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PREFACE

The thesis is concerned with the study of radio-frequency plasma
probes which have been developed to measure the electron density in
space and laboratory plasmas; a word of "plasma" is used to designate
the forth state of matter — high temperature gaseous state in which an
appreciable number of the gas atoms are ionized. The most appropriate
parameters to describe the physical properties are the electron density
and temperature.

Recent years have witnessed an explosive development of space sci-
ences, since space vehicles-f artificial satellites and sounding
rockets as well as manned spacecrafts — have made it possible to probe
directly in its place and to give us a great deal of information on the
conditions and properties of the upper atmosphere surrounding the earth
and also of other planets, the sun, and stars.

The earth's upper atmosphere, for purposes of this study, extends
upward in altitude from levels of 50 km or so, the whole region of sig-
nificant ionization produced primarily by the solar radiation being term-
ed the ionosphere. The percentage of ionization tends to increase with
increasing height, although the absolute concentration of electrons
exhibits a layered structure associated with different photoionization
and recombination processes. The structure and its behaviour of the
ionosphere have been revealed by measuring the electron density in the
D, E and F region and above with in-situ plasma probes carried on
rocket or satellite vehicles. The most useful technique in measuring
the electron density is the gyro-plasma probe, a kind of the frequency
scanning impedance probe, which was initiated by H. Oya in 1964.

The critical survey of existing probe techniques has been made, in
order to find their most proper application to the electron density meas~
urements in space and laboratory plasmas. The Langmuir probe has long
been regarded as the most appropriate probe technique since I. Langmuir
and H. Mott-Smith first examined the current-voltage characteristics of
a metalic probe in a discharged tube in 1924. However, there has been

known some difficulties in the Langmuir probe technique itself in
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measuring the electron density in a tenuous (low density) plasma such
as an ionospheric plasma. The most serious problem for such a d.c.
plasma probe is to keep the probe surface extremely clean to avoid
contamination. The r.f. plasma probes are free from such contamination,
but one must clarify the complicated behaviors of frequency response
of an antenna and various plasma resonance phenomena in a magneto-
active plasma. The frequency response of the impedance of an antenna
in the magneto-ionic environment is of interest from both theoretical
and experimental viewpoints. For theoretical plasma physicists it poses
basic problems in electromagnetic theory and boundary value problen,
while for experimental researchers it is of practical use to diagnose
the environmental plasmas as well as to make an efficient space commu-
nication.

The instrumentation of rocket-borne and satellite-borne probe
systems must be carefully designed to have optimum conditions of elec-
trical, mechanical, and thermal systems. The instrument should be sub-
jected to pre-flight fest of electrical and mechanical performances
under various phases of the spacecraft mission, and also it is desira-
ble that the operational functions of the probe system are confirmed in
the space simulation laboratory plasma. Since the observed data are
transmitted to the ground station through the telemetry system, onboard
data processings including the automatic detection system are, some-
times, required in order to encode the observed analog data.

In this thesis, r.f. plasma probes such as gyro-plasma probe,
mutual impedance probe, and capacitance probe are studied and are
applied to the measurements of electron densities in the laboratory
plasma as well as in the space plasma using sounding rockets and the
satellite. The ionospheric observations with r.f. plasma probes, the
earlier studies on the electron density variation in the ionosphere,
and also the theoretical background on the r.f. plasma probes are re-
viewed in Chapter I.

Chapter II 1is devoted to the system description of r.f. plasma
probes and the theoretical investigation of the ion sheath formation

around the body in a plasma. The space vehicle in the ionospheric
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plasma is surrounded by the ion sheath and, therefore, r.f. response
of the ion sheath is essential in the experiment of plasma probes.

In Chapter III, the laboratory experiment of r.f. plasma probes is
described. Using a apparatus of the vacuum chamber with plasma sources
for simulating the space plasma, behaviors of r.f. plasma probes are
examined under various plasma conditions. The comparison of electron
density measurements by r.f. and d.c. plasma probes was carried out and
a good agreement of measured electron densities in the range from about
10* cm~® to 10° cm~? has been obtained with gyro-plasma probe and
Langmuir probe methods. In the Langmuir probe experiment, the contam—
ination on the probe surface was carefully removed by ion bombardment
and space potential was precisely determined by the r.f. method. As
for the mutual impedance probe, the frequency response of the received
signal intensity is wvery complicated because of the excitation of
Bernstein mo&e waves. The effect on the probe measurement was origi-~
naly found by our experiment.

In Chapter IV, sounding rocket experiments with r.f. plasma probes
are dealt with. The electron density profiles in the ionosphere in the
altitude range from about 70 km to 2000 km were successfully obtained
using sounding rockets S 210-6 and 8, Kappa 8-15, Kappa 9M-35, 38 and
41, and Lambda 3H-5 and 6, which were launched from Kagoshima Space
Center from 1969 to 1973. Various plasma resonance effects on the
antenna impedance have been discovered in these experiments. The com-
parisons between r.f. plasma probe, VLF Doppler method, vLangmuir
probe, and two-wire probe were carried out in the sounding rocket
experiments of Kappa 9M-35 and 38. The comparisons of various probe
methods revealed sources of error and gave increased confidence in
measurements. The capacitance probe was used for the measurement of
electron densities in the lower ionosphere where the gyro-plasma probe
is not applicable due to collisional damping of the plasma resonance.

The Radio Exploration Satellite REXS "DENPA" was launched on August
19, 1972, with the Mu 4S-4 rocket from Kagoshima Space Center. The
REXS project team has been organized since 1967 to build a scientific

satellite to observe ionospheric and magnetospheric phenomena. Chapter
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V gives the detailed description of the gyro-plasma probe (IPS) which
was installed in the spacecraft REXS to measure the antenna impedance
as a function of frequency over a wide range which includes the vari-
ous plasma resonances. The IPS instrument onboard the spacecraft was
successfully operated and measured values of all the observational
items were acquired.

In the last Chapter VI, results obtained by the gyro-plasma probe
onboard the spacecraft REXS are presented. The global electron demsity
profile is deduced from measured upper hybrid resonance frequencies in
the altitude range from about 250 km to 6500 km. The geomagnetic lati-
tude variation of the electron density profile in the topside iono-
sphere 1s examined, compared with the results of the topside sounder
satellites Alouette I and II. The observed enhancements of electron
densities in the middle latitude towards the equatorial region are
attributed to the equatorial anomally. The antenna impedance values
are also investigated and the photoemission effect on the impedance
value of an antenna in a tenuous plasma has been clarified. The
measured lower hybrid resonance frequencies give the effective ion
mass. The structure and the dynamics in the topside ionosphere are

discussed on the basis of these experimental results.
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Chapter 1 REVIEW OF IONOSPHERIC MEASUREMENTS
WITH R.F. PLASMA PROBES

Following World War II, it became clear that the use of in-situ
probes carried on space vehicles played an important role in observ-
ing the properties of the upper atmosphere and provided significant sci-
entific data which could not be obtained by ground-based observations.
In this way, a new space age has been opened to the'researchers in space
physics especially in the exploration of the earth's upper atmosphere.

In this chapter, the history of observations of the ionosphere with
in-situ plasma probes, expecially the progress of Japanese sounding
rocket, are briefly reviewed. The electron density profiles and physi-
cal properties of the lonosphere are described, in order to understand
the significance or explanation of the results that have been obtained
by the rocket and satellite experiments described in this thesis. A
survey of antenna impedance theory, and theoretical description of a
plasma as a dielectric medium are given as the basis of r.f. plasma

probe studies.

§ 1. Observations of Tonospheric Plasma with In-situ Plasma Probes

In order to investigate the ionospheric plasma, it is advantageous
to measure the parameters of the ionosphere with in-situ plasma probés
carried on rocket or satellite vehicles. Many measuring methods have
been developed since the first radio propagation experiment by J. C.
Seddon in 1947.! For the electron density measurements, r.f. imped-
ance or capacitance probes and upper hybrid resonance probes have been
established,?™ %! and also the Langmuir probe and its modifications have

been used, 32752

Excellent summaries of the survey of in-situ probes
were given by J. Sayer53 and others in Electromagnetic Probing of the

Upper Atmosphere, edited by E. K. Smith.°* Another important method

for electron density measurement is the top-side sounder which have

been successfully operated on Alouette I (launched September,'l962) and



Alouette II (launched November, 1965). Many papers have been published
on experimental techniques, results of the electron density profiles and
assoclated resonance phenomena in the ionospheric plasma.55~°"

In Japan, the first attempt to measure the upper atmosphere with
in-situ probes onboard a space vehicle was carried out during IGY
(International Geophysical Year, 1957 ~ 1958). The various methods of
measuring electron density in the ionosphere have been successfully
performed since the Kappa 8 type rockets became available in 1960.

The resonance rectification probe was first used to investigate

3s85  and the frequency corresponding

the resonance of a space plasma,
to the probe current peak was taken as a measure of the plasma frequ-
ency. But, later, this resonance has been identified as a sheath reson-

86~95 1t has been disclosed that, since the

ance by many investigators.
theory of sheath resonance is very complicated, it is virtually impos-
sible to deduce electron density from this probe.

The fixed or swept voltage Langmuir probes were also used for
measuring the electron density in the :Lonosphere.96~97 The experiments
in laboratory plasma as well as in space plasma made it clear that the
contamination on the metal surface causes the hysteresis of current-

98539  The identification of the space potential

voltage Langmuir curve.
with respect to the probe floating potential 1s very difficult because
the phenomenon of electron current depletion near the space potential
is still unsolved. There are additional problems such as the probe and
the reference electrode (vehicle hull)dimensions, the contact potential
of the metal surface, the photoelectric emission current, the magnetic
field effect,100 and the ram and wake effects. Nevertheless, this
method has been extensively used, because of its simplicity.

The VLF Doppler method has been developed recently. The electron
density 1s determined from the Doppler shift of a known continuous

wave due to the vehicle motion.!®?™1%% The frequency shift of VLF signals

(CW) transmitted from the ground-based station is measured by the instru-

ment onboard the vehicle and telemetered to the ground. The Doppler
shift can be detected with a precision of * 2 % for most of the time of
rocket flight except near the apex and in the lower part of the



ionosphere. Yet, it is felt that fine spatial structures or irregular-
ities in the electron density fluctuation cannot be measured with this
tequnique.

Since 1964, the gyro-plasma probe, a kind of frequency scanning
impedance probe, has been developed to observe all kinds of plasma
resonance phenomena related to the fundamental parameters of ionospheric

plasma 12516520

The probe system 1is designed to measure the probe
impedance in a vector form, namely with amplitude and phase over the
wide frequency range, including the electron gyro-frequency, the sheath
resonance frequency and the upper hybrid resonance frequency. To elimi-
nate contamination due to stray capacity, a capacitance bridge is em-
ployed in the sensor network. The electron density can be obtained
within an accuracy of * 1 % from the upper hybrid resonance frequency27
which 1s independent of the probe shape, the probe aspect with respect
to the geomagnetic field, and the ion-sheath formed around the probe.

Using various types of sounding rockets such as Kappa 8, Kappa 9M
and Lambda 3H rockets, fine electron density and temperature profiles
in the altitude range of 90 km to 2000 km have been measured by the
gyro-plasma probe,!6?20s31s106~109

The Mu 4S type satellite launching vehicle has been available
since 1971, and the first scientific satellite SHINSEI was launched on
September 28, 1971. This carried a fixed voltage Langmuir probe as
Japan's first attempt to measure the electron density profile on a

world-wide scale.!!?

The spacecraft REXS was the second scientific
satellite, and the gyro-plasma probe was installed to investigate the

global electron density distributions of the topside ionosphere.

3 2. Electron Density Profile in the Ionosphere

The earth is surrounded by electrons and charged atoms and mole-
cules that make wup the ionosphere. The discovery of the ionosphere
was followed after Marconi's wireless transmission from England to the

United States in 1909. The radio wave energy travelled much farther



than permitted by the inverse square law that had been well-known as
the Austin-Cohen's equation. Earlier in 1902, A. E. Kennelly and O.
Heaviside had suggested independently that an ilonized layer around the
earth could guide the energy to great distances. This lonized layer
affecting radio waves has since been named the Kennely-Heaviside layer.
E. V. Appleton and M. A. F. Barnett measured the refraction of the
radio wave from the lonosphere. In 1925, G. Breit and M. A. Tuve suc-—
ceeded in transmitting radio pulses vertically to the ionosphere and
receiving the reflected echoes. These furnished much of our knowledge
of the lonosphere until the experiments by rockets in the late 1940's
and satellites in the late 1950's.

Theoretical treatments of the formation and the existence of ioni-
zed layers in the upper atmosphere had been first developed by S.
Chapman111 in 1931. He considered the absorption of monochromatic radi-
ation from the sun in an isothermal atmosphere of which the density var-
ies exponentially with height, and the energy of the radiation, or a
definite fraction of it, 1s supposed to dissociate or ionize the air.
The well-known Chapman's equation for the rate of production of ions,
I(X, h) at height h above the ground at the zenith distance X gives

us the fundamental concept of the formation of the ionosphere;

I(X, h) = Io*exp{l - 2 - sec X * exp(- 2)}, (1.1)
and Z= (h - hy(0))/H,
where H 1s the scale height, and hp(0) and Io are the values of
the maximum ion production level hj (X) and I(x) for ¥ = 0. From
eq. (1.1) height of the maximum ion production level hp(x) is deduced
as

hp(X) = hy(0) + H * %n sec ¥ . (1.2)

The Chapman layer is, thus, formed in the upper atmosphere, and the re-

combination of ions and electrons which are produced in this manner



proceeds slowly enough at the low gas densities involved so that high
concentrations of electrons persist even throughout the night.
During the daytime, several distinct ionispheric '"layers" or

"regions" are recognized. In order of increasing altitude and
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increasing ion concentration, they are called the D, E, Fl, and F2
reglons. Figure 1-1 shows typical daytime and nighttime electron den-
sity profiles in the mid-latitude ionosphere for the extremes of the
sunspot cycle.112 Above the maximum electron density in the F2 region,
the electron density decreases monotonically out to several Earth radii.
The Fl1 and F2 regions join at night, and a valley, or depression in
electron density, appears between the E and F regions. A rather common
perturbation of the electron density in the E region occurs near 100 km
and consists of a thin layer (only a few kilometers thick) which 1is
called sporadic E. The D region electron density also decreases dras-
" tically at night. The C region at the altitude of about 50 km is formed
by the cosmic ray ionization. Since these ionized layers are mainly con-
trolled by the sun, variations of electron densities are calssified into
3 main classes; the diurnal variation, the seasonal variation and the

annual variation.

2.1 Electron Density in the D and E Regions

D Region The D region is the lowest ilonospheric region close to the
atmospheric mesosphere. The altitude usually ascribed to it is from
60 km to approximately 85 km. Its daytime electron density is estimated
to be of the order of 10° cm~? or less in normal conditions, but it may
increase by as much as two order of magnitude when an intense solar
flare is occuring. Cosmic rays (mostly protons at relativistic veloci-
ties) are the source of electrons below about 70 km in the D region, and
X-rays and Lyman—a ultraviolet radiation are the sources at higher

altitudes.!!3

X-rays produce electrons by the photoelectric effect (2
to 8 A with energies of 5 to 1.5 keV) and by Compton scattering ( 1 )
with energies larger than 10 keV). The X-ray reactions are X-ray + 02

.+ 02+ + e" and X-ray + N, - N2+ + e” to form 02+ and N2+ ions
and electrons. Lyman-a UV (1215.7 K; 10 eV) reacts with nitric oxide
to form .N0+ and an electron, i.e., Ly-a + NO - Not + e,

The time variation of the electron density may be described by



dNe
e - Q- Qeff Ne? (1.3)

where Q 1s the electron production rate and Oaoff 1s the effective
recombination coefficient. It has been assumed that the number of
electrons equals to the number of positive ions, i.e., the negative ions
are neglected. 1In the D region, since the recombination time is short,
lonization equilibrium can be determined by setting dN./dt equal to O.
Then, Ne2 = Q/aefgf. It is necessary to sum over the sources and re-
combination coefficients for varieties of atmospheric constituents in-
volved. The dominating loss mechanism for electrons in the D region
appears to be dissociative recombination of electrons on positive ilons
M.  The neutral molecules or atoms are then left in exited state, viz.,
e” + MY+ M*,

From time to time the knowledge of electron density distributions

in the D region increases considerably.llh

These phenomena are of
great physical and practical interest; of practical interest because

of their deleterious effect on radio propagation. The following four
classes of perturbations are identified.

(1) The sudden ionospheric disturbance (SID).115~117 A large simulta-
neous increase in electron density over the entire day hemisphere, which
in turn gives rise to strong attenuation of radio signals, resulting in
radio blackouts. SID's are caused by increase in solar X-ray flux during
some large solar flares. They last a few minutes to several hours.

(2) The polar cap absorption event (PCA).l'18211°

A large increase of
ionization over the polar cap only. PCA's are cdused by energetic pro-
tons emitted from the sun during large flares. They start to reach the
earth an hour or so after the flare and last up to several days.

(3) The auroral absorption event (AZA).}297123 p large increase asso-
clated with auroras and geomagnetic storms. These events are attribut-
ed to an influx of energetic electrons into the auroral zone and pos-—
sibly also to their accompanying bremsstrahlung X-rays. They are common
in the auroral zone, but they do occur equatorward of the auroral zone
during geomagnetic storms.

Figure 1-2 shows the electron density versus altitude i1in the D
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region for typical normal conditions, sudden lonospheric disturbance,

polar cap absorption, and auroral absorption.lzu

(4) The winter anomaly event.!237130

A moderate increase in D region
electron densities assoclated with an enhanced mesospheric temperature

occurs in the winter at middle latitude, lasting for several days.

E Region The altitude range from approximately 85 km to 140 km is
designated the E region. The important solar radiations for the produc-
tion of ionization in the E region are X-rays (10~100 K), Lyman B
(1025.7 &), CIII line (977.0 Z) and Lyman continuum (865~911 A) . 131132
The primary ions that are formed are N2+, 02+, and oOF. The main
ionic species, however, are the diatomic ioms 02+ and NoT. The N2+
ions dissociatively recombine very rapidly, and they may react chemi-
cally with oxygen, resulting in the very small N2+ concentraction.

It was first recognized by D. R. Bates'??

that ion-atom interchange
reactions of the type xt + Yz = XY¥* + 2 should proceed rapidly in
the ionosphere. Such chemical reactions of ot with 02 and N

quickly remove the 0% ions and produce either Not or 02t ions. The



rate of electron removal becomes to be of recombination type and the
effective recombination coefficlent a.¢f 1in the E region is given
bylaz

o _ o [N0+] + (12[02'*'] + aa[N2+]
eff = TUINGH] + [02F] + [Nzt]

(1.4)

where a palr of square brackets denotes the number density of atoms or
molecules, and ¢;, G2, and 03 are the dissoclative recombination coef-
ficients of Not, 02+, and N,*, respectively. The Ooff 8glven by
eq. (1.4) is nearly equal to qj;, because the greater part of ions in
the E region are Not ions. As Qoff does not change appreciably with
altitude, the peak of electron density will appear at roughly the same
level as that of peak of electron production (see eq. (1.3)). The height
of peak level is about 110 km. In the lower part of E region, electrons
are lost by dissociative recombination on 02+, i.e., 02+ +e" +>0+0,
and this controls the electron density at equilibrium in the lower E
region.

The time variation of the E layer is relatively regular and its de-
gree of varlation with solar activity 1is less than that of Fl layer. The

peak electron density is well represented by C. W. Allen's expression;‘ak

Np = 1.34 x 10°{(1 + 0.0097 R;) cos X}°*% [cm~?] (1.5)

where R, 1s the relative sunspot number. K. Maeda and S. Fukao!?®
have studied the sunspot number (R,) dependence of the E region maximum

electron density (Np) near noon, which 1s given by
1
Np = Noo v 1 + pgR, (cos x)( +P)/2’ (1.6)

where T 1s a positive scale height gradient, and Nogo and pe are
constant values. K. Maedal?72136s137 pag investigated and summarized
the electron density profiles in the lower ionosphere, based on data
avallable from rocket experiments, and gave the standard electron

density profile in the altitude range from about 60 km to 200 km.
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Fig. 1-3 ' The electron density profiles; (a) daytime and (b) night-
time (after K. Maedal?7°13%7),

After sunset, NpE decreases to its night time value, typically of
the order of 5 x 10° cm™%, which could probably be maintained by the
extreme ultraviolet radiations from the night sky such as Lyman &, Lyman
B, and the helium lines.!'3%7!*® There exist deep valleys above the
nighttime E layer, in which the electron concentration is much less than

the electron density at E layer peak.”1

Representative electron den-
sity profiles in the daytime and in the night time are shown in Fig. 1-3.
Sporadic E(Eg) ionization is sometimes observed at about 110 km
altitude in a thin layer of about a few kilometers thickness. 1In the
equatorial E region, there appear strong non-blancketing reflections at
100 km height and also a slanted echo in the ionogram. The former is
called as '"equatorial sporadic E" or "q-type", and the latter as '"equa-
torial slant sporadic E". These are closely related to the equatorial

142,143 14y

electrojet. Theories of two-stream instability and cross-

field instability1“5~1“a are proposed to explain these types of irreg-
ularities. In the auroral zone and the polar cap, irl:egularities”9

seem to be roughly divided into two groups; one is closely related to
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the precipitation of energetic auroral particles and the other is due
to an intense current stream, i.e., the auroral electrojet. The mid-
latitude Es layer is classified into the following two groups. One 1s
the intense blanketing sporadic E layer, uniform over some tens of
kilometer in horizontal dimension. The wind-shear process may be the
main cause of this type of Eg.!3%~15% The other is diffuse nonblanket-
ing, or scattering type sporadic E, in which the electron concentration
1s not large and irregular. The most probable formation mechanism is
the cross-field instability,!*57147»155

2.2 Electron Density in the F1 and F2 Regions

F1 Region The altitude demarcations between the E and F1 regions
and the Fl and F2 regions are not clearly defined, and the altitude
range from 140 km to 200 km is customaly called the Fl region. The layer
is not present at night due to the depression in electron concentration
above the E region. At times, even during the day, it may not be observ-
ed as a seperate layer. It is more liable to appear as a seperate layer
in summer than in winter and near noon than near sunrise and sunset.
The solar spectrum in the band from 200 a to 900 A is principally res-

156 Because the

ponsible for the photo-ionization in this region.
photoelectrons are released with relatively high energy, which share
principally with other electrons, the electron temperature is several
hundred degrees higher than the atmospheric neutral temperature during
the daytime.!®’

The predominant ions are Not  and 02t near the low altitude
boundary, and a gradual transition tekes place until, at the upper
boundary, 0% is the principal ion.

It 1is believed that the principal loss process is recombination
for the E region and effectively attachment for the F2 region. The F1
layer is an intermediate region from recombination-type to attachment-
type electron removal. T. Yonezawa!?? gave the effective recombina-

tion coefficient (aeff) which involves the effects of the both types
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of processes as,

81[N2] + 82[021 ~ 1.7)
Ne+—[N]+—[0]

Oeff =

where B; and B2 are rate coefficients of the ion-atom interchange
reactions, i.e., OF + N, > N+ Not and 0% + 0, » 0 + 027,
respectively. )

According to C. W. Allen!®* the peak electron density (Ny) in the
daytime is expressed in the following form,

= 2,40 x 10° /T ¥ 0.0124 R, (cos ) /2 [em™®]  (1.8)

The height of the peak level is about 180 km. The electron concentration
is typically of the order of 2.5 X 105 em™3 at noon during sunspot
minimum and 4 % 10% em™®  at noon during sunspot maximum. K. Maedal®®
studied theoretically the electron density profile of the F1l region.
Assuming a = 01 = 02 in eq. (1.7), the following analytical expres-
sion of electron density is proposed

Ne = gk {1+ @+ 42251/2) (1.9)

where B*

81{[N2] +%j— [021}.

The conclusions derived from K. Maeda's study are: In the F2 and upper
Q/B¥*; while in the
E region, the above quantity is large and Ne = vQ/a. In the main

R’

F1 regions, 4B**/aQ 1s very small and N,

part of the Fl region, N, is proportional to neigher Q nor Q.
The complex relationship between Qp (maximum Q) and N, makes it
meaningless to express Ny as a simple function of Ry and X, e.g.,

L /Tf:TBZ§; (cos x)k as customarily used. The example of electron
density profile in the F1 region is shown in Fig. 1-4.

F2 Region The spatial and time variations of the F2 layer are
" strongly influenced by the geomagnetic field. The variation with the

- 12 -
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Fig. 1-4 The electron density profiles for summer
in the F1 region (after K. Maedal®?).

solar activity 1s also very pronounced. According to C. W. Allen,'3*

the peak electron density is expressed in the following empirical form,
Np = 5.9 x 10° (1 + 0.0200 R;) cos X [em™?] (1.10)

The level of the peak 1s normally situated at about 300 km by day and

350 km by night in middle latitude and at greater altitudes for higher
solar activity and/or near the equator. The main ionized constituent

is atomic oxgen (07) in the F2 region. The upper boundary of F2 layer
is generally assigned to be up to the altitude where ot ceases to be
the predominant ion. The electron density Neg(h, t) at any height and

time is given by the solution of the continuity equation for electrons
in a general form of eq. (1.3),

g—f‘i = Q - L(Ng) - div(Ne*¥) (1.11)

in which terms on the right-hand side are production, loss, and diver-
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ging movement of ionization, respectively. The movement term can be

written as the divergence of a transport flux of ionization,
div(Ne=V) = div[Ne* (gy + Vp + V)] . (@.12)

Here three types of movement are recognized explicitly, namely, move-
ment caused by electromagnetic forces, by atmospheric temperature
changes and by ambipolar or plasma diffusion. The formation of the F2
layer can be well represented by the electron removal of the attachment-
type loss and the vertical motion or the ambipolar diffusion in the fol-
lowing form of the continuity equation corresponding to quasi-equilib-
rium condition (dNg/3t = 0);

Q = BNe + I (NevWa) (1.14)

where 2z 1s the altitude and Wy serves to define changes in electron
density by vertical motion. In the region up to the F2 peak, BN, pre-
dominates over the diffusion term, and because it decreases more rapidly
with altitude than the electron production rate (Q), Ne increases
with altitude up to its maximum value. Near the F2 peak, the diffusion
term becomes lager than @N, and the electron density begins to de-
crease. At altitude well above the F2 peak where Q and BNg can be
considered negligible, the electron density distribution 1s given by the

diffusive equilibrium equation;153

1 d
N, dz [No°k(Te + T1)] + Mg =0 (1.15)
where g 1s the acceleration of gravity, xk 1s the Boltzmann constant,
and T, and Tj are the electron and ion temperatures. To take account
of the temperature difference of electron and ion, especially by day
in the F region, it is convenient to define the plasma temperature Tp

and the plasma scale height H, by the equation;

P

L .
Tp = E'(Te + Ty), and Hp = 2KTP/M'g. (1.16)
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T. Yonezawa and H. Takahashi!®® showed that the extended Chapman's
distributions with a constant scale height gradient (J. W. Wrightlsl)
cannot be representative of the actual electron density dstribution in
the higher region above F2 peak. S. Chandra'®? developed a modified
Chapman function with a variable scale height gradient, i.e.,

. 1 Z dz ¢ dz
Ne(z) = Np*exp E-[l - fzm T - exp(-~ fzm ﬁ—)] (1.17)

where No(z) 1s the electron density at height z and z; 1s the
height of the maximum electron demsity, Npj. The scale height H, here,
varies as a function of height; when the H value takes to be constant,
eq. (1.17) is equivalent to the simple Chapman function. To give the
analytical form for the variable scale height, a modified Chapman func-
tion has been found to be in good agreement with the electron distribu-
tion obtained experimentally within the height range from 100 km below
the F2 peak to an altitude of about 700 km.

F Region Anomalies Early investigations of the F2 layer critical
frequency revealed that it does not behave at all in the manner of a
simple Chapman layer. Following H. Rishbeth and O. K. Garriott,!®?
some of the outstanding problems of F2 layer morphology are:

(1) behavior of the F2 peak (maximum electron density NpF2, and height
of F2 peak hyF2) and the diurnal behavior of electron concentration
at fixed heights;

(2) the seasonal, annual, and semiannual anomalies;

(3) the maintenance of the F layer at night;

(4) the polar F layer;

(5) the equatorial anomaly;

(6) storm effects in the F region. .

Some of these phenomena and the global electron density distributions

in the mid- and low~latitudes are described below in brief.

As for the maximum electron density at F2 peak (N,F2), J. O. Thomas

et al.'®3°16% pade it clear that NpF2 1s peaked about noon in winter
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during moderately high solar activity but is rather irregular in other
seasons and also all seasons during low solar activity. The morning
and evening maxima of NpF2 appear in most summer months, and this

165 snd to ver-

mechanism has been attributed to the temperature change
tical drift.’®%°1%7 As regards the height of F2 peak (hyF2), the heat-
ing and cooling of the atmosphere alters the height at which D/H2 ~ B
D 1is diffusion constant in the F2 layer and H is the scale height.
The detailed investigations about diurnal, seasonal, semiannual and

168 T, Yonezawa and

annual anomalies have been made by L. V. Berkner,
Y. Arima,169 T. Yonezawa,17° J. W. King and P. A. Smith!?! and many

others.

At night the maximum electron density and its height in the F2
layer vary rather irregularly. In the hours proceeding F-layer sunrise,
there may be noticeable increases or decreases. Some of these pre-sun-—
rise phenomena may be attributable to an influx of photoelectrons along
geomagnetic field lines, when the conjugate point is illuminated by the

sun.172’173

The maintenance of the night F2 layer has not been clearly
explained. The F2 peak is higher at night than by day at mid-latitude,!®?
and explained this by upward drift due to winds. Although this drift
does tend to preserve the layer, by reducing the effective loss rate,

it cannot halt the decay completely. The photoionization by extreme
ultraviolet radiation in the night sky is also quite insufficient to
maintain the night F2 layer,138 but a possible alternative is consider-
ed to be corpuscular ionization, probably by soft electrons or protons

of 102~10° ev energy,17" and the penetration of electrons and ions

slowly into the F2 region from the exosphere by ambipolar diffusion.!”®

The high-latitude F region behaves in more complexity; even at the
geographic south pole where the diurnal variation of X is negligible,

there are diurnal changes of electron concentration which must be due

176

to movement processes. The variations of £43F2 show appreciable

1775178

dependence on universal time. The possible mechanism consider-

ed by J. W. King et al.'7? is that the neutral air winds blow across
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polar regions from the day hemisphere toward the night hemisphere, pro-
ducing vertical drifts in the F region which depend on the orientation
of the geomagnetic field. The maintenance of the F region ionization

during the polar winter presents a problem which resembles that of the

nighttime F2 layer.

In the equatorial region, geomagnetic line of force runs nearly
horizontally‘ so that diffusion of electrons and ions in the vertical
direction across the geomaénetic field line is almost completely pro-
hibited. In this case, however, two factors hitherto neglected must
be taken into account. First, the radiative recombination of ot
ions with electrons®?® (h, the Plank constant; Vv, the frequency of the

radiated wave),
ot + e +0+hv (1.18)

will manifest 1its existance at sufficiently great heights, because the
recombination coefficient of this process ap34, though very smail,
does not change with height while the effective attachment coefficient
B decreases rapidly with height. Another important, or perhaps most
essential, process 1s the diffusion along the fileld line and the
electrodynamical drift, 159218071881, ohserved electron density by day
in the F2 layer as a function of latitude shows a pronounced "trough"
centered on the magnetic dip equator, with "crests" 15° to 20° to the
north and south.“3:63»79>189%191 10 516ts of the electron density at
fixed height below (S. A. Croom et al.lgz) and above the F2 peak
(J. W. King et al.%%) are 1llustrated in Fig. 1-5 and Fig. 1-6. Figure
1-7 shows contours of the height of regions of constant scale height
plotted against latitude.®® Enhancement of electron density in the
middle latitude towards the equatorial region are so-called the equa-
torial anomaly. As evident in Fig. 1-6, ledges of ionization occur
aligned along a specific magnetic field line.

193

It was suggested by S. K. Mitra that the anomaly might be due

to the diffusion of lonization away from the equator, causing an
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accumulation of electrons to the north and south, but mechanism, however,
can only produce a "trough" which is much "shallower" and "narrower" in

194

latitude than the real equatorial trough. Recently E. N. Bramley and

186

M. Peart calculated numerically the continuity equation including the

diffusion along geomagnetic field line and electromagnetic drift,’®!
together with electron production and loss, and showed that an upward
electromagnetic drift of a few m/sec, when combined with field-aligned
plasma diffusion, 1s sufficient to produce equilibrium ionospheric dis-
tribution closely resembling those observed in the equatorial region.
Figure 1-8 shows an example of contours of electron density as a func-
tion of latitude (in degree) and height (in unit of scale hight of
ionizable gas); the dashed line represents the gemagnetic field 1ine
and the dotted line is the locus of points of maximum density at fixed
heights. W. B. Hanson and R. J. Moffett!®’ obtained the similar results
and also explained the asymmetrical distribution about the equator by
hprizontal winds blowing across the trough, of the order of 50 m/sec.
The vector plots of electron flux in the meridian plane, the so-~called
equatorial fountain, are shown in Fig. 1-9, calculated by W. B. Hanson

and R. J. Moffett.'®” The motion is due to the combined action of
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plasma diffusion along magnetic field 1lines and electromagnetic drift
across field lines, produced by an assumed distribution of eastward
electric field. The incoherent scatter technique has now developed to
measure the actual vertical ionization drifts over a height range of
about 200 km to 700 km'®% and obtained the values of 10 to 30 m/sec
which is upward during most of the day and downward at night.196

Some small perturbations of the low-latitude F2 layer can be re-
lated to local lunar time, and are probably caused by electromagnetic

drifts associated with lunar tides.!®’

Ionospheric F region disturbances are characterized by changes in
global electron density profile over the period of a few days accompa-
nied by geomagnetic storms. Extensive studies on morphology of iono-
spheric storms, especially, on the behavior of NjF2 were made by
T. 0bayash1,198~2°° and the global electron density changes in the top-
side ionosphere have been investigated by E. S. Warren,2°1and K.L.Chan
and L. Colin2?%? and others. The electron density in the F region is
generally enhanced in low latitudes, while it is depressed in middle
and high latitudes, but its variations manifest complicated features
depending on stage of storm development, location (altitude, latitude)
and longitude), season, local time and so on. T. Obayashi and
M. Matuura?’® have shown that the abundance ratio of atomic oxygen to
molecular oxygen or nitrogen is a dominant parameter to control the

electron density change, and proposed the theoretical model of F region

storm.

Sometimes the F region shows a diffuse character which is attribut-
ed to clouds of electrons having concentrations different from the ambi-
ent surroundings. This condition is called spread F, and it occurs
mainly at night.2°" The name "spread F" has been adopted for the pheno-
mena because of the visual appearance of ionograms, which show rather
diffuse F region traces. There are two main classes of spread F, frequ-
ency spreading and range spreading. The phenomena of spread F occur

more often at high latitudes during periods of high sunspot activity,
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show a minimum at all times near 35-deg geomagnetic latitude, and occur
more often at low latitude during periods of low sunspot activity.
There also exist traveling ionospheric disturbances (TID) and the ir-
regularities principally responsible for radio star scintillations. The
F region irregularities responsible for spread F and its effects upon
radio wavepropagation as well as the movement of irregularities have

been investigated and summaried in Spread F and its Effects upon Radio
208

Wave Propagation and Communication edited by P. Newman.

2.3 Electron Density in the Upper Ionosphere

The topside ionosphere, above the F2 peak, has been explored by
satellites carrying topside sounders, such as Alouette, and direct
measuring instruments of various kinds of plasma probes. From these a
broad picture of the spatial distributions of electron concentration
and temperature, and of ion composition have been obtained. Information
about the topside at particular sites is also obtained by ground-based

techniques, such as incoherent scatter and rocket experiments.

Because of the relatively small scale height of oxygen ions, their
abundance quickly diminishes with increasing altitude above the F2 peak,
at a rate that depends very sensitively on temperature. This upper
region of the ionosphere, in which protons are the dominant ions, 1is
often referred to as the protonosphere. The source of dions in the
protonosphere is due only in a minor degree to direct photo-ionization
of atomic hydrogen; most of the ionization arises through charge exchange

in the upper portion of the F region according to the reaction??®

ot +HZH +o0. (1.19)
The geomagnetic-latitude and local-time behaviors of electron den-

sity (Ng) and temperature (Te) at a fixed height (1000 km) are illus-
trated in Fig. 1-10, which is taken from the results obtained by L. H.
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Fig. 1-10 - Averaged latitudinal and local-time behaviour of the elec~
tron density N (a) and temperature Te (b), at 1000 km near 1965 vernal
equinox (after L. H. Brace et al.®®).

