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PREFACE

The Dumbbell probe is a rocket-borne symmetrical electrostatic probe which
is ejected from the vehicle for the direct measurement of the ionospheric tem=-
perature and density in the approximate altitude range of 100 to 1000 kilom=-
eters. The theory and implementation of the technique have been described ex-
tensively in various University of Michigan scientific reports516:7:15 and the
results of early measurements, many of these preliminary, have been outlined
in the literature.u’l9 The primary purpose of this report is to provide a more
extensive discussion of the data reduction procedures and present the final
data for the five most recent flights which were carried out between March
1960 and December 1961, primarily with the support of the National Aeronautics
and Space Administration. Earlier development and implementation of the tech-
nique during the IGY were undertaken with the support of the U.S. Army Ordnance
Ballistic Research Laboratories and Air Force Cambridge Research Laboratories.
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ABSTRACT

The Dumbbell probe theory is reviewed briefly, and several predicted volt-
ampere characteristics are presented. Experimental characteristics, recorded
in flight, are found to agree well with those predicted by the theory. The
methods by which the theory is used in the reduction of electron temperature
and positive ion density from volt-ampere characteristics are discussed. The
ionosphere data from four day-time flights and one nighttime flight to over
300 kilometers are presented and discussed. It is concluded that the electron
temperature in the quiet mid-latitude ionosphere is generally higher than cur-
rently accepted gas temperatures in the lower F-region, but that thermal equi-
librium is approached in the upper F-region and in the E-region. The electron
temperature appears to be directly related to the latitude and the level of so-
lar activity, although it is difficult to separate these effects. "Spread F"
in the auroral zone is associated with strong fine structure in the temperature
and density profiles. Magnetic storm activity at lower latitude is accom-
panied by high electron temperature throughout the ionosphere, especially in
the E-region and upper F-region, where lower electron temperatures prevailed
under quiet conditions. The good agreement between the nighttime electron
temperature and the reference atmosphere nighttime gas temperatures demon=
strates the validity of the Dumbbell technique for ionosphere temperature
measurement, while good agreement of the Dumbbell-derived ion densities and
the electron densities measured simultaneously by two-frequency beacon and
ionosonde techniques demonstrates the validity of the Dumbbell charge den-
sity measurements. A comparison of day-time and nighttime temperatures in-
dicates a 55% to 70% total diurnal variation can be expected in the quiet F-
region. A comparison of the electron and positive ion density, measured
simultaneously in the lower ionosphere, shows that the negative ion population
in the D' and lower E-regions is larger and occurs at a higher altitude than

is generally predicted by theory.
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1.0 INTRODUCTION

When V-2 rockets became available to scientists after World War II, several
University of Michigan investigators suggested and directed the application of
Langmuir probes, commonly used in gaseous conduction studies, to ilonosphere re-
search.l"5 Each of three of these rockets carried, among many other experiments,
an unsymmetrical bipolar probe. The collector geometry, dictated by practical
considerations of space and compatibility with other experiments, was less than
ideal; however, enough information was obtained to indicate that the technique,
more carefully implemented, might prove to be a valuable tool in ionosphere re-
search. ILater, when smaller research rockets capable of reaching the ionosphere
were developed, this laboratory, with the support of AFCRC, BRL, and later NASA,*

4,5

renewed its ionosphere research effort. ’ The rather unusual concept of an
ejectable Langmuir probe, containing its own current detection and telemetry
system, was implemented to insure that: (a) the collector design need not be
prejudiced by wvehicle imposed limitations, and (b) the probe remain ﬁell away
from local disturbances of the ionosphere due to outgassing from the burned-
out rocket motor as well as surface contaminants.

Over the past several years, two different probe configurations have been
developed: one, an extremely unsymmetrical bipolar probe to be discussed else-

where, and the other, a dumbbell-shaped, symmetrical bipolar probe which was

used in the measurements reported here.

1.1 GENERAL REMARKS CONCERNING THE DESIGN OF AN EJECTABLE BIPOIAR PROBE
The equations for the ion and electron currents to stationary collectors

of planar, cylindrical, and spherical geometries have been known for many

*¥Air Force Cambridge Research Center, Ballistics Research Laboratory, National
Aeronautics and Space Administration.



years.2’7_9 These can be applied to predict, with fair accuracy, the volt-
ampere characteristic of any one of the wide variety of bipolar probes which
could be formed from various combinations of the above geometries and degrees
of symmetry in the respective collector areas.

Although it is the purpose of this réport to consider a particular ionosphere
probe, known as the "Dumbbell," it may be useful to discuss briefly some of the
factorstwhich guide an experimenter in his choice of the collectors which will
form a probe most nearly satisfying the needs and limitations which face him.
These factors fall into the following three categories: theoretical considera-
tions, the particular ionospheric parameter to be measured, and available rocket

vehicles.

1.1.1 Theoretical Considerations

It was shown by Hok2 and Boggess7 that simple asymptotic or approximate solu-
tions to the general current equations are valid, under typical ionospheric con-
ditions, when the collector dimensions are made larger or smaller than certain
well-defined limits which are a function of the temperature and density of the
plasma and the collector radius. When the collector‘is made smaller than the
Jower limit (typically one or two millimeters), the ion current is said to be

orbital-motion-limited. When the collector is made larger than the upper limit

(typically several'centimeters), the ion current is said to be sheath-ares
limited. To take advantage of these mathematically simpler expressions in the
predictions of volt-ampere characteristics and in the reductions of ion density
data from experimental curves, the collector dimensions may be chosen so that
it operates clearly in one mode or the other. In practice, the need for in-
strumentation space within the probe requires that at least one collector be

so large that it necessarily operates in the sheath-area limited mode, while

the other collector may be dimensioned to operate in either of the limiting



modes. Thus apparently the probes most easily handled theoretically will be
symmetrical, or nearly so (both collectors sheath-area-limited), or greatly un-

symmetrical (one collector operating in each mode).

1.1.2 The Particular Ionospheric Parameter to be Measured

In general, the volt-ampere characteristics of either the symmetrical or the
unsymmetrical form of probe do not lend themselves equally well to the determina-
tion of all the ionospheric parameters which electrostatic probes are capable of
measuring. The symmetrical probe, for example, is not well suited to electron
density measurements since the collectors of this type of probe operate in a
voltage region where the electron current is a rapidly varying function of collec-
tor potential, a parameter which can be determined only with limited accuracy.
However, the small collector of a greatly unsymmetrical probe can be forced to
operate at any potential and, when driven to the plasma potential, collects just
the random electron current from which the electron density is readily obtained.

The electron temperature is based upon the measurement of the electron energy

distribution, any part of which is sufficient for the determination of tempera-
ture, if a Maxwellian energy distribution is known to exist. Either type of
probe is suitable for this measurement; however, the symmetrical probe has ac-
cess only to those electrons having energies exceeding the negative potential of
the collectors, and thus can measure only the high-energy end of the distribu-
tion. If the distribution is not purely Maxwellian, there is a possibility of an
incorrect temperature determination, if indeed the term "temperature" can be used
to describe such a distribution. The smaller collector of an unsymmetrical probe,
however, can be driven through a wide range of potential and therefore can sample
the entire electron population. Theoretically, this enables one to obtain a
better measurement of the thermal energy. There is, however, evidencelo’11 that

a collector which is near the plasma potential introduces more disturbance to



the plasma than does the symmetrical probe which remains moderately negative.

Thus the choice of probe best suited for the measurement of electron temperature
*

is a question which requires further study.

The positive ion density may be obtained with either the symmetrical or

unsymmetrical probe, although the former appears to offer the most straight-
forward measurement. The ion density is based on the measurement of the col-
lected ion current which is a function of the charged particle density, mass,
and temperature as well as the "effective" area of the collector. The effective
area of the collector for ions is somewhat greater than its surface area be-
cause of the positive ion sheath which surrounds it. Since:the.cgalculation of
the effects of the sheath is based on several assumptions and approximations, it
is expedient to select a collector which is much larger than the sheath dimensions
so that the ion current dependence upon the sheath is kept small. One could, of
course, use the unsymmetrical probe for ion density measurements if the ion cur-
rent equations can be shown to describe the current collection with sufficient

*%
accuracy.

1.1.3 Rocket Vehicle Considerations

Ideally, to insure sheath-area-limited operation of the large electrode over
a greater range of ion densities, one would like to maximize the dimensions of at
least one electrode. However, until recently the only available research rockets
with adequate peak altitude capability were of small diameter. This has limited
the size of the largest collector to roughly the diameter of such rockets, 6 to
8 inches. If the rocket itself acts as one collector of the bipolar probe, this

problem is somewhat reduced since the surface area of the rocket is usually ade-

*\ combination symmetrical and unsymmetrical probe, discussed in Section 8.72, was
launched at Wallops Island, Virginia, in March, 1961, and the temperature from
both types of probes are being compared.

**The modified Dumbbell probe mentioned in the previous footnote is well suited
to the evaluation of the measurement of ion density by the two types of probes.



quate. However, several other problems arise when the rocket is made part of a
probe system aside from the possible contaminating effect of the vehiele. Prob-
ably the most important of these problems is the changing equilibrium potential
of the rocket as it changes orientation (tumbles and spins) in free fall. Since
the rocket acts as a reference element for application of a potential to the
smaller collector, its changing potential enters as an unknown variable in the
volt-ampere curves of the probe system. The error due to this can be minimized,
however, by selecting a sweep voltage rate which is fast compared to the changes

in rocket orientation.

l.2 SEIECTION OF THE DUMBBELL FORM OF PROBE

The selection of the Dumbbell configuration was made on the basis of several
of the design considerations outlined in the previous section. Theoretical con-
siderations indicated that a symmetrical probe could be expected to introduce
less disturbance in the surrounding plasma, since such a probe causes less
electron depletion of the plasma than does an unsymmetrical probe. To provide
adequate instrumentation space within the electrodes of the ejected probe,
both collectors of the symmetrical pair were necessarily sheath-area-limited.

Collectors having spherical geometry were chosen over cylindrical or planar
collectors primarily because of the effectiveness with which spherical collectors
can be guarded to reduce the electrostatic fringe effects. In general, guard
systems for cylindrical and planar collectors are larger, more elaborate, and
less effective.

The availability of the 6-in. diameter Nike-Cajun combination and 8-in.
Aerobee 300 or "Sparrobee" indicated that a probe instrument having 6-in. elec-
trodes would be the largest which could be employed with the then existing high-
altitude vehicles. This seemingly small size presented no problem, however,

since calculations showed that a hemisphere of this size would be large enough



to operate within the sheath-area-limited mode in a plasma having electron and
ion densities as low as 104/cc, This would make the results valid to well over
1000 km at which altitude the electron density is still greater than this lower
limit. Although the separation between the Dumbbell hemispherical collectors
was determined by the requirement that the entire probe act as a half-wave
dipole antenna at the telemetry frequency, a certain minimum spacing was re-
quired to prevent the sheath of one end from overlapping that of the other.
Calculations show that the sheaths do not begin to overlap until the density
-falls below 104/cc, again well over 1000 km.

Thus the Dumbbell, a double-sphere, sheath-area-limited, symmetrical probe,
took form as a first attempt at an electrostatic ionosphere probe which would
(a) introduce a minimum of disturbance to the surrounding plasma, (b) produce
volt-ampere curves most easily interpretable, and (c) be small enough to carried

to great altitudes in the then available vehicles,



2.0 THE DUMBBELL PROBE INSTRUMENT

Figures 1 and 2 are photographs of an assembled and partially disassembled
Dumbbell probe, and Figure % is a functional block diagram of the system. Later
versions of the Dumbbell were modified by the addition of a small cylindrical
probe on the central nylon insulator to form an unsymmetrical probe as a second
mode of operation which is discussed in Section 8.7.2. The external structure
consists of two stainless-steel hemispherical collectors and two somewhat
funnel-shaped guard electrodes which are insulated from the collectors and from

each other.

Figure 1. The Dumbbell instrument.
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Figure 2. Partially disassembled Dumbbell.

Two identical, sawtooth voltages (8V), are applied between the hemispheres
and between the guard electrodes. Two current detectors are connected in series
with the hemispheres and the associated 8V generator and, since this system is
insulated from the "funnel" circuit, measure only the net current flowing to
the hemispheres from the plasma. The detectors have l-upa and L4-pa full-scale
sensitivities, respectively, which together enable adequate resolution in the
measurement of probe currents generally encountered throughout the various
regions of the ionosphere. In-flight calibration of the current measurement
system is accomplished by substitution of a known resistance for the "ionosphere'
periodically during flight.

Also contained within the Dumbbell is an FM-FM telemetry system consisting
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of a two-watt Bendix TXV-13% transmitter and three voltage-controlled oscillators,
providing three information channels: one for each current detector and a third,
time-shared by magnetic aspect sensors and other auxiliary circuits used to con-
vey various operational information. Completing the telemetry system is the
antenna which consists of the entire external surface of the Dumbbell acting as
a half-wave dipole at 220 mc.

The current measuring and telemetry systems have a common power supply, em-
ploying a d-c to d-c converter operating from a 24-v pack of HR-1 Silver-Cadmium
cells., The instrument and its electronic components are discussed in more detasil
in other reports.5’7’12

In use, the instrument iscarried by a suitable rocket to the lower edge of
the ionosphere (approximately 75 km) where a mechanical timer initiates ejection
from the rocket by spring action as depicted in an artist's conception repro-
duced as Figure 4. The rocket and instrument, with increasing separation, fol-
low an elliptical path in free fall to a peak altitude of several hundred kilo-
meters (depending upon the vehicle); their position and velocity is observed by
a DOVAP or a RADAR system or both. Throughout the flight, volt-ampere curves
of the Dumbbell, immersed in the ionosphere, are continuously measured and
transmitted to one or more ground stations where they are recorded. Each curve
is later available for interpretation in terms of the electron temperature and
positive ion density of the plasma which surrounded the probe at the time of
recording.

