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Chapter 2

“IN SITU” MEASUREMENT TECHNIQUES FOR IONOSPHERIC-
THERMOSPHERIC INVESTIGATIONS

Edward P. Szuszczewicz
Laboratory for"At'mOspheric and Space Sciences
Science Applications International Corporation

McLean, Virginia 22102

Abstract

Advances in our understanding of coupled ionospheric and thermospheric responses
to energetic inputs are currently limited by an inadequate database. Major problems
include the complex interplay of thermospheric winds and electric fields in the Earth’s
electrodynamic circuit, the lack of routine access to detailed diagnostics of winds, elec-
tric fields, electron density distributions and ion composition in the lower ionosphere,
and incomplete parameter coverage of cause-effect terms as a function of seasonal,
diurnal, solar cycle and geomagnetic controls. “In situ” measurements can provide
opportunities for a comprehensive database on the state and condition of the cou-
pled system and the causal mechanisms. These measurements can diagnose the full
spectrum of possibilities from the quiescent macroscale domain down to meter- scale
irregularity structures known to populate the ionosphere in its most disturbed condi-
tion. Aspects of these micro- and macroscale features are reviewed with a 'perspective
intended to develop an understanding of required “in situ” measurement capabilities;
and a number of diagnostic techniques are described which form a baseline comple-
ment for a rocket or satellite payload. The discussion focuses on traditional techniques
which have had broad applications and cover the spectrum of measurements from ther-
mal plasma diagnostics to thermospheric winds and energetic particle spectrometry,
with some discussion of limitations, future needs, and the importance of coordinated
“in situ” and remote sensing programs. (

1. Introduction

While ionospheric research has been actively pursued for more than thirty years,
we have yet to understand the interplay of thermospheric and magnetospheric forces
in the control of ionospheric plasma distributions and electrodynamic coupling pro-
cesses. The fundamental limitations in our understanding involve a grossly inadequate
database to describe global distributions of electric fields, thermospheric winds, and
plasma distributions. We must address these limitations and expand the database to
understand ionospheric dynamics carried to the limit of unstable plasma modes and
the generation of medium-to-small scale irregularities. -



The ionosphere-thermosphere system responds in first order to the major driving.

forces of solar radiation, magnetospherically- 1mposed electric ﬁelds and energetic par-
ticle precipitation. Some of these particles have direct entry from the solar wind, while
others result from prompt or delayed energy transfer processes in the magnetosphere.
Second and third order controls of the ionosphere and thermosphere include intricate
feedback mechanisms, the streaming-, shear- and current-driven instability processes
at high and equatorial latitudes, and the contributions from lower atmospheric distur-
bances which can propagate to altitudes above 100 km.

To fully understand the ionosphere and the solar, interplanetary, magnetospheric

and thermospheric controls means that we must be able to predict the densities and

heights of each 1onospher1c 1ayer at any place and time, and under any condition. We

must understand the processes that affect the global electrodynamlc cxrcult through v
winds, electric fields and plasma, layer dlstrlbuhons, and we must be able to predlct ‘
the dynamics of the ionosphere extended to the limit of unstable geoplasma states and

the spec1ﬁcat10n of assocua,ted irregularity scale-size dlstnbutmns

The sectxons which follow will briefly review several elements in our current under- o
standing. There will be commentary on causal relationships and ionospheric responsgs, -

with a focus on developing an ynderstanding of -“in situ” measurement requirements,

parameter regimes important to ionospheric-thermospheric investigations, and the de- ‘
mands on spatial and temporal resolution. There will be a review of most frequently.

used diagnostic techniques and a discussion of future needs.

2. Perspéctives on the Physical System and Medé‘uremeht”Reqi“riremen’t}s o

2.1 The Fz Reglon

The F2 région of the 1onosphere is generally thought to be lamlnar and qulescent :

except under condltlons in Wthh unstable plasma modes prevail or there are structured
ionization source terms, as in the high-latitude ionosphere. A phenomenologlcal per-
. spective of the various domains is presented in Figure 1, with the illustration broadly
intended to depict geomagnetic controls, day/night variability, and coupling to the
magnetosphere. The schematic presentation is in the noon-midnight meridian, with

the midnight equator at the very left of the figure, the north-polar cap in thé center,

and the noontime equator to the right. The figure identifies three uniquely different
phenomenological domains, the equatorial, midlatitude and polar regions. We move
from left-to-right in describing general characteristics of each of the domains.

The mghttlme equatorial 1onosphere can be made up of structures that span hun~
dreds of kilometers to fractions of a meter [Szuszczewzcz, 1986; Smgh and Szuszczewicz,

1984; Kelley et al., 1982). The disturbed nighttine equatorial cond1t1on is deﬁned as

&>
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equatorial spread-F (ESF) and has come to be characterized by large scale plasma “bite-
outs” on the long wavelength end of the spectrum and by meter-scale radar backscatter
plumes toward the shortest wavelength portion of the irregularity distribution. The
bite-outs are also characterized by dramatic changes in ion composition, with O the
dominant ion in the high density region outside the hole, and the molecular ions N o+
and OF dominating in lower density region within the holes. The ESF process is a
nighttime phenomenon (approximately 2300 £ 300 hours local time), centered about
the geomagnetic equator in a belt about £20° wide in latitude, with seasonal, solar-
cycle, and day-to-day variations superimposed.

The generation of irregularities in ESF has been 1dent1ﬁed with a hlerarchy of

instability mechanisms (see e.g.- Figures 2 and 3) generally initiated on the bottom-

side gradient of the Fy-layer and associated with collisional Rayleigh-Taylor and the
ExB gradient-drift instabilities (for irregularities in the approximate range 100'm
to 2 km). A full accounting of the complete irregularity distribution includes.a pro-
posed velocity-sheared Rayleigh-Taylor mechanism at longer wavelengths (1-50 km),
universal drift waves at transitional dimensions (appr. 10-200 m) and an assortment.of
candidate processes (including the kinetic lower hybrid drift instability) in the shortest
wavelength regime (< 20 m) [see, for example, Singh and Szuszczewicz, 1984; Kelley
et al., 1982; Keskinen et al., 1981]. A synthesized perspective of irregularity power
spectral density behavior is presented in Figure 3, showing a k~1% power spectral
behavior (k = 27/)) at larger wavelengths (2-60 km, the proposed velocity-sheared
Rayleigh-Taylor regime), steepening to a k=2 dependence at intermediate size irregu-
larity structures (100 m to 2 km, the collisional Rayleigh-Taylor spectral region). The
transitional wavelength domain (20- -200 m) can steepen even further (k™*# in iono-
spheric domains with steep dens1ty gradients), while the shortest wavelengths (A S <20
m) manifest an almost resonant-like behavior with no systematic power law behav-
ior. Conditions which favor the triggering of ESF include: (i) low plasma density in
the field-line-coupled E and F regions, (ii) hlgh altitude for the Fp-peak, (iii) steep
bottomside gradients, and (iv) an enhanced E x B upward drift velocity.

Irregularity distributions have also been studied in the high-latitude ionosphere
where there is special focus on electrodynamics and interactive coupling with the mag-
netosphere and thermosphere. Unlike the equatorial region, the high-latitude iono-
sphere can be disturbed on a nearly 24-hour/day basis with inter-altitude coupling
effects facilitated by the nearly-vertical geomagnetic fieldline structure. Plasma produc-
tion at high-latitudes is the result of two sources. The first is the solar-EUV-produced
component which varies smoothly across the polar cap, while the second ionization
component is identified with energetic electrons which provide the zero-order source
term for plasma structure. This is illustrated in the plasma density panel in Figure 4.
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aligned currents and the polar wind. The format is in coordinates of magnetic local
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The electron precipitation at high-latitudes is variable in its energy and density
distributions, horizontal extent and temporal characteristics. As a result, it creates
horizontal and vertical ionospheric plasma structure by virtue of its own spatial, tem-
poral, and energy distributions, and it provides a free energy source for a number of
current-driven and two-stream ionospheric-plasma instability processes. Once created,
local plasma structures are sub jected to magnetic-field controls, a magnetospherically-
imposed convection electric field and interactions with superimposed winds and current
systems (see top panels of Figure 4). )

The plasma structure produced in the high-latitude ionosphere ranges from hun-
dreds of kilometers to meters [Rodriguez and Szuszczewicz, 1984; Curtis et al., 1989;
Huba and Ossakow, 1980; Keskinen and Ossakow, 1982; Phelps and Sagalyn, 1976;
Rino et al., 197§; Singh et al., 1985 and 1987; Sruszczewicz et al., 1982] but unlike
the situation at equatorial latitudes, concerted efforts have yet to fully characterize
the spectral behavior of irregularity distributions in each of the high-latitude regions.
One should expect that irregularity distributions will be different in the dawn-, dusk-,
noon-, and midnight ovals, and that there will be an altitude-dependence in the spectral
distributions. Some of these behaviors have been seen in $3-4 satiellite “in situ” plasma,
density observations across the summer North Pole and winter South Pole domains (see
Szuszezewicz et al., 1982, for orbital details and measurement characteristics). Sample
data from Singh et al., 1987, are presented in Figures 5 and 6 and their review is perti-

“nent to irregularity scale size distributions, associated global-scale transport properties,
and ion-chemical controls.

