparison

between the calculated emission from 0,('A) for the auroral arc of 27

P D

March 1973 with observations reported in the literature by Gattinger and

Vallance Jones (Reference 26) for a different auroral event that occurred
1 on 27 January 1973,

e st e s e i e

Although the two -cvents are different, one having occurred near
Poker Flat, Alaska, the other at Fort Churchill, Manitoba, the Poker Flat

event was. evidently more intense and so, presumably, for equal deposition
times, it would give rise to at least as much emission from 02£‘A) as
would the weaker event. It is instructive to see if this premise is indeed
correct and whether .electron bombardment can account for the observed -en-
gA hancement of 1.27-um emission.
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Observations were made (toward the zenith) from the ground at
5577 R and at 1.27 um into IBC Class II+ activity. The 5577 R emission was

irregular, but can be described approximately as having a peak intensity of

e e it

7
et st
M 1
e e oy i o
O

T

about 50 KR near onset and a subsequent exponential decay with a time con-

stant ~15 minutes. For comparison, we note that the observed (and calcu- !
lated) zenith intensity at 5577 R for the Poker Flat arc was about 70 KR.

Therefore, if we perform our calculations for the Poker Flat arc and allow

the flux to deczy in the exponential manner described above, the results

o i

should overestimate the I.27-um enhancement produced by precipitating |
-electrons for the Fort Churchill event. i

T T T
| T Y d

; ; The significant processes controlling the: concentration of 0, (*A)
*
above about 100 km are believed to be electron excitation : ;

L

e + 02(X3Z) + e + 0,(aln) (2-8)

and radiative deexcitation

02.(a'A) =+ 02 (X*L) + hv - (2-9)

Collisional quenching by 0, ('A) with a rate constant of about 2.4 x 10” '®cm’
‘ sec” T should not be important above about 90 km. Thus, ignoring any trans-

3 port -effects, the concentration:-of 0,(*A) is determined by the simple :
1 equation

e il

s

adg [02(*8)] + A[02('M)] = q(t) . (2-10)

Here, A is the radiative decay rate (2.5 x 10" sec™!), and q(t) is the ]
volume excitation rate (cm ® sec !) of 0,(%A).

Chemical excitation has also been proposed (Reference 27). B 1

96-
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In accordance with observations, we take

q=q ¢ . (2-11)

The solution to Equation 2-10 is then

[0.(10)] = K£¥LE (e_at - e'At) . (2-12)
A decay time of 15 minutes for the source implies & = 7.7 X 10°" sec '.
With this value for «, Equation (2-14) then provides a peak concentration
for 0,('4) (and emission rate at 1.27 um) about 35 minutes following

auroral onset. This is consistent with the observations of Gattinger
and Vallance Jones (Reference 26).

The volume emission rate in the (0,0) band at 1.27 um is given by
¢(1.27 um) = Ap[0,('D)] (2-13)

where A, is the transition rate for the (0,0) band (2.55 x 10™" sec !).
Thus, the intensity seen from the ground: is

I1(1.27 um) nd/.¢(l.27 um) dz
0

(a?lA)n (e-At - e-at{}.qo dz (2-14)

0

where n 1is the transmission factor.

Calculations by Evans et al., (Reference 28) as -well as estimates
based on the calculations of McClatchey and Selby (Reference 29) suggest
that n = 0.05. From the ARCTIC code, we also find

[+ -]
f qo dz = 2.0 x 10*! (cm™? sec™™ . (2-15)
3
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Equation 2-14, together with the parameter values cited above i
lead to the results shown in Fig.fe 2-42. Shown for comparison are the oy

observations of Gattinger and Vallance Jones. The measured maximum ground P

enhancement at 1.27 pym is seen to be about 5 times larger than that calcu-

lated. The two curves can be brought into approximate agreement if it is

A ol

assumed that the transmission factor is > 0.25. However, the weigiit of l

evidence seems to preclude such a large value for n.

uiacishin ol

Although our calculation was not based on the precise environ- ¢
mental conditions prevailing at the time of the ground measurements, the
9 results, nevertheless, suggest that electron bombardment alone is insuffi-

cient to account for the magnitude of the observed enhancement .at 1.27 um. ‘ ]
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SECTION 3

STUDIES RELATED TO LWIR PRODUCTION
AND TO EUV EFFECTS IN THE AURORA

Part of the work performed under the present contract has been a
continuation of the efforts initiated previously (Reference 1) with respect
to effects produced in the atmosphere by ultraviolet (UV) and extreme
ultraviolet (EUV, A < 1000 K) radiation generated by auroral electrons.

The motivation for these studies was twofold. First, if trapping of a
sizeable fraction of the EUY radiation in high-lying states occurs.,, as has
been suggestedwby Zipf (References 30 to 33), then leakage of energy into
the LWIR might be significant. In particular, we sought to explore the
possibility that such leakage could account for the spectral band features
observed: near 8, 9.2, and 12 ym in ICECAP and other auroral experiments.
Second, if the chemistry and emission: properties of auroral arcs are signi-
ficantly altered by absorption of these short wavelength radiations, as

has also-been suggested by Zipf; then: a proper interpretation of ICECAP

and other auroral data would have to make allowance for such effects.

A brief account -of the work performed and conclusions reached in
these two areas is now presented.

LWIR EMISSION FROM ELECTRONIC TRANSITIONS IN. N,

Our efforts to account for the LWIR features :(near 8, 9.2, and
12 ym) observed at high altitudes in certain rocket experiments (References
34, 35) have centered upon a study of the high-lying states of the N

moleculo, It was felt that N2, being the dominant molecular species, would
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be the most likely source of EUV and, possibly, of the observed LWIR ‘bands

that might arise from transitions between clcsely adjacent states at high
energies.

The states of N, that we surveyed are described and tabulated

in Reference 1 (Tables S and 6). Qver 200 states at energies above 12.4 eV

were assembled, mainly from UV absorption data. Differences were taken

between those statds, -connected by allowed transitions, that might give rise

to the observed LWIR features. A considerable number of possibilities were

found, although the uncertainty in wavelength of many of them is large be-

cause the uncertainty in energy of the levels involved is often as great as
the energy of the LWIR photons themselves.

The conclusions we have come to, based upon a further study of the
states involved, are as follows:

(1) With the possible exception of the (0,1) band of the
wléurr a'Hg system (9.3 pm) no states at energies below about 12 eV apprar

capable of generating the observed: bands. Even the above ‘band is usua’ly

weak -or absent under dc discharge conditions in- Nz (Reference 36) and is,
therefore, an unlikely candidate.

