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ABSTRACT

Two Aerobee 150 rockets, No's. AO 3.006-1 and A0 3.910-1, were
instrumented for investigating thennospheric temperatures and particle
densities. Electron-beam-induced luminescence was used as a diagnos-
tic technique to investigate the rotational and vibrational distributions
nf thermospheric No(x'z ¥ ) and to determine atsolute number densities of
N, and 0,. The first flight was made under disturbed (auroral) atmos-
pheric conditions, whereas the second was made under quiescent conditions.
Support instrumentation was included in the first payload to aid in de-
fining auroral conditions. In addition a possible correlation of elevated
E-rejion electron temperatures with Nz(xltg') vibrational temperature
prompted the inclusion of a Langmuir orobe in each of the payloads. The
present report provides background information on the technical problem
and on the investigative technique which was adopted, documents the
develcpment of instrumentation for the two rayloads, and briefly summarizes
available results from the two flights.



i1

LIST OF CONTRIBUTORS

The 1ist of contributors which follows has been restricted to
include only scientists and engineers associated with either the Electro-
Dynamics Laboratories (EDL) or the Space Science Laboraturies (SsL).

Howlett
Jersen
Pendleton, Jr.
. Pound

. Seljaas

Director of EDL

Dfrector of SSL

Research Physicist
Senior Research Engineer
Research Engineer
Project tngineer
Research Engineer
Project Engineer

Senior Research Engineer
Research Engineer



TABLE OF CONTENTS

Abstract .

List of Contributors .

Table of Contents .

List of Figures . . . « ¢ « = 0 oot . e e
List of Tables .

INTRODUCTION

BACKGROUND INFORMATION . . . . -

The Role oi Metastable Species in Atmospheric Processes.
N* in the Thermosphere. . . . =« =« =« °» = = *° °
Rotational and Vibrational Temperatures .
Electron-Beam-Induced Luminescence Technique .

ELECTRON-BEAM-INDUCED LUMINESCENCE SYSTEM:
DESIGN CONSIDERATIONS .

Selection of the Sample Region .

Electron Gun Requirements. g -

Detection System Sensitivity Requirements

Isolation of Spectral Features . . . .« . e
Effect of the Magnatic Field of the Earth

Rejection of Background Radiation .

Vehicle Charge Buila-Up . . « « =« « = = * °

111

Page

51

. 111

o N

13

24

25
28
20
33

36
37

=



iv

Table of Contents (Cont.)
Page

INSTRUMENTATION . . . . . . . S T | |

General Payload Description . . . ., . . . S |
Langmuir Probe . . , ., ., . . O ) |
Auroral Photometers . . . S e e e e e e ... 89
Particle Counter . . . . . . | . . &
Soft Electron Spectrometer . . L -1+
Atomic Oxygen Detector . . e s s e v e e e ... 66
Electron-Beam-Induced Luminescence Systems . . . . e . . 67

PREFLIGHT CALIBRATION OF ELECTRON-BEAM-INDUCED
LUMINESCENCE SYSTEMS . . . . . Y - X

GROUND SUPPORT FOR AND PERFORMANCE OF AEROBEES I and II . . . 90

OBSERVATIONS AND RELATED DISCussion . . . ., . . . . . . . 97

REFERENCES L] L] L] . . L] L] L] L] L] L] . L] L] L] L] . L] L] 122

APPENDIXES . . ., . . . . T S 11



v
LIST OF FIGURES
Eigure Page
1. Thermcspheric sources and sinks of Nz(xlzg") vibrational
GNergy . . . . . . e e e e oe e o e 6
2. Results of theoretical T, calculations (Walker et al.,
1969) for thermospheric N, . . . . . . . . . . . . 10
3. Relative populations of even-K rotational levels for
Nz(x‘tg"' » v=0) at temperatures of 300°K (A) and 800°K (B) . 12
4. Relative population of Na(x'rt) vibrational level at
several vibrational temperatufes . . . . . . . . . . 12
5. The quantities Ryqy (= Ny/Ng), (de/dT}. and the log-
arithmic derivat%ve of R)o versus Np(x zg" ) vibra-
tional temperature . T 4 ! . 14
6. Normalized values of F’(T) (Eq. (18)) and F%(T) varsus
Nz(xltg"’) vibrational gemperature « e s e e e o wm 19
7. Comparison of experimental N;*IN band intensity ratios
at. varfous gas temperatures with predictions of the
theoretical model (Adapted from Hoppe, 1968) . . . . . 20
8. Spectral scans of N;' IN (0,0) R-branch rotational struc-
ture at gas temperature of 300°K (upper scan) and
80CoX (lower scan) [after Hunter, 1967) . . . . . . . 21
9. Comparison of Np(x'z ') rotational temperature (T,) with
gas temperatures [afger Hunter, 1967). . . . . . . . 23
10. Aerobee A0 3.006-1 payload with nosecone. . . . . . . . 42
11. Aerobee A0 3.006-1 payload without nosecone. . . . . . . 43
12. Geometry of EBIL system for Aerobee A0 3.006-1. . . . . . 45
13. Aerobee A0 3.910-1 paylaod with nosecone, doors, and nose tip. 46
14. Aerobee AQ 3.910-1 payload with doors and nose tip removed. . 47
15. Aerobee A0 3.910-1 payload with nosecone assembly removed . . 48
16. Geometry of EBIL system for Aerobee A0 3.910-1. . . . . . 49



v
Figure
17. Aerobee A03.006-1 Langmuir probe sweep voltage ., , ., ., . .
18. Sketch of Langmuir probe sensor current . . . ., . . .
19. Block diagram of Langmuir probe LP698-1 . . ., . . . -
20. Langmuir probe electrode . S e e e e e e e e e
21. Langmuir probe LP 69A-1 calibration curve. . . . . . . .
22. Langmuir probe LP 71A-1 calibration curve. . . e e e
23. Block diagram of energetic particle counter . . . . . , .
24. Block diagram of soft-electron spectrometer . . . ... . B
25. Energy response curves for soft electron spectrometer channels.
Chamnels. . . . , . ., . . . . ¢ e e e e e W
26. Typical output waveforms from the soft electron spectrometer
spectrometer . . . . . ., . . ... coe e e
27. Diagram of cfrcuitry for atomic oxygen detector. ; g . .
28. Block diagram of EBIL system for Aerobee A0 3.006-1 . . . .
29. Block diagram of EBIL system for Aerobee A0 3.910-1 . . ., .
30. Machlett Laboratories Tye EE-65 electron gun. . . . . . .
31. Master clock for EBIL systems (free-running, square-wave
oscillator). . . . . ., L s @3 ¢ E
32. Phase and symmetry controls for operation of the phase-
sensitive detectors . . . ., ., , . . C e e e e e
33. Block diagram of Faraday collector beam-current monitors. d B
34. Active, low-pass filter used fn EBIL systems . ., ., . . .
35. Frequency-response characteristics of the low-pass filter . .
36. Photograph of photometer . . , ., . . . . . o« .
37. Simplified drawing of tha photometer optical system . . . .
38. Block diagram of the OC-reset amplifier . . ., . . . . .

52
52

55
57

60
63

65

66
68
69
69
n

n

72
13
74
74
76
76
77



vit
Figure Page

39. Block diagram of the lock-in amplifier . . . . . « . = 78

40. Block diagram of the grid-drive circuit for electron gun
(Aerobee A0 3.910-1) . . . . . . . e e e e e e 79

41. Block diagram of control circuit for calibration light . . . 80

42. Response of photometers to electron-beam-induced emissions—
Aerobee AD 3.006-1 . . . . « .+« o o e e e e e 86

43. Response of photometers to electron-beam-induced emissions—
Aerobee AO 3.910-1 . . . . .+ .+ . . e e e e e e e 29

44. Altitude versus time after launch for Aerobee AO 3.006-1 . . 91

45. All-sky photographs taken in conjunction with the flight of
Aerobee 3.006=1 . . . « « .« ¢ s e e e e e e e

92
46. Al1-sky-camera photographs . . . . . . . ooeee 93
47. All-sky-camera photographs . . . . . . . . e 00 94
48. Altitude versus time after launch for Aerobee AO 3.910-1 . . 96

49. Time history of ,the auroral intensity in the A 3914,4236,
6577, and 6300 R features as measured from the ground . . . 98

50. Emfssion profiles for A 3914 R and 5577 R .. . . . .. 9

51. Electron temperature results from the flight of

Aerobee AO 3.006-1 . . . . . « .« o 101
§2. Vehicle-to-plasma potential from the f1ight of
Aerobee A0 3.006-1 . . . . . . - .« o . .. 102

53. Langmuir probe sensor current profile—Aerobee A0 3.006-1 . . 103
54. Segment of Langmuir probe record from the flight of Aerobee

A0 3.910-1. (Upper trace--sweep voltage; lower trace--

logarithm of sensor current.) . . . . e e e e e e e 104

55. Energetic particle counter data from Aerobee A0 3.006-1--

Channel No. 1 (Em 2 6.5 kev) . . . . 106
56. Energetic particle counter data from Aerobee AC 3.006-1--
Channel No. 2 (E 217 keV) . . . « « « « o « =« ¢ 107




viidi

Figure

57.

58.

59.

60.

61.

62.

63.

64.

Energetic particle counter data from Aerobee A0 3.006-1--

Channel No. 3 (C 2 42 keV)

Energetic particle counter data from Aerobee A0 3.006-1--
Channel No. 4 (E 2 90 keV) e e e e e

Summary of beam current supplied by type EE-65 during
the flight of Aerobee A0 3.006-1 .

Current monitor and photometer output signals during
a portion of the downleg of the flight of Aerobee
A0 3.006-1. . . 5

Record of the output signal of the Nt IN (0,1) instrument
during the flight of Aerobee A0 3.006-1. (Each data point
in the figure represents the average signal during a one-
second interval of the flight record.) . .

Normalized ratio (al) of the N;* B-state v'sl to »'=0
vibrational populat?ons versus altitude. (Results apply
to the flight of Aerobee A0 3.006-1.). . « B . .

Normalized ratio (A?) of the N* B-state v'=2 to v'=0
vibrational populations versus altitude. (Results apply
to the flight of Aerobee AQ 3.006-1.). e e e e

N2 number density height profile from the flight
of Aerobee A0 3.006-1 . . .

. 108

. 109

. 111

. 113

. 114

. 117

. 118

. 119



II.

III.

Iv.

VI.

VII.

VIII.

LIST OF TABLES

Payload instrumentation: Aerobee A0 3.006-1 .

Payload instrumentation: Aerobee A0 3.910-1 .

Timer settings — Aerobee A0 3.006-1

Timer settings — ferober A0 3.910-1

Specifications: 3914 and 5577 } photometers .

Geometric factors for energetic particle counter . . .

Soft eleciron spectrometer: response versus magnetic field
strength . . . ., . ., . . . .

Commutator format for atomic oxygen detector

Page
40

50
51
59

61

64

“——



INTRGDUCTION

The developmental work described in this report was initiated for
Air Force Cambridge Research Laboratories urder Contract No. F19628-69-
C-0242 to Utah State University (USU). The original objective of the
work was to design and fabricate two rocket-based instruments for inves-
tigation of the number density, rotational temperature (Tr), and vibra-
tional temperature (Tv) of atmospheric Nz(xlzé*). The diagonistic
technique to be employed was electron-beam-induced luminescence [Muntz,
1962 and 1968). A possible correlation of elevated E-region electron
temperatures (T,) with a plausible heat source involving vibrationally
excited ground-state nitrogen (NZ*)[Nalker, 1968) led to the inclusion
of electron temperature (T,) and number density (N,) measurements as ad-
ditional objectives. Also, since the first instrument was to be launched
into an auroral evert, it was decided that additional instrumentation for
defining auroral conditions should be included in the payload.

The USU Space Science Laboratory, formerly Upper Air Research Labor-
atory of the University of Utah, integrated each of the payloads for
launch on board Aerobee 150 rockets. The Space Science Laboratory (SSL)
also provided a Langmuir probe for N, and T, measurements, as well as
other instrumentation for defining auroral conditions. The USU Electro-
Dynamics Laboratories (EDL) assumed primary responsibility for developing
the electron-beam-induced luminescence system. However, able assistance
was obtained from SSL personnel during certain phases of the work.

The first "vibrational temperature apparatus" (VTA) was launched
aboard Aerobee No. A0 3.006-1 from Fort Churchill, Manitoba, Canada on
March 13, 1970. The second VTA was flown on board Aerobee No. A0 3.910-1
from White Sands Missile Range, White Sands, New Mexico on October 15,
1971.

The primary purpose of this report is to document the development of
instrumentation for the two payloads. Emphasis is placed on describing
the development of the VTA since the major thrust of the work was in this
direction. Also, much of the detail relating to the ancillary apparatus




has previously been reported, and pertinent references are cited at ap-
propriate points in this report. Background information pertaining to the
general problem of sz in the thermosphere is presented together with a
description of the experimental technique which was adopted for investi-
gating tne molecular nitrogen properties of interest. Fyllowing a consid-
eration of the design of the VTA and documentation of payload instrumenta-
tion, attention is turned to the preflight calibration of the VTA. Finally,
the performance of the flight instrumentation is discussed, and available
results from the two flights are briefly considered.

A preliminary report of the sz results obtained from the Churchill
flight has appeared elsewhere (0'Neil, Hart, and Pendleton; 1971). A more
refined treatment of the data was subsequently carried out, and some of
the results were communicated at the 1971 COSPAR meeting (0'Neil, Pendle-
ton, Hart, and Stair; 1971). A complete description of the results is
currently being prepared for submission to one of the aeronomy-related
journals. In addition, a short communication relating to the theory of
the N, vibrational temperature measurements has recently been submitted
(Pendleton and 0'Neil, 1972).

BACKGROUND INFORMATION

The Role of Metastable Species in Atmospheric Processes

In recent years the potentially important role of metastable atoms,
ions, and molecules in the physics and chemistry of the upper atmosphere
has received increasingly wide-spread attention. It has often proven
difficult experimentally to recognize and completely separate the effects
of excited state reactions, and, as a result, the zeroth-order approxima-
tion has been to assume that the contribution of excited-state reactions
could be ignored. However, it is now generally recognized that relatively
small concentrations of excited particles can sometimes produce large
effects on total reaction rates and upon equilibrium conditions. Hence,
a quantitative understanding of the quiescent and disturbed atmospheres
requires a knowledge nf excitation and de-excitation rates for binary en-
counters of atmospheric metastables with other atmospheric species.



The deposition of solar energy in the upper atmosphere results in a
multitude of phenomena, including the production of metastable species.
The metastables relax through a combination of radiative decay and colli-
sional de-excitation, the jmportance of each process being determined by
the relative probabilities for occurrence under given atmospheric condi-
tions. The collisional de-excitation rate depends on the collision fre-
quency and on the probability per collision that de-excitation will occur.
Hence, for a particular species, collisional de-excitation may dcminate
at low altitudes where the collision frequency is relatively large,
whereas radiative decay may dominate at high altitudes.

The concept of energy storage in metastable states may assume con-
siderable importance in certain atmospheric phenomena since the internal
energy of the metastables could, in principle, provide an energy source
for "driving" certain atmospheric processes for a period of time even if
the source of the metastables were suddenly turned off. The relaxation
rate of the metastables would, of course, depend on the effective life-
time under given conditions.

Akin to the electronic metastability alluded to in the discussion
above is the "vibrational metastability" of homonuclear diatomic molecules
such as LN, and 160,. Such molecules do not possess a permanent electric
dipole moment in their electronic ground states. Hence, they are infra-
red inactive, and when vibrationally excited, the excess internal energy
is normally dissipated through inelastic ¢collisional processes.

The potentally important role of N,f in the following atmospheric

processes :

N, F(v>0) + e — Nz(v'<v) +e+ KE., (1)
ot + NJf — NOT + N, (2)

and
NF(oe1) + €0,(00°0) —» N, (v=0) + c0,#(00°1) (3a)

followed by

ek



€0,#(00°1) — €0,(00°0) + hv (3b)

has stimulated a great deal of speculation in recent years. Consideration
will be given to these processes in the next subsection which deals with

sz in the thermosphere. It should be noted that a knowledge of the con-
centration of sz is necessary in order to evaluate the potential importance
of the processes.

sz in the Thermosphere

The thermal structure of the neutral atmosphere appears to be well
established. However, a consideration of available atmospheric data re-
lating to concentrations of atomic, molecular, ionic, and electronically
excited species leads one to the conclusion that local thermodynamic equi-
1ibrium (LTE) does not exist in the upper atmosphere at altitudes 5 100 km
(Bauer, Kummler, and Bortner; 1971].

Under conditions of LTE, all energy states of particles within a
given volume element are populated according to the equilibrium statis-
tical-mechanical distributions with a common temperature characterizing
the distributions. However, in the non-LTE region, the population distri-
butions for translational, rotational, vibrational, and electronic degrees
of freedom are frequently characterized by individual temperatures [Bond,
Watson, and Welch; 1965]. As a result, under non-LTE conditions, a know-
ledge of the gas-kinetic temperature is of little value in predictirg the
concentration of vibrationally excited molecules such as sz.

The definition of individual temperatures for the various degrees of
freedom is based on the premise that the distribution of eneirgy over each
degree of freedom is Boltzmann-l1ike. The rapidity of energy transfer
within each degree of freedom and between degrees of freedom will usually
determine the usefulness of the concept. If the coupling between degrees
of freedom is weak, whereas rapid energy distribution occurs within each
degree of freedom, the multitemperature concept should be useful. It is
important to note that the concept is one of convenience and should not
be interpreted too strictly, as the distribution functions describing each
degree of freedom will be perturoed from their true equilibrium form by
transitions between degrees of freedom.

e



The general theoretical problem of sz in the thermosphere has re-
cently received a great deal of attention ([Walker, 1968 Walker, Stolarski,
and Nagy, 1969; Bortner and Kummler, 1971; Bauer, Kummler, and Bortner,
1971; Schunk and Hays, 1971). Much of the interest has developed in con-
nection with the role of sz in thermospheric processes. Walker (1968)
suggested that sz might selectively heat the ambient E-region electrons
through process (1) (pg. 3). The suggestion was prompted by the need for
an additional heat source to explain reported Langmuir-probe measurements
of T, in the E-region. The Langmuir-probe results have consistently
yielded T, > Tb by factors of two-to-three in this region. Although
questions have arisen regarding the validity of the probe results [See
Willimore (1970) for a review of the problem, including results available
up to January, 1970.], there appears little doubt that non-LTE conditions
do occur in the ionosphere. Walker found that an N, vibrational temper-
ature of =3100°K, nearly independent of altitude in the altitude range
110-140 km, was required to explain the T, results of Spencer et al. (1965).