North Polar ionospheric observations summarized in Figures 5 and 6 were in the
molecular-ion (i.e., NO* and OF) dominated altitude region below 200 km, while the
South Polar ionospheric region was sampled at somewhat higher altitudes (approxi-
mately 260 km) where O* tended to be the dominant constituent. These differences had
a major impact on the resulting observations. Lower altitude irregularities (6(NO*))
are shorter lived and therefore show effects of local processes; higher altitude irregular-
ities (6{O*]) are longer lived and can be transported large distances from their source
domain. This is evident in the percent occurrence plots of Figure 5. Low altitude,
8[NO*] irregularities are dominant in the day- and nightside oval but not in the cap,
a direct result of particle precipitation morphologies. On the other hand, longer lived
high altitude (§[0*]) irregularities are transported throughout the South Polar cap and
the resultant percent-occurrence plot shows no distinguishing features for any of the -
dormains.

The differences in irregularity lifetimes are also manifested in the irregularity scale-
size distributions. To demonstrate this, we focus on a synoptic perspective of the power
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Figure 5. (Left) The S3-4 satellite trajectories used in the data analysis, with modelled
oval (hatched) in MLAT-MLT coordinates. The black histogram panels show percent
occurrence of density variations greater than 7%, and the gray histogram panels show
averaged percent-variations of electron densities. Both histograms show the dependence
on magnetic latitude [from Singh et al. (1987)).
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spectral distributions of the observed irregularities (P(k) x k™% = (2m/A)"%) in the
1-50 km wavelength regime (A = irregularity wavelength) as published by Singh et al.
[1987). A typical result is presented in Figure 6, which includes histogram plots of
measured spectral indices (“x” in k=% = (2r/A)~®) in the polar cap ionosphere. The
left panels of Figure 6 summarize the lower-altitude sunlit North Polar ionospheric
results, while the right panel of Figure 6 summarizes the higher-altitude South Polar
counterpart. The abscissa is the computer-fitted spectral index, while the ordinate is
the observed frequency of occurrence. The differences across the polar regions are seen
to be rather dramatic. There is'a well-defined most probable spectral index at z = 1.9
in the higher-altitude South Polar region, while the lower-altitude North Polar data
display a broad range of indices with no clearly-defined most-probable behavior. The
differences can be identified with “ordered” and “unordered” plasma processes. At
higher-altitudes (the data in the South Polar region), the irregularities are much longer
lived and more likely to manifest susceptibility to well-defined plasma instability pro-
cesses with predictable irregularity spectral distributions. On the other hand, in lower
altitude regions (the data in the North Polar regions) where irregularity distributions
are primarily a function of the spatial distributions of precipitating particles (largely a
nondeterministic process), the spectral indices will tend to be broad ranging, without
an easily-identified most-probable value. More detailed comparisons are made for each
of the high-latitude domains, including the dayside and nightside ovals, in the work of
Singh et al. [1985 and 1987).

Results like those in Figures 5 and 6 provide a database for understanding the
causal mechanisms responsible for the full spectral distribution of irregularities and
their global scale transport properties in the high-latitude ionosphere. But because of
the near-vertical magnetic field, the complex nature of energetic-particle precipitation
patterns, and the myriad of inter-altitude coupling mechanisms, substantially more
work must be done, including vertical profile information from rocket-borne sensors
and ground-based diagnostics. While ground-based diagnostics are site-specific, they
are very useful for long-term systematic studies [e.g., Baron et al., 1983]. When coupled
with similar diagnostic capabilities at other locations, they can also contribute to the
understanding of large-scale ionospheric coupling processes and the role of longitudinal
and latitudinal transport in the polar ionosphere.

2.2 The E- and Fy-Regions

The importance of winds and electric fields has long been recognized because of
their roles in controlling ionospheric plasma density distributions and E- and F-region
dynamics. The equatorial and low-latitude ionosphere is dominated by electric fields
generated by atmospheric tidal motion in the E-region, a process referred to as the “E-
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region dynamo” [see e.g. Akasofu and Chapman, 1982; Hines et al., 1974]. While the
source for these flelds is in the 100-150 km region at high-middle to low-latitudes, the
fields map equatorward to higher altitudes along geoma,gnetm fluxtubes and produce
E x B drifts in the 1onospher1c plasma. These E x B drifts have a dominant diurnal
component, reflecting a solar-diurnal tide in the E-region driven by solar heating. The
dynamo system also supports horizontal currents that have latitudinal, longitudinal
and seasonal variations. These current systems in first order depend on the 1onospher1c
plasma densities and electnc ﬁelds (i.e., j = 0F «x nekE).

There are several serious difficulties in our understanding and modelling of the
dynamo fields and current systems. First, the plasma density profiles are seldom (if
ever) as clean.and simple as our traditional descriptions of laminar and quiescent E
and Fi layers. This is particularly true under dynamic, unstable or otherwise irregular
conditions and is most dramatically manifested at night. It can also be true under
what would otherwise be considered a nominally-quiescent condition. There is also
the problem involving the “anisotropic” nature of conductivities, as represented by the
longitudinal oy, and transverse Pedersen o1, and Hall o5 contributions. Each conduc-
tivity varies dlﬁ'erently with the altitude distributions of the ionospheric plasma, the
magnetic field strength, ion composition, particle temperatures and the neutral atmo-
spheric densities. The situation js further complicated by the fact that the electric field
consists of several distinct components, such as the corotation field, the superimposed
magnetospheric fields, the wind-driven dynamo fields (Ed =-Vx .ﬁ) and the polariza-
tion fields E,. The result is a net field and a current system that depend critically on
the height distributions of N, as reflected in the linear dependence of conductivities
00,01 and o2 on the local ionospheric plasma densities [see e.g., Akasofu and Chapman,
1982].

Perhaps the most important conclusion to be drawn from what has been said is the
globally-significant role played by winds and ionospheric plasma distributions in the 100
- 200 km altitude region. This is the source region for a dynamo-generated potential
of (10)* volts with a current of (10)° amperes [Banks et al., 1988]. Because the fields
are carried upwards along geomagnetic fluxtubes, the winds and plasma distributions
in the dynamo region can influence the dynamics at higher altitudes and at locations
horizontally removed from the source region by 100’s to 1000’s of kilometers. The
electric field coupling mechanisms operate on the remote ionospheric plasma which in
turn couples to the thermosphere through ion-neutral collisions. Attempts to develop
global models of these coupling processes are hampered by the fact that the 100 - 200 km
regime is the least explored geoplasma domain [Banks et al., 1988; Scarf et al., 1988].
This region has been studied primarily by site-specific 1onosonde, radar and rocket
investigations, since it is generally not accessible to long-lived satellite investigations



which can provide large synoptic data profiles. The overall result is & lack of appropriate
data to study this key region in the Earth’s global electrodynamic circuit.

The jonospheric-thermospheric community must-address the lack of data and as-
sociated lack of understanding of processes that affect the global electrodynamic circuit
through winds and plasma layer distributions in the 100 - 200 km regime. There should

be a focus on the development of empirical specifications of thermospheric winds and . N

plasma layer distributions in that region, with a clear recognition that those distribu-
tions are rarely (if ever) laminar and quiescent. A simple example in support of this last
statement is sporadic-E (often designated simply as Es), which has long been a recog-
nized component of plasma distributions in the lower ionosphere. Originally thought to
be a mid-latitude phenomenon driven by wind-shear convergence of long-lived metallic
ions [Whitehead, 1970; Matsushita and Smith, 1972 and 1975; Strobel, 1974], its effect
on the ionospheric height profile was considered to be largely confined to altitudes near
105 km, with Es layer~thicknesses of about 1 - 5 km and peak densities at times as
great as those at the Fy and Fy peaks (i.e., of the order of (10)® cm™3). This early
idea of layer height, thickness and intensity is conveniently represented in Figure 7 by
the rocket data of Szuszczewicz and Holmes [1977] collected in the mid-latitude iono-
sphere above White Sands, N.M. While the rocket data presents a clear example of the
Es layer parameters (providing N., 6N, T., M;, etc.), attempts to develop global per-
spectives have relied almost entirely on jonosonde measurements of critical frequencies
(foEs [Hz] = 8.9(10)*\/NmEs [cm~3]) and virtual heights (k' Es ~ hmEs near 105
km). The early studies by E. Smith [1957, 1961 and 1976] and Leighton et al. [1961]
are the only efforts to date which develop such a perspective, Those studies provided
maps of Es occurrence probabilities and height distributions based on monthly mean
jonosonde observations. That early work and continuing rocket investigations [Smith,
1970; Szuszczewicz and Takacs, 1979 | began to make it clear that the devéloping con-
cept of sporadic-E was not limited to mid-latitudes but instead had a wide latitudinal
extent including equatorial and high-latitude domains. Furthermore, accumulated data.
has made it clear that Es is not a single layer phenomeéna, but a process involving mul-
tiple layers of varying thicknesses, dependent upon wind-shear convergence efficiencies
that extend from regions very close to the magnetic equator up to hxgh—mxddat;tudes
The data suggest that layers at or near 105 km could be part of a deterministic pro-
cess involving wind shear convergence in a global system of diurnal and semi-diurnal
tides. This idea is best illustrated in the work of Shen et al. [1976] and Mathews and
Bekeny [1979] at the Arecibo Observatory. Figure 8 presents some of the Shen et al.
results, where it is clear that there is a time-dependent layer-formation and transport
process initiated on the bottom-side of the Fy region.” ‘That process, believed to be
driven by wind shear convergence of ambient ions, begins near 180 km with a phase
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coherent downward transport of the “collected” plasma, resulting in the formation of
quasi-stationary layers in the 100 - 120 km altitude regime. The “converged” high
altitude layers and their associated downward transport have given rise to the names
“descending,” “intermediate” and “sequential” layers; and it appears that they play an
important role in the formation of “classical” low-altitude Es-layers thrdugh a process
that is not “sporadic,” but deterministic [Matthews and Bekeny, 1979]. This idea is
compatable with the developing thermospheric work of R. Roble [private communica-
tion, 1989], wherein his global scale models are in concert with descending horizontal
wind-shear nodes in the 100 - 200 km region. We present a selection of his results in
Figure 9. ‘