(2) Most of the states observed in UV absorption studies that lie
above about 12 eV, but below the first ionization limit at 15.6 eV, are

strongly predissociated (Reference 37). Those states that are observed:

in emission: (and hence not predissociated) do not have suitably adjacent

states with:which: to connect to produce the observed LWIR bands.

(3) For states lying above the first ionization potential, high
resolution absorption studies ‘have shown that the rotational: lines involved,

aithough varying in width, are of the order of 0.01 to 0.1 K wide {(Doppler
width ~0.002 A). This corresponds to lifetimes of ~107!! to 107!2 sec and

implies that the states are strongly autoionized and/or predissociated
(Reference 38).
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If leakage of trapped EUV energy into the LWIR is to account for
the observed features, then not only should suitably adjacent states exist
in the molecular system, but also the cross sections for UV absorption into
and radiation from them should be large. The foregoing observations,
however, appear to preclude the satisfaction of these conditions, and we
conclude that the N, -molecule is not the source of the LWIR features.

The attempts outlined above to explain the LWIR bands were predi-
cated on the assumption that they are aurorally produced. However, observa-
tion of the features under aurorally quiet conditions above Poker Flat,
Alaska in February 1974 suggests that this may not be the case. Consequently,
no further study of the bands was made pending clarification of the circum-

stances surrounding their occurrence.
UV GENERATION AND ITS EFFECTS ON 5577 K EMISSION

The generation of UV and EUV radiation by precipitating auroral
electrons, and the subsequent effects upon the chemical and optical pro-
perties of auroras, is not well known, to-say the least. Good laboratory
and field data on the EUV spectrum are much needed for this purpose.
References 39 to 41 give some information, but it is far from adequate.
The -expected data from- the University of Pittsburgh are not yet available.
Consequently, firm conclusions regarding the importance of the effects

cannot yet be made.

We have, nevertheless, performed a cursory investigation of certain
aspects of the problem. First, an attempt was made to estimate the fraction
of precipitated electron energy that may go into EUV radiation by studying
the energy partition calculated using the ARCTIC code. 'This is, aanittedly,
rather crude because the cross sections for excitation-of the higher-lying
states of the major species are not well known nor, indeed, is the ultimate
fate of the excitation energy. Second, we have considered the influence of
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EUV radiation on the excitation of 0('S)

and the subsequent emission at
' 5577 A.

This green-line emission from atomic oxygen is a standard reference
in auroral work, including the ICECAP program, and it is important, therefore,
to understand the mechanisms involved in its generation.

A brief summary of the results -of this work are as follows: o

Estimated Fraction of Precipitated Electron Energy
Radiated at X ¢ 1000 A.

In order to estimate the fraction of precipitated electron energy
radiated in the EUV above 100 km, the ARCTIC code was used to calculate the
4 energy partition resulting from the stopping of primary electrons in an
air mixture consisting of 73% Nz, 14% 0,, and 13% O.

This mixture corres-
ponds to an altitude of about 120 km.

Halita

The partition- into 187 different states was determined for primary

] electron energies ranging from 1 eV to 100 keV. The detailed results are
t

not presented here, although a somewhat condensed version for an N2/02
mixture is shown in Table 2-1.

A e i AL R b b

The history of many of the states following their excitation is '

not well known. States of N, and O that predissociate and preionize

may ultimately lead to radiation from the product atoms or atomic ions.

A Ktk o

The fraction of such energy radiated: and its spectrum are presently unknown.

Fortunately, however, only a relatively small part of the incident electron
] energy is deposited in states such as these.

Table 3-1 is our best guess of the fraction of energy radiated in 1
the EUV and the approximate wavelengths involved. It Is based on the
partition determined for the stopping of a 10 keV electron, although the

ngﬁm)ﬁ i
s - #rh Ak et

-detailed partition is actually rather insensitive to the primary energy for
ey
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values above about 1 keV. Most of the radiation is seen to arise from
Rydberg transitions in N, and from the b'lz: state of Nz. The indicated
fraction radiated by the latter state is probably an upper limit because some
of the higher vibrational states associated with it are not observed in
emission and are evidently predissociated. Direct excitation of atomic

oxygen appears to contribute only negligibly to the EUV.
The conclusion from the foregoing (rather crude) analysis is that
not more than about 10 percent of the precipitated electron energy is

radiated in the EUV.

Table 3-1. Estimated fraction of incident electron

energy (10 keV) radiated in the EUV.

Wavelength (Z) Radiating Species Process Eractiqn Radfated—;
900-970 Nz(b’?§::) direct excitation 1.772 ($?£$2)

~ 960 N2 (Rydberg). direct excitation 6.0"%
~:865 N2 (Rydberg) direct -excitation 1.872
916 N* dissoc. foniz. of N, | 1.47%
776 N* dissoc. ioniz. of N, | 7.7°
747 N dissoc. ioniz. of N, | 5.67"
672 N* dissoc. ionfz. of N, | 6.3
533 N dissoc. ioniz. of N, 4,97"
879 0 ~dissoc. excit. of 0, 9.07%
990 0 dissoc. excit. of 0, 1.87%
833 0 dissoc. ioniz. of 0, [ 2.1°%
77 0" dissoc. ioniz. of 0, | 9,273
TOTAL  ~1.0°!
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Possible Effects of EUV radiation on 5577 R Emission

Two possible effects of EUV radiation on the 5577 R emission from
atomic oxygen were considered. One deals with the peculiar observations
reported by Romick and Belon (Reference 3-13) that shows that the thickness
of an auroral arc measured at 5577 R is only about half as large as that

measured at 3914 R. The other deals with the importance of 0(!S) excita-

tion by photodissociation of 0, as compared to other excitation mechanisms.

Arc Width at 5577 R

Auroral excitation of O(IS) and subsequent emission of the
5577 R line is normally considered to arise from a combination of direct
plus chemical processes. The ARCTIC code, for example, predicts that nearly
half of the excitation arises from the quenching reaction

Nz(A:"ZI;'?, + 0(%pP) Nz(x—'l—g;:) + 0(¥s). (3=1)

Most of these processes, however, including Reaction 3-1, should produce an
excitation rate nearly proportional to the energy deposition rate. This
means- that the emission rate from O0(!S) should be nearly proportional
(except for lifetime considerations) to that from N; at 3914 A which arises
from: divect electron excitation. Therefore, photometers viewing upward

along the magnetic field lines: and scanning across an auroral arc, should
see about the same intensity fall-off from the center to the edge of t'ie

arc at both 5577 K and- 3914 3. The results of Romick and: Belon, hLuirover,
show that the brightness at 5577 A falls off from- the arc center faster

than does that at 3914 A.

