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A2, TONOSPHERE

STRUCTURE OF THE UPPER ATMOSPHERE DEDUCED
FROM CHARGED PARTICLE MEASUREMENTS ON ROCKETS AND
THE EXPLORER VIII SATELLITE

R. E. BOURDEATU and 8. J. BAUER

National Aeronautics and Space Administration,
Goddard Space Flight Center, Greenbelt, Md., USA

Abstract: Ton composition measured directly at altitudes above the F2 peak on the
Explorer VIII Satellite is compared with that obtained indirectly from recent
rocket measurements of charged particle densities. These data show that there
are two transition regions (from oxygen to helium ions and from helium to hydrogen
ions) in the upper ionosphere rather than a single transition from oxygen to hydro-
gen ions as previously believed. The results place the altitude at which the ratio
O+/He* has a value of unity between 800 and 1400 km depending on the atmo-
spheric temperature. The atmospheric temperature was measured simultaneously
and in the upper ionosphere was found to be constant with altitude within a few
percent. The experimental data are consistent with a previously-developed empirical
relationship which predicts the altitude of the two transition levels as a function
of diurnal time and of solar cycle.

Langmuir probe measurements of electron temperature made on the Explorer
VIII Satellite together with those obtained on recent rocket flights are compared
with reference atmospheres. This comparison favors the concept of témperature
equilibrium in all but the lower F region of the quiet daytime ionosphere. A revision
of theoretical considerations based on present knowledge of ionizing radiation and
energy transfer mechanisms is offered as an explanation for the observed detailed
altitude dependence of the difference between electron and neutral gas temper-
atures. A diurnal temperature variation of about eighty percent is indicated in
the isothermal altitude region of the upper atmosphere from a comparison of
Explorer VIII data and several rocket measurements of charged particle densities.

Pestome: HMonubl cocTaB, UBMepeHHbII HenoCpeICTBEHHO BLIIIE MAaKCHMYyMa
cnosi g npu noMoud cnyTHuka Irciuiopep VIII cpaBHHBaeTca ¢ NAHHBIMH,
NOJIYUEHHBIME KOCBEHHBIM 00pasoM u3 NOCIeTHUX PAKeTHBLIX H3MepeHHI,
IIOTHOCTEH 3apAWEHHBIX YaCTUL,, OTH AAHHBIC IIOKa3aJjy, 4TO B BEDPXHHUX
cnoax Honochepsl CYIECTBYET CKOpee ABe HmepexoxHble obiacTd (0T MOHOB
KMCJI0POMa K MOHAM TeJIUA U OT HOHOB TeJiud K HOHAM BOJOPOJa), 4eM OTHa — OT
HOHOB KHCJOPOJA K HOHAM BOJOPOJa, KAaK IOJaraju paHee. Pe3ynbTaThl
cpaBHeHUI IOKA3aJHd, UTO BHICOTa, Ha KOTOpoit ormomenume O+/He*t umeer
3HaUeHHe eTUHUAIL, HaXoguTes MexIy 800 u 1400 kM ¥ 3aBUCHT OT TeMIle-
paTypsl arMocdepbl. OTHOBPeMEHHO H3MepsA/Iach TeMIeparypa aTMocdeps! u
6b1710 OOHAPYIKEHO, UTO B BEPXHHX CJI0AX HOHOC]EpPHl IPK M3MEHEHHUH BHICOTH
TEMIIEPATYPa IIOCTOSHHA B mpeiesaX HeCKOJIbKUX NPOLEHTOB. JKCIepHMEeH-
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174 R. E. BOURDEAU AND S. J. BAUER [A2