Walker, Stolarski, and Nagy (1969) have calculated N, vibrational
temperatures for the E- and F-regions by identifying significant sources
and sinks of N, vibrational energy and then solving the continuity equation
for vibrational quanta. The general problem is illustrated in Fig. 1 which
identifies potential sources and sinks of N, vibrational energy. The solar
input leads to the formation of a number of excited atmospheric species
which subsequently contribute to the formation of sz. Each of the sources
indicated in the figure will be considered briefly.

Electronically excited molecular nitrogen (N,”) is formed primarily
through electron-impact excitation involving photoelectrons and/or precip-
itating energetic particles. Both the Vegard-Kaplan (VK)[A'3):u'+ - xlzé*]
[Broadfoot and Hunten, 1964; Shemansky and Vallance Jones, 1958; Sharp,
1971] and the Lyman-Birge-Hopfield (LBH) [alrg-xlzéf] [Fastie et al., 1961;
Isler and Fastie, 1965; Peek, 1970; Opal ¢t al., 1570] band systems have
been observed in emissions from the upper atmosphere. A knowledge of the
volume emission rates of quanta in these two systems under given atmos-
pheric conditions would help to clarify the potential importance of the
cascade source. The yield of vibrational quanta in the N, ground state
will, of course, depend on the population distribution resulting from the
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cascading. It does not appear that this source has been included in pre-
vious treatments of the NZ* problem. However, a cursory examination of
available data suggests that the contribution from the cascade source may
be significant under certain atmospheric conditions.

A second potentially important source of sz is the reaction

0(10) + N,(x, v=0) — 0(3p) + N.}(v>0) + a& , (4)

which involves an interconversion of a portion of the electronic energy
of the 0(!D) atom to N, vibrational energy. The quenching of 0(!D) by
N, 1s known to be rapid [Young, Black, and Slanger, 1968; Noxon, 1970);
however, the average amount of available energy [1.96 eV/0(1D)] which
appears in N, vibration is not presently known. Walker et al. (1969)
have considered the2 two extreme cases in their computations. They found
that the inclusion of the maximum possible vibrational yield from process
(4) (7 vibrational quanta per reaction] resulted in values of T, which
exceeded the lower 1imit values [no contribution from process (4)] by
approximately a factor of two at high altitudes. Recent theoretical and
experimental studies of process (4) [Black, Lorents, and Eckstrom, 1970;
Peterson, 1972] suggest that the lower-limit assumption is more nearly
correct.

The third source of thermospheric N, depicted in Fig. 1 is the re-
action

N(*s°) + NO(x2n) — N,F + 0(%P) , (5)

where an average of four vibrational quanta are produced per reaction
[Morgan, Phillips, and Schiff, 1962; Phillips and Schiff, 1v62]. The
treatment of this source is complicated by its dependence or N, vibra-
tional temperature [Walker et al., 1969]. The dependence on T, arises
from prccess (2) [Schmeltekopf, Ferguson, and Feshenfeld; 1968] since

[N) is determined in part from this process. It is interesting to note
that large NO densities in the E-region have been reported under disturbed
atmospheric conditions [Zipf, Borst, and Donahue, 1970]. Hence. it is




possible that the sz source represented by process (5) may assume special
significance under disturbed conditions provided the atomic nitrogen
density is not significantly decreased.

The last source illustrated in Fig. 1 is the contribution from "hot
electrons” which in the present context means electrons with kinetic
energies 2 0.3 eV. These electrons contribute to N, vibration through
the process

e + Ny(x,0%0) — N,"(x2n ) — N F(1>0) + e , (6)

which occurs with a high probability for low energies [Schulz, 1964].
The "hot electrons" will normally be photuvelectrons or precipitating (auroral)
electrons since the contribution of ambient thermal electrons is expected to be
negligible in comparison [Dalgarno, McElroyv, Rees, and Walker, 1968). Several addi-
tional sources of sz have been considered by Walker et al.(1969) and were
found to be much smaller than those mentioned above.

The N, vibrational energy resulting from the aforementioned processes
is efficiently redistributed through vibrational exchange (V-V) collisions,
and for altitudes less than about 250 km, the characteristic exchange time
for vibrational quanta is somewhat less than the characteristic loss time
[Walker, 1968]. At altitudes above 260 km, the diffusion time becomcs less
than the exchange time [Walker et al., 1969]. Hence, a departure of the
N, vibrational distribution from the Boltzmann form may occur at high al-
titudes, particularly for the higher vibrational levels.

The loss of N,7 occurs through channels such as those depicted in
Fig. 1. Superelastic collisions between sz and thermal electrons [pro-
cess (1), pg. 3] occur with a high probability [Walker, 1968]. Hence,
as proposed by Walker (1968), the N,* is potentially important as a heat
source for the ambient electrons. The electrons then coo! to the neutrals
and/or ions depending on the altitude region. Walker et al. (1969) have
shown that quenching of sz by vibrational exchange collisions with CO,
[process (3a), pg. 3) should be the dominant loss process at altitudes
below about 125 km. The vibrationally excited CO, subsequently looses
the excess energy by the emission of infrared radiation. Walker et al.
have also considered other potential loss mechanisms and deemed them
negligible in comparison to the electron and C0, quenching. Diffusion
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should become important above 125 km [Walker et al., 1969). The diffusion
process results in the transport of sz to lower altitudes where loss of
vibrational energy occurs at a much greater rate.

The results of Walker et al. are summarized in Fig. 2 which presents
N, vibrational temperature as 2 function of altitude. The curve labeled
T,ma% is based on the use of the maximum possible 0(!D) contribution in
the computations, while the TvMi" curve results from assuming no contri-
bution from 0(!p). The curve labeled "gas kinetic" is a kinetic temper-
ature profile for an exospheric temperature of 1000°K. The temperatures
apply to noontime conditions.

The behavior of Nz* expected during auroral conditions has been con-
sidered by Walker et al. and more recently by Schunk and Hays (1971). As
input data, both groups have used the observations of Belon, Romick, and
Rees (1966) relating to a particular IBC 11* (or I1I7) aurora.

Rotational and Vibrational Temperatures

The concepts of rotational and vibrational temperatures are derived
from analyses of the rotational and vibrational population distributions
of natural (ground state) or excited molecules (or molecular jons). Under
LTE conditions, the population N of a level having an energy E; above the
ground state of the molecule is given by the Maxwell-Boltzmann expression

ng. exp (-E;/kT)
N‘l: « L 7 ’ (7)

where N is the total number of molecules in the volume element under con-
sideration, g, {s the statistical weight of the level of energy E;, and
7 1{s the partition function, or sum over staves. The partition function
is given by Z = Z g; exp(-E;/kT), where the summation is over all the
allowed energy 1kvels.

If one adopts Hund's case (b) to describe the coupling of angular
momenta for N7(X‘£éf), the population distribution of the rotational energy
states associated with the zeroth vibrational ?.:vzl is given by
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N exp [-(E  + E )/kT)
gok [*] k 5 (8)

N
oK
szr

where

{3(21«1) , K odd

Gok = 6(2k+1), X even
B, = hellu,/2) - (u,z,/8) + .1
E, = he k(k+1)(B, - (a,/2) + ...]..
z, =v§0 e /KT - e'hi;?(l_e'hiﬁg)-l ,
z, h’;ge (for kT>>heB,) ,

and x =0, 1, 2, +++. The pertinent vibrational and rctational constants
for Nz(xlz*) are tabulated in Herzberg's volume on diatomic molecules
(Herzberg, 1950). The relative populations expected for levels X = 0-20
are shown in Fig. 3 for rotational temperatures of 300°K and 800°K. For
each temperature, the population of the level corresponding to the maxi-
mum in the distribution has been normalized to uiity. In a similar
manner, the population distribution over the vibrational levels of
Nz(xlzg+) is given by

N exp (-Ev/kT)

N , (9)

v z

where
E, = hc[we(v+%) - wexﬁ(v+k)2 + eee] ,

2 =] exp (-E,/kT), and
v=0

v=0,1, 2, «»». The relative population distributions expected at
temperatures of 750, 1000, 2000 and 5000°K are shown in Fig. 4. It
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follows from expression (9) that the fractional change in the ratio &, =
(¥,/8,) 1s related to the fractional change in temperature through the
expression

(o]
d_RLD.- 3380 K ar . (10)
Rio 7 T

The quantities Ryos fgig. and the logarithmic derivative of R, are displayed
as functions of temperatura in Fig. 5. It is seen that the optimum sensi-
tivity to temperature change occurs at T = 1690°K where -a%ﬂ-assumes its
maximum value of about 1.58 x 10-“/°K. We shall see shortly that the vibra-
tional development of an electronic band system of N, (or Né’) may in prin-
ciple (and in practice) be more sensitive to changes in the N, ground-state
vibrational temperature than would be expected on the basis of the above
discussion.

The concept of "spectroscopic vibrational and rotational temperatures"
is of primary interest to the present study. Such temperatures are derived
from spectroscopic studies of the intensity distribution of vibrational
bards within an electronic band system and from the intensity distribution of
the rotational lines within a selected vibrational band. The details of
the concept will be presented in the next subsection which deals with the
electron-beam-induced luminescence technique of measuring vibrational and
rotational temperatures. The usefulness of such "temperatures" depends on
an understanding of the excitation and de-excitation processes affecting the
excited levels. We shall see that under certain conditions of exeitation and
de-exeitation the exoited-state distributions may reflect those in the grouna
state of the neutral molecule.

Electron-Beam-Induced Luminescence Technique

An excellent introduction to the electron-beam-induced luminescence |
technique of studying basic physical properties of rarefied gas flows may ,
be found in the review of the technique by Muntz (1968). Basic studies by '
tuntz (1962), Hunter (1967), and Hoppe (1968) relating to the validity of
the technique are of specia® interest to this study. The present coverage

]
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of the technique will be limited to its essential features as they apply
to the study herein described.

Consider the passage of well-defined beam of nearly monenergetic
electrons into a low-pressure target of N,. Assume that the N, in in
thermal equilibrium at temperature T. The beam will be attenuated as it
passes through the gas; however, for sufficiently high energy or Tow
pressure, the mean free path of the beam electrons will become great
enough to permit measurement of the intensity under essentially single-
collision conditions. The desirad condition 1is most easily realized by
examining the emissions from a small section of beam close to the point
where the beam impinges on the target.

It is reasonable to assume that for an energetic electron beam
(energy -~ 1 keV) impinging on a gaseous target the only significant
energy-loss mechanisms are excitation and ionization of the target mole-
cules. (For beam energies of somewhat less than moc2 %z 0.51 MeV,
bremsstrahlung production may be ignored.) The production and loss of
excited target particles along the beam path may be described by a rate
equation

aN -
TF "By - Lo 'R

where ¥. is the concentration of species j, Pj is the volume production
rate of the species, and L. is the volume loss rate.

Numerous optical excitation studies of the 3-state of N} have shown
that the emission intensities of vibrational bands belonging to the v'’
progressions with v’ = 0 and 1 of the N5 first negative (1¥) system
[Bzzdf - x2z *] are directly porportional to both beam current and pres-
sure over a relatively wide range of both variables. The emission inten-
sity per unit volume of the (v’,v’') band is given by

Ivvvn = Ev'vn Avlvll va ’ (12)
-1
where Eyryrr ® heX oy 0 is the average energy per photon, Ayt is the

Einstein A coefficient for the (v',v'') transition, and ¥, is the con-
centration of ions in the v' vibrational level of the N,t B-state.
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The proportionality of I i, tO the product #I, where ¥ is the target
cencentration and I the beam current, thus implies that N, is proportional
to the product. It is easily shown from Eq. (11) that under steady-.tate
conditions N, is given by the expression

N ( ) ( @ (13)

v'
where o,r is the total direct excitation cross section for level v’, Ay =
A pryrr 1S the total transition probability from v’ to lower optical]y
accessible levels, and (J/e) is the flux density of electrons. Expression
(13) is valid provided simultaneous ionization-excitation of N (XIZéf, v)
to N +(Bzr.-*. v') is the only population mechanism, and spontaneous decay
is the only depopulation mechanism. Thus, the expression for Iv'v" may
be written

Iv'v” = v Iyt (-"v_) v' (J”) (14)
v'

It is seen from Fig. 4 that for vibrational temperatures of less than
about 500°K a negligible fraction (s 10-3) of the target molecules is in
excited vibrational levels. The "critical temperature" above which excita-
tion from vibrational levels of Nz(xlzéf) with v 2 1 must be considered
depends on the N,*(82z *) vibrational level under consideration and the
criterion used. For example, if one accepts a one percent contribution
as satistactorily defining the critical temperature, then the critical
temperatures for the v' = 0, 1, and 2 3-state vibrational levels are ezx-
pected to be about 1360, 530 and 370°K, respectively.

When the direct contribution to the excitation of the v’ level of the
B-state from N2 ground-state levels with » # 0 can not be ignored, one
must write Eq. (14) in the form

Iyiyre = Eyuun ””") (& D Loy, - (15)

v'v"
Equation (14) forms the basis for both number density and ground-state

vibrational temperature measurements by means of electron-beam-indiced
luminescence. At a given temperature and beam current density, Ib,v,,
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is proportional to the total ground-state concentration since ¥, = ¥.
Hence, an instrument which provides a measure of Iv'v"’ or a proportional
quantity, can readily be calibrated to yield w.

The usefulness of Eq. (15) in determining Nz(xlzéf) vibrational
temperatures, or ground-state vibrational temperatures of othe: molecules,
depends on the applicability of certain assumptions. In addition to the
assumptions which were made in deriving Eq. (15), one must also assume
that the ground-state vibratioral population can be represented by Eq.
(9). With this assumption, equation (15) takes the form

A ryre
Iv'v" = Evvvu (—%va—) (g%) 12) ovv' exp ('Ev/kT) . (16)

The vibrational development of the N;‘ 1N system for various N, ground-
state vibrational temperatures shouid be described by Eq. (16) provided
“he pertinent assumptions are satisfied.

From the point of view of the experimentalist, it is convenient to
examine the ratio of Iv,v,,'s for two bands for which v’ differs. For
example, consider the ratio of Iv,v,,'s for the (0,1) and (1,2) bands
of the N,* 1¥ &v = -1 sequerce. Denote the ratio by R%(T) to write

RM(1) = fix;zl.filgzl. i Fi(T) , (17)

E(g,i) %1 4(0,1)

where

FMr) = § o, e B/K ] o e BO/HT (18)
v v

Experimental values of g, re available for v' =0, 1, 2, and 3 [Stanton
and St. John, 1969]); however, it does not appear that experimental infor-
mation is available regarding the other o ,. Consequently, in order to
complete the model, it is necessary to theoretically estimate the values
of the unknown excitation cross sections. '

Nicholls (1962) has shown that the application of the familiar Born
and Born-Oppenheimer approximations to the quantum-mechanical treatment
of the excitation problem yields the approximate formula

S o —— o Sumse— =2

il e,

il F— A=
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(19)

where oo(ivv,) s the excitation cross section calculated for a vertical
(Franck-Condon) excitation at an internuclear distance ;vv' and Gy, 1S the
Franck-Condon factor for the excitation transition. WNicholle suggeste that
oo(ivv,) 8 probably relatively slowly varying with ropre  However, this
point, although sound theoretically, has not received a great deal of ex-
perimental verification.

In previous attempts to determine ground-state vibrational tempera-
tures through the use of electron-beam-induced luminescence, oo(ivv,) has
bee» treated as a constant, independent of the r-centroid of the excitation
transition. Hence, the o's in Eq. (18) are replaced by the appropriate
Franck-Condon factors. Two of the resulting functions, QJ(T) and qf(T).
are shown in Fig. 6 for vibrational temperatures extending to 2500°K. RKR
Franck-Condon factors (Cartwright, 1971) were used.

The theoretical model developed above has been tested by Hunter (1967)
and Hoppe (1968). They examined tke vibrational development of the Nt 1w
system excited by 28-keV electron impact on a "static", temperature-control-
led Nz(xlzé’) target. Intensity ratios of v’ = 0 and 1 bands in the av =
-2 and -1 sequences were studied over a range of gas temperatures between
300 and about 1000°K. The residence time of the N, molecules in the heated
collision chamber is estimated to be ~10* sec, a value which should be long
enough to ensure V-T equilibration.

The results of their study of I(o,l)/I(l,z) are shown in Fig. 7. It
is seen that the experimental points 1ie close to but systematically above
the theoretical curve based on Eq. (18). The major source of uncertainty
in I(O,l)/I(l,z) at temperatures above 400°K was attributed to the necessity
of unfolding the blend of the rotational structure of the (0,1) band (R-branch)
with that of the (1,2) band. It was estimated that the overall uncertainty
in the vibrational temperature determination was approximately +15%.

The basis for N,(x'r *) rotational temperature measurements using the
electron-beam-induced luminescence technique 1s illustrated in Fig. 8 which
presents spectral scans of the R-branch rotational structure of the N;* 1¥
(0,0) band at gas temperatures of 300°K (part a) and 800°K (part b). The data
were obtained by Hunter (1967) using the special test facility mentioned
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Figure 6. Normalized values of F)(T) Eq. (18) and F§(T) versus

Nz(xlzg*) vibrational temperature.
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above. It is seen that the intensity distribution among the R-branch
rotational 1ines changes markedly between 300 and 800°K. The intensity
maximum shifts from the X” = 6 1ine to the X" = 12 1ine, and a pronounced
spreading of the distribution occurs. Hence, a quantitative measure of
the change in the distribution can in principle be used as a measure of
the rotational temperature of Nz(xla;).
Muntz (1962) has predicted theoretically the dependence of the
Ni 1¥ rotatfonal structure on the Nz(xlzéf) rotational temperature to be
expected under single-collision conditions. He assumed that simultaneous
fonfzaticn-excitation was the only significant N} B-state population
mechanism and that no collisional redistribution of rotational energy
occurred in the excited state. The optical selection rules for Hund's
case (b) [Herzberg, 1950] were applied to the excitation transitions, i.e.
it was.assumed that both the x!'r * and Bzz;* states belong to Hund's
case (b) and consequently that Ak = t1 are the only allowed excitation
transitions. Muntz's rather lengthy treatment will not be presented here.
Muntz (196?) tested his rotational-temperature model at known gas
temperatures of 298 and 373°K and found satisfactory agreement between
theory and experiment. Huiiter (1967) extended the range of investigation
to about 1000°K. Hunter's results are shown in Fig. 9 where the difference
between the spectroscopically inferred temperature T, and the measured gas
temperature T, expressed as percent difference, is plotted versus the gas
temperature. The small but systematic difference in the two temperatures
was discussed by Hunter (1967), but no definitive conclusion was reached.
The electron-beam-induced luminescence (EBIL) technique has previously
been applied to atmospheric N (x': *) rotational temperature measurements
by DeLeeuw and Davies (1969). A two-channel photometer was used to monitor
the change in the N;* 1¥ (0,1) rotational structure as a €unction of alti-
tude. The information was then interpreted in terms of N, ground-state
rotational temperature by use of the model discussed above.
Although the EBIL technique has found extensive laboratory applica-
tion in the study of low-density gaseous flows (Muntz, 1968), its pot:n-
tial usefulness in upper-atmospheric research has yet to be fully realized.
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ELECTRON-BEAM-INDUCED LUMINESCENCE SYSTEM: DESIGN CONSIDERATIONS

A number of EBIL systems for laboratory studies of the properties of
gaseous flows have been described in the literature. The review by Muntz
(1968) identifies most, 1f not all, of the EBIL-related studies reported
through mid-1968. Several such studies have subsequently been reported in
the literature of rarefied-gas dynamics; however, it is beyond the scope
of this report to cite all of the pertinent studies. The basic features
common to the various EBIL systems are an electron-beam generator to stim-
ulate the gaseous sample to emission, an optical detection system to
monitor the intensities of spectrally-selected, beam-excited emissions, and
in cases where the number density of the sample is of interest, a monitor
to provide a measure of relative and/or absolute beam current. A number
of methods exist both for generating the electron beam and for spectrally
selecting the emission features of interest.