Figures 5 and 6 are photographs of the nose cone which encloses and protects
the Dumbbell from the aerodynamic forces encountered jn passage through the lower

atmosphere.

10
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Figure 4. Artist's conception of the ejection of the dumbbell into the
ionosphere.
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3.0 REVIEW OF THE DUMBBELL PROBE THEORY

3,1 THE HEMISPHERE CURRENT EQUATION
1
As shown in an earlier theoretical report,5 the net current to a Dumbbell
hemisphere is given by the following equation which represents the sum of the

ion and electron currents.

3/
N.ec 4 Neac
. 120 B () Rece ev
TS ogx T o reNEs <kTp> Wyep P ('kTe (3.1)
where
Np = positive ion density
Ne = electron density
e = electronic charge = 1.602 x 10™° coulombs
2kT
Cp = Tp most probable ion velocity
CkTe .
Ce = /. o most probable electron velocity
-23 . o
k = Boltzmann constant = 1.38 x 10 joules/°K
Tp = 1ion temperature
Te = electron temperature
mp = 1ion mass
me = electron mass = 9.11 x 1073 kg.
r = radius of the hemisphere = 7.64 cm.
T
_ 5 *p .
P = 7.51 x 10 Wor? (mks. units)
V = voltage of the probe with respect to the plasma
A = /g (N +1/2) erf n + 1/2 exp (-2F) + {%?k Cos ©
a factor accounting for the velocity effect on the ion current
(see reference 13)
N = |¥l ratio of probe to most probable ion velocity

D
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rocket velocity

S angle between the axis of the hemisphere and W

When volume neutrality (Ng = Np) and thermal equilibrium (T

[}
3
1
3
(0}

e D

are assumed to exist in the plasma, (3.1) reduces to

3/4 —
i =/kT N e 2nr® +2f§’(ﬂ/ JIERe ev (3.2)
eﬂmp nr A \jA kT - me Xp —kT

where the first two terms in the brackets represent the ion current component

to the hemisphere and the last term, the electron current. Figure 7 is a graph
of this current characteristic for a 3-inch radius hemisphere (Dumbbell) at
various orientations and for a relative velocity ratio, A = 1, under conditions
normally found in the daytime F; region. It is apparent that the ion current
is a weak function of hemisphere orientation for angles of less than 45°, a
fact which is important in the reduction of ion density from experimental

curves.

w A=1,6=0,45,90,135,180°

3 T=1600°K, N=2.5 x10% PART/CC,M= 16

W
1

HEMISPHERE ORIENTATION

8:=0°

n

135°

1
-1.5 -10 -5 0
HEMISPHERE VOLTAGE, V (VOLTS)

NET CURRENT (MICROAMPERES)

Figure 7. Single-hemisphere current curves for a fixed velocity and
selected orientations.
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5.2 THE VOLT-AMPERE CHARACTERISTICS

The Dumbbell collector system consists of two hemispheres, each of which
has the current characteristic described by (5.1)0r (3.2). Since the net cur-
rent to the entire probe must be zero, the current to one hemisphere is equal
and opposite in sign to the current to the other, over the entire range of
difference voltage, 8V, which may be applied between them. Using this fact,
it is convenient to plot the net current to the individual hemispheres as shown
in Figure 8, where one characteristic is inverted and superposed upon the other.
Figure 8 shows the superposed currents when one hemisphere is oriented at 6 = 45°

while the other is at 6 = 135° as shown in Figure 9.

0g=135°

]
T

CURRENT (MICROAMPERES)

Asl, 0048138
T=1600 °K,N=2.5 x 10° PART./CC , M= 16

1
N
T

Figure 8. Superposed current characteristics of two
oppositely oriented hemispheres.

NORMAL TO THE
PLANE OF THE

HEMISPHER>E/

Beas®

W
VELOCITY
VECTOR

B <135°

Figure 9. A particular Dumbbell orientation.
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Due to the motion of the probe through the plasma the ion current to the
leading hemisphere, 1, exceeds that to the trailing hemisphere, 2, so that when
the two hemispheres are shorted directly together with no voltage applied between
them, a net current, 1,5y, results. When a particular difference voltage, 8V;,
is applied, the hemisphere potentials, V; and Vo adjust to cause a net current
iz (a net positive current to 1 and an equal negative current to 2). The volt-
ampere characteristic of the pair of hemispheres, at this particular relative
velocity and orientation, obtained graphically by plotting 8V versus i from
Figure 8, is shown in Figure 10. The right side of the graph is dominated by the
current characteristic of hemisphere 1 because the applied 8V occurs mostly as

a change in potential at this collector which is being driven negative. The ready

n
w
Yy @
/i i
<3 2
N/ 6, :45° € o
Q -
w s ION SATURATION REGION OF |
(VELOCITY) =
Z
w
8 8 |,
<\_/82=I35. 3
(&]
o
Z 7 IraM
| / 1 1
-5 0 5 10
8V (VOLTS)
-1 A= - ° @, = °
ION SATURATION REGION OF 2 1,61 =45°, 8,135
T=1600°K, N=2.5 x I0° PART./CC, M =16
-2

Figure 10. Volt-ampere characteristics of Dumbbell having
orientation shown in Figure 9.

16



availability of electrons prevents the positive-going-hemisphere from accepting
much of the 8V. As shown in Figure 8, this is particularly true at higher values
of applied 8V as the negative-going-hemisphere approaches the ion saturaﬁion re-
gion where electrons are completely retarded. Here, the negative -going-hemisphere
accepts nearly all the further increase in BV.

Figures 11-14 illustrate the effect of various Dumbbell velocities and orien-
tations upon the volt-ampere characteristics, under typical ionosphere conditions.
Figure 11 shows the predicted volt-ampere curves for selected velocity ratios A
when the Dumbbell is oriented so that one hemisphere points forward into the
trajectory, 61 = 0°, and the other hemisphere points backward along the trajec-
tory, 62 = 180°. The right-hand linear portion of each curve represents the
ion saturation region of the leading hemisphere, while the left-hand linear

portion represents the same region for the trailing hemisphere. Note that the

@::(@_*

02 =180°

1 1

0 .5 1.0
3 V (VOLTS)

1

=

8=0°, 1=0,,5,1,2
92 =180°
-2 T =1600°K, N=2.5 x 10° PART/CC,M=16

NET CURRENT, (MICROAMPS) :t>\\

Figure 11. Dumbbell volt-ampere characteristics for 6 = 0° and
selected velocity ratios.
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=
NET CURRENT (MICROAMPERES)
r

97 5
3V (VOLTS)

8,= 180° A=0,.5,1,2
8= 0°

T=1600°K, N=2.5 x 10° PART./CC, M=16

Figure 12. Dumbbell volt-ampere characteristics for 6 = 180° and

selected velocity ratios.
curve for A = O represents the stationary probe characteristic and the other
curves show the distortion due to various probe velocities. Note further that
the leading hemisphere sweeps out more current as the velocity is increased
and the trailing hemisphere, leaving the lower velocity ions behind, collects
less current. At zero 8V, for this orientation, there is a bias current which
varies with velocity.

Figure 12 shows the Dumbbell characteristics at the opposite orientation,

after the probe has tumbled (rotated) 180°. It is entirely analogous to the
previous case except that the leading and trailing hemispheres have switched

positions.
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Figure 13 shows the characteristics when both hemispheres are perpendicular
to the probe velocity, 6; = 62 = 90°. As one would expect, the characteristics
are symmetrical, and somewhat less affected by velocity than in other orienta-
tions. Note that at zero &V, no bias current exists at any velocity since the

ion currents swept out by each hemisphere are identical and therefore cancel.

Y
F
NET CURRENT (MICROAMPERES)
T
[\
>
N

| 1
5 1.0
3V (VOLTS)

8,=6,=90° \:0,1,2

T =1600°K, N=2.5x 10% PART./CC,M=16

Figure 13. Dumbbell volt-ampere characteristics for 6 = 90° and
selected velocity ratios.

Figure 14 shows Dumbbell characteristics at an intermediate orientation in
which the trailing hemisphere exhibits a decreasing ion current at lower veloc-
ities, and then increases at higher velocities as its small forward-projected
arca sweeps out greater ion current than is left behind. Similar curves can
be drawn for other orientations and velocities, but those shown illustrate

the essential features of the Dumbbell characteristics.
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8, =135°
T=1600 °K, N =2.5x 10% PART./CC, M=16
Figure 14. Dumbbell volt-ampere characteristics

for & = 45° and selected velocity ratios.
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4,0 THEORY OF THE ELECTRON TEMPERATURE REDUCTION

The determination of electron current from a predicted volt-ampere char-
acteristic, such as shown in Figure 15, is carried out as follows. Since the
positive ion saturation region.contains no electron current component (all
electrons are retarded), it defines the positive current characteristic of the
negative-going-hemisphere. As the applied voltage is reduced, some of the
higher-energy electrons overcome the retarding potential and electron current
begins to flow, rapidly decreasing the net positive current. The electron
current can be separated from the net current by extrapolating the ion current
characteristic, as shown in Figure 15, and subtracting the net current from
the extrapolated ion current. The extrapolation is straight-forward since the
ion current characteristic of a hemisphere is nearly linear with voltage and can
be done graphically with a straight edge, or by machine with least-squares fitting.

An important feature of this method of obtaining the electron current is
that it does not assume that the net positive current is composed only of ion
current. It assumes only that the positive current characteristic does not ex-
hibit abrupt changes in character over the relatively small region which is
approximated by the extrapolation. Other positive components such as photo-
emission due to solar radiation and secondary emission due to high-energy parti-
cles are independent of the hemisphere potential and thus will not affect the
electron current determination. This method has the additional feature that
the velocity-induced distortion of the current charac%eristics, in the ion-
saturated region, need not be calculated but is actually measured. Thus the
extrapolation represents the net positive current including the effects of
velocity which will not be carried over to the resulting electron current char-

acteristic.
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Figure 15. Dumbbell volt-ampere characteristics showing pertinent

factors in the reduction of ionospheric parameters.

From the above discussion it can be seen that the electron current char-
acteristic, i, as a function of 8V, can be obtained readily from a, volt-ampere
characteristic of the Dumbbell.

The rela.tionéhip between i, and V is given by

: _ eV
i, = Kexp (- 1-{_'Iz) (4.1)
where
K = Yec o2
e

and, taking the natural log, and then the derivative, one obtains

d In ie e
—av W, - (4.2)
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If one plots the natural log of i, versus V on linear graph paper, the re-
sult is a straight line of slope e/kTe, and the electron temperature is given
by
T, - -FrmT (1.3)
Thus, the task of finding the electron temperature reduces to that of finding
the true change in potential, dV, of the negative-going-hemisphere when the
applied 8V is known. As discussed in Section 3.0, most of the applied voltage,
8V, appears as a change in voltage, dV, at the negative-going-hemisphere; so
that, to a close approximation
av. =~ asv . (b.h)
However, some change in potential does occur at the positive~going-hemisphere.
Theoretical studies using curves such as shown in Figure 8 show that this approxi-
mation leads to electron temperature values which are about 10% higher than the
true values. That is, in the region of the curve from which the electron tempera-
ture is obtained, approximately 90% of the change in 8V occurs as a change in
potential, dV, of the negative-going-hemisphere, so that, in (4.3), the value

of dv can be replaced by 0.9 ddV.
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5.0 THEORY OF THE POSITIVE ION DENSITY REDUCTION

The ambient positive ion density is derived from the Dumbbell current char-
acteristic§, such as illustrated in Figure 15, by means of a theoryl5 which ac-
counts for the most significant known factors which afféct the ion current col-
lection. As discussed in Section 3.0, the electrons are completely retarded when
a particular hemisphere is force sufficiently negative. Only positive ion cur-
rent remains. This current is primarily a function of the ambient ion density,
Np, and the probe voltage, V; however, since the ioﬁ‘temperature Tp and mass m,
affect the most probable ion velocity, these are also factors in the current
equations. In addition to this, the translational motion of the probe causes
the hemisphere to sweep out additional ions which would not otherwise arrive
at the collector surface as a result of their own random motion or the acceler-
ating potential. All of these factors are included in the first two terms of

equation (3.2) of Section 3.0 which was derived in the earlier theoretical

study.15 The ion current alone is rewritten,
kT \ 3/4
re
. _ 2 4, 2 / -
ip = 5. Np e 2nr + 2VPA (kT> (5.1)

where, as given in Section 3.0,

A = /g—_ (A + 1/2N) erf A + 1/2 exp (-3%) + /g A\ Cos 6 ,
a term which accounts for the hemisphere motion.
5 T .
P = 7.51 x 100 —— (mks units)
Np ra
V = probe potential wrt. the plasma.

Equation (5.1) lends itself well to a machine solution for Np when the other
variables, ip, vV, 8, A, T, my, are ascertained. Taken in order, ip is the ion

current measured at some 8V in the lon saturation region of the hemisphere
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current characteristic. The point of measurement is chosen such that the probe
voltage, V, can be determined most accurately, given the applied &V and the probe
theory. One such point, the so-called electron cutoff point illustrated in
Figure 15, has been used to obtain the density data reported here. By this
method, equation 4.1 is solved (using the measured electron temperature) for

the potential of the hemisphere at the easily recognized point where the elec-
tron current approaches its minimum resolvable value. An advantage of this

means of selecting the point of measurement is that the resulting probe potential,

V cutoff, and the measured current, i, cutoff, are ionosphére-related rather

Y
than instrument-related in that the applied 8V and the manner in which it divides
between the pair of hemispheres need not be known.

A second point of ion current measurement, which has been used extensively
to check the validity of the electron cutoff method, is to use the ion current
at the point of maximum applied 8V (approx. 3 volts), a point which is far into
the lon saturation region and well off the volt-ampere characteristic shown in
Figure 15. An advantage of using this point in the density reduction is that
the relatively high and acéurately known 8V represents nearly the entire potential
of the hemisphere with respect to the plasma. The small potential of thé opposite
hemisphere (approx. 1/2 volt), which must be added to obtain the hemisphere
potential, V, need not be known extremely well to obtain an accurate value.