Brace et al.®® using the cylindrical electrostatic probe. The continuous
evolution of N, from a peak during the day to a valley during the night
1s clearly shown. Likewise, the temperature trough at the equator,
which varles through the day, and the maxima at 60° geomagnetic latitude
are evident. The important processes controlling the 1000 km ionosphere
are the photoelectron heat source and the electron cooling by the local
electrons and protons. The equatorial maximum of N 1is explained207

as the diffusion upward of electrons and ions along magnetic field lines

in response to the daytime heating by photoelectrons. The equatorial

- 23 =



- 8000 Fig. 1-11 Relative electron

3500 X Het Z 7000 and ion densities along line
- of force as a function of the
3000 - \\ ELECTRONS ~ 6000 temperature-modified geopoten-
\ - 5000 tial height z and the verti-
2500 - - cal altitude scale h. mn, n2,
o - 4000 and N3 are the density ratios
£ 2000 - 3000 _g of the electrons, the Het, and
A oH _ = the HY fons with respect to the
N 1500 - <V ot fons (after J. J. Angerami .
IOOO\ .~ - 2000 and J. 0. Thomas?°®),
Ht Vi \ Het
500- 7 A - 1000
It
L2 AL - 500

0 L
TRNCE /|0'2 o

BT /I3 /T
nm nM
RELATIVE DENSITIES

minimum of N, at night 1s caused by the downward diffusion of electrons
and protons because of nighttime cooling.

As for the distribution of electrons and ions along the geomagnetic
field 1ine, J. J. Angerami and J. O. Thomas?°® gave the theoretical con-
sideration about its diffusive equilibrium, taking into account the ef-
fects of the electric field that arises from charge seperation, the cen-
trifugal force arising from the rotation of the earth, and the effect of
the gravitational field. Figure 1-11 illustrates the relative electron
and ion densities along a line of force as a function of the temperature-
modified geopotential height 2z and the vertical altitude scale h for
a constant temperature of 1500°K. The electrons and ions are assumed
to be at the same temperature, and the ionic composition at the base
level is given by n2 = 6.3 x 10~°, and ns = 1.6 x 107" where n2
and n3 are the density ratios of He+ and Ht ions with respect to
ot ion. This theory can be applicable to the electron density distrib-
ution in the protonosphere and the helium ion layer; the helium ion
layer is not well established, but some direct measurements of the heli-
um ions have been reported.zog’211

S. J. Bauer?'? and A. Eviatar et al.?!? also calculated and discus-
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sed about the electron density profile of a collisionless or ion-exo-
sphere model distribution, and gave the theoretical distribution func-

tion as

R'B

Taemy]) 120

N(R) = Ny exp(- %')'{1 - (1 - g—M')llzexP[l -
where B is the field strength of the geomagnetic field at the appro-
priate level, H the scale height, R the radius vector along a geo-
magnetic field line, R' a geopotential length parameter, and the
subscript M refers to a reference level below which a Maxwellian
distribution is valid. This type of distribution is one which corres-
ponds to a diffusive equilibrium (first term),zoeweighted by a function
dependent on the intensity of the geomagnetic field (in curly brackets).
Experimental data from knee whistlers?!“’?!5 are in good agreement with
the empirical model Rf“ plasma density distribution from the high
altitude towards the boundary of the plasmasphere; R™3 power law approx-
imates eq. (1.20) at great distances. Figure 1-12 shows the four types
of the plasma density distribution along a magnetic field line.

Fig. 1-12 Plasma density dis-
tributions along magnetic field
DIFFUSIVE line, whose apex in the equa-
EQUILIBRIUM torial plane is at L = 5 Re,
MODEL are shown for a diffusive equi-
librium, and collisionless or
b ion-exosphere model, as well as
for R™® and R™ power 1law
models (after S. J. Bauer212).
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The transition region between the upper portion of the F region,
where the predominant ion is 0%, and the protonosphere can be described
in terms of the aforementioned diffusive equilibrium ion distributions.
However, such a description is an over simplification and not a very
good approximation to the actual situation, because the hypothesis of
diffusive equilibrium requires that there be no significant diffusive
flow of ions. Especially in high latitude the structure of the iono-
sphere is closely affected by dynamical plasma flow mechanism, 2167218
In the polar ionosphere which appears to be sharply divided from the
mid-latitude F region by a "trough", the escape of ionization from the
ionosphere occurs with sufficient rapidity to suppress the Ht and He+
densities, leaving Ot as the dominant ion to 3000 to 7000 km. Since
the 0% scale height is small relative to that for H+, the overall

electron densities are greatly reduced below plasmaspheric values.
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Fig. 1-13 Electron number density profile deduced from the
upper hybrid resonance noise observed by IMP-6 (after R. R.
Shaw and D. A. Gurnett221).
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It is very difficult to measure the electron density precisely in
the outer region of magnetosphere with plasma probes. There have been
so poor data about the electron density distribution in this region.

22} peasured the electron number

Recently R. R. Shaw and D. A. Gurnett
densities as low as 0.1 cm~? in the region beyond the plasmapause, from
the observed noises of the upper hybrid resonance and also of the plasma
resonance. The electron density values deduced from these resonance
frequencies are shown in Fig. 1-13, which clearly shows the sharp plasma-
pause boundary between L =4 and L =5 (L: McIlwain's L-value??2),
and the decreasing electron number density to the several earth radii
beyond the plasmapause.

The accumulation of data for electron density distributions together
with the values of electron temperature in the upper ionosphere has been
required to understand the physical and dynamical properties of the iono-
sphere, and also to investigate the coupling between the ionospheric
plasma and the outer space beyond the magnetosphere, and interplanetary

space.,

'§ 3. Theory of R.F. Plasma Probes

The r.f. plasma probes such as the gyro-plasma probe, the mutual
impedance probe, and the capacitance probe, measure the self and/or
mutual antenna Impedance as a function of frequency. The frequency
response of impedance of an antenna in a magneto-ionic environment is
of interest from both the theoretical and experimental viewpoints.
For theoretical plasma physicists, it poses important problems in elec-
tromagnetic theory and boundary value problem, while for experimental
researchers it is of practical use to measure ionospheric parameters
as well as parameters of a low density plasma in the laboratory.

The permittivity, €, of an isotropic homogeneous cold plasma is

given by the well known relation of?23

H2
€ = €9 (1-;‘}) s (1.21)
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where collisions and the effect of heavy positive ions have been neg-
lected; €¢ is the permittivity of free space, w the angular frequency
and Il the electron plasma angular frequency proportional to the square
root of the electron density. Consequently, the ambient electron density
may be deduced from the impedance value of an antenna in such an ideal-
ized plasma if the capacitance of an antenna system is assumed to be
proportional to the dielectric constant of the medium. However, antenna
impedance is generally a function of electron and ion densities, colli-
sion frequencies, temperature or velocity distribution functions, mag-
netic field intensity and direction, and antenna configuration. The
theory is so complicated that appropriate approximations should be
introduced for the calculation of an antenna impedance.

Considering a sensor network including a surrounding plasma as a
part of the electrical circuit, it is convenient to represent a plasma
as an equivalent electrical circuit, which has the equivalent proper-
ties of a linear frequency response of a plasma when r.f. electric poten-
tial is applied to the antenna. This representation being an oversim-
plified model of a plasma, is, however, extremely useful, provided that
there is no serious consequences of the antenna impedance due to .the
electromagnetic and electrostatic wave excitations and other dissipative
mechanisms of nonlinearity. '

In this section, historical survey of r.f. antenna impedance theory
is briefly described, and a permittivity of a plasma and its equivalent
electrical circuit are introduced by solving the Maxwell's equation with
the hydrodynamic equation of motion. The theoretical expression of
the impedance of a short cylindrical antenna in a cold magnetoplasma 1is,

also, presented, following T. R. Kaiser?2?" and K. G. Balmain.22%

3.1 Historical Survey of Antenna Impedance Theory
R.F. probes were developed from the electro-static probe which was

investigated by I. Langmuir and H. Mott-Smith®2® in 1924. In the case

of the electro-static probe method, the d.c. electric current collected
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by the d.c. potential of the metalic probe in a plasma 1s used to deduce
the electron density and temperature, while in the case of r.f. probes
the radio-frequency impedance of a probe 1s measured as the high frequ-
ency response of a plasma when a small r.f. potential is applied to
the probe. Therefore, the r.f. probe study poses interesting problems
not only on the fundamental plasma theory but also on the electromag-
netic boundary value problem.

As for the theoretical treatment of antenna impedance, the plasma
can be classified into cold and warm plasmas. The theory of cold plasma
with an external static magnetic field has been developed to yield the
fundamental formula of antenna impedance and some kinds of reson-
ances. However, in recent years, the existence of various plasma waves
excited by probes has been revealed by experiments with space and labo-
ratory plasmas. The thermal motion of electrons and ions are important
in these phenomena, and, therefore, theoretical analysis of warm plasma
is required.

Another classification of calculations is introduced by following
M. L. Schiff and J. A. Fejer.223 In the first category (refered as I),
the antenna 1s assumed to have a three-dimensional closely spaced mesh-
like structure inside which the electric field vanishes. The calcula-
tion of antenna impedance is greatly simplified because the undisturbed
plasma can be taken to be uniform over all space and S-function of the
current source can be assumed. In the second category (refered as II),
it is assumed that the parallel component of the electric field and the
normal component of the fluid velocity vanish on the surface of the
antenna conductor. The uniform plasma occupies only the space outside
the antenna. This second catégory implies the boundary value problem
of the interaction of the conductor surface and the plasma because the

ion sheath around the antenna 1s realistically taken into account.

Theory of Antenna Impedance in Cold Plasma Assuming the plasma as
a dielectric medium with dielectric tensor as Introduced by T.H.Stix??3
and others, the potential and electric fields around an antenna in cold

magneto-active plasma are calculated by solving the boundary value
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problem of the modified Laplace's equation or the source problem of the
modified Poisson's equation with the quasi-static approximation. The
admittance of the bi-conical dipole in a magneto-ionic medium was calcu-
lated by T. R. Kaiser.?2* K. G. Balmain?2?® obtained the analytical
expression of the impedance of a short cylindrical antenna in a magneto-
active plasma, assuming a filamentary triangular current distribution.
The effects of the upper hybrid resonance, plasma resonance, and gyro-
resonance were clearly revealed. J. P. Lafon and H. Weil??® discussed
about the current distribution on the antenna surface more strictly.

H. Oya229 calculated the high frequency field around the quasi-points
dipole using the Fourier transformation method. K. E. Miller?®? com-
puted the Maxwell's equation numerically and obtained the frequency
spectrum of antenna surface current and admittance of an infinite

cylindrical antenna parallel to the external magnetic field.

Hydrodynamic Approach of Warm Plasma Theory The theory of antenna
impedance in a warm plasma usually employs either the linearized
Boltzmann-Vlasov equation (the Kinetic approach) or the hydrodynamic
equations together with either Poisson's equation in a quasi-static
approach or Maxwell's equations. Taking a stress tensor or a scalar
pressure as a representative value for the effect due to the electron
thermal motion instead of its distribution function, the linearized
equations of motion (or momentum transfer) and continuity (or mass
transfer) in terms of the macroscopic particle density and velocity are
used in the hydrodynamic approach.

In category I, the Fourier transformation method can be applied
and the theoretical calculations have been made by J. K. E. Tunaley and
R. J. L. Grard??®! for the mesh sphere and plane grid probes, M.L.Schiff
and J. A. Fejer227for the mesh sphere probe and K. G. Balmain23? for
the short dipole. H. Oya?®? computed the effect due to the electron
acoustic wave in the case of the cylindrical dipole parallel to a mag-
netic field, and J. R. Wait?®" also calculated the radiation resistance.
R. L. Monroe?®® derived the analytical formulae of the current distri-

bution and the admittance of an infinite cylindrical antenna in a lossy,
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compressible plasma, using the integro-differential equation. M. L.
Schi1ff23% also obtained the self-consistent current distribution on a
grid type dipole antenna. The electroacoustic wave excitation and the
resistive component of an antenna impedance near the resonance frequency
are derived from these calculations, results on the fixed frequency
impedance measurements in the lonosphere by H. A. Whale?®"being verified.
On the other hand, R. J. L. Grard?3%, and B. Rooy et al.2%? calculated
the mutual impedance and showed quantitatively that as the parameter ¢
(dimension of the antenna / Debye length) decreases, the radiation of
electro-acoustic wave from the antenna increases and the resonance peak
of the impedance is gradually damped.

In category II, the Fourier transformation method cannot be applied
because the ambient plasma is bounded by the antenna surface. M. H.

240 arguédvthat the equivalent mechanical force should be considered

Cohen
on the boundary, and K. G. Balmain?*! defined the absorption coefficient
A as (vi/ve) = A(ni1/ne), . where v; and vy are the perturbed and
mean thermal velocity of electrons, and n; and ng are the perturbed
and equilibrium electron densities. Setting the quantity A equal to
zero and /E?E, which are equivalent to assume rigid or reflecting
boundary and a perfect absorptive boundary, respectively. J. A. Fe;]erzl'2
(A = 0) and K. G. Balmain?*! (A = v2/7) solved the problem for the
spherical probe. 0. Holt and J. Tréim?*? also obtained the impedance of
parallel plétes. A. D. Wunsh,2** and K. R. Cook and B. C. Edger2?"S
showed that the current distribution valid only for an antenna in a cold
environment can be incorrect when applied to an antenna in a ﬁarm plasma.
S-H. Lin and K. K. Mei2?"®22%7 4340 investigated the cylindrical antenna
when A 1s not equal to zero, and both current distribution and imped-
ance were numerically computed. Similar calculations were made by G. L.
Maxam and K. M. Chen.2?“® D. H. Preis?"® discussed more strictly the
boundary conditions and the integral equations for a cylindrical antenna
in a warm plasma. J. Tarstrup and W. J. Heikkila25? computed the imped-
ance of a spherical probe with a smooth sheath model and obtained good

agreement with the experimental results.

Thus the hydrodynamic approach can be used to explain the effect on
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the impedance due to electron thermal motion which is impossible to
derive from a cold plasma approximation, but the Landau damping and

251

resonance effects of the Bernstein mode wave can not be accounted

by this theory.

Kinetic Approach of Warm Plasma Theory The linearized Bolzmann-Vlasov
equation, togefher with Maxwell's equations, are used in the kinetic
approach., In category I, H. H. Kuéhl252 formulated the longitudinal and
transverse components of electric field as the integral of the
product of the Fourier transform of the dyadic Green's function and the
source current density. And also H. H. Kueh125%225% calculated the
input resistance of a short filamental antenna and compared it with the
results of the hydrodynamic equations. The comparison shows that the
hydrodynamic result is incorrect below the plasma frequency but 1s a
good approximation above the plasma frequency if the antenna is longer
than the Debye length. TFor antenna lengths comparable with the Debye
length, however, hydrodynamic results are valid only at frequencies far
above the plasma frequency. The resistance for frequencies below plasma
frequency is due to Landau damping and has no counterpart in hydrody-
namic theory. Similar calculations were made by M. L. Shiff and J. A.
Fejer for sphere®?’ and M. L. Shiff for cylinder.255 The standing wave
above the plasma frequency predicted in the hydrodynamic theory is af-

125% pade com-

fected by Landau damping. G. Baenzinger and H. H. Kueh
parison between cold plasma model, hydrodynamic theory, the kinetic
theory. When the external magnetic field is applied, theories in gener-

257 took into account the

al become very complex. F. W. Crawford et al.
equivalent plasma permittivity component perpendicular to the magnetic
field and calculated the impedance of the plane parallel plates and
that of the coaxial cylinder. The impedance change due to the reson-
ances assoclated with cyclotron harmonics of the Bernstein mode wave
has been revealed. R. Buckley?®® obtained the admittance of-a plane
grid capacitor and discussed the electric field distribution with
respect to the distance from the grid.

In category II, J. Pavkovich and G. S. Kino2%% solved the linearized
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Vlasov equation assuming a zero order parabollic potential distribution
in the sheath of an infinite plane probe. Similarly, R. Buckley26°
calculated the electric field and the impedance of a spherical probe,
taking the steady potential in the sheath from the work of I. B.
Bernstein and I. N. Rabinowitz.2®! The resonance rectification of the

262 sbtained

resonance probe was studied quantitatively. F. C. Shure
the impedance of a plasma-filled parallel plate condensor as a function
of the effective dielectric coefficient. These theories treated a warm
plasma with no external static magnetic field, and the impedance calcu-
lation of an antenna in a warm magneto-actlve plasma is required to

explain experimental results in space and laboratory plasmas.

3.2 Description of Plasma as a Dielectric Medium

The r.f. probe methods are principally to detect a linear frequency
response of a plasma when a small r.f. potential is applied to an antenna
in a plasma. The plasma 1s represented by dielectric tensor, and also by
specific admittance of an unit circuit which has the same electrical pro-
perties.

Following L. Spitzer, Jr.,263

macroscopic quantities of plasma cur-
rent j and velocity 3 are determined by the macroscopic equation of
motion, viz., the transfer (or transport) equations of kinetic theory.
For a single particle of type k 1in a region where an electric field

>
E and a magnetic field B are present, the equation of motion is

given by
vk
nkmk(a—t—_‘-'- ;;k'v;;k) = nqu_fk - V‘Wk - nkmkVQg + -I;Ik, (1.22)
> > > >
F‘k: E+ka B, (1.23)
and _].;‘k = - nkmk\)k¢k, (1-24)

where ny 1is macroscopic particle density, m,  mass, ¢k mean velocity,
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q) charge, 17 stress tensor, Qg gravitational potential, and vy
collision frequency of the particle k, respectively. The plasma

=
current density j and charge p satisfy the continuity equation as

tion as

B v T

=+ V- 7=0 (1.25)
where 3 = E qknkzk, and  p = E qyny - (1.26)

Finally, completing the 1list of basic relatioms, the Maxwell's equations

for the electromagnetic field are introduced as follows;

->
>_ 3
vxE=-52, (1.27)
-> 3—]5 -
vxH =247, (1.28)
VeD=p, ' (1.29)
VeB=0 (1.30)

and B = uoﬁ, B = eoﬁ, and not ations are used in the usual meaning

(in M.K.S. unit system). Equation (1.25) above may also be derived from
eqs. (1.28) and (1.29).
Here, it 1s assumed in eq. (1.22) that;

(1) the gradient of the gravitational potential is negligible, i.e.,
Vo, = 0;

(2) the stress tensor can be expressed by the pressure, and the tempe-
rature Ty 1s homogeneous, i.e., V'¢ = VnKT) = mkakZVnk where
ak2 = KTy /my;

(3) the time dependence of all the variables is proportional to
exp(jwt) ;

(4) the static magnetic field ﬁo is applied parallel to the z-axis
in the Cartesian coordinates (x, y, z).

Equation (1.22) 1s rewritten in terms of plasma current }k and
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>
displacement D as

Chis

> +> +> > > . > 27> 2
T‘ k(V'Jk)+Jk'VVk+\)kjk+§kxjk = Hk D - ap Vkpk (1.31)
2
qy 0y 1/2
where Iy = (EEE;— ;3 angular plasma frequency,
5 ol
and K = my H angular gyro-frequency.

The sign of @ 1is defined to be same sign with q, il.e., @ >0
for a positive charged particle and @ < 0 for electron or negative
charged particle. Since the total current density 3 which flows
through the antenna surface to a plasma is equal to the sum of the
plasma convection current 3 and the displacement current 3D/3t, i.e.,
= an/at + 3, the relation between J and D is deduced from eq.
(1.31) by linearized, as

—5 = j(x)(l + 1— Z Ak‘l-HkZ)—ﬁ - z Ak'lakZVpk (1.32)
o g K
where A = Jw + Vi - O 0
Qk jw + Vi 0

0 0 Jw + v

The second term in the right hand side of eq. (1.32) is attributed to

107

the electrostatic wave excited by an antenna, while the value in

the round brackets of the first term shows the well-known dielectric

tensor (K) of a plasma,273

(X) = €xx Exx 0
0 0 €22
_ _ T2 ju + v
and exx - Eyy = 1 + lz( j—m“' (jm + vk)z + ‘21(2 ’ (1.34)
2
= v k", Jw + vk 1
Fxy = Eyx 1{ W Qut v+ 2] (1.33)
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sz 1

-_-]-w_ . ﬁ)—-l‘—\)- . (1.36)

The specific admittance is defined as the admittance of an unit
volume (an unit length with an unit area) and calculated from eq. (1.32).

3 3D

[Y]=_,—'=€c—l—)'z'
E

jweo{exx sin26 + g, cos?6}

y, sin?0 + VA cos?6 (1.37)

where © 1is the angle of a vector E with respect to the z-axis. Yy,
and y, are the components of a specific admittance perpendicular and
parallel to the externally applied magnetic field ﬁc.

In warm magnetoplasma, the specific admittance y, plays a very
important role. Under the condition of the electrostatic approximation,
when the wave number vector k, is perpendicular to the magnetic field,
the dielectric constant K, for an electron longitudinal wave is written

as

K_L =1 + of H(euz . e’}ip(_k)ln(k)nz(jw + \’) (1.38)
net 39 Ay + w2 + 022}

and the corresponding specific admittance y V¥ is,
y-LW = wa:oK (1-39)

where A= (k4rL)2; r, = (KTe/m)l/z/Qe is the gyro-radius of an
electron with thermal energy kT, and k, is the wave number perpen-—
dicular to the magnetic field, I (\) 1is modified Bessel function of
order n, and the suffix e denotes the quantities for electron.
This mode of wave propagation has been designated as a Bernstein mode
by I. B. Bernstein?®! and T. H. Stix?2® who derived this dispersion

257

relation for a collisionless plasma. F. W. Crawford et al., taking

collisions into accout approximately, gave the same expression of eq.
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(1.38). In this model of electrostatic wave for propagation at 6 =
m/2, Landau damping is rigorously neglected.

In the above treatment of the behavior of the particle k describ-
ed in eq. (1.31), the equation of mortion is linearized by neglecting the
cross terms of 3k(V'jk) and Ek-v3k. These terms, however, play
a very important role in the highly inhomogeneous plasma region such as
near the antenna boundary. Since the gradient of the particle velocity
is considered to act upon the impedance of a plasma as a resistive loss,
the effect of these terms may be estimated by the following rough approx-
imation, assuming one dimensional inhomogeneity of particle velocity in
vyf + vzﬁ, where i, 3, kK are

respectively unit vectors in x, y, z directions.

the x-direction; 3k = (v°x + vx)i +

3
VeIV + VeV = 2 SR Gy (1.40)

Therefore, this effect can be involved implicity in the collision
frequency by introducing the effective collision frequency;

Veff =V + 2 Uyv (1.41)

It should be noted, however, that the linear approximation is, princi-
pally, unable to apply the equation of motion of the particle in the
sheath region where the neutrality or the quasi-neutrality of a plasma

does not hold.

3.3 Representation of Plasma by Equivalent Electrical Circuit

It is possible to represent specific physical phenomena in terms
of an equivalent electrical circuit, provided that there be the same
differential equations which describe each physical and electrical pro-
perties of them. The admittance (or impedance) of a plasma means that
the equivalent electrical circuit with its admittance has the same re-

sponse of the resultant current cuased by the externally applied
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potential or electric field, or vice versa. It is, therefore, unable
to represent exactly an equivalent response for the excited electromag-
netic or electrostatic waves. Y. Itatani?®* first introduced this con-
cept of plasma Iimpedance. T. Dote and T. Ichimiya265 tried to explain
the resonance freduency obtained with the resonance rectification probe,
using the equivalent electrical circuit.

Here, the plasma 1s assumed to consist of electrons and one kind of
positive ions denoted by suffix e and suffix 1, respectively. From
eq. (1.33), (1.34) and (1.36), the specific admittances y, and Y,

can be rewritten in the following forms;

1

Yo = jweo +z

- Vi . 1 1
n=i,e eollk + 3 €ollk + eolli Vv + .metonkz
Qk[ J ka
= jwCo + z 1 1
k=1,e Rk + ijk + —'———Gk T ijk (1.42)
1
y, = jweo + ) o T
k=i,e Eolly + wa;ﬁEr
= jwCo + ) e +1.wL , (1.43)
k=i,e k * JOLk
where Ry = E§%ET 3 equivalent specific resistance,
WLE = E;%ET s equivalent specific reactance,
ol ®vie

Gk = ——ﬁiz_—; equivalent specific conductance,
wCk = 0k 3 equivalent specific susceptance,
Co = €0 ;5 specific capacitance in free space.
In accordance with these formulae, the equivalent electrical circuits

for y, and y, are illustrated in Fig. 1-14.
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Total equivalent specific ' G

R: L;
admittance of the probe system __~mn—fnx—{:23$::]___
in a plasma is defined as a
R TS A g B
ratio of the probe admittance R L.

in a plasma to that in free | | ¢

space. Assuming the spherical R; LiCo

symmetry for a sphere probe T

and the axial symmetry for a y, = o___;v&f\,__rl;f\——o
cylindrical probe, the total

equivalent specific admittance éi

yr 1is deduced from eq. (1.33) Fig. 1-14 Equivalent electrical

circuits of the specific admittance

as y, and y, of cold plasma.

yp = jw{l - p®)y, + p?y,} (1.44)

where p 1s geometrical factor; p = cos 8 for plane probe, P =
1/¥Y3  for sphere probe, and p = (1//2)sin o for cylindrical probe,
where 6 and o are the angles of the symmetrical axis of plane probe
and cylindrical probe relative to the static magnetic field line. Taking
account of simple sheath model, namely, the electron plasma frequency
and V,v 1in eq. (1.41) are constant in the sheath region, the total
equivalent specific admittance Yo is calculated and the equivalent
electrical circuit is shown in Fig. 1-15. The suffix s denotes the
quantities in the sheath region. From Fig. 1-15, the low frequency
response of the current J collected by the plane probes is deduced

when the voltage V 1s applied to the sheath,

€ I..2 vy
= 65 _ . ve——
J 2Vyv Lg (1.45)

where Lg 1is the thickness of sheath. This is equivalent to so-called
Langmuir current-voltage characteristics; since Vyv, Ilog and Lg
largely depend upon the applied voltage, J is generally a nonlinear
function of V. This resistance can be replaced by the diode; its

inverse current including a dark current, and the forward saturation
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Fig. 1-15 Equivalent electrical circuits of the total specific
of sheath region (denoted by a suffix s) and plasma,
ions being neglected.

admittance y

current are corresponding to the ion and electron saturation current in

the Langmuir characteristics, and the current-voltage characteristics of

both the diode and the sheath show an exponential type current response

for an applied voltage.

For the warm plasma, the specific admittance y,¥ in eq. (1.39)

can be, also,

.Y

rewritten in the following form;

(20
s 1
jueo + ] AN —5
n=t < +31 3 L 7 + s 1 —
nzeo]'[e2 negolle Eolle“Ve | .meoHe
R J R
e
(20
jwCop + Z - i
=1 -3 PR S,
=% Ren ¥ dlen * G JuCen (1.46)
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h Ren = i * —8
where  Fen TN T nle Mg’

H equivalent specific resistance,

w o, 1 .
A(Y)  nZegn.? ’

WLep = equivalent specific reactance,

golla?v

Gen = Ap(}) —ﬂ—g—rg 3 equivalent specific conductance,

e

' golle?
-WCen = WAR(A)* —?r%— H equivalent specific susceptance,

e
_2 1An-1
and AW = 3 exp(-))In (M)~ Z5(5)" 7'+ terms of higher order in X

for small A,
The equivalent electrical circuit for y ¥ is shown in Fig. 1-16. As
is obvious from this figure, series resonances occur at the frequencies
Wwn = 1/VLgnCen = e (n =1, 2, 3 .....), i.e., higher harmonics of the
cyclotron resonance frequency, if the collision frequency Ve 1s negli-
gible. In the case of actual condition of a probe system, the series
resonance frequency is affected by a capacitance of the sheath around
the sensor. The series resonance of an antenna admittance is called
the sheath resonance (SHR). The upper hybrid resonance frequency,
which is given as (l'[e2 + Qez)ll2 in eq. (1.42) when Ve =0, is
also modified by higher harmonic gyro-resonénces in a warm magneto-

plasma. The resonance frequencies are given as roots of the following

equation,

¥ _nTe? G
1 -_ . = . e
nZIAn(A) wEning? = © Ra  La ’
Cel
1.47 G,
(L.47) Re La A
For example, if the parameters 1 Ce.:
are chosen such that Ia/Qe = v.= —°
1.0, A= 0.4, the ratio of
the fundamental root to the [ —
upper hybrid resonance frequ- AAEo
ency in cold plasma approxima- Fig. 1-16 Equivalent electrical
tion is 0.98 circuit of the specific admittance

¥, ¥ of warm plasma.
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3.4 Impedance of Cylindrical Antenna in Plasma

The data on the frequency response of a cylindrical antenna imped-
ance have been obtalned in the ionospheric plasma using many rockets
and in the laboratory plasma using the space simulation chamber. An
example of the record obtained by the gyro-plasma probe onboard the
Kappa 8-15 sounding rocket?’ is shown in Fig. 1-17. The probe system
is designed to measure the antenna admittance Y in vector form, name-

ly with amplitude C (equivalent capacitance) and phase V¥,
Y/w = C exp(- j¥) (1.44)

where ® is applied angular frequency and j = v¥-1. When the antenna

impedance is capacitive or inductive, the phasé angle ¥ 1s equal to

- m/2 or + w/2, respectively. The upper hybrid resonance frequency

Jy'msmuu'g'dﬁ ABMITTANCE NN 2560
i s 0
B JANEES

ST NI L TN \1‘13’

PHASE SHIFT ANGLE

|
i \
L T T

FREQUENCY REFERENCE

Fig. 1-17 - Typical record of antenna admittance versus frequency
(Kappa 8-15 rocket on Jan. 9, 1969).
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is given as C(w) = 0, under collisionless cold plasma approximation,
and the electron density value N, (electrons/cma) can be deduced from

the measured upper hybrid resonance frequency fyyr (MHz) as
Ne = 1.24052 x 10" (fiugr - £5) (1.45)

where fH is the gyro-resonance frequency in MHz.
Theoretical treatments of a short cylindrical antenna (length L

and radius r,) in cold magnetoplasma have been performed by many workers.

225

Following Balmain, the impedance 1s expressed as

! a'+r1/2

a L
Zp = fn —-1- fn ¥—Fr—— (1.46)
P jw2meK'LF}/2 [ ra 2F ]
where F = sina + a'?cos?a

a' = (K'/Ko)llz
Ko = 1 - Xa/U

K' = 1 - XU/(U? - Ye?)

Xe = Hezlmz

Yo = Qe/w

U =1~ j(ve/w)

o = angle of the antenna axils with respect

to d.c. magnetic field

In the above formulation, Ty << L and the filamentary triangular
current distribution on the antenna surface is assumed. In computing
a' = (K"/Ke)'/?  and Fl/z, the square root having a positive real
part should be used.

The antenna immersed in a plasma rapidly acquires negative charges
because random electron currents are greater than random ion currents.
The accumulation of charge is limited by the negative potential which
develops between the body and the medium, and equilibrium is establish-
ed when electron and ion currents become to be equal. Consequently, the
antenna is surrounded by an ion sheath, whose admittance is capacitive

in the high frequency region.
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The antenna impedance 1s largely affected by the sheath impedance,
and 1f the sharp boundary model of the sheath is considered, the total

impedance of an antenna Z is written as
Z(W) = e + Zp (W) (1.47)
juwCg P

where Cg 1is the effective capacitance of ion sheath. The series and
parallel resonance frequencies are determined as Z(w) equal to mini-
mum and maximum values. The maximum value of Z(w) 1s equivalent to
Zp(w) = and C=0 1in eq. (1.44) with collisionless cold plasma
approximation. From eq. (1.46), the upper hybrid resonance frequency,
WyHR = (He2 + Qez)llz, satisfies the condition of parallel resonance.
This frequency 1s independent of the angle a and is not affected by
the impedance of the ion sheath. This result is very important in meas-
uring the electron density of a plasma with r.f. probe methods. The
series resonance frequency 1s largely affected by the sheath impedance,
as is-expected in eq. (1.47). This resonance is called the sheath reson-
ance (SHR). Both UHR and SHR are indicated in Fig. 1-17.
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Chapter II SYSTEM DESIGN OF RF PLASMA PROBES
8 1. Introduction

Various kinds of r.f. plasma probes for measuring an electron
density in the upper atmosphere have been investigated with the develo-
pment of space vehicles since 1940's. As noted in the preceding chap-
ter, the resonance rectification probe was investigated originally by

Japanese scientists®®3"

and applied to the observation of the iono-
spheric plasma density. It has been, however, cleared that this reson-
ance frequency is not identical with a plasma resonance frequency.

The gyro-plasma probe was initiated by H. Oya,229 which has been
used as the most useful probe to measure the electron density in space
as well as in laboratory plasmas. Section 2 is devoted to the descrip-
tion of the gyro-plasma probe system and theoretical considerations of
the probe impedance. This probe is designed to measure the antenna
impedance as a function of frequency which is scanning in a wide range
including various kinds of resonance frequencies. The parallel reson-
ance of antenna impedance is identified as the upper hybrid resonance
of the ambient plasma. A capacitance bridge is employed in its sensor
network in order to eliminate a small unbalance due to stray capacity.
It should be noted that the upper hybrid resonance frequency may be
affected by electron-neutral collisions, especially in a weakly ionized
plasma, besides the collisional damping of the resonance. In an inhomo-
geneous plasma where the electron density or the magnetic field inten-
sity gradient exists around an antenna, the question arises how to
define the upper hybrid resonance frequency relevant to such a medium.
The experimental results which are described in the next chapter, show
that there can be observed one parallel resonance of an antenna imped-
ance despite of the inhomogeneity of the medium. The resonance frequ-~
ency 1s identified as one obtained by integrating a specific admittance
of the plasma over the whole space. Frequency characteristics of an
antenna impedance in a warm magnetoplasma are examined by calculating

the specific admittance given in eq. (1.39).
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The mutual impedance probe consists of two whip antennas, which
are made up a transmitter-receiver antenna system. Since the received
signal intensity is a function of plasma impedance between two antennas,
this probe is to measure the frequency response of mutual impedance of

266 calculated analytically the

two separated antennas. S. Miyazaki
potential field and the impedance of a two-wire probe, using a dielectric
tensor of a cold plasma. Resonance effects on the received signal due
to the upper hybrid resonance and the harmonics of the gyro-resonance
were verified by the Lambda 3H-6 sounding rocket experiment31 (see
section 4, Chapter IV). It has been also revealed that the electro-
static Bernstein mode wave propagating perpendicular to the magnetic
field produces considerable effects on the received signal intensity
(see section 3, Chapter III). Section 3 explains the instrumentation
of this probe system and the mutual impedance in cold plasma as well as
in warm plasma, using the specific admittance of a plasma.

Two types of the capacitance probe have been used in the rocket

experimentsg’la’19’3°;

one 1s a fixed frequency impedance probe which
measures the capacitance value of antenna, and the other is a high frequ-
ency capacitance probe measuring the frequency shift of the LC oscillator
in which the capacitance C of an antenna changes its value with change
of plasma parameters. This probe method is used to detect the fine
structure of low electron density in the upper atmosphere, namely, in
the ionospheric D region and the magnetosphere. section 4 describes
the instrumentation of this probe system, and the collision effect on
the electron densityvmeasurement in the D region.

In section 5, the capacitance of the ion sheath surrounding a body
in a plasma is investigated. When r.f. potential is applied to the
body, the charge accumulation is modulated by the nonlinear response of
the sheath. The equilibrium d.c. potential of the body with respect to
the plasma decreases until electron and ion currents become to be equal.
Some experimental and theoretical investigations of r.f. response of the

sheath have been reported.267

The deformation of ion sheath due to
this should be taken into consideration in the experiments of r.f. plasma

probes, and also in satellite experiments when the high tension r.f.
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field is used in the onboard instrument. The floating potential of a
body affected by such r.f. potential is calculated analytically and the

effect on the measurement of electron density is discussed.

§ 2. Gyro-plasma Probe System
2.1 Instrumentation

As noted before, the gyro-plasma probe is designed to measure the
antenna admittance in vector form, namely with amplitude and phase over
a wide frequency range, and a capacitance bridge is employed in its
antenna network in order to eliminate contamination due to stray capac-
ity. Figure 2-1 shows the block diagram of the gyro-plasma probe
system which is designed for sounding rocket.experiments. (The probe
system onboard the spacecraft REXS will be described in Chapter V.)
The swept frequency range 1s usually from 0.2 MHz to 15 MHz, which in-
clude the gyro-resonance frequency determined by the geomagnetic field
(about from 1.3 MHz to 0.9 MHz in the altitude range up to 2000 km) and
the eléctron plasma resonance frequency (about 0.9 MHz to 13 MHz in the
altitude range from 90 km to 2000 km) 1in the lonosphere. The scale-

values of the gyro-plasma probe are calibrated in the pre-launching test.

-
Cx|| Sensor

m il ;
L . | Diff. || Log.
th Vout Amp. A?ngp. l#z °To T™

Sweepl- Buffer -

—
(@]
o
o
or
IL
1

Osc. |y Amp. Satylation
|| | | Phase Satulation| | Phase
Shifter Amp. Detector [°T0 T™

Fig. 2-1 Block diagram of rocket borne gyro-plasma probe
system.
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Fig. 2-2 Typical example of antenna network circuit. The capacitance
bridge with an antenna comprises the four capacitor arms; Cjp, Cg, Ce,
Cr and the variable capacitor MC601Y.