The interplay of electric' and thermospheric forces in the formation and control of
these ionospheric layers is both subtle and intricate. According to wind shear theory,
winds alone are not the only controlling force, but instead may play an interchange
role with electric fields. This is simply represented in the treatment of Lanchester et
al. [1989] who show that the vertical ion velocity Vz, the thermospheric wind U, and
local electric fields E are interrelated by the expression:

v? 1 v v , 2
1+—§)V,= =\ Eg+—E, N +(—UE+U5 sin I cosI+(-—5+smI U..
w B w w w

Accordingly, layers form at convergent nulls of the vertical ion drift V,; i.e., where V,
= 0 (V: < 0 above and V; > 0 below). Whether or not V, = 0, and a convergent null
is formed, depends on the horizontal neutral wind components Ug and Ug, and the
electric field components Eg and E; n. The subscripts E, S and L N define directions
magnetically eastward, magnetically southward, and northward and perpendicular to
B, respectively. Contributing terms include the ion-neutral collision frequency v, the
ion gyrofrequency w and the dip angle I. The relative importance of the terms is
readily seen to be strongly height dependent, through v and w. Generally speaking,
v <w (v >w) at heights above (below) 125 km.

The purpose in drawing attention to the above equation is to illustrate some of
the intrinsic and subtle problems in trying to measure and model layer formation and
dynamics on a global scale. We:have the interplay of the wind and electric field com-
ponents, complicated by a non-existent and/or impoverished database on global distri-
butions of £ and I in the altitude range in question. This problem even has serious
aspects at F-region heights, where the traditional global-scale electric field model of
Richmond et al. [1980] has been found grossly inadequate [Szuszczewicz et al., 1988;
Schunk and Szuszczewicz, 1988). The modelling problem is further exacerbated by is-
sues involving ion composition. Conventional wisdom has always required long-lived
metallic ions to maintain the “sporadic” layers at high densities and at low altitudes.
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Figure 9. Meridional neutral winds from R. Roble’s global thermospheric circulation
model [R. Roble, private communication 1989}; solid contours represent northward
winds, dashed contours represent southward winds at UT=12 and at 12.5° NLat.
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" But at Fy and lower-F; heights the ion populations are dominated by Ot and varying .
combinations of moleculars NOt, OF, N, NO*, etc. Convergence and “pile-up” of
moleculars would ultimately lead to their loss through increased rates of dissociative -
recombination; and descending layers of Ot would see their ultimate demise through
the rate-limiting reaction Ot + Ny — NO* + N, and subsequent dissociative recom-
bination of the NO% product. As the mtermedmte” layers descend, their continued
existence at high densities demands a steady accumulation of metallics while losing Ot
and the molecular ions to electron recombinations [Mathews and Bekeny, 1979].

The question of the overall availability of metallic jons has yet to be resolved.
One might expect-that semi-diurnal tidal motions might sweep the ionosphere clean of
metallic ions twice a day, but Lanchester et al., [1989] and Whitehead, [1970] suggest
that meteoric input is insufficient to maintain a regular daily cycle of descending layer
phenomena. There is evidence, however, that lack of phase coherence in the contribut-
ing tidal modes at altitudes near 125 km can break up the layers and redistribute the
metallic ions. There is also the suggestion [Mathews, 1988] that the metallic ions which
are swept up and deposited at altitudes below-100 km are transported equatorwards
and “recycled” to the ionospheric F-region domain through the fountain effect (a well-
documented and accepted process for upWa,rd: transport of metallic ions at and near the
equator [Hanson et al., 1972; Grebowsky and Reese, 1989] resulting in a redistribution
to higher north/south latitudes). Ultimately, however, the total metallic-ion content in
the 100-200 km domain traces its origin to meteor ablations and seasonally-dependent
meteor showers [McKmley, 1961]. '

These complexities make clear the current intractability of a meaningful under-
standing of the global distributions of the ionospheric plasma in the 100 -200 km re-
gion. There is a need for an intense measurement program to specify the forces and
responses in this region of the Earth’s electrodynamic circuit. Such a measurement
program could provide a definitive test of the condept that “dynamic,” “irregular”
or otherwise “sporadic” E- and F) processes are part of a systematic chain of forces
that involves various tidal modes of thermospheric winds (perhaps even a quarterdi-
urnal component [Harper, 1977; Tong et al., 1988]), dynamo driven electric fields’and
ion chemistry. With this expectation, a detailed and coordinated measurement activity
could hold the key to.a signiﬁéantly improved understanding of the jonospheric dynamo' -
region and the ultimate treatment of the entire ionospheric domain as one dynamic and
chemically-active fluid. o v N ‘ T

ERNERI



3. Baseline Techniques for “In Situ® Particle and Field Measurements

3.1 An Overview on Requirements

The previous sections have attempted to establish a geophysical framework for re-
quired “in situ” measurements in the lonosphenc-thermospherlc system. The focus was
on dynamic, irregular conditions since they stress the spatial, temporal and 'p'a.rameter-
range capabilities of any given diagnostic device. In general, if a measurement technique
can meet the requirements of a dynamic environment, it can also provide the baseline
data to define the zero-order, quiescent condition. This is not to underplay the im-
portance of quiescent or moderately-dynamic states, for they define the very modes
which can precipitate unstable plasma conditions and a broad range of irregularity
distributions. Indeed, an accurate baseline specification of the global distribution of
“quiescent” electric fields and thermospheric winds is non-existent.

The general guideline for measurement techniques therefore tends to be relatlvely

straightforward. The parameter set must be complete (i.e., we must measure all cause -

and effect terms, where possible); the dynamic' range and accuracy must match the
needs in describing the physical system; and the spatial and temporal resohition must
span the range of possibilities from quiescent to fully turbulent. In general, we should
measure the primary energy inputs involving solar EUV-UV radiation and the fluxes
of precipitating particles at high latitudes. We must be able to measure the plasma
density from 10° to 4(10)® cm™2, the electron temperature from 300-4000°K (and allow
for non-Maxwellian, bi-Maxwellian or otherwise anomalous energy distributions), the
electric fields from dc.to approximately 50. Mhz and irregularity distributions from
ten kilometer scale sizes to the meter domain. Ion composition. must be resolvable
from 1 +.64 amu, and ion energy determination must include the capability to detect
anisotropic distributions as they can be manifested in the formation of ion conics.
Ion compgsition measurements must also have spatial and temporal resolutions which
match the prevailing conditions at high latitudes, within and across intermediate layers,
and under conditions of equatorial spread-F. There are also high demands placed on
the measyrement of thermospheric winds. The dynamic range must run from 0.- 1000

m/sec with an accuracy approaching + 15 m/sec and a 1 km spatial resolution over

the 95-600 km: altitude domain.

In what follows, we describe the “traditional” set of diagnostic techiques that have
been used in accumulating the bulk of data available to date. In several circumistances
we will address the issue of resolution and summarize some of the more important
development requirements in the final section of this paper. Our treatment here divides
the measurement techniques into three categories: (1) those which measure the state
and condition of the ionosphere, (2) those which measure the state and condition of

a
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the thermosphere, and (3) those which define energetic inputs, field controls, transport
and geophysically-significant boundaries,

3.2° Measurement Techniques for the State and Condition of the Ionosphere

Langmuir-type probes. The 1onosphenc manifestations of ion-neutral coupling,
dynamic fields, and magnetospheric inputs are embodxed in the global distributions

of the ion/electron densities and their associated energ;es The complete specification
includes not just the densities and energies, but: the deta.xls of ion composition, gradient
scale lengths and irregularity distributions.