© and A are known from aspect and trajectory data, however, N depends partly
on the temperature, T, which is measured directly as described in Section 4. The
ion mass, mp, is assumed on the basis of a series of rocket-borne measurements
at Ft. Churchill, Manitoba, and Wallops Island, Va., using Bennett rf mass
spectrom.eters.lu’l5 The resulting m, profiles which were used in our reductions
of ion density are shown in Figures 16 and 17.

A question arises here concerning the use of the electron temperature, To»

in solving (5.1) for Np, since the data presented in later sections strongly
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suggests that T, may, in some regions, be somewhat higher than Tp° It has been
shown, however, that the electron temperature rather than the ion temperature is
more important in the collection of ion current.16 For this reason, and because
it is a directly measureable quantity, Te is used in solving (5.1) for the
positive ion density.

The need to assume the mean ion mass, Y represents possibly the greatest
potential source of error in the Dumbbell measurements of ion density. The ion
mass spectrometer results at Ft. Churchill and Wallops Island, though quite con-
sistent among themselves, do not sufficiently define the diurnal, seasonal,
latitudinal, and solar cycle variations to permit their unqualified use in in-
terpreting all total ion density measurements at these and other launch sites.
Indeed, the different degrees of agreement between ionosonde and/or two-frequency
beacon values of N, and Dumbbell-derived values of Np, measured on the flights
to be discussed here, tends to emphasize this. This will be discussed at

greater length in Section 9.3.

28



6.0 EXPERIMENTAL VOLT-AMPERE CHARACTERISTICS OF THE DUMBBELL

6.1 THE CURRENT DETECTOR CHARACTERISTICS

The accurate measurement of volt-ampere characteristics such as shown in
Figures 10 through 14 is a challenging engineering task for several reasons:
(1) The currents which must be resolved are both positive and negative; (2) the
magnitude of current varies from a few tenths of a microampere in the lower E
region to several microamperes in the F region of the ionosphere; (3) the re-
sponse time of the current measurement system must be on the order of a few
milliseconds to permit a nearly instantaneous sweep voltage; (4) the physical
dimensions of each detector is severely limited by the available space (on the
order of one cubic inch per detector); and (5) the envirommental stresses placed
on the detectors are severe.

An 811 solid state detector which met these requirements was designed
utilizing a ring bridge type modulator, a suitable amplifier and a demodulator.
Its design and physical configuration are documented in other reports.5"12 Our
purpose here is to discuss the electrical characteristics of the detector as
they bear upon the appearance of the data when displayed on a paper teleﬁetry
record, The volt-ampere curves are modified by the detector in two ways:

1. The current characteristic is rectified so that currents of both
polarity produce a positive output from the detector.

2. The lower 10% of the current range is somewhat nonlinear since the
chopper type modulator has a small null output withbzero input current. These
effects are illustrated by Figure 18a, b, ¢ which show the applied 8V, a zero
velocity Dumbbell current characteristic and the detector output which results,
respectively. Figure 19, for further illustration, shows the detector output

waveform to be expected for the predicted curves of Figure 1k,
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6.2 EXPERIMENTAL CHARACTERISTICS

Having illustrated the type of Dumbbell volt-ampere characteristics which
should be expected from theoretical considerations, we now examine some of the
experimental characteristics which constitute the raw data from actual flights.
Figures 20 and 21 are photos of segments of the telemetry records showing V-A
characteristics recorded near the apogee (F-region) of NASA 6.01 and 6.02,
respectively, The 1 pa channel, designed for use primarily in the E region,
is saturated, except near zero 8V; and the 4 pa channel, connected in series,
shows nearly full-scale currents. The vertical grid lines occur at 0.l-second
intervals. The 1 pa channel of the 6.01 record shows the expected bias current
which results from a combination of the following factors: (1) the translational
motion of the Dumbbell; (2) unequal photo-emission from the two hemispherical
collectors at the particular orientation which existed; (3) anisotropy of the
plasma; (4) slight differences in the surface conditions of the collectors, and
(5) slight unbalance in the current detector response to opposite polarity cur-
rents. Factors (1) and (2) can be separated from (3) by the known orientation
of the instrument with respect to the velocity vector, the Sun, and the geo-
magnetic field. An attempt is made to closely control (4); and (5) can be
evaluated using the inflight calibration records such as shown in Figures 22

and 235 for these flights.

31



Figure 20, Typical current characteristicsbrecorded at apogee of
NASA 6.01, March 1960, Ft. Churchill.

Figure 21, Typical current characteristics recorded at apogee of
NASA 6.02, June 1960, Ft. Churchill.
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Flgure 22. In-flight current calibration of NASA 6.0l current channels,

NASA 6.02 CALIBRATION

Figure 23. In-flight current calibration of NASA 6.02 current channels.

33






7.0 THE REDUCTION OF DATA FROM EXPERIMENTAL CHARACTERISTICS

7.1 TDEMONSTRATION OF THE ELECTRON TEMPERATURE REDUCTION

Figure 2L illustrates the method of To reduction from a randomly chosen
Dumbbell characteristic which was recorded near apogee during the June 1960
flight at Ft. Churchill, Manitoba. The telemetry record is shown approximately
actual size. The ion saturation regions of the two collectors are evident at
the far left and right. To obtain the electron current as a function of applied
voltage, 8V, the ion current region is extrapolated linearly and is then sub-
tracted from the net (measured) current as described in Section 4.0. The natural
log of the electron current is a linear function of the probe voltage as indi-
cated by the straight line which results, and the slope of the line is related

to the electron temperature by the equation

a(4n Ie) _ e

The slope which results indicates a temperature of 2890°K at an altitude of 297
km. As the applied 8V approaches zero (the time designated O on the record), it
no longer divides as strongly in favor of the more negative hemisphere which
causes the observed deviation from linearity at lower values of &V. When I, is
plotted versus the calculated dV, however, linearity is restored to the plot

and the temperature obtained is in good agreement with the value shown.

7.2 DEMONSTRATION OF THE POSITIVE ION DENSITY REDUCTION
The ion density is obtained from the ion current by the method given in
Section 5.0, To demonstrate the self consistency of the density reduction

technique, an experimental curve was reduced tovTe and N These values were

p°

then substituted into the current equations and used to generate a theoretical
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volt-ampere characteristic, which was then superposed on the telemetered experi-
mental curve as shown in Figure 25; the curve labelled with an ion density of

7 x 10° part/cc. For comparison, a second curve corresponding to Np = 6 x 10°
part/cc is also shown. The reduced ion density value is approximately 10% high
because the effect of probe motion (not considered in this particular calculation)

is not entirely negligible even at apogee where this curve was measured.
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8.0 THE IONOSPHERE DATA

8.1 INTRODUCTION

In the previous sections the theory of the Dumbbell probe has been reviewed
and some of the many volt-ampere characteristics which constitute the raw data
have been shown. The self-consistency between theoretical and experimental
characteristics is evident. The present section is devoted to a description
of each flight and a presentation of the resulting ionosphere profiles of elec-
tron tempersture and positive ion density, as well as a brief discussion of the
data. In Section 9.0, the data from all five flights are compared and correlated
with the work of other investigators to attempt to uncover some of the geophysical

significance of these data.

8.2 PHILOSOPHY OF THE DATA PROCESSING

Given a sampling rate on the order of five sweeps per second and a flight
time of 500 seconds, it is not difficult to see that several thousand volt-ampere
characferistics are accumulated (recorded) during each flight.

Machine Data Reduction.—It soon became clear that the hand-reduction technique

discussed in Section 7.0 was too time consuming to permit the analysis of all re-
corded curves from each flight. On the other hand, since the Dumbbell probe was
new to ionosphere research, we did not feel justified in using only a random
sampling of curves. Indeed, this course would bypass a prime advantage of the
method; i.e., nearly instantaneous measurements at small altitude intervals
which permit the detection of the fine structure known to exist in the ionosphere
and not as readily detectable by other techniques. Thus a machine data reduc-
tion program was developed for use on the University of Michigan IBM 704, and
later IBM 7090 computer. Each analog curve was digitized and placed on punch

cards by the University of Dayton Computing Service. Extensive hand reductions,
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directly from the analog records and from the digitized data, were carried out
to evaluate the machine-reduced values for systematlc and random error. No
systematic difference betweenhmachine and hand-reduced values was observed; how-
ever, the "spread" in the machine-derived values was approximately X 10% while
the hand-derived values were normally spread less than hal 5%. These figures
should be considered approximate, since curve resolution varied from flight to
flight and during each flight, and later Dumbbells had improved guard action
which reduced the amount of spread in consecutive data points. The data from
later flights was, in general, reduced primarily by hand as curve sampling
techniques were developed which permitted the ionosphere profiles to be ob-
tained using fewer characteristics.

In the following sections, the electron temperature and ion density profiles
are presented and discussed, then photographs of the telemetry records of typical
up-leg and down-leg V-A characteristics are shown and are discussed in relation

to the ionosphere profiles.

8.3 FLIGHT STATISTICS AND IONOSPHERE-CONDITIONS AT LAUNCH TIME

Five Dumbbell probes were launched between March 1960 and December 1961.
Similarities and differences in ionosphere conditions at the time of launch and
the characteristics of the instruments are summarized below:

Similarities.—

1. Physically identical Dumbbell-shaped probes were used in all flights.
2. The electrical measurements systems were identical in the first
three of the probes. The fourth and fifth,NASA 6,04 and 6.05,
were slightly modified to improve the guard action as’discussed
in Section 8.7.2.
5. All of the Dumbbells were launched on Aerobee 300 rockets, and the
instruments reached peak altitudes ranging from approximately 300
to 400 kilometers.
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Differences. —
1. Minor differences in the internal circuitry were adopted to test
the validity of various assumptions concerning the measurements.
2. Differences in performence characteristics of the rocket and the
instrument, as indicated in Table A.

5. Differences in the state of the ionosphere as indicated in Table B.

8.4 NASA 6.01—EARLY SPRING, DISTURBED AURORAL ZONE IONOSPHERE

Figure 26 shows NASA 6.01 (an Aerobee 300) leaving the Ft. Churchill tower
in mid-afternoon on March 16, 1960. An ionogram showing the "spread F" condi-
tion which existed at the time of launch is shown in Figure 27. The clamshell
nose cone opened on schedule at 97 kilometers, ejecting the Dumbbell into the
atmosphere just below the E region. Measurements were made continuously at the
rate of two per second as the instrument tumbled, in free fall, up to a peak
of 532 kilometers and then back through the ionosphere, passing out of the E
region over a point on the Earth some 99 kilometers from the launcher at an
azimuth of 62°, about nine minutes after launching. The horizontal velocity was
approximately 200 m/sec. Ground receiving stations recorded the output of the
three telemetry channels; one for each of two current detectors in the Dumbbell
and a third which is time-shared by aspect magnetometers and special tests.
Other data recorded included the AGC output from a receiver operating from a
helix antenna (used with the aspect magnetometers in determining Dumbbell orien-

tation and range timing).

8.4.1 The Ionosphere Profiles

The Ion Density.—The electron temperature and ion density profiles are shown

in Figure 28, It is apparent from the density profiles that the Dumbbell had not
quite reached the F2 maximum at its apogee of 332 kilometers. Proceeding down

the density profile, the up-leg and down-leg curves show strong similarity in

b1



*uoosvag Aousnb
-3IJ~OM], PUB 2pUOS

SqUsWaINSBIW JISYJFO

L2

SpuUOSOuUOT WOXJ SN €0°9 se sueg -0uoT Y30q woxy SN 2puosouo woxJ SN SuoN woxJ AI9A003x BlB(
‘uoowag Lousanb
-3JJ-OM] Pu®B 3puOS 2pUOSOUOT WOXF N SqUaWSINSBIW SNOSUBY
9puUOsSouol WOXJF SN ¢0°9 s® aueg ~0uol Y30q WOXJ SN T0°9 s® suweg JIYAQQ woxF 3N -Tauys Tefzuajod x8yjzQ
00T 00T 00T 00T 00T % ‘TTeaqumQ
woxJ AIsA0D3X B83BJ
(£xoA003x ®BYED
a3a1dwoo ATTBIUSS
=S8 9nq TBUITS JI
_QUSTTo0XH qUaTTaoXH MOT 93BUYMSWOS ) DPOOH qUSTTooXH JUSTTI0XH sousuwaogaad jusumagsul
G9¢ 66¢ och L6z 49 w{ ‘epn3TaTe Wedd
4] 93 86 <8 L6 wy ‘apn3T3Te
uot3oafs sqoxg
[« 6 o2 ] 2 spuodas ‘potaad aTqumy,
¢ “Aue 37 *suotd
q0933F2 wmn. 9AI38q0 -3 UOF3BINGBS
ouhnmko 1 vmuwﬁ UOT 2383T3SaAUT
-31 ATToTPOTISd "¢ 03 puB syassys JO
*I0309TTOO I9p BupddeTasao 9Tq
-utTfo TTews AIBITT -1ssod aAJxssqo 03
-XnB JO S3AIMD Y-A AQ MOT pur USTY
JO SjusuweInsSB8I| °g y3oq Jo uotzeottd
*axaydstuwey *aaaydsTway a3 S -de s3vUINRTY °2
291soddo 3® UOT} -oddo 3B uOT3o® *uoOT308®
=08 paend aaoxdwy paxend saoxdut 03 pIend a3enTBAS
09 pasnd pus sxeyds pxend pur axsyds 03 9883 TOA pasnd
~Tway auo Jo Juy -Tway 8 JO Bul -09.-J0309TT0D 3ay3 (2uBTTF uTt)
©0°9 s® aweg ~q3JI0YsS snonutfquo) °T SuoN -qJ0Us OTpOoTIad JO quaswaanseay °T sqsaq TBIoadg
G2 [ T°¢ (4] T sdo ‘sqvx dosms AQ