The detailed circuits of the antenna network is shown in Fig. 2-2, in
which the capacitance bridge with the antenna comprises the four capaci-
tor arms of Cp, Co, C¢ and Cr and the variable capacitor MC601Y.
The differential amplifier consists of two field effect transistors with
high dinput impedance and the integral circuit of a differential opera-
tional amplifier. ' ‘
Taking the equivalent capacitance of the antenna to be C, the
amplitude of the output potential AV of the differential amplifier is

calculated as

_ Colc* + ¢l
iy (P Ce + ©)(Co ¥ Cp) C2VIN (2.1)
where C* = (1-B")Cy + C¢ - B'Cr, and C = C(w),
B8' = G1/G2,
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Gi and G, are the voltage gains of the input FET amplifiers, and VIN
is the amplitude of input potential to the capacitance bridge. The
capacitance bridge should be balanced by adjusting the variable capaci~
tor MC601Y, the gains of the input FET amplifiers to be Gi = Gz, and
the input impedance of the differential amplifier. When c*=0 and
Co >> C, the output signal AV 1s simply propoftional to the equiva-

lent antenna capacitance C, namely
AV = C(w) . = (2.2)

This probe system is capable of detecting the changes of AV over about
80 dB of the absolute amplitude Voyp. The phase difference between Viy
and Vour is measured in the range of 7 vradian using the pﬁase compar-
ator with saturation amplifiers. Figure 2-3 (a) and (b) shows the am-
plitude and phase characteristics of the gyro-plasma probe, and their
response to dummy antenna elements are illustrated in Fig. 2-4 (a), ®),
and (c). As the equiyalent capacitance of an antenna in a plasma can be
shown in eq. (1.47) together with eq. (1.46), the output voltage AV
has its minimum value at the upper hybrid reéonance frequency and its
maximum value at the sheath resonance frequency provided that the col-

lision frequency is negligible and that the capacitance bridge is just

balanced.
6
6 =
[ K-8-15 . —
) -8~ — 5| Phose Characteristic {100kH
P 0.85MHz Copacitance vs. > I &
@ 4 Output Voltage e al
s r =
s3p S,
2 3 5
el s Ll . . Osc. h Phase | [Degitol
3. 32 100k | T snirter] 4 Det m.Hv-%,I
L Tiul L3l Lt 1ol 11l 1 ’
Oy 10 10° 10° 10* Sove.
Capacitance (pF) o) 1 L L 1 L L L L L
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Phase Angle ( X7y x100%)
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Fig. 2-3 (a) Amplitude measuring circuit conversion-scale at 0.85 MHz.
(b) Phase measuring circuit characteristic at IF frequency, 100 kHz.
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Here, the deviation of the measured electron density is defined as

ANe _ w*? - wypp®
2

2.5
N T (2.5)

where w* is the angular frequency at the minimum point of the antenna
capacitance and Wwyygr = (He2 + Qez)l/z. In the collisionless appro-
ximation, the correction factor a* for the deviation of the measured
electron density Ne* from Ne, 1s obtained from eqs. (2.1), (2.3), and
(2.4) as (@* = - a"(L + ")™Y

]

Ne = (1 + a®)Ne", (2.6)
C be + B*(Cy + Cp)
and of = 2. c 0L 2.
Cpy Ac + B*(Co + Cp) + Cg °’ (2.7)
where Ac = C¢ = Cp ; stray capacity,

B* =1 - B’ ; gain difference of two FET amplifiers,
Cpo 3 antenna capacitance in free space,

Cs = 2meoL/n(rg/ry - ra/rg), rg : sheath radius.

Ne* is the estimated electron density assuming w* to be WUHR -

Figure 2-5 (a) and (b) show the correction term a* which is computed
as a function of normalized stray capacitance, A/Cpo, and the gain

difference of two FET differential amplifiers, R*, when the cylindri-~
cal antenna 1s parallel to the static magnetic field. The parameters
are chosen as  Cy/ Cpg = 50, Cr/Cpy = 30 and Cg/Cpo = 2.5. The
normalized stray capacitance must be reduced less than 10~2 (- 40 dB)
and the gain difference of two input FET differential amplifiers must
balance at about 2 x 10~%* (- 74 dB), in order to hold the correction
term &* within about * 1 Z.
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Fig. 2-5 Deviation of electron density (a*) due to
the gain difference of two FET amplifiers (8*) and
the normalized stray capacitance (4/Cpo).
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2.3 Collision Effect on Resonance Characteristics

When the electron-neutral collision frequency is not negligible
compared with the electron gyro-frequency and electron plasma frequency,
the parallel resonance frequency is deviated from the upper hybrid
resonance frequency, together with the effect of collisional broadening
of the resonance. Consequently, the electron density value deduced from
the parallel resonance frequency should be corrected. Figure 2-6 shows
the probe capacitance 1in eq. (2.3) normalized by the capacitance in
free space. As the collision frequency increases, the frequency ta give
minimum value of the probe capacitance, indicated by dots, increases and
the resonance is gradually flattened out. The correction factor o
defined in eq. (2.5) versus the collision is shown in Fig. 2-7. If the

gyro-frequency 1s less than the plasma frequency or the collision
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Fig. 2-6 Collisional damp-
ing of resonance and reson-
ance frequency shift. Dots
indicate minimum points of
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frequency, the asymptotic solution of this value is given by

V1 + 282 -1

5 -(2.8)

o' =
where £ = v/Il,. The electron density N, 1s equal to (1 + a')'lNe*.
This correction factor is very small except in the lower ionosphere
below about 100 km.

2.4  Impedance of Antenna in Inhomogeneous Plasma

The plasma in space around the antenna is considered to be homo-—
geneous on a scale of the antenna dimension. It 1s necessary, however,
to examine the behavior of the antenna impedance in an inhomogeneous
blasma because the ion sheath is formed around the vehicle when the
vehicle's body acquires a negative charge. The error in the electron
density measurement with r.f. probes due to the density gradient 1is

also appreciable in the laboratory plasma experiments.
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(A, u,9)

Fig. 2-8 Prolate spherical coordinate system.

It is considered here that the local plasma frequency is a func-
tion of position, the sheath electrostatic field being expressed in the
prolate spherical coordinaté system (A, 4, ¥) as shown in Fig. 2-8. The
cylindrical antenna (length L and radius rj) is approximately re-

presented in this coordinate system as
o = (L/2)/c (2.9)

where c=/@/2)Z - raz.

The metric coefficients hy, hz2, and h3 are given as follows,

hy = /(A% 43 /(A% - 1) ,
he = /%= u*)/ A - p?) | (2.10)
h3 = ¢/(A% - 1) (1- p?)

If the equipotential surface is assumed to be ) = constant and the
static magnetic field is perpendicular to the electrostatic field, the
specific admittance of a volume dt(hyhzh;dudAd¥) is
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jwe(A, u, ¥YYhohsdud¥

T (2.11)

where €(A, U, ¥) is a dielectric constant. The total admittance of an
antenna is obtained by integrating the specific admittance over all space

outside the antenna, then,

oo

= 1 f dA ]...1
2
192 a0 1T e, w, HO? - Ddpay

(2.12)

For example, when a dielectric constant is that of free space, €p, the

admittance of an antenna in free space is easily calculated as

jw2regL
cosh™} (L/2xy)

(2.13)

When inhomogeneity of plasma such as density gradient or gradient
of the static magnetic field exists in u and V¥ directions, the above
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formulation is not an exact solution. To estimate the effect of den-
sity gradient in measuring an electron density from the parallel reson-
ance frequency of antenna impedance, it is useful to compute the frequ-
ency response of the admittance given in eq. (2.12). Figure 2-9 shows
the admittance of a cylindrical antemna (L = 2000 mm and ra = 5 mm) in
plasma, in which the radial gradient of the electron density distribu-—

tion function is assumed as

Ne ={ O° Ao <A <2ds (2.14)
Neo exp{(Ag = A)/D}, Ag < A

where the sharp boundary sheath model is employed, Ag 1is the distance
of the sheath boundary from the antenna surface, and D is the 'e-fold
distance of electron density gradient. The parallel resonance just co-
incides with the upper hybrid resonance corresponding to the maximum
electron density. When the density gradient in u direction is assumed,
the electron density deduced from the parallel resonance is not the value
of maximum electron density but an average value of the distribution

' function. In this case, deviations of measured electron density from the

maximum value Neo can be calculated. The results are shown in Fig. 2-10,
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Fig. 2-10 Deviation of elec-
tron density due to density
gradient in the y direction.
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assuming an exp(- |u|/D) type of the electron density gradient, where
D is the e-hold distance of the electron density gradient normalized by
L/2. As evident from this figure, when the normalized e-hold electron
density gradient D 1is unity, the electron density deduced from the
parallel resonance frequency is lower than the local maximum density
about -~ 40 Z.

In the sounding rocket experiments, the density gradient is mainly
caused by the sheath region around the antenna. In this case, since the
density inhomogeneity is considered to be radial gradient and the ambi-
ent plasma is homogeneous, the measured electron density shows the value
of ambient plasma density. Considering the case of an antenna in a
rocket wake region which is produced by the vehicle motion or the case
that a part of an antenna is covered by the ion sheath around the
vehicle's body, the density gradient along the antenna axis or the
azimuthal density gradient should be considered. In the laboratary ex-
periments, as it is generally difficult to generate homogeneous plasmas
in a scale larger than the antenna dimension, the above-mentioned cal-
culations must be introduced.

When the gradient of the static mangetic field in the probe axis
direction expressed by the form B(z) = Bo/(z + zo) + Boo where By,
Boo and 2o are constant, the admittance of an cylindrical antenna is
computed from eq. (2.12). This is the integrated form of the specific
admittance given in eq. (1.44) along the z-axis, when the angle o of
the static magnetic field with respect to the z-axis is T/2 and the
electron gyro-frequency is a function of z. The specific capacitance
in eq. (1.42), i.e., eoHez/Qez, decreases with increase of magnetic
field intensity. The contribution of sheath capacitance to the total
admittance becomes to be negligible when o2 << Qe2, because the spe-
cific capacitance of a plasma becomes to be much smaller than the spe-
cific capacitance of the ion sheath. Consequently, the sheath effect
on the admittance of an antenna is neglected in the following calcula-
tions. Figure 2-11 shows the antenna capacitance normalized by that in
free space for the inhomogeneous magnetic fields. The frequency shift
and the broadening of resonance are caused by the inhomogeneity of the

applied magnetic field. Experimental results (described in Chapter III)
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agree well with this calculations.

(v)
(c)

ARBITRARY UNIT (C/Co)
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Fig. 2-11 Damping of resonance and resonance frequency
shift due to the inhomogeneity of applied magnetic field.
The cylindrical probe length 62 cm, zo =1 cmy, and
Boo = 4.6 gauss.. Three curves are corresponding to the
magnetic field §radient; the parameters of By [gauss.m]
are (a) 1 x 10™" (b) 4.5 x 10=2, and (c) 9 x 10-2.

2.5 Impedance of Antenna in Warm Magnetoplasma

There have been known some evidences that the admittance of an
antenna changes its values at the harmonics of the elecfron gyro-
resonance frequency. This admittance change cannot be predicted by the
cold plasma theory. The second harmonic of gyro-resonance was‘first dis-
covered by the Kappa 8-15 sounding rocket experiment ( M. Ejiri and
T. Obayashi?’). V. F. Meltzer and H. H. Rabben?? also detected this
second harmonic resonance. The third and}higher harmonics effects on
the antenna admittance has been revealed in our laboratory experiments.
In the most simple configuration of the parallel plates along the static
magnetic field, the admittance of the probe is well represented by y, ¥
given in eq. (1.39). Figure 2-12 shows the capacitance of the probe as
a function qf frequency. Two cases are considered; plate distances are

d=0.1m and 1.0m but their capacitances in free space are the
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same, the collision frequencies

£y = 0.01 Miz and  0.50 Miz. '\ CAPACITANCE OF
The plasma frequency, the gyro- ‘ q i PLATES
frequency, and the electron _ / “

temperature are 5.00 MHz, 1.18 55102 . f:g?:?g:?::
MHz and 1000°K, respectively. 8 Te : 1000°K
For simplicity, the wave num- E

ber k 1s selected to be con— 2 10

stant value of 2q/d. For the % /¢7ﬁ7"’——
casse d=0.1m and fv = o N\ A7

0.01 MHz, a sharp resonance E ) ! /

effect appears at the harmonics s 0.1

of gyro-resonance. This indi- Ezgj:

cates that, as the parameters dl'oz}? sfH4jH? 5f,6fy 7fn
§' (dimension of the probe 0 1 éT 3 f& ’5 % ; é’ 0
system / Larmor radius) de- SWEPT FREQUEIJJI:ng (MHz)

creases, the cold plasma the-
Fig. 2-12 Capacitance of parallel

ory cannot be applicable. The plates in warm plasma.

warm plasma theory is essen~

tial for such computation of the antenna impedance.

§ 3. Mutual Impedance Prjobe System
3.1 Instrumentation

The mutual impedance probe consists of two whip antennas, which
are made up a transmitter-recelver antemna system. The swept frequency
signal of constant voltage or constant current is fed to the transmit-
ting antenna and the signal intensity of the resultant near field is
detected by the receiving antenna with the pre-amplifier of the high
input or low input impedance. Figure 2-13 shows the block diagram of
measuring circuits for self and mutual impedance in Lambda 3H-5 sound-

ing rocket experiment. The swept frequency range is from 0.2 MHz to
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Fig. 2-15 Block diagram of mutual impedance probe system.

10.0 MHz and the applied constant voltage to transmitting antennas (T1,
T2 and T3) 1s 0.1 Vyps. The r.f. electric field is detected by the re-
celving antenna (R) with its input resistance of 200 kf and capacitance
of 7.8 pF. Similar experiment was also carried out by Lambda 3H-6 sound-
ing rocket. The rdcket borne instruments are shown in Fig. 2-14. Elec-
trical circuits of this probe system except the antenna network circuit
are much the same as that of the gyro-plasma probe.

In the laboratory experiment, the receiver with low input impedance
of 75 Q and the coaxial feeder of 3C-2V are used to match the output and
input impedances of the oscillator and the receiver. The block diagram
is shown in Fig. 2-15. The parallel cylindrical antennas set in a close
4istance is designated "Two Wire Probe". In general, the cylindrical
antennas perpendicular to each other and the parallel mesh discs with a

movable distance are used for mutual impedance probe.

3.2  Mutual Impedance in Magnetoplasma

To obtain the characteristics of the receilved signal intensity as
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Fig. 2-16 Equivalent circuit for mutual impedance probe system.

a function of frequency, a simplified model of the probe system is con-
sidered as follows. The transmitting signal is fed to the antenna
through the coaxial cable which is terminated by the characteristic
impedance/ Zo. The receiving antenna is also terminated by Zo. The
equivalent circuit for this probe system is illustrated in Fig. 2-16.
Cp and Cpm are the capacitance of a antenna and the capacitance be-
tween two antennas in a plasma which are the functions of frequency.
e 1s the induced voltage, i.e., e = - j (M'/Zp)Vy, where M' and Zp
are the mutual inductance between two antennas and the self impedance
of a antenna. Cgt and Cpt are the stray capacitances. Vg, Vi, V
and VR are voltages at the points indicated in the figure.

The input voltage VR to the detector of the receiver 1s expres—

sed as

VR = Vexp(- Y =V (2.14)

v Comt Cme - Cm ™~ (Cst+Cp) (Co+CptComtCst+ont)

and Co + Cp + 2Cpy + Cst + 2Cpr

* Vo (2.15)

where Cy = (ijo)‘l, Cm = (- ™M), V¢ 1is an output voltage

of the end of coaxial cable when an antenna is removed;
Vo = Vg/(cosh YL + sinh YR) = Vg, (2.16)

Y and & are the propagation constant and the length of a coaxial
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Fig. 2-17 Received signal intensity as a function of
frequency. fE = 3 MHz, fy = 1.18 MHz, fy = 0.05MHz,
and Te = 1000°K. Probe distance is 0.1 m, and Cp,
=5pF, Cgt =1PpF, Cu = 0.5 pF, and M' = 0.25 uH.
Sheath capacitance is assumed to be 30 pF.

cable; ' the condition, Y& << 1, is assumed in eqs. (2.14), (2.15)

and (2.16). Figure 2-17 shows the calculated received signal intensity

versus frequency under the condition; fp = 3.0 MHz, fy = 1.18 Mz,

fv = 0.05 MHz, T, = 1000°K, and the distance between two antennas

0.1 m. The abrupt sheath model is employed and the sheath capacitance

is assumed to be 30 pE.
tance between two antennas in free space are 10 pF and 5 pF.

inductance M' 1is selected to be 0.25 pH. The plasma is considered as
the dielectric medium which has a dielectric consﬁant given in eq. (1.34)
for cold plasma or eq. (1.38) for warm plasma. In Fig. 2-17, the solid
curve shows the ratio of the received signal intensity to the input volt-

age in warm plasma, and the dashed curve shows that in cold plasma appro-

The capacitance of an antenna and the capaci-
The mutual

If the mutual inductance is neglected, the intensity ratio is

ximation.
The effect of higher harmonics of the gyro-

given by the chained curve.
resonance upon the received signal intensity can be clearly demonstrated
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in the figure. The frequency of the parallel resonance is shifted from
fuur = (fp2 + fH?)l/z. The comparison with the experimental results 1is
described in the next chapter.

8§ 4. High Frequency Capacitance Probe System
4.1 Instrumentation

The probe in a plasma being used as a capacitance in the LC tank
circuit of the Hartley-type oscillator, the change in ,oscillator frequ-—
ency is related to the electron density of a plasma. The choice of
oscillator frequency in free space well above the upper hybrid resonance
frequency and the collision frequency, permits simplification in both
the theory and the instrumentation. The typical Hartley-type oscillator
circuit diagram is illustrated in Fig. 2-18. Cp 1is a probe capacitance
and Co 1s a fixed capacitance which controlls the range of frequency
change. This type of oscillator has such advantages that 1t is possible
to oscillate in low voltage @O.ZVPP) and that a negatilve potential can
be applied to both electrodes of the capacitor Cp- To suppress the
thermal drift of frequency, the oscillator is covered by the thermal
insulator and controlled by the electrical heater, the observational
temperature being kept a constant.
The change in oscillator frequen—
cy Af 1is ohtained as

Af = fp* | Cpo (2.17
h 2fy Co + Cpo -17)

where fg¢ and Cpo are the osci-

llator frequency and the probe ca—

pacitance in free space, and the

condition, fo2 >> funr’® and

2 )
fv®, 1s assumed. Consequently, Fig. 2-18 Circuit diagram of the

Af is 1inearly proportional to Hartley~type oscillator.
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Fig. 2-19 System block diagram of the capacitance probe
onboard S 210-6 sounding rocket.

the electron density value. The compromised choice of the oscillator
frequency is also required, because the sensitivity of the frequency
shift is inversely proportional to the oscillator frequency, while a
more complicated theoretical calculation is needed for a low operating
frequency.

In the present experiments, the technique for counting the frequ-
ency shift has been employed as shown in Fig, 2-19. This system has
two channels. In the channel 1, the frequency difference, subtracting
a constant frequency of the crystal controlled oscillator from the oscil-
lator frequency, is demultiplied by the binary chain and transmitted
through the FM-FM telemetry as a subcarrier frequency. The frequency
of the crystal controlled oscillator and the number of the binaries are
determined such that the allowable change in frequency is within the
given frequency bandwith. In the channel 2, the same type oscillator
(0SC 2) is provided. The frequency difference between 0SC 1 and 2 is

measured precisely by using a gated counter and directly transmitted as

- 66 —



binary bits using the VCO channel of FM-FM telemetry system. The sever-
al kinds of d.c. potential are applied to the sensors. The use of a
deep negative potential to the probe provides the inflight calibration,
giving the frequency of oscillator in free space, so that any systematic
drift in the oscillator frequency due to environmental changes could be
adequately corrected. Langmuir characteristics of probe current versus
applied voltage are obtained simultaneously when the saw-tooth voltage
is applied to the probe. The change in frequency response to the appli-
ed potential give the information about the sheath. !

4.2 Design of Electrical Circuits

The Hartley circuit consists essentially of a grounded-base ampli-
fier having a tuned collector load. Conditions to be fulfilled for the
amplifier of this type are; (1) the amplitude of current fed back to the
input be the correct value to obtain the corresponding output, and (ii)
the phase of the fed-back current be in phase with the output, hence
giving positive feedback. ,

In the capacitance probe, the silicon N-channel unjunction field
effect transistor (3SK28G) are used. This type of the transistor feed-
backoscillator is very similar to a vacuum tube oscillator. The basic
Hartley circuit, without the biasing network, is shown in Fig. 2-20 (a);
part (b) is the diagram as a four terminal network. The condition of

oscillator can be expressed in terms of the admittance matrix as

Y11 Y1

<0
Y21 Ya» (2.18)

where Y31, Y12, Y21, and Y32 are the input admittance, reverse
transadmittance, forward transadmittance, and output admittance, re-
spectively. Considering the conductance g of the condencer C 1in a

plasma and the complex admittance matrix of the transister, i.e., yi

=81 + jwey, Yr = g t+ Jwecp, yg = gf + jmcf, and yo = go + jweo,
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Yi Yr
G 3w
—— Fig. 2-20 Hartley oscillator; (a)
o a.c. equivalent of Hartley oscillator
and (b) representation as the four
terminal network.

Li|+M 2 HM

L
M

C
(b)

frequency is deduced from eq. (2.18).

2
W? = 1+A/B (2.19)

C(L,+L,+2M)+pg (L, L,-M2) +(Lyc o+l o -Mep-Meg)

where Ag = (8480 — 8.8¢) +8(8y + 8+ 8 + 80>
A _ (L1L2-M2){cico—chf+C(ci+cr+Cf+co)}_
BZ  (C(L +Lo+2M)+Ag (L Lo-M2)+(Loco+lycy Mo, Meg) 2

When g << 10~! mho, the frequency is approximated by

2 1

wé =
C(L:1 + Lo + 2M)

. (2.20)

The condition of oscillation is also found to be

grt8e—28 s> Li1+M
Lo+M, 2 Lo+M, 2, ~ LotM
git(Giy soHrGED Yl
Li+Lo+2M | LiLo#M? 5
C (T (Lohny  LBes
(2.21)
vhere  J8c E(gite)c (g te)ci—(gs-8) e (8s—B)Cy

Since the term zgc is negligible compared with the other terms, and
gr << g and g, << gy 1in the low frequency approximation, the con-

dition given in eq. (2.21) becomes to be

&F  _ (Li+Lp+2M) | g > LitM
gg (Li+D (LA gy = LM

(2.22)
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If g=0, eq. (2.22) 1is reduced to the well-known formula;

g +
f (= hy) LH (2.23)

where hy 1s a forward current amplification ratio of the transistor.
This value should be large enough to satisfy the inequality of eq. (2.23).
The index of stability of the oscillation 1is defined as a ratio of
the left hand side to the right hand side of eq. (2.22). The index of
stability decreases with the Increase of the conductance of the probe in
a plasma. Using the parameters of 3SK28G, Fig. 2-21 shows the relation
of the index of stability with respect to the conductance. The index
of stability is usually chosen to be greater than 25 for the stable
oscillation. The conductivity is deduced from the imaginary part of
permittivity in eq. (1.34). The oscillator of the capacitance probe 1is

STABILITY OF HARTLEY-TYPE
OSCILLATOR

[U
o
-

[U
-

STABILITY OF OSCILLATION

1 I | |
107° 107° 1074 1078 1072
CONDUCTANCE g (mho)

Fig. 2-21 Index of stability of Hartley-type oscillator versus
conductance of the capacitor. (C = 30 pF, L; =3 uH, L, =

0.33 yH, gy = 20 umho, gf = 9.2 mmho (3SK28G)). k 1is a
coupling factor of L; and Lj.
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found to be always stable in the ionosphere, while unstable in the lab-
oratory plasma when the electron density becomes greater than 107 em™3
at the collision frequency about 1 MHz.

- To design the electrical circuit, some stabilizations of the oscil-
lator frequency have been considered; (i) to increase the Q value
of LC tank circuit, (i11) to increase the ratio of C to L, (iii) the
reactance stabilization to compensate the changes of y parameter of
the transistor, (iv) to stabilize the quiescent point of the load line

of the transistor by the stabilized d.c. power supply.

4.3 Collision Effect on Electron Density Measurement

Since the electron-neutral collision frequency is greater than the
plasma frequency below the altitude of about 85 km in the lower iono-
sphere and the oscillator frequency is usually chosen to be 10 MHz to
15 MHz in the § 210 sounding rocket experiments, the linear relation of
the change in oscillator frequency given in eq. (2.17) should be cor-
rected in the lower ionosphere where the condition, fo2 >> fvz, is
not satisfied. As mentioned above, the imaginary part of the permit—
tivity of a dielectric constant does not contribute to the change in
oscillator frequency because the conductance is much less than 10~ 'mho,
the usual probe dimension being assumed. Using the real part of per—
mittivity deduced from eq. (1.34) and the condition, £o? >> fyugp?,
eq. (2.17) is rewritten as

£,2 C £,2

Af ~=P_ . __~P0 -y
1 3 )
fo +f\,

287 ' Go ¥ Tor (2.24)

To evaluate the correction factor due to collision, the model col-
lision profile in the lower ilonosphere is adopted from the values given

by J. S. Belrose and I. A. Bourne.?2®®

If the oscillator frequency in
free space 1s taken to be 14 MHz, the condition that the correction
factor is equal to or less than about 10 % is satisfied in the region

above 70 km.
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As for the effect due to ion sheath formed around a probe, the
capacitance probe has such disadvantage as to measure the very low elec-
tron density where the Debye shielding length becomes much longer than
the probe dimensions. The oscillator frequency is, also, shifted due
to stray capacitance of a sensor and temperature drift of the electri-
cal elements. Consequently, it may not be appropriate to measure the
absolute value of electron density otherwise to measure the fine struc-

ture of electron density variations.
§ 5. R.F. Response of Ion Sheath

In this section the ion sheath formation around a probe in a plasma
is investigated. It is assumed that neutrals, ions and electrons are in
thermal equiliblium and isotropic, and that the earth's magnetic field
will be neglected. Furthermore, the variation of the equilibrium po-
tential low enough to let electrons adjust their density instantaneously
to the ambient potential, but high enough to let the ion density remain
the same. In the fdllowing analysis, the plane probe without an edge

effect is considered.

5.1 Sheath Formation around a Body in Plasma

A body immersed in plasma rapidly acquires a negative charge be-
cause random electron currents are greater than random ion currents.
The accumulation of charge is limited by the negative potential which
develops between the body and the medium, and equiliblium with the me-
dium is established when electron and ion currents become to be equal.
This equilibrium potential is called "floating potential"., The differ-
ence of the densities between electrons and ions, in turn, results in
the equilibrium of the potential in the sheath region which is well

represented by the Poisson's equation.
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For the quasi-static condition where the mean free path is larger
than the probe and the sheath dimension, the Boltzmann's law is applied
to the electron density. Assuming a Maxwellian velocity distribution
of electrons, the electron current density, Jg, to a surface at poten-—

tial V with respect to the plasma is given as (V< 0, q > 0)
KT
Je = - Noq(EEﬁﬁl/z exp(qV/KTe), (2.25)

where No 1s ambient plasma density and - q 1s electron charge (q >

0). The electron density, N, at potential V can be expressed as
Ne = No exp(qV/kT,). (2.26)

As for the ion distribution, lons accelerated through the pre-sheath
region have the drift-Maxwellian velocity distribution function as

M
2MKT4

M
2kT4

f(u,v,w) = ( )S/Zexp[— {u4+(v-vo) 24w?}] (2.27)

where v 1s the component of the velocity vector perpendicular to the
probe surface, and vo(= vKTo/M) 1s the ion velocity acquired through
the pre-sheath region where the quasi-neutrality holds. Then, the ion

current density J4i 1s calculated as

Ji = No'q f vf (u,v,w)dudvdw
- 1, KTi1/2
= Noqeexp(- E){Gjﬁp + vol, (2.27)

1
wvhere Ng'(= Ny exp(~ E)) is the densi;y at the boundary edge of the
pre-sheath region. The fon density Nji is determined by the equation

of continuity;
Nivi = No'vo (2.28)

and the ion velocity vji 1is calculated by the conservation of energy,
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1
%Mviz +qV = 5 M(vip + vo®) + qV; (2.29)

where V (= - KTe/2q) 1is the potential at a point of the pre-sheath

boundary.269

If the ion thermal velocity v, is negligible compared
with wvo, the ion density, Ny, at potential V 1is calculated from

eq. (2.28) and eq. (2.27) as
Nj = No exp(- 3) * (kT/2qV)*/2. (2.30)
The Poisson's equation can be expressed as

VY = - g: Ny - No). (2.31)

5.2 Sheath Capacitance of Plane Probe

Once the patential distribution in the sheath region is obtained
by solving the Poisson's equation, the capacitance of a probe is easily
deduced as the 2nd derivative of the potential with respect to the
distance, r, and the paotential at the probe surface (see Appendix A);

A=§%l:-=-%§-(%§)|o (2.32)
where C 1is the capacitance, S the probe area, Ap = (eoKTe/Neqz)l/z;
the Debye length of medium, x = r/Ap, and y = qV/kTe. Suffix o
indicates the quantity at the boundary of the probe surface. Using eq.
(2.26) and eq. (2.30), the Poisson's equation given in eq. (2.31) is
rewritten as

d2

ex -
2 YT o

1
(y < - 5). (2.33)
where e = 2.71828..... (Napier's number). Since the quasi-neutrality

holds in the pre-sheath region where 7y 2 1/2, boundary conditions

at the surface of sheath are given, approximately

- 73 -



d%y/dx? = dy/dx = 0 where y = - 1/2 (2.34)

Then, the normalized capacitance A 1s expressed in the following form,

(-2qy) 7} /%- exp y (2.35)

M) = e vray /ey 72 exp(a/Zn VT

If the ion density in the sheath is assumed to be constant and same as

the ilon density in the ambient plasma, eq. (2.35) 1s glven as

l ~expy
Ay) = P . (2.36)
{2(exp y =y - 1)}/
Figure 2-22 shows the normaljzed capacitance A; given in eq. (2.35)
and A; given in eq. (2.36) versus the potential on the probe surface.
The normalized capacitance decreases with decrease of the potential
because of the increase of the sheath distance or radius, as is eyident

in the figure. The equivalent sheath radius is given by )‘D/A'
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5.3 Change in Floating Potential due to Applied High Tension
R.F. Field

When the high tension r.f. field is applied to a body the equili-
blium potential of the body is affected and changes its potential to
satisfy the quasi-floating condition of electron and ion currents;
that is,

27
37 [, Ue (et sin ut) + Iy (Vp) }u = 0 (2.37)

where Vg and V, sin wt are the floating potential and the applied
r.f. potential with angular frequency w. The electron current density
1s given as (see eq. (2.25))

KT
Je = - Noq() !/ Zexp {f%; (Vg + Va sin wt)}

Jeo explid— (Vg + V5 sin wt)l, (2.38)
e

while the ion current density, assuming vgp << vo, 1s deduced from
eq. (2.27)

KT
I3 = Nga (G %exp(- ) = 3y, (2.39)

From eqs. (2.37), (2.38) and (2.39), the change in floating potential
AVf is

KT v
AVg = Vgo - Vg = Te 2n Io(q—T:) (2.40)

where Vgo 1s the floating potential without an Impressed r.f. field
and I, 1s a modified Bessel function of order zero. Figure 2-23
shows the variation of Ave versus r.f. potential V,;s, for wvarious
electron temperatures. This temperature dependence of the change in
AVg as a function of applied r.f. potential, has been utilized to the

r.f. electron temperature probe.27%°27!
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Here, the transient response of floating potential is formulated
for the case that r.f. potential, V, sin wt, 1s applied. Denoting
that potential with respect to the plasma, capacitance, charges, elec-
tron and ion current densities, and surface areas are Vi, Ck, Qk, Jek
and Jikx, and Sp (k = 1 and 2), the derivative of Qp gives the total
current,

d z d
- Q = 3¢ z CkVk = z @ k+Jik)Sk' (2.41)
dt £, , dt 42y, k=1,2

The following dimensionless quantities are introduced;

=aV1 = WNVa
y KTe ° a KT, ° (2.42)

and the parameters,

qA qA ADCk o= S»
’ S14S2°

= —D = —D =.
Ae tokTa Jeos Aqp EokTe Ji0> Ak Sk (2.43)

and it is assumed that ion current density is equal to the dion
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saturation current density, i.e., J3; = Jg, = J4,. Using the
relation that V2 = V; + V5 sin wt, eq. (2.41) 1is written as

L0((1-8) My+8A2) y+8h 2+ sinwt }=Acoexpy +{ (1-6) +Sexp (a-sinut) Ay,
(2.43)
where A1 = A1 (y) and Az = A2(y + a*sin wt). For simplicity,
A1 and Az are assumed to be equal to A, which means that the capaci-
ty of each body is determined by its surface area and unperturbed sheath
thickness. Then, eq. (2.43) 1is reduced to

%E(y+5a'sinmt) = Ayexp(y)+Azexp(y+acsinwt)+A; (2.44)
where A1 = (1-8)Aeo/A, Az = 8Agy/A and A3 = Ajo/A. This dif-

ferential equation can be solved analytically under the initial condi-
tion that y = yo at t=0.

At
y = A3t-Ga-sinmt~2n[e'YO+-%f- l%i 3 +(8'Ly(6a)+819(6'a))
® sinZa A eA3tgin(2nut+a, ) A
2] (DM - 2%) (8'I5n(8a)+ Izn(8'a)
n=1 SVAS+Hhn w2
cosza2 A, efAstcos ((2n-1)wtto )
- n=1 _ 22 2n=1/ ,ot - '
Do 8vAZ+(2n-1) 2u? (8"Lan-y (80)=615p-, (8721)]
(2.45)
Az nw
where sin o = s cos = s
" VAl e on V/AZtn?w?
and §'=1-6.

In the rocket experiment, the body 1 and 2 are considered to be the

vehicle and the probe, and them § << 1. The above equation becomes
-yo,A Ast )
y = Ast = IV (1-e77) (1+ 15 To(a))] (2.46)
The equilibrium potential is obtained as (t »> ),

y = yo - 6Ip(a) (2.47)

- 77 -



(a)

14

13

12

NORMALIZED PROBE POTENTIAL ly,!

11 T, =1000°K
No=10%cm™?

10 AA=25
V.=1.0 Volt

9 1¥01=4.76
(a) A=1

8 (b) A=0.1
(c) A=0.01

T

ol | | | 1

0 0.1 . 0.2 0.3 0.4 0.5

TIME (sec)

Fig. 2-24 Change in quasi-equilibrium floating potential
due to applied r.f. potential. (T, = 1000°K, No = 1 X 10°
em™3, ion molecular weight AA = 25, and V5 = 1.0 volt).

where yo 1is the floating potential at t = 0. The second term of
the right hand side of eq. (2.47) is the effect of applied potential.
From eq. (2.45), the time constant of potential y, i.e., e-hold time,
is given approximately as,

qA

- 1 D
T A €oKTe Jio- . (2.48)

1
As
When the equilibrium potential y decreases, A also decreases (see
Fig. 2-22) and the time constant increases. Figure 2-24 shows the
change of the quasi-equilibrium potential yg, defined by eq. (2.37),
when the r.f. potential with the amplitude of 1.0 volt is applied be~
tween a body and a plasmé. The curves (a), (b) and (c) are for differ-
ent time constants corresponding to the different normalized capacitances,
A=1, 0.1, and 0.01. Figure 2-25 shows the time response of poten-

tial y in the same condition of Fig. 2-24 for the operating frequency
1 MHz. The quasi-equilibrium potential ygy 1s indicated by the dashed
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Fig. 2-25 Change in body's potential; frequency 1.0 MHz.

line.
This potential change causes the deformation of the ion sheath.

This modulation effect is essential not only to the r.f. probe, but

also to any static analyser in the rocket and satellite experiments,
when a high tension r.f. field is applied to the sensor immersed in

a plasma. The above calculation is not self-consistent, because it is
assumed that A 1is a constant value to solve the differential equa-
tion and then A 1is varied as a function of the potential y. The
analytical expression given in eq. (2.45), however, reveals the changes
in potential y and quasi-equilibrium potential Ye» which is obtained
by integrating eq. (2.45).
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Chapter III  R.F. PLASMA PROBE EXPERIMENTS IN LABORATORY PLASMA

§ 1. Introduction

Various experiments of r.f. plasma probes have been carried out in
laboratory plasma which has the electron density of 103 to 10° cm—?
and electron temperature less than about 4 X 103 °k. This tenuous
plasma with low electron temperature has been made possible by the
development of high vacuum techniques and a particular plasma source.
The back diffusion type plasma gun is employed as the plasma source to
simulate the condition in the upper atmosphere. A large plasma chamber
at the Institute of Space and Aeronautical Science, University of
Tokyo272 has also been used for the present experiments.