TajJbHBE NAaHHBE COTJIACYIOTCA C paHee BLIBEAeHHBIMH OTHOIICHHSAMM, KOTO-
pBle OIpemeasioT BBICOTY HABYX IepeXOAHBIX YpPOBHeH Kak ()YHKLOHUIO CYTOY-
HOTO BPEMeHH U LHKJIa COJHeYHOH aKTuBHOCTU. H3MepeHus TeMIepaTyphi
Ipy noMomy 30HAa JlaHTrMIopa, IpoBeJeHHble 118 COyTHHKe JKcmiopep VIII
BMeCTe C U3MepeHUAMHU, MOJYUeHHBIMH Ha DaKeTaX CPaBHUBAIOTCS CO CTaH-
JapTHBIMU aTMochepamu. PesyabpTaT cpaBHeHUs coTiacyeTes ¢ o6mNUM npen-
CTaBJIeHHEM O TeMIIepATYPHOM DAaBHOBECHH BO BCeX 00JacTAX HUiKe 00/1acTU
F B ciokoituofl zHeBHOM nonochepe. Jaa 0O0BACHEHNUS pA3IUUds Haba10JaeMOro
BBHICOTHOTO XOZA DJIeKTPOHHOH TeMmepaTyphsl ¥ TeMIepaTyphl HefTpajJbHOTO
raza mpeajIaraeTesa NepecMOTPeTh TeOpeTHUeCKNe CO0OpaKe N, OCHOBLIBAACH
HQ COBPEMEHHOM VYPOBHE B3HAHUS, KACAIOUIEroCs U3NYyYeHUA U MeXaHU3MOB
mepeHoca sHepruu. IIoKa3aHO, YTO pPas/JWuUMe CYTOUHOH TeMIepaTyphl B
H30TepMUdeckoil ob6nacTu BepxHe# aTMOocdeps!, NMONYyYeHHAA IPH CPABHEHHH
IaHHBIX COyTHHKA Jxcniopep VIII ¢ maHHBIME HECKOJbBKHX pPaKeTHBIX
usMepeHn#t MIoTHOCTEH 3apAKEHHBIX YaCTHI, cocTasiusieT 809%,.

1. Introduction

The structure of the upper atmosphere is defined in terms of its density,
temperature and chemical composition. This report presents results on the
structure of the sonized atmosphere. The value of the charged particle data
is enhanced when, as is done here, they are compared with recent reference
atmospheres and solar radiation observations. '

2. Ionic composition

To establish a basis for discussion of the most recent ion composition
results, it is desirable to summarize our knowledge of upper atmosphere
ionic composition as it existed a year ago. The ions formed in the greatest
numbers in the lower ionosphere are No*, O+ and O+. The N+ ions dissocia-
tively recombine very rapidly at low pressures [1] so that their concentration
is small. Chemical reactions of O+ with molecular nitrogen produces NO+
so that the principal ions which exist below the Fy peak are O+, NO+ and
Og+. Early flights of a Bennett radiofrequency mass spectrometer made
in the auroral zone showed that below 200 km the ions are principally
diatomic with Oz* being predominant at the lower altitudes [2]. More
recently, flights of the same experiment at middle latitudes have shown
that of the two molecular ions, NO+ was predominant below 200 km [3].
In both sets of data, the ion composition measured above 200 km was
essentially atomic in nature, mainly O+. Results from rf spectrometer [4]
and ion trap [5] experiments flown on Sputnik ITI showed that O+ remains
dominant to at least 800 km. In the early reporting of data from a retarding
potential experiment flown on the NASA Explorer VIII Satellite [6, 7], it was
demonstrated that O+ predominates at 1000 km in the daytime ionosphere.

In the absence of experimental results, it has been generally believed
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that at an altitude of approximately 1300 km the ionic composition would
change directly from atomic oxygen to protons. One of the important results
of the NASA ionospheric physics program has been the conclusion from
several experimental observations that an additional transition region must
be considered and that there is a “helium layer” interposed between the
regions where O+ and H+ predominate. Nicolet [8] had previously deduced
from observations of drag on the NASA Echo Satellite that neutral helium
is an important constituent at very high altitudes. His estimates of the
neutral helium number density have since been verified from ground-based
optical experiments conducted in the USSR [9].

Even though the discovery of the ionized helium layer is recent, it is
already possible to develop a preliminary relationship between the altitude
of the transition regions from O+ to He* and from He+t to H* and the
atmospheric temperature. Throughout this report, we define the transition
altitudes as those altitudes where the ratios O+/He+ and Het+/H+ have a
value of unity. Four separate measurements of the lower transition altitude
and one of the upper transition altitude are available.