20°9 s® oweg

20°9 s® sweg

TO*9 s® sweg

*sqsa3 Tstoads
PpUB UOTRBIQTTED
xopo] Buiddegs
Y3 TA Snonuijuo)

*g3s893 Teroads
pue UOTFBIQTTED
POIBIFTUT JISWTY
T}ITM SnonNUTIuUOD

FurmmeaBoxd quswaINSBON

1 pus T ¢ pue ¢z°2 # pue T # pue T H puB T el ‘A3TATRTSUSS JuUaIIND
G0*9 VSVN #0°9 VSVN ¢€0°9 VSYN 20°9 VSYN TO®9 VSVYN S0T3STIS3OBIBYD
SHEONd TIRIEWNT FHL JO SOILSIVALOVHVHD HONVWHOLMHL ANV NDISIEQ

YV TIEVL



UWIOYS OT3ouIeu
' JO Lep paITU}

UO0Z TerJIOJINE

19TN® 19TNd —UOT3TPUOD G, J0I 391Nk LATItRdg A pesads Suoaqs I9U30
‘wed CZITT ‘wee 9G:TT ‘wee 923TT ‘wed 9Gt ‘wrd 9g:¢
‘AUSTUPIN ‘uoop fJuTuIOW 9981 fuooussl e o187 ‘fgoouaa1Ie-PIN TeuInTg
T96T °°d T2 T96T UDIBW 92 096T 3sn8ny ¢ 096T aunp (T 096T U2xB8d 9T
‘xoquTm ATaed ‘Futads ATaed ¢ zoumms =P T ‘goumms ATJIed fgutads ATard TBUOSBOS
pueTsI sdoTTeM pueTsT sdOTTBM pueTsT sdoTTeM TTTURINYD °Fd TTTUOINYD ° %
UIJION o8¢ UIJION 8% UIION o8% URION o656 UFION o6S
‘opn3T3eT-PTH ‘opn3T3eT-PTH ‘Spn3T3eT-PTH fouoz TeIoJINY ¢suoz TeBIOINY apn3T3e1
¢0°9 VSVN 70°9 VSVN ¢0°9 VSVN 20°9 VSVN TO°9 VSVN 3o3FFH

HYAHISONOI HHI J0 HIVIS HHI OL ONILNGTYINOD SLOEJLH

d TI9VL

b3



Figure 26. NASA 6.0l launching at Ft. Churchill in March 1960.
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the shape of the fine structure but not necessarily in its altitude. For example,
Just below apogee a small S-shaped curve in the up-leg profile at 327 kilometers
finds a strong resemblence in the down-leg profile at the same altitude, while a
similar density variation between 270 and 280 kilomsters, although apparent in
both curves, differs in altitude by as much as 10 kilometers. The S-shaped curve
near 180 kilometers shows a similar altitude shift of the fine structure. At
first consideration one might attempt to attribute this shift to an error in

the trajectory, but this would normally cause an increasing shift in the fine
structure at lower altitudes on the down-leg, a condition not evident as the
structures of the up and down profiles come back nearly into phase at 100 kilo-
meters.

A marked ionosphere irrgularity is visible below 250 km on the down-leg
density profile where the ion density increases by some 25% and remains higher
than the up-leg profile throughout the remainder of the flight. This is probably
caused by the horizontal motion of the Dumbbell which permits horizontal as weil
as vertical gradients to appear in the flight profiles.

The Electron Temperature.—The most striking feature of the Te profile is

the rather high electron temperature which, except near 160 to 170 kilometers,
is considerably higher than present accepted gas temperatures.

The strong positive temperature gradient between 160 and 190 kilometers
apparently identifies the region of maximum energy input to the ionosphere
where the electron production rate is greatest. At the bottom of the E-region
the electron temperature appeared to have another strong positive gradient,
but the ion density (thus the measured ion current) below 100 kilometers was
too low to permit accurate temperature reductions. This was not true in later
flights at Wallops Island as will be seen in the profiles of NASA 6.0% and 6.0k4

when temperatures as low as a few hundred degrees were resolved.
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Fine Structure.—Fine structure is observed in the up-leg and down-leg pro-

files of both electron temperature and ion density, although there is no obvious
correlation between the Te and Np details. Since fine structure of this magni-
tude was not found in later flights, it may have been related to the existence
of the "spread F" condition.

Further discussion of the data from this flight, and its possible geophysical
significance, is reserved for Section 9.0 where the results of all of the fiwve
flights will be considered and compared. The following section is devoted to
photographs of telemetry records displaying typical volt-ampere characteristics

which comprise the raw data from this flight.

8.4.2 The Raw Data

Ejection and Apogee Telemetry Records.—The upper half of Figure 29 shows

a four-second segment of the telemetry record of the current channels beginning
Jjust before Dumbbell ejection, which is recognized by the commencement of rf
signal. EJjection occurred during an inflight current calibration period which

is followed, here, by several volt-ampere characteristics measured in the lower
E-region (100 kilometers). The upper and lower traces on each record represent
the outputs of the series-connected 4 pa and 1 pa current detectors, respectively.¥
The current calibration on the scale shown here is approximately 5 pa per inch of
vertical deflection for the 4 pa channel and 1.3 ua/inch for the 1 pa channel.

The horizontal scale represents time (or the applied 8V, which is a-function of
time as shown in Figure 18). The voltage sweep ;ate, av/at, was 6.3 volts/second.
The vertical grid lines occur at O.l-second intervals, with time increasing to

the right in all cases. The vertical and horizontal scales are the same through-
out this series of photossfor NASA 6.01. The occasional dropout of signal occurs

when a null of the rf field dipole pattern is directed toward the ground station

*The "noise” of the up-leg 1 pa channel is thought to be instrumental.
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Segments of NASA 6.01 telemetry record near the tine of

Dumbbell ejection (97 km) and at apogee (330 km), respectively.

Figure 29.



at approximately two-second intervals corresponding to the tumble period.

For contrast, the lower half of Figure 29 shows several volt-ampere
characteristics recorded near apogee (330 km), which was apparently somewhat
below the altitude of the Fo maximum. Here, the ion saturation region of the
Dumbbell characteristics reached currents of just over 4 pa, thus saturating
the 1 pa channel whose output represents an approximately four-fold amplifica-
tion of the 4 ua channel. Zero current for each channel is the lowest point
on the trace.*

The effect of probe motion upon the shape of the characteristics is evident
in the upper telemetry record which was recorded when the probe velocity was two
to three times the average ion velocity. However, in the apogee curves, the
velocity effect is barely visible and is detected primarily as a small bias cur-
rent at zero 8V and a slight unsymmetry in the magnitude of current in the ion
saturation regions of the opposing hemispheres.

E-Region Records.—Figure 30 shows the Dumbbell volt-ampere characteristics

recorded at approximately 112 kilometers as the probe passed through the E-region
on the up-leg (upper record) and on the down-leg (lower record). The up-leg
curves were recorded about 5 seconds after ejection; and, as can be seen by com-
parison with the previous figure, the ion current has approximately doubled be-
tween 97 and 112 kilometers. This is reflected directly in the Np profile. The
down-leg curves are strikingly similar to those recorded on ascent but their

average amplitude is slightly higher, which produces the higher value of NP in

*Zero current does not necessarily correspond to zero 8V (except during calibra-
tion as shown in Figures 22 and 23) because bias currents may exist due to (1)
the probe motion, (2) unequal photoemission from the pair of hemispheres, and
(3) slight unbalance in the current detector (causing an apparent bias current).
The first factor is to be expected and is always detectable even at apogee where
only the horizontal velocity remains. The solar-induced photoemission has not
been detected since, in the altitude range of these measurements, it is small
enough to be entirely masked by the normal ionosphere currents. The third factor
would be apparent in the calibration curves and has not been significant in any
of the flights.
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the down-leg E-region profile.

The ram current variation, which is a function of Dumbbell orientation,
can be readily observed in the zero 8V segments of the 1 pe channel on which
they appear to follow a sinusoidal variation having a period coincident with
the Dumbbell tumble period.

It can be seen that ion saturation, in these E-region curves, 1s reached
with an applied 8V of only about 0.7 volts while the F-region curves (apogee)
required almost 3 times this value, which is the approximate ratio of F region
to E region electron temperature as deduced from the records by the log plot
technique of Section L.O.

Fi1- Region Records.—Figure 31 shows & section of the up-leg and down-leg

records in the Fy -region (200 kilometers). The notably higher current on the
down-leg record leads to the higher Np shown for the‘down-leg Fi1 region in Figure
28. The Fi-region characteristics‘are decidedly less sharply curved, and ion
saturation occurs at about twice the value of &V required in the E-region; both
of which are indications of the higher-temperatures in the F)-region. The be-
ginning of an inflight current calibration is visible at the right of the down-
leg record shown.

As indicated in Section 2.0 the use of two series-connected current detectors
provides adequate resolution in the current measurement in both the E-region and
the Fo-region. In some fange of altitudes, often the F;-region, the ion density
is such that both detectors are capable of high resolution measurement. In these
regions of overlap, such as shown in Figure 32, the electron temperatures and
ion densities obtained from both channels are carefully compared to detect any

systematic error due to inaccurate calibration or nonlinear chasracteristics of

the detectors.

52



55

Segments of NASA 6.01 F1- region telemetry record on the

up-leg and down-leg, respectively.

Figure 31.
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8.5 NASA 6.02—EARLY SUMMER, QUIET AURORAIL ZONE IONOSPHERE

About three months after the launching of NASA 6.01 a second Aerobee 300
was launched at Ft. Churchill on the afternoon of June 15, 1960. The ionosphere
appeared fairly quiet, as shown on the ionosonde record, Figure 33, where the
classic E, F; and Fo-regions are apparent. EJjection of the Dumbbell occurred
just below the E-region, at 82 kilometers, and measurements were made at the
rate of 5 per second as it tumbled nearly in the plane of the trajectory. The
instrument traveled to a peak of 297 kilometers and returned to Earth, passing
out of the E-region approximately 175 kilometers from the launcher at an azimuth

of 42°, and moving with a horizontal velocity of about 380 meters per second.

8.5.1 The Ionosphere Profiles

The T, and Np profiles as well as an N, profile obtained from the ionosonde
record are shoﬁn in Figure 34. The Dumbbell apogee was approximately 50 kilo-
meters below the Fo maximum given by the ionosonde.

Both the Np and Te profiles show considerably less of the fine structure
than was evident in the "spread F" ionosphere of NASA 6.01. This may be due
primarily to the quieter ionosphere conditions, but is partly caused by the
smoothing of the machine-reduced data. As pointed out earlier, smoothing of
the data provides a more accurate mean temperature but attenuates the fine struc-
ture. To illustrate this, a series of several hundred consecutive up-leg curves,
recorded from 170 to 235 kilometers were reduced by hand. The resulting profile,
Figure %5, shows a better defined temperature fine structure. }or instance the
well defined temperature minimum at 195 km is only suggested in the machine-re-
duced values of Figure 34. The temperature values in Figure 34 are "raw", i.e.,
not corrected for the voltage drop within the current measurement circuit and

thus are 10% higher than the actual temperature values,

The Electron Temperature.—With the exception of fine structure, the general
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features of the electron temperature profile are very similar to those found in

the early spring ionosphere; namely, an E-region which is isothermal at approx-
imately 1000°K, followed by a steep positive temperature gradient in the F-region,
and finally an Fo-region which is isothermal at approximately 2800°K. Based on
the measurements of these two flights, these appear to be general features of

the auroral zone ionosphere. It will be seen in Section 8.6 that a quite similar
profile may be characteristic at lower latitudes when the ionosphere is experi-
encing the "negative phase" of a magnetic storm. At these times a considerable
portion of the heat input to the atmosphere may %be due to particle fluxes23
which presumably are always a significant energy source in the auroral zone

ionosphere.

The Positive Ion Density.—The ion density shows the same general profile

as the ionosonde-derived electron density but, above 200 kilometers, is con-
siderably higher in magnitude. The poor agreement is not fully explained, but
may be due, in part, to (1) the existence of lighter ions (He+ and H+) at the
higher altitudes over Ft. Churchill (we assume only 0% above 240 km in the Np
reduction), (2) the inexactness of the probe theory, in the interpretation of
the ion current which tends to give densities too high, (3) error in the ionosonde
Ne reduction which has a tendency to give somewhat low densities. The good agree-
ment which was found in the later flights at Wallops Island suggests that the
accuracy of the probe theory cannot be a major factor here.

Further discussion of the data is reserved for Section 9.0. In the next
section, segments of telemetry record showing the raw data from this flight
are presented. As before, the Dumbbell characteristics recorded on both ascent
and descent of the E, F, and Fo-regions, as well as the record at ejection, are

shown.
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8.5.2 The Raw Data

Ejection and Apogee Telemetry Records.-—The upper part of Figure 36 shows

a 1.5 second segment of telemetry, recorded near the time of ejection. At the
far left, the Dumbbell is still within the nose cone; no signal is being re-
ceived and random noise is recorded. At 82 kilometers the Dumbbell emerges, and
the rf signal strength rises (not shown here). After a few transients, pre-
sumably related to the shock of ejection, the two current channels settle down
and record only the capacitive charging currents between 8V cycles. Clearly,
ejection occurred before the rocket reached the sensible ionosphere. At 84 kilo-
meters (far right) a small current begins to appear on the 1 ua channel while the
current is still below the null level of the 4 ua channel which shows little change
in output.

