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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.
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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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Figure 5. The quantities Ry (= Ny/Ny), (dR
logarithmic derivative of R,, versus N,(x
temperature.

!

10~4
o 1000 2000 3000 4000 5000

VIBRATIONAL TEMPERATURE (°K)

0/dT), and the
zg*) vibrational



15

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=



18

(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.



12
0
-
El-8
o
o -
- o
W
% 4 \
; & N
W
W
II b - -
W
g o o
W
a
-4 N\
] 200 400 600 800 1000 1200
T,°K

RESULTS OF T, TESTS FOR TEMPERATURES OF 300° TO
I000° K. GAS NUMBER DENSITY OF 5 x10'S em™3

Figure 9. Comparison of Nz(xlzg+) rotational temperatures (T,)
with gas temperatures [afterHunter, 1967].



————

24

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,
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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



L TR O,

— g

39

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-ori<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>