In determining the state and condition of the ionosphere, the technique which ap-
pears to have received the broadest application is that of the electrostatic probe, better
known as the Langmuir probe because of the pioneering work of Irving Langmuir in the
first quarter of this century [Mott-Smith and Langmuir, 1926; Chen, 1965). Langmuir
probes on Explorer 22, 32 and Aloutte-II [Brace, 1969; Brace et al., 1967; ] as well as on
the AE-C and DE-2 spacecraft [Brace and Theis, 1981; Kozura et al., 1986; Curtis et
al., 1985; Fontheim et al., 1987] have provided much of the information available today
on electron density and temperature morphologies in the global-scale ionosphere. The
DE-2 Langmuir probe data also provided opportunities to study density irregularitejs
in the wavelength interval covering 30 - 170 km in a morphological investigation that
considered equatorial spread-F and high-latitude phenomenologies [Hoegy et al. 1984]
A specialized Langmuir probe (referred to as a Pulsed Plasma Probe, P*) on the S3-4
satellite complemented the DE-2 irregularity study by extending the investigation to
a broader range of scale sizes, covering the full domain from 100’s of km to 20 meters
[Rodriguez and Szuszczewicz, 1984; Singh and Sauszezewicz, 1984; Singh et al., 1987;
Szuszczewicz et al., 1981 and 1982). v

The Langmuir probe is most simply described as a conductor (generally of pla-
nar, cylindrical, or spherical geometry) which collects current from a plasma when
a voltage is applied. The current drawn from the plasma by the probe is a func-
tion of the probe size and geometry, the probe voltage, and the plasma properties
of charged-particle number densities, particle distribution functions, and collisionj,f;e— ‘
quencies. Consequently, a current-voltage characteristic of a probe imbedded w:,thm,
a plasma is potentially rich with information about that plasma. If one understa,nds
the behavior of plasmas in the presence of an electrostatic probe, then in principle the
plasma parameters mentioned above can be extracted from a probe cha,racteristié:). . '

The Langmuir probe is the smaller electrode of a two-electrode configuration (i.e.
the probe and its reference electrode forming a closed circuit with the plasma) with
the ratio of the two areas approaching a value which for all practical purposes should ..
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be considered infinite (see insert in Figure 10). In a laboratory situation the reference
electrode can, in fact, be the container of the plasma volume, while in a spaceborne
application the rocket or satellite body functions as the reference electrode. A typical
spaceborne cylindrical Langmuir probe is 20 cm in length and 1 mm in diameter.
When the two electrodes are in contact with a plasma, a current will pass between
them which is a function of an applied voltage difference and the prevailing plasma
conditions. When this current is plo_tted as a function of the applied voltage, the
resulting curve is referred to as the probe characteristic. Figure 10 shows a schematic
representation of a Langmuir-probe circuit as well as a typical I-V characteristic. In
conventional analysis procedures [Chen, 1965] N, is determined from the electron-
saturation portion of the characteristic (Vo > plasma potential), T, is determined from
the transition (retarding-field) region (floating poﬁentié.l S Va < plasma potential),

and mean-ion-mass is determined from the 10n~saturat10n portion of the curve (V, <

floating potential).

Conventional Langmuir probes (like those on the Explorer, AE and DE series of
satellites) typically employ a continuous time-dependent voltage function (e.g. sine
wave, ramp, sawtooth, etc. as in Figure 114) to generate current-voltage (I-V) chaf-
acterlstxcs from which Ne, T., etc. are extracted. The time-honored conventional ap-
proach has broad applicability in fully- Maxwellian plasmas with a single characteristic
electron temperature T, and jon temperature T;, and with temporal variability on time
scales much larger than the period required to generate a single I-V characteristic.
When these conditions are violated, more sophisticated approaches to Langmuir probe
dlagnostlcs are required. One such approach is that of the Pulsed Plasma Probe, P®
[Szuszcze'wzcz and Holmes, 1975; Holmes and Szuszczewicz, 1981]. The P* approach
employs a'series of voltage pulses (~ 100 ps wide) which follow a sawtooth envelope
(see Figure’ 11]) During the interpulse period (~ 900 us), the probe is keld at a fixed
baseline vo*ltf&ge level. Vg which is generally positioned in the ion or electron satura-
tion regién &f'the probe’s I-V characteristic. The long (relative to the 100 us pulse)
baseline voltt e level not only stabilizes surface conditions between pulses (eliminat-
ing hystéreé §'effects and erroneously high measurements of electron temperature) but
running i-}féas’urements of baseline currents provide a measure of plasma density vari-
ations and’ thé fundamental data for the determination of density fluctuation power
spectra and Bssociated turbulence structure [e.g., Rodriguez and Szuszczewicz, 1989;
Singh and Seuszezewicz, 1984). The continuous measurement of baseline current also
allows the wunfolding of & Langmuir I-V characteristic when density variations occur
on a time seale short compared to the probe’s sweep period [Szuszczewic et al., 1979;
Szuszczewicz and Holmes, 1977). Such conditions would prevail as an instrumented
satellite passed through a narrow auroral arc, or a rocket trajectory carried an instru-
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mented payload through a series of narrow intermediate layers [see e.g. Figure 7 and
Szuszczewicz and Holmes (1977) for P® measurements of T, across narrow E, layers|.

P3 is also unique in the measurement of multi-component electron energy distri-
butions. This is an important issue, since it is often the experience of experimental
laboratory and space plasma physics [e.g., Szuszczewicz, 1983] that turbulence is asso-
ciated with anomalous electron energies, including bi-Maxwellian and “bump-on-tail”
distributions. When irregularities exist, a conventional Langmuir IV characteristic
could not differentiate between anomalies in deneity variations and energy distribu-
tions. The P® was designed to do this. Using the baseline current levels for tracking
density fluctuations in a turbulent beam-plasma interaction region, P? diagnosed a
suprathermal electron component [Szuszczewicz et al., 1983] superimposed on a cold
Maxwellian in a two-stream interaction process very much like that which can occur in
the high-latitude ionosphere. :

If two such probes are used, their baseline voltages may be chosen to lie in the ion

and electron saturation regimes, respectively. The ratio of the two baseline currents\

will allow rapid tracking of mean-ion-mass variations, their associated power spectral
distributions and effects on 1nstab111ty processes [Szuszczewicz et al., 1982]. This ca-
pability is expected to be of particular interest across auroral boundarles, polar cap
“blobs,” the mid-latitude trough, and ESF “bubbles.” Useful applications also include
rocket-borne diagnostics of N,,8N,,T. and §M; in and across intermediate layers in
the E and F)-regions of the ionosphere.

Ion (and Neutral) Mass Spectrometers. While Langmuir-type probes define the

state and condition of the electron component of the ionospheric plasma and its mean-
ion-mass, mass spectnorneters are necessary to determine the abundance of each ion
species as a, functlon of position along a satellite or rocket trajectory. Unlike the Lang-
muir probe'/ 'nsor, wh,;ch is a simple cylindrical, spherical or planar electrode suitably
deployegi in; the plafsma:,,_the sensor for a mass spectrometer system is a complicated

own technology. There are three basic types of mass spectrometers that
phca,txons in spaceborne investigations. They include the Bennett Ion
meter (BIMS), the Quadrupole Ion Mass Spectrometer (QIMS), and the
Magnetlc on Mass Spectrometer (MIMS). The first two rely on mass filtering tech-

niques that..employ appropriate combinations of dc and rf fields, while the third uses

magnetic deflection to separate and detect the individual ion constituents. Because
of their greater flexibility, the treatment here will concentrate on the quadrupole and
magnetic devices. In both cases the spectrometers can also measure the neutral mass
constituents by employing an ionizing source in front of the filter unit. This can present
some additﬁbﬁal problems in ion optics, but with proper care it i increases the versatility
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of the device. f

_Figure 12A provides a schematic diagram of a QIMS (actually a QINMS, since
an ionizer is included for neutral mass spectrometry measurements) and Figure 12B
provides a block diagram of the associated electronics [see Hunton et al., 1986, for

instrument details]. Because of high vacuum requirements in the filtering unit, and.

the possibility of high-voltage arcing in the electronics unit and multiplier /sensor sub-
assembly, the sensor package is divided into an evacuated section above the mounting
flange and a sealed section below. The evacuated section of the detector is sealed (in
this case) by a motor driven cover at the ion/neutral entrance-aperture end of the in-
strument. Other applications make use of a pyrotechnic device which expels the cover
at orbital altitudes or at a proper altitude within a sub-orbital rocket trajectory.

The device shown in Figure 12A is sensitive to neutral and ionic species, though
not simultaneously, and thus provides full spect?‘ometric information on the ion and
neutral constituents in the “ion mode” and “neutral mode,” respectively. In addition
to the heavy particle composition, the instrument provides a measurement of the total
pressure of the neutral gas and the total density of the ion species in the neutral and ion
modes, respectively. This information is provided by currents collected by a biased grid
which is located between the ion source and the quadrupole rods. That grid collects a
fraction of the total ion current leaving the ion source. Additional sensor capabilities

come from a grid in the ion source that functions as a retarding potential analyzer
(RPA).