Measurements of antenna impedance in a plasma have been made by
using the gyro-plasma probe and the mutual impedance probe. The elec-
tron density is deduced from the measured upper hybrid resonance frequ-
ency. The effect of higher harmonics of the gyro-resonance on the anten-
na impedance is revealed. The excitation of electrostatic wave from an
antenna and its propagation characteristics have been investigated. The
Bernstein mode wave is identified from the observed dispersion charac-
teristics of the wave, propagating perpendicular to the magnetic field.2%!
The antenna impedance in a plasma with an inhomogeneous magnetic field
is measured with the gyro-plasma probe and compared with the aforemen-
tioned theory given in section 2.4, Chapter II.

The electron density 1s also measured by the high frequency capa-
citance probe. The frequency change characteristics versus the bias
potential applied to the probe show the maximum at the space potential.
The dependences of frequency shift on the electron density and the
applied magnetic field are presented.

The comparison of the gyro-plasma probe, the mutual impedance probe
and the Langmuir probe has been carried out. Values of electron density
deduced from the gyro-plasma probe are in good agreement with the results
obtained by the Langmuir probe, its space potential being determined by

273

the r.f. method developed by T. Dote. The methods of correction for
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electron-neutral collision and density gradient, discussed in the gyro-
plasma probe system in section 2, Chapter II, have been confirmed.

A body moving in a plsma with a velocity higher than the ion ther-
mal velocity produces a wake region behind the body itself. The wake of
this kind produced by the spacecraft in an ionospheric plasma has been
studied both theoretically and experimentally by many scientistg??"72825109
since 1960. The model experiment in the laboratory plasma for simulat-
ing the moving body 1s made by employing an ion beam with supersonic
velocities. The back diffusion type plasma gun and the solar wind sim-
ulator are used for this purpose. Several implications of this wake
effect to measurements by r.f. plasma probes as well as electrostatic

probes are described.

§ 2. Generation of Plasma in the Space Simulation Chamber
2.1 System of Space Simulation Chamber

To simulate the space plasma, it requires rather large volume and
homogeneous plasma; its dimension should be, at least, comparable with
some tens or hundreds of Debye shielding length and of the characteris-
tic wave length. The vacuum vessel with 600 mm in diameter and 1000 mm
in length has been utilized as a space plasma simulation chamber. The
system block diagram is illustrated in Fig. 3-1. The 6-inch o1l dif-
fusion UHV (ultra-high vacuum) pump (PUL-06) with the chevron type buf-
fle cooled by water is used as a main vacuum pump, followed by the 2=
inch o1l  diffusion pump (PUL-02) and the rotary-vane pump (PVD-150).
The liquid nitrogen trap is equipped at the top of the main pump. The
titanium getter pump (PGT-12) is equipped as a final sublimation pump.
Boiled water flows through the copper pipe surrounding the vacuum ves-
sel, and the mantle-heater and the ribbon heater shield the manifold
and the vacuum gauge, for baking the equipment. These arrangements are
essential to attain ultra-high vacuum. The ultimate pressure of this
system 1is designed to be less than 3 X 10~? torr. Figure 3-2 shows
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Fig. 3-1 System of space plasma simulation chamber.

the pumping sequence and the characteristic curve of pressure in the

vessel.
The copper wire coil is wound round the wall of the vessel (stein-

less steel) to produce a homogeneous magnetic field. The magnetic field

intensity changes its value from 0.3 gauss to 9.5 gauss, linearly

proportional to the applied current from O A to 1.0 A. The scanning

arm controlled externally, is installed to fix or sweep the antenna, at

any position in the vessel.

Selected pure gasses such as helium, neon, argon and nitrogen can

be injected into the high vacuum vessel through the liquid nitrogen trap,

except for, Ay and N, eliminating the mixture of Iinpurities. The
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gas pressure in a range from 10~? torr. to 10™° torr. is controlled by
two ways,; (1) the pressure balance of differential pumping between
pumping speed and gas flow speed which can be adjustable by the varia-
ble needle valve or thé variable leakage valve, (i1i) some amount of gas
is to be introduced after closing the main exhaust valve. To obtain a
stable plasma, the gas pressure should be maintained constant during

the experiment.

The large-scale space chamber is available at the ISAS. The size
of its main cylindrical vessel is 2000 mm in diameter and 3000 mm in
length. A set of Helmholz-coil is equipped to apply homogeneous
static magneéic field (about 0.4 gauss to 100 gauss) in the direction
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parallel to the axis of the vessel. The vessel is made of non-magnetic
material (stainless steel). A residual gas back pressure of 10~° torr.
is attained, using two 36-inch  o0il diffusion pumps, a titanium sub-

limation pump and a small sputter ion pump. The antenna can be moved
by the scanning arm which can mechanically move to any desired position

in the vessel.

2.2 Plasma Source and its Characteristics

Many types of plasma source are available to simulate the space
plasma condition in the laboratory. Most of them are concerned
to generate high density and high temperature plasmas, which are relevant
to the study of controlled nuclear fusion. The space plasma in the pre-
sent study is, however, concerned with rather tenuous and low electron
temperature gas. The so-called back diffusion type plasma gun has been
developed to simulate the plasma of the earth's ionosphere.

Figure 3-3 shows the back diffusion type plasma gun used
in the space simulation plasma chamber. Hot cathodes coated Ba0

or tantalum metal are used as electron emitter filaments. Emitted

B,
>

190

Fig. 3-3 Back diffusion type plasma gun.
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electrons are accelerated by the potential difference between the grid
Gl and G2, and they act fo induce the gas discharge. The produced ions
diffuse backward with electrons emitted from filaments, the ambipolar
diffusion. The electron density can be controlled by the electron cur-
rent flow to the filament, grid Gl, grid G2 and plate P, and the gas
pressure. The characteristic curves of electron density versus plate
current with various other parameters are shown in Fig. 3-4 (a) and (b).
The electron density increases monotonously with increasing plate and
grid currents, until the pressure reaches a certain level. The stabili-

ty and reproducibility of electron density values are excellent.

10 10

91 9l
IE, sl G.P.=1.5%10"3*Torr 's 8 I..,=100 mA
"2 6.7%10"*Torr P
X 7t X7 80
E 6} 5.0X10"*Torr t 6 60
[%2] w

. =]
. 20

z 4 a=50mA _ z 4
[~ I.,=60mA [~
= 3 ’ = 3
Q - [&)
[:l.] . m
42 a2 G.P.=50%10"" Torr

1k 1 Il:l=50mA

! i L ! { 1 L Lo 1 » 1 | ]
0, 20 40 60 80 100 120 140 160 207 40 60 80 100 :
- PLATE CURRENT (mA) PLATE CURRENT (mA)-
@ RN

Fig. 3-4 Electron density versus plate current.. Argon plasma 1is .
-produced by the back diffusion type plasma gun with tantalum metal
cathodes (filament current 170 A and grid Gl current 50 mA);

(a) grid G2 current 60 mA and G.P. the gas pressure, and (b) gas pres-
sure ‘5.0 10' , torr. and I, the grid G2 current.

-85 ~






Fig. 3-7 Capacitance
of antenna when the mag-
netic field is applied;
(a) 0.42 gauss, (b) 2.1
gauss and (c) 3.1 gauss.
fygr = 5.7 Hz, 7.9 MHz,
and 10.3 MHz. fSHR = 4.1
MHz, 5.9 MHz, and 8.7
MHz.

[pF]

CAPACITANCE

1 2 3 45 6 18 10 17 1

SWEEP FREQUENCY [MHz]

Langmuir probe, which yields the values of 1.18 x 10°® ecm~® and 2400 °K.
The relative error of electron density values measured by two probe meth-
odes is * 3.2 Z. 1In the experiment (b), fygr = 2.98 MHz  and then
Ng = 9.29 x 10* em™3. As is evident in this figure, characteristic
peaks are found near 2nd, 3rd, and 4th harmonics of the gyro-resonance
frequency. These resonance peaks are well-understood by the theory of a
warm magnetoplasma discussed in section 2.5, Chapter III.

When a homogeneous magnetic field is added, both upper hybrid reson-
ance and gyro-resonance frequencies increase. Figure 3-7 shows the changes
of resonance frequencies for three different applied magnetic field inten-
sities. The upper hybrid resonance frequency changes according to the
relation as fuar = /?ﬁfl—EET. The calculated fp for three cases,
5.58 MHz, 5.26 MHz, and 5.53 MHz, agree with each other within T 5 Z.
When the magnetic field intensity is large, 3.1 gauss in the case (c),
the sheath resonance frequency is found to be very close to the gyro-
resonance frequency. This fact indicates that the contribution of sheath
capacitance to the total admittance of an antenna becomes negligible
when the strong magnetic field is applied, i.e., He2 << Qez, as
discussed in section 2.4, Chapter II.

Inhomogeneous magnetic field can be superposed by a small rectangu-
lar coil (250 mm X 300 mm) set near the antenna tip. The intensity
changes inversely proportional to the distance along the antenna axis.
The homogeneous static magnetic field (3.45 gauss; fy = 9.67 MHz) is
applied by the helmholtz coil in the nitrogen plasma (Ne = 8.65x10%cm™%),
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Fig. 3-9 Self impedance measurement by gyro-plasma probe (a), and
the received signal intensity (0 dB = 0.1 Vi o) obtained by mutual
impedance probe (b). Left side; Ng = 1.4 X 10° cm‘3§ ngR = 3.70
MHz, and fy = 1.55 MHz. Right side; Ng = 1.5 % 10° em™, fypr
= 4.30 MHz, and fyg = 2.22 MHz.

function of frequency is compared with the capacitance of antenna meas-
ured by the gyro-plasma probe, as shown in Fig. 3-9. The resonances
corresponding to fgyr, fyyr and 2fy are identified in the received
signal intensity, especially a marked change at the 2nd harmonic gyro-
resonance frequency.

In the second experiment, a disk mesh sensor with 195 mm in diamet-
er is used as a transmitter, the swept frequency signal being applied
through a coaxial cable terminated to the ground by the low impedance
of 50 2. The disk plate with 100 mm in diameter is used as a receiving
antenna, which is movable approximately perpendicular to the applied
magnetic field. Two methods are used to detect the electrostatic mode
wave propagating in a plasma; one is square-law or linear amplitude de-
tection system (ASD). The input potential to the receiver is considered

to take the form as
ery = Aa(r)sin(wt+d1)+B,exp(-kir)sin(wt+k, *r+d2) (341)

where k = k. + jky is a wave number vector, r the distance from the
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transmitter, ¢ and ¢2 the initial phase shifts, and A (r) and B,
the amplitudes. The first term of the right hand side of eq. (3.1) re-
presents a directly coupled potential between two antennas and the
second term stands for electrostatic wave propagating perpendicular to
the magnetic field line, Landau damping being neglected. The d.c. out-
put of square-law detector is (Ba* = B,*exp(~ky°r))

eouT * g fo ery dw

= 2(A2(r)+B32)+a, (r)Bicos (ky*T+h2—01) . (3.2)

The PSD system has a ring modulator to multiply the input signal by the
same frequency signal with a selected phase of ¢3 = ¢; + ©/2 and a

constant amplitude Cg,,

1 2"
eQUT = 57 fo ery °* Ca*sin(wttds)dw

= 2 B} Ca cos(ky rHdo-3). (3.3)
Figure 3-10 shows the outputs of the electrostatic mode wave obtained
by ASD and PSD methods. From this record, the wave length is deduced
to be approximately the same values of 13.67 cm (ASD) and 13.92 cm (PSD),
and ki = 0.
When the antenna position 1s fixed and the frequency 1s swept, the

output of received signal intensity shows the plasma resonance phenomena.

COMPARISON OF ASD AND PSD
f=3.0MHz

Fig. 3-10 Electrostatic wave forms
measured by ASD and PSD methods. Argon
plasma; gas pressure is 1.8 X 10-*
torr., Ne = 3.0~3.1 x 10° em~®, T,
=928 °K, and By = 0.7 gauss. f =
w/2m = 3.0 MHz,

ASD

20 cm

LEVEL [ARBITRARY UNIT)

DISTANCE
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Fig. 3-11 (a) Received signal intensity as a function of frequency:
fg = 1.96 MHz, f, = 4.92 ~ 5.03 MHz, fyyg = 5.30 ~ 5.40 MHz, f,, =
27 kHz, r = 1.45 em and Ap = 0.4 cm.
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Figure 3-11 (a) shows some examples of data obtained by ASD method, the
distance between two antennas being fixed to be 19 cm, 34 cm, 50 cm,
and 65 cm. -Besides the decrease of the received signal intensity, a
complex interference pattern appears, which changes with the distance.
The results of received signal intensity measured as a function of dis-
tance are summarized in Fig. 3-11 (b). The effect of an electrostatic
wave propagation is recognized above the electron gyro-resonance frequ-
ency, with large amplitude oscillations in the frequency region, 1<
f/fH < 2. The intersect spectrum of this figure (b) at a fixed position
gives the same spectrum as figure (a). That is, the received signal
intensity, measured by the mutual impedance probe, is affected by the
phase mixing of the electrostatic mode wave. The dispersion relation
(frequency versus wave number) is illustrated in Fig. 3-12. This w - k
diagram indicates that the electrostatic wave excited by a transmitter
is the Bernstein mode wave propergating perpendicular to the magnetic

field. The dispersion relation of the Bernstein mode wave for various

o-ufenliat 8-

— ASD f,/f,=2.55
4t —PSD f,/fy=2.30

SOLID LINE fp/fy=2.24

FREQUENCY (f/f.)
w
\

2
1 L L L L Il T..:-n L
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 ° . s L L
ﬁ:klvo/w" thyvy/ee)
Fig. 3-12 Dispersion character- Fig. 3-13 Dispersion relation
istics. Solid line is a disper- of the Bernstein mode wave.
tion curve of electrostatic Bern- (after F. W. Crawford et al_zea)

stein mode wave for fp/fy = 2.24.
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parameters (llo/Qe)? is illustrated in Fig. 3-13 (after F. W. Crawford,

et al.?®3). This gives an experimental evidence for the theory of

mutual impedance of an antennas in a warm magnetoplasma, discussed in

section 3.2, Chapter II (see Fig. 2-17).

3. 3 High Frequency Capacitance Probe Experiment

Basic experimental study of a
high frequency capacitance probe
has been made to develop the rocket-
borne instrument. As noted in sec-
tion 4, Chapter II, the frequency
shift of oscillation is a function
of permittivity of a plasma be-
tween two electrodes, which includes
the effect of an ion sheath surround-
ing the probe. The thickness of an
ion sheath can be controlled by d.c.
potential applied to electrodes.

The parallel mesh plates with 80
mm in diameter and spacing of 34
mm was used as a sensor. Figure
3-14 shows the bias potential de-
pendence of the oscillation frequ-
ency for different electron den-
sities as a parameter. The poten-
tial at the maximum frequency shift

is found to be the space potential,

9.88 x 10% [cm~?]

7.79 % 10° [cm~')

7.29 x 10% [cu™?)

IN  VACULM

! 1 L

-30 -20 -10 0 10 20 30

Fig. 3-14 Frequency shift of
capacitance probe versus applied
bias potential.

above which the frequency decreases again due to the electron sheath.

The oscillator ceases to oscillate for very high electron density. As

the conductance g increases, the condition of oscillation stability

given in eq. (2.22) becomes to be unstable. The change in oscillation

frequéncy at the floating potential with respect to electron density
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Ne=4.53%10%cm™?, fp=6.04 MHz,
£0=9.08 MHz.

is shown in Fig. 3-15. The gyro-resonance freqdency (fyg = 1.29 MHz) is
negligible compared with the oécillator frequency in free space (fo =
9.08 MHz in this experiment).

The permittivity of a plasma approaches unity when a strong mag-
netic field is applied parallel to the plate surface i.e., §a >> Il
and w. If a collision frequency 1is neglected, the oscillator frequ-

ency of LC tank circuit is given as

T R R Iy A LR S EWD

where w} = 1/LC; and C = Co€yEyxy. Figure 3-16 shows the oscil-
lation frequency as a function of magnetic field intensity. The elec-
tron density of an argon plasma is 4.53 x 10° em™? (fp = 6.04 MHz).

Solid 1line indicates the theoretically calculated frequency, and the

values obtained by the experiment are given by dots. The measured

values deviate from the upper branch of solid lines near the crossing
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point of wg = Qe and the oscillation becomes unstable. 1In the region
where e >> w and I, the oscillation is, again, stable and the
frequency coincides with the lower branch of solid lines. The mecha-
nism of this transition has not been clearly understood, but if the
frequency w deviates far ffom that of free space &o, the quality
factor of LC tank circuit is very low and the oscillation becomes to
be unstable.

The most essential problem concerning the high frequency capacitance
probe is how to eliminate the effect of the ion or electron sheath.
Stability of the oscillating frequency is also important for the accura-

cy of electron density measurement.

3.4 Comparison of Electron Density Measurement with R.F. and
D.C. Probes in Laboratory Plasma

Measurements of electron density with three different kinds of
probes, i.e., Langmuir probe, gyro-plasma probe, and two-wire probe,
were made to compare with each other. The argon and helium gases are
used, which are generated by back diffusion type plasma guns with BaO
cathodes. The gas pressure is controlled in the range from 1.3 X 10-3
to 4.7 X 10”2 torr., electron density from 2 x 10" em=® to 1.7
x 10° ecm~®  and temperature from 500 °K to 1500 °K.

The Langmuir probe measures electron and ion currents collected by
the spherical probe with 50 mm in diameter, the applied potential being
supplied from a triangular voltage generator. The space potential of
plasma can be determined by the electron saturation current at inter-
secting point of two Langmuir curves representing the electron satura-
tion region and the retarding potential region. Another method to de-
termine the space potential is the r.f. method which measures r.f. cur-
rent response of the probe. The detected signal indicates a maximum
intensity at the space potential. The electron saturation current Ig,
at the space potential can be, thus, determined. Unless the particle
distribution function in a plasma is Maxwellian, there are some differ-

ences in values of space potential determined by two methods. The r.f.
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Fig. 3-17 Langmuir curve for (a) Maxwellian and (b) non Maxwellian
distributions. Upper trace is the semi-logaritlmic plots in arbitrary
unit (after T. Dote).

method is more reliable technique than the other, because of the deform-
ation of the Langmuir curve due to non-Maxwellian distribution. Figure
3-17 shows typical examples of the Langmuir curve corresponding to the
case of Maxwellian distribution (a) and non-Maxwellian distribution (b),
together with the r.f. current response intensities. The measured elec-
tron density, when the gas pressure is rather high, must be corrected,
taking the shielding effect into account, i.e., multiplying the meas—
ured values by the factor {1 + Rp(1 + Ae/Rp)/Ae)}, where R, is a
probe radius and Ae the mean free path of electrons.

The gyro-plasma probe with a cylindrical antenna (L = 300 mm, rj,
= 10 mm) was used to measure the electron density; a swept frequency
range is from 0.8 MHz to 10 MHz, a period 0.3 sec, and an amplitude of
r.f. potential applied to the antenna 0.1 V.. The collisional effect
must be taken into account for the resonénce frequency shift in a plasma
when the electron neutral collision frequency is high. The collision

frequency is calculated as a ratio of thermal mean velocity to the mean
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TWO WIRE GYRO-PLASMA
PROBE PROBE

Fig. 3-18 Raw data obtained
with the two-wire probe (after
H. Mori) and the gyro-plasma
probe.

free path which is deduced
from the collisional cross
section of the particle.?%"
/\N/f‘"_—"———\\ The two-wire probe con-~
6 sists of two parallel wires
/\/'--v—‘/——~\* with 300 mm in length and 2
7
A

mm in diameter, and the spac-

ing of two wires is 70 mm.

1 | | The frequency is swept from

’l A 1 ' l A
0123456789 1234 6 810 0 to 10 MHz and the signal
SWEPT FEQUENCY (MHz)

supplied to the transmitting
wire through a coaxial cable with a characteristic impedance of 75 §i.
The electron density is deduced from the frequency at main dip (minimum)
of the received signal intensity, assuming that this is the upper hybrid
resonance,.

Figure 3-18 shows the data obtained by the gyro~plasma probe and the
two wire probe. The electron density decreases in numerical order indi-
cated on the curves. The data of the two-wire probe show rather complex
intensity spectrum, which are corresponding to the large wave number k
discussed in section 3.2, Chapter II (see Fig. 2-17).

The results of electron densities obtained by three probe methods
are summarized in Fig. 3-19, 20, and 21. The letters indicated on the
data points represent the different plasma conditions; B, C, D, J, K,

L, N, and O for argon plasmas, and F, H, P, Q, R, S, T, and U for
helium plasmas. The comparison of the gyro-plasma probe and the Langmuir
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Fig. 3-19 Comparison of electron
densities measured by the gyro-
plasma probe and the Langmuir
probe.
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Fig. 3-20 Comparison of electron

densities measured by the two-wire
probe and the Langmuir probe.
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Fig. 3-21

Comparison of electron

densities measured by the two-wire
probe and the gyro-plasma probe.
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probe is shown in Fig. 3-19. A good agreements within a relative error
of ¥ 20 % is obtained in the electron density range from 10" em™? to
10® em~3. Though the physical principles of these two methods are dif-
ferent, i.e., r.f. response of a plasma and collection of charged par-
ticle in a plasma, thecoincidence between these two methods is remark-
able. The comparisons of the two-wire probe and other two probe methods
are shown in Fig. 3-20 and 21. The systematic deviation of the measured
values is found; the two wire probe gives the higher electron density
value than the other methods, especially in low electron density plasmas.

This 1is caused either by the mis-identification of resonances and/or

frequency shifts from the principal resonance frequencies, fypg and nfy.

3.5 Wake Structure behind a Body in Plasma Stream

A back diffusion type plasma gun (BaO cathode; filament current of
66 A and voltage of 4V) which produces proton or argon plasma with high
speed ion streams?®® was used to simulate a moving body with super sonic

velocity in a plasma. The solar wind simulator2®®

produces a proton
stream by r.f. discharge and subsequent select of ot ions through the
Benett-type mass spectrometer. This apparatus was also employed for the
purpose of this experiment. A disk plate obstacle with 190 mm in diam-
eter was set in front of the plasma source to obstruct the ion stream.
The ion beam flux intensity (Njvj particles/cm?+sec) behind the obstacle
was measured with a Faraday cage collector with 40 mm in diameter which
excludes electrons by negative potentials applied to four grids. Only
the ion current collected by the plate is amplified by 10® (160 dB) with
an operational amplifier. In the present experiment, the output poten-

tial of 0.2 volts corresponds to the flux of 1 X 10° particles/cmz'sec.

Experiment with Back Diffusion Type Plasma Gun Figure 3-22  shows
the distributions of ion flux intensity at different particle velocities.
Vp is an accelerating voltage applied between the filament and the grid.

z shows the distance of a measuring point from the obstacle. As the ion
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Fig. 3-22 V, dependence of wake Fig. 3-23 Pressure dependence of

structure behind the disk obstacle. wake structure. Argon plasma .is
Proton gas pressure = 1x10-% torr. wused and z = 64 cm.

beam velocity increases with increasing Vp, the ion flux increases and
the wake region becomes narrow. The pressure dependence of the distrib-
ution is shown in Fig. 3-23. The distance of the measuring point behind
the obstacle is 64 cm. The plasma condition changes as the gas pressure
varies. In the case of P = 10"° torr., the flat distribution is ob-
served and the wake region behind the obstacle disappears. As the argon
plasma is used in this experiment, the ion flux intensity corresponding

to the same accelerating voltage is much less than the case of a proton

plasma (see Fig. 3-22).

Experiment with Solar Wind Simulator The velocity of proton streams
can be determined by the amplitude of applied acceleration voltage Vg.
Figure 3-24 shows Vg dependence of wake structure behind the obstacle.
The wake boundary can clearly be identified by the enhancement of ion
flux intensity from which the angle of Mach cone are calculated to be
7.6°, 5.7°, and 3.8° corresponding to the acceleration voltage of 1 kV,
3 kv, and 6 kV, respectively. The ion density produced by this plasma

- 101 -



V. DEPENDENCE
103 |-
St § 0(;)OBSTACLE PLATE
b Ve=6 (kV} Q? 10 FLUX (1/cm*-sec)
& S X107
= 3
'"8 102} Ve=3 (kV) b
E 1
2 Ve=1 (kV)
& 5
z 10p Qg
o q
=)
d .2=80cm 100
+2=140cm 11
1 1
g 10 20 30 2 7 -
DISTANCE FROM CENTER (cm) z DISTANCE FROM
PLASMA GUN (cm)
Fig. 3-24 Vg dependence of wake Fig. 3-25 Wake structure behind
structure. Proton gas pressure = the obstacle. Vg =1kV, Rp-=
1x10~°® torr. and discharge r.f. 1.5kv, and P =1 X 10~° torr.

high tension Rp = 1.5 kV.

source depends on the acceleration voltage, because the flux intensity
ratio of Vgp and Vg2 1s not proportional to VEl/VEZ' The wake
boundary obtained in this experiment shows more distinct edge effect

than in Fig. 3-22. The reason may be that the electron temperature pro-
duced by r.f. discharge is much higher than that produced by back dif-
fusion type plasma guns. Figure 3-25 shows the fine wake structure under
the condition; VE = 1 kV, Ry (discharge r.f. high tension) = 1.5 kv,
and P (pressure) = 1 X 107 torr. The wake boundary shows the Mach
cone angle of about 5.7° which suggests the electron temperature of the
order of 5 x 10" °K, assuming the Mach number 1s simply defined as

a ratio of ion bulk velocity, VQEVE7§, to the ion sound velocity,
/Ef;7§. In the outside region of wake, the flux intensity shows wavy
structure, propagating to the z direction. Although physical mecha-
nism of this effect has not been explain theoretically, it is very like-
ly that some wave excitation may occur near the boundary of the wake

region.
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Chapter IV ROCKET OBSERVATIONS OF THE IONOSPHERE
WITH R.F. PLASMA PROBES

8 1. Introduction

A number of experiments of r.f. plasma probes have been carried
out since 1966, using Japanese sounding rockets such as S 210, Kappa 8,
Kappa 9M and Lambda 3H. The r.f. plasma probes such as gyro-plasma
probe, mutual impedance probe, high frequency capacitance probe have
been used to study the various plasma resonances in the lonosphere in
order to obtain the electron density and temperature profiles in the
altitude range from about 70 to 2000 km and also the ion composition in

the topside lonosphere,27231»106,287~289

The rocket launching station
is the Kagoshima Space Center (KSC), Institute of Space and Aeronautical
Science, University of Tokyo. The location of launching site 1is the
geographical coordinates of 131°04'45" east and 31°15'00" north, the
geomagnetic coordinates of 198.4° east and 20.0° north, and the height
above the sea level is 276 m. Series of experiments which were per-
formed up to now, are listed in Table 4-1, in which the instruments de-
noted by asterisks were taken in charge of other experimenters.

The observed data transmitted from the rocket to the ground station
through the FM/FM telemetry system are analysed with the precise rocket
trajectory to fix the time-space of each datum point. The position of
the rocket is measured by the radar-transponder equipment installed
onboard the vehicle and the ground-based radar equipment. In section
2, the method to determine the rocket trajectory is explained. The geo-
magnetic field is computed using the geomagnetic reference field, 22?0

Using the gyro-frequency determined by the calculated geomagnetic
field intensity, the ionospheric electron density is deduced from the
upper hybrid resonance frequency within an accuracy of *# 1 %Z. The high
frequency capacitance probe and the Langmuir probe also give the elec-—
tron density values. The results of all the measured electron density
profiles in the ionosphere are presented in section 3. The electron

temperature is also deduced from the probe admittance level at lower
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Table 4-1 List of sounding rocket experiments.

Launching Altitude

Time (JST) Range(km) Remarks

‘No. Rockets Date

1. L-3H-2 July 23, 1966 15:35 220-1800  GP#*#*%*
2. K-8-15 Jan 9, 1969 16:40 90-190 GP

3. L-3H-6 Jan 21, 1970 11:10 350-1850  GP,MIP
4. L-3H-5 Sept 19, 1970 20:30 300-2050  GP,MIP

5. K-9M-32  Sept 27, 1970 15:42 — GP (Failure)

6. $-210-5 Sept 28, 1970 10:20 — CP (Failure)

7. K-9M-35 Jan 23, 1971 20:20 180-340 GP,VLF*#*

8. $-210-6 Jan 21, 1972 11:24 70-110 GP, 1P, CP

9. K-9M-38 Jan 22, 1972 15:00 95-360 GP, TWP4VLF§*LP*
10. §-210-8 Jan 16, 1973 08:40 70-120 cp, LP

11. K-9M-41 Jan 19, 1973 18:00 95-330 GP

Abbreviation: GP = Gyro-plasma Probe, MIP = Mutual Impedance Probe,
CP = Capacitance Probe, LP = Langmuir Probe, TWP = Two-Wire Probe, and
VLF = VLF doppler method. Experimenters: *H. Mori, **I. Kimura, and
*%%H. Oya. JST is the 135°E meridian time.

8

frequency.10 Assuming a diffusive equilibrium distribution of electrons

208

in the topside ionosphere, the ion composition is calculated using the

measured electron density and temperature profiles.287

All these profiles
are also given in section 3.

In section 4, various plasma resonances observed by the gyro-plasma
probe and the mutual impedance probe are described. The upper hybrid
resonance is detected unambiguously by the antenna impedance measurement,
and this procedure is well-understood theoretically. The sheath reson-
ance is rather complex, coupled with the gyro-resonance and its harmonics.
An effort is made to explain its nature by the theory of a warm magneto-
plasma, as discussed in section 3.3, Chapter I and section 2.5, Chapter
II. Using Balmain's formula®?® for a short cylindrical antenna given in
eq. (1.46), H. Oya?®! predicted a new kind of plasma resonance, viz., a
modified plasma resonance, near the upper hybrid resonance. The experi-
mental data obtained by Lambda 3H-2 sounding rocket demonstrate distinct-
ly two parallel resonances, that is, the upper hybrid resonance and the
modified plasma resonance. It is shown that the angle 6 (8; the angle

of antenna axis relative to the geomagnetic field) dependence of this
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resonance frequency can be predicted theoretically. The modified plasma

resonance was discovered by this analysis.”6

Both amplitude and phase
of the antenna admittance changes its values appreciably near the har-
monics of electron gyro-frequency. This admittance change was recogniz-
ed by Kappa 8-15 sounding rocket experiment,?’ and confirmed by succes-
sive rocket experiments and also by laboratory plasma experiments as
described in section 3.1, Chapter III. '

The comparisons of electron density measurements with gyro-plasma
probe, VLF doppler method, two-wire probe, and Langmuir probe have been
made using Kappa 9M-35 and 38 sounding rockets. In the experiment of
Kappa 9M-35, the electron densities obtained by the gyro-plasma probe
and the VLF doppler method are in good agreement with each other. But,
some systematic discrepancies in measured electron densities were found
between the VLF doppler method and other probe methods in the experiment
of Kappa 9M-38. These experiments brought some problems on the sheath
formation around a rocket and its potential change due to an applied r.f.
high tension (see section 5.3, Chapter II). It also gives attention to
the behavior of the antenna impedance in an inhomogeneous plasma, viz.,
the case that a part of an antenna is immersed in a sheath region sur-
rounding a rocket body, as described in section 2.4, Chapter II. The
high frequency capacitance probe, the Langmuir probe, and the gyro-plasma
probe have been, also, compared with each other using § 210-6 and 8
sounding rockets. The results of these comparisons of various plasma

probes are presented in section 5.

§ 2. Data Processing System
2.1 Determination of Rocket Trajectory

The position of the rocket ;i (x4, yi» 2z4) corresponding to the
time ¢ty {is measured by the tracking radar equipment. Provided that

this measured data are exactly equal to the true positions of the rocket,

-5
there are two methods commonly used to determine the position x at
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time t (ty £t < ti+,)s (1) linear interpolation or extrapolation meth-
od using two vector points ;i and §i+1’ and (ii) parobolic approxi-
mation using three vector points ;i’ ;i+2 and ;i+é' The former is
equivalent to assume the constant vehicle's velocity between t; and
ti+1, and the latter is equivalent to assuming the constant gravita-
tional acceleration of the earth between ti and ti+4,.

The motion of rocket after burn-out in the very tenuous atmosphere
is well represented by the Kepler's law. The equation of motion in the

polar coordinate system in the vehicle's orbital plane (r, ¢), is

d? do u
_—dtg - r(——dt 2 .- = (4.1)
d .49 _

and pre (r dt) 0 (4.2)

where U = 398,603 x 10% m¥/sec? is a gravitational constant of the

earth. By integrating eq. (4.1) and (4.2), dr/dt is obtained as

% =z %[- 2Ep{(r - ay(l-ey)) (ay(ltey) - r)}11/2 (4.3)
where ay = - uE/ZET’

ey = (1 +2niEp/ud) /2,

and Ep and hg are integral constants for eqs. (4.1) and (4.2),
respectively. Equation (4.3) represents the elliptic trajectory of the
vehicle with the semimajor axis a, and eccentricity ey. Using an ec-
centric anomaly E as a parameter by solving eq. (4.3), the distance
from the center of the earth r ‘and the time T (T =0 at E = 0) are

given by the following well-known formulas,

r=a, (1 - ey°cos E), (4.4)
and = /:;%E (E - ey°sin E), (4.5)

Since the measured positions are given in the geodetic coordinates,
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the transformation of coordinate system from geodetic to geocentric co-
ordinates and vice versa must be introduced. This procedure 1is also
necessary for the analysis of the satellite orbit, and they are described
in section 4, Chapter V.

After transformation to the geocentric coordinate systems, the
angle, 14, of the vehicle's orbital plane relative to the meridian
plane at KSC is deduced using the spherical trigonometry as

13 = sin”! (sin M\*/sin A9), (4.6)

and Ad

cos'lfsinwo'sin(wo+Aw)'cosAk+coswo°cos(wo+Awo)},(4.7)
AN* = cos™ {1 + sin? (Yo+AY) - (coshA— 1)}, (4.8)

where Yo 1is the geocentric colatitude of KSC from the north pole, Ay
the angle difference of colatitude between the measured position and
KSC, and AX that of east longitudes, taking account of the earth's
rotation speed (4.3752695 x 10™° radians/min). The angle 1, is de-
termined by averaging all the calculated values 1j corresponding to the
measured positions. The inverse transformation from (i,, A®) to (AY,

A)) is given as

MY = tan™! (tan A® * cos 1o), (4.9)

111 + cos{sin~!(sin A®+sin 1,)} - 1

and AX = cos >
sin®(Yo + AY)

1. (4.10)

Similar calculations are performed about the integral constants hg

and Er, that is,

N
1 r{ +ry-y.2 , A%y - APy,
hg = = . 4,11
E =Y izl( > ) €1 = ti1 ( )
1 Nyprg-rg e 2y 2hg?
and Ep =% L 5eh’ - E_ 4 > (4.12)
N {=14 Tty rytry_, (ri+ri-1)

where the suffix 1 denotes the value measured at time tj. From egs.
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(4.3), (4.4), and (4.5), the elliptic curve of the vehicle's trajectory
is determined in the orbital plane. Finally, the initial condition
rg =r (t = 0) 4is determined by the least square method, that 1s,

N
f(ro) = izl{ri - ety (4.13)

where r(ty) 1s the calculated position at time t4 using the initial
condition ro=1r (t=0).

The rocket trajectory is computed in terms of the time and the
position where the measurement was carried out at the time t. This
method, however, is not applicable to the lower altitude range where
the friction force due to the atmosphere decelerates the vehicle's ve-
locity. As it is simply assumed that the earth can be represented to
be an oblate spheroid, any anomalies of the earth's gravitational field
are neglected. The distance from the launch pad to the vehicle's posi-
tion projected on the earth's surface 1s calculated as a length of an
intersecting arc between a quadric (the earth's surface) and a plane

(the orbital plane) as given in Appendix B.

2.2 Computation of Geomagnetic Field

As noted in section 3, Chapter I, the gyro-frequency can be deduc-
-ed from the geomagnetic field intensity. The geomagnetic reference
field is expressed by a series of spherical harmonics in geocentric
spherical coordinates (r, ¥, Ag) with the geomagnetic potential V

and intensity components given by

lo0 n
a
V = ao nZI mz EHmtte B Op) PR, 418
_ 13V _ Y9 acintz ¥ m
X=o5 =" sinwn§1<r~) L Fan(p)D*PR()
-1 v _ 1

10 n
I ™2 T ne6Op PR,
= m=0

~ Tesing g | siny &,
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Fon(Ag) = g0 * cos mAg + hf} * sin mAg ,
Gam(AE)= 80 * sin mAg - hy * cos mp
DPﬁ(x) = dDR(x) /dx.