According to Zipf (Reference 32), the dominant excitation
mechanism for O(!S) in the aurora is photodissociation of 0z by

aurorally-generated EUV. We therefore sought to -explore the possibility

dissociation of 0Oz, might account for the Romicl: and Belon result.
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A detailed treatment of radiation trapping in an arc is clearly

2 complex and involves a consideration of radiation transport. We attempted,

3 instead, to- determine the plausibility of the idea by estimating the (rela-

] tive) energy density of EUV radiation across an arc based on a one-dimensional
random walk model for the photons. In particular, we assumed a gaussian
profile for the volume production rate of -EUV photons across the arc. Each |

photon was then allowed to random walk in one dimension with a probability §
t
a) of resonant scatter and (1 - a;) of absorption at each scattering. Thus, :
|

if the volume production rate of EUV photons, as a function of distance x
from the arc center, is given by

2 2 \
P(x) = P(0) &% /2%0" | (3-2) {

it can then be shown that, for the simple model considered, the photon

number density across the arc is determined from the equation,

& PO) &= m-) [ g2 x2 ) . 1

o, = - g - —— f .-

: Y- : ——T T L b3

? T neo., ;Z: a1 mAg“ + Xo exp 2(MAo% + x0%) 3-3) R
:ﬁ]:l ' E

# Here, n is the molecular concentration, c¢ the speed of light, GT the

i total scattering cross section, and Ay the radiation mean free path. o

a2 ’ 3

; ,

3 Equation 3-3 is a superposition of gaussian functions each of

] .

: which is broader than the volume production- rate profile 3-2. Consequently,

. the energy density of the radiation field falls off wore slowly from the 7
! arc center than does the photon:production rate. But the photon (EUV)

v production rate should be proportional to the production rate -of 3914 A

photons since both are proportional to the energy deposition rate. But if ‘
the 5577 R emission is excited mainly by (EUV) dissociative excitation b
of 0,, then its volume emission profile should behave like that of the EUV
energy density. The result should then be a broadening of the arc width

o
seen at 5577 K relative to that seen at 3914 A, contrary to the observations
of Romick and:Belon.
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The conclusion, subject to the limitations of the simple model
adopted, is that the Romick and Belon observations cannot be accounted for
through photodissociative excitation of 0('S) by trapped EUV photons.

Photo-Dissociative Excitation of 0(!S)

The quantum yield of 0('S) atoms resulting from the process

0, + hv > 0 + 0('s) (3-4)

has. been measured by Lawrence and McEwan (Reference 42). For wavelengths
outside the range 850 A < A g 1200 R the yield was found to be negligible.

The peak yield occurs for A ~ 1050 R and attains a value of about 10 percent.
This means that about 10 percent of the photons (A = 1050 R) that are
absorbed by 0, are effective in producing O0('S) atoms. The average

value over the indicated wavelength range is about 5 percent.

An upper limit to the volume excitation rate of O('S) atoms by
process 3-4 can now be estimated as follows. Let

"

& = energy deposition rate by bombarding electrons

ny = fraction of energy radiated in interval -850 K to 1200 A
nz = fraction of the radiated energy absorbed: by O,
na = quantum yield of 0(}S) atoms

The excitation rate is then given: by

Arl
0L~ s/ 7 (5-5)

where hv is the average photon {(UV) energy.
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Reliable estimates for n; are not available.

However, study of
_ our results on energy partition in an Nz, Oz, O

mixture (mentioned above) |
* . 3
leads us to assign a value of about 0.14. This is very likely an upper

limit. Other upper limits are n, = 1, and n3 = 0.1.

For an average photon 3
wavelength of 1000 K (12.4 eV), Equation 3-5 then leads to the result

e 2 @ . - ) E
{ dt v

A e P Lo itk b i C A N

As an example, consider the auroral arc of 27 March 1973 described.

in Section 2. At the altitude of peak energy deposition (=~ 101 km), we have

3 E=2.7x107 eV em? sec”!. Equation 3-6 then yields

12L9L1§213 < 2.7 x 10* (em ¥ sec™d . (3-7)
Y

:
E}-‘i
3

b e Ll

Because of the upper limits assumed for the parameters, especially

n,, it seems likely that the value given by Equation 3-7 is too large by at
least a factor of 2.

Nevertheless, it is instructive to compare it with

; values for the dominant excitation processes included in the ARCTIC code.

i Table 3-2 shows the calculated -excitation rates for 0('S) from these other
4 processes at an altitude of 101 km in- the auroral arc, 8.2 sec after onset.

E With the assumed rate coefficients (none of which is well known) nearly ;
E half of the excitation rate comes from quenching of N,(A%Z). Zipf (Refer- i
ence 32) has suggested a rate coefficient for this quenching reaction -of

1.5 x 107** cm® sec™!. Use of this value would provide an even larger con-
kK
tribution from A-state quenching.

E
This includes .a contribution of 0.04 from wavelengths 1000 K'to 1200 A ° :
along with the 0.10 contribution from Table 3-1 for wavelengths < 1000 A.
* % -:]- « .
A value of 1.5 x 10”*! for this rate coefficient, alogg with the other ex- '
4N citation. processes shown in: Table 3-2, leads to 5577

C ! A intensities larger !
than observed on ICECAP. Consequently, the rate coefficient ‘has been !
lowered to the value shown in Table 3-2.

i
108

ORI A

o g
S ~

|
|
]
I
I
|
I

et o b e R e 2 4



R O i R

s

L

F( VDT

e o b

P

. e
- - E—— - S T—T Sadaniaid Bt penie Lk o o ki e "’”“""""1

Table 3-2. Volume excitation rates of 0(!S) at 101 km

in auroral arc of 27 March 1973. f

. ASSUMED RATE |  VOLUME EXCITATION

PROCESS CONSTANT 7 RATE _ ;

(cm® sec”!) - (em™3 sec™?) .
direct electron excitation --- { 6.4°
0*(2D)+0,——= 0(*$)+0; 1-10 1.8
0" (2P)+0,——=0(!5)+0; 1-10 : 3.6
N*(3P)+0,—=0(1s)+N0* 1-10 1.3
INT(15)+0,—— 0(5)+N0" e | 1.0
N(2P)+0,———0(¥S)+NO ' =11 7 21"
{ e+03 —==0(3P)+0.97 0('D) 2.8°7 | 5,43