We shall consider first the data from the Explorer VIII retarding-potentia
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Fig. 1. Results of Explorer VIII regarding potential experiment at an altitude of
1000 km under daytime conditions.
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in fig. 1. This experiment is based on the principle that because of the high
satellite velocity the ions have a kinetic energy (relative to the vehicle)
proportional to their mass. This kinetic energy can be measured from the
behavior of the collected ion current as a function of an applied retarding
potential. Specifically, the potential of the collector relative to the plasma
(¢r) at which one half of the ions of mass M, are retarded is given by

qSR, = M+ VOOSGZ/2G (1)

where V is the satellite velocity, 6 is the angle of the sensor relative to the
velocity vector and e is the electron charge. To obtain accurate ratios of
the ionic constituents the sensor must be pointed in the direction of motion,
a condition which, because of the short active life of the satellite, did not
prevail except in the altitude region between 700 and 1600 km and then
under daytime conditions only. Experimental points for an altitude of
1000 km are shown in fig. 1. The monotonically decreasing nature of the
curve is charactersitic of a single ionic constituent which by substitution
into eq. (1) of the known satellite velocity and orientation and the value
of ¢g from fig. 1 is identified as O+. The abeissa (pep) in fig. 1 is the collector-
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Fig. 2. Theoretical retarding potential curves for a binary mixture of helium and
oxygen.
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to-plasma potential which is the algebraic sum of the applied collector
potential (¢c) and the satellite-to-plasma potential measured separately by
a Langmuir probe.

Theoretical retarding-potential curves computed from an expression given
by Whipple [10] for binary mixtures of helium and oxygen and for hydrogen
and oxygen are presented in figs. 2 and 3. It is seen that an oxygen-helium
mixture is characteristically identified by an inflection point and an oxygen-
hydrogen mixture by distinguishable plateaus. The shapes of these curves
are relatively insensitive to the ion temperature, 7';. Since the Explorer VIII
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Fig. 3. Theoretical retarding potential curves for a binary mixture of hydrogen
and oxygen.

data at altitudes of about 1600 km are characterized by inflection points,
it was concluded that the predominant ions at this altitude are O+ and
He+ [11]. By fitting the experimental points to the family of oxygen-helium
curves shown in fig. 3, it was found that the lower transition altitude (O+
to He*) was about 1400 km for an atmospheric temperature of approximately
1750 °K.

Hanson [12], who first reported on upper atmosphere helium ions, has
* indirectly determined both transition altitudes from the changes in scale



GEOPOTENTIAL ALTITUDE (km)

178 R. E. BOURDEAU AND S. J. BAUER [A2

height of an ion density profile obtained by Hale [13] from an ion trap
experiment flown on NASA SCOUT S8T-2. The atmospheric temperature
derived from the scale height of the electron-ion gas in the region between
1600 and 3400 km on the assumption of a mean ionic mass of 4 AMU was
1600 °K. The transition altitudes from O+ to Het and from He* to H* which
Hanson estimated are 1150 and 3500 km, respectively. Plotted in fig. 4
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Fig. 4. Comparison of electron density profile obtained by radio propagation experi-
ment with theoretical models.

is an electron density profile obtained by Bauer and Jackson [14] from a
radio propagation experiment flown on NASA SCOUT ST-7. The right hand
ordinate scale is true or geometric altitude while the left hand scale is
geopotential height which takes into account the altitude variation of the
acceleration of gravity. As illustrated, the experimental data are more
consistent with a transition from O+ to He* (solid line) than from O+ to H+
(dashed line). In this case, the inferred atmospheric temperature is 1350 °K
and the transition altitude (O+ to Het) is 1050 km.

Most recently, Donley [15] has made a direct measurement of Het+/O+
from a retarding potential experiment flown on NASA SCOUT ST-9 into
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a nighttime ionosphere. From a preliminary data analysis, the transition
altitude appears to be below 800 km at a time when the atmospheric
temperature was approximately 750 °K.