In the above expressions, Pﬁ(x) is the associated Legendre function

of the Schmidt quasi-normalized type defined by

1 eg(omm) 1 (A-x)™ 1/2 @R (x2-1)"
RO =y O mrmt ™ 19
with 1 for m=0
€n < { >
2 for m<1

and x = cos Y where Y 1s a geocentric colatitude measured from the
north pole. ag 1s the radius of the reference sphere (6371.2 km), r
the radial distance from the center of the reference sphere, and XE

the geocentric longitude measured eastward from Greenwich. X, Y, and
Z are the northward, the eastward and the downward components of the
magnetic field vector. gl and h% are the spherical harmonic Gaussian
coefficients, and the values proposed by J. C. Cain and R. E. Sweeney29°
are employed in this calculation. The total scalar intensity F and

the gyro-frequency fy; are obtained as
F=vVx2+Y2+ 22 (4.16)
and fg = 2.7992048 x F [MHz; F in gauss]

In computing Pg(x) and dPg(x)/dx, the following recurrence

formulas are introduced from eq. (4.15), as,

/_T_Z.[Zn—l)x°Pm (x)-/(n-1)2-n?*P2_ (x)] for 05mS-2

1
v (n+m) (n-m+1)

‘[2(m-1)- %-p‘g-‘ (x)=/(ntm-1) (n-m+2) - PR-2 (x) ]
for 2%msn, 4.17)
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m
@™ St o 4 @;_glz PU(x) - (4.18)
y

and ax =

The measurement of the geomagnetic field using the sounding rocket
was made by the flux-gate magnetometer onboard the Kappa 8-15. The com-
parison betwéen the measured geomagnetic field intensity?®? and the the-
oretically calculated ones has been performed, and the result is illus-
trated in Fig. 4-1. The error between computed values (solid curve) and
observed ones (dots) 1s less than 200 gamma, which, in turn, contributes
the error of the electron density value, deduced from fyyg, less than
about * 0.5 %Z. From the measured upper hybrid resonance frequency fynr
and the data for the vehicle's trajectory obtained by the radar, the elec-
tron density together with the observed position is calculated. The com~
puter-aided graphical displays have been performed. An example of the
output display from the X-Y plotter is shown in Fig. 4-2, using the data
obtained by Kappa 9M-35 sounding rocket. In this case, the eccentricity
of the trajectory is 0.98 and the semimajor axis is 3388.2205 km. The
electron density profile shows a remarkable wake effect, and the envelope
of local peak values is considered to be the profile representing the

true ambient electron density.

250
Magretic Field Along
- the K-8-15 Rocket
3 Trajectory
l- 230
2001 as (Jan. 9, 1969)

Fig. 4-1 Geomagnetic field intensity

150}~
E i along rocket flight path: Solid curve
s shows the theoretically computed values
E and dots indicate the observed ones
< 100p (Digital numbers represent the time
- after rocket firing).
50}~

425 sec

0 IV B SRR ST N A AT AT O B
(o] 042 043 044 045
Total Mognetic Field Intensity (gauss)
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Fig. 4-2 Output figures by computer-aided graphical display; (a)
electron density, (b) geomagnetic field, and (c) rocket trajectory.

8 3. Electron Density and Temperature Measurements in the Ionosphere

Using four kinds of sounding rockets, the electron density distrib-
utions in the ionosphere have been investigated. S 210 rocket is used
for measurement of the lower ionosphere in the altitude range from 70 km
to 120 km. The gyro-plasma probe, the high frequency capacitance probe,
and the Langmuir probe are usually installed. The gyro-plasma probe can
be used to measure the electron density above about 90 km, because the
electron-neutral collision prevents the resonance detection in the region
where the plasma frequency is less than the collision frequency. The high
frequency capacitance probe can measure the weakly ionized plasma, giving
the electron density in the lower ionosphere (70 km to 120 km) . The
Langmuir probe is to monitor the current density to the sensor. In the
latter two methods, the absolute electron density is inferred only when
it is compared with the electron density deduced from the gyro-plasma
probe or the foE of the ionogram. Kappa 8 and 9M rockets are designed
to measure the E, F1l and F2 regions in the altitude range from 90 km to

340 km. Lambda 3H rocket has the capability of 1ifting the payloads up to
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Table 4-2 List of ionospheric conditions.

Rocket Date and Solar Zenith K. Index Daily Solar Wolf Number
¢ Time (JST) Angle X[deg] P Flux Sa Rz Rz
§-210-6 11:24, Jan. 52.1° 6_ 127.9 78 79
5-210-8 08:40, Jan. 70.9° 2 93.8 11 43
K-8-15 16:40, Jan. 85.7° 1 183.3 152 112
K-9M-35 20:20, Jan. 129.6° 2 182.9 107 79
K-9M-38 15:00, Feb. 60.1° 2, 180.4 167 80
K-9M-41 18:00, Jan.  100.4° 3 94.8 47 43
L-3H-5 20:30, Sept.  120.6° 3t 134.7 98 93
L-3H-6 11:10, Jan. 52.7° 2 182.9 118 112

Note: X[degree] is the solar zenith angle, K, the geomagnetic index,
Sa[10722 Wm~2 Hz™!] the daily solar flux at 2880 MHz, Ry the relative
sunspot number, and R, the three month average of Rgz.

the altitude of about 2000 km. The electron density profile and the
electron temperature of the topside ionosphere above F2 peak are reveal-
ed by this rocket.

The parameters of ionospheric conditions such as solar zenith angle
X [degree], geomagnetic index Kp, daily solar flux at 2800 MHz Sa[Wm"2
Hz—l], and relative sunspot number R, for individual rocket experi-
ments are summarized in Table 4-2.

Typical rocket trajectories obtained by the radar are illustrated
in Fig. 4-3 (a) S 210-6, (b) Kappa 8-15, (c) Kappa 9M-41, and (d) Lambda
3H~6. The variation of the geomagnetic field along the trajectory 1is
given in Figs. 4-1 and 2 for Kappa 8-15 and Kappa 9M-35. For 3k-6 ex-
periment shown in Fig. 4-4, the geomagnetic field intensity varies in

the range from about 0.46 gauss to less than 0.2 gauss.

3.1 Electron Density Profile in the Ionosphere

Lower Ionosphere Using S 210-6 and 8, the electron density distri-

butions in the lower ionosphere were obtained. The results are
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illustrated in Fig. 4-5. The arrows in the figure indicate the corre-
sponding electron densities deduced from the critical frequencies foE
and foEg of the lonogram obtained simultaneously at KSC.

In the S 210-6 rocket experiment, the antenna of gyro-plasma probe
was located in such a position that the wake effect of electron density is
clearly seen in both ascending and descending cases. The maximum elec-
tron density of E layer was 1.5 X 10° cm™® which agrees well with the
value deduced from foEg, and its height about 107 km. Below the alti-
tude of 88 km, the upper hybrid resonance could hardly detected. Two high
frequency capacitance probes (CP #1 and #2) with different spacing of
parallel plates were used. Their sensors were mounted at the tip of arm
which was diployed at the top of the rocket. The electron density dis-
tribution obtained by the capacitance probe was not affected by the wake
effect in the ascending path, while the large electron density depletion
was observed in the descending path. The dotted circle denotes the esti-
mated electron density value deduced from the antenna admittance. The
fix-biased Langmuir probes (LP #1 and #2) were also equipped. The elec-
tron densities measured by three probe methods are in good agreement
with each other.

In the S 210-8 rocket experiment, the capacitance probe and the
Langmuir probe were installed. The coaxial mesh cylinder located on the
top of the rocket was used as a sensor. To modify the ion sheath, the
swept voltage was applied to the sensor. From the maximum frequency
shift, the absolute values of electron density are calculated and shown
in Fig. 4-5 (b) by the dots. The dashed line shows the value deduced
from the frequency shift at the floating potential.

As for the maximum electron density of E layer in the middle-lati-

tude, K. Maeda and S. Fukao!®® give the empirical expression as,

1.32 x 10%/ 1+0.01 R, (cos X)°" ¢, (4.1)

for summer, Np

for winter, N

1.34 x 10%/ 140.01 R, (cos X)°"*2.(4.2)

Using ionospheric conditions listed in Table 4-2, the corresponding Np
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Fig. 4-5 Electron density profile in the lower ionosphere.
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Fig. 4-6 Electron density profiles (Kappa 8-15).

are calculated to be 1.4 x 105 cm~? (S 210-6) and 1.0 x 10° cm™?

(S 210-8). These calculated values are in good agreement with the

observed ones.

E to F Region lonosphere Electron density profiles obtained by the
gyro-plasma probe onboard the Kappa 8-15 sounding rocket are illustrated
in Fig. 4-6. The value Np (5.9 X 10* cm~%) deduced from the verical
incident ionogram is indicated by the arrow. The calculated N, from
eq. (4.2) is 5.1 x 10" cm~3. A large electron density (Np = 2 X 10%em™?)
at the altitude of 94 km persisted during the rocket flight, in spite of
an obvious expectation of the reduction in electron density below E layer
according to the transition of local time in the evening ionosphere
(about a quarter of an hour interval). There exists a small trough be-
tween D and E layer both in the ascending and descending cases.

The structure of winter ionosphere and its diurnal variation were
measured with the series of rocket flights; Kappa 9M-35, 38, and 41. An
example of the raw data displayed by the computer-aided X-Y plotter is
illustrated in Fig. 4~2 (a). The results of three rocket observations

are summarized in Fig. 4-7. Along with these rocket experiments,
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Fig. 4-9 ° Diurnal variation of Fig. 4~10 Geomagnetic lati-
f¢F2 (Yamagawa, Jan. 23, 1971). tude variation of NpF2.

vertical incidence ionograms shown in Fig. 4-8 were simultaneously taken
at the Yamagawa Radio Observatory. In the case of Kappa 9M-41, the shad-
ow line is calculated to be an altitude of 106 km (X = 100.4°). The daily
solar flux S; and the Wolf number R, at that time were about half of the
values in other cases. The maximum electron density N,F2 obtained by
Kappa 9M-41 was much smaller than the others. The typical diurnal variation
of foF2 observed on Jan. 23, 1971, at Yamagawa is shown in Fig. 4-9.
Before and after the noon, the peak electron densities were observed,

and also after the sunset there was an enhancement of foF2. The N,F2
deduced from ionograms is indicated by the arrow in Fig. 4-7. It does
not necessarily follow that the measured value of NyF2 by the rocket-
borne’instrument coincides the value deduced from f¢F2, because of the
latitude difference of observations. The geomagnetic latitude dependence
of NyF2, obtained at the same time of Kappa 9M-35 rocket launching, is
illustrated in Fig. 4-10. The electron density at F2 peak is noticeably
iﬁcreasing towards the equator. The latitudinal variation of daytime
electron distribution in the F2 layer is discussed in Chapter VI using

the data obtained by the spacecraft REXS.
Topside Ionosphere The day and night-time electron density distrib-

utions in the topside ionosphere were measured by the gyro-plasma probe

onboard Lambda 3H-5 and 6 sounding rockets. Figure 4~11 shows the day-
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time ionospheric electron density profile (11:00 JST, Jan.). The slope
of the logarithmic electron density, which is proportional to the scale
height, changes with altitude. The scale height below 800 km
level 1is approximately 200 km, while above the 1200 km level it is 950
km. This indicates that the predominant ionospheric constituent is hy-
drogen aboveithe 1000 km level (theoretically predicted scale height is
about 1500 km for hydrogen atmosphere with temperature of 1000 °K). The
night-time ionospheric electron density profile (20:30 JST, Sept.) 1is
shown in Fig. 4-12, in which the arrow indicates the maximum electron
density of F2 layer (No = 5.2 X 10° cm °) deduced from ionograms. The
solid curve is the envelope of the measured data. Up to now, the observ-
ations of topside ionosphere with gyro-plasma probe were carried out three
times (Lambda 3H-2, 5 and 6). Figure 4-13 illustrates three observations
with different local times. The electron density distribution of F2
layer changes remarkably; the maximum electron density of night~time F2
layer is much less than that of day-time F2 layer. The systematic dif-
ference between day and night-time electron density distributions far
above 500 km level is not recognized from these experiments. These
electron density profiles can be well represented by the diffusive equi-~
11ibrium distribution?°® as described in section 2.3, Chapter I ( see
Fig. 1-11).
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3.2 Electron Temperature in the Ionosphere

Taking account the effect of the ifon-sheath formation around a probe
at the floating potential, the electron temperature is deduced from the
admittance of the probe. At frequency much lower than the sheath reso-
nance the admittance is pure capacitive, and an amplitude of admittance

represents an ion sheath capacitance. For the cylindrical sensor,

Csheath = 2T€oL/fn (rg/x,), (4.3)

where L and r, are the length and the radius of the sensor. The
radius of the sheath boundary rg can be deduced from this capacitance.
To determine the floating potential, Poisson's equation around the sen-
sor must be solved. Assuming one dimensional azimuthal symmetry in cy-
lindrical coordinates, Poisson's equation reduces to (see eq. (A.8) 1in
Appendix A)

B
g~

(x %ﬁ) =expy -1, (4.4)

where y = qV/kT, and x = r/AD. Here, it 1s assumed that the ion
sheath region is free from electrons, and that the ion concentration 1s
constant. The above equation is readily integrated under the initial
conditions; V(rg) = 0 and dV(rg)/dr = 0. And, V¢ is given as
v(0).

The electron current I, to the probe at floating potential is
calculated as a function of electron temperature, using Maxwellian dis-

tribution function.

Io = 2mrgLeJe, (4.5)

where Jo 1is given in eq. (2.25).

Considering the rocket motion relative to the environmental plasma,
the ion current collected by the vehicle's body 1is predominatéd by the
vehicle's velocity W. It is assumed that the ion particle velocity
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measured in the reference frame fixed to the moving vehicle is approxi-
mately W, because the ion thermal velocity is sufficiently small com-
pared with the vehicle's velocity. Following H. Oya and T. Aso,108 the
ion current collected to the probe is calculated as follows. The energy

and the angular conservation of a particle are hold as

1
2

N

M(ug + vg) = M(ug + v%) + qVg, (4.6)

sVs T TaVy 4.7

where u, v are the radial and the perpendicular velocity components,
and suffix s and o denote the values of the sheath and the probe
surfaces, respectively. As an ion which reaches the probe surface has

the positive velocity component wugq, .the following relation should be

satisfied,
va/b? - u2/a? <1 (4.8)
where a® = - 2qVg/M,
b =-_Ta . 24V
rg? - ry? Mo

The critical velocity v =b is the maximum limit of the tangential

velocity component of particle arriving at the body surface having zero
radial velocity component at the edge of the ion sheath, and u-=a

is the velocity acquired by the potential V¢. Therefore, the ion cur-

rent is calculated as

o0
I = NyqL * 2 jo rgu'-cosa do (4.9
where u' =Wsin ® and 6 is an angle between the cylindrical probe

axis and the direction of the vehicle's velocity. The angle oo is
determined so as to satisfy the equation (4.8) with ug = u'+cos a and

vg = u'*sin a.
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I ; for Wesinb < b,

w {2 122 2V y1/ay 1m0 > b, 0
i —1 - = ; for WesinB > b,
s rs( MW%+sin®0 ’
Then, 1y = { 2r LNjqW+sinb 2qv 1/2; for Wesinf < b’(4.ll)

2raLNjqWesinB(1 - ﬁaf:;;;fa) ;s for WesinB > b.

The floating condition is expressed as
Io + I3 = 0. (4.12)

From the above equation, the electron temperature in the ionosphere
was computed. The altitude variation of the sheath capacitance Csheath
in eq. (4.3) obtained by the gyro-plasma probe onboard Lambda 3H-5 rocket,
is i1llustrated in Fig. 4-14. The results of electron temperature profile
obtained by Kappa 8-15 rocket are shown in Fig. 4-15. The electron temper-
ature in E to Fl region is about 500 °K to 1000 °K. It shows large spatial
irregularities in the same way as the electron density profile due to the

wake effect. The electron temperature in the E region is rather high,
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ranging from 500 °K to 1100 °K. This

fact, as well as high electron concen-
tration of the D layer, may be impor-
tant clue to interpreting the radio

absorption anormaly. It is noted that

ALTITUDE (km)
T
e
1

* the present theory is only applicable
e * to the region where the plasma frequency

is much higher than neutral-electron col-

!
1000 2000 lision frequency, i.e., the region above
ELECTRON TEMPERATURE ('K} :
approximately 100 km. In the topside
Fig. 4-16 Electron temper— region, the night-time electron temper-
ature profile (Lambda 3H-5). ature profile obtained by Lambda 3H-5
is 1llustrated in Fig. 4-16. The elec-
tron temperature in the altitude range from 250 km to 850 km is about
1100 °K to 1400 °K. This value agrees with the electron temperature

293

deduced by the retarding potential analyzer. Above mentioned theory

is rather simple for the ion sheath, and it is necessary to establish
the sheath model taking consideration of the wake effect formed around

the probe itself.

3.3 Ion Composition in the Topside Ionosphere

As discussed in section 2.3, Chapter I, the topside ionosphere is
well represented by the electrons and ions in diffusive equilibrium

(see Fig. 1-11). Assuming that each ion is in diffusive equilibtium

above 500 km, the ion density is given by208
T d N
, = Ns . (—E0 )2 - [ —Z y(—&__
Ni(2) = Nio(oy)” exe - [ o) Goey) (4.13)

where 2z 1is the altitude measured from the reference level at 500 km,
and suffix ¢ denotes the value at the base. The scale height Hj of

the i-th ion species is given as a function of altitude
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Fig. 4-17 Electron temperature
profile measured by the retard-
100k ] ing potential analyzer.
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2

500G Tou 7000
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Hj(z) = KTo(z) /M 8. L (4.14)

Ions are considered to be consisted of 0+ da=1, He+ (i =2) and
+
H (1= 3), and their composition ratio at the base is taken from the

data given by S. J. Bauer,zgh that is,
Npo/Nio = 2.48 x 1072 and  N34/Np, = 1.01 x 107 1.

Introducing the density ratio of the i1-th ion with respect to the elec-

tron density as,
3
ni(z) = N;(z)/N_(2) = Yiniofioninio

3
where Yi = Ni(z)/_zoNio. (4.15)
1=

Hence, njye 1s calculated as follows; N0~ 0.88826, ny, = 0.02203,
and TN, = 0.08971.

The calculation was carried out in the case of Lambda 3H-5 rocket
experiment, using the electron density distribution given in Fig. 4-12
and the electron temperature distribution given in Fig. 4-17 which was

measured by the retérding potential analyser onboard Lambda 3H-5.2%73
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The ion composition ratios mnj, Tno and ng are obtained from eq. (4.
15), integrating eq. (4.13) numerically along the altitude. The result
i1s shown in Fig. 4-18. Below and above about 600 km, the main constit-
uent ion species changed from O+ to H+, while He+ ion was the minor
constituent. From Fig. 4-18, the mean molecular weight is calculated
and shown in Fig. 4-19.

$ 4. Resonance Phenomena observed in the Ionospheric Plasma

Various kinds of resonance effects on the impedance of an antenna
in a plasma have been investigated in laboratory plasma as described in
the previous chapter. In the rocket experiments, these resonance phe-
nomena have been observed by the gyro-plasma probe and the mutual im-

pedance probe. The modified plasma resonance was also identified, which

has not been observed in laboratory plasma.

4.1 Upper Hybrid and Sheath Resonance

The frequency characteristics of antenna admittance exhibit the
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Fig. 4-20 Altitude variation of amplitude of antenna
capacitance versus frequency (Lambda 3H-6).

parallel and series resonances which are identified with the upper
hybrid resonance (UHR) and the sheath resonance (SHR), respectively.
Figure 4-20 illustrates the output signal of the amplitude of antenna
admittance which was obtained by the Lambda 3H-6 rocket experiment.
The UHR and SHR frequencies decrease with increasing altitude corre-~
sponding to the decreasing electron density and the geomagnetic field
intensity in the topside ionosphere. The admittance value at UHR frequ-
ency represents a Q value of resonance. The admittance value is inverse-
1y proportional to the Q value. The maximum of Q value is observed at
the altitude of about 500 km in three Lambda 3H rocket experiments, and
at the higher altitude Q value decreases. This fact indicates that
there may be some dissipative mechanisms even in a collision-free plasma.
H. Oya?3®? has pointed out that the electrostatic wave excitation from
the antenna reduces the Q value of plasma resonance. An example of the
amplitude and phase variations as a function of frequency obtained by
the Kappa 8-15 rocket is shown in Fig. 1-17, in section 3.4, Chapter I.
The mutual impedance probe onboard the Lambda 3H-6 gave the trans-
mitted signal intensity as a function of frequency which represents the

mutual admittance of the transmitter-receiver antennas. Curves of
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Fig. 4-21 Records obtained by the mutual impedance probe; left, (a)
received signal level; (b) equivalent capacitance of single probe;
right, altitude variation of fyygr minimum.

signal level (0 dB = 0.1 Vrms) plotted against frequency are shown in
Fig. 4-21. A sharp minimum in the signal level is found near the upper
hybrid resonance frequency. The frequency at which the minimum occurs
changes with altitude, coincident with fyyp identified by the gyro-
plasma probe. In this experiment the change in received signal inten-
sity at the sheath resonance frequency was not detected, because of

level saturation of the receiver's amplifier near SHR frequency.

4.2 Modified Plasma Resonance

The total impedance Z(w) of an antenna in a plasma 1s expressed
approximately as a sum of two impedances, as given in eq. (1.47), viz.,
Z(w) = 1/juCg + Zp(w), where Z, is the impedance of the ambient
plasma and Cg 1s the effective capacitance of ion sheath. Under
collisionless conditions, resonances occur in the following cases; (i)
1 + jwCgZp = 0 and (ii) Zp = infinity. Condition (i) results in
the sheath resonance, while condition (ii) gives two resonances; one
is the upper hybrid resonance, WygRr = /ﬁ;ffl—ﬁzf, and the other the
modified plasma resonance, Wypr- Using Balmain's formula??°for a short

cylindrical probe immersed in a homogeneous magnetoactive plasma, H. Oya?
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predicted this modified plasma resonance, which occurs near the upper
hybrid resonance. From eqs. (1.46) and (1.47), the modified plasma

resonance frequency 1s expressed as

WMPR ='7%{(He2+9e2) + /He“+29e2He2c0526+Qe“}1/2 (4.16)

where 6 1s the angle between the probe axis and the geomagnetic field.

Fig. 4-22 The equivalent capacitance
of cylindrical probe at different aspect
angle 6 (after H. Oyazgl).

Theoretically computed curves of the probe

capacitance at different aspect angles 6 are
shown in Fig. 4-22, in which the upper hybrid

and modified plasma resonances are indicated.

The variations in the modified plasma reso-

nance frequency 1s represented by the para-
meter S(8), which is defined

- WOHR™WMPR _ 1 ., _ _1 —in?R2<in20y1/211/2
5(@) o 1all /§{1+(1 4a®B%sin?0) 12}/ 2] (4.17)

where a = lo/wggr and B = Qu/wyyg- The frequency of the modified
plasma resonance coincides with the upper hybrid resonance frequency
(S =0) when 6 =0°, and with the plasma resonance frequency (S = 1)
when 6 = 90°.

Typical records of the probe admittance (equivalent capacitance)
versus frequency are reproduced in Fig. 4-23, which were obtained by the
gyro—-plasma probe with a cylindrical sensor (L = 1600 mm, ry = 20 mm)
onboard Lambda 3H-2 sounding rocket. They demonstrate distinctly two

parallel résonances, that is, the upper hybrid resonance (UHR) and the
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Fig. 4-23 Typical records of the probe capaci-
tance versus frequency (Lambda 3H-2).

o}
10
201
30l - Fig. 4-24 Observed values of S(0)=
- (wygr-wypr) / (Wypr—Te) s with respect
3 40f = to the geomagnetic aspect angle of
; L \\:>H\\ the probe. The solid curve is the
: 0 theoretically computed values using
S 6ol h.ﬁ\ﬁ;q ionospheric plasma parameters at the
4 altitude of 730 km.
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-
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modified plasma resonance (MPR). The sheath resonance (SHR) appears as
a seriles resonance. The effect of parallel resonances are very pronounc-
ed when the sensor is located outside the rocket wake.

The angle of the probe axis with respect to the geomagnetic field
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line was deduced using a magnetic aspectometer onboard. The observed
values of S(8) are shown in Fig. 4-24. The solid curve shows the value
computed theoretically from eq. (4.17) for the case that I /2m = 2.54
MHz and . Qe/2ﬂ = 0.91 MHz, which are representative values at the
altitude of 730 km. It is evident that the observed resonance charac-
teristics are in good agreement with the theoretical predictions and

that the existance of a modified plasma resonance has been confirmed

experimentally.

4.3 Cyclotron Harmonic Resonance

In warm magnetoplasma, the specific admittance yl appeared in
eq. (1.46) plays a very important role; GSPec1allywhen the parameter
8" (dimension of the probe system/Larmor radius) decreases, the cold
plasma theory cannot be applicable. Theoretical considerations of the
cyclotron harmonic resonance effects on antenna impedance are given in
section 3, Chapter I, and sEction 2.5, Chapter II.

The second harmonic of gyro-resonance was first discovered by the
Kappa 8-15 sounding rocket experiment. Figure 4-25 shows the record in
which second harmonic gyro-resonance effect is exhibited both in ampli-
tude and phase of admittance. Series of the antenna admittance curve

versus frequency at different electron densities (different altitudes)

IMPEDANCE CHANGE at 2Fu

. by K-8-15
Y 300 [~
w +oo |- ..Phase .
S / ; ‘ Fig. 4-25 Amplitude and
g | e -, i Amplitude phase changes of antenna
= 30 % ; &
5 g : admittance (Kappa 8-15).
g 30" Phass
% 10 |- . |
O [ = w3
1 2Fn
| I PO FYPVS TN
| 2 3

FREQUENCY (MHz) -
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Fig. 4-26 = Records of second harmonic
cyclotron oscillation (ZfH) exhibited
both in amplitude and phase of admit-

. tance (a = 172 km, b = 170 km, c =

168 km, d
164 km, g

166 km, e = 165 km, f =
163 km).

are demonstrated in Fig. 4-26. It 1is
evident from the figures that the ampli-
tude and phase of admittance show appre-
clable changes at the second ayclotron
harmonic, 2fy when the admittance 1is

sufficiently low, 1.e., near the upper

hybrid resonance. This observed resonance characteristics agree well

with the aforementioned warm plasma theory and also with the results

obtained by the laboratory plasma experiments (see Fig. 3-6 (b) in sec-

tion 3.1, Chapter III). The 3rd and higher order cyclotron harmonics

Resonance at 24,

‘//f/\_/-ﬂ‘ '
e 250km

[ i 2 3 4561789
MHz

700km

’/v'\

760km r/m;\'
820km M
/\'\
"

24, Caleulsted

P

Frequency (MHz)

Fig. 4-27 Records obtained by the Lambda 3H-5 (a)

and 6 (b).
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2/, Caleulated
150 (k) ""‘#\f“"' Fig. 4-28 Change in received signal
intensity at 2fH (Lambda 3H-6).

1620 ooy
)
1808 ——TT———————
17 | are not detected because of the low frequency
v
response of the telemetry channels due to the
128 fﬂ. narrow band width of FM-FM telemetry systems

adopted in the present experiment. Examples

1180 of the second harmonic of gyro-resonance ob-
. tained by the experiments of Lambda 3H-5 and

" T' 6 are shown in Fig. 4-27, in which the arrow
+

indicates 2fy, calculated from the geomagnetic

' v field intensity. The admittance change at 2fy
1s not appeared in the records illustrated in

1617

L (mﬁ R Fig. 4-20, because the admittance change at
requency N

2fy 1s very small under the condition that 2fg << fygr  or  fyur

Pt
1

1
[

<< 2fg, as is expected from eq. (1l.46)and Fig. 4-26. In the experiment
of the mutual impedance probe, two sharp minima of the received signal
intensity appear in the altitude range above 1500 km; one is located at
fyHR and the other at 2fy, as given in Fig. 4-28. The agreement be-
tween the spike frequency and the theoretically computed 2fy 1is excel-
lent. There has no well-established theoretical interpretation of this
spike phenomena at 2fy.

In the experiment of Kappa 9M-38, the relation between the higher
harmonics of gyro-resonance, the sheath resonance and the upper hybrid
resonance was investigated. Figure 4-29 shows the variations of these
resonance frequencies versus the rocket flight time. The change 1in
admittance appears at the frequency between fsyr and fyygp. The frequ-
ency does not coincident with the theoretically calculated nfy. Figure
4-30 (a) and (b) show the variation of the resonance characteristics of

antenna admittance versus frequency at various sheath capacitances (a),
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and electron densities (b). The transition of the gyro-resonance 1is
clearly understood. This fact indicates that the higher harmonics of
gyro-resonance of the antenna admittance are largely affected by the
sheath capacitance and the electron density as is predicted from the

theoretical calculation given in section 2.5, Chapter II (see Fig. 2-12).

2 5. Comparison of Various Plasma Probe Methods

The measurements of electron density with three different kinds of
probes, i.e., Langmuir probe, gyro-plasma probe, and two-wire probe,
were carried out in the laboratory plasma experiment as described in
section 3.4, Chapter III. The values obtained by the Langmuir probe
and the gyro-plasma probe show a good agreement with each other, in
spite of the physical principles of the two plasma probe methods being
based on the different physical properties. In the rocket experiment,
comparisons of electron density measurement with gyro-plasma probe,
VLF doppler method, two-wire probe, Langmuir probe, and the high frequ-
ency capacitance probe, were performed by the Kappa 9M-35 and 38, and
the S 210-6 and 8 sounding rockets, to evaluate the reliability of each
method.

5.1 VLF Doppler Method and Gyro-plasma Probe

The VLF Doppler method?®17193 5 to determine the electron density
from £he Doppler shift of a known continuous wave due to the vehicle's
motion, viz., the frequency shift of VLF signals from the ground-based
station is measured by the instrument onboard the vehicle and telemeter-
ed to the ground. In the experiment of the Kappa 9M-35, a 40 kHz ground
signal (JG2AS) transmitted from Kemigawa Station (35°38'north, 140°04'
east) near Tokyo and a 22.3 kHz signal from North West Cape (21°49' south
114°10' east) 1in Australia were recelved by a loop antenna (0.091 mz, 20

).295

turns In the experiment of the Kappa 9M-38, a 17.4 kHz signal from
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Fig. 4-31 Electron density profiles obtained by the VLF
Doppler method (after I. Kimura and T. Tomimoto) and by
the gyro-plasma probe (Kappa 9M-35 and 38).

Yosami Station (34°36' north, 137°01' east) was received by the dipole
antenna (3 m in length from tip to tip). From the 22.3 kHz source in
southern hemisphere, two signals were received by the rocket; a down-
coming signal which propagated to the rocket along the magnetic field
line and an upgoing signal which propagated through the earth-ionosphere
wave guide and then upward through the ionosphere to the rocket. The
Doppler shift can be detected with a precision of * 2 % for most of the
time of rocket flight except near the apex and in the lower part of the
iénosphere.

The cylindrical antennas (600 mm and 1150 mm in length and 15 mm
in diameter) was used as a sensor of the gyro-plasma probe which was
standarized to measure the amplitude of antenna admittance. The elec-
tron density is deduced from the measured upper hybrid resonance frequ-
ency and the results are shown in Fig. 4-7, in section 3.1.

The measured electron density distributions versus altitude are

summarized in Fig. 4-31. 1In the experiment of Kappa 9M-35, the electron
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Fig. 4-32 Comparison of elec-
tron densities obtained by Kappa
9M-35 rocket experiment. gradient in the electron density.

spheric layer with no horizontal

This error is corrected in the Kappa
9M-38 rocket experiment, introducing the inclination of the ionospheric
layer as shown in Fig. 4-31. The correlation diagram of the electron
densities measured with two probe methods in the Kappa 9M-35 rocket ex-
periment is shown in Fig. 4-32. The relative error 1s somewhat increas-
ing towards the low electron density value. In the experiment of Kappa
9M-38, a large systematic difference in electron density between two
methods are observed. The deviation of electron density is defined by
the difference in electron density normalized by the value of the VLF
Doppler method, and shown in Fig. 4-33. Two methods give approximately
the same values till the altitude of 180 km along the ascending path,
and then the deviation gradually increases up to about 50 %. The maxi-
mum electron density at F2 peak deduced from £oF2 of the ionogram
(see Fig. 4-8) is 2.32 x 10°% cm™? which i1s coincides with the value
obtained by the VLF Doppler method. It is considered that the electron
density around the vehicle's body decreases for some reason. The wake
effects which is the cause of the depletion of electron density behind
a moving vehicle, are eliminated from the data of the gyro-plasma probe.
The most probable reason to be considered is that an accumulation of

negative charge on a vehicle's surface causes the vehicle's potential
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Fig. 4-33 Deviation of electron density measured by the Kappa
9M-38 rocket experiment. ''CPI ON" denotes the switch-on time of
the electrical power of the ion mass spectrometer.

to decrease and the radius of sheath surrounding the vehicle to increase.
To measure the ion composition, the instrument of a mini-Q type ion mass
spectrometer was installed and an r.f. high tension with a swept voltage
of 100 volts to 600 volts and its oscillating frequency of 650 kHz were
applied to the grid of sensor. As described in section 5, Chapter II,
the quasi-floating potential decreases when the r.f. high tension field
applied to the body in a plasma. Assuming that N, = 10° cm™3, Te

= 1000 °K, ion molecular weight = 25, V, = 1 volt and the dimen-
sion of the Kappa 9M-type rocket is taken into account, the floating
potential y given in eq. (2.47) becomes to be about 13, which, in turn,
gives the value of the normalized capacitance A = 0.06. ‘Since the Debye
shielding length AD calculated to be of the order of a few mm throughout
the rocket flight above 100 km, the ion sheath radius, Ap/A, 1s esti-
mated to be about 10 cm. When a part of an antenna is immersed in a
sheath region surrounding a rocket body, the electron density deduced
from the gyro-plasma probe is lower than the value in the ambient plasma,
as discussed in section 2.4 Chapter II. The electron density deduced by
the VLF Doppler method may be regarded as the mean value of the region
much larger than that of the gyro-plasma probe, and it may be free from
the effect of an ion sheath.
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5.2 Langmuir Probe, Two-Wire Probe, Capacitance Probe,
and Gyro-plasma Probe

As is well known, electron density and temperature can be deduced
from the current-voltage characteristics of electrons collected by a
metalic probe, viz., a swept voltage Langmuir probe. Conveniently, it
may be assumed that the electron temperature is constant and, then, the
electron current is directly proportional to the electron density. The
method is called a fixed voltage Langmuir probe. While the Langmuir
probe is very simple technique to measure the electron density in a
plasma, an uncertainty remains in absolute electron density value unless
taking a surface contamination away and determining a space potential
precisely and so on. Problem on the electron current depletion near the
space potential is still unsolved. In the rocket experiment, there are
particular problems such as the probe reference electrode (vehicle hull)
dimensions, the photoelectric emission current, the geomagnetic field
effect, and wake effects. The comparison of electron density measure-
ments with the swept voltage Langmuir probe (LP) and the gyro-plasma
probe (GP) was carried out in the experiment of Kappa 9M-38 rocket.

The cylindrical probe with 200 mm in length and 2 mm in diameter was
used for the Langmuir probe. The measured electron density profile
versus altitude is shown in Fig. 4-34, in which the region with the
shadow lines are the reliable range of electron density values and the
dotted lines indicate the error region. A fair agreement of electron
densities measured by two probe methods is found in this experiment.

The arrow of foF2 denotes the electron density deduced from the ver-
tical.incidence ionogram, and it does not agree with the maximum elec-
tron density at F2 peak measured by probe methods. The cause may be due
to the local positional difference.

In the same rocket experiment, the comparison of the two-wire probe
(TWP) and the gyro-plasma probe (GP) was also performed. The two-wire
probe consists of two parallel cylindrical antennas with 638 mm in length,
2 mm in diameter and the spacing of 50 mm. The records obtained by two

methods at different altitude are illustrated in Fig. 4-35, in which the
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ordinate denotes the received signal intensity in arbitrary unit for TWP
and the antenna capacitance for GP. Their altitude variations are very
similar with each other, but the resonance frequencies are somewhat dif-
ferent. For example, Fig. 4—36 1llustrates the comparison of the each
output wave form obtained at the altitude of 235 km. In this experiment
the receiver (R) with monopole antenna of 620 mm in length was also equip-
ped to receive the r.f. electric fields excited by GP and TWP. The reso-
nance identifications are indicated by alphabets, a to h. The gyro-frequ-
ency fy is 1.13 MHz. The resonances at d, e, and f are corresponding

to nfy where =n =5, 6, and 7, respectively. These characteristics

are well explained by the theoretically computed self admittance of the
gyro-plasma probe (see Fig. 2-12) and received signal intensity of the
mutual impedance probe (see Fig. 2-17). The higher harmonic gyro-reso-

nance nfy as is indicated in Fig. 4-29 is the resonance "e" 1in Fig.

4-35.
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CHAPTER V. GYRO-PLASMA PROBE ONBOARD THE SPACECRAFT REXS

§ 1. Introduction

On August 19, 1972, REXS (designated as DENPA after injection into
the orbit) was launched to observe space plasma parameters, VLF plasma
waves and geomagnetic field in the orbit with the perigee of 240 km
the apogee of 6570 km, and inclination of 31°. In the spacecraft (77 cm
diagonal length and 68 cm tall, with three 2m antennas, see Fig. 5-1),
the "Impedance Probe for Satellite Observation (IPS)" has been
installed together with other payloads that were planned to make an
integrated observation for plasma structure and wave-particle interact-
ion phenomena in the ionosphere and the low part of the magnetosphere.
These equipments include the electron temperature probe (TEL), the
electromagnetic and plasma wave receiver (PWP), the flux-gate magneto-
meter (MGS), the cyclotron instability experiment (CIE) and the electron
beam analyser (EBA).