It appears that the first successful application of the EBIL technique
to the study of selected properties of the upper atmosphere was carried out
by DeLeeuw and Davies (1969), whose EBIL system has been reported (DelLeeuw
and Davies, 1969). They used a dc-operated electron gun (2.5 keV) to
stimulate the atmosphere to emission and a two-channel photometer to monitor
the relative strengths of signals associated with the rotational development
of the N,*1x (0,1) band which then yielded Nz(xlzé*) rotational temperature.
The investigation was carried out over the altitude range between about 65
and 150 km. Ba~kground luminescence, attributed to energetic electron
bombardment of the collecting lens in their optical system, 1imited the
useful measurement range of the instrument to pressures above about 10°°
Torr.

The work described herein was undertaken with minimal lead time (= 8
months) to develop a flight-worthy EBIL system. Consequently an attempt
was made to use, to the maximum extent feasible, technological innovations
which were already flight proven. For example, the electron gun adopted
for use in the system was a unit developed by Ion Physics Corporation
especially for a rocket-borne electron accelerator. The accelerator was
launched in January 1969, prior to initfation of the present work, and an
array of ten of the electron guns yielded outputs of up to 490 mA at 8.7 keV.
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Similarly, a variant of flight-proven photometers developed at USU for
auroral intensity measurements was adopted for use in monitoring the beam-
excited emissions.

In this section of the report, consideration is given ©0 several
factors which are basic to the developement of a rocket-borne EBIL system.
As indicated in the preceding paragraph, the short period of time avail-
able for developmental work resulted in the necessity of flying a system
which did not offer "state-of-the-art" solutions to the various design
criteria.

Selection of the Sample Region

In applying the EBIL technique to upper atmospheric measurements
using sounding rockets, care must be exercised to ensure that the results

are not seriously influenced by the vehicle. Ideally the sample region

should be far enough from the vehicle to ensure that the results reflect
the properties of the undisturbed atmosphere. The molecules in a given
volume element near the vehicle may be classified according to their
"origin." At least four classes of molecules are possible. These in-
clude: (1) ambient air molecules (undisturbed), (2) molecules which have
interacted with the vehicle, (3) molecules associated with vehicle exhaust
gases (or other gases escaping from the interior of the vehicle), and (4)
molecules associated with outgassing from the surface of the vehicle.

It is of course desirable to minimize sources (2)—(4). Source (3)
may be minimized by sealing the fuel and oxidizer tanks of the rocket
motor soon after burnout. In addition, the influence of gases escaping
from the interior of the vehicle can be minimized by using standard high-
vacuum techniques in the construction of the payload and by providing a
high conductance between the interior of vehicle and 1ts surroundings.
The high conductance will facilitate rapid clean up of the interior region.

In an attempt to minimize sources (2)—(4), DelLeeuw and Davies (1969)

used a pre-evacuated, clam-shell nosecone which was deployed at a suitable
altitude. They also separated the rocket motor from the experimental
package after the clam shells had been jettisoned. The procedures resulted
in dynamical stability problems with the payload section; however, the
general concept is attrucctive from the standpoint of the ideal experiment.
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The Aerobee 150 sounding rockets typically attain supersonic velocities
at very low altitudes. Hence, a shock wave is produced by surfaces
having a projection in the direction of motion. The cone within
which the disturbancec are confined, the so-called Mach come, is character-
ized by the semivertex angle (Mach angle) which is related to the Mach number
(M) by sin a = (1/M). The Mach angle decreases until burnout occurs (= T +
52 sec), whereupon it gradually increases up to altitudes * &0-90 km. The
shock structure becomes diffuse above roughly 90 km and the flow passes from
the transitional regime in the region : 90-110 km to free-molecule flow
(FMF) above roughly 110 km.

Since it was originally anticipated that much of the useful data would
be collected at altitudes above about 100 km, some attention was given to
the theoretical description of the FMF field. Bird (1960) has treated the
FMF fields of moving .bjects of varying geometry. However, his results
are strictly valid only for points at distances from the object which are
large compared with the typical dimensions of the object but somewhat less
than the molecular mean free path. Bird further shows for a typical case
that reasonable accuracy is obtained when the distance to the point in
space s only slightiy larger than a typical dimension of the body.

Bird's result for the number density of refiected molecules at a radial
distance r from a cone of base radius r_ and semi-vertex angle ¢ is

_ Nx (Fo : N T
e = g () Az/rr) Fule,.e) (19)
where

N = the ambient number density,

>
in

exp (-82 sin? 8) + /7 & sin e[l + erf (s sin 8)),

T' = the temperature of the reflected molecules,

3
m

the temperature of the ambient gas,

the angular position of the point as measured from the axis
of the cone,

=g
m

e = ratio of the speed of the object to the most probable kinetic
molecular speed,



0 —

e —

27

6 = the angle between the tangent line to the surface element
and the direction of motion,

Fi(e,et) = cos ¢ [* - cos™!(cot ¢, tan ¢)] +

sin ¢, cot ¢ sin [r - sin-!(cot ¢, tan ¢)], and

CWf‘a-{o'“>1

n,a<-1"

In deriving equation (19), it was assumed that diffuse reflection oc.ur-
red and that the "angle of attack" was zero, in addition to the restiric-
tions which have previously been mentioned.
It is seen that for fixed . (and &) the number density of reflected
molecules decreases as (r,/r)2. Assuming ¢ = 6°, ¢, = 84° (alorg normal
to surface of cone), 6 = ¢, g = 3, and T' = T, one finds that (Nr/N) is
less than 10 percent for r > 3.6 r,. The function Fy(e,.c) + 0 as ¢ ~ 174°.
It 1s instructive to consider the case of a circular disk of radius r..
The formalism of Bird (1960) yields tne expression

2
i, = B TTy (2 (20)

Lab A e

for the density of reflected molecules along the axis of the disk. In de-
riving the expression, it must be assumed that all of the surface elements
of the cisk are at the origin. When allowance is made for a finite die-
tribution of surface elements, the result takes the form

n, = BTy - 0 (2957h (21)

where r s measured from the center of the disk to a point P along the

axis. If one assumes 6 = 7, & = 3, and T = T, he finds that the number
density of reflected molecules along the axis is given by
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N, = (5445 (1-11+ (17 (22)

or when r > r

=274 (& [ - F e oal ()

It is obvious from these considerations that the sample region should
be as far away from the vehicle as is feasible from sensitivity consider-
aticns or other restrictions. It is also desirable to shield the critical
surfaces aerodynamically so that a minimum number of molecules will strike
them. The location of the EBIL experiment toward the nose of the rocket
s desirable from the standpoint of minimum disturbance during the up-leg
cf a flight; however, during the down-leg the experiment will be predumin-
antly in the "wake" unless an attitude-control system is employed to turn
the vehicle around as it approaches apogee.

Electron Gun Requirements

The power, electron energy, and geometry of the beam formed by the
electron gun are of concern in the design of a suitable probe system. In
addition, the acceptable operating environment (total pressure and gas
composition) for the gun must be known, especially if the gun is to be
Operated without recourse to differential pumping. Cathode poisoning
(and erosion) and electrical high voltage breakdown must be considered.

The beam Power must be sufficient to yield a statistically acceptable
measure of the intensity of the Spectral feature of interest under given
conditions of electron energy, system geometry, detection-system respon-
sivity, measurement time interval, and target density. The energy of the
electrons will influence the intensity of the beam-excited emissions, the
Scattering of the heam electrons, and the magnetic rigidity of the beam.
The emission crose sections for most of the spectral features of interest
to this study exhibit broad maxima in the vicinity of 100ev, However, a
somewhat higher energy 1s found to be desirable when scattering and mag-
netic rigidity of the beam are considered.
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The electron energy should be high enough to ensure negligible
scattering of the beam at the highest pressure of interest. In the
present context, "negligible scattering" implies that an arbitrarily
small fraction (say < 10-2) of the beam electrons is scattered outside
of the probing volume and the beam-collector entrance. The beam scat-
tering at a given energy will depend on the target number density, com-
position (effective atomic number), scattering cross section, and path
length. The attenuation of a well-collimated beam of monoenergetic
electrons of initial intensity I, in traversing a uniform target of
number density N is described by the equation

I(z) = I exp (-quz) , (24)

where I is the intensity of the unscattered component at depth z and g
is the scattering cross section.

For electron energies above the minimum excitation threshold for
the target molecules, the total scattering cross section may be repre-
sented by q, = g, + q; where q, and q, are the elastic and inelastic
scattering cross sections, respectively. The angular distribution of
the scattered electrons is dependent on the electron energy, and the
scattering intensity rises sharply with increasing atomic number. The
number of electrons which are scattered outside the aperture of the beam
collector will thus depend on the beam energy and the effective z of the

target for fixed geometry and target density.
The ratio of the total inelastic—(q;) to—elastic (q,) scattering

cross sectfons has been shown by Lenz (1954) to be given approximately by
‘ 1/3
(q;/q,) = (4/2) tn (2n v, 27" /1a)) o (25)

where Z is the atomic number of the target, I the ionization energy, v,
the electron speed, a, the radius of the first Bohr orbit, and M
Planck's constant divided by 2n. Hence, elastic scattering becomes
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relatively more important the greater the atomic number of the scatterer
and the lower the velocity of the electrons.

In order to ensure small beam attenuation at the highest pressures
of interest, it is necessary that N, qg L << 1, where N, is the maximum
number density of the target and L is the path length between beam source
and collector. The distance L must be sufficient to prevent serious flow-
field perturbations of the target in the region where measurements are
desired. Hence, the selection of L permits one to evaluate the required
beam energy (E,) provided qe(Eé) is known. For example, consider the
case of 2.5-“eV electrons incident on a 10-3 Torr (and 300°K) nitrogen
target. The total scattering cross section is roughly 5 x 10-17 cm2
which dictates that L be less than about 29 cm to ensure less than 5%
scattering loss.

The intrinsic geometry of the beam formed by the electron gun together
with the field of view of the optical detection system will affect the
spatial resolution of the beam probe. The design of a suitable beam col-
lector will also depend on the bear. geometry. Owing to effects such as
space-charge spreading and "gas focusing" the geometry of the beam will in
principle be affected by the target density even in the single-collision
domain. It is expected that space-charge spreading will become important
at very low pressures where the positive ion density in the beam region
is insufficient to effectively neutralize the negative space charge of the
electron beam (Field, Spangenberg, and Helm, 1947). "Gas (or ion) focusing®
may become important at higher pressures if the positive ion density in
the beam region approaches or exceeds the effective electron density (Hal-
sted and Dunn, 1966).

The properties of the electron gun which was adopted for use in the
EBIL system will be described in the INSTRUMENTATION section of the report.

Detection System Sensitivity Requirements

The strength of the electron-beam-induced emission of interest and the
optical coupling of the source to the detector are necessarily connected with
the problem of instrurent sensitivity requirements. The strength of the
emission of interest may be estimated from Eq. (14) for (15)) when it is
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known a posteriori that the equation is applicable. The quantities

T rym (Av,v"/Av,) o, the so-called emission cross sections, are
available in the literature for a relatively large number of molecular
emissions. Hence, one may conveniently estimate {iie volume emission

rate of photons in the (v’, v”) transition by specifying a beam current
density and a target number density. The throughput (product of collecting
area, collecting sciid angle, and transmission) of the optical system may
then be used to estimate the irradiance at the detector. The bandpass
characteristics of the spectrally selective component in the optical sys-
tem must of course be used to determine the effective transmission factor
for the rotational structure of the (v', v”) transition.

It 1s desirable to select a detector which offers a high quantum
efficiency at the wavelength of interest ond has a low intrinsic noise
level. In the case of multiplier phototubes, the intrinsic (dark) noise
may be markedly reduced by cooling the tube. However, in order to avoid
the complications attendant with cooling, one may consider a tube which
has the most favorable (largest) ratio o quantum efficiency (at the A
of interest) to dark 1oise in erder ic see if it meets the requirements
of the experiment. The photumultipliers having bialkali (SbKCs) photo-
cathodes offer quantum efficiencies ranging from 20 to 30% at the peak
wavelength of 3800 A coupled with very low dark currents at temperatures
< 20°C. Owing to the increase of photo-surface resistivity with decreas-
ing temperature, the tubes are not generally cooled below about -5°C.

The RCA-4516 photomultiplier tube was adopted for the present application.
Its properties will be discussed under INSTRUMENTATION.

When the "1ight" signals to be measured result in photcmultiplier
currents which approach the level of the tube dark current, consideration
should be given to the methods of photomultiplier noise suppression and
to the relative advantages of operating the photomultiplier in the current
(analog) mode as compared with the photon-counting (digital) mode. It
has been shown (Alfano and Ockman, 1968) that under certain operating
conditions the phcton-counting mode of operation is superior to conven-
tional analog techniques; however, in the present case, it was felt that
the added cost, complexity, and developmental time did not justify the
improved system performance which might accrue to the digital detection
method.
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In the interest of optimizing signal-to-noise in the analog mode and
of rejecting potential background signals, the lock-in method of detection
was selected. It was decided that a detection system bandwidth of about
35 Hz was desirable from the standpoint of recovering the important infor-
mation-carrying frequencies of the signal. Hence, the signal was interrupted
at a frequency (350—400 Hz) somewhat above the bandwidth figure (35 Hz),
amplified at the chopping frequency, and then synchronously demodulated in
order to recover the original signal information. A variant of the lock-in
technique was used in the photometric instrumentation for the first EBIL
system, whereas a standard version was used in the instrumentation for the
second system.

When intrinsic photomultiplier noise dominates the noise contributions
to the output of a lock-in amplifier, the signal-to-noise ratio (S/8) at the
output is given by (Ridgway, 1967)

(s/n) = (VZ/n)f /T +2F )Ba) (24)

where s is the signal photoelectron rate, fb the "dark" photoelectron
rate, B the bandwidth, and z an excess noise factor which is greater than
1 and may be as high as 4 for a poorer tube. Equation (24) applies under
the assumption that a tuned amplifier selects the fundamental component
of the square-wave signal.

The signal photoelectron rate required to yield a selected (S/N)
value for a given tube (fd&z) and bandwidth is seen to be

fo = (a/2)1 + T+ B /a]) (25)

where o = (n2/2)(5/N)2Bz. A selected RCA-4516 photomultiplier may have

an anode dark current of = 0.03 nA at 20°C for a tube gain of = 10°.

These figures correspond roughly to an f, value of 2 x 103 sec™!. If one
assimes a bandwidth of 35 Hz and an excess noise factor of 2, approximately
4 x 10 signal photoelectrons per second are required to yield a (s/#)

of 10. The required signal photon rate at the photocathode will of course



depend on the quantum efficiency. For 4000-1 photons the quantum ef-
ficiency is aLout 20%; hence, an input photen rate of 2 x 105 sec™!

would be requiced. The corresponding incident power would be = 10-!3
Watt. It is of interest to compare this figure with the value of approx-
imately 1.8 uW/cm which applies to the power per unit of beam length
radiated in the 1',*1N (0,0) band when a . 4 beain of 100-eV electrons
passes through a 20°C, 1-mT target of N,.

Isolation of Spectral Features

Eather and Reasoner(1969) have compared the performance of an inter-
ference-filter photometer with that obtainable from other spectrophoto-
metric devices. They conclude that for studies where a bandpass of
> 2-3 8 is acceptable, the filter photometer has the advantages of higher
throughput, smaller size, weight, simplicity, and cost when comparaed with
the best grating spectrometers and Fabry-Perot interferometers. The
fixed-filter photometer suffers from lack of wavelength-selection cap-
ability without changing filters. The tilting filter photometer surmounts
this problem to a certain extent. However, the spectral interval which
can be covered with a single filter is relatively small, even if one is
willing to accept the complications introduced by the dependencies of
instrument bandwidth and integrated transmission on tilt angle. For
applications which do not require high-resolution spectral scanning or
frequent changes in wavelength selection and bandpass characteristics,
the filter photometer is an attractive choice.

The spectral resolution required by the EBIL technique depends on
the desired information. For example, in the case of vibrational-temper-
ature measurements, it is desirable to isolate individual vibrational
bands of the molecular electronic band system of interest. Further, it
is usually advantageous to compare the relative intensities of the
members of a sequence (or diagonal growp) [v' - v" = constant]. As men-
tioned previously, the N,*1N band system was selected for the present
application. The spacings between band origins for successive mgmbers of
a given sequence vary slowly with the vibrational quantum number of the
upper level. For the av = 0,-1, and -2 sequences, the spacings range
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from about 20 to 57 & for members with v" < 4.

The rotational structure of the N, IN bands varies markedly with the
rotational temperature of the Nz(xlxé:) molecules when the emissions are pro-
duced by energetic electron impact. The significant portion of the rotational
structure is spread out over a spectral interval of roughly 30 4 at 300°K.
In contrast, the appropriate spectral inter:1l is roughly 70 4 for a rotational
temperature of 1000°x. One finds that blending of the rotational structure
of adjacent bands in a sequence becomes significant for Tr; 400°k. Hence,
spectral isolation of the bands is not possible at the higher rotational
temperatures, and account must be taken of the blending~1n evaluating vibra-
tional band intensities.