: +0.03 0(*S)
N2 (A®Z)+0(°P)——=-N2 (X'2)+0('S) 5.07'2 | 4.2 f‘,
T = 9.1 "

1f the upper-limit contribution due to the UV (Equation 3-7) is now 3 ,
added to the results shown in Table 3-2, we find: that it would contribute f‘;
about 20 percent to the total excitation rate of 0('S). Realistically, i

the contribution is: probably no greater than about 10 percent if the con-
tributions from the other processes are reasonably accurate. This result
is at variance with the above-mentioned conclusions of Zipf who attributes
most of the excitation of O(!S) to the UV mechanism.
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It should be cautioned, however, that the only excitation rates
shown in Table 3-2 that we have some confidence in are those arising from
the direct electron process and from dissociative recombination in O;.
‘Rate coefficients for the other processes are very uncertain. Therefore,
no firm conclusions on the relative importance of the UV mechanism for

L]
excitation of 5577 A emission can presently be made, and our preliminary
conclusion is highly tentative, to say the least.
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ATMOSPHERIC -HEAVE UNDER AURORAL ELECTRON
BOMBARDMENT CONDITIONS

g g T
S A T g

The MICE code has been used to estimate the atmospheric heave
resulting from IBC Class III auroral electron bombardment conditions. The 3
: primary clectron flux at the top of the atmosphere was taken to be

{ ¢ = 2.2 x 10° e'E/S'S’. (em™? sec”! ev'h 4-1) 4
1 |
£ "y This corresponds to an integrated energy deposition rate of 1.6 X 103 ev
[ i cm % sec”!.
-
3 P The altitude dependénce of the deposition rate (ergs gm ' sec™ ')

E determined by the ARCTIC code is shown as the solid curve in Figure 4-1.
% o For input to the MICE code we have approximated this curve by the dashed:
L ‘ curve in Figure 4-1, namely, a deposition rate of 1.4 x 10° (ergs gm'1
sec ') above 100 km.

Y

The pressure efficiency above 100 km is not well known. However, 3
s in orde~ to obtain an. upper limit on the atmospheric heave, we have arbi- J

trar® .y assumed an efficiency of 70 percent so that a constant value of

I x 16° (ergs gm * sec”!) is input as a heating rate above 100 km.

The results are shown in Figures 4-2 and 4-3. Figure 4-2 shows
the altitude of selected air parcels as functions of time for the first 4
minutes of the bombardment. Figure 4-3 shows the vertical displacement of
the air at 4 minutes as a function of the initial altitude. From--Figure

-

4-3 we -sce that the maximum heave occurs at an altitude of about 145 km
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'VERTICAL DISPLACEMENT AFTER 4 MINUTES (km):

Vertical rise of atmosphere after 4 minutes of bombardment.
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and attains a vertical displacement of less than 4 km after 4 minutes of
continual bombardment.

This is only about one fourth of the scale height
at that altitude.

S —
o T

The actual amount of heave is expected to be less than

the results shown would indicate becausc we have used a pressure efficiency
that is undoubtedly too high.

g

We conclude that atmospheric heave, rcsulting from ele ‘tron
precipitation during an auroral cvent, is not a significant cffec.. This
conclusion is borne out by recent incoherent scatter measurements during

it s

the recovery phase of a magnetic substorm (Reference 43). The same

‘measurements suggest, however, that hcave at high altitudes resulting

from joule heating by the clectric ficld that drives the aurorail electrojet,

R S

may serve to enhance the F-region ionization by significant amounts.

st L L
N TR «
.

2

It should be noted, nevertheless, ‘that evidence cited in Section 2 3
shows that the auroral zone latitudes undergo almost continual electron

precipitation ranging from a weak "'drizzle' to the intcnse bombardment

associated with- strong arcs. The calculations described above pertain to

heave effects expected from strong events that are typically of short

3 duration. We have not addressed the question of what may happen to the
h:

atmosphere at high latitudes when it undergoes a "drizzle" - type bombard-
ment for days on end.

it i il

Naie

1t may, -conceivably, produce a significant departure

of the composition, or even the density, from that prevailing at lower
latitudes.
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SECTION 5
SUMMARY, DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

The work reported above has been divided into three main
categories: (1) Applications of the ARCTIC code, (2) EUV effects ia the
aurora, and (3) Atmospheric heave from avroral election precipitation. The
largest effort, by far, has gone into category (1), with particular emphasis
on a study of the auroral event of 27 March 1973 near Poker Flat, Alaska.
This section gives a brief summary of the results and conclusions of our
studies in these three areas, and lists some specific recommendations for
future action.

APPLICATIONS OF THE ARCTIC CODE

For potential use in weapon effects applications, the ARCTIC code
was first used to determine the energy partition that results from stopping
of keV electrons in normal air. The calculated partition into the various
excited states was tabulated. The accuracy of the results is mot known
because many of the cross sections employed are quite uncertain. However,
the computed energy required to produce an- ion pair in air agrees well with
the limited experimental data.

The code was then run for the case of a hypothetical auroral
event, and the resulting energy depnsition profile was compared with: ones
predicted by other codes. Our results were found to be in good agreement

with those from the Lockheed code, that performs :the calculation in quite
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a different way. Minor differences in the results can be attributed to

differences in the assumed elastic scattering cross sections. Species

" excitation rates were also calculated and the results presented.

The major application of the ARCTIC code was to the auroral event
of 27 March 1973, cited above. With the aid of data supplied to us by AFCRL,
Photometiics, and Utah State University, we first constructed an approxi-
mate model to describe the geometrical anud dynamical aspects of the event
that consiited of a large drizzle region surrounding a smaller, but more
intense, main arc. AFCTIC runs were made to assist in constructing the
model, and subsequent runs were used to provide radiance and other data
for comparison with observations. Conclusions, based on these comparisons,
are as follows:

() At the time of rocket entry to the avc, the arc had a width
x 5 km (north-south) and was moving northward with a velocity =~ 0.61 km
sec’!. The associated drizzle region was probably of the "inverted-V"
type and extended for a-distance of about 540 km to the north and 310 km:

to the south of the main- arc.