The swept frequency impedance probe IPS, which is designed to
measure ionospheric plasma parameters, consists of an impedance measur-
ing equipment, automatic sample-detection sub-systems and a 2m antenna
as a sensor immersed in space plasma. The impedance measuring equip-
ment is known as a gyro-plasma probe. Various plasma resonance freque-
ncies are detected and antenna impedance values at several frequencies
are measured. Those digitalized data are fed to PCM telemetry through
a data sampling system.

The pre-flight operation and plasma-simulation tests were found
to be satisfactory; they provided, also, the calibration data on
equipment characteristics at different temperature values that can
be realized in the flight condition.

In this chapter, all of the technical information to construct
the IPS system for the REXS satellite are given in detail in section 2.
Operational Characteristics of pre-launching tests and the data handl-

ing method are given in sections 3 and 4.
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Fig. 5-2

Block diagram of IPS instrument.
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are sampled and stored in the IPL channel. The measuring items are
summarized in Table 5-1. For the reference, an analog form of the
admittance-frequency curve of an antenna in a plasma is shown in Fig.
5-3.

Both the IPH and IPL systems consist of r.f. swept signal generator,
and data processing circuits. Utilizing the frequency spectrum analyser
technique, the output signal from the capacitance bridge is amplified
and mixed with local sweep signal to be IF amplitude modulated signal,
and it is compressed by the logarithmic operational amplifier. As
for the resonance frequency detection of IPH, the triggering signal to
the gate control circuit is fed by the monostable multi-vibrator after
resonance identification through the differentiator and level comparator.

To check the standard frequency, the IPS CAL section is provided.
The IPS CAL section consists of the switching circuit, mixer, select-
ive amplifier and saturation amplifier.

The timing signal generator produces the various time-sequence
control pulses for the data processor and switching circuits using the
standard timing pulse out of the timing encoder instrument of this
spacecraft.

To check the standard frequency, the IPS CAL section is provided.
The IPS CAL section consists of the switching circuit, mixer, selective
amplifier and saturation amplifier.

The timing signal generator produces the various time-sequence
control pulses for the data processor and éwitching circuits using the
 standard timing pulse out of the timing encode instrument of this
spacecraft.

To design IPS circuits, as a satellite-borne instrument, following
constraints should be observed. '

1) ' To reduce hard-wave components and their weight.

i1) To minimize the power consumption; circuits are operated in
time-sequencially by switching the power source, except for the
common parts where the high stability is required.
111) To secure the reliability of operations in a thermal vacuum

environment and in the radiation hazard ; dndividual instru-
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Table 5-1 Observation items and abbreviations.

Abbreviation Items

Fh, Upper Hybrid Resonance Frequency

Fh, Sheath Resonance Frequency

Lhy Equivalent Capacity at 300 KHz
IPH Lh, Equivalent Capacity at UHR

Lhg Equivalent Capacity at 13 MHz

Fe Lower Hybrid Resonance Frequency

Clyi~y Frequency Calibration :
IPL L2 Equivalent Capacity at 1.25 KHz

L» Equivalent Capacity at 3.80 KHz

L2 Equivalent Capacity at 6.65 KHz

The equivalent capacitance is the. absolute value of the
representative antenna admittance devided by the operating
angular frequency.

ment parts are tested under simulated space conditions before the inte-

gration of circuits.

PCM Telemetry System The data transmission has been made through
two telemetry channels at 136.695 MHz (VHF TM) and 400.500 MHz
(UHF TM) with PCM/DPSK/AM (Pulse Code Modulation/Differential Phase
Shift Keyed/Amplitude Modulation). FM/AM mode (IRIG BAND #10) is
also used in UHF telemetry channel, the operation of this channel
being selected by the command item "SIG. CHANGE-2". The observed data
has been stored in the onboard data recorder which is capable to store
the data (recording time of 133 min and playback time of 7 min). The
outline of the signal flow is shown in Fig. 5-4. The telemetry signal
is 768 Hz square wave phase shift-keyed by a 64 bps split-phase-mark
code stream in a real~time mode, and 3648 Hz square wave phase-shift-
keyed by a 1216 bps split-phase-mark code stream in a playback mode.
In the present PCM coding, one sampling datum is quantized by 8
bits pulses which correspond to decimal counts of 255, and the bit
rate of this data transmission system in'a normal sampling mode is

64 bits. One frame of the telemetry unit consists of 32 words, that
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Fig. 5-4 Signal flow of scilence payloads.

1s transmitted in 4 sec; that is defined as one mode. In the REXS
satellite system the mode changes in cyclic form; a period of one
rotation of these modes is 32 sec that contains 8 frames.

The telemetry mode format of the time-sequential words is shown
in Fig. 5~5, in which the data obtained with the gyro-plasma.probe
are allocated in mode II; (IPH) and Mode II, (IPL), SY is a frame
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Fig. 5-5 Telemetry mode format; II; for IPH and II, for IPL.

synchronous pattern and MZ, MH;~j, and HK are the axial component,
two horizontal components of geomagnetic field, and the house keeping
data, respectively. Fy is used as a frame counter to identify the

frame mode from I to IV.

§ 2. Instrumentation of the Gyro-plasma Probe
2.1  High Frequency Gyro-plasma Probe

The detailed circuit designs and construction for the high
frequency gyro-plasma probe (IPH) are given. The swept frequency
signal is generated by the voltage controlled oscillatof, buffer
amplifiers, crystal oscillators, mixers, and video-amplifiers with low
pass filters. The antenna impedance is measured by the capacitance
bridge with pre-amplifier, the output signal from which is converted to
IF signal (100 KHz) and detected through the IF amplifier and the
linear detector. The frequency and resonance detectors for identifica-

tion of the time at 300 KHz, 13 MHz, fyyg» and fgyp associated with
logarithmic and linear amplifiers, sampling-hold circuit and data

processing circuits are presented. The gate width control circuit with
a crystal oscillator and 8-bit binary counter for Fh; and Fhy are also

explained.
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Fig. 5-6 Saw-tooth generator and voltage controlled oscillator.

Saw-tooth Generator and Voltage Controled Oscillator (VCO1) The
saw-tooth generator used in this instrument is a kind of boot-strap
circuit as shown in Fig. 5-6. The output swept voltage to VOCl is
a potential difference between two points of trimmer resistor VR, and
VR3. The period of the time-base is given by the timing and encoder
instrument (TIM-ENC) of the spacecraft and coincides with the time
interval of a word rate of ENC, that is, 125 ms.

The voltage controlled oscillator (VCOl) 1is a Colpitts Type.
Q; is the sillicon N-channel junction-type field effect transistor (FET),
and CR; and CR; are the epitaxial diffused junction Mesa type silicon
diodes (vari-cap diodes), characteristics of which are shown in Fig. 5-7.

The frequency of this oscillator 1s expressed as

1 1 Ay
£ == /ic tcicz (5.1)

where Co = (Ci-C2)/(C:1 + C2) and Ay = yyyo - yryf. C: and C2
are the capacities of the vari-cap diodes CRi1 and CR, which change its
values depending upon the applied voltage from the saw-tooth generator,
¥is Yo, Yr> and ygf are the input admittance, output admittance, reverse

transadmittance, and forward transadmittance of the transistor Q;,
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respectively. Therefore, this
type of oscillator is influenced
by an active element in general.
The swept frequency range
of this oscillator is 77.1 MHz to
62.3 MHz and its output voltage
amplitude is 50 mV + 1 dB. The
relation of the swept frequency
to the saw-tooth voltage
applied to the VCO 1 is illust-
rated in Fig. 5-8. The time

versus swept frequency is shown

in Fig. 5-9.

10

VOO 1 FREQUENCY VS SAW-TOOTH VOLTAGE (1PH)

z
w
2
g
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Fig. 5-8 Oscillation frequency

versus applied saw-tooth voltage
(veco 1).

Swept Frequency Signal and Local Signal Generators

frequency signal (77.1 MHz to
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Fig. 5-7 Characteristics of
the vari-cap diodes CRi and
CR, (151619).
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Fig. 5-9 Characteristics of

swept frequency versus sweep time.

The swept

62.3 MHz) of VCO 1 is converted into

two values by two mixers with two different crystal oscillators.

These systems are illustrated in Fig. 5-10.
between fg and f,~.¢ is as follows.

balanced modulators, them, f3 = £, + f1 and £y = fg + fa.

The frequency relation

Mixer 1 and mixer 2 are double

The high
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Fig. 5-10 Block diagram of sweep signal generator. Frequency
relations between fs and fy~g are given in the parentheses.

frequency components of them are eliminated through the low path
filters (LPF 1 and 2), after which f5 = f5 - £, and fs = fg5 - fa2.

The frequency difference between fs (SWEEP SIGNAL) and fs (SWEEP LOCAL)
is always 100 KHz, being used for the intermediate frequency of

the IF amplifier. As the frequency difference between two crystal
oscillators is just 100 KHz, the signal to noise ratio (S/N) is

made extremely low by mixing the two signals if the buffer amplifiers
are removed. Buffer amplifier 1 and 2 act as isolaters to prevent the
crystal oscillator signal on the other channel from mixing with the
signal. The electrical circuits diagram of this section is given in
Fig. 5-11.

1) X'tal Oscillator: The crystal controlled oscillator used here
is a Pierce-type of overtone oscillator with the crystal (HC-18/U) and
the frequency stability is 3 x 1075 /°C (- 30°C ~ + 60°C). Frequencies
of LOCAL 1 and 2 are 62.100 MHz and 62,000 MHz, respectively. These
signals are used for local signals to the balanced modulators through
buffer amplifiers which suppress the interference from signals from
vco 1.
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2) Buffer 1 and 2: These amplifiers are double-tuned amplifiers
which have broad band width and 6 dB gain. The center frequency 1s
69.5 Miz and the bandwidth is T 8 MHz at - 3 dB. As mentioned above,
these amplifiers also act as isolaters, and their isolation is - 46 dB.
3) Mixer 1 and 2: The use of double balanced modulators, which
possess an appearance somewhat like the push-pull amplifier, automati-
cally elliminates both the carrier (fg) and the moduiating frequency
(f1 or f2), as well as many of the intermodulation frequencies. The
carrier fg 1is balanced by the transformer and controls the values of
resistance of the diodes against the modulating signal. Namely, the
output signal contains frequency components of fg * £1 and fg T £,
without the carrier term f£g.

4) LPF and Video Amplifier: To eliminate a high frequency compo-
nent of the output signal from the mixer, a low-pass filter (inductive
M-drived wave filter) 1is designed to have an image impedance of 50 ,
a cut-off frequency of 25 MHz, and a frequency of maximum attenuation
of 40 MHz. The video amplifier is a current feedback amplifier which
possesses 3 direct-coupled transistors; The cut-off frequency (-~ 3 dB)
is 18 MHz and its gain is 20 dB. Frequency characteristics of this
system are shown in Fig. 5-12, and outputs of the swept frequency
signals are 2.1 Vp-p for the supplied voltage to the pre-amplifier
and 4.2 Vp-p for the local sweep signal. The sinusoidal wave forms
are illustrated in Fig. 5-13.

Sighal Detection System - The output swept frequency signal from the
pre-amplifier associated with a capacitance bridge and a sensor 1is
convq?ted into an intermediate frequency signal by the mixer and IF
amplifier. The use of double balanced mixer makes intermediate frequ-
ency and upper side band frequency signals, that is, £y = f T fg
where TFp 1s the swept local signal frequency and fg the swept frequ-
ency that is adjusted to make difference 100 kHz from fy,. The upper
side band frequency is eliminated by the selective amplifier (IF AMP)
and only the intermediate frequency signal is amplified and rectified by
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Fig. 5-14 Mixer, IF amplifier, linear detector, logarithmic amplifier
and d.c. amplifier.

are 50 § and 600 §) respectively. The unbalance characteristics of the
diodes are corrected by the variable resistor VR located at the middle
point of the secondary winding of the input transformer. The output
swept signal frequency £, (15 MHz to 0.2 MHz) from the pre-amplifier

is converted to 100 kHz by mixing the local swept signal frequency fgq
(15.1 MHz to 0.3 MHz).

2) 1IF Amplifier: A selective amplification of the 100 kHz signal
-1s made by the IF amplifier that is double tuned at the frequency 100
kHz with the band width of * 1 kHz (at - 3 dB point). Additional
amplification by the operational amplifier yields the total gain of

60 dB. The selectivity at 500 kHz is -~ 60 dB.

3) Linear Detector: The diode rectifier of a conventional type has
linear characteristics for the level range of 60 dB. Due to influence
of the diode junction voltage and temperature dependence of the voltage-
current characteristics, the linearity more than this dynamic range is
impossible. 1In this circuit system, the operational amplifier with the
pair diodes and the integrator is used as a linear detector circuit, the
dynamic range of which is 5 mV to 5 V (60 dB).

4) LOG Amplifier and Level Shift Amplifier: In order to obtain a
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wide dynamic range for the antenna impedance measurement, the signal
should be suppressed logarighmically. The LOG module model 4351
(PHILBRICK/NEXUS) is employed as a logarithmic amplifier. The transfer

function is expressed as

Imput Voltage 1 (5.2)

egur = [ A logio Reference Voltage

where the sensitifity A is 1 V/decade. The input - 1 mV to - 10 V is
compressed to about - 2 V to + 2 V. This output voltage is transformed
to 0 V to 4 V through the level shift amplifier. The transformed signal
in 0-4 volts range is used for automatic detection of the upper hybrid
resonance (Fﬁ1) and the admittance values (Lhi~3). The characteristics

of the input versus output level of this system are shown in Fig. 5-15.

CHARACTERISTICS OF INPUT VS OUTPUT
MIXER, IF AMP, DET, & LOG AMP AT 2MHz (IPH)

10

IF AMP & LINEAR DC AMP
INPUT VS OUTPUT AT 2MHz (IPH)

T T TI1T1IT

OUTPUT VOLTAGE (V)
N
I

OUTPUT LEVEL (V)

T T T 7T1T7]

0. 1 | L 1 | I o1 1 Il L

-0 -60 -5 -40 -0 -20 -10 0 =30 -20 -10 o]
INPUT LEVEL (dB : 0.1V;ms=0dB) INPUT LEVEL (d8 : 0.1Vims =0dB)

Fig. 5-15 Characteristics of Fig. 5-16 Characteristics of

input versus output of IF and input versus output of IF and

logarithmic amplifiers. linear d.c. amplifiers.

Dynamic range = 60 dB. Dynamic range = 40 dB.
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5) Linear D.C. Amplifier: The logarithmic amplification of the
antenna impedance is inconvenient to detect the sheath resonance
frequency, because the sheath resonance is characterized by a peak
value of the admittance that can be compressed if the logarithmic
amplifier 1s used. The d.c. linear operational amplifier is then
employed. The characteristics of input versus output level of this

system are shown in Fig. 5-16.

Frequency Detector For the automatic measurement of the antenna
admittance value at a given frequency, a control signal is fed to a
sampling-hold circuit at the time when the swept frequency coincides
with a given frequency. The frequency detector circuit for 0.3 MHz is
illustrated in Fig. 5-17. TFor this purpose the input sweep signal with
the frequency fi 1s supplied to the L-C tank circuit that are tuned at
0.4 MHz and 13.1 MHz to give the time of detection at 0.3 MHz and 13 MHz
respectively. When the sweep signal fg is fed to the tank circuit, the
sweep signal level is changed at the given frequencies due to reaction
of the LC resonance circuit. This change is unsuitable for the antenna
impedance measurement. The output signals from the tuned circuit
indicate r.f. pulse form which 1is rectified ty a diode that produces a
pulse. The wave forms of the output signals from the L-C tank circuits
and the monostable multivibrators are illustrated in Fig. 5-18. The
produced pulse can be reshaped through a Schmitt tfigger circuit. A
pulse from the Schmitt trigger circuit induces a transition from the
stable state of a monostable multivibrator to the quasi-stable state.
The monostable multivibrator may remain in this quasi-stable state for
100 ﬁs which 1s determined by the RC time constant, and return from the
quasi-stable state to the stable state, spontaneously. Thus, the rectan-
gular wave form is obtained; this pulse gates the circuit for the
automatic sampling of the Lh; and Lhj values at the frequencies of

0.3 MHz and 13 MHz, respectively.

Automatic Data Sampling System The signals to the PCM telemetry

transmitter should be adapted to the time-shared telemetry channels.
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The antenna admittance levels at frequencies 0.3 MHz, fyygp and 13 MHz,
that are obtained at output points of the logarithmic amplifier, are
sampled and stored when frequency detection and resonance detection
pulses are submitted to the gate control circuit at the time of swept
frequency coincidence at 0.3 MHz, fypp and 13 MHz. For the identificat-
ion of upper hybrid resonance, the output signal from the logarithmic
amplifier is applied to two circuits; one is a differentiator which
produces a gating pulse at the resonance and another is a comparator
which excludes the pseudo resonance spikes raised by noise contaminat-
ion. Since the upper hybrid resonance is characterized by the

minimum of the admittance versus applied swept frequency, the reference
level of comparator for upper hybrid resonance detection is designed to
be the antenna admittance value in free space. The sheath resonance can
be detected by differentiating the output signal from linear d.c. amplifi-
er. The detection of sheath resonance is thought to be negligible
interference from the small level noise because the resonance is characte-
rized by maximum value of antenna admittance. Therefore the comparator
is not used in this system. Both upper hybrid resonance and sheath
resonance frequencies (Fh; & Fh;) are measured by a frequency counter
that is gated for the pulse counting triggered by these resonance
detection pulses. A functional block diagram and electrical circuit

of this section are illustrated in Fig. 5-19 and 5-20. The differ-
entiator consists of emitter follower amplifiers, low pass filters,
differentiators and Schmitt trigger circuits. The low pass filter with
cut-off frequency of 1 kHz is used for the noise screening. The time dif-
ferentiation of admittance value versus swept frequency at the output
point of the logarithmic amplifier is obtained by R-C circuits. At

the resonance point, the differenciated signal gives a turn-on signal

to the grounded-base junction transistor which drives a Schmitt trigger
circuit. The Schmitt trigger circuit produces a gating pulse for the
monostable multivibrator. The performance of the comparator circuit is
illustrated in Fig. 5-21, and also the output signals of the monostable
multivibrators for parallel and series resonances are shown in Fig. 5-22;

signals are responsed for the electrical parallel and series resonant
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TFig. 5-20 Resonance detectors and sampling-hold circuit.

- 160 -



circuit impedance.
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=—GROUND

(12.5ms/div.)

Fig. 5-21 Pulse wave form
(lower trace) from the com- | e ] e e ‘
parator; dummy resonance (b) SHR DETECTOR (125ms/10div.)
circuit are used. The wave
form of output signal from
the logarithmic amplifier
is surperimposed (upper
trace).

Fig. 5-22 Output pulse of reso-
nance detector; output from loga-
rithmic amplifier is superimposed
(upper trace).

1) Sampling-Hold Circuit: The sampling circuit consists of junction
type EET's that works as an analog switching elements; these gates are
opened by a trigger from the data channel selector as will be discussed
later. The sampling gate time is 100 pys, i.e., the same interval
with the pulse width of the monostable multivibrator. Sampled potential
values are stored in a charging condenser C and discharged to zero
value by the reset signal. The potential of C 1is transmitted to the
encoder circuit (ENC) through a negative feedback d.c. amplifier that
operates as buffer circuit with a high input impedance. The gain of
this amplifier is set to 0 dB. The input versus output characteristics
of sampling-hold circuit are given in Fig. 5-23. The operation time

sequence for a typical impedance function is illustrated in Fig. 5-24.
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Fig. 5-23 Input versus output Fig. 5-24  Schematic time sequence

characteristics of the sampling- of the sampling-hold circuit. Lh

hold circuit. whose detect pulse is fed to sampl-
ing-hold circuit at W5, is trans-
mitted to ENC at Wss, belng reset
at end of Was-«

2) Data Channel Selector Circuit: The mode II; (Wg ~ W31) of
telemetry time sequence is used for IPH; odd word numbers are for the

counted digital frequency of upper hybrid and sheath resonances (Fh

INPUT VS QUTPUT CHARACTERISTICS WORD _ Wm = Wu =~ We Wa = We Wy
OF SAMPLING ~HOLD-1 CIRCUT (IF¥) Y NUMBER ~* ' ; ' ' ]
- 7 . SHR 3
signAL Y 2
. IFLOG 1
S UHR
=1 \3MHz 13
d GATE PULSE _ 0 1 A Wz
& FOR SAMPLING Lh Lh Lh,
2 RESET _ & 1 1
E PULSE "
3
HOLD OUT
w1, ——f
0
ENC
GATE ~F | ] I 1 f L
]
3 125ms = TIME

and Fh;); and even word numbers are for the sampled values of admittance

levels Lhj~3. By using the data channel selector circuit, time parallel

signals of Lhj;~2 in the hold circuits are réarranged to be the time
serial signal for adaption of the time-sharing telemetry sequence. The
data are sampled and stored during one word interval of the telemetry
sequence before reading out to ENC. Near the starting and ending

¢ frequencies of the sweep signal, pseudo pulses are generated due to the
circuit characteristics. An active elimination of these pulses are
ﬁade by using logical inhibit circuit. The operational procedure of
the inhibit circuit is shown in Fig. 5-25. The time duration of the
inhibit pulses are designed to be 10 ms and 1. Tg 1s determined by
the set trigger of the first Lh; detect pulse and the reset trigger of
the word synchronous pulse. The output pulse wave form of the delayed

monostable multivibrator is shown in Fig. 5-26.
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Fig. 5-25 Operational performance of inhibit circuit.

Fig. 5-26  Output pulse (lower
trace) of delayed monostable
multivibrator of the inhibit circuit.
First pulse is triggered by word
synchronous pulse and second

pulse is triggered by UHR detect
pulse. Output curve from logarithmic
amplifier is superimposed (upper

trace).
INHIBIT PULSE “ INHIBIT PULSE
TRIGGERED BY SYNC PULSE TRIGGERED BY UHR DET PULSE
Gate-width Control Circuit The gate-width control circuit illustrat-

ed in Fig. 5-27 generates a gate pulse to the frequency counter for

Fh, and Fh,, and the frequency calibration signal. The crystal control-
led oscillator of Pierce-type is used as the standard signal (6.5000
MHz): This standard frequency is demultiplied by 16 through the

8-bit shift resistor coupled to the flip-flop circuit.

The signal of 406.25 kHz (=6.5000 MHz/16) is applied to two
circuits; one is the flip-flop circuit which demultiplies the signal by
4 and sends to the frequency calibration circuit, the other is an 8-bit
shift resistor. The logical function of the 8-bit shift resistor is

given as,
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Fig. 5-27 Gate width control circuit.

Fig. 5-28 Gate pulse (lower
ReeeR  trace) and output pulse of the
PULSE Fi-a

monostable multivibrator (upper

trace). Gate width is 19.692 usec
e and jitter of pulse appears
Puse  because several traces are

superimposed.

o L ]

JITTER JITTER

(10us/div.])

Ap * Bn = Qnts (5.3)

where A; is the output of the mono-multivibrator which is triggered
(say at n = 1) by the UHR and SHR detect pulses, and B, is the invert-
ed pulse of Q,. The clock time T of pulse G, is equal to 1/406.25
kHz, i.e., T = 2.4615 us. Since the pulse width is less than 16 T
(n’= 16) and longer than 8 T (n = 8), Q=1 (9 < n £ 16). Consequently,
the output pulse width of the 8-bit shift resistor is just 8 T (19.692
Us) being controlled accurately by frequency of the crystal controlled
oscillator and gated at the time after 8 T period from triggering of the
mono-multivibrator. This pulse is used as a gate pulse to the frequency
counter for Fh; and Fh,. The gate pulse and the output pulse of the
mono-multivibrator are shown in Fig. 5-28. Jittering is raised by time

difference between clock pulse and HUR or SHR detect pulse.
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Frequency Counter The swept frequency is counted by the series of
8-bit binary counters during the gating interval, for Fhi or Fhz,
that is fed from the gate width control circuit, and transmitted to
ENC after time-parallel to time-serial conversion through the data
selector. The electrical circuit for this operation is illustrated
in Fig. 5-29. |

The swept signal is fed to the video amplifier to get 20 dB
amplification for triggering the Schmitt circuit. The output wave
form at the Schmitt trigger circuit is differentiated and fed to the
8-bit binary counter through the gate circuit. The pulse width of
this gate circuit is 19.692 us, equivalent to the frequency of 50.782
kHz. The available maximum frequency of this counter 1s 12.949 MHz,
i.e., 255 (maximum) counts of the 8-bit binary with the unit of 50.782
kHz for one count.

The parallel output pulses from the 8-bit binary counter are fed
to the data selector and read out in time-series form by the Fh; or
Fhy read out pulse from the TIM-ENC circuit. The data selector is a
TTL-MSI (Transistor Transistor Logic-Middle Scale Integration) circuit
SN 54151 (TEXAS Inst.), the block diagram of which is shown in Fig. 5-30.
This circuit element are used to performs the parallel-to-serial conver-

sion. The logical operation of the circuit is expressed as,

Y = S(ABCD, + ABCD; + ABCD, + ABCD3; + ABCDy + ABCDs

+ ABCDs + ABCD7),
and W=Y ) (5.4)

where the Do~7 are the inputs from the binary counter; A, B, and C
are the data selecting pulses generated by the 4-bit binary counter
using the read out bit pulses from TIM~ENC and A shows the inverted
pulse of A. S is the reset pulse. The time sequence of the digital
read out pulses to ENC is in series of MSB (Most Significant Bit).

The frequency counting is subjected to the relative error that in-

creases as the frequency decreases, when the gate pulse width is constant
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while the frequency is swept as linear function of time t. Taking t;

and t; to be the opening and closing times of the gate, the relative
error of the frequency E 1s given by,

t2
£(t1)AT ~- ft!f(t)dt 1

E = F(E1) AT -+ F(t1)AT S Eo * Ey (5.5)

vhere f£(t) is the swept frequency as a function of time t, and AT =
t; - t2 1is the gate pulse width, For a constant value of E(<< 1), the

approximate solution of this integral equation is given as

f(t) = fo exp(- %%-t) ¥ %; (5.6)

where + 1/AT (+ 50.782 kHz) 1is the correcting term against the frequency
resolution rate of the counter and £, 1is the maximum frequency at

t = 0. As 1s shown previously in Fig. 5-9, the time dependence of

swept frequency is designed to have an exponential function for £(t),

80 as to make Ey Independent of t. The estimated relative érror

Eo 1is computed for swept frequency function f£(t), shown in Fig.

5-9, as illustrated in Fig. 5-31 with the frequency resolution limit

of this counter. E, is approximately constant (about 4 x 10™%)

in a range below 10 MHz and negligibly small compared with the

frequency resolution limit.

2.2 Low Frequency Gyro-plasma Probe

The antenna impedance as a function of frequency in the low
frequency range, including a lower hybrid resonance frequency, can be
obtained by the low frequency gyro-plasma probe (IPL). The swept
frequency signal is generated by a CR phase shift oscillator, the
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frequency of which is controlled by the saw-tooth (serrasoidal) voltage
wave form. The frequency is beated down using a crystal oscillator
through the mixer, i.e., a kind of beat oscillators 1is formed. The
high frequency side band (65 kHz ~ 79 kHz) of the output signal from

the mixer is produced through the high-pass filter and applied to a
frequency calibration circuit. The low frequency component (1 kHz ~ 15
kHz) is obtained through the low-pass filter and used as the swept frequ-
ency signal that is applied to the antenna and to the frequency detection
circuit. The antenna impedance is measured by the capacitance bridge as-
sociated with pre-amplifier, the output signal from which is converted to
IF signal (32 kHz) and detected through the IF amplifier and linear detec-
tor. The frequency and resonance detectors for identification of the time
at 1.25 kHz, 3.80 kHz, 10.1 kHz and fiyp associated with the logarithmic
amplifier, sampling-hold circuit and data processing circuit are present-

ed.

Swept Frequency Signal Generator The swept frequency signal in a
frequency range of 1 kHz to 15 kHz is used for the source signal of the;
IPL system. The used frequency signal is stepped up from 65 kHz to 79 -
kHz for the frequency calibration. The block diagram and the electrical
circuits which generate these signals are illustrated in Fig. 5-32 and
Fig. 5-33.

1)  Saw-Tooth Generator: This circuit is a bootstrap sweep circuit
that is the same type as is used in IPH saw-tooth generator; but in
this circuit the deviation from linearity of the serrasoidal wave form
is very small, due to current feedback through the large capacity con-
denser C;. The output transistor of the emitter follower circuit are
controlled not to saturate at high potential, using three serial
diode Dj;~3 for the level shift operation. The emitter follower
circuit consists of a complementary compound (Darlington) connection
of PNP and NPN transistors, in order to set the beginning potential
of the saw-tooth to be just 0 volt. The start-end controll of the

saw-tooth generation circuit is given by the word synchronous pulse
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Fig. 5-32 System block diagram of swept frequency signal
generator.
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Fig. 5-33 Circuit diagram of swept frequency signal generator.

from TIM-ENC that coincides with a time period of word rate controll-
ing at ENC, i.e., 125 ms. The output signal from the terminal VR, is
applied to the voltage controlled oscillator and that from VR,

is used for the reference voltage of FR and Cf;~,. Wave forms from

these terminals are illustrated in Fig. 5-34.
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Fig. 5-34 Saw-tooth wave form
(0 to 4.5 volts) to voltage
controlled oscillator (a), and
frequency reference voltage

(0 to 3 volts) for F% and

Cli1~y (b).

REFERENCE VOLTAGE FOR F/ & Cly 4

2) Voltage Controlled Oscillator: The voltage controlled oscillator

(VCO 2) is the modified high-pass-type phase shift oscillator. The
phase of a current is advanced by four CR ladder circuits and the
oscillating frequency is selected due to the condition to satisfy

that the phase of feedback signal advances by 180° from that of

the input signal. In this circuit, the signals having the different
phases from 3rd stage and 4th stage of CR ladder circuits are fed
back to two inputs of the balanced amplifier (TR; and TR,), and the
saw—-tooth potential from VR; controls the gain of TR;. The
oscillation frequency is determined by the potential ratio of these

two feedback signals, that is applied to the input transistor TRj, as

follows,

i 1

—_— < <
2MRCV6 £ 2TRCY/10/7 (5.7)

In this circuit, the oscillation frequency changes from 33 kHz to

47 kHz in accordance with applied saw-tooth potential change of 0 volt
to 4.5 volts. This type of a phase shift oscillator is commonly used
to generate a signal of frequency at VLF range. An advantage of this

circuit is a high operation stability of generating frequency, while
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the disadvantage is in the distortion of the wave form to some extent
compared with Terman oscillator and other sinusoidal wave oscillators.
The output signal from this oscillator is reshaped to be sinusoidal
wave form through the active wave filter (12 dB/Oct.).

3) X'tal Oscillator 3: The local oscillator is a Pierce-type
crystal controlled oscillator, the generating frequency of which is
256.00 kHz and used for the reference signal of the frequency calibr-
ation circuit. The generated signal is also used as'a local signal
(32.000 kHz), that is fed to a mixer, being devided by 8 through
3-bit binary and the Schmitt trigger circuits.

4) Mixer: The mixer consists of a double balanced modulator which
is used in IPH system. As the frequency of the local signal into IF
stage from this mixer should be supressed to be - 54 dB, taking the
balance’ of the mixer by the variable resistor that is located at the
middle point of the primary coil of output transformer (see Fig. 5-33).
5) LPF, HPF and Buffer Amplifier: The output signal from the mixer
contains two side bands. Each side band signal is separated through
the low~-pass filter and the high-p:~s filter. The lower side band
(1 kHz to 15 kHz) of signal is amplified to apply to the antenna and
the frequency detection circuit. The upper side band (65 kHz to 79 kHz)
of signal is amplified to use for the frequency calibration. Figure
5-35 shows the frequency characteristics of both low-pass and'high-pass
filters. The frequency to give maximum attenuation in these filters
1s designed to be 32 kHz in order to eliminate the leakage signal of
local frequency from the mixer. The wave form of swept signal to the
pre-amplifier is illustrated in Fig. 5-36 and the characteristics of
swept irequency versus time are indicated in Fig. 5-37

| Signal Detection System The output swept signal from the pre~ampli-
fier 1s converted to the intermediate frequency signal (32 kHz) through
the mixer. The signal from the mixer is fed to the IF amplifiers; the
output signal from the IF amplifier is rectified by the linear detector
and compressed logarithmically. The circuit of this section is illus-
tratgd in Fig. 5-38. The basic system design of this circuit is the
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Fig. 5~38 IF amplifier and detector stage.
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Fig. 5-39 Frequency Fig. 5-40 Input versus output
characteristics of band- characteristics of logarithmic
pass filter with IF amplifier and IF amplifier.
amplifier. Dynamic range = 60 dB.

Frequency Detector for L2;~; and C2;~4 To measure the antenna admit-

tance level at fixed frequencies, the control signals to the sampling-
hold circuit should be generated at the time when the swept frequency
just coincides with a specified frequency. The frequency detector in

this circuit, shown in Fig. 5-41, is a super-narrow band selective
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amplifier with a RC twin T-section as a feedback circuit, each center
frequency (fo = 1/2mRC) of which is designed to be 1.25 kHz, 3.80 kHz,
6.65 kHz and 10.1 kHz. The swept signal is amplified at these frequ-
encies and rectified to give a trigger signal to the monostable multi-
vibrator through the grounded-emitter amplifier. The output pulse width
of the monostable multivibrator is 100 us. Fig. 5-42 shows the reso-
nance wave form at each frequency and the sequence of the output pulses

corresponding to frequencies given above.

Lower Hybrid Resonance Detector, Sampling-Hold Circuit and Data
Selector The basic concept of the circuit design of resonance detec-
tor, sampling-hold circuit, and data selector is the same as correspond-
ing circuits of IPH. For detection of the lower hybrid resonance frequ-
ency, the output signal from the logarithmic amplifier is differentiated
in terms of time. This signal is fofmed as a detect pulse, through the
monostable multivibrator, to feed to the data selector. The resonance
frequency F£ and frequency calibration levels CLi~y are expressed

in terms of saw-tooth voltage at the sampling time when resonances are
detected, or the time when the signal frequency coincides with Cfi~y.
For the measurement of antenna admittance levels at 1.25 kHz, 3.08 kHz
and 6.65 kHz, the output signal from the logarithmic amplifier is sampl-
ed at each corresponding frequency; the sampled data are stored until
the read-in pulses of L£3~3 are applied to the gate control circuit.
The function of data selector is to transform the time-parallel signal
to the time-serial signal in accordance with the PCM time-sharing tele-
metry format for the detected frequency pulses fi~y and the resohance
pulse. The circuit diagrams of this section are illustrated in Fig.
5-43.

1) Resonance Detector: This circuit is designed to detect the lower
hybrid resonance which has equivalent characteristics as a parallel
resonant circuit. The circuit is almost the same as the case of. the
resonance detector used for the upper hybrid resonance detection.

The operation of this resonant detection function is given in Fig. 5-44;

this is an example operated by a simulation dummy circuit for the antenna
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in a plasma, that consists of the parallel and series resonant circuit.
The detected pulse at the resonance point 1s indicated, after reshaped
by the monostable multivibrator, with the impedance value obtained from
the logarithmic amplifier.

2) Sampling-Hold 2 and 3: The output signal from the logarithmic
amplifier gives the absolute admittances; these absolute admittance
values are sampled in accordance with the time-sequential gate pulses
from the data selector and stored in the charging condenser at frequ-
encles of 1.25 kHz (L%1), 3.80 kHz (L%2) and 6.65 kHz (L%3). The stored
data are transmitted to ENC through the d.c, amplifier. The lower hybrid
resonance frequency FR 1is transmitted by corresponding potentials of
the saw-tooth signal from VRz. The calibration of this saw-tooth signal
is made at frequencies of f, f2, f3 and fy that gives calibration levels
C%1, CL2, CL3 and CLy. The input versus output characteristics of the
sampling-hold circuits (HOLD 2 for L%,~3, and HOLD 3 for FL and C%;~y)
are.given in Fig. 5-45. These function forms of input-output charac-
terictics are used to obtain an accurate input signal level from observ-
ed data using the computer.

3) Data Selector: The mode II, (Wg ~ W31) of telemetry format is
used for the IPL data transmission; odd word numbers are used for the
lower hybrid resonance frequency (FL) and the frequency calibration
levels (CR1~3), and even word numbers are used for the admittance levels
L21~3. By using the data selector circuit with read-in signals of F%,
L%1~3 and CRy~y, time-parallel signals of the resonance detect pulse
and frequency detect pulses fi~y are transformed to time-serial signal
in accordance with the time-sharing telemetry format. The data are

samplgh and stored during one word before the assigned word.

2.3 Capacitance Bridge and Pre-amplifier
As has been previously noted, the gyro-plasma probe system has

a capacitance bridge circuit with an antenna. The unbalance potential

of the capacitance bridge due to the variation of the antenna
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Fig. 5-44 Performance of resonance detector; output wave
form from logarithmic amplifier (upper trace) and resonance

detect pulse (lower trace). (b) enlarged a part of resonance
of (a).