In the ion mode, the ion attractor element is biased normally at -5.to -10 volts
with respect to the spacecraft ground, in order to develop an attracting sheath to
draw positive ions into the sensor. With the ionizer disabled, the attracted ions pass
through the ion source and density analyzer sections and enter the quadrupole rod
filtering element where programmed values for dc and rf fields allow either individual

- mass selectivity or an “integrated” ion mode (i.e., all ions of mass greater than some
pre-determined value can pass through the filter and be detected by the multiplier
unit). The rf frequency is a constant value determined by several factors, including the
desired mass range of the spectrometer. The ma,gnitudeé of the rf and dc components
determine the mass of the ions that will have stable trajectories through the rods [Paul
et al., 1953, 1955 and 1958; Dawson and Whetten, 1969; Bailey et al., 1982] and their
amplitudes are varied in such a way that the rf/dc ratio is held constant. The device

,

is basically a swept instrument, with either the value of the rf or dc voltages provxc[mg,' ‘

a monitor of the mass being sampled. A continuous sweep mode designed to c?ve;'k

the 1-64 amu range typically might require 0.5 seconds. Along a satellite trajectory
at orbital velocities of 8 km/s, this would result in a complete spectrum having been
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measured over a 4 km segment of the orbit. Faster sampling has been achieved by a
digitally-programmed sweep which identifies pre-selected masses and samples each for
a 10 ms period. In this format, for example, the device can step through O, N;’ ,
NO*, Of and Fe* in 50 ms, or an equivalent along-track distance of 400 meters.
Developments in the detector system and its electronics suggest that mass dwell times
could be reduced to-values as low as 1 ms [J. Ballanthin, private conversation], providing
an order of magnitude improvement in space/time resolution.

For purposes of comparisor it is useful to introduce the MIMS, since it is intrinsi-
cally a faster device than the QIMS. This comparison is most easily accomplished with
reference to the AE ion mass spectrometer [Hoffmann et al., 1973] illustrated in Figure
13A. It is a'magnetic deflection device relying on the Lorentz V x B force to separate the
ions. It consists of an entrance aperture, an accelerator section, a magnetic analyzer,
and a detector system. The electric and magnetic fields are so arranged as to produce
a mass spectrum along a focal plane following the magnetic analyzer. Three slits are
placed along the focal plane in appropriate places to simultaneously collect ions in the
mass ratio 1:4:16. Behind each slit is an electron -multiplier log-electrometer-amplifier
detector.

The diagram in Figure 13A shows the MIMS, with its entrance slit, magnet, drift
tubes, exit slits, and electron multipliers. The entrance grid is a scréen, which is posi-
tioned flush with the external spacecraft ground plane and electrically and thermally
isolated from it. Directly behind the grid is a 2.5-cm diameter hole through a grounded
plate and behind that is a small entrance slit, of approximately 0.01-cm? area, which
forms the entrance aperture and ram inlet pumping port for the instrument package.
Like the QIMS, the MIMS requires.vacuum conditions in its mass analyzer.

The V x B mass discrimination is achieved in the analyzer magnet assembly, with
a field strength of 3600 gauss in the gap, and a stray field reduced to less than 350y 4t
a distance 50 cm from the instrument-package center by the use of magnetic shielding
materials. ‘ . ‘

Figure 13B is a block diagram showing the circuits which operate the anézjyly'iz"eg,_
process the data, and interface with the spacecraft. The AE instrument op"‘ér’ﬁted
without a conventional ion source, collecting only positive ions from the ionosphere:’

These were accelerated through the entrance aperture into the analyzer system by
negative sweep voltage usually with an exponentlal decay waveform from a programitiad -
(resistance-capacitance decay) high-voltage power supply. As its voltage decreased, iox:ils
of progressively larger mass were successively focused on each of the three a,nalyz?r
collector slits. In its fastest mode, the mass ranges 1:4, 4:16, and 16:64 amu were
scanned simultaneously in the low-, mid-, and high-mass ranges, respectively, prov1d1ng
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the entire spectrum from 1 to 64 amu in 1 sec.

While a one sec sweep appears to be a. compar}atively slow rate, telemetry on the
AE spacecraft was one of the major limiting factors. However, the nature of the device
(not necessarily its operation on the AE spacecraft) is such that it has an intrinsically
faster mass sampling capability. This faster capability is a direct consequence of the
multiple-mass sensing elements arranged in a mass ratio of 1:4:16. This implies, for
example, that in any 10 ms mass sampiing interval, the AE-MIMS could simultaneously
detect three masses. An ideal combination in the topside ionosphere would be H+, Het
and O%, with the instrument providing 10 ms (80 meter) “snapshots” of the topside
distribution of these light ions.  This simultaneous mass sampling MIMS technique
has been applied in the Giotto mass spectrometer [Krankowsky et al., 1981] where five
simultaneous mass ratios are sampled. The technique:can be pushed even further using,
planar channel electron multiplier arrays for an instantaneous mass spectrum over the
1 to 64 amu range. ‘

Retarding Potential Analyzer lRPA! The ion temperature is the remaining pa~

rameter necessary to define the complete state and condition of the ionospheric plasma. -

I

The instrument which has contributed most in specifying the thermal ion energies is the :
retarding potential analyzer (RPA), with a lineage going back almost 30 years [Han-

son and McKibbin, 1961; Hanson et al., 1970 and 1973]. Apblications have included
rockets, several Air Force satellites, and the, 0GO-6, Viking, Atmosphere Explorers C,
D, and E, and the DE-2 spacecraft. Initially the RPA was used to measure the ion
~concentration (N;) and ion temperature (T}). In satellite applications’it can alsdﬁdft'
N; into its constituent parts if the various ions present have widely different magses’
For example, at appropriate flux levels it could identify contributions to its collected
current from O, NO* and Fet, but it cannot separate N;, NO* and 07, nc
it identify minor constituents. Tests with the OGO-6 data also revealed the capablhty
for measuring the bulk ion ve10c1ty component normal to the sensor face.

Ilustrated in Figure 14 is the RPA on the DE-2 spacecraft [Hanson et al. 1981]
utilizes the classical planar design which requires orientation with its front facem&amly
normal to the vehicle velocity vector. In this configuration, ions entering the apexfiire
in the front face pass through a region of several gridded stages with differently applied
potentials. The two entrance grids (G1) are grounded to the vehicle and surrounded
by a ground plane. The next grid inward isgthe double retarding grid (G2) to which
a time-varying voltage is applied. The suppressor grid (G3) is held at a negative
potential (&~ -15V) to prevent low-energy ambient electrons from reaching the collector
and to prevent secondary-electron escape from the collector. The shield grid is held at

spacecraft ground, and is designed to protect the collector electrometer from electrical
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transients generated by changing potentials on the retarding grids.

The retarding potential (on grids G2) is variable in the range from 432 to 0 V,
with sweep periods varying from 300 - 700 ms. The collected ion current corresponding
to an applied retarding grid voltage is synchronously detected, amplified and filtered
before being presented to the spacecraft data acquisition system. The resulting [-V
characteristics represent the primary data from the RPA. Subsequently a least-squares
fitting technique is used to retrieve the jon temperature, total ion concentration, infor-
mation on the composition of major ions (as discussed above) and the component of
the ion-drift velocity that is parallel to the sensor normal,

3.3 Techniques to Méa,sure Thermoéphérié Parameters

It has been established that there.is a close coupling between the neutral and .
ionized species in the 1onosphere-thermosphere system, and accordingly measurements
which define the state and condition of the charged constituents must be complemented'
by an equlvalent set of measurements to define the thermospherlc state

The thermosphere responds dynamxcally to the energy and momentum sources in
the solar EUV and UV wavelength regimes, to precipitating energetic particles in the
auroral region, and to ion-neutral collisions. Neutrals driven by ion drag can modify the .
Joule heating rates which in turn can influence the neutral composition and temperature .
distributions and feedback into the ionasphere. Convection forces at high latitudes can,
drive wind systems that effect the global distribution of ionospheric electrie ﬁelds
Winds in the lower 1onosphere can generate dynamo ﬁelds which map equatorward
along flux tubes, and these same winds can bring about complicated dlstrlbutxons pf
intermediate plasma layers at altitudes co-located with wind-shear nodes. ol

Prior to the AE series and DE-2 spacecraft missions, little was known abaut::
the intimate- coupling between the charged and neutral species in the ionosphemesru:
thermosphere system. In'many respects the thermospheric database is still relatively (i .

primitive. We have yet to establish: (1) the seasonal, diurnal and lat/long dependendiBs .-/ ;.-
of the thermospheric wind system, (2) the roles of the lower ionospheric dynamotinderpiir.\. -

steady and dynamic conditions, (3) the roles of the diurnal and semi-diurnal tides/H8d.

wind shear in controlling the plasma distributions at altitudes below 200 km, andifd) ./ .
the global impact of the fossil wind system on ionospheric electric fields and associatédviv: - -
controls of the mid- and equatorial ionosphere. (“Fossil wind” is a term coined byl -
Richmond to describe thermospheric winds equatorward of a poleward retreating: asosi . '
ral oval.) “In situ” measurements can provide the much needed database to help pesotve i’ ‘
these issues. .To understand the requirements and the complexities of the mehsuitsh <.

ments, we focus here on three instruments: the Wind and Temperature Spectrometen:;



(WATS), the Fabry-Perot Interferometer (FPI), and the Temperature and Wind Sensor
(TAWS). The FPI is an optical remote sensing technique which complements the “in
situ” measurements of the WATS on the DE-2 spacecraft. The TAWS is an outgrowth
of the WATS technique, designed for use on rocket.and satellite investigations, and to
eliminate the mass spectrometer component of the WATS configuration.