For contrast, the lower part of the figure shows the current channels as
they appeared near apogee (297 kilometers). The 4 pa channel deflects somewhat
over full-scale in the ion saturation region of both hemispheres, while the 1 pa
channel is off-scale, except near zero 8V. The background "hash" on the record
results from the failure of the ground station recording system to "lock out"
when the 1 pa channel was driven off-scale and should be ignored. The curves
at the left show a small bias current (visible on both series-connected channels)
which slowly disappears in successive curves as the Dumbbell changes orientation.
Close examination shows that the left hand characteristics (those which curve to
the left) have a longer ion saturation region than do the right curves. This
results from the slightly unsymmetrical BV employed in this flight which applied
2.8 volts in one direction and 2.2 volts in the otheres The left curves here
represent primarily the current characteristic of the number 1 hemisphere (cur-
rent detector end of Dumbbell) and the right curves, the number 2 hemisphere

(transmitter end of the Dumbbell), as defined in Figure 9.
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E-Region Curves.—Typical E-region (120 kilometers) Dumbbell characteristics

are shown together in Figure 37 for the purpose of comparison. The down-leg

curves (lower) are somewhat noisy due to low signal strength from a non-steerable
helix antenns which was used at the ground station. On both records, the Dumbbell
is seen to rotate from an orientation of full ramming of the number 1 hemisphere
(61 = 0°, 62 = 180°) at the left of the record shown, to full ramming of the number
2 hemisphere (62 = 0°, 61 = 180°) at the right, and to the intermediate symmetrical
position (él = 02 = 90°) in the curves displayed iﬁ the center. These orientations
correspond qualitatively to the predicted V-A characteristics shown in Figures 11,
13, and 12, respectively.

Fi-Region Curves.—Typical F;-region currents recorded on ascent and descent

are shown together in Figure 38 where each segment of record again represents 1.5
secondsof flight. The up and down-leg curves, recorded at the same altitude

(190 kilometers) are strikingly similar, and through the data reduction process
lead to almost identical up-leg and down-leg To and Np values in the Fj-region.
The effects of velocity, still in evidence, are not as pronounced as in the E-

region curves, but are considersebly greater than in the apogee curves.

8.6 NASA 6.03--MIDSUMMER, DISTURBED, MID-LATITUDE IONOSPHERE

NASA 6.03, also an Aerobee 300, was launched at Wallops Island (39° N)
about one-half hour before noon on August 3, 1960, two and one-half months after
NASA 6.02 was fired at Ft. Churchill. The ionosphere was recovering from a
disturbed condition due to & magnetic storm which had begun three days before.
A so-called "S" conditions existed in which the electron densities in the F;
and Fo-regions were nearly identicel and the density profiles have the appear-
ance of a suppressed Fo-region rather than an exagerated Fi. The nose cone
opened at 98 kilometers, ejecting the Dumbbell into the lower E-region where

the density was approximately 1.0 x 10° ions/cc, and measurements were made
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continuously at a rate of six per second. The instrument reached a peak altitude
of 420 kilometers and passed out of the ionosphere approximately 360 kilometers
from the launcher at an azimuth of 128°, having a horizontal velocity of 600
meters per second. Also carried aboard the rocket was a two-frequency beacon
experiment conducted by the Ballistic Research Laboratories.* The data from
this experiment, which remained with the rocket (Figure 39 shows its location),
was used to obtain an ionosphere electron density profile. An ionogram re-

corded during the flight at Wallops Station is shown in Figure L40.

8.6.1 The Ionosphere Profiles

Figure 41 shows the To and N, profiles derived from the Dumbbell data and
the N, profiles from the two-frequency beacon experiment.

ITon Density.—This Dumbbell reached the highest apogee of the five measure-
ments reported here (420 kilometers). It passed through the F, maximum near 320
kilometers on the up-leg and 280 kilometers on the down-leg. The N and Np pro-
files show good correlation in general shape but, as in NASA 6.01, differ in
magnitude, particularly at apogee. The "S"condition is evident in the ion density
profile which shows an Fy density nearly as great as the Fo density.

Electron Temperature.—The electron temperature profile is quite similar to

the Churchill profiles except for the lower temperature at the 100 kilometer

level followed by a steep positive gradient and higher temperatures in the upper
E-region., A slight negative gradient, not as pronounced in the auroral zone
profiles, is evident between the E and F;-regions. This may have some signifi-
cance in establishing the mechanism for heating the auroral zone and the disturbed
E-regions. In the F;-region another positive gradient exists, and above this is

a more or less isothermal region at a slightly lower temperature than was found

at Ft. Churchill.

*Courtesy W. Berning, BRL.
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Figure 3%9.
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Later measurements at Wallops (NASA 6.04) lead us to believe that this is
not a "normal" electron temperature profile for this latitude but is a distorted
profile resulting from the effects of a magnetic storm which had not yet fully
subsided. As before, further discussion and interpretation of this data will
be reserved for Section 9.0. In the following section, we present some of the

raw data in the form of photographs of the telemetry records.

8.6.2 fThe Raw Data

Telemetry Curves at Ejection and Apogee.—Figure 42 is a photograph of a

two-second segment of the telemetry record at 110 kilometers, a few seconds after
ejection. The helix AGC (signal strength) channel at the top shows that the
rocket apparently passed between the ground station and the Dumbbell, occulting
it in two stages; possibly with one of the clamshell halves and then Witﬁ the
entire third stage. After about 0.7 seconds, the Dumbbell comes into view again
and the signal strength rises to its normal value. The upper record in Figure

43 shows the following second of flight on the same regord. The radial magneto-
meter (which shares time on a channel with the axial magnetometer) shows the

roll period of 1.7 seconds. The very slowly changing output of the axial magneto-
meter indicated a 19-second precession period., The 1 pa channel is already off-
scale in the ion saturation regions, and the 4 pa channel shows half-scale de-
flection. The steepness of the curves and the sharp break at the ion saturation
regions shows that the electron temperature is very low here as compared with

the temperature near apogee (420 kilometers), as indicated by the segment of
telemetry shown at the bottom of Figure 43.

E-Region Records.—The E-region curves recorded at 120 kilometers on both

the up-leg and down-leg are shown in Figure 44. On the up-leg record (upper
curves) the number 2 hemisphere is seen to be preceeding (sweeping out ions) and

the number 1 hemisphere, trailing. On the down-leg record (lower curve) the
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reverse is true, since the Dumbbell remained generally vertical throughout this
flight. The combination of low ionosphere temperature here and the highest
rocket velocity yet obtained in any Dumbbell flight made the velocity-induced
distortions the most extreme we have seen.

Fi-Region Records.—Fi-region curves (190 kilometers) are shown in Figure

L5. The symmetry of the up-leg curves in this segment, indicates a Dumbbell
orientation of 6; = 62 = 90? as shown in Figure 13, while the down-leg curves
indicate a Dumbbell orientation of 8; = 03, 62 = 180° as shown in Figure 11.
The amplitude of the up-leg curves suggests an ion density which is at
least as great as that at the apogee, Figure 43; however, some of this current
is due to the velocity effect which is shown approximately by comparing the
AN =1 and A = O characteristics of Figure 13.
The steepness of the electron current portion of the curves and the sharp-
ness of the transition to ion saturation are indicative of the low Fj-region
temperature compared with the temperature at apogee.

Fo-Region Records.—The Fo-region flight records in Figure L6 show that

the ion current was high enough to cause the 4 pA channel to limit. Unlike the
Ft. Churchill records, the discriminator and recorder had been set up to limit
precisely at 4 pa. TFortunately, the current detection and telemetry systems in
the Dumbbell are linear to nearly twice full scale (8 upa in this case) so the
curves were recovered from the flight magnetic tape. The playback records of

the same curves (L4 pa channel only) are shown in Figure L47.

8.7 NASA 6.04—EARLY SPRING, QUIET, MID-LATITUDE IONOSPHERE

Shortly before noon on March 26, 1961, a second Dumbbell was launched from
Wallops Island to obtain quiet ionosphere data for comparison with the NASA 6.03
measurements in a magnetically disturbed ionosphere. Ionograms recorded con-

tinuously at Wallops Station, approximately 10 kilometers North of the launch

>
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site, showed no signs of ionosphere disturbance. Figure 48 shows one of these
ionograms recorded during the boost phase of the launching, approximately one
minute before the Dumbbell was ejected into the D-region at 86 kilometers. The
instrument eventually reached an apogee of 359 kilometers and then passed out of
the down-leg E-region approximately 350 kilometers from the launcher at an
azimuth of 1h2°; The average horizontal velocity of the Dumbbell was 660 meters
per second. As with NASA 6.03, a BRL two-frequency beacon was aboard to obtain

an electron density profile.

Figure 48. Tonogram recorded at Wallops Station during NASA 6.0k flight.

8.7.1 The Ionosphere Profiles

The Dumbbell-derived electron temperatures and positive ion densities, and
the electron densities derived from the two-frequency beacon and the ionograms,
are shown in Figure 49. The accuracy of the electron temperature values below
approximately 140 kilometers was somewhat reduced in this flight because of the

reduced sensitivity of the low current or E-region detector (2.25 pa, full scale).
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Figure 49. Quiet day-time T, and N, profiles, NASA 6.04. N, from the

two-frequency beacon and ionosonde are shown for comparison.
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A third detector sensitivity (1.0 pa) had been planned for this flight, however,
it was not available in time for the launching. Two factors in the measurement
system introduce error into the electron temperature when the current is in the
lower quarter of the detector current range: (1) reduced resolution of the curve
introduces random error, (2) nonlinearity in the current detector characteristic
(see Section 6.1) introduces a non-ionosphere curvature into the Dumbbell current
characteristics. ©Since the shape of the volt-ampere characteristic is electron
temperature dependent, care must be taken in the reduction process to avoid the
nonlinear portions of the detector output (the lower 10% of its range) or to
correct for this nonlinearity by use of the in-flight calibration. The correc-
tion process is sufficiently laborious, however, that a second means of reducing
the electron temperature was sought; one not so dependent upon the linearity.
Barlier, we had noted the approximately linear relation between the electron tem-
perature and the electron cut-off voltage illustrated in Figure 15. Further
correlation of these factors in the NASA 6.04 data above 150 kilometers, where
the current resolution was excellent, provided an empirical relation which,

when used on E-region date provided temperatures consistent with those obtained
by the more laborious linearity correction process and the standard log-plot
technique discussed in Séction L.0. It is difficult to assign an accuracy to

the resulting E-region temperatures, but these data are thought to be accurate

to within iio% at 120 kilometérs, at compared.to the normal F 10% above 150 kilometers.

Electron Temperature.—The electron temperature profile of the quiet, mid-

latitude ionosphere differs markedly from that found earlier under disturbed
conditions above the same site (Figure L40) as well as in the aurdral zone
ionosphere at Ft. Churchill (Figures 28 and 34). The most significant difference
lies in the maximum of electron temperature which exists just above the F;-region
at approximately 230 km. The magnitude of the temperature here is actually

slightly lower than was found at these altitudes in the earlier flights but

9



the strong negative gradient above 250 kilometers followed by the nearly isothermal
region above 300 km is unique to this flight.

A second significant difference between this and earlier results is the lower
E-region electron temperatures, which are in generally good agreement with the
reference atmosphere gas temperatures up to about 170 km; the wp-leg being lower
and the down-leg higher than the reference. The possible significance of these
data 1s discussed with the data of all flights in Section 9.0.

To demonstrate the sort of random variation in electron tempersture which
can be expected from the reduction of successive hemisphere characteristics,
Figures 50 and 51 show the actual data points used in obtaining the temperature
profiles of the ionosphere. Each data point represents a "hand reduction" of a
particular characteristic. It will be noted that the "spread" in the points is
somewhat less than found in the hand reductions of earlier flight data shown in
Figure 35. This reduced spread is belleved to be the result of the better guard
action obtained in the NASA 6.04 instrument (see Section 8.7.2).

It should be noted that the temperature profiles given in Figure 49 are final
data and represent an extension and modification of the preliminary data published

19

earlier.

The Ton Density.-—Somewhat better agreement exists between the ion and electron

densities (Figure 49) than occurred in earlier flights, although there remains a
tendency for the ion density to be higher near apogee. On the other hand, the
two frequency beacon Ny and the Dumbbell Np are in good agreement at the Fo

maximum and are some 10% higher than the ionosonde Ne .

8.7.2 Modifications of NASA 6.04 and 6.05 Dumbbells

8.7.2.1—8ingle Reference Guard System.—The Dumbbells used in NASA 6.0k

and 6.05 were electrically different from the previous Dumbbells as the result

of two changes made in the system to make the instrument more versatile and re-
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duce the random error in the measurements. The first modification was in the
electrical connection of the funnel-shaped guard electrodes. All previous
Dumbbells, although identical to 6.04 and 6.05 in external geometry and size,
utilized a floating guard-electrode system, electrically isolated from the cur-
rent measurement system as shown in Figure 3. Inflight measurements of the
hemisphere-guard voltage on NASA 6.01 showed that the floating guard system did
indeed maintain a reasonably small difference in voltage between each hemisphere
and its associated guard, except at the lower altitudes where the effect of probe
motion becomes extreme. However, it was felt that the guard action would be im-
proved, particularly at low altitudes, by using a guard system in which only one
hemisphere and its guard were insulated while the other hemisphere and guard
were shorted together to act as a single reference, as shown in Figure 52. 1In
this system, the single information electrode (hemisphere)is forced to maintain a
potential identical to that of its associated guard electrode throughout the

entire range of 8V.

INFORMATION
/  ELECTRODE

GUARD w LOW CURRENT
ELECTRODE

HI CURRENT
oV 0
LOW sV HI gV
-1.5V
-3.0v
SINGLE
- REFERENCE

Figure 52. Single reference guard system used in NASA 6.0L4.
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To test this mode of guard connection, NASA 6.02 was programmed to operate
periodically in this shorted condition. The objective was eventually to use a
single-reference guard system exclusively, if the test results confirmed its
theoretical advantages. The resulting 6.02 data showed that the single-reference
guard system, used alternately with the floating-guard system, gave electron
temperatures which could not be distinguished from those measured’” with the orig-
inal system. Although too few consecutive samples were taken, to show con-
clusively that the single-reference system actually reduced the data spread,
the general experimental agreement and the obvious theoretical advantages led us
to make this change in the Dumbbell used in NASA 6.04 which had not yet been con-
structed. NASA 6.03, identical to 6.01 and 6.02, was launched while these con-
siderations were being evaluated.