% Fig. 5-45 Input versus output
characteristics of sampling-
hold circuit (HOLD 2 for

L%;~3, and HOLD 3 for F{ and
Cli~y).

INPUT VS OUTPUT CHARACTERISTICS A
OF SAMPLING-HOLD CIRCUIT (IPL) %4

OUTPUT LEVEL (V)

INPUT LEVEL (V)

admittance as a function of operating frequency is detected to give
the absolute value of equivalent capacity (admittance value divided
by, the operating frequency). The rocket-borne gyro-plasma probe
includes both amplitude and phase detectors to measure the vector
impedance of an antenna. The satellite probe, however, does not
include the phase detector circuit for restriction of allowed payload
weight and limitation of the PCM telemetry system.

The circuit diagram of the pre-amplifiers is illustrated in Fig.
5-46. The pre-amplifier comprises the emitter follower circuit, the

capacitance bridge, the buffer amplifier with high input impedance,
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Fig. 5-46 Circuit diagram of pre-amplifiers of both IPH and IPL.

the differential amplifier and the antenna switching circuit

-(IPH and IPL, and CAL). To measure the temperature at the moment of
operation, the temperature sensor of platinum wire is allocated in
this pre-amplifier. The detected temperature signal is treated by
the house keeping instrument (HK channel #18) and transmitted through

telemetry system.

IPH Pre-Amplifier The swept signal from the part of swept signal
generator 1s applied through 500 coaxial cable to the emitter follower
circuit (buffer amplifier) with the input impedance of 50Q and the
output impedance less than 10%. The IPH system is designed to have
the dynamic range from 1 pF to 1000 pF for the measurement of the
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equivalent capacitance. The value of the capacitor (o is 100.0 pF
and the stray capacity of the cable is 57 pF, which can be cancelled
by adjusting the values of capacitors Cg, Cgy and C'g. The
outputs e, and e, (as shown in Fig. 5-46) from the capacitance
bridge are applied to the source follower EET amplifiers with high
input impedances (10 //12 pF). The balance ratio of the capacitance
bridge, that is defined by the difference of the amplification of
two EET sourée followers and the common mode rejection ratio of the
differential amplifier should be less than about -~ 60 dB (1/1000).
Adjustment of the amplitude of signal in these two channels 1s made
by the variable capacitor C'st and the variable resistor VRi~3; and
the phase difference through these chamnels 1is adjusted by the
capacitor Cp. The differential amplifier used in the IPH is the
wide band video-amplifier SN5510L (TEXAS Inst.) which has a constant
gain and low phase-shift versus from d.c. to 40 MHz as has been
illustrated in Fig. 5-47(a). The common mode rejection ratio (CMRR)
is given in Fig. 5-47(b).

50 110
SN5510L SN5510L
100
40
B %
z - ~ 80
3% g
2 g 0
(&)
g 20 3 60}
5 ol 50}
40
il Lty 1L L t1)ll 1 IR L L L LIyt
01 10 100 1000 301 10 100
FREQUENCY (MHz) FREQUENCY (MHz}

(a) (b)

Fig. 5-47 Typical characteristics of wide band video-
amplifier, SN5510L; (a) small-signal voltage gain versus
frequency, and (b) common-mode rejection ratio

versus frequency.
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IPL Pre-Amplifier The principle of circuit design is much the same
as the case of the IPH pre-amplifier. In this system the values of
capacitors Co and Cg are chosen to be 10000 pF and 100 pF, to
obtain the dynamical range of equivalent capacitance from 30 pF to
10000 pF. The phase difference of two differential amplifier chan-
nels is adjusted to be minimum shift angle by the capacitors C; and
C2. The differential amplifier used in the IPL is TA7034MJ (TOSHIBA)
which has a gain of 16 dB, a low NF (Noise Figure) of 7.8 dB at 100 Miz
and CMRR of - 100 dB at 1 kHz.

Switching Circuit A monopole antenna is used for the sensor of high
.and low frequency gyro-plasma probes, and switched alternately synchro-
nizing with telemetry time-sharing periods. The antenna switching
circuit as shown 1n Fig. 5-48 selects the antenna fér IPH and
IPL pre-amplifiers (SW 1), and also this circuit comprises the switch-
ing operation to earth connecting circuit (SW 3), and the capacitance
calibration circuit (SW 2). A trapping circuit to shut the carrier
from UHF 400.5 MHz transmitter to avoid the interference has élso
been included.

The switch SW 1 1s operated by the relay RL 1 that is derived
by the gate pulse Wj3; and the power supplies of + 6 VH and + 6 VL
from the PSW (Powef switch of the spacecraft) corresponding to the
telemetry mode II; and 1I,. The gate pulse Wj;: 1s an end mark
of each mode so that SW 1 is switched from IPH to IPL after all the
observation of mode II; (IPH), and vice versa.

The switches SW 2 and SW 3 are operated by the relay RL 2 that
is drived by the gate pulses W31 and Ws. When the gate pulse W
drives the relay RL 2, both SW 2 and SW 3 connect the line to the
antenna. When the gate pulse W31 is applied, SW 2 connects the line to
the reference capacitor Cpgp and Cg. The switch SW 3 connects the
antenna to the ground. The antenna is connected to the pre-amplifier
only during the observation of IPS, i.e., from W¢ to Wjo, to protect
the FET transistors of pre-amplifiers from the damage due to high
voltage inputs, that may possibly be transmitted from the cyclotron
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Fig. 5-48 Antenna switching circuit.

instability experiment (CIE). The CIE equipment is designed to
radiate the electromagnetic wave with high tension (about 1200 Vpp)
at frequencies of 120 kHz to 210 kHz from a horizontal loop antenna
(see Fig. 5-57).

The calibration of operating level for the instrument is performed

by using the reference capacitor (Cgrpp). The operation to switch
CREF by SW 2 is controlled by command (PI CAL ON and OFF). When the
"CAL ON" pulse is applied, the gate pulse Wy is inhibited to drive the
relay RL 2. Consequently, SW 2 remains at the side of the reference
capacitor, and the pre-amplifier with the capacitance bridge detects
the fixed value of Cpgp (100 pF). Cg is used to compensate a stray

capacitance of the cable that is extended from the position of SW 2
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to the antenna.

Since the antenna of the UHF 400.5 MHz transmitter 1s located
just above monopole antennas, the induced potential on the antenna
is rectified through the nonlinearity of the circuit and the modulat-
ion signal (768 Hz square wave for the real-time mode telemetry trans-
mission) 1s superimposed on wave form of IPS signal. In order to avoid
this interference a trapping circuit is installed. It consists of the
LC series resonator which is tuned to the frequency at 400.5 MHz.

The admittance of this circuit in the frequency range less than 15 MHz
takes capacitive value that is low enough not to disturb the observa-

tion value.

2.4 Frequency Calibration and Data Processor

Frequency Calibration Circuit For the purpose of monitoring the
circuit operation in orbit, the command system is employed and controls
onboard calibration circuits. One of control items is a frequency
calibration of IPS; the frequency of the crystal controlled oscillator
for the gate width control circuit of IPH and the swept freéuency of
IPL. These signals are transmitted by a UHF 400.5 MHz telemetry system
(IRIG band #10; 5.4 kHz * 7.5 %). The circuit of this system is 1llus-
trated in Fig. 5-49.

Frequency calibration signals from IPH (101.5625 kHz) and IPL
(65 kHz ~ 79 kHz) are switched by the timing signal (+ 12 VH and +
12 VL) that is fed from PSW (Power Switch). Each signal is mixed
with the reference signal (256.00 kHz) to convert the signal frequency
into the modulation frequency band. The selective amplifier is used
to eliminate the lower side band of mixed signals; obtained upper side
band.frequencies are 357.5625 kHz for IPH, and in a range from 321 kHz
to 335 kHz for IPL. These obtained signals are reshaped by a satura-
tion amplifier to be rectangular wave form as shown in Fig. 5-50.
The output signal is demultiplied by 64 through binary circuits to
obtain final signal frequencies for the telemetry at 5.587 kHz for
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IPH and in a range from 5.016 kHz to 5.234 kHz for IPL.

Data Processor The data processing equipments consist of onboard
and ground-based systems. The data processor, onboard the spacecraft,
is designed to generate gate control pulses that are required for
the data selector which controls the data sample due to time-sharing
program of the telemetry. The assembly of functional elements 1is
illustrated in Fig. 5-51; this logical operation circuit is controlled
by pulses from the TIM-ENC. The time sequence of input pulses are
given in Fig. 5-52. Go 1s a pulse corresponding to frame synchronous
word and Gj;~s are used to make 6 groups, for Wz ~ W31, in which 5
words are included. For example, the word pulse Wi3 can be obtained
as a result of logical operation, Gy * ﬁé. The produced read- in

pulses for observation items (Fh;, Fhz, Lhy, Lhy, Lhy for IPH and

FL2, L&y, L%2, Lla; C21~3.for IPL; see Fig. 5-5) are shown in Fig. 5-53.
These reading-in pulses are applied to the data selectors of IPH and
IPL at the time advancing one-word period before the assigned word
number, as has been explained previously in section 2,1 and 2.2,
Input pulses SYNC-1l and 2 generated from Wy and We produce the timing
pulse SYNC-3 which is applied to the saw-tooth generators of IPH and:
IPL, and these three pulses are used as reset trigger pulses. The pulses
for Wes and Wj3; are used for the set and reset operations of the
antenna switching circuit.

The so-called "Quick-Look" instrument is prepared to check demod-
ulated telemetry data quickly on the real-time base. The main
quick-look Instrument sorts the time-serial PCM signal 1into the each
corresponding frame mode. The sorted PCM signals are converted into
the analog signals through the D/A converter. The IPS quick-look
sorts the time-serial data of mode II; and II, into six parallel
channels corresponding to observational items, Fh; and F&, Fh, and
F2, ©Lh; and L), Lh, and L&, Lh; and L3, and CL;~y. The circuit
of the gate control signal generator is shown in Fig. 5-54. Input pulses
of the frame synchronous, bit and word identification signals are

supplied from the main quick-look to this TIPS quick-look circuit.
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Generated pulse sequences to control the gate circuit of IPS quick-
look are summarized in Fig. 5-55. These gate pulses are applied
with the delay one word period from the assigned word number, because
of the time delay of the D/A converter and hold circuits. The signal
is sampled by gate control pulses and fed to the pen recorder with
six channels through the buffer amplifier and d.c. amplifier. An
example of one unit circuit of the gate and buffer amplifier is
illustrated in Fig. 5-56.

2.5 ~ Construction of Payload and Antenna

The REXS satellite has three monopole antennas and two orthogonal
loop antennas (Fig. 5-57). One of the monopole antennas is used as
a sensor of the gyro-plasma probe, which is a thin flat strip of
spring steel (beryllium copper) preformed into a cylindrical tube
with an overlapping seam. The tube is subsequently opened flat and
wound onto a drum for storage purposes. When the strip is released
from its storage drum, the strip curls into its preformed shape to
form a tube with considerable bending strength. The diameter is 10 mm,
and the length from root to tip are movable with three steps of length
(60cm, 123cm and 205 cm). When the satellite is separated from the
4th stage rocket motor, the antenna begins to extend with a speed of
5 cm/sec being controlled by a pre-set timer. The command system is
able to control the extension and retraction of antennas at every
step. The capacitance of fully extended antenna in free space is
calculated to be 26 pF, which agrees well with the measured value of
the gyro-plasma probe (Lhs = 110 decimal counts).

The main package of IPS instrument and its pre-amplifier are shown
in %ig. 5-58 (a) and (b). The main package is mounted on the flat
aluminium-honeycomb plate of the spacecraft deck. The pre-amplifier
is installed in the central tube. To protect from the damage due to
vibration, shock, and heat in vacuum condition, all circuits are

encapsulated with a polyurethane foam-in-place resin that is called
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Summary of IPS Instrument The gyro-plasma probe has been designed
and developed for the instrument onboard the spacecraft. A number of
improvements and re-constructions of electrical circuits and mechanical
structures have been made after various operational tests. Adequate
operational performances of electrical circuits of both high and low
frequency gyro-plasma probes are obtained.

The total weight of the main instrumeﬁt is 3.642 kg and that of
the pre-amplifier is 0.434 kg. The required electrical power is
summarized in Table 5-2. As one period of 32 frames contains twelve
frames of IPS mode, the use-time ratio of IPH and IPL is 0.1875 (= 6/32).
The average electrical power consumption is 2.299 watts for the normal
mode and 2.449 watts for the calibration mode (PI CAL ON).

Reliability of the instrument should be studied and considered
critically because it is unable to repailr or operate the instrument
except some controlled items by command after the spacecraft launching.

The reliability R is expressed as a function of time t,

R = exp ( - kANt/10%), (5.8)
Table 5-2 Electrical power consumption of IPS.
MODE + 12V +6V + 4v - 12 V - TOTAL x 0.1875
CONTINUOUS 70 mA - - 30 mA l1.20 W —_—
TIPH 205 mA 150 mA 35 mA 25 mA 3.80 W 0.713 W
IPL 30 mA 120 mA 35 mA 70 mA 2,06 W 0.386 W
CAL — 25 mA — — 0.15 W —_
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where k is the coefficient of severity, A = 1/MTBF in 10° fits (MTBF
is the mean time between failures), N the total number of the parts,
and t the time duration in hour. As the instrument comprises

different kinds of parts, AN 1is written as
AN =) AN (5.9)
i v

Values of A{ and Nj are summarized in Appendix D. The total number

of parts used in the IPS is 1438 and that of the soldering points

is 3969. The summation of products of A; and Nj becomes 27007.5.

If k might be unity (for the most mild condition), the reliability

R of IPS is computed to be 0.9433 for an interest life of three months.

$ 3. Pre-flight Test of Instrument

The instruments onboard the spacecraft should be subjected to
pre-flight tests of electrical and mechanical performances under
various phase of the spacecraft mission. Pertaining to these tests,
operational characteristics of the instrument has been given, using
the electrical simulation circuits for the antenna in a plasma. The
test for heat effects in vacuum and the space plasma simulation
experiment were also carried out. The calibration data for all observ-

ational items were obtained.

3.1 Operational Characteristics

The admittance of a combined electrical circuits that consists of
the series-parallel resonant circuit shows the similar frequency
characteristics with the antenna in a plasma, when the proper values
of resistance, inductance and capacitance elements are used (see
Fig. 5-61).
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through the over all system of instruments. The detection function
at Lhji~3 are examined using a simulation circuit (L = 100 yH, ' C =
30 pH and Co = 100 pF) as given in Fig. 5-61. The output levels - Lh;,
Lh2, and Lhi from the sample-hold circuit are compared with the total
admittance level from the logarithmic amplifier being superimposed in
a dual trace oscilloscope. Detections of resonance point frequencies
at Fh; and Fhz, are checked by a simulation circuit with parameters
of L =100uH, C=15pF and Co = 100 pF, whose parallel and
series resonance frequencies are 2.26 MHz- and 1.31 MHz. The oﬁtput
signals from the frequency counter are illustrated in Fig. 5-62.

The output admittance 1level after logarithmic amplifier are given

" superimposed with the counter output codes. The 8-bit binary counts
(MSB) are indicating 00101100 for Fh; and 00011010 for Fha; these
counts correspond to 2.23 MHz and 1.32 MHz, respectively. These
agree well with the values of 2.26 MHz and 1.31 MHz, that are indi-
cated by the direct recording of the admittance level, within an error
of the frequency resolution of about 50 kHz.

IPL The measured admittance value in terms of the equivalent capa-
citance that is detected at the output of the logarithmic amplifier is
illustrated in Fig. 5-63. A resonance-like behaviour of the admittance
vaiue appeared at the low frequency side of the sweep range is produced
by leakage of the swept local signal which is allocated near the inter-
mediate frequency and the returning interval of frequency sweep due

to the retrace of the saw-tooth. Measured equivalent capacities at
1.25 kHz (L&1), 3.80 kHz (L%;) and 6.65 kHz (L%3) are given in Fig.
5;64. These curves are used for calibration of decimal counts from PCM
telemetry to observed antenna admittance values. The detection func-
tions of L%;, L%, and L&j aré examined in the space plasma simulation
chamber; Fig. 5-65 shows the outputs L%;, L&, and L&3; from the sampling-
hold circuit with the admittance level at the output point of logarithmic
amplifier being superimposed in a dual trace oscilloscope. A typical
response of the low frequency admittance of an antenna 1in a plasma is

simulated by this test. Main contribution to the low frequency admitt-
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Lhy(0.3MHz)

Lhe(13MH2)
Lha{fipm)

(0.5V/div.)

(125ms/10div.)

Fig. 5-61  Sampling-hold performance.
Corresponding to 0.3 MHz, fygr and 13 MHz,
frequencies are detected and potentials
(Lh;, Lh, and Lh3) are sampled and stored.
Output wave form of logarithmic amplifier
is superimposed. Dummy antenna circuit of
Co (L//C) (L = 100 uH, C = 30 pF,

C = 100 pF and damping resistor of 5.1 kQ)
are used.

Fig. 5-62 Resonance frequency detection; (a) output of Fh;

is 00101100 (binary) = 44 (decimal) which is equal to 2.23 MHz,
and (b) output of Fhy is 0011010 (binary) = 26 (decimal) which
is equal to 1.32 MHz. Output wave form of logarithmic
amplifier is superimposed (Vertical : 0.5 V/div.). Dummy
antenna circuit (L = 100 yH, C = 15 pF and Cy = 100 pF) are
used.

ance of the antenna in a plasma is thought to be represented as RC

parallel circuit with an inclination of 6 dB/Oct. The difference
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Fig. 5-63 Equiva-
lent capacitance
versus frequency
characteristics of
output from logarith-
mic amplifier (IPL).

Fig. 5-64 Equiva-
lent capacitance
versus output decimal
data (L%;, L% and
L23) through sampl-
ing-hold circuit

and A/D converter.
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Fig. 5-65 An exam-
ple of sampled and
stored levels of
L%y, L2, and L%3;
frequency spectrum
of admittance level
is superimposed.

Fig. 5-66 Resonance
detect performance.
Two resonances are
detected and the last
one is stored and
transmitted as FQ.
Output wave form of
logarithmic ampli-
fier is superimposed.
The dummy antenna
circuit with L of 1H,
C of 1000 pF is used.

Fig. 5-67 Frequency
reference levels
Cli1~4.; saw-tooth
wave form for this
reference level is
superimposed. Sampled
potential is a little
less than saw-tooth
voltage, due to input-
output characteristics
of the sampling-hold
circuit (HOLD 3, see
Fig. 5-45).



between sampled output levels from output potentials of the logarithmic
amplifier is due to the variation of stored potential by charge leak at
the sample-hold circuit (see Fig. 5-45). F2 detection function 1is
checked using a simulation circuit, with parameters L = 1 H, C = 1000
pF and Co = 1000 pF, whose parallel resonance frequency is calculat-
ed to be 5.01 kHz. The measured F2 1is illustrated in Fig. 5-66; the
admittance level (equivalent capacity) at the output point of the
logarighmic amplifier is superimposed ih a dual trace oscilloscope.
A pseudo resonance at the 1low frequency side is also detected. The
last sampled data is transmitted to ENC. The data 1.25 V is translated
to be 5.00 kHz using reference frequency levels Cf£1, C22, C&s3, and
C%y as shown in Fig. 5-67; this observed frequency F& 1is very close
to the calculated value, 5.01 kHz.

3.2 Thermal Test in Vacuum Environment

Operational characteristics of the electrical circuits in space
environment largely depends upon the equipment temperature, which varies
owing to (i) radiation energy input to the spacecraft due to solar radi-
ation, planetary albedo and infra-red radiation from the earth;296~299
(11) radiative heat output through the spacecraft surface to the out-

3005301

er space; and (iii) heating of the environment due to energy

from its own components, such as resisters, transistors and operational
amplifiers. Thermal parameters of each part of the SPacecraft,296’3°2
sych as heat capacity and heat transfer coefficients 'associated with
the thermal contact resistance and the radiation heat exchange of two
surfaces are also important thermal controlling factors.

The analytical prediction of the spacecraft and equipment tempera-
tures is impossible because of the number of unknowable variables.
Thermal measurement is thus carried out using one of space environmental
simulation facilities; a vacuum chamber with 1liquid nitrogen cooled
shroud which can adequately simulate the space environment pertaining

to measure of thermal balance characteristics in the spacecraft.303
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Table 5-3 6 modes of the thermal vacuum test.

Mode ale B 8
A 0.730 90° 67 7
B ” 600 "

C " 450 "
D " 90° 100 %
E 1"t 600 11]
F 0.846 90° 75 %
G " 90° 67 %

a/e is the ratio of solar absorptance to thermal emittance,
84 sunlit angle, i.e., angle of the spacecraft axis with
respect to the direction of the sunm, 8 the ratio of sunlit
time to one period.

Electrical heaters are attached to the spacecraft panels instead of
solar simulators to simulate the .radiation input energy.

Testing conditions are determined as shown in Table 5-3. These
conditions are produced to cover the maximum and also the minimum
solar radiation inputs, considering the parameters of the spacecraft
aspect on the presumed orbit as well as the parameters of the solar
panel on spacecraft surfaée. The amount of input heat to the panels
has been calculated for various geometrical relations between the
spacecraft and the sun; cyclic heating and cooling are applied
according to the computed sunrise and sunset times at the spacecraft
position in orbit. This experiment required 216 hours (the experiment
was carried out from June 19 to 29, 1972). Thermo-couples are located
in both the pre-amplifier and the main IPS instruﬁent. Temperature
valués of pre-amplifier are detected by the house keeping iﬁstrument
(HK) and are transmitted through the telemetry system. To.check the
operational characteristics of IPS instrument, the simulation electri-
cal circuit is used being replaced by an antemna in a plasma.

Results of this test are shown in Fig. 5-68. Fig. 5-69 is indi-
cating the monitor output of IPH. The temperature of the pre-ampli-
fier is about 35°C at the beginning of mode A and gradually decreases

to about 8°C at the end of mode C. Since mode D corresponds to a
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period of 100 % sunlight, the 250

TEMPERATURE DEPENDENCE OF IPS IN VACUUM
equipment temperature increases iiﬁizzﬁiﬁﬂ$#¢¢¢
again. As is obvious from Fig. wesee ”"‘““rwl;if:tht
5-67, swept range of the high 2001 S
frequency is changed, and Lh; <nmao_05%bwﬁvQﬁ~<?&ha
(admittance level at 300 kHz) R "***‘*¢4**ﬁ#§§ﬂ;1hﬁtcu
is misdetected below about 10°C. %150— ™
When the spacecraft is in orbit, g {nqxxhqxﬁhakﬁb“oQﬂqg
the temperature is measured at 3 .
a point in the pre-amplifier. §1oo— &,

a

The calibration curve of each “‘4‘.“'\'-'-:-.'.:" mQ+\ Ch
measuring value versus temper-— $#+*r—§¢?ﬁh§iﬁ:$§5§3%m
ature at the pre-amplifier has 50} L
been obtained by this thermal ..».»m;.~2?
ﬁest. In Fig. 5-70, measured
values versus temperature at the % 5 5 50 30
pre-amplifier are summarized. TEMPERATURE OF PRE-AMP ('C)

The temperature calibration data Fig. 5-70 Temperature dependence

of gyro-plasma probe characteristics

for the wvalue of FL (lower in vacuum

hybrid resonance frequency) are
not obtained because the simulator of antenna is selected to have the
high frequency resonance during this test. Calibration for F{%, can,

however, be deduced from the data C%; ~ CLy.

3.3 Simulation Experiment in Plasma

The test of the gyro-plasma probe operation in a plasma was
carried out by using the space plasma simulation chamber to examine
butput data relating to several parameters of test plasma such as
electron density, temperature, ion species and magnetic field intensity.
To test the operational performance of the instrument 1is also important
in this pre-flight plasma experiment. Results of the gyro-plasma

probe were examined and compared with measurements of the Langmuir
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probe method.

The large-scale space chamber was used for the purpose of this ex-
periment; the equipment is described in detail in section 2.1, chapter
III. Installed in a frame of the spacecraft, instruments of IPS, CIE,
PWP and TEL with a set of antennas are set inp the vessel. The antenna
of IPS is 1300 mm in length and located at the middle of the vessel.
The capacitance bridges of IPH and IPL are balanced to the capacity of
cabling and Instrumentation in the condition of setup for the space
simulation chamber experiment., The Langmuir probe is fixed to the wide
range scanning arm. Selected pure gases such as He, N, and Ar can be
injected to high vacuum vessel with an arbitrary gas pressure in a
range from 10~3 torr. to 10”° torr. A pair of hot cathode coated by
Ba0O are used as back diffusion type plasma sources for a plasma with
low electron density less than 107 cm™® and electron temperature of
500°K to 4000°K.

Results of IPH and IPL Examples of output data obtained in the
space chamber experiment are illustrated in Fig. 5-71 (a) ~ (d). The
high frequency gyro-plasma probe (IPH) and the low frequency gyro-plasma
probe (IPL) were functioned well to measure the frequency characteris-
tics of antenna impedance. Results are described as follows.

The binary counter output for Fhi: (HUR) 1is 01010000 (MSB) which
is equal to 80 of decimal count and translated to be 4.063 MHz. Since
the magnetic field strength is 0.42 gauss (corresponding electron
gyro-frequency is 1,17 MHz), the electron plasma frequency is 3.853 MHz,
from which the electron density is calculated to be | 1.88 x 10° cm™3.
The output for Fh, (SHR) is 00110100 (MSB) which is equal to 54 of
decimal count and translated to be 2,742 MHz. These resonance frequ-
encies coincide well with the resonance frequencies obtained from analog
data being calibrated by the standard signal generator. '

Output voltages of Lhy (0.3 MHz), Lh, (fyyg) and Lhs (13 MHz) are
1.8 v, 1.1‘V and 1.2 V corresponding to the equivalent capacitances of
68 pF, 14 pF and 21 pF, respectively. The calculated capacitance value

of an antenna (1300 mm in length and 10 mm in diameter) in free space
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equivalent capacitances of 4300 pF, 950 pF and 480 pF, respectively,
after the correction of characteristics of the sampling-hold circuit

(HOLD-2) as shown in Fig. 5-45. The calibration curves of L%i1~3 have
been shown in Fig. 5-64.

The lower hybrid resonance frequency fiyr 1S expressed as,®?*
1 1 -1/2
oo = ( +
LHR © Yeuq? + fpo?  fuifne
¥ fHey1-1/2

where fpes fpi’ fge and fyi are electron plasma, fon plasma,
electron and ion gyro-frequencies, and Mp/m and Meff are a mass
ratio of proton to electron and effective ion mass, respectively. In
this experiment, an argon plasma (Mqeg = 39.948) 1s used; the electron
plasma and electron gyro-frequencies are 3.89 MHz and 1.17 MHz. The
lower hybrid resonance frequency is, then, calculated to be 4.15 kHz.
The lower hybrid resonance (FL) is not detected as has been seen in
the analog data given in Fig. 5-71 (b). This can be attributed to

the high collisional frequency due to a partially ionized plasma
state; the ionization rate is approximately 10 ®. The collision
frequency 1s thought to be larger than the ion plasma and ion gyro-
resonance frequencies; i1.e., the impedance in the frequency range of

1 kHz to 15 kHz is predominated by the resistance of the sheath region
surrounding the antenna in a plasma. The lower hybrid resonance is .
presumably able to be detected in the magnetosphere where the plasma
is fully ionized to make collision frequency less than the ion

plasma and ion gyro-frequencies.

Impedance at VLF Range As is shown in Fig. 5-71 (d), the equivalent
capacitance value in the frequency range of 1 kHz to 15 kHz decreases
as the frequency increases. Three examples of experiments are summariz-

ed in Fig. 5-72, corresponding to experimental conditions listed in
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Table 5-4. In this frequency
range, the impedance can be
expressed as parallel circuits
consist of resistance and capa-
citance for each arm. This im-
pedance is mainly controlled by
the sheath surrounding the
antenna, because the impedance
of a plasma becomes very low.
Therefore, the equivalent capa-

citance Cgq can be written as
Ceq = V1 + w?C*R* /Rw
(5.11)

where © 1s an operating
angular frequency. If the
equivalent capacitance due to
the resistance 1s larger than
the value of the capacitance
C, that is, (Rw) ' >> C,

a n Ceq value is expressed

by a linear function of £&n w.
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Fig. 5-72 Equivalent capacitance
characteristics obtained in the
space chamber experiment. Dashed
lines show the frequency
characteristics of equivalent
capacitance corresponding to
indicated resistances.

The values of the resistance can be

deduced from Fig. 5-72; values are about 10 k2, 40 k2 and 550 k{2

cdrresponding to the conditions (a), (b) and (c). These values

decrease as the electron density increases, as is shown in Fig. 5-73.

The conductance of sheath can be deduced from the current-voltage

characteristics of the Langmuir probe in the vicinity of floating

potential,3?s Namely, the conductance G 1s calculated as,

@
1l

5 I1/Ve

)
a—v {Iio - Ieo exp(V/Ve)}Iv____vO

(5.12)

- 207 -



where I, and 1,4, Vo and

Ve are ion saturation current,
electron saturation current, 100? i ///u
floating potential and electron 50: ///
thermal energy in volt, respect- - " g
ively. Results of the resistance ////
calculated from Langmuilr probe
characteristics are plotted in
Fig. 5-73, which are indicating ///
a good coincidence with values i //<

deduced from the low frequency | A/;//

" CONDUCTANCE (urho)

.§

gyro-plasma probe. In the case E

of (c), the equivalent capacit- — 1| 111%6, L "'liqa

ance at the higher frequency ELECTRON DENSITY (em®)

range in VLF range shows a Fig. 5-73 Probe conductance
versus electron density value.

The values obtained simultaneously
of sheath, because the resistance by Langmuir probe method are
indicated.

constant value of the capacitance
value 1s satisfying the condition

that (Rw) ! < C; the constant
capacitance value is about 50 pF that coincides with the value of

Table 5-4  Experimental conditions of the plasma in the space chamber.

(a) () (c)
Gas Ar Ar N
Pressure P mmH% - 6.8x10 °  2.9x10 °
Electron Density Ne cm 9.1x10° 1.9x10° 1.9x10"
Electron Temperature Te °K (1500) 1000
Debye Length Ap cm 0.28 0.62 1.6
Upper Hybrid Frequency fygrMHz  8.64 4,06 1.71
Electron Plasma Frequency fpe Mz 8.56 3.89 1.25
Electron Gyro-frequency fHe MHz 1.17
Lower Hybrid Frequency fiHR KHz 4.27 4.15 5.32
Lon Plasma Frequency fpi KHz 31.6 14.4 8.36
Lon Larmor Radius ri m 5.55 2.68
Sheath Capacity Csy pPF - - 47
Sheath Conductance by LP G mho  31-52 10-23 0.85-1.5
Sheath Resistance by LP R KQ 19-32 44-96 670-1120
Sheath Conductance by IPL G mho 100 25 1.8
Sheath Resistance by IPL R K 10 40 55
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§ 4. Computer System for Data Analysis
4.1 Data Processing and Analysis System

The large volume of data transmitted from the satellite should be
analysed with precise orbit data to fix the time-space of each datum
point. For this purpose a systematic usage of a computer system has
been carried out.

The data are transmitted to the ground station through the telemetry
system from two data sources; one is direct transmission on real-time
base and the other is the reading-out of stored-data on the data record-
er. The received signals, on the ground, are demodulated to obtain the
differential phase shift keying (DPSK) codes. DPSK codes are decoded to
obtain digital binary codes. These binary codes are stored in the tape
recorder with the frame counter code given in the special portion of
telemetry frame that is here called F and F¢ counter. These data
are edited by the computer that can be controlled by the FORTRAN IV
language, adding the starting time (UT) of data frame. Messages that
consists of satellite code number, revolution number, receiving date and
time, frame period, data block number, and counter numbers of F and Fo,
are also put into the computer with the observation data.

The position of the spacecraft is computed using six elements para-
meters of the satellite orbit and its secular variations, and the time

when data were obtained.?®®

Data in binary code on the magnetic tape

are rearranged, calibrated, and converted to physical quantities such

as electron density, impedance value of an antenna in orbit and so on.
Orbital Analysis The methods to calculate the satellite orbit in an
arbitrary coordinate system have been presented by many workers (see

P. R. Escobal®’? as a review). A brief summary is given to show the
calculation procedure. In the present calculation, following orbital
elements at epoch time Ty are given; semi-major axis a [km], eccentricity

e, inclination of the orbital plane 1 [degree], right ascension of ascend-

ing node  [degree], argument of perigee w [degree], mean motion n
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Fig. 5-75 (a) Orbit plane coordinate system (Xyu, Yu» Zy)
and right ascension-declination coordinate system (X, Y, Z).
(b) Geodetic coordinate system.

[degree/min], mean anomaly M [degree], and their secular variations
due to perturbation around the Keplerian orbit. The eccentric anomaly

E 1is determined from Kepler's equation,
E~-M= e sin E. (5.13)

In Fig. 5-75 (a), the geometrical relation between the orbit plane co-
ordinate system (X, Yy, Zy) and the right ascension-declination co-
ordinate system (X, Y, Z) is indicated. The vector Y (see Fig. 5-75
(a)) shows the direction of the mean vernal equinox and Z 1is the
~earth's rotation axis. The orthogonal components of the satellite posi-

tion are obtained as a function of eccentric anomaly angle E, as

Xy = a (cos E - e),
Y,=a"vl- e? sin E, (5.14)
Zw"""o,

and these components are transformed into X, Y, and Z components by,

X Xw
H - - H (5.15)
YA Zw
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where cosweosfl-sinwsinflcosi,~sinwcosfi~coswsinficosi,sinfisini

(T) = |coswsinMsinwcosficosi,-sinwsinf+coswcosficosi,-cosfisinl
sinwsini s . coswsini s cosi
(5.16)

The position (R, 8, Ap) in the geocentric coordinate systems 1is

determined from the relations, as

R= /X2 + Y2+ 22,
6 = tan™! (2/vX® + Y?), (5.17)
and Ag = mod (360° + A’ Ag, 360°),

where A 1s the angle measured eastward in the equatorial plane be-
tween the inertial X-axis (direction of a mean vernal equinox) and the
observer's meridian, and Ag is the Greenwich angle, that is, the angle
between the inertial X-axis and the Greenwich prime meridian. The prac-
tical calculagion of Greenwich sidereal time at 0 hour U.T. can be accom-

plished by means of the following formula,307

Ago ="99.6909833 + 36000.7689 T, + 0.00038708 Tu2 (5.18)

where the time 1s measured in centuries as

_ JD - 2415020.0
Tu 36525 (5.19)

and JD 1is the Julian Date which is a continuing count of each day
elapsed since January 1, 4313 B.C. The Greenwich angle Ag at any time
At of day can be obtained if it is known that there is one extra side-

real day for every tropical year, i.e.,

1

dA _
ol 1+ 365. 34319899 [revolutions/day]

= 0.2506844773 [degrees/minute] (5.20)
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then Ag = Ago + At ¢ dA/dt (5.21)

The position (H, ¢, Ag) in the geodetic coordinate system (see Fig.
5.75 (b)) is determined for the height H from the earth's surface and
the geodetic latitude ¢, as

H=V/(xo - x1)% + (z0 - 21)%, (5.22)
= tan~! (BL—ZL
and ¢ = tan (xo e
where x1 = R cos 6,
z; = R sin 6,
zo = z1%0(1 = eg?)/(x1 - eg’x1),

and xp 1s one of the roots of the following quartic,

x* + a1x® + ax? + asx + ay = 0, {(5.23)
with a; = - 2x1/eé,

a; = - aé + xf/eﬁ + (1 - eé)yf/e%,

aj = ZaExlleé,

ay = - aﬁxf/eé.

In these equations ap 1s the equatorial radius of the earth (6378.160
km) and eg the eccentricity of the earth (0.08182). The transforma-
tion from geocentric coordinates to geodetic coordinates adapted here is
to solve the quartic by Newton's method and to determine one of the roots
that is located in the same quadrant as the position in the geocentric
coordinate system. In this computations, the convergence limit to
obtain the root is set ot be 0.1 km which 1s an adequate resolution for
the data sampling of the present observation.

The inverse transformation from geodetic coordinates (H, ¢, Ap) to

geocentric coordinates (R, 8, Ag) is easily obtained as

- 213 -



R = (xf + z§)1/2’ (5.24)
and 0 = tan~! (z1/x1), (5.25)
ag

where X, = (———o—==+H) cos ¢ (5.26)

vl - eésin2¢
(1 -e3) a

and z, = ( EZ°E . H) sin ¢ (5.27)

vl - eé sin2¢

The geomagnetic coordinate system (0, Ag,) are used extensively

308 The northern and southern

in physics of geomagnetic phenomena.
points where the axis of the centered dipole, that is set to give the
best approximation to the earth's main magnetic field, intersects the
surface or the earth are called geomagnetic north and south pole, respec-
tively. The geomagnetic north pole is near Thule, Greenland, at 290.239°E
geographic longitude and approximately 11.435° from the geographic north
pole on this meridian. Thus, the geomagnetic dipole latitude 6  and
dipole longitude Ag, can be easily obtained from geocentric latitude

and longitude as follows.
sinBp = sind cosll.435° + cosB sinll.435° cos(Ag-290.239),

and sinAgy = cosB sin(Ag-290.239°)/cosfy . (5.28)
The geomagnetic field intensity can be computed in geocentric spherical
coordinates (R, 6, Ag) as noted in section 2.2, Chapter IV.