In attempting rotational-temperature measurements, it is desirable that
the rotational fine structure of a given vibrational band be resolved and
spectrally scanned. A spectral resolution of : 0.5 A is required to sat-
isfactorily separate the Né*lN R-branch rotational lines. The spacings of
successive r-branch lines increase with increasing X' (or x"); hence, the
required resolution varies across the branch. Such resolution is not
adequate to resolve the finer details of the rotational structure (doublet
structure of the lines), but this fact is taken into account in the
analysis.

The measurement of rotational temperature can also be carried out
without recourse to a detailed examination of the R-branch relative line
intensities. Muntz and Abel (1964) describe the development of a two-
channel, interference-filter photometer which is suitable for rotational-
temperature measurements when it is known a posteriori that the "thermo-
metric molecules" are distributed in a Boltzmann fashion over the accessible
rotational levels. The technique utilizes the change in the ratio of two
appropriately selected intensity samples from the (v'’,v”)-band rotational
structure as an index of the rotational temperature. In practice, it is
desirable that the system be calibrated over a range of temperatures;
however it is also possible to predict the relative variation of the in-
tensity ratio with rotational temperzcure and to normalize the result to
the ratio observed at a single known temperature. The latter approach
was followed in the present investigation.




In the case of number-density measurements, the spectral resolution
d:sirable parallels that required for vibrational temperature measure-
ments. The use of a broader passband, which encompasses more than one
member of a sequence, is also permissable as long as the spectral region
is free from interfering features.

Fabry-Perot type interference filters were selected for use ir the
present application. The filters easily satisfied the requirements for
spectral resolution. Care was taken to ensure that the filters were
uscd under conditions where the effective filter characteristics were
not seriously degraded from those for the case of parallel 11lumination
and zero incidence angle. Additional details regarding the application
and characteristics of the filters are given in the section on INSTRU-
MENTATION.

Effect of the Magnetic Field of the Earth

The magnetic rigidity of the beam should be adequate to ensure
negligible loss of beam from the collector even in the case of maximum
beam deflection. It is also desirable that the beam remain in the field(s)-
of-view of the photometer(s) or other spectrally selective optical system.
If more than one photometer is used to view the beam emission and output
ratios are of interest, the relative responses of the instruments to
changes in beam position must be considered. In the case of a rocket-
borne EBIL system, the motion of the rocket thorugh the magnetic field of
the earth can result in a variable deflection of the electron beam. The
possibility of variable deflection arises from the dependence of the
deflecting force, -e(v X B), on the angle between the beam direction and
the direction of B. A rapid, cyclic variation of the beam position
should correlate with the spin motion of the rocket, and a slow, periodic
variation should correlate with the precessional motion.

A beam of monoenergetic electrons initially moving with velocity v
in a direction perpendicular to 2 uniform magnetic field B will follow
a circular path of radius R = (m ve/Be). where m is the mass of the
electron and e 1ts charge. The deflection of the beam from its initial
direction of motion is described by the equation

="
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6 = R[ - T -{Z/R)7 , (26)

where Z < R {s the distance from the initial point to the point where the
deflection s being considered and ép 1s measured along the perpendicular
to the original direction cf motion.

The magnetic rigidity, Br, of the electron beam is determined by the
speed of the beam electrons or, equivalently, by the square root of ‘the
beam vcltage for fixed B. In the present application, it was anticipated
that the path length between electron gun and beam collector would be
0.5 m. It is destirable to have R somewhat greater than this figure. The
R for a 2.5-keV electron beam is approximately 3.4 m in a magnetic field of
0.5 gauss, and the maximum deflection 1s expected to be about 4 cm when 2 =
0.50 m. If the observation region s located at (2z/2), the maximum de-
flection at this position becomes approximately 1 cm. Preliminary calcu-
lations indicated that deflections of this magnitude at the observation
region and at the collector could be tolerated for the EBIL system which
was envisioned.

Rejection of Background Radiation

Nighttime background sources which could in principle affect the
measurements of interest include aurora, airglow, moonlight, starlight,
and zodical 1ight. Aerobee A0 3.006-1 was flown into a rather intense
auroral display. In order to prevent the photometric instruments from
viewing the auroral emissions, a low-reflectance optical backstop was used
to essentially fi11 the fields of view of the beam-oriented photometers
(Fig. 12). Auroral emissions were no doubt produced in the region between
the photometers and the optical backstop; however, the integrated effect
should have been essentially negligible owing to the rather small ratio
(JauroraI/Jbeam)’ where the J's refer to electron current densities. The
conttibuting volumes are of course different, but not nearly enough to
offset the difference in current densities. Aerobee A0 3.910-1 was flown
under conditions where background should have been minimal, and, as a result,
the optical backstop was eliminated.
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In order to further reduce background problems, lock-in detection
systems, or a variant thereof, were used. The rejection of asynchronous
optical signals by the first-generation instruments, which utilized a
dc-reset amplifier, was found to be somewhat less than anticipated;
however, the use of standard lock-in amplifiers in the second-generation
units resulted in much improved rejection characteristics. The signal
information was chopped electrically at a rate of about 400 4z, amplified
by a bandpass amplifier (af = 30 cps) at that frequency, and then
synchronously rectified and converted to an equivalent bandwidth at zero
frequency.

It appears that the mott troublesome background signal arose
from the interaction of beam-associated electrons with as yet uniden-
tified components of the payload. A similar problem occurred during
laboratory calibration of the two payloads. Fairly extensive tests were
conducted in an effort to identify, and possibly eliminate, the back-
ground source; however, no satisfactory solution was forthcoming. The
beam-induced background problem will be discussed in more detail in a
later section of the report.

Vehicle Charge Build-Up

The free-space capacitance of the rocket is so small (- 100 pF)
that charge loss during operation of the electron gun is potentially
of concern. In order to reduce the problem, » bzam collector may be
used; hewever, several factors operate to re.uce the collection effic-
ifency to less than 100%. The loss of electrons from the rocket system
tends to drive the potential of the vehicle positive with respect to
the surrounding ionospheric plasma. The vehicle will then act much 1ike
the Langmuir probe and will begin to draw a return current through the
plasma. If the plasma is not capable of providing an adequate return
current for a given potent‘al difference, one might expect the potential
difference to increase until an adequate return current is reached.

The problem of vehicle voltage-versus-current characteristics has
been considered by Hess et al. (1969) who provide several pertinent
references. The Langmuir probes included in the two Aerobee payloads
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supplied information on the vehicle-to-plasma potential.
be discussed in a later section of this report.

The results will
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INSTRUMENTATION

General Description of Payloads

The payloads for the two Aerobee rockets were similar in design.

The primary instrumentation consisted of a pulsed "electron accelerator”
for stimulating the atmosphere to emission and an array of photometers,
phase-locked to spectrally-selected, beam-excited emissions, for obtain-
ing ambient atmospheric temperature and density information. The EBIL
system also contained a boom-mounted Faraday collgctor which prcvided

a return path for the charge associated with the electron beam. Although
not highly efficient, the beam collector served to reduce vehicle-charg-
ing effects to an acceptable level.

The EBIL system for Aerobee A03.006-1 also contained an optical
backstop which prevented the beam-oriented photometers from viewing un-
wanted auroral emissions. The optical backstop was omitted from the
EBIL system for Aerobee A03.006-1 since it did not appear to be a neces-
sity under anticipated flight conditions. However, an in-flight calibra-
tion 1ight was added to the second system in an effort to reduce the
uncertainty of the temperature and number density measurements.

In addition to the EBIL system, each of the payloads contained instru-
mentation to provide supporting measurements and other measurements of
interest to the solir-terrestrial relationship. A summary of the various
instruments contained in each of the payloads is presented in Tables I and
II. The instruments are discussed in moderate detail later in this section
of the report.

Aerobee A03.006-1 was designed for measurements during active auroral

conditions when enhanced N,(x) vibrational temperatures may occur. Views

of the payload configuration are shown in Figs. 10 and 11. The nosecone
contained doors and 2 nose tip which were ejected after the vehicie had

passed through the dense portdon of the atmosphere. The first door to be
ejected exposed the soft-electron spectrometer and the energetic particle
counter both of which had look angles centered 30° above the normal to

the spin axis of the rocket. Next the boom doors and nose tip were simul-
taneously ejected. Ejection of the nose tip exposed the nominally
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Table 1. Payloa Irstrumentation: Aerobee A03.006-1

Measurement Instrument Spectral Feature or Response
| 7, of N,(x) EBIL system N IN (0,1); (0,2); (1,2)3
and (2,4)
[N,) EBIL system Nt IN (0,1)
T, and N, Langmuir probe
Primary auroral Geiger counters Range: (1) E, 2 6.5 keV
electron flux (2) E, > 17 keV
(3) E, 2 42 keV
(4) E, 2 90 keV
Primary & second- Soft-electron 50 eV - 12 keV
ary auroral spectrometer
electrons
Auroral emissions dc-logarithmic NN (0,0)
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Table 11. Payload Instrumentation: Aerobee A03.910-1
Measurement Instrument Spectral Feature or Response
7 of N,(x) EBIL system N{arl‘r; ig:g; (1,2); (2,8);
T, of Nz(x) EBIL system NS IN (0,1); two samples
(N,) EBIL system N 1N (0,1) and (1,2)
(0,] EBIL system o} IN v = +1 sequence
T, and N, Langmuir probe

Earth shine

(0]

IR earth-scan
raaciometer

Thin-silver-film
"resistivity"
sensor
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Figure 10. Aerobee A03.006-1 payload with nose cone.




Figure 11,

Aerobee A03.006-1 payload without nose cone.
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vertically-viewing auroral photometers (3914 and 5577 4), as well as the
electron-gun system and the beam-oriented photometers. The booms were
then elevated after a delay of a few seconds.

The boom adjacent to the front ends of the electron gun and beam-
oriented photometers carried the Faraday collector and optical backstop.

A Langmuir-probe sensing element was mounted on the second boom. The
Langmuir probe was included to provide measurements of Tys Bys and the
vehicle-to-plasma potential. The geometrical configuration of the compo-
nents of the EBIL system is depicted in Fig. 12. High voltage was applied
to the SES and the EPC at an altitude of approximately 90 km where the
ambient air density was sufficiently low to permit safe operation of the
curved-channel electron multipliers (Bendix Channeltrons) associated with the
instruments. The final timed function on the up-leg of the flight was the
opening of the electron gun at an altitude of approximately 140 km.

The payload section of Aerobee A03.910-1 (hereafter Aerobee I1), shown
in Figs. 13-15, was similar to that of Aerobee A03.006-1 (hereafter Aerobee
I). However, the EBIL system was expanded to provide information concerning
(02] and Nz(xlx;', T,), in addition to the [N;] and Ny(x, T,) measurements. The
electron-gun system was also redesigned to provide an average beam current
of up to 50 mA. Additional changes included the elimination of the optical
backstop, the inclusion of an in-flight calibration source, and the place-
ment of a beam-current monitor at the output of the electron gun. The
auroral support instrumentation was eliminated; however, a Langmuir probe,
atomic oxygen sensor, and an IR earth-scan radiometer were included. The
geometry of the EBIL system is depicted in Fig. 16. The instrument shown on
top of the electron-gun package was eliminated in the final design.

Both of the Aerobee payloads were recovered by severing the payload
from the motor section after the payload had descended below the altitudes
of interest. Following severance from the motor, a parachute was deployed
to return the payload to the earth without major damage.

Each of the payloads was equipped with a radar beacon transponder to
facilitate tracking the vehicle. In addition, Aerobee I carried a recovery
beacon which transmitted after impact to provide a homing signal to assist
in locating the payload. Each payload operated on a single telemetry link.
Aerobee I used the stan”ird VHF telemetry band; whereas Aerobee II carried an
S-band telemetry system.
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Figure 12. Geometry of EBIL system for Aerobee A0 3.006-1.
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doors, and nosetip.

3.910-1 payload with nose cone,

Fiqure 13. Aerobee AQ



Figure 14.

Aerobee A03.910-1 payload with doors ang nosetip removed.
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Figure 15.

Aerobee A03.919-] payload v:ith nose cone-assembly removed.
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Geometry of EBIL system for Aerobee A0 3.910-1.

Figure 16.
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The mechanical functfons of nosetip ejection, door ejection, and
boom elevation were controlied by mechanical, acceleration-activated
timers which were tripped during vehicle 1iftoff. At preselected times,
switches in the timers were closed resulting in the discharge of
pyrotechnic devices which accomplished the desired functions. The mech-
anical timers also controlled the power to the break-seal unit of the
electron gun, thus permitting selection of the altitude at which the gun
was opened. Power to the electron gun on Aerobee I was similarly con-
trolled. The parachute recovery system and fuel shutoff to the Aerobse
motor were controlled independently by other timing devises.

The information 1isted in Tables III and IV show the precise timer
settings for Aerobees I and II, respectively. A backup timer was incor-
porated in each payload to ensure reliable operation in the event of a
faiiure in the primary system.

Table III. Timer settings — Aerobee A03.006-1

Primary timer Secondary Timer
settin? (seconds settin? (seconds Function
after 11ft off)  after Tift off)
61 62 SES and PC door ejection
68 69 Boom doors and nose-tip ejection
72 73 Boom elevation
85 86 SES and PC high voltage turn on

123 125 Electron gun break-seal activation
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Table IV. Timer settings — Aerobee A03.910-1
Primary timer Secondary timer
setting (seconds setting (secnnds Function
after 11ft off) |after 11t off)
61.2 62.4 Nose-tip ejection
65.5 67.0 Door ejection
72.9 72.5 Boom elevation
75.7 76.4 (0] sensor opening
106.5 108.4 Electron gun break-seal activation
108.1 109.1 Electroﬁ"gun turn on

In the material which follows, each of the instruments in the two
payloads will be described. The approach which will be followed entails
a functional descriptfon built around simplified diagrams. (Circuit dia-
grams are included in the appendices.) The support instrumentation is
described first followed by a description of the EBIL (or primary) inst-
rumentation.

Langmuir Probe

The Langmuir-probe technique for measuring electron temperature and
density was provided as a supporting measurement to the electron-beam
probe. Inasmuch as this technique 1s well established for use in sound-
ing rocket measurements [Baker, et aZ., 1970; Willimora, 1970; Smith,
1969; Seijaas, 1968; and Seljaas and Burt, 1967], the ciscussion here will
be 1imited to the Langmuir probes which were flown on Aerobees I and II
and will omit a detajled general discussion of Langmuir-probe theory.

The measurements of electron temperature and density are accomplished
by applying a programmed dc voltage to a sensor which 1s immersed in the
fonospheric plasma. The resulting current-voltage relationships are mon-

itored through two telemetry channels to provide the necessary information.
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Figure 17. Aerobee A03.006-1 Langmuir probe sweep voltage.

Figure 17 shows the waveform of the programmed dc voltage applied to the
sensor of Aerobee I.

Negatise Positive
EE Voltoys
[T e
! Longmuir Probe
LnJ Voltoge - Current
AR Relationship
[ Etectron
—————— ROy Accelerating ————e
L Region
Electron
*———Rotording ———n
Region

Figure 18. Sketch of Langmuir prove sensor current.

The sensor current sketched in Figure 18 illustrates how the current
waveform may be divided into three regions for analysis. The regions
are: (1) the electron retarding and positive ion accelerating region,
(2) the point of inflection, and (3) the electron accelerating and
positive ion retarding region. The analysis of the above curve can
be broken down as follows:



(£) Electron density is very nearly proportional to the 53
electron current in the electron accelerating region
(for a fixed accelerating potential). Although elec-
tron density may be analytically calculated from
electron current and the sensor geometry, experience
has indicated that the Langmuir probe is better for
measurement of relative electron density with iono-
sondes or other techniques providing an absolute
calibration point.

(22) Electron temperature is directly related to the
shape of the current waveform in the electron re-
tarding region.

(i42) Vehicle-to-plasma potential may be determined by
defining the sensor voltage at the point of
inflection.
In the eiectron retardation region, the probe current I is related
to the sensor-to-plasma voltage v by the expression

I=1I exp (eV/kqe) R (27)

where I s the electron current when the sensor is at the plasma poten-
tial (point of inflection), e the electronic charge, k Boltzmann's
constant, and P electron temperature.

The electron temperature s found by taking the logarithm of this
expression giving

T, = (eV/k)[Ln(I/IO)]" . (28)

Thus, the electron temperature may be found from the slope of the
Ln(I/Io) versus V curve. In rractice the amplifier measuring the sensor
current, I, has a logarithmic characteristic which serves the dual pur-
pose of simplifying the temperature analysis and also increasing the
range of temperatures which may be measured.

The potential of the vehicle with respect to the plasma may be
found from the electron current waveform by noting the function gener-
ator potential at the time corresponding to the point of infiection.
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Figure 19. Block diagram of Langmuir probe LP69B-1.

The block diagram of the Langmuir probe flown on Aerobee I is shown
in Fig. 19. The function generator produces a repetitive trapezoidal
waveform which starts at -1 volts and sweeps linearly to +5 volts in
0.5 sec. This waveform is applied through the input of an operational
amplifier to the sensor immersed in the plasma. The sensor, shown in
Figure 20, consists of a gold-plated brass rod 0.094 inches in diameter
and 5.5 inches long. The wiring to the sensor is guarded (shielded) by
driving the stainless steel tubing in which the sensor is mounted and
also the coaxial cable shield which connects to the stainless steel tube
with the same function generator voltage as is applied to the amplifier.
The guarding helps shield the amplifier input from stray noise pickup
and also reduces the sensor-to-rocket capacitance.

Charge flow from the sensor to an FET input operational amplifier
is converted to a voltage at the output which is proportional to the
sensor current plus the function generator voltage. This output is fed
into the non-inverting input of a differential amplifier. By feeding
the inverting input of the differential amplifier with the function
generator voltage, the differential amplifier output voltage becomes
proportional to only the sensor current.
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The differential amplifier output is logarithmically compressed by
summing terms of a series expansion approximating the logarithmic function.
This 1s accomplished electronically by feeding the differential amplifier
output into the first of nine saturating amplifiers connected in series.
Each amplifier has a voltage gain of 3.00, and the output is clipped
by zener diodes at 5.1 volts. The outputs of each of the amplifiers
are summed by an operational amplifier to provide the logarithmic
response. The measured input-current-to-output-voltage relationship
for the above electronics is shown in Figure 21.

Since the loss of electrons from the electron beam probe could cause
major perturbations in vehicle-to-plasma potential, the Langmuir probe was
modified to provide a pulse once every 14.5 seconds which would turn the
electron gun off and allow the Langmuir probe to make a measurement with
vehicle potentials closer to normal.