(2) Rocket photometer data of zenith. brightness (3914 K) are
inconsistent with the particle flux measurements. Either the particle data
are too high by a factor =~ 2 or else the photorieter data are too low by a:
corresponding amount. Although our calculations were performed with the
assumption that the particle data are too high, Subsequent comparisons and
-considerations (including allowance for atmospheric transmission losses
inherent in the ground-based photometer data) suggest that it is probably
the 3914 R photometer data that are in error.

(3) The calculated zenith radiance near 4.3 um, including con-
tributions from NO' and C0O,, cannot account for the reported magnitude

of the observed emission. Although the data from: the spectrometer and
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radiometer are not entirely consistent, our theoretical values are generally
lower than those observed. The apparent constancy of the radiometer data

with increasing rocket altitude above 120 km (if real) is a mystery.

(4) The calculated zenith radiance near 5.4 um (NO chemilumin-
escence) is as much as an order of magnitude lower than the obseived values
from both the dual channel radiometer and the CVF spectrometer. Tie meas-
ured zenith radiance on rocket descent (viewing outside the arc) ic nearly
as great as that measured on ascent (viewing through the arc). This sur-

prising result is not borne out by the calculations.

(5) Some of the data from the rocket-borne side-looking radiom-
eters (2.7 and 5.4 um) are contaminated by thermal emission from ejected
parts of the rocket. However, other pieces of the data, believed to- be
aurorally produced, suggest that our computed NO: radiances (at 2.7 um)
are low by at least an order of magnitude. This result is consistent with

the findings in Item 4 above.

(6) The shapes of the observed (north- and south-viewing)
radiance curves at 519923 are hard to reconcile with the calculated N(?D)
emission. Suggested possibilities include (i) an additional strong source
of N(?D) operating at low altitudes (~ 100 km) inside and outside the main
arc {which, incidentally, would be consistent with Item; 4 and- 5 above),
ard (1i) contributions from direct excitation of:permitxed line radiation
(N,, N+, 0*3 that falls within the bandpass of the photometer.

(7) The shape of the observed (morthward) 3466 K radiance curve

is also somewhat -difficult to reconcile with the -calculated N(?P) emission.

118

.

s e

&

v v ke etmae e
o

2. S L ™l e st

ik

T T~

s




i

G aamiadl oy

T T——

-y

TS YT T

o T Y T A

t

(8) Comparisons with the observed electron density profile, and
also with the zenith radiance at 3914 K, suggest that our assumed particle
spectrum at energies < 3 keV contains too few electrons in the arc and too
many electrons in the drizzle region.

(9) The positive ion mass spectrometer data imply that the NO
concentra: ion between 100- and 105-km altitude was > 10° cm ® in the vicinity

of the auroral arc. This represents nearly a 40-fold enhancement over cor-
responding low-latitude values.

(10) Comparisons between the «lculated zenith radiance at 1.27 um,
and observations reported in the literature, siggest that auroral enhancement

of Og(lA) ¢mission cannot be accounted for entirely on the basis of electron
precipitation.

With respect to the foregoing calculations, we should mention,
perhaps, that no- account was taken of the electrojet. The work of Cole
(Reference 44) implies that at altitudes below 150 km, the effect of the
electrojet may be described (by means of a conductivity tensor in the
manner of Rees and Walker (Reference 45)) as joule heating. The ion tem-
perature can, conceivably, be raised above the neutral gas temperature,
although the unknown character of the electron precipitation over the
drizzle region would render difficult any reasonable assessment of the
electric field and the resulting increase in Tio . However, temperature
increases by more than factors of 2 or 3 would not be expected, and:-we

believe that our neglect of the electrojet -does not introduce serious errors.

In concluding our remarks, we wish to emphasize that the calcu-
lations and: comparisons presented should be regarded as a "first-cut"

effort. Infcrmation obtained from additional and/or revised data, along

with insight gained from the above comparisons, will place us in a position

to define a better model’ for the auroral event and to reach more definitive
conclusions in the follow-on effort.
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EUV EFFECTS IN AURORA

Two areas addressed with respect to possible extreme ultraviolet
(EUV) effects in the aurora were: (a) the possibility that aurorally-
generated EUV radiation, trapped in high-lying states of N;, might leak
out into the LWIR through transitions to neighboring states, thereby
accounting for certain LWIR features observed from ICECAP rockets at high
altitudes; (b) modification of the 5577 R emission thrrugh EUV trapping

and subsequent production of O(!S) by photodissociative excitation of
0,.

The conclusions reached, which are very tentative because of the

almost total lack of data on the aurorally-generated EUV spectrum, are as
follows:

(1) The N, molecule does not appear to be the source of -the
observed- long wavelength infrared (LWIR) features. Bands that arise from
states at energies below 12 eV in N, occur at the wrong wavelengths.,
States above about 12 eV, whose energy differences make them attractive

candidates, are strongly predissociated and/or preionized and so will emit

weakly, if at all.

(2) Based on an: ARCTIC code study of energy partition, we esti-

‘mate that not more than about 10 percent of the precipitated -electron:
-energy is- radiated in the EUV.

(3) A simple model of photon transport leads to the conclusion

-0
that trapped EUV photons, that produce 5577 A emission by photodissociative
excitation of 02, cannot account for the observed fact that auroral arcs
R _ o
.are narrower when--measured: at 5577—K'than when measured at 3914 A,
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(4) No more than about 20 percent of the 5577 X auroral emission
can be attributed to photodissociative excitation of 0('S) by aurorally-
gererated UV radiation. This result, that is at variance with the findings
of Zipf, is based partly on the validity of uncertain rate coefficients for-
chemical excitation, incluaing the quenching reaction

N2 (A°Z) + 0(°P) » No(X'Z) + 0('S),

which we find to be the dominant source of 0(!S) atoms.

AURORALLY-PRODUCED ATMOSPHERIC HEAVE

To study the possibility of atmospheric heave under auroral
bombardment, the ARCTIC code was first run to establish an altitude :profile
of energy deposition under Class III auroral conditions. An approximation
to the calculated profile was then used as input to the MICE code and,
taking what we believe to be an upper limit for the pressure efficiency,

we calculated the heave resulting from 4 minutes of continual bombardment.

The conclusion is that heave, under the stated conditions,. is
insignificant. The maximum effect occurs at 145 km where the vertical

displacement of the air is only one fourth of the scale height at that
altitude.