The single-reference guard system made practical a refinement designed to
increase the resolution of the 6.04 temperature measurements. Since only one
polarity of 8V was required, a simple wiring change provided two ranges of &V
as shown in the waveform in Figure 52. The left slope (low 8V) provides high
resolution along the voltage axis for measurement of the lower E-region tempera-
tures, while the right slope (high 8V) is more suitable for the higher F-region
temperatures.

8.7.2.2 A Small Cylindrical Langmuir Probe.—A second, totally unrelated,

change in the recent Dumbbells was the addition of a small cylindrical Langmuir
probe mounted on the central insulator as shown in Figure 53. A block diagram

of the measurement circuit is shown in Figure 54. Using the entire instrument

as a reference element, the small probe is swept through a wide range of potential
and thus samples the entire population of thermal electrons, including the low
energy part of the electron energy distribution, not available to a symmetrical
probe like the Dumbbell. If the distribution is truly Maxwellian, (as our re-

sults indicate) no appreciably different temperature should be found in the
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Figure 53, NASA‘6.0M Dumbbell showing small cylindrical probe.

SMALL CYLINDER
PROBE
== G
GUARD
+3V
0
. v
3
Figure 5k,

Block diagram of cylindrical probe system,
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Dumbbell and cylinder measurements. If, on the other hand, the distribution is
non-Maxwellian, the term temperature cannot be used to describe the distribution;
and the difference between Dumbbell and cylinder-derived "temperatures" depends
upon the actual nature of the distribution. It should be emphasized that the
cylinder data has not been used extensively in arriving at the ionosphere pro-
files presented here for NASA 6.04 and 6.05, but has been sampled randomly as a
consistency check with the Dumbbell's hemispherical collector data, both for
electron temperature and ion density measurements. Although cylinder reductions
are not completed, the density results are quite consistent with Dumbbell values
and the temperature values appear to be some 10% high, for reasons which are
suggested in the following sections.

The Dumbbell as a reference electrode.— It is recognized that the Dumbbell

does not act as an ideal reference element for the cylindrical probe since its
equilibrium potential varies with its orientation as it tumbles through the
plasma; however, this effect has been minimized by selecting a sampling rate
which is fast compared to the Dumbbell tumble rate.

The effectlgf the wake.— A second factor which is considered in the use of

the cylinder experiment is the tendency for the cylinder to pass through the wake

of the reference on which it is mounted, at which times the present probe theory

is not adequate for interpretation of the resulting currents. This is particularly

serious when the reference is an extended object like the Dumbbell or an entire

rocket. Therefore, care is being taken in the reduction of data to interpret

only those characteristics recorded while the cylinder generally preceeded the

Dumbbell and thus measured the comparatively undisturbed plasma existing there.
Area ratio.~ A third factor considered in the use of the cylindrical probe

for measurement of electron temperature was the need to maintain an adequate

ratio of probe area to reference area so that nearly all of the applied voltage

appears as a change in the cylinder potential with respect to the plasma. To
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achieve this requires an area ratio of many times the random electron to random
ion current ratio (170:1 for O+ ions). An area ratio of greater than 1000:1 is
considered adequate to make the change in reference potential negligible, but
this is difficult to attain when working with a relatively small reference such
as the Dumbbell (approximately 1000 cm.2)° Part of the difficulty stems from

the fact that the area of the guard electrode, which is also driven and collects
current, must be considered part of the cylindrical probe area. Since its. length
must be great enough to reach outside the ion sheath which surrounds the Dumbbell
to permit the collector to operate in an undisturbed plasma, and its diameter is
greater than the concentric collector, the upper limit of attainable area ratios
was fixed at somewhat less than 1000:1, using current detectors which would fit
into the available instrumentation space.

It is possible to remove the guard electrode from the area ratio problem en-
tirely by simply not applying a potential to it; but this destroys an important
function of the guard, i.e., the task of maintaining the cylindrical electrostatic
field about the collector where it jolns the guard. The cylindrical probe used
in NASA flights 6.04 and 6.05 was programmed in both the driven-guard and floating-
guard modes having calculated area ratios of 350:1 and 700:1, respectively. Cal-
culations from the theory indicated that the resulting voltage division between the
cylindrical probe and the Dumbbell reference cause the uncorrected temperatures
to be approximately 10% high for the driven-guard mode and 5% high for the floating-
guard mode. However, exact calculation of this effect is difficult for the Dumb-
bell because of its complicated shape as a reference; and it was expected that
comparison of the temperature results from the cylinder with and. without the guard
connected would permit evaluation of the voltage division problem. Though analysis
of cylinder data is not well advanced, it appears from present indications that
the voltage division between cylinder and reference is on the order of twice that

which was predicted, thus (if not considered) causes the cylinder temperatures
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(with guard connected) to appear some 20% higher than the true values. It is
believed that this stems from a smaller than expected Dumbbell effective area
resulting from the shielding effects which the various surfaces have upon each
other. This earlier uncertainty in the voltage division factor was reflected

in the preliminary cylinder-derived electron temperatures reported earlierl9

and caused them to be some 10% high. After further investigation of this voltage
division factor, final cylinder-derived temperature profiles of NASA 6.04 and

NASA 6.05 will be made.

8.7.3 The Raw Data

Figure 55 is a photograpn or two segments or telemetry record showing in-
flight calibrations of the NASA 6.04 current channels using two different ground
recorders (a single recorder has insufficient paper capacity to record the en-
tire flight in real time). The upper trace is a series of V-A characteristics
of the small cylindrical probe as they appear on a 2.25 pa detector. Each
Dumbbell calibration curve represents the detector outputs resulting from a -2
ua to +4.45 pa input current waveform.

Ejection and Apogee Telemetry Records.—Figure 56 shows a segment of the

telemetry recorded during ejection of the Dumbbell at 86 kilometers (upper record)
and, for contrast, near apogee at 359 kilometers (lower record). At the left

of the upper record, the instrument is still within the nose cone and only re-
ceiver noise is recorded. At ejection, the 2.25 pa and the 5.0 ua channel (1

pa and L pa on previous flights) show a small trace of ionosphere current. The
third (upper) channel in this portion of the record displays the radial or roll
magnetometer output. At other times, it displays the axial magnetometer output
(such as in the lower record)or the V-A characteristics of the small cylindrical
probe.

The currents recorded at apogee (lower record) cause nearly full-scale de-
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flection of the oscillograph recorder. It will be noted that these characteristics
appear somewhat modified as compared to the curves of the previous Dumbbells (which
used the floating-guard system discussed in Section 8.7.2.1) in that a net elec-
tron current flows when zero 8V is applied. This apparent unsymmetry results from
the difference in the equilibrium potentials of the insulated hemisphere and the
other elements. These potentials are such that, at zero 8V, the hemisphere is

held slightly more positive than its equilibrium potential, hence it draws a net
electron current from the plasma. This was expected and observed in the tests

of the single reference guard system carried out periodically during the NASA

6.02 flight, as discussed earlier. No change in interpretation of the charac-
teristics is necessary since the probe system is still entirely symmetrical, as

in earlier flights. The low 8V curves lie to the left of each zero 8V segment

and the high 8V curves lie to the right. During much of the flight the low 8V

was sufficient to permit the reduction of the relatively low electron temperature,

E-Region Telemetry Record.—Figure 57 shows segments of the telemetry record

recorded on both up-legiand down-leg passage through the E-region. On its way

up, the active hemispheré tended to trail the rest of the Dumbbell which preceeded
in a cone of half angle 60°, while on the down-leg the hemisphere tended to pre-
ceed the rest of the instrument. This was evident in the higher down-leg currents
which were registered at any given altitude. The electron temperature interpre-
tation is not significantly affected by the orientation except at very low den-
sities which caused the current characteristics to fall into the nonlinear re-
gion of the current detector output, as it does here in the up-leg-E region.

To increase the accuracy of the electron temperature reduction, the inter-
ferring signal on the 2.25 pa channel was removed by means of a 35 cps filter in
the ground station discriminator. Figure 58 is a photo of the resulting play-
back record showing the same E-region curves after filtering. A secondary effect

of the filtering was the introduction of an overshoot in the steeper high 8V
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curves which are not used in the low temperature E-region.

F-Region Telemetry Records.—Typical Fj-region curves (180 kilometers) are

shown in Figure 59. The axial magnetometer shows the Dumbbell precession period
to be 8.6 seconds. Similarly, Figure 60 shows segments of the record made near
the Fo maximum (292 kilometers) on the up and down passages. The noise on the
upper 5 pa channel was introduced by one of the two ground recorders and has

been eliminated on recent playback records.

8.8 NASA 6.05—EARLY WINTER, NIGHTTIME, MID-IATITUDE IONOSPHERE

Since the completion of much of the foregoing report, a fifth Dumbbell of
the present NASA series was launched into the nighttime ionosphere above Wallops
Island. Several advantages were expected by such a measurement at this point in
the program. The relatively high electron temperatures found in earlier flights
had caused some concern regarding the interpretation of Dumbbell data in terms
of electron temperature. Although a great deal of laboratory work had shown the
double probe technique to be entirely validgl’g% two attempts were made to pro-
vide additional evidence for the validity of the measurement technique as applied
to the ionosphere.

The first attempt at substantiation of the Dumbbell measurements was to in-
crease the versatility of the instrument by adding to it a small cylindrical
Langmuir probe discussed in Section 897.2., where it was pointed out that small
probes such as this have the advantage that the entire electron energy distri-
bution may be sampled. Both NASA 6.04 and 6.05 carried this additional probe.

The second approach toward substantiation of the earlier results was to
carry out the measurements in the nighttime ionosphere where the electron temperature
can be estimated with a greater degree of confidence. Since temperature equilib-
rium (Te =Tp = Tg) is to be expected at night, the nighttime ionosphere provides

an excellent plasma in which to obtain a gross calibration of a temperature
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measuring device of this kind. Satellite drag anaslyses as well as ion and elec-

tron scale height measurements suggest that an average minimum nighttime tempera-

ture of approximately 1200°K occurs some two to four hours after local midnight.eo’23
With these factors in mind, NASA 6.05 was launched at 11:25 p.m. on December

21, 1961. The Aerobee 300 vehicle carried an instrument, essentially identical to

that on board NASA 6.0ﬁ in March, to an apogee of 365 kilometers. Approximately

2000 volt-ampere characteristics such as shown in Figures 61 and 62 were re-

corded. Figure 63 shows an ionogram recorded simultancously at Wallops. The

resulting temperature and density profiles,obtained entirely from the hemisphere

data, are shown in Figure 6k.

8.8.1 Electron Temperature

Diurnsl Variation.—An interesting feature of this nighttime ionosphere is

that the electron temperature measured in the F region on descent is from 5 to 15%
lower than that found on ascent, although it is in good agreement with the night-
time minimum values given by the CIRA reference atmosphere. Some difference in
up-leg and down-leg temperstures would normally be expected as the elapsed time
and the eastward horizontal motion of the Dumbbell carried it toward the night-
time minimum. For example, the change in local time of the instrument as it
passes from 100 km on ascent to the same altitude on descent is approximately

20 minutes. ©Since the rocket was launched generally eastward and toward the
approaching nighttime minimum, this change in local time is in the correct di-
rection to explain a lower down-leg temperature; however, the magnitude of the
decrease is too great to ascribe entirely to diurnal variation unless the tem-
perature was falling to a somewhat lower value than is given by the reference
atmosphere. This 10% change is more consistent, however, with the large diurnal
temperature variation found in the theoretical atmospheric models given by Harris

and Priester,23 shown in Figure 65, in which they considered the effects of ex-
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treme ultraviolet alone (shown dashed), as distinguished from the effects of both
ultraviolet and corpuscular heating (shown solid). The up-leg and down-leg tem-
peratures from NASA 6.05 are plotted on the same figure vs local time of the in-
strument.

Possible Latitude Effects.—A second, although less likely, source of the

difference in up-leg and down-leg temperature is the change in latitude of the
Dumbbell resulting from its northerly component of horizontal velocity which
carried the rocket approximately 3° north during the flight. This might be
considered an entirely negligible change in latitude except for the unique lo-
cation of Wallops Island which places it near the horn of the inner Van Allen
belt where high energy particles in the belt can penetrate to F-region altitudes.
However, without more specific information than is available regarding the pre-
cise latitude of the horn at specified times, it is difficult to do more than
speculate as to what degree this could be a factor in the higher up-leg tempera-
tures.

Irregular Heating of the Nighttime F-Region.—Another possible explanation

for the larger-than-expected difference in up-leg and down-leg temperature may
be simply the irregular heating of the ionosphere by absorption of hydromagnetic
wave energy. Johnson?u points out that such irregularities in F-region behavior
represent one of the greatest unsolved problems of the ionosphere. Such heating
will certainly result in horizontal temperature gradients not necessarily related
to the diurnal variations. The abrupt nature of the temperature change with
horizontal range of the instrument, shown in Figure 66, tends to support this
sort of mechanism. A smoother, more gradual horizontal gradient would be ex-
pected from the normal diurnal variation.

It is important to note that this sort of analysis in terms of ascent and
descent data is made possible by the unique feature of an ejectable direct

measuring probe such as the Dumbbell; namely, its equally valid results on both
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ascent and descent. In general, a non-ejectable, rocket-mounted, direct measuring
device operates quite differently on ascent when it proceeds the vehicle than on
descent when it generally trails behind in the wake of exhaust gases and the usual
rocket related contaminants.