The Langmuir probe flown on Aerotez II was very similar to the probe
described above in all but two arezs. [he logarithmic amplifier for the
Aerobee II Langmuir probe used the exponential characteristics of a for-
ward biased diode to function as the feedback element around an operational
amplifier instead of series saturating amplifiers. The diode-feedback
technique provides a smoother logarithmic compression by eliminating the
small .discontinuities in slope of the amplifier response curve generated
as the amplifiers reach saturation. One drawback to the diode-feedback
technique is that the forward diode characteristics are not only a func-
tion of current (or voltage) but also temperature. To eliminate temper-
ature dependence, it is necessary to maintain the feedback diode at a
constant temperature {n an electronically-controlled oven. The charac-
teristic input current-output voltage curves for the Langmuir probe used
on Aerobee 11 are shown in Figure 22. Complete schematic drawings of
both Langmuir probes are included in the appendices.

The voltage sweep for the Aerobee II Langmuir probe was increased
from -1 — +5 to -1 — +10 V. This was done in an effort to overcome
possible significantly positive vehicle potentials when the electron
gun is operated.
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5577 and 3914 & Photometers

Two vertically viewing photometers were fncluded in the Aerobee I
payload to provide information on the important 5577 and 3914-1 auroral
emissions. The photometers consist of an optical system to define the
field of view and spectral bandpass, a ruggedized photomultiplier detec-
tor, high voltage pcwer supply, and a logarithmic amplifier all self-con-
tained in a hermetically-sealed case. The specifications for the two
photo: ~ters are summarized in Table V.

Table V. Specifications: 3914 and 5577 2 photometers.

Model (Serial) WT-4 (Serial No. 5) WT-4 (Serial No. 15)
Filter Center Wavelength 3910 4 5577 &

Filter Bandwidth 40 3 35 3

Filter Peak Transmission 34% 82%

Field of View 10° (.024 sr) 10° (.024 sr)
Maximum Signal 6.2 x 10° Rayleighs 4.2 x 106 Rayleighs
Minimum Signal 7.4 Rayleighs 15 Rayleighs

Curves providing the instrument output voltage as a function of irradiance
and temperature-monitor output as a function of temperature are included
in the appendices.

Particle Counter

Since Aerobee 1 was launched during an auroral event, a particle
counter was included to provide information on the flux and energy spectrum
of energetic primary electrons producing the aurora. The particle counter
shown in the block diagram in Fig. 23 is a four-channei instrument designed
to measure electrons in four energy ranges: (1) energy 2 6.5 keV;
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(2) energy 2 17 keV; (3) energy 2 42 keV; and (4) energy 2 90 keV. Dis-
crimination of particle energy is achieved by the electron transmission
cutoffs of the particle detector entrance windows. The three higher energy
channels use end-window geiger tubes as detectors while the 6.5-kaV channel
employs a curved-channel electron multiplier as the detector. The outputs
from each of the detectors are conditioned and fed into a legarithmic
integrator which provides an output voltage which is approximately propor-
tional to the logarithm of the count rate. The logarithmic integrators
have a response time constant of approximately 5 x 102 sec which 1is
a compromise between providing a smooth output and being able to follow
rapidly changing flux rates due to vehicle motion and auroral activity.

Since the geiger tubes and channeltron operate at high voltages
(=650 V and 3,000 V, respectively) considerable care was exercised to pre-
vent arcs and corona discharges at any ambient pressure. Further'pre-
cautions were taken to ensure that if an arc or corona did occur there
would be no damage to efther the particle counter or any of the instru-
ments aboard the vehicle. This was accomplished by housing the three
geiger tubes in a pressure-tight compartment with the high voitage power
supply. Only the geiger-tube windows were exposed to vacuum during flight.
Inasmuch as the channeltron must be at pressures < 10-* Torr in order to
operate, it was placed outside the pressure-tight compartment and was
provided with ample open spaces for rapid pumpout during ascent. The 3 kV
supplied to the channeltron was turned on by a timer-actuated high voltage
reed relay at approximately 90-km altitude.

A complete schematic drawing of the particle counter and calibration
curves for the logarithmic integrators are included in the appendices.
Geometric factors are shown in Table VI.

Table VI. Geometric factor for energetic particle counter.

Channel Energy Geometric Factor
E - 6.5 keV 9.36 x 10-6 c¢m? steradian
E . 17 keV 4.92 x 10°3 cm? steradian
E - 42 keV 7.095 x 10-2 cm? steradian
E . 90 keV 7.095 x 102 cm? steradian
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Soft Electron Spectrometer

The soft electron spectrometer is designed to measure electron fluxes
from 50 eV to 12 keV in six broad energy ranges. The instrument operates
by collimating the incident electrons and allowing them to pass through
a known magnetic field. Three sensors are appropriately placed to count
electrons whose paths are bent to predetermined radii by the magnetic
field.

As shown in the soft electron spectrometer block diagram (Fig. 24),
three curved-channel electron multipliers are used to count the electrons
following the different radii of curvature in the magnetic field. Two
ranges of operation are made possible for each curved-channel multiplier
by switching the magnetic field intensity between two fixed levels. The
field switching thus provides a total of six energy channels although
measurement may be made with only three channels at a time.

The range of operation of each sensor is determined by a free-running
multivibrator which controls the current output of a regulator feeding
the electromagnetic field coils. The current regulator alternately sets
the magnetic field at 25 gauss for 120 msec and 103 gauss for 120 msec.
The radii of curvature for acceptance by the three channeltrons are approx-
imately 1.0 cm, 1.5 cm, and 2.0 cm for channels one, two, and three, re-
spectively. The above combination of magnetic field, radii of curvature,
collimation effectiveness, and size of the sensitive area on the channel-
trons result in the energy responses tabulated in Table VII and shown in
Fig. 25.

When an electiron is detected by one of the curved-channel multi-
pliers, a signal is generated which is amplified and then counted by
six flip flops connected as a ripple counter. The flip-flop outputs are
summed to produce a 64-step staircase voltage between the limits of +5 V
and 0 V. Each step in the staircase voltage represents a single counted
electron. At the completion of the staircase (64 counts) the process
is repeated.

In order to differentiate between high and low energy counts from
each channel as determined by the strength of the magnetic field, signa-
ture pulses are generated by the instrument. High energy counts from
each channel follow a +5 volt, 5-msec-wide pulse and low energy counts
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Table VII. Soft electron spectrometer: response
versus magnetic field strength.

Channel Field Strength Eleg;:ogegaergy Half Peak Response
Number (Gauss) Response Energy Limits
n 25 65 eV 50-90 eV
103 1.1 keV 0.85-1.6 keV
3 25 150 eV 120-250 eV
103 2.7 keV 2.0-4.5 keV
25 250 eV 220-700 eV
3
103 4.0-13.0 keV




65

"S|auueyd 4333W04323dS UOUIII|I-3J0S 4O SIAUND asuodsau Abuaug

£-09 $36
YILIMONLIWS NOMIZITE 4406
$I3A3VASHINT  MOLIVI J0413IM0ID

l'l"l!l'l'lll['lll[Tlll]ll'Ill

LA Tk ]

"Gg 3unbyy

1Y

ot

2
|

A3 uusp WOLOWS WL IMO0

adaaaadaiealdesgg
]
~

79-'

pOres

hOtc e

ad g iaty




66

follow a zero volt,5-msec-wide pulse. These pulses are imposed on the out-
puts of each of the three data channels. Figure 26 shows typical output
waveforms from the soft electron spectrometer including the energy-range
signature pulses.
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Figure 26. iypical output waveforms from the soft-electron spectrometer,

Geometric factors for the various energy ranges are shown in Figure 25,
Efficiency curves for the channeltrons and a complete schematic drawing of
the instrument are included in the appendixes.

Atomic_Oxygen Detector

The highly reactive nature of atomic oxygen is used as the basis for
its measurement on Aerobee II. The measurement is made by exposing a thin
film of metallic silver to the atmosphere and then measuring the change in
resistance of the film as the silver is oxidized by the atomic oxygen. The
sensors consist of small glass rods on which a thin (=150 R) film of metallic
silver is deposited by conventional techniques [Henderson. 1970). Four
coated rods were used to make simu)taneous measurements. The sensors were
maintained under vacuum until the vehicle reached an altitude of approxi-
mately 75 km. A dimple motor was then detonated to open the container and
expose the sensors. The sensor package was mounted on the end of one of the
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booms to position it as far from the rest of payload as possible. This
was done to minimize the possible perturbing effects of the vehicie on
the atomic oxygen density near the vehicle. Since the oxidation of the
metallic silver is also dependent upon the flow rate of the atomic oxygen,
it proved desirable to move the sensors as far as possible from the
rocket body thus allowing a better estimate of the flow rate.

The oxidation of the four sensors was monitcred by four circuits
each approximating a logarithmic ohmmeter. The outputs from fhe four
circuits were commutated by an electronic commutator having the format
shown in Table VIII. The commutator output was fed to a centinuous
telemetry channel for transmission. The logarithmic-ohmmeter circuitry
is shown in Fig. 27, and the calibration data showing output voltage as
a function of resistance for each of the four channels are included in
the appendices.

Table VIII. Commutator format for atomic oxygen detector.

Segment Function Segment Function
1 +5 YV 9 Detector 1
2 +H YV 10 Detector 2
3 +HYV 11 Detector 3
4 ov 12 Detector 4
5 Detector 1 13 Detector 1
6 Detector 2 14 Detector 2
7 Detector 3 15 Detector 3
8 Detector 4 16 Detector 4

Electron-Beam-Induced Luminescence Systems

Simplified block diagrams of the basic EBIL systems which were
flown on Aerobees I and II are presented in Figs. 28 and 29, respectively.
The connections of the individual blocks (where appropriate) to the
primary power source have been omitted for the sake of clarity. The
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Figure 28. Block diagram of EBIL system for Aerobee A0 3.006-1.
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Figure 29. Block diagram of EBIL system for Aerobee A0 3.910-1.
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indication of a connection of the electron gun break-seal tabs to the
power supply and control circuitry is also omitted. Features common to
the two systems will be discussed first; this discussion will be followed
by a consideration of basic system differences.

A Machlett Laboratories' Type EE-65 electron tube was used in each
of the systems. As mentioned previously, the EE-65 tube was developed
especially for rocket instrumentation (Hess et al., 1971). The tubes
feature planar-type metal-ceramic construction, an indirectly-heated
cathnde consisting of an oxide-impregnated porous nickel matrix on a
base nickel disc,a high-mu control grid, a simple two-element electro-
static lens for beam formation and focusing, and a special end-cap assembly
which may be removed by a thermal-shock procedure (see discussion below).
The electron gun was des:gned to provide beam currents of up to 100 mA
at 10 keV. According to the manufacturer (Machlett Laboratories, 1969),
the gun is capable, theoratically of putting 90% of the beam within a
2-cm-diameter circle located 30 cm from the anode of the gun. Subsequent
tests have confirmed, and in some instances possibly exceeded, this expec-
tation.

The Type EE-65 tubes are delivered as a sealed unit with the cathode
properly conditioned for use. The front end of the gun consists of a
tubular ceramic section which is bonded on one end to the open anode
structure and on the other to the metallic end cap. A ribbon-1ike metallic
band is bonded circumferentially to the ceramic section in the region be-
tween the anode and the end cap. Tabs or leads are brazed to the band
and provide a convenient means for applying power. Upon sudden application
of (15 +1)v from a low internal resistance source, the band is heated
sufficiently fast to shock the ceramic and produce a clean fracture en-
circling the ceramic section. Mechanical separation of the parts s
facilitated by spring loading the end cap; however, the break is normally
clean enough and violent enough to result in separation unless the
orientation of the tube is such as to prevent it. A picture of the
EE-65 showing the end cap separated from the gun section is shown in
Fig 30.

Each of the systems was controlled by a SYNC DRIVE unit which con-
sisted of a master clock, shown in rig 31, and appropriate gating circuitry
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Figure 30. Machlett Laboratories Type EE-65 electron gun.
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Figure 31. Master clock for EBIL systems (free-running,
square-wave oscillator).
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to synchronize the electron gun unit and the photometers. In the second-
generation system (Fig. 29), the SYNC DRIVE unit also gated the in-flight
calibration source and the synchronous rectifier in the beam current am-
plifier. The master clock (Fig. 31) was a free-running square-wave oscil-
lator built around a type 741 IC operational amplifier. The operating
frequency was selected by adjusting the time constant RyCy. The operating
frequency was set at approximately 350 Hz in the first system and at approx-
imately 400 Hz in the second. The signal-carrying frequency was selected
to be roughly ten times (10X) the design bandwidth (=35 Hz) of the
optical detection system, thus permitting effective filtering of the syn-
chronously-rectified square-wave signal.

Phase and symmetry adjustments were required for proper operation of
the systems. The SYNC signals fed to the photometers, electron gun, beam-
current amplifier, and in-flight calibration source were adjusted for proper
phase and symmetry by means of the circuit shown in Fig. 32, The SYNC
input (A) from the master clock is fed to monostable multivibrator (1)
which produces an output pulse of variable width occuring at the end of

PHASE ADJ SYMMETRY ADJ

{A ONE SHOT ONE SHOT
SYNC INPUT D>—-1Ak e snrany 2 surazy [ E—OSYNC OUTPUT

)] (2)

<

INHIBIT O—
(If Used)

(A) | | | | | | ------- 400Hz CLOCK

{1) DELAY
(8) ....::I-I::.J-l...J- """
- {2 oeuv-rl.- rl -+ -SYNC OUTPUT

Figure 32. Phase and symmetry controls for operation of the phase-
sensitive detectors.
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the clock pulse. The output (B) of the monostable or one-shot multi-
vibrator is then fed to a second "one shot" (2) which produces the SYNC
output (C), again of variable width. The combination of "one shots" thus
permits control of both the phase and symmetry relationships between the
clock pulses and the SYNC output pulses. The STOP pulse input to the
first "one-shot" inhibits its action and thus prevents the generation of
the SYNC output. The importance of this feature will become apparent
later.

The collector amplifiers (Fig. 33) were essentially identical in the
two systems. The input current from the beam-current collector is fed to
an inverter and then to a DC amplifier which acts as a current-to-voltage
converter. The square-wave voltage signal from the amplifier is then

INPUT oc 5’“‘!” OC AMPLIFH R o™GH GAMN
cuuz'n')—_" INVERTER AMPLIFIER L%. o+ LY OUTAUT
QLOG GAIN
ouTPUT

Figure 33. Block diagram of Faraday collector beam-current monitors.

filtered by an active, low-pass filter (Fig. 34) with a bandwidth of

about 35 Hz. The filter has less than 1% overshoot and a roll off of about
60 db/decade as indicated in the response curve of Fig, 35. The same

type of filter was also used to smooth the outputs of the synchronous

(and dc reset) amplifiers in the photometer units and in the beam current
amplifier. The amplifiers were designed to provide high- and low-gain
outputs which differed in level by a factor of ten.



74

| w2 TAT OUTPUT
L) Ky R*
SIGNAL INPUT D>—a AAA—S— AR, l

R [V T e ot . 4 L

" i Ll J
L o o? o L
FREQUENCY (Mz)

Figure 35. Frequency-response characteristics of the low-pass filter.
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Several photometric channels were deemed desirable to secure the
spectral information of interest. The possibility of using a single col-
lector together with beam splitters in order to effect a multi-channel
instrument was considered. However, the idea was discarded in favor of
the use of an array of photometers which were variants of a flight-proven
design. Two factors influenced the choice: () the limited developmental
time available for designing and fabricating the first instrument and (<2)
the proven reliability of the photometers after which the flight instru-
ments were patterned.

The photometers were completely self-contained, hermetically-sealed
instruments designed especially for operation in an aerospace environment.
The basic photometric system was built around selected RCA-4516 photo-
multiplier optical detectors and, in addition to the tube, consisted of
a well-regulated, high-voltage power supply, a signal-conditioning ampli-
fier with associated low-voltage power supply, and a removable optical
head which contained a field stop, lens, interference filter, and a thin
wedge (prism) of glass or fused silica. The RCA-4516 is a 3/4 - inch
diameter, 10-stage, head-on photomultiplier which employs a bialkali
photocathode. The tubes feature high quantum efficiency in the blue and
near ultraviolet spectral regions (QE =24% @ 4000 R) and low dark current.

A photograph of one of the sealed photometers is shown in Fig. 36.
The overall dimensions of the instrument are approximately 1.56 in. x 3.68
in. x 12.4 in. A simplified drawing of the optical system used to couple the
source to the detector is presented in Fig. 37. A thin wedge (A) turns
the center 1ine of the instrumental field of view (FOV) through an angle
6, appropriate for viewing the beam region of interest. The wedges are
selected for each of the instruments to yield a common point of inter-
section of the FOV center lines with the electron beam axis.

A portion of the 1ight accepted by the wedge is passed to a Fabry-
Perot type interference filter (B) for spectral selection. A half-power
bandwidth of about 10 £ was typical of the filters which were used.
(Transmission curves for the various filters used in the two EBIL systems
appear in the appendices.) A plano-convex lens (C) condenses the radiation
from the filter on a square aperture (D) which acts as a field stop. The
radiation which passes through the field stop is then intercepted by the



Figure 36. Photograph of photometer.
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Figure 37. Simplified drawing of the phctometer optical system.
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detector (E). The half-power fields of view of the instruments were de-
termined to be roughly 2-inches "square" in a plane normal to the FOV
center line and located 14.5 inches (appropriate for EBIL system geometry)
from the lens. A typical result for the FOV determination is given in
the appendices.

In the first-generation EBIL system, the photomultipiier signal was
fed to a dc-reset amplifier, a variant of the conventional phase-sensitive
amplitier. A block diagram of the dc-reset amplifier 1s shown 1in Fig. 38.

- - ———
_
1 = Y

Fu i HRNAL (LOW)

Figure 38. Block diagram of the DC-reset amplifier,

In effect, the dc-reset amplifier {s a wide-band, direct-counled amolifier
whose output is forced to zero in the absence of a phase-locked input
signal. The amplifier was designed to eliminate from the output signal
contributions from the photomultiplier dark current and from the component
of the anode current assocated with slowly-varying, asynchronous optical
sources.

During the half-cycle of operation corresponding to "electron-gun
on", the SYNC input switches the sample-hold integrator (SHI) to "hold",
The integrator then stores a charge which corresponds to the voltage
required to force the output to zero. In contrast, during the half-cycle
of operation corresponding to "electron-gun off", the SYNC signal switches
the SHI to "sample-integrate". In this state, the integrator produces a
correction voltage at the suming junction such that the output is
approximately zero. Hence, in principle the output signal should not
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reflect contributions from tube dark current and from other sources which,
on the average, contribute equally during each half on an operating cycle.