The atmospheric temperature dependence of the transition altitudes as
determined from Bauer’s [16] theoretical expression for the electron density
distribution in an isothermal, three-constituent ionosphere in diffusive
equilibrium is illustrated in fig. 5. Three curves are shown, two for the
upper transition altitude (H+=He*) and one for the lower transition altitude
(Het=0+). For the latter case, the prediction assumes that the ratio
He*/O* (n21) has a value of 10-2 at 500 km, in accordance with the experi-
mental results of Bauer and Jackson [14]. Plotted on the graph are the
four experimental results discussed above, which show reasonably good
agreement with the theoretical curve when one considers that the relative
concentrations of these ionic constituents may also vary with temperature
at the reference altitude.
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The upper theoretical curve assumes that the ratio H+/O+ (3) has a
value of 2x 104 at 500 km, a value representative of Hanson’s current
estimates of proton concentration in the upper ionosphere. The other upper
transition altitude curve (s =10-3) is inserted to illustrate the radical
reduction in the thickness of the helium layer which would result if the
relative proton concentration were increased by a factor of five at the
reference altitude.

3. Altitude comparison of experimentally-obtained electron temperatures
with reference atmospheres

It is of considerable importance to compare electron and neutral gas
temperatures since this relationship is dependent upon many parameters
essential to the quantitative confirmation of existing theories regarding the
formation of the various ionospheric regions. Because direct and indirect
meagsurements of charged particle temperatures have been made under
radically different conditions and because of the limitations of the kinetic
gas temperature models, various investigators have provided conflicting
answers to the important question of temperature equilibrium between
electrons and heavy constituents. As this report will show, it is possible to
achieve a consistent pattern of the charged particle to neutral gas tempera-
ture ratio by careful separation of the reported data with altitude, possibly
latitude, and more importantly by treating conditions of quiet and enhanced
golar activity as separate cases.

Before proceeding, it is important to define our use of the term “tempera-
ture equilibrium”. Actually, because in the jonization process the electrons
are created with high initial energies, their temperature (7'e) will be higher
but will approach that of the kinetic gas (7') asymptotically in time depending
on the efficiency of the energy transfer mechanisms. We shall define tempera-
ture equilibrium as existing when the difference between Te and T' is smaller
than our estimates of the uncertainties in reference atmospheres and in
experimental methods of measuring charged particle temperatures. We
estimate, perhaps optimistically, that for most cases these uncertainties
together are about ten percent of the absolute value of the kinetic gas
temperature.

From presently available data, an altitude comparison of electron and
kinetic gas temperature is best obtained by comparing Langmuir probe
measurements of electron temperatures with recent reference atmospheres.
Langmuir probes have required considerable development in order to over-
come problems associated with the disturbance introduced into the medium
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by a conducting body, problems so complex that early results undoubtedly
contain first order errors. It was not until 1961 that electron temperatures
close to accepted kinetic gas values were first reported for the E region by
Japanese investigators [17] and for the upper ionosphere from the NASA
Explorer VIII Satellite [18].

In order to perform a valid comparison of electron and kinetic gas tempera-
tures, it is necessary to select electron temperature data representative of
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Fig. 6. Comparison of kinetic gas and experimental electron temperatures for quiet
daytime ionosphere at mid-latitudes.

the characteristic reference atmosphere conditions of a quiet sun at mid-
latitudes. Reported electron temperature results from only two rocket
flights and one satellite (Explorer VIII) meet these requirements. These
data are compared with the 1961 COSPAR International Reference Atmos-
phere in fig. 6. The rocket Langmuir probe data include the averages
obtained by the two probes flown simultaneously by the Japanese and
results obtained by the Michigan group using a bipolar probe flown on
NASA Rocket 6.04 [19]. All data in the isothermal region, including the
reference atmosphere, has been normalized according to Priester’s [20]
decimeter radiation relationship to the solar activity conditions which
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prevailed at the diurnal maximum of 26 March 1961, the date of both the
Japanese and Michigan rocket flights. Also included on the graph for future
discussion is a measurement of the kinetic gas temperature inferred on the
basis of temperature equilibrium from a measured electron density profile [21].

When one considers the status of Langmuir probe technology together
with the limitations (imposed by the necessity of assuming a neutral com-
position) of reference atmospheres, the comparison shows good agreement
with the hypothesis, based on theoretical considerations of ionizing radiation
and energy transfer mechanisms, that temperature equilibrium should be
expected in all but the lower F region of the quiet daytime ionosphere [22].
The Japanese data actually show lower electron temperatures than the
generally accepted kinetic gas temperatures below 170 km. The Michigan
values and the reference atmosphere are virtually identical between 140
and 190 km. Below 140 km, the Michigan group report that their values
have larger uncertainties than their other data. When taken together, then,
the two sets of rocket data indicate equilibrium between 100 and about
190 km. ’

In the F region between 200 and 360 km, the Michigan electron tempera-
ture values are sufficiently higher than those of the neutral gas that the
difference cannot be ascribed to inadequacies of the reference atmosphere
or to experimental electron temperature errors. Consequently, this is a
definite indication that departure from temperature equilibrium has been
established for the F region, with the maximum electron temperature values
occurring at about the altitude of maximum absorption of solar radiation.