Fine Structure in the Temperature Profile.—A second interesting feature of

these temperature profiles is the "S" shaped variation near 240 kilometers, visible
on both ascent and descent. A similar fine structure was found near 200 kilometers
in the daytime flight at Ft. Churchill and shown previously in Figure 35; however,
this is a particularly significant discovery for the nighttime ionosphere since

the temperature profiles represent gas as well as electron temperatures. This

"S" shaped structure was first noted in the analysis, by Kallman,20

of density
data by rockets and satellites, from which she derived average gas temperature
prof iles of both the daytime and nighttime atmosphere. To the knowledge of the
author, the electron temperature data presented here represent the first direct

tempe rature measurements which show this variastion.

Low F;-Region Temperatures.—A third result of the nighttime flight is the

indication of lower than expected temperatures below 200 kilometers, as indicated
by the steep temperature gradient occurring at about this altitude. This is in
contrast to the CIRA reference atmosphere which shows the gradient occurring at
about 150 kilometers, a region in which there is little daytime or nighttime
temperature or density data since it is below the region in which satellite drag
data are abundant and is above the altitude capabilities of present neutral
particle experiments. Unfortunately, the charge density at these altitudes at
this time of night is insufficient to permit temperature resolution within the
design constraints of the Dumbbell probe, thus the temperature profile on this
flight cannot be carried to lower altitudes than those shown.

Actual Data Points.—To illustrate the resolution obtained in the temperature

reduction, Figure 67 shows the actual data points used in drawing the temperature
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profiles. As pointed out earlier, the random error in the temperatures is suf-

ficiently small to permit resolution of relatively minor fine structure.

8.8.2 Positive Ion Density

Comparison of the Ion and Electron Density Profiles.—The ion density values

in Figure 64 are in particularly good agreement with the ionosonde electron density

values. Unlike the results of the previous flights in the daytime, N

D is generally

slightly lower than Ne. Since volume neutrality (Np =Ne + N ) demands that Ne

never exceed N, this difference must be attributed to (1) the horizontal density

p)
gradients in the region between the ascending Dumbbell and the area over Wallops
Station which was being sounded, and/or (2) experimental errors in the Np and Ng
measurements, Lacking specific knowledge of the horizontal gradient, we assume
that any difference is experimental error. In comparing these data, it is im-
portant to recognize that the direct measurement and ionosonde techniques are
subject to distinctly different kinds of errors. As discussed in Section 5, the
necessity of assuming m, introduces some error into the process of converting

collected ion current to ambient total positive ion density, N Since m, occurs

p°
as a factor to the 1/2 power, the error introduced is not as serious as one might

expect but can be significant in establishing the absolute magnitude of N The

p’
shape of this profile, however, is probably not seriously distorted, since the
errors tend to be systematic.

Conversely, the magnitude of the ionosonde-~derived N, values at the various
maxima (E, Fi, Fo) is most accurately known; but the assignment of altitude to
these maxima is done with a great deal less assurance, particularly gt night
when the unresolved charge density at lower altitudes becomes more important.
Thus the shape of the ionosonde N, profile is often in question. This is

illustrated in Figure 64 which shows an up-leg Np maximum at 315 km and s

corresponding N, maximum at 350 km. If the N profile is appropriately com-
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pressed such that the N and Np maxima agree in altitude, the two profiles are
in much better overall agreement; however, the ion density at the maximum re-
mains 7 to 8% lower than the more reliable electron density value here. Such
an error in Np can be produced by an increase in mean ion mass in the nighttime

F region from the assumed valueof 16 to ebout 18, possibly & mixture of Ot 02'and No

The Ion Current Profile.—Figure 69 shows the graph of ion current vs flight

time which was used in the ion density reduction. Each point represents the
magnitude of ion current, collected by the hemisphere, at full 8V with the hem-
isphere oriented normal to the velocity vector (6 = 0°). It will be noted that
the current profiles show stronger maxima in the Fo region than do the resulting
ion density profiles. This is caused by the higher velocity of the Dumbbell near
the F maximum, as compared to the velocity at apogee, and the resulting increased
ion current swept out by the hemisphere. Appropriate correction for probe velocity
using the Dumbbell theory,15 tends to flatten the maximum. Ionosphere theory

and direct measurements have shown the Fo region to be essentially parabolic in
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pafile, thus the flattened Np profile of Figure 64 seems to indicate that the probe
theory introduces an overcorrection for the effects of velocity, at least near
apogee. There was some evidence of this at apogee of the previous daytime flight,
Figure 49, however, the good agreement between Np and N, profiles at lower alti-
tudes in that and earlier measurements suggests that no such overcorrection ex-
ists at higher probe velocities. Further theoretical work is now in progress to

attempt to account for this effect.

The Nighttime E-Region.—Another interesting feature of the nighttime ion

density profile is the small, but resolvable, residual E-region visible near 100
kilometers in Figure 64. Although the ion currents here were too small to be
resolved with the usual accuracy we estimate that the E-region density values

are accurate to within a factor of two. It should be noted that heavy sporadic-E
activity had been observed by the ionosonde throughout the evening preceeding the
launch; however, none was visible at the time of launch. Furthermore, the verti-
cal dimensions of the observed ion density maxima lead us to believe that we ob-
served the normal residual E-region rather than sporadic E.

The persistence of the E-region at night has been a matter of some interest
and was ascribed by Dubin25 to micrometeorite ionization and by Nicolet26 to the
existence of meteoric debris which recombines very slowly.

In the valley which exists between the E and F-regions, the ion density fell
below 1 x 10° ions/cc; the 1limit of resolution of the Dumbbell probe. Smith27
and Ichimiya2 have observed a similar valley in their nighttime E-region measure-
ments. There is some question as to the relation between this valley and the
E-region itself, and it has been suggested that the valley results from the

draining of charge down into the nighttime E-region.
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9.0 DISCUSSION OF THE DATA

9.1 INTRODUCTION

First, it should be emphasized that most of the data presented here are not
representative of the quiet ionosphere which we like to envision as free from the
anomalous effects of unusual solar activity which may produce magnetic storms
and other forms of ionospheric disturbance. Actually, only the daytime ionosphere
of NASA 6.04, and the nighttime ionosphere of NASA 6.05 could be described as
quiet. As outlined in Table B, NASA 6.01 and 6.02 were launched in the auroral
zone where leakage of high energy particles represents a continuous and variable
source of heating and disturbance. In addition, NASA 6.01 was launched into a

!

strongly "spread F'" ionosphere. Similarly, NASA 6.0% at Wallops Island encountered
an ionosphere which was still experiencing the effects of a magnetic storm which
had begun three days earlier.

Among the five flights, NASA 6.04, launched at Wallops Island seems to best
fit the criteria for a quiet daytime ionosphere. The 10.7 solar flux was
121 x 10722 erg cm™2 sec™, the K index was 1.0, the relative sunspot number was
63, and no unusual cosmic ray activity was evident.2? NASA 6.05, the only night-
time flight of this series, was also launched under essentially quiet ilonosphere
conditions; however, throughout the evening there had been intermittent sporadic
E activity.

Clearly then, these measurements are too few in number and carried out under
too widely varying ionospheric conditions to permit a detailed description of
ionospheric behavior. However, certain general features of ionosphere behavior
are apparent in these data as well as some clearly anomalous effects which have

been touched on in previous sections where the individual flight profiles were

discussed. In this section, the various flight profiles will be compared and
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discussed further to permit evaluation of the general behavior of the ionosphere.
We hope that others who may be more familiar with particular aspects of ionospheric

behavior will find significant new relationships which have escaped our attention.
9.2 THE ELECTRON TEMPERATURE VARIATIONS IN THE IONOSPHERE

9.2.1 Tﬂe Effécts of Solar Activity and Latitude

Possibly the most significant result of the series of measurements reported
here is the discovery of relatively high daytime electron temperature in certain
regions of the ionosphere and its dependence upon latitude, solar activity and
the degree of disturbance of the atmosphere. The combined effect of these three
factors is demonstrated by the temperature profiles from all five flights, plotted
together for comparison purposes in Figure 69. At Ft. Churchill in March 1960,
the midday electron temperatures in the F-region reached 3000° K, while in June
1960 the temperature reached 2900° K. At Wallops Island, on August 1960, the
electron temperature reached 2700° K, and in March 1961, it reached 2300° K.
Clearly the measurements reveal a trend toward lower temperatures. The extent
to which this reflects the decreased solar activity between March 1960 and March
1961 and latitude difference between Ft. Churchill and Wallops Island is not
clear; however, earlier Dumbbell measurements in the E and F;-regions at Ft.
Churchill in l958,u which showed even higher electron temperatures than were
found there in the 1960 flights, indicate that solar activity is a primary
factor.

With Figure 69 as a guide, one can reasonably postulate that lower values
of electron temperature can be expected from subsequent flights at these launch
sites as we approach the years of minimum solar activity. Furthermore, antici-
pating a latitude dependence, measurements at lower latitudes can be expected

to show even lower daytime electron temperatures in the quiet ionosphere.
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9.2.2 Magnetic Storm Effects

The high upper E-region temperatures found in the magnetically disturbed
ionosphere of NASA 6.0%, August 1960, represented an exception to the generally
decreasing temperature trend. The absence of high E-region temperatures under
quiet conditions at Wallops (NASA 6.04) suggests however that this was an
anomalous effect related to the magnetic storm. The similarity of this profile
to those found in the auroral zone suggests that the same mechanism which nor-
mally maintains the auroral zone E-region electron temperature at such high
levels (order of 1000° K) is also at work at lower latitudes during the negative
phase of a magnetic storm. This mechanism may be heating by X rays or secondary
electrons generated in this region by the impact of high energy electrons which are
known to accompany solar induced magnetic disturbances.

Figure 70 illustrates a second characteristic of the disturbed ionosphere;
namely the absence of the strong negative temperature gradient which appears to
be a feature of the quiet daytime Fo region of NASA 6.04 (also shown). No mechanism

for this high upper F-region electron temperature has been postulated.

9.2.3 The Question of Thermal Equilibrium

Mid-latitude Ionosphere.-—If we accept the view that the daytime gas tempera-

ture (represented by the CIRA reference) cannot reach the high electron tempera -
ture values measured on NASA 6.03, the concept of thermal equilibrium must be
discarded for that region of the ionosphere lying between 100 and 420 km, at

least under disturbed conditions. On the other hand, the quiet ionosphere elec-
tron temperature (NASA 6.04) is in good agreement with the reference atmosphere
gas temperature, except in the Fi-region where it exceeds the reference by a
factor of 1.6. This is in qualitative agreement with the results of a theoretical
study of Hanson and Johnson.50 Using Hinterregger's values for uv energy input

to the ionosphere and considering the inefficient electron energy loss mechanisms,

111



400|—

T, DISTURBED
350(—

300—

CIRA REFERENCE
(DAY) 196/

2-250-—
x
w
Q
oo |
E
5
< 200+—
150}—
COMPARISON OF
ELECTRON TEMPERATURES
ON QUIET AND DISTURBED
DAYS ABOVE WALLOPS
100 |1 IS. VA.
NASA 6.03 DISTURBED
(1126 EST 3 AUG 1960)
NASA 6.04 QUIET
L (1156 EST 26 MAR 1961) |
T | 1 B T
0 1000 2000 3000

ELECTRON TEMP. (°K)

Figure 70. Comparison of quiet and disturbed mid-latitude ionosphere
electron temperatures. The CIRA reference gas temperature is shown
for comparison.

112



they calculated that the electron temperature can be expected to exceed the gas
temperatures between 150 and 350 kilometers, as shown in Figure Tl. A more re-
cent calculation'by Hanson using better cross-section data leads to still higher
predicted electron temperatures (private communication).

The phenomenon of two species in equilibrium at different temperatures is not
surprising since it is commonly observed in laboratory plasma experiments. The
primary requirement is that there be a sufficiently large energy flux which affects
the electrons selectively (such as extreme ultraviolet and x ray). The inefficient
energy loss mechanisms available to the electron may then prevent temperature
equilibrium from being established.

The Auroral Zone.—As pointed out earlier, the asuroral zone electron tem-

perature profiles are similar to those found in the disturbed mid-latitude
ionosphere; however, the particle fluxes peculiar to this region make it easier
to accept high gas temperature. Thus the question of thermal equilibrium in the
guroral zone ionosphere cannot be decided on the basis of measurements of elec-
tron temperature alone.

31,34

The work of Horowitz and LaGow, who derived gas temperature from rocket-
borne measurements of neutral density at Ft. Churchill during the period of maxi-
mum solar activity, is particularly pertinent here. As shown in Figure 72, their
gas temperature values, corrected for the changing mean molecular weight of the

gas, are in reasonable agreement with the electron temperatures and are decidedly

higher than the reference values above 140 kilometers. Below 140 km the electron

temperature clearly exceeds the gas temperature by as much as a factor of two or

three.

9.2.4 The Nighttime Measurements
Use of the Dumbbell probe in the nighttime ionosphere was considered par-
ticularly desirable since, in view of the expected thermal equilibrium, an

electron temperature measurement constitutes a gas temperature measurement as
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well. The latter is a much more difficult parameter to determine directly and,
until recently, could only be inferred from either direct or indirect measure-
ments of neutral particle density or from the diffusion rate of vapor releases
in the atmosphere.

A fallout of the nighttime Dumbbell measurements was a gross check of the
validity of the technique itself. The validity of the double probe method has

21,22 gnd it is believed

been amply demonstrated in laboratory plasma studies,
that the general agreement between the measured nighttime temperatures and the
reference atmosphere (see Figure 64) removes all reasonable doubt concerning

the validity of the method as applied to measurements in the ionosphere.