The output of the amplifier is then smoothed by the previously-mentioned
low-pass filter (Figs. 34 and 35). Two signal channels, each limited at
5 Volts, were provided to increase the dynamic range of the system. The
level of the signal from the high-gain channel exceed that of the low-gain
channel by approximately a factor of fifty. If one assumes a lower 1imit
of 0.1 V (-telemetry noise) for useful information on the high-gain channel,
then the total dynamic range is seen to be 2,500.

The second-generation system employed a conventional lock-in amplifier
for processing the signal information from the photomultiplier tube. The
change was made after tests revealed the superiority of the lock-in amplifier,
as compared with the dc-reset amplifier, in rejecting asynchronous background
signals. A block diagram of the lock-in amplifier is shown in Fig. 39.

BAND PASS v HIOH GAIN
INPUTD———=  ampuiriEn I 24 en oC AwpLInEr |3 SO
h——
7,
ouaTon S
SYNC
rse®

Fiugre 39. Block diagram of the lock-in amplifier.

The 400-Hz input signal from the photomult*iplier was amplified by a band-
pass amplifier of appropriate center frequei.cy and a @ of about 15. The
amplified signal was synchronously rectified and then filtered by the
previously-mentioned low-pass filter. In the high-gain channel,the low-pass
filter was followed by a X50 dc-amplifier. The low gain output was tied
directly to the output of the low-pass filter.

The electron-gun control circuitry for the two systems was similar.
In the first system, the high voltags (2.5 kV) for the electron gun was
provided by a commercial dc-to-dc converter rated at 20 watts. Power for
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the electron gun heater was also supplied by a ccmmercial unit rated at
7.5 Watts. The bias voltages for the control grid and preaccelerator
were furnished by a mercury battery and an auxilliary power supply, re-
spectively. A beam-current regulator was added during the final stages
of preparing the first payload. The regulator sensed the cathode current
(or a proportional voltage), compared it with a reference source, and,

if required, corrected the control-grid voltage.

The second-generation electron-gun control unit emp]oyed the same
type of heater supply as that used in the first unit. However, most of
the remaining control circuitry was modified to permit operation of the
gun at average beam-power levels of up to 125 Watts. The grid-drive
circuitry used in the unit is shown in simplified form in Fig. 40. A

aerennce
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$YNC., sroexce "o Q.ECTRON

L s % o | | wecmw L
ma—@——' T R Fan om P

Figure 40. Block d1agram of the grid-drive circuit for electron-gun
(Aerobee A0 3.910-1

reference voltage is switched on and off by the 400 Hz SYNC signal from
the SYNC logic. An error signal is generated at the summing junction
when the output voltage of the anode-current monitor (output voltage
proportional to anode current) differs from the reference voltage. The
error signal s then amplified by the grid-drive amplifier and applied
to the control grid. The action of the loop thus tends to force the
error signal toward zero. The grid drive is referenced to the cathode
(-2.5 kV) and is decoupled from the SYNC signal source by means of an
optical isolator. This feature is necessary since the SYNC circuitry is
referenced to the telemetry common.
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The preaccelerator voltage was obtained from a tap on the "bleeder”
of the high-voltage supply. The necessity of using a tap on the "bleeder",
as opposed to a separate supply, arose from the desirability of making a
"last-minute" change in the preaccelerator voltage.

In addition to the basic components of the first-generation ttIL system,
the second-generation system contained an in-flight calibration 1ight and an
inductive-type current monitor which was mounted close to the anode of the
electron gun. The calibration 1icnht consisted of an Amperex Type 6977
subminfature, voltage-indicator tube together with appropriate control
circuitry. The control circuit (Fig. 41) consists of an input voltage
regulator, a dc-to-dc converter (outputs of +70 V, +1.25 V, and -3.0 V),
and a transistor switch which is operated by the CAL SYNC signal from the
SYNC DRIVE unit. The CAL SYNC signal is normally O V. However, when the

> +70V (PLATE)
v >—— JSHIN. —‘NJJ - . 3> 41 25V(HEATER)

o =3V or OV (GRID)

-

Figure 41. Block diagram of control circuit for calibration light.

CAL SYNC D>

electron gun is perfodically turned off for a 1.5-sec interval, the CAL

SYNC signal (0 - 5 V, 400 Hz square wave) then switches the grid voltage

between -3 V and 0 V. The (AL SYNC signal is only present during the

first half of each 1.5-sec "jun-off" period. The last half of the "gun-

of f" period is used to obtain a zero reference for the photometer outputs.
The voltage induced in the current monitor cofl (Fig. 29) by the chopped

electron beam was fed to a phase-sensitive amplifier (Fig. 39). The low-

gain channel was designed to provide a responsivity of 0.1 V/mA, whereas

the figure for the high-gain channel was 1.0 V/mA. The responsivity figures

are expressed in terms of dc output voltage per unit (mA) of average beam
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current (excluding any dc beam component). A dc component to the beam,
which might arise from insufficient control-grid bias, should not in
principle contribute to the outputs of the beam-current amplifier or the
photometers. 1In contrast, the Faraday-collector-type beam monitor employed
a dc amplifier which should (and did) respond to a dc beam.

During the operation of the complete payload system, a periodic
pulse (with a period of about 14 sec in the second-generation system)
was supplied by the Langmuir-probe circuitry to the EBIL systém. The
pulse wes fed to a one-shot multivibrator in the SYNC DRIVE unit. The
one-ghot provided a 1.5-sec-wide output pulse which inhibited (clamped
off) the SYNC signal to the electron gun grid driver. The signal from
the Langmuir probe also triggered a second one-shot which controlled the
on-period (0.75 sec) of the calibration source. The 1.5-sec "off perfod"
of the electron gun thus permitted: (i) a check of the response of the
photometers to the calibration light, (i7) a zero (base-1ine) check of
the photometer outputs during the last half of the "gun-off" period, and
(1) hopefully an unperturbed measurement of the ambient electron temp-
erature and density by the Langmuir probe.

The Faraday collector in the first system consisted of a 6-inch-
diameter, copper-clad disk with glass-epoxy base. The copper covering
was etched to provide three electrically isolated collection zones, a
central two-inch-diameter disk and two concentric annular zones each
one-inch wide. The collecting areas of the inner, middle and outer zones
were (n/4), (37/4), and (57/4) sq. in. , respectively. A high-transparency,
knitted-morel mesh was mounted tn front of the collecting surfaces. The
mesh was biased approximately 50 V negative with respect to the collecting
surfaces. The screen effectively acted as a suppressor grid to reduce
the probability of escape of secondary electrons generated at the collect-
ing surfaces. A segmented collector was introduced in the hope that
potentially useful information on changes in beam position during the
actual experiment might be obtained.

In view of the anticipated beam-power level in the second-generation
system (up to 125 Watts), the Faraday collector was of metal-ceramic con-
Struction. A segmented collector was again used. However, four thin,
electrically-isolated quadrants of stainless steel were mounted on a

o — e il
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thin ceramic disk to form a circle of approximately 6-inches diameter. It
was anticipated that this configuration of collecting zones would remove
some of the ambiguity inherent in the first design. If the diameter of
the beam at the collector were as anticipated and if its current density
were uniform, it would be possible in principle to approximate both the
radial disr'rcement of the beam from the center of the collector and its
azimuthal position from the observed distribution of current over the
four quadrants. In practice, several factors (such as the secondary-
electron problem) contribute to the ambiguity of the interpretation. Hence,
care must be exercised if quantitative results on beam position are desired.
A set of circuit diagrams covering the two EBIL systems is included
in the appendices. Features of the systems not mentioned above included
temperature and high-voltage monitors for each of the photometers and for
the electron-gun units. Calibration data for these monitors has also been
included in the appendices.
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PREFLIGHT CALIBRATION OF ELECTRON-BEAM-INDUCED
LUMINESCENCE SYSTENS
The responsivity of the photometers may be defined in the usual
manner as
R = [VO/AE H()) T(x)dx:] . (29)

where vV, is the output signa) voltage, A the effective collecting area
of tnhe instrument, and f: H(2) T(1)dr the effective irradiance accepted
by the detection system. (When a | hase-cunsitive detection system {is
employed, normally the rms values of the fundamental components of the
signal voltage and the incident radfation are used in defining the
responsivity.)

Although absolute calibration of the photometers was rot an
essential part of the EBIL-system calibration procedure, as will shortly
be discussed, it was nevertheless carried out in an attempt to evaluate
the performance characteristics of the photometers. An Electro-Optics
Associates Model L-101 Spectral Irradiance Standard (quartz-iodine lamp)
and P-101 power supply were used in the calibration. The output of the
lamp was chopped mechanically at a rate of either 350 Hz (first system)
or 400 Hz (second system) as determined by a Hewlett-Packard Model 5321 A
electronic counter. The frequency of the chopper was stabilized hy
regulating the input to the chopper motor. The chopping frequeicy was
monftored continuously during calibration and was adjusted to the proper
frequency when required. The output of the first-generation photometers,
which employed dc-reset amplifiers, was not sensitive to reasonable
varfations in the chopping frequency; however, the output of the second-
generation instruments was sensitive to the chopping frequency cince
they employed lock-in amplifiers.

The 1ight source was placed approximately ten feet from the photo-
meter, which was positioned so that the source was in the center of the
field of view. Since the optical wedges turn the fields of view, it
was necessary to adjust each instrument until the desired condition was
realized. Calibrated neutral-density filters were used to vary the
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irradiance at the photometer. Account was taken of the nonadditive wature
of the densities which occurs when two or moie filters are stacked roughly
parallel to each other. The effect of stacking was checked by tipping
the filters so that the reflections passed out of the system. The irradi-
ance ievels were then varied over the dynamic range of the instrument.

In carrying out the calibration, it was of course necessary to derive
a SYNC signal from the chopper. This was done photoelectrically by means
of a small incandescent 1ight 2nd a photodiode mounted on opposite sides of
the chopper blade. The SYNC signal derived from the photodiode was then
fed to 2 unit which provi!ded for phase-and-symmetry adjustment. (See dis-
cussfon relating to Fig. 32.) The output of this unit provided the SYNC
input for the photometers. In operation, the phase and symmetry were
adjusted to realiz2 maximum response to the standard lamp.

Although the photometers were designed to view an object approximately
14-inches distant, computations revealed that with the standard lamp 10-ft
away the cone ¢f light from the collector should still pass through the
field stop without obscuration. Responsivity data were then determined
by noting the response of the instrument to various levels of irradiance.
The slope of the resulting curve (straight 1ine) was taken to be the re-
sponsivity. A summary of the results is presented in the appendices.

The fields of view of the instruments were also checked. A ground-
glass plate was covered with an onaque mask containing a pinhole aperture.
The chopped radiation from the standard lawp was then used to illuminate
the pinhole thus effecting a modulated point source. The field-of-view
data were then obtained by means of a rotating table which permitted con-
trolled rotation of the photometer about an axis through the collecting
lens. The results were checked by means of an independent system built
around one of the Amperex 6977 1ight sources. Typical FOV results are
presented in the appendices.

The EBIL section of each of the payloads was demountatle. (See
Figs. 11, 12, 15, and 16.) This feature served a two-fold purpose: ()
it permited calibration of the EBIL system in a somewhat smaller vacuum
chamber than would have been required to accomodate the entire payload
and (i) 1t permitted calibration to be carried out while preserving the
EBIL-system geometry appropriate to the flight.
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The caiibration tests were conducted using an 0.8-meter-diameter
vacuum chamber at AFCRL. The chamber was evacuated by an NRC HS3z-32,000
ofl diffusion pump backed by a Kinney KMBD-1600/KDH-150 hooster and fore-
pump combination. The oil diffusion pump was capped by a 1iquid-nitrogen-
cooled baffle which served as the pumping throat for the vacuum chamber.
During the calibration of the first EBIL system the background pressure
in the chamber dropped as low as =7 x 10-7 Torr after several hours of
pumping; however, the background {base) pressure during the calibration
of the second system did not drop below about 2-3 x 10°6 Torr.

In effecting a calibration, the responses of the photometers to
beam-excited emissions were recorded over a rangs ~f target pressures.
Most of the measurements wer:: made using targets of pure N, and air in
the case of the first system. The targets used in calibrating the second
payload included pure N», air, pure CO,, and CO,-N, mixtures. The
tests were conducted with room-temperature (:294"K) targets since the
facilities were not designed to permit control of the gas temperature.

In the initial calibration efforts, tie outputs of the photometers
and two of the three Faraday collector amplifiers were simultaneously
recorded on a visic.rder as the target pressure was varied stepwise over
the range from 10-6 to nearly 10-? Torr. Subsequently, more accurate
measurements of signal levels were obtained through the use of calibrated
digital voltmeters. Target chamber pressures were initfally monitored by
means of an NRC Bayard-Alpert iype fonization gauge. Most of the sub-
sequent pressure measurements were carried out with both the fonfzatior
gauge and an MKS Instruments capacitance manometer which had been cali-
brated agafnst a McLeod qauge.

The results of one of the first calibration runs (first payload)
are shown in Fig. 42. The average collector current was about 2.5 mA.
The data points above 8 x 1076 Torr have been corre:ted for a slight
change {n beam current. It is of interest to note that the photometer
outputs appcar to be linear with N, pressure for fixed beam current and
that extrapolation of each of the 1inear response curves to zero pressure
yields a non-zero intercept. The slope of the instrument response
curve for the rather weak N;* 1¥ (2,4) band is hardly discernable fn the
figure. Measurements extending upward to 4 x 10~* Torr yielded the value
of the slope of the response curve associated with this band.
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The tect ique which was envisioned for determining atmospheric N»
vibrational temperatures entailed a comparison of selected signal ratios
obtained from the flight record with the corresponding ratios obtained
during laboratory calibration of the EBIL system. The inability ti vary
the N, vibrational temperature during calibration necessitated normali
zation of the flight ratios (corrected) by the values cbserved with a
vibrationally-cool (:294°K) target. The resulting ratios, e.g. [V(l,z}/
V(o.l)]FLIGHT /[V(l,z)/v(o,l)]LAB when properly currected for background,
for effects associated with changes in the rotational structure of the
bands, and for possible contamination by other spectral features could
then be compared with the predicted variation with vibrational tempera-
ture (Fig. 6). Assuming the validity of the "transfer curve" (See dis-
cussion on pg. 18), one could then read from the curve the vibrational
temperature corresponding to the observed departure from unity.

Initial calibration ratios of about 0.36, 0.29, and 0.0083 were
obtained for (0,2)/(0,1), (1,2)/(0,1), and (2,4)/(0,1), respectively.
Subsequent tests led to improved values of 0.23 and 0.0075 for the latter
ratios.

Some attention was also given to the change in signal ratios with
beam deflection. Deflection plates were mounted close to the anode of
the electron gun, and photometer and beam collecter readings were re-
corded for several sets of deflection-plate voltages. Readings were taken
at base pressure and with a pure N> target of about 5 x 10°5 Torr, the
highest pressure which would permit arc-free operation of the deflection
plates. Analysis of the results led to the following observations: (1)
the photometer outputs were relatively insensitive to beam deflection at
base pressure, and (iz) although thie photometer outputs were more sens<-
tive to beam deflection at an N2 pressure of 5 x 10~5 Torr (changing by
as much as 25%), the output ratiog in general exhibited less .nhan 10%
change as the beam was deflected over a relatively wide range. The con-
stancy of the (1,2)£0,2) ratio was particularly noteworthy since it varied
by a maximum of less than 4% for the deflection voltages which were used.

The zero-pressure intercepts in Fig. 42 suggest a pressure-{ndepen-
dent contribution to the total photcmeter signal. Luminescence produced
within the vacuum chamber was visible even at the lowest pressures where
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emissions from the beam region could not be seen. The precise source of
the background signals was not immediately identified, and, indeed, a
positive {dentification has not yet been made, although several related
tests have been carried out. The flight data also exhibited a background
signal. However, the information which s presently available does not
suggest that the backgrounds necessarily arise from the came source.

The calibration procedure for the second EBIL system parallcled that
of the first. In view of the interest in including an instrument for [CO-1
measurements, the calibration procedure entailed the vse of several gases
and gas mixtures. It alsc proved desirable to use & quadrupole mass spectro-
meter for anilysis of the target composition. Figure 43 presents some of
tae calibration data for the second EBIL system.
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GROUND SUPPORT FOR AND PERFORMANCE OF
AEROREES I AND II.

The first EBIL system and supporting instrumentation were launched
aboard Aerobee I from the Churchill Research Range, Fort Churchill, Man-
itoba, Canada, at approximately 06:18:25 GMT on 13 March 1970. The rocket
reached an apogee of 206.3 km at roughly T + 243 sec. Magnetometer re-
cords indicate that the payload was stable. The spin period of the rocket
was about 0.4 sec after completion of boom erection and other mechanical
functions, as evidenced by spin modulation of the data. A precessional
period of about 50 sec was also inferred from the flight aformation. The
housek 2eping commutator record indicated that all mechanical and electrical
funct ons were accomplished as scheduled. A curve of aititude versus time
is prevented in rig. 44.

In acdicion to radar tracking, the Churchill Range provided optical
ground support instrumentation consisting of an all-sky camera, photometers,
and a scanning spectrometer to aid in determining auroral conditions during
the flight. The all-sky-camera photographs shown in Figs. 45 through 47
were obtained from a 70 mm f/1.0 camera vhich provided a 150° field of view.
Two-second exposures were taken every 5 seconds. The photographs reproduced
in the figures have been selected to include a couple of frames near the
time of 1ift off and every third or fourth frame through the significant
portions of the remainder of the flight. The photographs were taken from
Twin Lakes and have an indicated azimuth of 156.6° and an elevation of 55.0°
which correspond to the predicted vehicle position at 100-km altitude on
the down leg. A1l of the other grourd-based optical instruments were aimed
toward the above point during the flijat.

The all sky camera photographs indicate that the rocket passed through
some relatively intense auroral activity during ascent up to the time the
electron gun was opened. During the remainder of the flight somewhat less
intense auroral conditions prevailed.

During the flight of Aerobee I four ground-based photometers were
used to measure the auroral intensity at a point having an elevation of
48.3° and an azimuth of 154.3° from the Churchill Auroral Observatory.

This point corresponds to the predicted vehicle position at an altitude
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of 115-km on the down leg of the flight. The four photometers measured
the intensity of emissions at wavelengths 4236 R, 5577 R, 3914 R, and
6300 R. Each photometer had a field of view of 2°, A spectrometer
scanning from 3950 R to 6600 R having a spectral s1it width of 15.8 R
provided a measurement of auroral intensities of the 5577. 6300. and
6364 R 1ines. Riometer and ionosonde support measurements were also
provided by the range. .