At apogee of the Michigan flight (360 km) which took place just above
the F2 peak, their data show a trend toward a return to temperature
equilibrium. As is done in the next section of this report, it can be predicted
by quantitative revisions to the Hanson-Johnson hypothesis that the
electron and neutral gas become virtually identical at altitudes between
400 and 500 km. This is indicated by the dashed extrapolation of the
Michigan results in fig. 6. There are several experimental justifications for
temperature equilibrium well above the F2 peak. Explorer VIII data yield
electron temperature values which are within 15 percent of the neutral gas
models. Although this small indicated departure from equilibrium could be
real, it is just as likely that it represent inadequacies in the electron tempera-
ture measurements. A second justification is the observation from ground-
based radar incoherent backscatter experiments [23], which directly measures
the ratio of electron and ion temperature (7¢/T';), that temperature equilibrium
prevails near the F2 peak throughout the day except at sunrise and except
for disturbed ionosphere conditions. The third justification comes from the
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general agreement of temperatures computed from measured scale-heights
of the electron-ion gas above the F2 peak and accepted values of neutral
gas temperature in the isothermal region. These data are discussed in more
detail in a later section. The value by Jackson and Bauer [21] is included
in fig. 6 for comparison with the Langmuir probe data.

Since this comparison is for quiet ionospheric conditions at middle latitudes,
we have not included results reported by the Michigan group [19] on three
other NASA rocket flights, two of which were obtained under disturbed
conditions and one in the auroral region. Also excluded are the results of
Smith [24] on a NASA rocket flight which took place within 24 hours of
the onset of a geomagnetic disturbance. The radar incoherent backscatter
results [23] have provided experimental evidence that disturbed ionospheric
conditions result in values of To/T; of the order of two.

4. Theoretical considerations of the difference between electron and kinetic
gas temperatures

The most recent quantitative theoretical study of the ionospheric electron
temperature and its relationship to the kinetic gas temperature was made
by Hanson and Johnson [22]. As illustrated in fig. 7, they concluded that
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the electron and neutral gas temperatures are virtually identical except at
altitudes between 160 and 325 km. In this section we shall summarize their
hypotheses and then suggest modifications which are more consistent with
the data presented in fig. 6.

Just after ionization has taken place the newly-created photoelectrons,
which comprise less than one percent of the total electron population, have
energies which exceed that of the neutral gas by at least 14 eV. The process
by which this excess energy is transferred to upper atmosphere constituents
is an altitude-dependent phenomenon as follows:

(a) Below 225 km, inelastic collisions with neutral particles reduce the
photoelectron energy to 2 eV, the cutoff point of the excitation cross-section
of atomic oxygen. The 2 eV electrons then share their energy with the
ambient electrons, thus raising their temperature above that of the heavy
constituents. This process is very fast so that the electrons have a Maxwellian
energy distribution, a conclusion which has been verified experimentally by
the shapes of the volt-ampere curves of those Langmuir probes whose
potentials are permitted to reach plasma potential.

After a Maxwellian distribution of electron energy is established, the
temperature difference is calculated by relating the heat input to the electrons
to the heat lost by elastic collisions with heavy particles:

2Q" (By) T.-T

= 22 2
5% —, a<225km, (2)

where ¢’ is the rate at which photoelectrons of energy E; (2 eV or less for
this case) are released, N, is the electron density, k is Boltzmann's constant,
and (tn) is the time which it takes for electrons of energy E1 to transfer their
excess energies to neutral particles.