Winds and Temperature Spectrometer (WATS). The Winds and Temperature

Spectrometer on the DE-2 spacecraft employs a neutral mass spectrometer as the basic
diagnostic element. to measure the neutral constituents and their densities relative to
an upstream baffle. Currents measured in the mass spectrometer as a function of the
baffle position provide information on the incident velocity vector. This adaptation
of mass spectrometry to measurements of wind and temperature is a relatively recent
development, first employed on the AE satellites and later in a much improved version
on the DE-2 spacecraft [Spencer et al., 1981 and 1982; Whartén et al., 1984],

Figure 15 illustrates the basic instrument concept, shoWing the mass spectrometer
inlet orifice and a baffle geometry. (The mass spectrometer is a quadrupole system with
an antechdmber to improve the accuracy of the O and O; density measurements. These
details are not important for the description offered here, and the interested reader is re-
ferred to detailed instrument description in Spencer et al. [1981).) The baffle is moved
across the instrument input at a distance several centimeters upstream of the input
orifice. The baffle movement is done at a precisely determined speed during measure-
ments of the abundance of the major thermospheric constituents, such as O and N,.
The exact angle at which the incoming beam of neutral particles experiences greatest
reduction’at the input orifice to the mass spectrometer is a function of the cross-track
wind component in the plane of the baffle motion. The DE-2 WATS device employed
two orthogonal baffle configurations allowing determination of the vertical and zonal
(i.e. components horizontal and perpendicular to the orbit plane) thermospheric wind
components. Shown at the right in the figure is an illustration of an observed N
density -profile in the mass spectrometer during one pass of the baffle in front of the
orifice. -This instrument response comprises the basic data of the wind measurement
techniqméiirThe density of only a single species is considered in the measurement pro-
cedure..[That procedure focuses on the amplitude variation of density with time due
to bafflémodulation of the entering stream as illustrated in Figure 15. The direction
of arrivaliof the particles, and thus the signal minimum, occurs at the point in the
scan whére the stream, baffle, and orifice are colinear. Taking into account the velocity
and orientation of the spacecraft and the measured angle between the orifice normal
and direetion: of the minimum, permits calculation of the wind component lying in the
plane defined by satellite velocity V,q¢ and the baffle scan path. The shape of the “bite
out” portiomcof the density curve is determined by the velocity of the spacecraft, the
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Figure 15. Schematic for the DE WATS measurement of thermospheric wind and
temperature. The aperture of the closed-source mass spectrometer is scanned system-
atically in the vertical and horizontal planes by two baffles. {Only one ‘bafle scan is
illustrated.) - As the baffle scans in front of the aperture, the measured signals drop
with a characteristic signature as shown by the n(6) plot. The baffle location at the
time of maximum signal drop-off is related to the wind component in the plane of the
baffle motion, and this wind can be obtained through solution of the vector triangle
shown. [Adapted from Killeen and Roble, 1988 and Spencer, private communication,
1989).



scanning speed, the geometry of the baffle-orifice system, and the transverse velocity
distribution (and therefore the temperatire) of the N, particles. The gas temperature
is therefore calculated from this observed density variation.

As discussed, the thermospheric wind can be obtained by solving the vector triangle
shown in Figure 15. That solutiorrrequires accurate knowledge of the spacecraft velocity
vector, which is obtained from a combination of horizon, Sun, and star sensor data. In
the final analysis, the spacecraft velocity vector is considered to be known with sufficient
precision to provide WATS wind measurements with an accuracy approaching +£15 m/s
(Killeen and Roble, 1988].

Temperature and Wind Sensor (TAWS). While the TAWS is an outgrowth of the
AE and DE-2 instruments of Spencer et al. [1981], it represents a completely differ-

ent design which uses no moving parts, does not require a mass spectrometer, and
measures the energy distribution using the established technique of electrostatic de-
flection [Hanson and Heelis, 1975; Heelis et al., 1983]). The TAWS has been developed
at NASA/GSFC (F. Herrero, private communication) and has had recent successes on
two rocket-borne investigations. Because of its “unpublished” status, we offer a more
graphie explanation of its operating principles.

Like WATS, the temperature and wind vector of the neutral atmosphere are ob-
tained from TAWS measurements of the angle and energy distributions of the drifting
Maxwellian atmospheric stream in the moving frame of the spacecraft (see Figure 16A
for an overview of the measurement concept). A small aperture on the ram surface of
the instrument accepts the incident stream of gas which moves supersonically with ve-
locity ¥g-= U + Vg, Vs being the spacecraft velocity and U the wind vector. In Figure
16A ¢ defines the angle between the surface normal n and thetvelocity vector Vg, and 6
defines the angle between Vg and Vs. Using an array of detectors which measures the
angular distribution of incident particles along an arc gives U, the wind component
perpendieular to Vg lying in the plane of the detector arc. The component Uy may be
obtained fvom the energy distribution of the incident stream, in a manner similar to
retarding potential analysis [Hanson and Heelis, 1975]. A second detector array with its
arc perpendicular to the first is used to obtain the third component of the wind vector.
The messured energy and angle distributions are fitted to theoretical distributions in
order to obtain the wind velocity and temperature. The satellite attitude enters into
the determination of U, through the angle ¢ in Figure 16A, with post-flight analysis
of the detarequired to obtain an accuracy of 15-30 m/s. This represents a systematic
error-im U only, the resolution being independent of the altitude error. Uy, N, and Ty,
are obtained directly from the distributions and are insensitive to an error in attitude
as long asthe instrument points within a few degrees of the ram direction (F. Herrero,
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Figure 18A. Schematic description of the incident stream and the angular-distribution
produced in the detector arc when the satellite velocity Vs adds with the neutral wind
U to give a net vector Vi at an angle 8 with respect to V. [From F. Herrero, private
communication.)
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private communication).

Figure 16B provides a more detailed illustration of the TAWS. A 0.040 inch en-
trance aperture is preceded by a pair of shielded plates (not shown) which keep the
ambient ions and electrons from entering the spectrometer. Once inside the detector,
the neutral stream intersects an electron beam which.is moving along a cylindrical elec-
trostatic field. In that region a fraction of the neutral atoms and molecules are ionized,
with some of the molecules undergoing dissociative ionization as well. In addition to
maintaining the electron beam along the desired arc, the cylindrical electrostatic field
withdraws the jons produced there, preserving the number density of ions at the cor-
responding angle of incidence. This is particularly 1mportant iti'contending with ions
produced via dissociative ionization, which may be initially projected in a direction
perpendicular to the incident molecular ray with an energy of several eV. For these
ions, the radial electrostatic field rapidly deflects them in a diréction closely parallel to
the initial molecular ray at the corresponding angle 6. As the side view of the figure
shows, the ions withdrawn from the ionization region are deﬁected by a.constant electric

field onto:the detector plate. The detector is.a microchannel plate with a. CODACON o ..
anode structure beneath to provide the angle-and energy analysis. The multiple radial .. . -
anode structure shown in the inset allows 1° angular resolution over an angular range-

of 90° as shown. The energy analysis is achieved by the concentric arc anodes shown
beneath the radial anodes in the inset. The energy resolution AE/‘E is a function
of the radial position of the anode arc and is optimum for the median arc, never ex-
ceeding 0.15 based on the initial energy before acceleration out of the cylindrical field.
This is sufficient in v1ew of the natural energy spread of the incident stream. Because
of the drawout ﬁeld the energy range of the analyzer extends from 0 to 20 eV, The
contact potential in the analyzer may be obtamed a8 part of least gquares fit to the
multiple mass peaks- obtained-jn routine energy spectra A TAWS ﬁ‘ight configuration
would have two muhuezlly ‘orthogonal sensor heads for a full Vec'tor debermmatlon of the
neutral wind velocity-along the satellite track or along the tra,]ectory of a smb orbital
rocketborne xnvestlgatlon

The Fabry- Bg;;g& g&g;;fe;;ometer (FPI). The “in s1tu” wind and temperature mea-

surements of the WATS and TAWS instruments can be greatly’ augmented by compan- .
ion remote sensing capabilities of a satellite-borne Fabry-Perot Interferometer (FPI)
This was the case in DE-2 where a FPI measured altitude profiles of winds and tem* .

peratures ahead of and below the spacecraft by remotely sensing the. Doppler shift
and Doppler line broadening of the O('D) thermospheric emission line profile at 630
nm [Killeen and Roble, 1988]. The instrument field of view on DE-2 is directed along
and below the spacecra.ft veloc1ty vector (Figure 17), and horizon scans of the Earth’s

limb are perf‘ormed in the orbit plane with an internal scanning mirror. The measured
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Figure 17. Typical measurement geometry for the DE/FPI (bottom schematic). The
instrument performs a limb scan of the horizon, with scan angles varying between 5°
and 15° from the local horizontal (shown here as 12°). A typical volume emission
rate profile for the O(1D) emission is shown at top left, together with a weighting
furiction (labeled “path length”) that indicates the geometrical path length through
the atmosphere fot the given viewing geometry shown in the figure. The contribution
function (top right) is simply given by multiplying the local volume emission rate by
the path length and represents the contribution to the given line-of-sight measurement
from the various altitude layets. [From Killeen and Roble, 1988.] '



Doppler shift is converted into a line-of-sight neutral wind measurement by subtracting
the component of the shift due to the spacecraft velocity; and the kinetic temperature
is detemined from the measured signal after subtracting the instrumental broadening
function. This allows the temperature to be determined from characterization of the
Gaussian half width of the emission line [Hays et al., 1981; Killeen and Hays, 1982;
Killeen and Roble, 1988]

The FPI measurements are spatially integratéd in the (meridional) viewing direc-
tion, typically over ~ 500 km or so, and the results are usually referred to the location
of the tangent point along the line of sight of the instrument (see bottom panel, Figure
17) with the “contribution function” (shown in the top right panel of Figure 17 for a
typical case) describing the altitudinal origin of the optical emission detected by the
FPI for a given viewing geometry. For tangent point altitudes greater than the altitude
of the O(*D) emission maximum, the dominant contribution to a given measurement
comes from altitudes near the tangent point altitude.