Aerobee II was launched from White Sands Missile Range at 20:31:07
MDT on 15 October 1971. Onboard monitors indicated a normal, stable
flight with a1l electrical and mechanical functions operating as designed.
An apogee of 214.0 km was reached at approximately T + 246 sec. Radar
tracking ylelded the altitude-versus-time curve shown in Fig. 48. The
spin period ¢f the rocket during the data-taking portion of the flight
was approximately 0.63 sec.

Both payloads were recovered by parachute. Damage to the instru-
mentatira was not severe in either case; however, in both instances, the
booms were destroyed.
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OBSERVATIONS AND RELATED DISCUSSION

Aerobee I was launched into a relatively intense auroral display.
Some of the onboard instrumentation, a< well as some of the ground-based
instruments, were used to provide information on the nature of the event.
Data obtained from the support instrumentation will be presented first.
This discussion will be followed by a summary of the results obtained
with the EBIL system. '

The time history of the auroral intensity in the A 3914 R, 4236 R,
5577 R. and 6300 R features as measured from the ground is shown in Fig.
49. Each of the photometers had a 2° conical fiéld of view and was
directed toward a point having an elevation of 48.3° and an azimuth of
154.3° from the Churchill Auroral Observatory, as mentioned earlier.
This position corresponded to the 100-km level on the down-leg of the
anticipated trajectory. For the view angles previously specified, the
intensity in A 5577 R did not exceed about 16.5 kR during the flight
period. The intensity ratio 1(5577)/1(3914) is of fundamental importance.
The data of Fig. 49 indicate a variable ratio during the flight with
values 1ying between the 1limits of 0.6 and 1.6. Rees (1959) was led to
the conclusion that [I1(5577)/1(3914)] =2.0 with 1ittle variation; however,
several observations which contradict this conclusion have been reported
[Romick and Belon (1967); Murcray (1969); Brekke and Omholt (1968)1.
Vallance Jones (1971) suggests contirued use of 2.0 as an average value
for the ratio. The intensity ratio 1(4236)/1(3914) remained roughly
constant during the flight at a value of about 3 x 1072, Vallance Jones
(1971) suggests a value of 3.8 x 10”2 for this ratio in a normal IBC 3
aurora.

The results obtained from the rocket-borne, vertically-viewing
auroral photometers (» 3914 R and 5577 R) are presented in Fig. 50. The
trajectory data werc used to reduce the flight records to emission profiles.
The data indicate that the vehicle entered a relatively intense auroral
form as it was breaking up. Both spatial and temporal variations are
inferred from the photometer data indicating that the auroral form was
changing in position and/or intensity as the vehicle passed through the
active region.
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The Langmuir probes aboard Aerobees I and II were included for the
primary purpose of measuring electron temperature and secondarily for
measuring relative electron density and vehicle potential.

During the payload checkout for Aerobee I, it was noted that the
Langmuir probe was receiving interference from the VHF telemetry trans-
mitter. The interference e“fect was seen as a DC low-current offset
produced by rectification of the rf pick up by the Langmuir probe circuitry.
To minimize the interference, the payload was rotated approximately'90°
with respect to the telemetry transmitter section. The Langmuir-probe
sensor was thereby positioned in a relative null in the near field trans-
mitter radiation pattern. Although the effects of the rf interference
were evident in the flight data, they were not serious enough to prevent
data analysis.

The results of the temperature analysis of the Aerobee I Langmuir-
probe data are shown in Fig. 51. Each of the plotted points represents
the temperature from either the leading or trailing edge of the sweep
waveform as a function of altitude. The small crosses are from the lead- -
ing edge of a sweep and the diamonds are from the trailing edges. The
data indicate that the electron temperature was significantly elevated
with respect to that of the normal nighttime quiet ionosphere. The temp-
erature at 200 km was approximately 2000°K.

The vehicle-potential data for Aerobee I, shown in Fig. 52, indicate
that the vehicle was negative at low altitudes but became less negative
with increasing altitude, apparently owing to loss of electrons from the
EBIL system. Finally, at an altitude near apogee, the vehicle potential
became positive, thus preventing additional measurements by the Langmuir
probe.

Figure 53 shows the Langmuir probe sensor current profile obtained from
the flight record of Aerobee I. The current profile can essentially be
linearly related to electron density either from the sensor geometry and
theoretical calculations, or it may be effectively normalized by means of
an independent measurement of electron density such as may be obtained
from an fonosonde or rf probe. Experience has shown that the calibration
from another indepandent measurement yields the most reasonable and
consistent absolute electron density information.
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In as much as the auroral activity and energy input to the fonosphere
on the up-leg portion of the flight were exceptionally high, the electron
density was sufficient to saturate the Langmuir-probe amplifier. The
saturation is evidenced by the nearly vertical section of the curve (Fig.
53) corresponding to a current of about 3 x 10-5 amp. The dashed curve
represents the "best quess" at the electron density profile during active
auroral conditions.

The Langmuir-probe data from Aerobee Il has presented some unusual
problems. A segment of the oscillograph record from this flight is shown
in Fig. 54. The upper trace represents a monitor of the sweep voltage

o

K’

Log of Sensor Current

<= TIME INCREASING

54. Segment of Langmuir-probe record from the flight of Aerobee
F1g:5e3.910-1.g (Upper trage -- sweep voltage; lower trace -- logarithm

of sensor current).

applied to the sensor during the 1.5-sec "off interval” of the electron

gun. The particular sweep shown was taken from a portion of the flight

Just shortly after apogee. The lower trace shown in the figure is the
logarithm of the sensor current. Ideally, during the period of time that
that sweep voltage is negative with respect to the plasma potential, the
probe output should be changing linearly with time thus producing a straight
11ne the slope of which can be directly related to electron temperature. How-
ever, the only straight-line segments in the sweep which is illustrated
corresnond to unreasonably low electron temperatures (far lower than the
lowest anticipated gas-kinetic temperature). Another disturbing charac-
teristic of the Aerobee Il Langmuir-probe data is that the vehicle potential
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was several volts negative. This observation is very surprising in view
of the presence of the high-current electron gun in the system. Further-
more, by comparing the vehicle potential from leading and trailing edges
of a sweep, the vehicle potential rapid\y'(in the order of several volts/
sec) becomes more positive with {ncreasing time from when the electron gun
was turned off. It appears that the effect of the electron gun on vehicle
potential is not simple and that the large and transient nature of the
vehicle potential following cessation of operation of the electron gun
prevents normal operation of the Langmuir probe.

In view of these complications, one might wonder why the Langmuir-
probe data from Aerobee I did not exhibit similar ‘effects. This question
has prompted a re-examination of the Acrobee I data. Interestingly,
there were portions of the flight record showing two distinct 1inear
regions in the sensor-current record, one corresponding to a very low
temperature. In addition, the vehicle-potential data of Fig. 52 reveal
that the vehicle potential was changing between the times of leading
and trailing edges of a sweep. The temperature results obtained from the
leading and trailing edges also differ with the trailing edges consistently
yielding larger temperatures. It should be noted that two possibly
significant differences existed between the Langmuir probe operating con-
ditions on the flights: (i) a somewhat higher electron-beam current was
used curing the second flight and (i1) the ambient electron temperature
and density were much higher during the first flight.

The particle counter aboard Aerobee I was used to provide a measure-
ment of the spectral distribution of the incident energetic electron flux
producing the aurora. A1l data channels from the three geiger tubes and
one curved-channel electron multiplier operated essentially normally.

The data from these four channels are shown in Fig. 55—58 and correspond
to lower cutoff energies of 6.5, 17, 42, and 90 keV, respectively. In
each case the actual count rate has been converted to carry the dimensions
of electrons cm-2sec-lster-l. In compa’ ing the above count rates with the
auroral activity shown in theoa11-sky-camera p-otographs and particularly
with the outputs of the 3914 A and 5577 R vertically-viewing photometers,
it appears that a major burst of electrons precipitated into the atmos-
phere while the vehicle was at an altitude of about 97 km at approximately
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T + 88 sec. The increase in auroral intensity correlates with an increase
in particle counter count rate shown in all gefger channels (the H.V. to
the channeltron had not yet been turned on). Using the amount of absorp-
tion in the atmosphere for particles to penetrate to the appropriate
vehicle altitude, it is estimated that the energy input to the aurora was
in the order of a few tens of ergs cm~2sec™?.

As the payload ascended, both spatial and temporal variations are
seen in the count rates. At approximately T + 119 sec, when the vehicle
was at about 134 km, the particle counters recorded another burst of electrons,
the effects of which were also seen in the vertically-viewing photometers.

It should be noted that the geiger tube having a 17-keV-threshold window
failed to count this burst of electrans. The count rate dropped very low
and 1s not shown in Fig. 56. Very little structure appears in the output
of the 17-keV geiger tube for a period of approximately 40 sec following
the "drop out"; whereas, the outputs of the other channels show very high
count rates and significant structure during this period. The lack of
structure in the output and "drop out" at high flux levels is attributed

to deterioration of the resolving-time in the geiger tube. Although all of
the geiger tubes were checked at high flux levels before installation in
the instrument, a post-flight check revealed that the resolving time for the
17-keV gefiger tube had seriously deteriorated and was significantly poorer
than at the time of the flight.

In view of the difficulty with the 17-keV channel, the remaining channels
were used to estimate the spectral shape of the electron energy distribu-
tion. Although the energy resolution of such a system is very poor, it
appears that the measurements are consistent with an exponential electron
energy distribution having an e-folding value of approximately 3 keVe with a
high energy tail habing an e-folding value of = 25 keV.

The telemetry records from the flight of Aerobee I revealed that the EBIL
system performed nearly as intended. The Type EE-65 tube opened at 140 km on
ascent yielding a 6.2-mA electron beam as determined from the total response of
the Faraday collector (Ibeam ='§ Ii)' Tre beam-current measurements are sum-
narized in Fig. 59. vl

Shortly before the vehicle reached apogee, the output of the monitor
circuit for collector segment 15 (Fig. 59) suddenly increased to the zener-
diode-1imited value and remained there through loss of telemetry signal at
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about 75 km. During the period when all three monitors were operating, the
sum Ibeam -f I; remained essentially constant at 6.2 1A, even though
variations 1n the individual monitor outputs did occur. The data ob-
tained prior to the failure of monitor I; suggest that the total beam cur-
rent probably remained constant at 6.2 mA until relatively severe poision-
ing of the oxide-coated cathode occurred near 107 km. Below this altitude,
the beam-current regulator was no longer capable of compensating for the
degradation in cathcde emission.

A portion of the data record from the downieg of the flight is shown
in Fig. 60. Two effects are apparent from the record:.(:) both the photo-
meter and current monitor outputs exhibit a 2.5-Hz spin modulation, and
(i7) the N3t 1IN (0,1), (0,2) and (1,2) outputs tend toward constant values
above roughly 140 km. It is also seen that the N, IN (2,4) output does not
appear to change significantly over the altitude range of the figure.

The well-defined phase relationship between changes in beam-current
distribution and changes in the photometer outputs tends to confirm ine
preflight observations (pg. 89) that the photometer outputs are affected
by changes in beam position. However, also in accord with preflight ob-
servations, the signal ratioe are relativeiy insensitive to the point
during the spin cycle at which the ratio is computed. The modulation
depth of each of the photometer signals is similar, and ratios computed
at the maxima and minima exhibit a rather small spread.

The modulation depth was obsérved to vary with the precessional motion
(coning) of the vehicle spin axis, as evidenced by a 50-sec periodicity in
the modulation envelope. (This interpretation is also supported by the
data from the payload magnetometer.) As the rocket spin axis approached
alignment with the B field of the earth (e.g., at about T + 362 sec. in
Fig. 60), the Spin modulation was minimized owing to the nearly constant
angle between v and B (pg. 35) during the spin cycle. This condition
results in maximum beam deflection with minimum beam excursion during the
spin cycle.

The photometer outputs have been averaged over one-second intervals
(approximately 2.5 spin cycles) in order to improve the signal-to-noise
ratios and to reduce the effects of spin modulation. Results obtained
from the data record for the N;t IN (0,1) instrument are shown in Fig. 61.
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The previously mentioned background signal, which was apparent in the
case of the N2t IN (2,4) output at the altitudes of Fig. 60, is more ap-
parent near apogze in the case of the N;t IN (0,1) measurement. It is
also seen from Fig. 61 that on upleg--downleg disparity in the absolute
output at a given altitude occurs.

The source of the background signals (Fig. 60) is not well defined
at present; however, it may be the result of electron-impact-induced
luminescence of some surface [e.g., the outer surface of the optical
wedge (A in Fig. 37)) within the fields of view of the photometers. A
similar situation was encountered in the preflight calibration of the
EBIL system where background signals (Fig. 32) were present on all of the
instruments.

Post-flight tests of an electron beam collector similar to the one
used during the first flight suggested that a significant number of
secondary (and backscattered) electrons are generated at the collecting
surfaces and at the suppressor screen. The "secondary electrons" pro-
duced a visible glow at the walls of the vacuum chamber used for instru-
ment calibration. The pattern and intensity of the wall fluorescence
could be easily and dramatically altered by moving a small permanent
magnet over the exterior surface of the vacuum chamber, in accord with
the secondary-electron hypothesis. A comparison of the output current
of the electron gun, as measured by an inductive-type monitor mounted
near the anode of the electron gur, with the Faraday collector reading
revealed a difference commensurate with the measured optical transparency
of the suppressor screen.

Additional consideration has been given to both the background sig-
nal and the upleg-downleg disparities; however, the stated purpose of
this raport precludes a detailed exposition on the results of the two
flights, as these will be reported elsewhere. Preliminary results from
the first flight have previously been reported (0'Neil, Hart, and Pendle-
ton, 1971; 0'Neil, Pendleton, Hart, and Stair; 1971). Submission of a
final report of the findings to an aeronomy-related journal is planned
for the near future. A preliminary report of some of the results from
the second f1ight have been submitted for possible presentation at the
May, 1972 COSPAR meeting scheduled for Madrid, Spain (0'Neil and Pendle-
ton, 1972).
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The basic EBIL-related results from the first flight are summarized in
Figs. 62-64. The quantity Aé of Fig. 62 [and similarly for A% of Fig. 63] is
the corrected ratio [V(l,2)/V(0.1)]FLIGHT/[V(l;Z)/V(O,l)]LAB, where v(1,2) and
v(0,1) represent the corrected output signals of the N;* 1IN (1,2) and (0,1) instru-
ments, respectively. The output signals, averaged over one-second intervals,
were correctec for the aforementioned background signal, for changes 1in
effective optical-system transmission of the band radiation due to alti-
tude-correlated changes in the rotational temperature, and for blending
at higher rotational temperatures of the rotational structure of adjacent
bands in a sequence.

The appropriate corrections for the background signal were estimated
at or near apogee. Allowance was made for the N;' 1IN component of the total
signal through estimates based on the preflight calibration results and
model atmosphere (CIRA 1965 or 1966 U.S. Standard) N, concentrations
appropriate to the apogee (or near apogee) altitude. The N,*IN (0,1)
contribution to the near-apogee signal for the N;' 1IN (0,1) instrument
was estimated to be -0.1 V with somewhat smaller contributions (Fig. 42)
for the other measurements. It was assumed that the background signals
were constant during the constant-beam-current portion of the downleg.

The near constancy of the output signals in the region near apogee where
the background signal dominates and where the vehicle spends, relatively
speaking, considerable time supports the assumption that the hackground
signal does rot change significantly during the constant-beam-current
portion of the downleg. Also, the outpu. of the N} IN (2,4) instrument is
seen (Fig. 60) to be nearly independent of altitude for downleg altitudes
between apogee and =130 km, in support of this hypothesis.

The correction factors for the changes in effective band transmission
factors and for (1,2)—(0,1) blending, both depending on the rotational
temperature of the gas, were computed from measured filter transmission
curves and computed relative rotational 1ine intensities for the rotationa]
Tines of the pertinent bands. The description of the N IN rotational
structure followed the treatment of Muntz (1962). The computations pro-
vided the effective filter transmission factor for the design transition
and 1n the case of the (1,2) and (2,4) transitiors, also provided the
effective transmission factor for the generally more intense adjacent band
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on the long-wavelength side ((0,1) in the case of the (1,2) band and (1,3)
in the case of the (2,4) band].

The preflight calibration results were adjusted by the appropriate
correction faciors (294°K target) and were used as the vibrationally cool
normalizing ratios in calculating the quantites A% and 82. The initial
correction of the flight data was made by assuming LTE conditions with a
temperature at each altitude determined by the appropriate model atmosphere.
An iterative process could then be employed using as the starting point
for the given jteration the vibrational temperature [and consequently band
{ntensity ratio] results of the preceding {teration. However, it was
found that the initial computations yielded results which varied almost
insignificantly from the vibrationally-cool case. Hence, the iterative
procedure did not appréciany affect the final result.

It is seen from Fig. 62 that the corrected signal ratios from the
f1ight data do not depart significantly from the preflight calibration
ratio. Below 150 km, the double ratio &} is,for the most part, within
+10% of unity, and when the ratios based on both (0,1) and (0,2) are con-
sidered the spread in values {n nearly symmetric about unity. The ratios
pertaining to higher altitudes are somewhat less certain owing to the in-
creasing importance of the background signal and of the effective filter
transmission corrections and to the decreasing signal-to-noise ratio of
the averaged flight data.

The results depicted in Fig. 63 indicate a departure of 82s based on
both (2,4)/(0,1) and (2,4)7(0,2), from unity. However, the (2,4) flight
measurement is felt to be contaminated by OII (and NI1) emissions which
occur within the bandpass of the NS IN (2,4) photomete-. The preflight
calibration was carried out using pure N2. Hence, the NII contamination
was present, but the OI1 contamination was not included. Rough estimates
of the anticipated correction yield values of A% which are much closer to
unity.

Upper 1imits for Nz(x‘zéf) vibrational temperature were estimated from
the upper bounds for A% and A% indicated in Figs. 62 and 63, respectively.
The upper bounds were somewhat arbitraily set such that they exceeded 90%
of the data. The wpper limit determined from al varies from about 750°K
at altitudes : 100 km to about 1200°K at about 175 km. The upper-1imit
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results from A% extend only between 80 km and about 140 km owing to the
altitude-1imited information available on the (2,4) channel. The upper
1imit results based on A% exceed those based on A% by a roughly constant
value of 200°K over the altitude range common to the two sets of data.
However, the A% results are felt to be less reliable owing to the afore-
mention contamination of the (2,4) measurement and to an additional
uncertainty associated with the nature of the excitation mechanisms for
the N;*B-state v’ = 2 level (Pendleton and 0'Neil, 1972).