(b) Between 225 and 350 km, the process is the same except that the
time which it takes for 2 eV electrons to transfer their excess energies to
ions (r;) is shorter than (zn) so that

2Q’ (E]_) _ Te—T
2Nek - Ti

, 225 km <2< 350 km (3)

(c) Above 350 km, the inelastic collision process is no longer efficient so
that the photoelectrons transfer their energy directly to the ambient
electrons, raising the value of By to Ha, which is 14 eV or larger depending
upon whether one or two photoelectrons are released per incoming photon:

2@ (By) Te—T
3Ne ]C o Ti

, 2> 350 km. (4)
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Hanson and Johnson caleulated from available atmospheric models that
temperature equilibrium as we have defined it would prevail except between
160 and 325 km, a region where high solar radiation absorption is accompanied
by moderate values for the respective equipartition times. The principal
uncertainties in their computations result from corresponding uncertainties
in cross-sections and densities of the atmospheric constituents. They noted
in proof that an overestimate of the excitation cross-section of atomic oxygen
caused them to overestimate the altitude at which inelastic collisions are
no longer effective and we note below that this radically affects the altitude
domains in which the various energy transfer mechanisms come into play.
The rearrangement offers one explanation for the experimental results
presented in fig. 6.

The major effect of lowering the altitude above which inelastic collisions
are no longer important is that the efficiency of energy transfer by elastic
collisions with ions is greatly reduced. If we must consider equipartition
times (7;) based on electrons with energies of 14 eV or greater rather than
2 eV at all altitudes, we estimate that energy transfer to ions does not
control the electron temperature below about 600 km.

Following this reasoning, we must now consider two altitude domains
below 600 km, an upper portion where energetic electrons of 14 eV or greater
transfer their energy directly to the ambient electrons and a lower portion
where because of the intervening inelastic collision process there are only
2 6V available for selective electron heating. In both domains the temperature
difference’ (T'e—1T) is finally controlled by elastic collisions with neutral
constituents. ' '

In order to provide new estimates of Te—1 at all altitudes, we have
calculated (Q'E) from eq. (2), using Te—T values from fig. 6 in the altitude
region where the difference is measurable (200-360 km), equilibration times
(va) in accordance with Hanson and Johnson, and electron densities measured
during the Michigan flight by an ionosonde and by a rocket-borne propagation
experiment. We note in these calculations that at 325 km a discontinuity
appears in the @' function. This discontinuity may be attributed to the
transition altitude where inelastic collisions are no longer efficient. As a
consequence, above this altitude more energy is available for selective
electron heating and the secondary maximum in the Michigan electron
temperature profile in the 300-350 km region may possibly be explained
in this fashion. The new equations which seem to apply below and above
325 km are included as part of fig. 6.

By an extrapolation of the @'E function, of the values of 7, given by
Hanson and Johnson (which are now reduced above 325 km), and of the
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electron density profile, we conclude for the ionospheric conditions repre-
sentative of fig. 6 that the electron and kinetic gas temperatures are virtually
identical below about 190 and above about 450 km. Below 190 km, the
justification is the reduction of photoelectron energy by inelastic collisions
together with high collision frequencies. In the higher altitude region, it
appears that the heat input to the electrons is decreasing more rapidly with
altitude than the combined effect of an increasing equipartition time and
a decreasing electron density. This does require a somewhat more rapid
decrease in @'F at the higher altitudes than what would be inferred from a
recent study by Watanabe and Hinteregger [25] but, as they point out,
their analysis is only a first approximation which can be refined as the
atmospheric composition and some photoionization and absorption cross-
sections become better known. ‘

5. Diurnal and solar activity variation of upper ionosphere temperatures

Above 200 km, neutral gas temperatures are generally derived from
atmospheric densities computed from satellite drag observations and an
assumed atmospheric composition. The drag observations show that density
variations are correlated with solar activity. Although not the source of
upper atmosphere heating, solar decimeter radiation which is observable
at the earth surface is an indicator of this interrelationship. Different
empirical equations which relate 10.7 and 20 cm solar radiation and atmos-
pheric temperature in the isothermal altitude region have been derived by
Jacchia [26] and Priester [30]. Jacchia’s equations are based on an atmos-
pheric model of Nicolet [27] which includes the presence of helium and
where the mean molecular weight is computed on the basis of diffusive
equilibrium of the atmospheric constituents. Priester’s model, on the other
hand, makes use of a molecular mass variation typical of the 1961 CIRA
reference atmosphere.