9.2.5 Diurnal Temperature Variation

In addition to demonstrating the validity of the method, the nighttime tem-
perature profile used with the earlier daytime profiles permits an evaluation
of the diurnal temperature variation in the F-region, as shown in Figure 73.
If one accepts the assertion that (1) thermal equilibrium existed at apogee
of the quiet daytime ionosphere (NASA 6.04), and (2) the nighttime minimum had
been reached on the down-leg of NASA 6.05, then the diurnal variation in gas
temperature, expressed in terms of the ratio of day to night temperature, is
found to be on the order 1.35. This may be observed in Figure 73 at apogee of
the two flights. The former assertion is believed justified by the temperature
curve's asymptotic approach at apogee to the theoretically expected isothermal
profile. Assertion (2) is less certain since the measurement was carried out
some three or four hours before the expected nighttime temperature minimum,
therefore this profile must be considered an upper limit on the minimum night-
time electron (or gas) temperature. However, extrapolation of the nighttime
results on the basis of the temperature models of Harris and Priester,23 (Figure

65) leads to a nighttime minimum of approximately 1000°K, a value which suggests
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a diurnal temperature ratio of 1.7. Based on this range of nighttime minimum

temperature, the total diurnal variation isfbetween 35 and 70%.

9.% 1ION AND EIECTRON DENSITY

9.3.1 Accuracy of the Density Measurements

Extensive laboratory work with Langmuir probes shows that the interpretation
of probe characteristics is less straight-forward for ion and electron density
than for electron temperature. Indeed, deviations in ion current from that pre-
dicted by the Langmuir probe theory may approach a factor of two according to
some investigators,18 One must be wary, however, of broad generalizations con-
cerning the accuracy of the probe-derived densities, since this depends strongly
on the size and geometry of the probe and the atmospheric region and the condi-
tions in which it is used. For instance, the Dumbbell (hemisphere) probe is not
suited to No measurement while the cylindrical probe characteristics provide
measurements of both Ng and Np.‘ Other factors, such as the probe motion and
orientation and the necessity of assuming a mean ion mass (see Section 5.0) also
introduce varying degrees of error into the density reduction. Further, the
electron and ion density are not interpreted from the cylindrical probe charac-
teristics with equal ease. Although the Maxwell-Boltzmann relation on which the
probe theory is based is believed to hold in the plasma surrounding an ion-
saturated (highly negative) collector, this is not necessarily true as the probe
approaches or exceeds the plasma potential when the surrounding plasma may
be being depleted of electrons. Here, the electron-saturation currents may not
accurately be interpreted in terms of electron density.

A sufficient number of experimental probe characteristics from rocketborne
cylindrical, hemispherical and planar type probes are now on hand to begin to
sort out and evaluate the aforementioned effects by comparison of probe results

with known electron densities from simultancous ionosonde data and/or two-
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frequency beacon data. The results of this study, which is now underway, are
expected to improve the interpretation of future probe results in terms of ion
and electron density.

Though, it is difficult to assign error flags to the ion density measure-
ments obtained from the Dumbbell data because of the approximations in the
theory15 and the necessity of assuming an ion mass, comparisons with simultaneous
measurements of electron density indicates an accuracy of better than 20% can
be expected when the present Dumbbell probe theory and the ion mass given by
Figures 16 and 17 are used. When empirically derived corrections to the data
(based on comparison of ion and electron density data from earlier flights) are
applied, we expect to be able to significantly improve the accuracy of the ion
density measurement, although this has not been attempted with the data presented

here.

9.3.2 Evidence for the Existence of Negative Ions in the D and Lower E-Regions
Direct measurements on V-2 rockets immediately after World War II,2 indicated
that a significant negative ion population exists in the D-region of the ionosphere.
These ions are difficult to measure directly, in the presence of even small num-
bers of electrons, because the negative currents they produce tend to be obscured
by collection of the highly mobile electrons; and any attempt to separate the two
components either electrically or magnetically is frought with theoretical prob-
lems in interpretation of the data.
The capability of simultancous and independent measurement of both the
positive ion density (Dumbbell) and electron density (two-frequency beacon)
has permitted the negative ion density to be found on two of these flights
through the assumption of volume neutrality,
N)o= N_+ N (9.1)

D

The two-frequency beacon, a version of the SeddonB5 propagation experiment,
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which has been used extensively by the Ballistic Research Laboratories, was carried
as a companion experiment aboard both NASA 6.03 and NASA 6.04. As shown in Figure
39, this experiment remained with the rocket after Dumbbell ejection and enabled
measurements throughout the flights. The separation of the Dumbbell and the

rocket is relatively small, on an ionospheric scale, thus a comparison of the
electron and positive ion densities leads, through Equation (9.1), to the local
negative ion density at any point along the flight path.

Since N_ is found by taking the difference between two relatively large num-
bers, Np and N,, its accuracy is dependent upon the relative rather than absolute
accuracy of these parameters. Thus, to remove the effects of any experimental
errors in the Dumbbell-derived Np and the two-frequency beacon-derived N,, it
is valid to make the geophysical assumption that Ne = Np above the E-region in
the daytime and then normalize one of the two density profiles to the other,

In this case Np was normalized to N,. The original good agreement between Ng
and Np throughout the E and F;-regions made the normalization factor very nearly
unity. In the D-region and lower E-region of the disturbed Wallops Island
ionosphere, shown in Figure T4, the N clearly fell far below Np on both the
up-leg and the down-leg, and the existence of negative ions was apparent. In
the quite ionosphere shown in Figure 75, the negative ion region was smaller

and existed at lower altitudes. The gap in Np data between 90 and 98 km on the
up-leg and 84 and 92 kilometers on the down-leg resulted from the operation of
the time-shared cylinder experiment. The Np in these regions was interpolated
from measurements above and below.

It has been the practice, when considering negative ions in the ionosphere,
to use the ratio N = N_/Ne. Figure 76 shows the four A profiles from the two
flights at Wallops Island.as well as the A derived from theoretical studies of
the ionosphere.32’55 Some of the pertinent facts which are apparent in these

figures are:

120



ALTITUDE (KM.)

115
DOWNLEG
l v
a
110 '
Ao
/
105 |
100 —
DUMBBELL
EJECTION
5 e
95 [—
/ // oD NASA 6. 03
),/ V-4 WALLOPS IS. VA.
/o 3 AUG. 1960
/ / o 11:26 AM. E.S.T.
0 |4 /7
/0 0O N, DUMBBELL
-1 av Ny 2FREQ. BEACON(B.R.L.)
A N=Np- Ng
o/ —— UPLE
85 |— n// ----- DOWNLEG
/
d
80 —
[ | | |
0 0.5 1.0 1.5

5

NUMBER DENSITY (10” PARTICLES/ CC)

Figure T4. Disturbed ionosphere D-region electron and positive ion
densities and the negative ion density resulting from assuming volume

neutrality (Np =Ng + N).

121



ALTITUDE (KM.)

NASA 6.04
WALLOPS IS. VA.
26 MAR. 1961

11:5 A.M. ES.T.

© 0 Np DUMBBELL
a v Ne 2 FREQ. BEACON(B.R. L)

NUMBER DENSITY (x IO5 PARTICLES | CC)

Figure T75. Quiet ionosphere D-region electron and positive ion den-
sities and the negative ion density resulting from assuming volume
neutrality (Np = Ne + N).

122

— UPLEG
----- DOWNLEG
A | t | >
0 0.5 1.0 1.5 2.0



*aaaydsouotr 3oTnb pur paqaniysIp ATTBOTIISUIBW SUY3 UT
wZ\uz = Y OT3BJI SY3 JO sanTeA TBJUSWTJISAXS pu®B TEITFSI0SUZ 9YJ °*9) 2JInITJ

aN
TN =Y
01 9 0°1 S0 1°0
P T T | _ BEREEE _
3 / >
/l'
/
(AWILAVA) =~ —
— NIV OGNV 1T10DIN e — — oL
— ',/"l
II/II  —
/’
~— (AWILAVQ)
"l"’l /
- -———__ — 06
I’I’l ,,,,,, Il/’
B e —— - I
B 9TINMOQ ---~—- T T= == — 001
971dN —— 4\:::,:::
a3gynisia T -
— — 011
ANV SA Y

antinyv

( "WX)

123



(1) The negative ions exist at higher altitudes and in greater numbers under
disturbed conditions.

(2) The experimentally-derived negative ion populations under both disturbed
and quiet conditions exist at higher altitudes than the theoretical studies pre-
dict.

A great deal of time has been spent at BRL and Michigan to insure that the
data points used in Figures T4 and 75 represent our best effort, and that the
altitudes assigned to the given data points are as accurate as the trajectory.

An error which is neglected is the increasing separation between the ejected
Dumbbell and the two-frequency beacon on the rocket. Since the maximum separa-
tion velocity is approximately 4 feet per second, not more than a 2000-foot
separation can exist in the down-leg E-region. This is assumed to be entirely
‘negligible on an ionospheric scale.

Due to errors in trajectory, which tend to increase through the flight, one
should not place too much significance upon the difference in altitude of the
up-leg and down-leg negative ion peaks; particularly for NASA 6.0% for which the
trajectory determination was not as certain. The uncertainty in the down-leg
E-region trajectory is estimated to be as much as three kilometers, although
comparison of ascent and descent density profiles does not suggest this much
error actually existed.

Geophysical Significance of the larger than Expected Negative Ion Popula-

tion. —Clearly, the negative ion concentration is a function of the species and
numbers of molecules present, their coefficients of attachment, the electron con-
centration, the energy flux available for detachment and the cross-sections for
this phenomenon. Without simultaneous measurements of at least the most important
of these factors, one can merely speculate as to which parameters in the theo-
retical treatments cited earlier are most likely to have been either in error or

neglected entirely. We look upon the profiles of Np, Ne and N as the end prod-
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ucts of a rather complex problem in atmospheric chemistry and leave it to the
specialists in this area to discover the exact nature and relative importance

of the chemical process which caused these densities to exist.
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10.0 CONCLUSION

The development of the Dumbbell theory and its implementation began in
1958 during the International Geophysical Year; and the technique, as applied
in the flights reported here, is now believed to provide high resolution pro-
files of ionospheric electron temperature and positive ion density.

Because the flights were carried out over a period of nearly two years
under varying ionosphere conditions and at two different latitudes, much can
be deduced concerning the general behavior of the ionosphere and its response
to solar cycle, diurnal and latitudinal variations. Some of these effects dis-
cussed in the previous sections are summarized below. Hopefully, other in-
vestigators will uncover relationships which have escaped us or will suggest
other interpretations of the effects mentioned here.

1. The electron temperature decreases as we approach the solar cycle
minimum (see Figure 69), although it is difficult to untangle the combined
effects of solar activity and latitude.

2. The quiet ionosphere electron temperature in the lower F-region ex-
periences a factor of two diurnal variation. (see Figure 73).

3. The quiet ionosphere electron and gas temperature in the upper F-region
experiences a diurnal variation of 1.35 to 1.7 depending upon the estimsted min-
imum nighttime temperature.(see Figure 73).

L4, The daytime electron temperature in the quiet, mid-latitude ionosphere
exceeds, at its maximum,the daytime reference gas temperature by approximately
60% in the lower F-region.(see Figure 70). This is considered strong evidence
that temperature equilibrium does not exist in the daytime lower F-region.

5. The nighttime electron temperature is in good agreement with the night-
time reference gas temperature (see Figure 73). This tends to confirm the valid-
ity of the double probe technique for use in ionosphere temperature measurements.
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6. The mid-latitude ionosphere, when disturbed by a magnetic storm, ex-
hibits an electron temperature profile resembling that of the auroral zone
ionosphere much more closely than the quiet mid-latitude ionosphere (see Figure
69). This suggests an additional energy source common to both the suroral and
disturbed ionosphere; possibly a flux of solar charged particles coming either
directly from the sun or by leakage from the Van Allen belts.

7. Negative ions found to exist in the D and lower E-regions occur at
higher altitudes and in greater numbers than theoretical models suggest (see
Figure 76). This points up the primitive state of our present knowledge con-
cerning the kinds of negative ions present and their production and detachment
rates as a function of altitude.

8. The auroral zone temperatures are higher than the mid-latitude values
but, except in the E-region, are in generally good agreement with neutral tempera-
tures deduced from the neutral density profiles of Horowitz and LaGow (see Figure
72). Thus thermal equilibrium does not exist in the auroral zone E region but
may exist at higher altitudes.

To facilitate the use of the data, Table C presents the mean electron tem-
perature and ion density from all five flights tabulated at 2-kilometer inter-
vals.

Plans for Future Atmosphere Studies.—The series of measurements described

above have provided much needed data which we hope will prove valuable in under-
standing the upper atmosphere. However it is becoming clear, as is usually the
case in a new and rapidly developing area of physical interest, that a single
measurement, or series of measurements, of one or two paraméters is no longer

as profitable as it was during the exploratory stage of study. As our knowledge
of the important physical factors increases, a rocketborne experiment becomes
worth the required effort only if a sufficient number of the key parameters are

measured simultaneously, and preferably in the same region of the atmosphere.
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Therefore, future plans include the implementation of a more comprehensive
multiple-experiment package, based upon the ejection technique developed for the
Dumbbell series, but directed toward a wider range of aeronomy experiments in-
cluding various combinations of neutral and ion mass spectrometers, neutral density
gages as well as the hemispherical and cylindrical probes used on the recent Dumb-
bells. EJjection from the vehicle and vacuum pumping prior to and through the
launch phase will permit the use of neutral particle experiments up to several
hundred kilometers without significant disturbance due to outgassing in the sensor
chambers or from the vehicle, itself. The instrument, called the Thermosphere
Probe, was named for the region of intended use which exists between approximately
100 and 400 kilometers. This is a particularly intere;ting region since most of
the important aeronomic phenomenon occur or begin here; namely, the dissociation
of Oz and No, the ionization of atomic and molecular species to form the ionosphere,
gravitational separation of the neutral species, and others. The need for this
type of rocketborne experiment is further increased by the short life of satellites
in orbits below 200 kilometérs and the increased risk of failure which accompanies
such orbits.

The Thermosphere Probe work is under the direction of the author¥* and is one
of the flight programs of the Aeronomy and Meteorology Division of Goddard Space

Flight Center, NASA.

*Now with Godderd Space Flight Center, Greenbelt, Maryland.
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