While the spatial and temporal resolution of the FPI is dictated by scan time and
by the integrated-field-of-view nature of the data, it represents a significant augmen-
tation to the wind measurement of WATS. This augmentation was manifested by an
analysis technique developed by Killeen et al. [1982] that merges the data from both in-
struments to provxde a composite description of the horizontal neutral wind vector along
the orbital track of DE-2. The technique extrapolates the remotely-sensed altitude pro-
file of the FPI meridional wind measurements upward to the altitude of the spacecraft;
and the extrapolated FPI results are merged with the “in situ” WATS zonal wind mea-
surements to provide the summed horizontal vector wind. This superposition of data
proved invaluable in mapping important phenomena in the ionosphere-thermosphere
system, including geomagnetic control of winds in the polar region, characterization of
the circulation patterns in the central polar cap, and ion-neutral coupling [Killeen and
Roble, 1988 Kzlleen et al., 1984a and b; Killeen et al., 1988].

3.4 Electric and Magnetic Fields, Energetic Particles and Plasma Boundaries

In preceding sections, we have developed a baseline instrument complement ca- -

pable of defining the state and condition of the ionospheric-thermospheric system. To
understand those observations and fold them into the bigger picture of cause-effect
relationships, we need to consider incident radiation in the UV and EUV portions of
the solar spectrum, electric and magnetic fields, energetic particle inputs and plasma
boundaries. We concentrate on the “in situ” measurements of energetic particles and
controlling fields.

Electric Fields. Electric fields are central to the issue of “electrodynamic coupling,”
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with the roles of the thermosphere and magnetosphere at the heart of the problem. A
convenient (but admittedly oversimplified) view of ionospheric electric fields would
identify two morphological/phenomenological domains: (1) the high-latitude domain .

 poleward of the shielding layer (generally viewed as being near the equatorward bound-
ary of the diffuse aurora), and (2) the remainder of the ionogphere equatorward of the
auroral oval (which we refer to as the mid- and equatorial latitude region). Under quiet
conditions, the magnetosphere dominates the electric field patterns at high latitudes,

- with jon-neutral coupling not insignificant, while the thermospheric dynamo dominates
the mid- and equatorial regions, with little magnetospheric contribution. Under dy-
namic conditions however, the roles are intertwined at all latitudes, with no current
database capable of sorting out the contributions.

The existing database on electric fields comes primarily from “in situ” differential
floating potential measurements on extended booms, and from “in situ” and radar ion-
drift measurements tied to E x B velocity effects [see e.g. Heelis et al., 1981; Heelis,
1988]. In some regards, high-latitude electric fields have been better diagnosed and
are more fully understood, but controversy still exists. Mid- and equatorial electric
fields are not as well understood, with present specifications relying primarily on an
empirical model developed by the incoherent radar chain in the 75° meridian [Rich-
mond et al., 1980]. Along with ground-based radars, important contributions to the )
current database for global electric field patterns (and the roles of the thermosphere and
magnetosphere) have come from the DE investigation [see e.g. Heelis, 1988]. At high
latitudes DE clearly showed that the time history of the field-driven convecting ions
and the dynamics of the neutral gas were important to understanding the chemistry,
dynamics and energy balance of the system. Unfortunately, the local time and season
of the observations were locked together in a 90° inclination orbit, leaving a restricted.
data set and a scientific need for more comprehensive global-scale measurements.

It is clear that knowledge of the ambient electric field is vital to understanding
and interpreting plasma motions, waves and turbulence at both large and small scales. )
DC electric field measurements are useful for studying large scale convection patterns,
while wave electric fields are important in plasma instability and turbulence studies, ..
Accordingly, electric field probes have had a long and successful flight history, beginning
with simple DC instruments flown on sounding rocket and balloon payloads in the.
sixties [e.g. Johnson and Kavadas, 1963; Mozer and Serlin, 1969], and extending into .
the seventies and elghnes with global-scale satellite investigations [Maynard et al., 1988,
Hoffman et al., 1988; and Heppner and Maynard, 1987] and complex broadband waye . -
analyzers in the present era of rocket-borne investigations [e.9. Kellogg et al., 19&6, .
Kelley and Earle, 1988].



The floating double-probe technique is by far the most common method for “in

situ” electric field measurements on satellite and rocket-borne paylbads, so it will be
the focus of this discussion. Since only refinements in the electronics system have been
made in the method since the early flight tests, much of the basic developmental work
[Fahleson, 1967; Mozer, 1973) is still quite relevant today. The double-probe technique
uses high-impedance difference amplifier circuits to measure the difference in the local
floating potential betweén two small conductive probes (typically spherical in shape)
that are extended on long booms from the rocket or satellite body. Since the floating
potential and the local space potential ina plasma are related by a function involving
the ion mass, electron temperature, and the ratio of the probe radius to the Debye
length [Szuszczewicz, 1972] the measured floating potential difference between identical
probes is proportional to the spatial electric field between them. This assumption
is valid only when the ion mass, electron energy and Debye lengths are the same at
each probe. These conditions are generally guaranteed to prevail in quiescent, laminar
jonospheric domains, and in disturbed regions where irregularity scale sizes are much
greater than the double-probe separation.

The assumption of similar plasma distributions near the two probes is implicit
in the interpretation of all floating double probe measurements, and it highlights a
potential limitation in dynamic, energetic and highly irregular plasma environments.
Despite this necessary assumption, however, the floating double probe technique has
proved extremely useful in diagnosing high- and low-latitude ionospheric electric fields
[Heppner and Maynard, 1987; and Maynard et al., 1988] and geophysical processes as
cilverse as two-stream and gradient-drift waves in the electrojet regions [Pfaff et al.,
1982; 1984], convection velocity shears [Kelley and Carlson, 1977; Basu et al., 1988;
Earle et al., 1989), spread-F irregularities [LaBelle et al., 1986], and lightning 1nduced
transients in the ionosphere [Holzworth et al., 1985].

While measuring the potential difference between two probes is conceptually very
simple, there are a variety of complications and subtleties involved in properly per-
forming and interpreting the measurements. For example, the input impedance of the
measuring ‘circuit should be as large as possible with respect to the resistance of the

plasma shéath which surrounds the probe, so that the probe electronics do not provide '

alternative current paths to the plasma. Input impedances of 10'> Ohms or more are
common' 1n "modern instrumentation. It is also essential that the pair of probes used
in the difference measurement be as similar as possible in size, shape, composition
and dlstqnce from the spacecraft, since dissimilar sheaths, probe surface work func-
tions, levels of surface contamination, contact potentials, wakes or current responses
can introduce large errors [Fahleson, 1967]. In addition to using identical probes, each
probe should be symmetric with respect to the boom on which it is mounted, so that
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shadowing does not asymmetrically affect the photoelectron current to the probe at
different portions of its spin cycle. For this reason a small tubular section of the boom
is typically extended out beyond each probe, in order to cast an appropriate shadow
and create symmetry with the opposing probe [Pedersen et al., 1978).

By using multiple probe sets, as shown in Figure 18, the electric field in three or-
thogonal directions can be measured simultaneously, thereby yielding the 3-dimensional
vector electric field. In practice, however, it is often difficult to measure the electric
field parallel to the ambient magnetic field, since the parallel field is generally quite
small in the ionosphere and the vehicle surface can interfere with the measurement
when it intersects a field line which also intersects the probe [Fahleson et al., 1970].
Perpendicular electric fields in the ionosphere are typically much larger, and therefore
are more easily measured.

Despite these and other complexities in analysis and probe design, the floating
double-probe system offers several advantages over other types of electric field instru-
ments, such as field-mills and drift meters. One such advantage of double-probes in-
volves the finite boom length of spinning systems which can help in determining the
wavelength and propagation direction of narrowband plasma wave modes, through an
interference effect known as ‘fﬁngerpi‘ints” [Temerin, 1979; Pfaff, 1986]. Still another
advantage exploits the Doppler shift created by the relative motion between plasma
waves and the spacecraft. The Doppler shift in frequency provides phase velocity in-
formation in cases where a wave mode has a well defined fundamental frequency.