Theories of upper atmospheric heating can be enhanced by comparing
such models of the diurnal and solar activity variations of neutral gas
temperatures with charged particle temperatures obtained in the isothermal
altitude region. To do so, it is necessary to assume temperature equilibrium
well above the F2 peak, an assumption which was justified theoretically
and experimentally in the previous sections.

One method of deducing charged particle temperatures above the F2
peak is to measure accurately the electron or ion density profile. From
theoretical considerations as well as experimental evidence, it is now well
established that the distribution of electrons and ions at these altitudes
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generally corresponds to a diffusive equilibrium distribution. One such
experimental evidence, a daytime electron profile measured by a radio-
propagation method [21], is illustrated in fig. 8. In such cases, the slope
of the charged particle distribution is a unique measure of the scale height
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Fig. 8. Electron density profile from radio-propagation experiment illustrating iso-
thermality of upper ionosphere.

of the electron-ion gas and for regions where one ionic constituent pre-
dominates it is also a measure of the sum of the electron and ion (7';) tempera-
tures. In general, the scale-height of the electron-ion gas is given by

| BTe+Ty) [d —1
- et _[ z(lnN):l 3 (5)

where m.. is the mean ionic mass, ¢ is the acceleration of gravity, N is the
charged particle density and z the altitude. Thus H' is a measure of T'e+T;
or in the case of temperature equilibrium of the neutral gas temperature,
T=(Te+Ty)/2.
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Parenthetically, the high degree of isothermality in 7'¢+T; evidenced by
the fig. 8 experimental results provides additional support for temperature
equilibrium well above the F2 peak. For this to oceur with radical differences
between T and T'; requires the rather unlikely possibility that the energy
input to the electrons (Q'E) is decreasing with altitude identically as the
combined rate of increase in equipartition time and of decrease in electron
density. '

Six rocket measurements of the altitude profile of charged particle densities
above the F2 peak have been reported during the last year. In addition to
those presented in fig. 3 and 7, two electron density profiles were obtained
from the NASA topside sounder program [28], and the remaining two are
ion density profiles. The six sets of data are listed in the following table along
with the kinetic gas temperature inferred from an assumption of temperature
equilibrium.

TasiE 1
Rocket measurements of atmospheric temperature above the F2 peak

Identification Local time Temperature Source

(h) (°K)
NASA ST-7 1238 1350 4 100 Baver & Jackson [14]
NASA 8T-2 1500 1600 4 100 Hanson [12]
NASA 8.10 1502 1640 4~ 90 Jackson & Bauer [21]
NASA 8.15 1812 1200 + 60 Jackson et al. [28]
NASA 8.04 2044 1240 4 70 Hanson & McKibbin [29]
NASA 8.17 2326 800 + 40 Jackson et al. [28]

In fig. 9 are plotted the Jacchia (dashed lines) and Priester (solid lines)
models of the atmospheric temperature in the isothermal altitude regions
as a function of solar decimeter radiation flux. For comparison, the tempera-
tures from the above table are located on the graph in accordance with the
golar decimeter radiation observed on the individual launch dates. Also
included is a direct measurement of the neutral gas temperature obtained
by Blamont [30] from a sodium release experiment flown on NASA Rocket
8.05. It is important to note that the rocket data have not been normalized
for diurnal time.

Blamont’s value of 1475 4- 40 °K, which was obtained at local sunset,
is higher than Jacchia’s diurnal maximum value, indicating that the latter’s
daytime temperatures are too low. One value of (T'e+7';)/2 obtained by a
topside sounder experiment (NASA. 8.15) is in very good agreement with
Blamont in that it also was taken at local sunset and it too is higher than
Jacchia’s diurnal maximum curve. Three of the rocket measurements of
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(Te+1T3)/2 were taken within two hours of the diurnal maximum. All three
are consistent with Blamont’s data in that they are higher than Jacchia’s
model but lower than or equal to Priester’s values for the diurnal maximum.
The remaining measurements of (Te+7:)/2 are for nighttime conditions.
One which was taken close to midnight (NASA 8.17) agrees quite well with
both Jacchia’s and Priester’s diurnal minimum. This should be expected since
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Fig. 9. Upper ionosphere temperature as a functon of solar activity.

not much cooling will occur between midnight and the diurnal minimum.
The other nighttime value (NASA 8.04) was taken about two hours after
sunset when the atmosphere is cooling toward diurnal minimum. As expected,
this value falls between the diurnal maximum and minimum values.
Considering that both Jacchia and Priester’s kinetic gas temperatures are
an inferred rather than a measured parameter, the general agreement of
the various charged particle measurements with their temperature models
is reasonably good. It appears from the daytime values of temperatures
deduced from charged particle observations as well as from Blamont’s direct
measurement of neutral gas temperature that the diurnal variation of
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temperature in the isothermal region is closer to 80 percent suggested by '
Priester than 35 percent suggested by Jacchia.