In spite of the foregoing conclusion, it seems possible, however,
that the effects of prolonged bombardment in the auroral oval, that may
occur almost continually, could lead to significant differences between
the high- and low-latitude profiles. Resolution of this question would
entail a calculation that takes into account additional effects such as
winds, diffusion, -solar radiation, etc.
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RECOMMENDATIONS

; In order to improve our understanding of the mechanisms involved
in a disturbed environment, and to maximize the usefulness of future field

data, the following recommendations are made. It is realized that some of

e

them may be difficult to implement. They are listed in approximate order

of importance as we currently view them.

TR TV

(1) Rocket-borne optical and infrared instruments should be o
oriented so that they view upward along the magnetic field lines. Since

3 the particle flux data permit a determination of the energy deposition and

RO NS

partition along the field lines, direct comparison between the computed and
; observed emissions would then be facilitated.

Instruments that look sideways reccive radiation from long paths

g through (drizzle) regions that are not well -defined, if at all, by the b

rocket-borne particle detectors. Calculated radiances for such paths are
very uncertain and comparisons with the measured values are, therefore,
much less valuable.

™

We realize that space limitations probably prevent the mounting d

”

of all op;ical/infrarediinstruments in the rocket nose. However, if it 3
were possible to- orient the rocket so that its axis were nearly horizontal,

then the side-looking instruments could view upward along the field lines

TEE—

2ol o B,

- once per rocket spin.”

3 (2) Rocket flights, coordinated- with satellite measurements of

S 2

particle flux over a wide region surrounding the arc, would be very

3 desirable. This is especially important if Item 1l above cannot be imple-

mented, because information is needed to define the drizzle region that f

contributes in a: dominant way to the radiance along sight paths. that are
not field aligned- through the arc. In fact, such. satellite-acquired data

|

- * éLacking this possibility, it is important that at least the 5199 R?photome o
eter be mounted so as to view in the prescribed :manner. -
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over a period of days prior to a proposed event would help to define the
environmental conditions prevailing at the time of rocket launch.

(3) Instrument covers should not be ejected from the rocket, if
possible. Their presence in the field of view of the (IR) instruments
seriously degrades the usefulness of the data.

(4) A better understanding of the important excitation mechanisms
(-]
for O(!S) atoms, leading to 5577 A emission, can be achieved: if rate
coefficients for the following reactions are measured:

N2 (A°Z) + 0(’P) » Np(X'Z) + 0('S)
N(2P) + 0, > NO + 0(}!S)

N*(3P). + 0, » NO* + O('S)

0*(%D) + 0, »0," + 0('S)

These are the dominant production sources for 5577 R emission currently in
the ARCTIC code, but their rate coefficients are quite uncertain. Direct
electron excitation of 0(}S) is not -competitive with- these sources nor,
do we think, is photodissociation of ‘0, the dominant mechanism. However,

these conclusions could change if our assumed rate coefficients are too
high.

(5) Rate coefficients involving the production and destruction
of N(*P) atoms are also needed. These include

N*(*D) + 0, + N(?P) + 0"
NY(1S) + 0, + N(?P) + 0,F
N(P) + 0, = NO + O
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(6) Photon spectra and yields from the following chemiluminescent
i reactions need to be measured:

] N(*D) + 02 » NO-+ O (5.4, 2.7 um) I
1 0,* + NO > NO* + O
: 2, L (4.3 um)
: N2t + 0(%P) > N0 + N 4
; For the third reaction, the branching ratio for production of N(*S) and 3
A 3
; N(%D) atoms should also be obtained. 3
’
(7) In situ measurements of the EUV spectrum in an auroral 3
environment are needed. Without such data, the importance of EUV effects
on auroral interpretations will remain inconclusive. ;
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APPENDIX A

SPECTRAL DISTRIBUTION:OF NO CHEMILUMINESCENT EMISSION FROM
THE REACTION-N(2D) + 0,~NO + 0

The spectral distribution of energy emitted in the fundamental
(5.4 um) and first overtone (2.7 um) bands of NO from the N(?D) + 02 re- -
action -has not been measured. It can be calculated if the distribution among
vibrational states of NO immediately following the reaction is known. Unfor-
tunately, this information is not available. However, in conformity with
the assumptions made earlier with respect to chemiluminescence, we -will
assume that the vibrational levels are populated with equal probability up
to the maximum allowed by energy conservation. On this basis, we proceed

to derive the spectral distributions, making due allowance for the rotational
structure of the bands.

If n is the highest vibrational state permitted by energy conser-
vation {(n=18 for the N(ZD)+02 reaction), we then assume that the probability
of populating any of the levels v=0,1,2,--<, n is the same. With: this
assumption, it can then be shown that, for the fundamental bands, the average
number -of transitions (v+v-1) that occur following cascade is given- by

N o= N,

vov=i = el Av,ve1! By vty vl (A-1)

where A

b
transitions v+v-1 -and v-*v-2, respectively., The quantity N(v)/(n+1), which
is the average occupation -of vibrational level v per molecule, is determined
from the equation

v-l and Av y-p are the radiative transition probabilities for
-4 VT4

Preceding page blank
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N(v) = 1+N(v+l) o Av+l,v

/(A

v+1,v+Av+1,v-1)

+N(v+2) * A /A

v+2,V v+2,v+Av+2,v+I} (A-2)

with N(n) = 1; N(ntl) = N(n+2) = 0,

The transition probabilities (sec™ 1) corresponding to the funda-
mental and first overtone vibrations are, respectively,

- -8 o2 . -
Av,v-l = 2,8%X10 ° Sy vv,v-l v (A-3)
and
_ -8 o' T2 .
Av,v-z = 1.4x10 ° S, Vv,v-Z v(v-1) (A-4)

' - -
where So and Sy are the integrated absorption coefficients (cm” Zatm 1y

at N.T.P. for the fundamental and first overtone bands, respectively. The
wavenumbers (cm'l) of the fundamental .and first overtone transitions are
given, respectively, by

= 21,2 e
L Ov,vez T Uem UgXg + (BVTHL/A) ey (A-5)

and
~ _ ¢ ) N 2- e
Vy,v-2 = 2[w,=(2v-1) wx, + (3v©-3v+7/4) wyy, ]. (A-6)

Similarly, for the first overtone bands,

N I ™ .
/'V,V-Z n+l Av,v—Z/(Av,v-1+Av,y_2)' (A-7

Table A-1 shows the values adopted here for the various molecular
constants appearing above and below.
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R branches of a band that arises from a v'»v" transition are given by™*
{(Reference 46):
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Table A-1. Values adopted for molecular constants of NO(XZ21). i

We WeXg we¥e So So Be aei A
(em=') | (em™?)|  (ecm™') | (cm™2atm™!) | (cm™2atm™!)| (em™?!) [ (cm™?)