Magpetic fields. The measuremelnt of magnetic fields is introduced into this de-
scription of “in situ” techniques not in the sense of it being a scientific objective in its
own right but more in the sense of providing measurements that support other “in situ”
techniques and in the sense that it aids in the overall analysis of results. Appropriate
to this role is a three-axis fluxgate magnetometer with a dynamic range of £ 50,000
nT and an accuracy of 0.75 nT. At a slow sampling rate (e.g., 1-5 samples/sec on each
axis) the magnetometer would provide vector magnetic field measurements along the
satellite track. This measurement supplies the required B-field reference for the elec-
tric field results and a corresponding baseline for E x B and V x B analysis of plasma
and thermospheric wind motion and dynamo fields. At a higher sampling rate (e.g.,
at 100 samples/sec on each axis) the instrument would provide indications of current
system boundaries, a diagnostic of geomagnetic disturbances, and a monitor of Alfven
and cyclotron waves (O cyclotron frequency is 32 Hz in a 0.35 Gauss field). The
best configuration for the magnetometer is one that allows it to be boom mounted to
minimize the influence of stray fields from spacecraft systems.

Energetic particles. Next to UV and EUV portions of the solar electromagnetlc
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radiation, one of the most significant energetic inputs to the ionospheric-thermospheric
system involves precipitating electrons at high latitudes. Measurement of the energy
spectrum and the angular distribution of velocities with respect to the magnetic field
provides the three-dimensional velocity space-distribution function for deriving the en-
ergy and momentum coupling into the ionospheric-thermospheric system.

In the past, the angular distributions of ‘precipitating particle densities and veloc-
ities were measured by a single, narrow field-of-view analyzer on a spinning platform
or by arrays of fixed, narrow field-of-view analyzers, each making a different angle with
respect to the local magnetic field. Although these approaches met with reasonable
success, the angular, spatial and temporal information was incomplete, and the de-
sign, packaging, and calibration of the analyzers was a difficult and costly process. For
example, the plasma instrument on DE-2 required 15 collimation systems, 15 sets of
deflection plates, and 15 sensors to provide the energy-angle information [Sablik et al.,
1988]. We describe here a “top hat”electrostatic analyzer [Sharber et al., 1988], also
referred to as an Angle Resolving Energy Analyzer (AREA), which alleviates this prob-
lem by using a single set of deflection plates to accept particles over a 360° field-of-view
in a single plane. An early attempt at such an instrument was the quadrispheric-type
analyzer, flown on the Pioneer 6 and 7 interplanetary probes [Smith and Day, 1971] and
on the ISEE 1 and 2 satellites [Frank et ol. , 1978]. Improvements over the quadrisphere
design were achieved i in the analyzers developed for applications on the AMPTE mis-
sion [Johnstone et al. 1985] and on the Giotto and Suisei missions to Ha.lley s Comet
[Joknston, et al., 1986 Mukai and szake, 1986].

When viewed as a symmetric quadrisphere, the top-hat instrument has its roots
in a Soviet device [Mel’nikov et al., 1965] flown on Cosmos 12 in 1962. Initial flight
development of the 360° top-hat analyzer was accomplished by a collaborative team
of investigators [Carlson et al., 1983; Paschmann et al., 1985] from the United States
and Europe. The top-hat analyzer has now been successfully flown on the AMPTE
spacecraft [Paschmann et al., 1985], the Giotto mission to Halley’s Comet [Reme et
ol., 1986], and a number of sounding rockets [e.g., Moore et al., 1986].

The “top-hat” electrostatic analyzer is a variation on the now commonplace spher-
ical analyzer. The feature from which it gets its name is the small spherical section
above the hemispherical deflection plates shown in the cross-sectional view of Fig-
ure 19. A charged particle entering between this top-hat and the upper hemispherical
plate will be deflected into the region between the hemispherical deflection plates where
(with appropriate charged-particle energies and applied fields) it will undergo “perféct”
constant-radius deflection and strike the sensor (an array of eleven 16° azimuth sectors
equally spaced around 360° in an equatorial acceptance plane). The device is axially
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Figure 19A. Cross-sectional view of the “top-hat” electrostatic analyzer (without
collimator) showing the plate arrangement and a typical particle trajectory P. For
electron detection the inner hemispherical plate has deflection potential +V; the outer
hemispherical plate and top-hat plate are grounded. [From Sharber et al., 1988.]
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Figure 19B. Functional schematic diagram of the complete experiment showing re-
lationships: of the AREA “top-hat” deflecting and sensing unit, high-voltage unit, the
low-voltage power supply, and the central electronics package. [From Sharber et al.,
1988.] '
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symmetric and therefore can provide simultaneous measurement of particles from a full
360° in the plane perpendicular to the instrument axis.

A layout of the top-hat/AREA deflection and sensor system is shown in Figure 20.
The top view shows the posmomng of the 11 channel electron-multiplier sensors, while
the side view shows the collimator, deflection plates, and location of a channel multi-
plier, its amplifier, and its high-voltage biasing network. The 360° entrance aperture is
defined by & series of knife-edged baffles located on the outer hemispherical plate and
the top-hat plate. The baffles collimate the entrance aperture to £7.5° with respect to
the normal to the analyzer axis. o

With regard to operation and control we make reference to Figure 19B. The high-
voltage unit, illustrated in that figure, contains the high-voltage and programmable
power supplies. The high—voltﬁgé supply provides the Channeltron bias voltage and
the programmable power supply steps the voltage on the inner hemispherical plate
from 2187 to 0.200 V in 59 logarithmic steps (resolving electron energies from = 10 eV
—~13 keV). A time of 20 ms is required to reach and stabilize on the highest voltage
and a time of 236 ms (4 ms/step) is required to cover the 59 logarithmic steps. On each
step the settling time is 1.4 ms and the data accumulation time is 2.6 ms. A complete
energy spectral measurement is made every 256 ms, or about every 2 km along the
track of a low-Earth-orbiting satellite.

In this type of instrument, the energy and angular measurements suffer some
degradation at the low energy portion of the spectrum (generally at energies < 50 V),
Several factors contribute to this, including contact potentials which introduce errors
(uncertamt:es) in the deflection plate voltages for low particle energies, sheath effects
in and around the entrance aperture which can modify the low-energy-particle orbits,
and magnetic field effects which introduce Larmour orbits comparable to the radius of
curvature in the deflection plate system. This latter effect has been mitigated in the
top-hat AREA design by the use of mu-metal shielding [Sharber et al., 1988].

If included on a polar orbiting satellite, an energetic particle detector like the ~::
“top-hat” design would provide baseline energy and momentum data for understanding

high-latitude inputs to the ionosphere-thermosphere system. Covering energies from
~ 10eV to ~ 13 keV, it would provide full spectral information on major particle sources
for energy deposition down to altitudes near 95 km, specification of the soft particle
spectrum (in the polar cap), and definitive measurements of auroral oval boundaries.

4. Comments and Conclusions

While there is little doubt that an “in situ” database can provide a nearly-complete
specification of cause-effect terms that define the state and condition of the jonosphere
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and thermosphere, a single satellite or sub-orbital payload is limited in its ability to
uniquely separate space and time variables, and develop a three-dimensional diagnosis
of the interacting geospace domains. A typical approach to mitigate this problem uti-
lizes large synoptic databases as are normally available in long-lived satellite missions.

Such an approach can identify trends and ult1mately specify quiescent and laminar

states of global scale morphologies: More difficult, however, is the analysm of dynamic
events, but thete too the possibility exists for’ a,ceumulatmg enough similar events to de-
velop an intelligent separation of space/time controls, and integrate the results to form -
a three-dlmensrona,l picture. Another ftequently discussed approach for future missions
suggests the utlhza,tlon of satelhte clusters and yet a thlrd plan involves coordinated ,
measurements with ground based and “in situ” techmques The latter possibility can
be very powerful, and perhaps holds the key to solvmg the problem of a grossly in-
adequate database to define the lower ionospheric :‘domain, its dynamo effects.on the .
global ionosphere and its critical role in the Earth’s electrodynamic ¢ircuit. The issue
of intermediate layers is a case in point. Current ground based techmques are not ca-
pable of unfolding all cause-effect terms and there are so few radar sites that a global -
picture cannot be developed on UT/LT, lat/long and geomagnetic controls. Satel-
lites cannot provide a synoptic perspective in this region, and repeated multxple—sﬂ;e
rocket launches are a financial 1mpossxb111ty The solutlon, at least in the near term, is
a coordinated ground-based and “in situ” measurement program to- develop and test
global-scale models that attempt to specify and predwt the full system and its sub-

system interactions. This is not a novel approach but one that needs to be more fully. k

exploited to significantly advance the understandlng of the 1onosphere—thermosphere

system and specify it as a single’ chemxcally—actlve and electrodynacha,lly-responsrVe
fluid. rL .
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