Inasmuch as the rocket measurements are in somewhat closer agreement
with Priester’s model, they are plotted in fig. 10 as a function of local mean
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Fig. 10. Diurnal variation of upper ionosphere temperatures.

time to further illustrate the agreement with his implied diurnal variation
[81]. Electron temperatures reported from the Explorer VIII Satellite are
also included. All data have been normalized to the average 10.7 em flux
for the month of November 1960. It should be emphasized that the individual
electron temperature values from Explorer VIII have a 200 °K error spread
which is not indicated on the graph. Assuming temperature equilibrium, it
would appear from the Explorer VIII data that Priester’s daytime values
are too low. However, there is a possibility of second-order errors in these
Langmuir probe measurements of electron temperature [32]. There is fair
agreement between indirect measurements of charged particle temperatures
and Priester’s values with a possible implication that the diurnal maximum
is broader than indicated.

6. Variability extremes of electron densities in the upper ionosphere

It has been brought out indirectly in the preceeding section that electron
densities in the upper ionosphere are controlled by the atmospheric tempera-
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ture and ion composition. They are, of course, additionally controlled by
Nuax values at the F2 peak, which are in turn governed by absorption of
solar radiation and by recombination processes occurring in the lower F
region. In this section, we plan to illustrate the variability extremes which
these factors produce in upper ionosphere electron densities by comparing
ionosonde data with electron density measurements by Kane [33] using a
radio-frequency probe experiment flown on the Explorer VIII Satellite.

In fig. 11 are plotted the extreme theoretical electron density profiles
which, assuming diffusive and temperature equilibrium, would be expected

T I T T I T T T T T
1000 — h
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Fig. 11. Comparison of electron densities from Explorer VIII Satellite of impedance
probe with theoretical models.

during the active life of the Explorer VIIT Satellite, using observed ionosonde
data for Nyax values and the diurnal variation of atmospheric temperature
prevailing at that time. The shaded areas indicate the variability of electron
densities observed by the rf impedance probe. Each segment plotted at the
nearest 100 km level represents about 50 data points.

The rf probe experiment, which was originally developed by Jackson and
Kane [34], depends upon a comparison of the in-flight capacitance (C) of a
shortened dipole antenna to the latter’s free space value (Cy) at a radio
frequency f. The electron density is computed from the simplified Appleton—
Hartree formula which relates N, to the dielectric constant (K) of the medium
as follows:

~1- =3 (6)

where f is in kilocycles.
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The principal uncertainty in the measurement is due to the ion sheath
which forms about the antenna, an error which can be estimated from a
knowledge of the potential which the spacecraft acquires relative to the
medium [35]. In the case of Explorer VIII where satellite potentials varied
between approximately zero for daytime conditions up to —1 volt at night,
Kane estimates that the uncertainties due to the ion sheath corresponds
to electron densities of the order of 2 x 104N/em3. For this reason, values
below 4 x 10*N/cm? were not considered in the data recorded in fig. 11.

It was observed that whenever the satellite was within one degree of
latitude and longitude at perigee (425 km) of an ionosonde that the electron
density observed on the satellite was consistent with what would be expected
from the Nmax value. It was noted on some perigee transits which occurred
near local midnight that fluctuations in the electron density were less than
10 percent over a distance of the order of 500 km along the direction of
the satellite orbit.

As would be expected, the experimental values at the lower altitudes
which were taken at night are closer to the theoretical diurnal minimum
curve. We attribute the values which exceed the model above 700 km to
the fact that in this region the satellite was passing either into a sunrise or
sunset condition and in this case diffusive and probably temperature equi-
librium may not apply.
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