1904.03} 13.97 {-~0.0012 128 2.11

1.7086 | 0.0178 | 1| !

Let f(yv v_1) be the fraction of the total fundamental band
b
energy emitted per reaction in the v-»v-1

transition. It follows from the
foregoing that

n
EOy, v )= Vv A, ,v-l/\;;LvV,V-l—"fvv,v-l;. (A-8)

Similarly, for the overtone bands,

n .
- = N Y . . (A-
f(v\r,v-z) vv,v;z /v,v-zlégévv,v-Zejn,v-Z (A-9)

Table A-2 shows the calculated values of f for each-of the
bands comprising the fundamental and first overtone band systems.

Each vibrational band within the fundamental and first overtone
‘band systems has a rotational structure composed of many rotation-vibration

lines. The lines form part of the P, Q, or R branches of the band if the
rotational quantum -number changes by -1, 0, or +1, Tespectively.

RSO R PR .

In partic- i
ular, the frequencies (em™!) of the vibration-rotation lines of the P, Q, and

*The treatment:presented here-ignores-fine structure effects due to a non-zero-electron:
spin of-the ground electronic state of-ND. For-the resolution considered, this-is
entirely adequate.
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Table A-2. Calculated values for f(vv,v—l) and f(’vv,v-z ).
Transitinn A{um) f Transition A{um) - f
-0 5.330 1.477} 2- 0 2.685 2.77°2
2- 1 5.411 1,297} 3- 1 2.726 4,852
3- 2 5.494 1.137! 4- 2 2.768 6.37°2
4- 3 5.579 9.8672 5- 3 2.812 7.4272
5- 4 5,667 8.61°2 6- 4 2.857 8.09-2
6- 5 5.758 7.51°2 7- 5 2.903 8.432
7- 6 5.853 6.52°2 8- 6 2.951 8.49-%
8- 7 5.950 5.6372 9- 7 3.001 8.34-2
9- 8 6.050 4,83-2 10- 8 3.052 7.99-2
10- 9 6.154 4.12-2 -9 3.105 7.48-2
11-10 6.261 3.47°2 12-10 3.160 6.84-2
12-11 6.372 2.88-2 13-11 3,217 6.10-2
13-12 6.488 | 2.3572 14-12 3.276 5,262
14-13 6.607 1.88-2 15-13 3.337 4,35-2
15-14 6.731 1.44-2 16-14 3.401 3.41-2
16-15 6.859 1.0572 17-15 3.467 2.3572
17-16 6.993 | 6.81°% 18-16 3.536 1.46"2
18-17 7.131 | 3.99°°
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‘\\;p = vvtvn + (B,v'-Bv"')‘ J2 + (va'San) J + (an'BvJ) Az = ZBVM

(J':O)l’z)"") (A"IO)

’UQ = \\)'V'V" + (B,vl' V") J? 4 (va"an) J + (an'BVJ A2 (J=0:1:2:"")

(A-11)

\)R = '\\)'chn + (BV’+BV") J + (th-an) J2 + (BV"-BV')’ Az‘ (351:2:3:“‘")

(A-12)

Here, sv'v" is the frequency in the absence of any rotational considerations

(given by Equations A-5 and A-6)., J 4s the rotational quantum number of the

upper state involved in +he transition. A is the quantum number associated

with the electron angular momentum about the internuclear axis, and BV is
determined in terms of the rotational constants B, and Oy by the equation

:BV = Be - ae(v+1/2). (A-<13)

Values for the rotational and other constants :used above are shown
in Table A-1.

If a Boltzmann distribution among the rotational states is assumed,
the intensities of the rotational lines within the P, Q; and R branches

are then given by the following expressions (Reference 46):

KV iy (1a1ny, ~NCF, (DIZKT
Iép(v"'l) = Qrp (‘*J: 1‘”‘\]3‘]('}.’.1 A) e V' (J=O)1’2”:""")
(A-14)
KV .. 2 -hcF_, (J)/KT
- ' = Q (23+1HA v! _a X
IQ(V 9J) = Q;’, J(J"‘l‘) e (J-:l,,2,3,::-) (A 15)
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Ko ' 2 -hcF_, (J)/kT
v _ R (27 +DA v! - -
I (vh,J) = T Ia e (J=1,2,3,---)  (A-16)
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Here, K 1is a constant, Qr is the rotational part of the partition function,

[P,

E

3 and FV(J), the rotational énergy (cm ®) of a state with vibrational and rota- S

E tional quantum numbers v and J, respectively, is given by v
t
| 2 ,,
: Fv(J) = BV J(J+1) - BvA . (A-17) »

The foregoing relations, together with the results shown in Table 4

A-2, are sufficient to determine the spectral distribution of energy emitted ‘ ;
by NO from the N(2D)+0, reaction.

™

o e

In particular, the fraction, gp(v',J),

f
the energy of a given band (specified upper (v') and lower (v'") vibrational

o

g
3

quantum numbers) that is emitted in a P-branch transition from:an upper

state with rotational quantum number J, is just

gp(v'id) = Iy(v',Z1(v'), (A-18)
where

I(v') = %j[flgp(v',-z):s + 1010 + L', ). (A-19)

Thus, for ecxample, the fractional contribution of this transition to the total i 3

energy -emitted in the -fundamental band system of NO is f(sy,rv, RE-NARE ;
,’7 -

In computing the spectral distributions, we have included contribu- £

tions for rotational states up to J= 30.

cosamanr S oty

The fractional contributions of
- all lipes falling in a given wavelength interval were then summed. The

[ wavelength intervals (spectral resolution) chosen: for the fundamental and
overtone -band systems are 0.033 um-and 0.025 um, respectively.

e

The tempera-
ture was taken to be 250 °K, corresponding to conditions at about 110-km
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altitude. The results are shown in Figures A-1 and A-2. In these figures,

the ordinate gives the fraction of the total energy emitted in the band

system within the incremental wavelength interval chosen. For example,
from Figure A-1 we see that 5.1 percent of the energy emitted per reaction

in the fundamental band system occurs between 5.4 and 5.433 um.
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APPENDIX B

3 ; SPECTRAL DISTRIBUTION OF NO* CHEMILUMINESCENT
‘ + EMISSION FROM THE REACTIONS .
02 + NO - 0, + NO' AND NJ¥ + .0 » NO* + N(*S)

ey e

The ARCTIC code calculates the chemiluminescent emission from

the 4.3-um fundamental band of No* by including contributions from the
reactions:

1 0,5 + N0 > 0,(X3L) + NOT + 2.8 eV (3-1) | ;
E N2T + 0(°P) > N("S)- + NO + 3.10 eV (B-2) l ‘
%E N;' + 0(P) » N(?D): + NO* + 0.73 eV (B-3)- g
E 0 (S) + Np(v=0,1,==-,7) + N(*S) + NO* (B-4) |

Since the photon: efficiency for each reaction is presently unknown, the
usual assumption- is made that one ‘half of the available energy -goes into 3
1 vibrational excitation- of No*. On this basis, the -calculations described
; in this report have shown that most of the NO+ chemiluminescence arises
: from-Reactions B-1 and- B-2. The exothermicity of these two reactions

is sufficient to populate the vibrational levels of No* up to v = 10.

i e il hiba N Nk

The procedure used to determinc the spectral distribution
of the emitted photons is similar to that described in Appendix A and will
not be repeated -here. The main difference between the treatment here and
that for NO in Appendix A arises -because NO* possesses a L ground

electronic state and, consequently, the Q- branch lines are missing from
its spectrum.
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The molecular parameters for NO* are not well established. The ’

values adopted here are shown in Table B-1 together with the corresponding

e

-~

references. Values for Sp, and Sp”, the integrated absorption intensities

o Bhial tea et R T AU, Sl YA ARG A i}

of the fundamental and first overtone bands, respectively, are substantially

lower than the values reported by Stair et al., (Reference 49). However,

E only the ratio between these quantities is involved in our calculations,
E and for this ratio the results reported in References 48 and 49 arc ]
% reasonably close.
|
Table B-1. Values adopted for molecular constants of N0+(X‘Z)
! Parameter 7 Value Reference
; ) we(cm'lﬁ: 1 2377 47 !
3 - ' 1
F. wexe(cm ) 16 47 ;
»Bé(cm'la— 2.002 47
ae(cm") 0.020 47 7
, So(cm™2 atm™!) 88.8 48 ' )
- So“(em™2 atm™) 7 0.6 48
2 - - L ' . - 4

o

The frequencies of the vibration-rotation Tines of the bands are
determined from Equations A-5, A-6, A-10, and A-12 with A = 0.

Lo )

2t Sl

The fraction of the total energy of the fundamental band: system
; emitted per reaction in the v =+ v - 1 transitions and, correspondingly, for
the first overtone system:-in the v + v - 2 transitions, is shown in Table
B-2 {(compare Table A-2 for the case of NO). ;
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Table B-2. Relative importance of contributing bands to é
the fundamental and first overtone systeins i
in NO chemiluminescence. %

: : :
Transition| A(mm) | £ Transition| A(un) f %
1-0 4.264 | 2.027 2-0 2.147 | 6.2372 j

2-1 4.323 | 1.757 3-1 2177 | 1.077 %

3-2 4.384 | 1.507 4-2 2.208 | 1.3571 j
4-3 4.486 | 1.267 5-3 2.239 | 1.497 %
5-4 4.511 | 1.047 6-4 2.272 | 1.507 3
6-5 4.577 | 8.4072 | 7.5 2.305 | 1.397 %
7-6 4,645 ;f 6.5072 8-6 2,300 | 1.1871 §
8-7 | 4715 | 47472 | 9.7 2.375 | 8.8572 :

| 98 4.787 | 3.1072 | 10-8 2.412 | 5.1272 g
1 10-9 4.861 | 1.5672 ; :

The spectral distributions

energy emitted in the -band system within the incremental wavelength interval 5
chosen. For example, from Figure B-1 we see that about 3.1 percent of the
energy emitted per reaction in the fundamental band system occurs between i

4.2 and: 4.22 um,

141

were -calculated assuming a. Boltzmann
distribution of rotational states at a temperature of 250 °K. The wave- ]
length interval (spectral resolution) chosen for the fundamental and first

overtone band systems is 0.02 pm, The results are shown in Figures B-1 ]

and B-2. In these figures, the ordinate gives the fraction of the total

OV 5 Y
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APPENDIX C
LISTING OF THE ARCTIC CODE

This appendix provides a listing (on microfiche) and a brief
description of the ARCTIC code.

The ARCTIC code has the schematic structure indicated in Figure
C-1. The (0,0) overlay consists -of the main program ARCTIC which is essen-
tially a driver program and three subroutines., ECRD, LATS, and ATMS. These
subroutines are common to many of the subsequent overlays called. During
execution, the ARCTIC main program calls one of the seven overlays CHEM,
ELDEP, UVDEP, 1FAC, EDIT, APOT, PIPUT depending on the function to be

performed. These functions are described below.

Overlay (7,0) (main program PIPUT) reads in all data and initializes
all common blocks and large core memory. This overlay also calculates all
storage parameters, initialdzes the main deposition grid (if no restart is
involved) and -determines whether it is a one, two or three dimensional

problem.

Overlay (2,0) (main program ELDEP) deposits the -energy from the
incoming electrons and partitions it among the different states. In the
case of a two- or three- dimensional problem the¢ entire deposition is done

before returning to the main program ARCTIC.

Overlay (3,0) (main program UVDEP) is at present a dummy one.
It is included- in order to.-make furure provision fo' the transport and-

deposition of UV radiation .generated by the bombarding electrons.
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{ .
7,0 :
PIPUT
3 ' 4
; 1,0 '
! CHEM »

2,0 : ]
ELDEP ‘

Lk g XPTIRYTPT

0,0 7 , 7 3,0
a ARCTIC B ) B UVDEP

EDIT

? \ IFAC

¢ 6";’0 7
g APOT

b %‘q

2 g
Figure C-1. Schematic structure of the ARCTIC code. ;
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Overlay (5,0) (main program EDIT) is an output routine, which
prints all relevant information on the electron and UV depositions,

Overlay (4,0) (main program IFAC) is an interface routine used

for converting data between the overlays (2,0) (ELDEP), (3,0) (UVDEP) and

overlay (1,0) (CHEM). This routine allows some flexibility in altering

the deposition and chemistry overlays separately.
Overlay (6,0) (main program APOT) is a dummy.

Overlay (1,0) (main program CHEM) uses the output of overlay

(4,0) to perform the subsequent chemistry. This overlay actually performs

the integration of the coupled, time-dependent differential equations.

The microfiche listing of the code is enclosed: in the envelope
attached to the inside of the back cover,
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