The results for the number density of molecular nitrogen are pre-
sented in Fig. 64. The number densities are based on data from the
Nzt IN (0,1) photometer. The photometer output was averaged over 5-sec
intervals above 168 km in order to improve the S/N ratio, whereas below
this altitude the previously mentioned 1-sec interval was used. Estimates
of the background signal at apogee and over the altitude range between
180 and 200 km yielded lower-altitude N, density values which were
essentially the same below 175 km. The departure from the CIRA 1965
model atmosphere is seen to be significant.

Only partial results from the second flight are presently available.
The N, vibrational-temperature information appears to be consistent with
the results from the first flight, indicating vibrational temperatures
which may not be perceptibly different than the gas-kinetic temperature.
The results from the two flights suggest that with the present technique
and experimental system an upper limit for E-region N, vibrational tem-
peratures is probably all that can be realized except under "abnormal
conditions". Molecular nitrogen and oxygen number densities from the
second flight appear to be significantly lower than those of the CIRA
1965 mean model atmosphere over the altitude ranges of the two measure-
ments.

e SR




e

122

REFERENCES

Alfano, R.R. and N. Ockman, J. Opt. Soc. Am. 58, 9G (1968).
Baker, K.D., D.A. Burt, L.C. Howlett, G.D. Allred, Final Report AFCRL
70-0251, Contract No. F19(628)-67-C-0275, University of Utah, -
Salt Lake City, Utah, 1970.
Bauer, E., R. Kummler, and M.H. Bortner, Applied Opt. 10, 1861 (1971).
Belon, A.E., G.J. Romick, and M.H. Rees, Planet. Space Sci. 14, 597 (1966).

Bird, G.A., in Rarefied Gas Dunamice, edited by L. Talbolt, (Academic
Press, New Yor'., 1960) p. 24f.

Black, G., D.C. Lorents, and D.J. Eckstrom, Stanford Research Institute
Semiannual Technical Report No. 1, U.S. Army Research 0ffice--Durham,
Contract No. DAHC 04-70-C-0036 (December?, 1970).

gond, J.W., Jr., K.M. Watson, and J.A. Weich, Jr., Atomic Theory of Gas
Dynamice, (Addison-Wesley Publishing Company. Inc., Reading, Mass-
achusetts, 1965), p. 330.

Brekke, A. and A. Omholt, Plamet. Space Sci. 16, 1259 (1968).

Broadfoot, A.L. and D.M. Hunten, Jan. J. Phye. 42, 1212 (1964).

Burt, D.A. and K.G. Seljaas, Scientific Report No. 6, AFCRL 66-738, Con-
%;aﬁgt No. AF 19(628)4995, University of Utah, Salt Lake City, Utah,

Cartwright, D.C., private communication, (1971).

Dalgarno, A., M.B. McElroy, M.H. Rees, and J.C.G. Walker, Planet. Space
Sei. 16, 1371 (1968).

DeLeeuw, J.H. ard W.E.R. Davies, Small Rocket Instrumentation Techniques,
(North-Hol1and Publishing Company, Amsterdam, Holland, 1969), p. 144,

Eather, R.H. and D.L. Reasoner, Applied Optice 8, 227 (1969).

Fastie, W.G., H.M. Crosswhite and T.P. Markham, Ann. Geophys. 17, 109 (1961).
Field, L.M., K. Spangenberg, and R. Helm, Elec. Commun. 24. 108 {1947).
Halsted, A.S. and D.A. Dunn, J. Appl. Phys. 31, 1810 (1966).



123

Henderson, W.R. and H.I. Schiff, Planet. Space Sci. 18, 1527 (1970).

Herzberg, G., Molecular Spectra and Molecular Structure I. Spectra of
Diatomic Molecules, second edition (D. Van Nostrand Co., Inc., Toronto,
Canada, 1950), p. 552. ‘

Hess, W.M., M.C. Trichel, T.N. Davis, W.C. Beggs, G.E. K ai't, E. Stassinopoulos,

and E.J.R. Maier, J. Geophys. Res. 76, 6067 (1971).
Hoppe, J.C., NASA TN D-4892 (1968).
Hunter, W.W., Jr., NASA TN D-4500 (1967).
Isler, R.C. and W.G. Fastie, J. Geophye. Res. 70, 2613 (1965).

Kummler, ?.H. and M.H. Bortner, abstract f.31, COSPAR (Seattle, Washington,
1971).

Machlett Laboratories, private communication (1969).

Morga?. J.g.. L.F. Phillips, and H.1. Schiff, Disc. Faraday Soc. 33, 118
1962).

Muntz, E.P. and S.J. Abel, Third Hypervelocity Techniques Symposium (Den-
ver, Colorado, Mar “, 1964).

Muntz, E.P., Phys. Fluide 5, 80 (1962. NATO AGARDograph 132 (1968).

Mircray, W.B., Planet. Space Sci. 17, 1429 (1969).

Nicholls, R.W., J Quant. Spectrosc. Radiat. Transfcr 2, 433 (1962).

Noxon, J.F., J. Chem. Phys. 52, 1852 (1970).

0'Neil, R.R., A.M. Hart, and W.R. Pendleton, Jr., in The Radiating Atmosphere,
:g;ggf g¥ ?ég: McCormac, (D. Reidel Publishing Co., Dordrecht-Holland,

0'Neil, R.R., W.R. Pendleton, Jr., A.M. Hart, and A.T. Stair, Jr., COSPAR
(Seattle, Washington, 1971).

Opal, C.B., H.W. Moos, and W.G. Fastie, J Geophys. Res. 15, 788 (1970).
Peek, H.M., J. Geophys. Res. 715, 6209 (1970).

Pendleton.)w.R., Jr., and R.R. 0'Neil, J. Chem. Phye. (to appear in 1 Jun 72
issue).

Peterson, J.R., private comunicatior. of recent reuslts of G. Black et al.
at SRI (March, 1972).

N X



124

Phillips, L.F. and H.I. Schiff, J. Chem. Phys. 36, 3282 (1962).
Rees, M.H., J. Atmoe. Terr. Phye. 14, 325 (1959).

Ridgway, S.L., Princeton Applied Research Corp., Signal Notee V.1,
No. 1 (November, 19675

Romick, G.J. and A.E. Belon, Planet. Space Sct. 15, 1695 (1967).

Schmel tekopf, A.L.,E.E. Ferguson, and F.C. Fensenfeld, J. Chem. Phye.
48, 2966 (1968). '

Schulz, G.J., Phye. Rev. 135, A988 (1964).
Schunk, R.W. and P.B. Hays, Planet. Space Sei. 19, 1457 (1971).

Seljaas, K.G., Scientific Report No. 1, AFCRL 68-0306, Contract No.
AF19(628)-67-C-0275, University of Utah, Salt Lake City, Utah (1968).

Sharp. W.E., J. Geophys. Ree. 76, 987 (1971).

Shemansky, D.E. and A. Vallance Jones, Planet. Space Sci. 16, 1115 (1968).

Smith, L.G. in Small Rocket Inctrumentation Techniquees edited by K.lI.
Maeda (North-Holland Publishing Co., Amsterdam, Holland, 1969), p.
1-15.

Spencer, N.W., L.H. Brace, G.R. Carignan, D.R. Taueseh and H. Niemann,
J. Geophye. Res. 10, 2665 (1965§

Stanton, Paul N. and R.M. St. John, J. Opt. Soe. Am. 59, 252 (1969).
Vallance Jones, A., Space Sci. Rev. 11, 776 (1971).

Walker, J.C.G., Planet. Space Sei. 16, 321 (1968).

Walker, J.C.G., R.S. Stolarski, and A.F. Nagy, 4mn. Geophys. 25, 831 (1969).
Willimore, A.P., Space Sei. Rev. 11, 607 (1970).

Young, R.A., G. Black, and T.G. Slanger, J. Chem. Phys. 49, 4758 (1968).

Zipf, E.C., W.L. Borst, and T.M. Donahue, J. Geophye. Res. 15, 6371 (1370).



APPENDIX A
AEROBEE A0 3.006-1
INSTRUMENT SCHEMATICS AND CALIBRATIONS

125




Figure

A-1
A-2
A-3
A-4

A-5
A-6
A-7
A-8
A-9
A-10
A-11
A-12

A-13

A-14
A-15
A-16
A-17
A-18
A-19
A-20
A-21
A-22

A-23
A-24

Schematic diagram of soft electron spectrometer circuitry
Schematic diagram of energetic particle counter circuitry
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regulator circuitry . « B + s s+ & e s

Grid-control circuitry for electron gun

Test point waveforms on grid-control board

Schematic diagram of current moritor amplifier .
Current monitor interconnection diagram .

Schematic diagram of DC reset amplifier

Schematic diagram of auxiliary power supply . . . .
Schematic diagram of +15 volt power supply

Schematic d1agram of photomu1t1p11er high-voltage power
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Schematic diagram of voItage divider for distribution of
MPT dynode voltages . . . . e . e e

Optical assembly for photometers

Efficiency curve for soft electron spectrometer.
Efficiency curve for channeltron

Particie counter calibration: 6.5-keV channel
Particle counter calibration: 17-keV channel.
Particle counter calibration: 42-keV channel.
Particle counter calibration: 90-keV channel.
Responsivity curve: A 5577 R auroral photometer.

Temperature monitor calibration curve: 2 3914 X auroral
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Responsivity curve: x 5577 R auroral photometer.

Temperature monitor calibration curve: A 5577 R.

126

Page
A-1
A-2
A-3

A-4
"A-5
A-6
A-7
A-8
A-9
A-10
A-11

A-12

A-13
A-14
A-15
A-16
A-17
A-18
A-19
A-20
A-21

A-22
A-23
A-24



A-1

*A43LNOALD u332wou3dads uo433313 330s jo weubeyp JL3euRYdS *T-y aunby 4

127



A-2

*A431n2atd 433unod 3|ot3aed di3abaaua j0 wedberp di1jewdyds °2-y 34anbi4

== R
_ | . )

S

128



A-3

_....H..L

fsf

IflissN

o
=

129



+Ka31no5410 a03e|nbaL JUBALNI-WEAQ Y3 LM weabeLp uoL3o3uuod4ajul xoq unb 1183 -V a4nbi 4

N —
- U ] d - o - [ R -
p— \lelt\l ' oS W Hmm.'.u_ hL

Wy aSvIQ o -
NIILIFNNOIIILNI _XOF NOD =
S1004VISETY SIHUVNHAG-SLINN ~emp 3| W
ALMBB0AING B1VI0 BVLA o” _Asn ¥ )

———— =

ANS'ZT WA JAVNISAI A

LR T

J
y

K
ér

O
e op— i — Tl e
-— gy —
L3t ]
- T R

130



A-5

-unb U433 404 AUFEROLLD |04JUOI-PILD

*G-y 34nbi4

= —
e -
b wdi
- rov mAS @
-
== AR %05 . @
W | ww ARG LTy N Y ¥ Ll B
‘_ MeLbhils il

3 oW SWEL
qnnlu e TET Y |
4 WoJ AT
e oY
o GULE
[ 3N
W o= |
o
4
un-.:u“
§@ A=

131



*p4e0q |043U0d-pLab uo suuojaaem juiod 3say

*9-y 34nb}4

—t [ 1____ I

ﬂ Q_I_IQH | Pape— a8 ] ®=0
= ——
‘HOS —
[ANIOg 1S3L IOWINOD QIO 5
$31304VIOSVY $2IWVNAG-01I21) —gredves O] aw
ALISBIAING DAVIS HVIN 3% -120 5| __mwe
1
S22
| w1t
T e e I . 1 I ®

W pa— U

1

rs
”

[

P S N
s — 7 I

i 2'a-10%
TOC el

_ L 4393y

r'e
»

L

1 | o oL

et S0 € Gy ——metimnd 8'v-10%b

1L

d04S

132



A-7

"J3LSLICMR 40 LUOW JUIiAND 4O weabeyp s13ewayds *l=Y 3anby4

B e 4 Lok |

-— LN |
o WEY L L]
- "3
A Faem -3
G ey =3

133



A-8

-wedbep UO}IIAUUODAJUL 403 LuUCW JUBLANY

‘g-y 3anbi4

-

— bl- - h.‘lﬂ_vhl.ﬂ

e OWI0 NOLLIAN NOJEILN!

RO T ROAYY "

HOLIMOW _ ANIBHND

LiIBBBAINA BL¥WLIE WVLE

== d D1 A

134



A-9

‘43141 |dwe 33534 IQ 40 weabeip dLIRWAYIS “6-V a4nby 4

- = U, = | { “Je»
C ¥idijg s o= == I=1 —age [
& -
dAY INFHYND L3aSTH DT e
TsivRbey, Svece Ssve | ezl o3

i,
3id
BE

k
1

58
asi
percooca

i
4 2E3

i Iﬁl

ESGina: 7t

alflla

LT

o

oON U PIW ety

135




Aiddns Jamod Aaejiixne 30 weabeip dp3ewdyds °Ol-v aanbi 4

T —
—

"a 1._....4..__

as

A-10

136



A-11

*A|ddns aamod 3|0A GI3 40 weaberp dtjewdyds -11-y a4nb}4
Sl ] =

‘HOS ANadNS VWIMOY AS/IT
31002V00UV) SHNUVRIE- S8

SA1S68AMDE BAViS BViA |
) - __ I _m
1

O~
™
-
P
\.vddhl_ 'w. —“ﬂ_.___..l'l
P Spes=
_

r— e S R B b . i



A-12

A ddns 4amod abe3|oA-ybiry 4ai|di3 nwojoyd jo wesberp oijewsyss -2r-y d4nbi4

[
M e ] [
A0 aav
AM/NE HPMOS TITON NSi .
A WO
SHICLVEOEYY SIWVNAG-ONLIN] Hd;.cme M
ALISUSAINA JAVLS uVin »9-L20-E] W
] SMVEIENON S0 NSRS TN AN W
1

TEIMIINLO QFVIWW FSIINN E2TIN TIWOT TV QD

WBINNL wiim © 2NN
® JIvIwrra
INLITMNOD TIVONUS NON
NVEUITNNTD OIOMUS \ L0086 WIQ) L TSN A00U CLODT/ F0J
AVLIINTD QIVOMUS MY (64556 HIOILL TP AOOTI Q1 006 204

‘adLonv

(2= _ R

%

138




A-13

"s36e3 | 0A 3poudp 1di 3O UOLINGLUISLP 404 43PLALP 36R3|OA JO weabeLp drjewsyds

"€1-Y 24nby4

. DB

e H i ———r
~OUVWIH IS~ INWDILS S¥/F S —

| ____JO0NAU ¥3NdIINNOLOHI w0

S$21301VIOEYY SIIWVYNAG-ONII IV
ALISBRAINA 31ViS uVIN

\l"ll‘tﬁ (e} A8

V3-ron-»] awm

N OSL™ Y-y
QIW STy
A QOV 4698 TM /S6 IFTNL ()

> 09C = Y-1F
XOSL = 'Y
AOQOZ/-00f ' O7» 3IBNL (1)

cFLON
S W LTS mg [
T G0 WOM LTANNGD Mid =) TINS5 38NL

SO

139



A-14

140 |

Optical assembly for photometers.

Figure A-14.
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Figure
B-1 Langmuir probe circuit diagram .
B-2 EBIL system layout .
B-3 Schematic diagram of SYNC DRIVE circuitry
B-4 Schematic diagram of current unnitor (Faraday collector)
circuitry . . . . . . . . .
B-5 Schematic diagram of current amplifier (toroid) circuitry .
B-6 Schematic diagram of synchronous amplifier .
B-7 Schematic diagram of electron gun grid-drive cirauitry .
B-8 Schematic diagram of control circuit for in- flight
calibration 1ight . . . . . . .
B-9 :15 V supply for synchronous anplifier
B-10 Schematic diagram of low-voltage supply (15 V and +5 V) .
B-11 Schematic diagram of electron gun high voltage and
preaccelerator supply . . . . . . .« .+ .+« .« .« . .
B-12 Schematic diagram of b1as supply for Faraday collector
screen . . . . . N ..
B-13 Calibration curve for electron gun high voltage monitor.
B-14 Calibration curve for beam current monitor (toroid) .
B-15

Output voltage versus sensor resistance for the atomic
oxygen detectors. . . . 1. . . . . . .
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APPENDIX C
FILTER TRANSMISSION CURVES AND
RELATED ITEMS FOR EBIL SYSTEM

Note: Unless otherwise indicated
filter transmission curves
refer to 11lumination by
nearly parallel light at
normal incidence.
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Figure

C-1

c-2

c-3

c-4
C-5

C-6

c-7

c-9

Filter transmission curves: N IN (0,1) [left) and
(1,2) (right) instruments . . . . e e e

Filter transmission curves: N 1N (0,2) [left] and
(2,4) [right) instruments . . . . . e

Filter transmission curves: N 1IN (0,1) R-branch
sample (left) and N} 1IN (3,5) [right]) instruments . .

Filter transmission curve: 0,* IN av = +1 instrument

Typical results for dependence of filter center wave-
length on angle of tilt in nearly parallel light

Computed effective transmission factors for Nt IN
(1,2) and (0,1) bands by A 4229.1 filter at
various rotational temperalures . . . . .

Computed effective transmission fackors for N,* IN
(0,1) band [by a filter of ax, = 7 A, "typical
transmission profile,"” and the center wavelengths
indicated by each curve] at various rotational
temperatures . . ., ., , , ., . ., . .
E{Perimenta1 result for effeﬁtive transmission of
N2"IN (0,1) band by A, 4280 A filter (Tr * 350°K).
Ratio of Areas = 0,20. Computed vaiue assuming
applicability of transmission curve of Fig. C-1:0.19 .

Typical field-of-view curve for photometers .
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Filter transmission curve: 0,% IN aV = +1 instrument.
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FILTER: A4220%
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Figure C-6. Computed effective iransmission factors for N,* IN (1,2)

and (0,1) bands by Ao 4229.1 A filter at various rotational temp-
eratures,
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Figure C-7.

Computed effective transmission
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actors for

No* 1IN (0,1) band [by a filter of g = 7 A, "typical
transmission profile," and the center wavelengths indi-
cated by each curve] at various rotational temperatures.
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Figure C-8. Experimental results for effective transmission of Nt IN

(0.1) band by A, 4280 R filter (Tp = 3500K). Ratio of Areas = 0.20.

goTputeg value assuming applicabifity of transmission curve of Figure
-1: 0.19.
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Figure C-9. Typical field-of-view curve for photometers.
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