The electron density in the ionosphere depends largely on the local
time, that 1s, the solar zenith angle at the observed position. Using
the universal time UT[hours] and the east longitude Mg [degrees], the

local time LT [hours] at the observed position is approximately calcu-
lated by

LT = mod (UT + Ag/15°, 24). (5.29)

The electron density profiles along the spacecraft orbit are
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described with the observed position that 1s expressed on the geocentric,

geodetic and geomagnetic coordinate systems with the local time.

4,2 Calibration Method

The digital data recorded on the magnetic tape at the ground station
are rearranged according to observational items listed in Table 5-1.
After corrections of equipment characteristics due to temperature varia-
tion in the satellite environment, the data are transformed to physical
values such as frequencies and the admittance values due to the calibrat-
ed data by the equipment for each item.
1) Corrections of the Thermal Shift: As indicated in section 3.2,
the operation characteristics of instruments onboard spacecraft depend
largely on the operating temperature. The temperature of the IPS pre-
amplifier is measured with the house keeping instrument (HK). Correc-
tion function for the data with respect to temperature T is expreséed
in a form of the series of AT =T - 20 using the standard temperature
of 20°C as, '

N
Np = N, + ) c (am)™"? (5.30)

n=1

where Np and N, are the data values at T°C (the temperature of pre-
amplifier) and 20°C respectively. The coefficients C, (n=1, ..., N)
are determined to make the best fit to measured results that have been
obtained by the thermal vacuum test as shown in Fig. 5-70.

2) Upper Hybrid and Sheath Resonance Frequencies: Since the gate
pulse width of the frequency counter for Fh); and Fhz 1s 19.692 usec,
the relation between the digital data N and the resonance frequency

f 1is given by
fypr or fggr = No * 50.782 [kHz]. ’ (5.31)

3) Admittance Values at 0.3 MHz, fyyg, and 13 MHz: Calibration curves
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for the admittance values at 0.3 MHz and 13 MHz versus digital data are
deduced from Fig. 5-6Q. The calibration function is given by the expres-

sion, as

Lh, or Lhj = 10%% i Cn No™ ! [pF]. (5.32)
n=1 .

There are technical difficulties to obtain the measured calibration

function for Lh,, because Lh, 1is the admittance value at upper

hybrid resonance frequency. That is, the calibration data for Lh:

largely depend on the resonance frequency itself. The calibration 1is

then made using a linear interpolation method as

Lh, = Lh,' +-%%{;—§¥%& (Lhy' - Lhs") o (5.33)
where ©Lh;' and Lh3' are the calibrated values, using eq. (5.32) of
the raw data corresponding to Lha.

4) ZLower Hybrid Resonance Frequency: The lower hybrid resonance
frequency F& 1is deduced from Cf1~s which are output values corre-
sponding to frequencles of 1.25, 3.85, 6.65, and 10.1 kHz. The
calibration function given as the frequency versus digital data, 1s
given in quadratic equation by least squares using Cli~y which are
obtained in the same period of the telemetry frame. The standard
digital data corresponding to C&;~y are 42, 93, 142, and 187, re-
spectively. These values are used as alternate data when the misdetec-
tions on any C21~4 are revealed in the onboard operations.

5) Admittance Values at 1.25, 3.80, and 6.65 kHz: Admittance values
for L2i~3 1in IPL channel have been obtained after the three steps of
‘corrections. The first is the correction due to the characteristic of
the encoder (ENC), that can be carried out using a function as

3
Vi= ) Cch N1, (5.34)
n=1 .

where No 1s the obtained digital data for L£1~3. The second correc-

‘tion is for the gate and hold circuits; the characteristics are given by
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Vo = E Cq ¥, (5.35)
n=1
where Vo and V) are input and output voltages. The 1inputs Vyp
versus outputs V; characteristics of the gate and hold circuit are
given in Fig. 5-45. The third correction is due to the relation of the
output voltage from the logarithmic amplifier and the antenna admittance

value that is given in Fig. 5-64; the function is here expressed by

5
L1~3 = 10%% Z Cn Vo1 [pF; Vo in volt] (5.36)
n=1
All the coefficients Cn in eqs. (5.30) to (5.36) including the
calibration curve for the temperature of pre-amplifier versus decimal
values of HK outputs (word number of Wg in the telemetry frame whose

F counter number is 18) are given in Appendix E.

4.3 Computation of Electron Density

The electron density distribution in global scale are deduced from
the measured upper hybrid resonance frequency fyyr with the data of the
position where observations were carried out, using eq. (1.45) in which
gyro-frequencies fy were calculated from eq. (4.16). In addition to
the upper hybrid resonance frequency, the admittance value at 300 kHz
(Lh1) was also used,that showed the minimum value when the UHR reso-
nance frequency coincided with 300 kHz.

To show electron density profiles as a functions of local time,
latitude, and geomagnetic coordinates, the automatic graphical display
method is employed using an electronic computer system with a X-Y
plotter. The data on spacecraft positions as noted in section 4.1 and
the observation data are also stored in the corresponding addresses of
the common area of the computer core memory to access quickly due to
the program demand. The magnetic tapes are prepared by combining and
rearranging these data and the parameters, including operational func-

tions for the X-Y plotter. The flow chart of computing systems for
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these data analysis is illustrated in Fig. 5-76.
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Fig. 5-76 Flow chart of data analysis system.

- 218 -




Chapter VI DISCUSSION OF RESULTS OBTAINED BY THE GYRO-PLASMA
' PROBE ONBOARD THE SPACECRAFT REXS

§ 1. Introduction

Mu 4S-4 rocket was launched from the Kagoshima Space Center,
Uchinoura, Kagoshima, Japan, at 02:40 UT (11:40 JST), August 19,
1972, At 7 min 8 sec after the lift-off, the fourth stage motor
injected the spacecraft REXS into orbit at the altitude of 283 km,
with the speed of 8.897 km/sec. The satellite was named by "DENPA
(Radio Wave)" which bears the international designation ''1972-064A".

Mu 4S-4 Launching Mu 4S-4 1s a solid propellant four-stage rocket
designed as a vehicle for launching the sclentific satellite. Total
weight of the vehicle 1is 43,522 kg, the length is 23.698 m, and the
diameter of the first and second stages is 1.41 m. Eight strap-on
boosters are attached to the first stage in order to augment the
thrust at the lift-off time and are jettisoned at 9.5 seconds after
lift-off. The first stage flight is stabilized aerodynamically by
cruciform fins. After the burnout and the coasting of 20 seconds,
the nose covering is jettisoned at the altitude of 50 km, approximately,
and then the first stage motor is separated from the upper stage.
Ignition of six spin motors, and deployment of six sheets of flares
take place to obtain the spin stabilization in the axial direction of
the total spacecraft keeping the spin motion of 2.6 rps. The ignit-
ion of the second stage motor takes place in series at the interval
of 1 second. The third stage motor burns after the separation of

the second stage motor. The altitude control system is located
between the third and fourth stages. After jettison of the third
stage motor, the spinning motion of the upper stage spacecraft is
slowed down by a pair of solid despinning motors. The attitude
control system starts to operate, then, to direct the vehicle to the

local horizontal at the corresponding peak altitude of the rocket
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trajectory. The hydrogen-peroxide engine for the attitude control
(roll, pitch and yaw) consists of four hydrogen-peroxide reservoilrs,
two nitrogen gas resorvoirs and eight jet nozzles. When the attitude
control is finished, a pair of roll jets give a spin of 0.5 rps to
the vehicle. A pair of respin motors are operated to railse the vehicle
spin up to 2.7 rps to keep the axial stability again. The fourth stage
spherical motor is ignited at the peak of the trajectory. The ignition
is designed to make by a programmed timer. A radio command system for
the ignition is also prepared for the case of the deviating flight from
the planned trajectory. The last stage spherical motor provides a
velocity increment to achieve orbital velocity. After the burnout of
the last stage motor, the main spacecraft is separated by releasing a
marman clamp keeping the spin motion for attitude stabilization. Three
retromotors are fired to decelerate the burnout motor to give a safety
distance between the main spacecraft.

Detailed descriptions and prelimin;ly results about the launching

phase of Mu 4S-4 have been reported by the rocket launching group.309

In this chapter, the results obtained with the gyro-plasma probe
onboard the spacecraft REXS are presented. The performance and orbit
of the spacecraft including the preliminary experimental data are given
in section 2. From the measured upper hybrid resonance frequency, the
electron density distribution in the altitude range from about 240 km
to 6570 km were obtained and compared with the diffusive equilibrium
distribution. The geomagnetic latitude dependence of electron density
distribution in the F layer and the field aligned scale height are also

deduced. The results are given in section 3.
§ 2. Experiment and Results
2.1 Performance

The instruments in REXS operated satisfactory following the

planned programme in the launching phase and the orbital injec-
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tion phase. The first step of monopole antenna was deployed by
the pre-set timer, and the second and third steps were extended by

the radio command at the first and the sixth satellite revolutions,
respectively. At the Kagoshima Space Center, all the real-time mode
telemetry data as well as the onboard tape-recorder playback mode data
were received from August 19 to‘22. On August 22, 09:07 JST when the
high tension electrical circuit of the electron flux analyser (EBA)
was switched on at the first time after the launch, a fatal accident
took place. The power supplies of the spacecraft fell in some abnormal
condition, and the telemetry encoder ceased to operate normally so
that any meaningful data have never been transmitted afterwards.
Therefore, the data during the first to 26th revolutions around the
earth were available to manipulate.

The attitude of the spacecraft was measured by the flux-gate
magnetometer (MGS).3!? This gives the direction of spin axis in the
right ascension of 250° + 5°, declination of - 15° + 3°, with corning
angle of less than 5°. The angle between the spacecraft spin axis
and the direction of the sun is estimated to be 108°. The attitude of
the spacecraft in the right ascension-declination coordinate system is
illustrated in Fig. 6-1. The spin rate was 2.99 rps at the time of
injection, decreasing gradually with time at rate of - 0.01 rps/100
revolutions.

The post-launching radio tracking was made by the collaboration
of Japanese network, NASA, and CNES tracking stations. The routine
radio tracking has been conducted by Orbit Computation Center (Tsukuba)
of National Space Development Agency (NASDA), using the data of track-
ing stations at Katsuura, Okinawa and Uchinoura (KSC). The spacecraft
has been injected intc an elliptic orbit and the result of orbital
elements of REXS on August 21 reported by NASDA are;

Epoch Time 1972,8,21.00.00.00 U.T.
Semi-major Axis a  [km] 9784.453
Semi-major Axis Dot a [km/day] 0.0
Eccentricity e 0.3233
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Inclination i [deg] 31.002
R.A. of Ascending Node Q  [deg] 41,392
Motion of Ascending Node 8 [deg/day] -2.383
Argument of Perigee w [degl 127.878
Motion of Perigee ® [deg/dayl] 3.717
Mean Motion n [deg/min] 2.244
Mean Motion Dot n  [deg/min/day] 0.0

Mean Anomaly M [deg] 319.170
Anomalistic Period Tp [min] 160.533
Period Dot Tp [min/day] 0.0

Height of Perigee hp [km] 242.983
Height of Apogee hy, [km] 6569.593

These parameters were used to calculate the spacecraft position where
the observation was carried out. The orbit of the spacecraft REXS

projected on the earth's surface is illustrated in Fig. 6-2. Since

the anomalistic period of this
spacecraft was about 24 hours/9,
the orbits of revolution numbers
of n and nt9 are approximate- T&?i;ﬂ;H
ly the same. And, the deviation
of the local times at the same
phases” of the spacecraft posi-
tions in orbit 1s approximately

equal to the motion of ascending

node and is very small. Fortu-
nately, these facts are very
convenient to investigate the
physical conditions of the elec-

tron density profiles in the iono-

sphere.
ATTITUDE OF REXS RA,=250"%5°
DEC=—15'+3"
2.2 Results and Data Analysis (AUG.19 TO 21)

Fig. 6-1 Attitude of the space-
craft in right ascension-
the spacecraft REXS has been declination coordinate system.

The IPS instruments onboard

successfully operated and the
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ORBIT OF REXS (1972—064A)
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Fig. 6-2 Orbit of REXS Satellite.

measured values of all the observational items have been transmitted

through the telemetry system. The real~time telemetry data were

recorded on the paper tapes, and the onboard tape-recorder playback

data were stored on the magnetic tapes. Both these PCM signals were,

also, sent to the main quick-~look equipment and

signals that were diplayed by the pen-recorders.

converted to analog
The IPS quick-look

sorted these time-serial data of mode II1 and II2 into six parallel

channels that include two items each as Fh; and

FL in #1, Fhy and F in

#2, Lhy; and L%; in #3, Lh; and L2; in #4, Lhs and L3 in #5, and
C1~y. in #6. In Fig. 6-3, an example of the data displayed by the

quick-look system is shown for the case of revolution #23, on Aug.

21, 1972. An overall profile of the measured values of each observat-

ional item during one revolution period of the satellite observation

can be clearly found from this chart. The upper hybrid and sheath

resonance frequencies (Fhi and Fhz) are increasing from the beginning

of the record and show the maximum values at the height of about 390

km which corresponds to the height of F2 peak.
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Fig. 6-3 Records of IPS quick-look (rev. #23, Aug. 21, 1972).

the values are gradually decreasing. The admittance value at fyyp (Lhy)
is inversely correlated to the values of Fh; and Fh,. The value of
Lhy shows the admittance of the antenna in free space, and
slightly decreases as Fh; increases. Admittance values at VLF range
(L) are abruptly changed when the spacecraft passed through the
shadow line due to the earth. The detailed features of the observed
data will be given later.

; To check the instrument operation, the command signal "PI CAL ON"
was transmitted at the revolution #17. The transmitted data of sub-
carrier frequency through a 400.5 MHz for the frequency monitor of the
crystal controlled oscillator for the gate control circuit of the
high frequency gyro-plasma probe was just 5.59 kHz. The swept frequency
of the low frequency gyro-plasma probe was from 5.01 kHz to 5.23 kHz,
as shown in Fig. 6-4. These calibration data showed quite normal values

as noted in section 2.4, Chapter V.
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and the shadow regions periodically, the temperature oscillated with
an amplitude of about 4°C during one revolution except for fhe case
of the initial revolution that indicate a rapid decrease of the
average temperature. These data are used for the corrections of the
observed data corresponding to the operational temperature of the
equipment. ‘

Examples of the observed data for each observational item as a
function of local time are illustrated in Fig. 6-6 to 14, being con-
verted from the binary counts to the corresponding frequencies and

the equivalent capacitance values through the calibration method.

2.3 Observation of Ionospheric Plasma Resonance

Upper Hybrid Resonance Frequency, Fh, Figure 6-6 shows the typical
variation of the upper hybrid resonance frequency during one revolution
(Rev. #6). Even though a random scattering of data points 1s appreci-
able, the lower boundary of the detected frequency values 1s indicating
a continuous profile versus altitude. The scattering of data can be
attributed to a noise that may be impressed on the antenna. The noise
frequency could be in audio frequency range. The nonlinear modulation
of the impressed r.f. signal can be detected like a resonance points
even the frequency is completely independent of the UHR resonance frequ-
ency. When the spacecraft was passing through the shadow region, the
solar cells and electrical circuits in the spacecraft are connected
through the diodes in the power supply circuits, while the diodes are
cét off iﬁ the shadow region. This point suggests that the noise came
from the electrical circuits in the spacecraft itself through the solar
cells into the surrounding plasma medium. The noise leve%s at the
antenna can be estimated to be 1 ~ 4 mV/m from the scatteriﬁg of the
admittance values (see Fig. 6-9 ~ 14). Once the resonant point 1is
detected, the automatic detection of the minimum point is stopped dur-
ing the swept frequency period. This means that UHR resonance becomes

the lowest possible frequency for the succeeding trial of the minimum
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detection under the superimposed severe noise disturbances.

The electron density values can be deduced from these detected
UHR frequencies. The perigee point of the spacecraft orbit is at
13:35 L.T. and its altitude is 247 km. Before arriving and after
passing this point, two maxima of the upper hybrid resonance frequencies
were appeared. The altitudes and the values of these peaks are corres-

ponding to those of F2 peaks at the different positions.

Sheath Resonance Frequency, Fh; . Figure 6-7 shows the measured
sheath resonance frequencies at the revolution #6. The admittance
value of the antenna near the sheath resonance frequency is high; the
noise ratio to the signal is therefore negligibly small to avoid the
misdetection of the resonance due to noise. In addition to the usual
sheath resonance, the second and higher harmonics of the sheath
resonance have been revealed, as was done for the case of the rocket
borne gyro-plasma probe experiment (see section 4.3, chapter 1IV).
Assuming the magnetic field is applied perpendicular to the antenna

surface, the sheath resonance frequency fgup is approximately expres-—
as

f 2
fsur = (fg” + T?RC:)I/Z (6.1)

where Cg is a sheath capacitance normalized by an antenna capacitance
in free space. As is obvious from this equation, the sheath resonance
frequency increases as the gyro-resonance and the plasma frequencies
increase. Namely, the sheath resonance frequency changes its value
correlating with the variation of the upper hybrid resonance frequency
as has been shown in Fig. 6-7. Since the sheath capacitance Cg depends
largely on the electron temperature, the electron temperature could

be deduced from the observed sheath resonance frequency using the
electron density and the strength of the geomagnetic field. But more

accurate calculation for the sheath resonance frequency as a function
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of electron density, temperature, shape of an antenna, etc. should be

required.

Lower Hybrid Resonance Frequency, F2 Figure 6-8 shows the measured
lower hybrid resonance frequency during the revolution #8. Since the
admittance in the lower frequency region except the resonance can be
expressed by the parallel combination of the sheath capacitance and
resistance, the admittance value decreases as the frequency increases.
And, the measured value 1s the last sampled and stored data in one
frequency sweep. As 1s mentioned before, the pseudo-resonances
(noises) triggered the automatic resonance detection circuit for the
lower hybrid resonance and this noises were logarithmically enhanced
in the lower admittance values. Therefore, the lower boundary of the
obtained data are considered to be the lower hybrid resonance frequen-
cy. This resonance detections did not operated in the lower altitude
(< 100 km) due to the collisional effect and in the shadow regions
where the ion sheath region formed around the antenna increased due

to the vehicle's potential drop. Using these data and eq. (5.10),

the effective ion mass in the altitude range from 1000 km to 6500 km
was computed. Assuming that the effective ion mass M,¢¢ is equal to
2.0 along the ascending path (1000 km ~ 4000 km, 6, = +11° . -20°)

and equal to 1.0 along the descending path (6400 km ~ 3000 km,

Bm = —26° . -7°), the lower hybrid resonance frequencles are computed
using the measured electron densities and the calculated geomagnetic
field intensities along the spacecraft trajectory, and shown in Fig.
6-8 by dotted lines. This result indicates that the heavy ilons such
as He+ exist in the equatorial region up to 4000 km.

2.4 Observation of Antenna Admittance
Admittance Value at 300 kHz, Lh, Figure 6-9 shows the variation of

admittance values at 300 kHz during the revolution #6. When the upper
hybrid resonance frequency is much larger than 300 kHz, this admittance
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value represents the admittance of ion sheath surrounding a antenna
in a plasma. The formation of the ion sheath 1is 1arge1y‘controlled
by the difference of the thermal velocities between the electrons
and ions. Therefore, this admittance value that relates to ion
sheath thickness depends on the electron temperature. The sheath
resonance frequency is also the function of the sheath thickness.
This can be checked using the measured data. For example,

foyr = 3.305 MHz, fygr = 9.090. 9.293 MHz  at 14h 41m 15,258 (L.T.),
and then the sheath capacitance deduced from the sheath resonance
frequency using eq. (6.1) is 183 ~ 192 pF, while value at 300 kHz is
185 + 7 pF.

When the upper hybrid resonance frequency is close to 300 kHz,
to measure the admittance value at 300 kHz is{eéufvaleniitd‘ a fixed
frequency impedance probe. The minimum and maximum points of the values
in a certain period across the magnetosphere are identical to the upper
hybrid and the sheath resonances, respectively. The equivalent capacit-
ance value can be used to deduce the electron density. In the case of
the revolution #6, this minimum point was revealed at the altitude of
5955 km where the géomagnetic field intensity was 0.068 gauss, and
then the electron density at that position was calculated to be
8.29 x 10% em 2.

The admittance value were abruptly varied when the spacecraft
passed through the sun's shadow line due to the earth. This phenomena
were also found clearly in the low frequency side (Lf£3~3). This is
considered to be due to the antenna potential change with respect to
the space potential. In the sunlit region, the photoemissions from
the antenna surface reduces the accumulation of the excess electron
despite of the difference of thermal velocities between electrons
and ions. This effect 1lifts the antenna potential close to the space
potential. The admittance value of the sheath increases as a result
of the decrease of the sheath radius. The spacecraft or the antenna
potential is largely controlled by the photoemissioh effects as
indicated by this result. This suggests that the electron density

measurement with any static potential analyser should be carefully
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planned to avoid the potential change due to this photoemission

effect in the very tenuous plasma regions.

Admittance Value at fypg, Lh, Figure 6-10 shows the measured
admittance values at the upper hybrid resonance frequency. This

value represents a Q value of the resonance, that is, the values
decrease as the Q values increase. The admittance value at the reson-
ance is so small as to be covered with the aforementioned noises in

the sunlit region. It is obvious that the values decreased when the
spacecraft passed through the F2 layer where the electron density incre-
ased. While the collision frequency becomes very low above the F2 layer,
the Q value of the‘;esonance decreased. This indicates that the some
dissipative meéhéﬁiéﬁs besides the collision may occur even in a

collision free plasma.

Admittance Value at 13 MHz, Lh;, Figure 6-11 shows the variation of
admittance values at 13 MHz during the revolution #6. This admittance
value is a monitoring output of the capacitance of an antenna in

free space, and the measured admittance indicated the value of 26 pF
that is just coincide with the antenna capacitance measured in the pre-
flight operation tests. When the upper hybrid resonance frequency was
close to 13 MHz in the F2 layer, the admittance values were affected

by the plasma resonance and varied its value like a resonance.

Admittance Values at 1.25 kHz, 3.80 kHz, and 6.65 kHz, L&;, L%,,

L2s Figure 6-12, 13, and 14 shows the admittance values at 1.25 kHz,
3.80 kHz, and 6.65 kHz measured by the low frequency gyro-plasma

probe. As noted in section 3.3, chapter V, the admittance value in
this frequency range increases as the sheath resistance decreases as

a result of the increase of the electron density. The sheath resisf
ance and capacitance are deduced from eq. (5.11). For example, the
admittance values were 8103.5 pF at 1.25 kHz, 3557 pF at 3.80 kHz,

and 2678.5 pF at 6.65 kHz at the altitude of 595 km where the electron
density was 2.7 x 10° cm °. Using these values and eq. (5.12), the
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sheath resistance and capacitance are calculated, i.e., R = 6000 ~

6800 and C = 2100 pF ~ 2500 pF, and the condition (wR) ! > C is
satisfied, The reason for the very low value of the sheath resistance
is considered that the photoemission from the antenna metal surface
acts to increase the conductivity of the sheath region. In the shadow
region where the photoemission is cut off, the sheath resistanée
abruptly increased to be several hundred kilo-ohms and the sheath
capacitance also decreased its value to be several tens pilco-farads.

As for the potential of the antenna with respect to the space potential
in the case of the above example;‘the value of about - 0.05 volts is
calculated from eq. (5.12) if the electron temperature of 1500 ~ 2000°K
was assumed. In this case, the computed floating potential of the
antenna i§ about -0.5 volts. This difference of the antenna potential

was also caused by the photoemission effect.

All observations were successfully carried out in the experiment
with IPS onboard the spacecraft REXS. Operations of the automatic
detection systems as the satellite borne instrument were satisfactorily
performed and confirmed. The data for resonance frequencies and admitt-
ance values of an antenna in a magnetospheric plasma were obtained.
Especially the detection of lower hybrid resonance by the impedance
measurement method has been made for the first time. From these data,
global electron‘dénsity profiles and the effective ion mass have been
calculated. The admittance values as a function of electron density,
the electron temperature and the antenna potential have been discussed.
The photoemission effects on the antenna potential and its relation
to admittance values in a wide frequency range (1 kHz to 13 MHz) have
been revealed. Noises from the spacecraft itself disturbed the signal
to be detected, but the signal could be clearly discriminated from

these noises.
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§ 3. Electron Density Profile in the Ionosphere
3.1 Topside Ionosphere

From the measured upper hybrid resonance frequency, the electron
density can be deduced, using the gyro-frequency that is computed from
‘the measured local geomagnetic field intensity at the satellite posi-
tion. Figure 6-15 shows the calculated geomagnetic reference field
intensities along the REXS orbit (solid lines) and the measured values
with the flux-gate magnetometer (MGS3!?) onboard the spacecraft at the
revolution #6. The geomagnetic field changes its intensity from about
0.039 gauss to 0.43 gauss. Since calculated value is a good approxima-
tion of measured value, the geomagnetic reference field was employed to
compute the gyro-resonance frequency. Assuming all the detected values
(as have been shown in Fig. 6-6) to be the upper hybrid resonance frequ-
ency, the electron density values versus the geomagnetic longitude are
calculated and one example of the revolution #6 is illustrated in Fig.
6-16.

Figure 6-17 (a) and (b) show the distributions of these values
versus altitude along the ascending and descending paths. As demon-
strated in the previous section, the lower boundaries of these measured
values show electron density profiles along the spacecraft orbit. All
measured electron density profiles in the altitude range from 240 km to
6570 km are shown in Fig. 6-18 (a) and (b), corresponding to the ascend-
ing paths and the descending paths, respectively. Since the spacecraft
trajectories of the revolution numbers of n and n+9 (n; integer) take
approximately the same position with respect to the solar coordinate,
the groupings of the same orbit (for example, the revolution numbers #6,
#15 and #24) are made in these figures. Local times at the spacecraft
positions when the measurements were carried out are computed and shown
in the figures. From the resonances revealed by fixed frequency admit-
tance values at 300 kHz, electron densities at the altitude of about
6000 km were deduced and shown in the figure by the dotted circles, from

which the solid lines are drawn in accordance with R™? and R™" power law
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Fig. 6-16 Electron density profile deduced
from measured values of fyyp (see Fig. 90)
during revolution #6.

models, where R 1is the radius vector along a geomagnetic field line.
As for the distribution of electrons and ions along the geomag-

netic field line, J. J. Angerami and L. O. Thomaszoegave the theoretical
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consideration about its diffusive equilibrium, taking into account

the effect of the electric field that arises from charge separationm,

the centrifugal force arising from the rotation of the earth, and the
effect of the gravitational field. Their calculation is presented

in section 2.3, chapter I (see Fig. 1 - 11). The vertical electron
distribution up to about 2000 km has been obtained by the gyro-plasma
probes in the Lambda 3H-2, 5 and 6 sounding rocket experiments as
described in section 3.1, chapter IV. The theory of the diffusive
equilibrium has been verified to be a good approximation of the observed
electron density distribution. This theory is also applicabie to the

electron density profiles as shown in Fig. 6-18. Following Bauer,?!?

and Eviatar et al.,231

the electron density profile of ion-exosphere

" model distribution is given by eq. (1.20). As noted in section 2.3,
chapter I, this type of distribution is one which correspoﬁds-to a
diffusive equilibrium, weighted by a function dependent on the intensi-
ty of the geomagnetic field. In this experiment, the distribﬁtions of
the measured electron density values above about 2000 km fit with the
power law models rather than with the diffusive equilibrium distribut-

ion.

3.2 Equatorial F Region

As for the electron density profile in the region near the F
layer, S. Chandra developed a modified Chapman function with a
variable scale height gradient, as noted in section 2.2, chapter I.

To give the analytical form for the variable scale height, a modified
Chapman function given in eq. (1.17), has been found to be in good
agreement with the electron distribution obtained experimentally within
the height range from about 100 km below the F2 peak to an altitude

of about 700 km.

In this experiment, the five different groups of electron density
profiles near the F2 layer in the daytime were obtained. Although
the little differences can be found within one group that includes
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three observations along the same orbital phase, these distributions
mainly controlled by the geomagnetic latitudes. Fig. 6-19 shows the
| average distribution of the electron demsity profiles of one group
versus the altitude. During these three-day observations, the geomag-
netic and solar activities were much the same and were slightly dis-
turbed; the sum of Kp indices (Kp is a geomagnetic planetary three-
hour-range index) are 22, 23, and 24 , the relative sunspot num-—
bers, Ry, are 54, 48, and 60, and the daily solar flux at 2800 MHz are
116.2, 117.9, and 119.5 (x 1022 wm™2 Hz™!), corresponding to August 19,
20, and 21, respectively.311 ' To refer to the variations due to the geo-
magnetic latitude, the geomag-
netic latitudes at the altitude

of 350 km are listed in Fig. ELECTRON DENSITY PROFILE
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Fig. 6-20 Geomagnetic latitude dependence of F2 peak; (a) height of
F2 peak (b) maximum electron density of F2 layer.

12:10 to 12:38 (L.T.) in the descending phases. Consequently, these
changes of the electron density and the height of F2 peak are considered
to be due to the geomagnetic control. '
Figure 6-21 shows the latitudinal variation of electron density
at the altitude from 250 km to 900 km, in terms of electron densities
at constant altitude versus geomagnetic north latitude. Figure 6-22
represents the contour map of the constant electron density in the
altitude~-latitude domain. The local time along the spacecraft orbit
as given in the same figure, varies from about 10:00 to 13:00 in the
descending phase and‘from about 14:00 to 17:00 in the ascending phase.
Since there is no large difference of the local time in the obtained
data around the,iow latitude, enhancements of electron density in the
middle latitude towards the equatorial region are due to the well-
known equat6r1a1 anomaly as discussed in section 2.2, chapter I. The
data obtained by the topside sounder satellite Alouette show the
remarkable enhancements of electron density above the F2 peak up to
the altitude of 700 km. The electron density distributions obtained
by the Alouette observation corresponding to Fig. 6-21 is given in
Fig. 1-6 (p. 18). The theoretical calculation of contours of electron
density as a function of latitude and height given in Fig. 1-8 (p. 20)
corresponds to Fig. 6-22. These results indicate the dynamical »

behaviours of the topside F2 region as discussed in section 2.2,
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Fig. 6~23 Contour map of field aligned scale height.

chapter. I. In the high latitude, the electron demsity in the F2
region decreases; the high density region exists in the mid-latitude
around the magnetic dipole latitude of 20° to 30° (see Fig. 6-22).

Assuming diffusive equilibrium along field lines, that altitudi-
nal and latitudinal gradients of lon temperature T4 and electron
temperature T, are negligible, and that the geomagnetic field can be
represented by a dipole field, the scale height along the field lines
Hg may be written (S. Chandra and R. A. Goldberg®!?) as

1 _ 1 3N , cot A 9N
H N or + 2Nr )N (6.2)

where r 1is a geocentric distance, A a geomagnetic dip latitude.
Using above equation, the scale height Hg can be deduced from the

measured global electron density distribution. Figure 6-23 shows the
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contour map of the field aligned scale height Hg in the altitude-dip
latitude domain. This figure 1s corresponding to the results of the
Alouette observation as shown in Fig. 1-7 (p. 19). The effective dion
mass can be obtained from the scale height Hg 1f the ion and electron
temperatures may be deduced from the measured admittance values or the
sheath resonance frequency.

Although the data were available in only northern hemisphere, it
can be concluded that the electron distribution 1is clearly controlled
by the geomagnetic field.
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CONCLUDING REMARKS

In this thesis, the r.f. plasma probes, viz., gyro-plasma probe,
mutual impedance probe, and high frequency capacitance probe have been
studied and applied to the measurements of electron densities in labo-
ratory plasma and space plasma using rocket and satellite.

The historical survey of lonospheric measurements by plasma probes
onboard the sounding rockets is made in Chapter I. The existing knowl-
edges of the ionospheric structure are reviewed. An outline of antenna
impedance theory is also given as the basis of r.f. plasma probe tech-
niques.

In Chapter II, various r.f. plasma probe systems to measure the
probe impedance in cold and warm magnetoplasmas are described. The
gyro-plasma probe is designed to measure the antenna impedance versus
frequency characteristics, which include various kinds of plasma reso-
nance phenomena, such as higher harmonic gyro-resonances as well as the
upper hybrid and sheath resonances. The effects due to electron-neutral
collision and density gradient on the antenna impedance measurement are
also examined. The mutual impedance probe consists of a transmitter-
receiver antenna system, measuring the transmitted signal intensity as
a function of frequency. The high frequency capacitance probe 1s to
measure the frequency change of an oscillator due to the ambient elec~
tron density variation. The detailed circuit designs of these probes,
relevant to the rocket experiment, are given. It is shown that the ion
sheath surrounding a body in a plasma is modulated by the potential
change due to applied high tension r.f. fields. The analytical ex-
pression of floating potential and sheath capacitance of a body affect-
ed by such r.f. potential are obtained.

In Chapter III, experimental studies of r.f. plasma probe in
laboratory plasma are described. Using an apparatus of the vacuum
chamber with back diffusion type plasma sources, the performance of
plasma probes has been tested under various conditions. From these
experiments, a number of problems have been clarified; the effect of

higher harmonics of the gyro-resonance on the antenna impedance, the
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excitation of electrostatic wave from an antenna and its propagation
characteristics. The Bernstein mode waves are also identified from the
observed dispersion characteristics of the wave. The comparison of
electron density measurement by r.f. and d.c. plasma probes showed a
good agreement of measured electron densities in the range from about
10* em™ 3 to 10° em™®.  The model experiment has been performed in a
laboratory plasma to simulate the wake produced behind the spacecraft.

In Chapter IV, the results of rocket experiments by r.f. plasma
probes are given. The electron density profiles in the ionosphere in
the altitude range from about 70 km to 2000 km were obtained using
sounding rockets S 210~6 and 8, Kappa 8-15, 9M-35, 38 and 41, and
Lambda 3H-2, 5 and 6, launched from the Kagoshima Space Center, in
1969 to 1973. Various plasma resonance effects including the modified
plasma resonance have been discovered in these experiments. It has
been found that Soth amplitude and phase of the antenna admittance
change its values appreciably near the harmonics of electron gyro-
frequency. The comparisons of electron density measurements with gyro-
plasma probe, VLF doppler method, two-wire probe, and Langmuir probe
have been made using Kappa 9M-35 and 38 sounding rockets. The high
frequency capacitance probe, the Langmuir probe, and the gyro-plasma
probe have been, also, compared with each other using S 210-6 and 8
sounding rockets. The comparisons of various plasma probes revealed
sources of error and gave an increased confidence in thelr measurements.

The gyro-plasma probe onboard the Radio Exploration Satellite REXS
was launched on August, 19, 1972, by the Mu 4S5-4 rocket. In Chapter V,
the instrumentation of the gyro-plasma probe is described. Since the
time-sharing PCM telemetry system was used, onboard data processing
circuits including the automatic resonance detection system were req-
uired. To detect plasma resonance frequencies unambiguously, an inhib-
it circuit to eliminate pseudo-resonance signals was installed. Re-
sults of the pre-flight operational test and of the thermal vacuum
environment test were satisfactory. The laboratory experiment of the
instrument in a plasma was also carried out, using the space plasma

simulation chamber, to check overall operation of the system in a
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plasma. The data processing and analysis systems aided by the digital
computer have been developed to get instantaneous spacecraft positions,
the geomagnetic reference field, the calibration of the raw data by
using thermal data, and the conversion of transmitted PCM data to the
physical quantities corresponding to observational items.

In Chapter VI, experimental results are summarized, including the
performance of the spacecraft. The gyro-plasma probe operated succes-
sfully and very good in-flight data were obtained. The global electron
density profiles revealed by this experiment provide an important in-
formation to the study of the local time variation and the geomagnetic
latitude dependence of the ionosphere. It has been found that, in a
tenuous plasma, the admittance of an antenna changes its value in ac-
cordance with the potential change due to the photoemission from the
metalic antenna surface. From the lower hybrid resonance data, an ef-
fective ion mass of about 2 in the altitude of 1000 ~ 4000 km and of
about 1 in the altitude of 3000 ~ 6400 km were obtained. The electron
density distribution above 2000 km is expressed very well by the power
law model, though the field aligned scale height shows a systematic
change with geomagnetic latitude.
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APPENDICES
A. General Expression of Sheath Capacitance

A body surrounded by an ion sheath is characterized by a dynamic
capacitance when the equilibrium potential is allowed to have small
variation at a given frequency. The current flowing through this capac-

itance is the derivative of the charge Q with respect to time,

_ 9Qo _ 9Qo 9Vp
1=%5¢ =3, at ° (a.1)

where Vo 1s the potential of the body. Since 1 = C*3Vo/dt, the

capacitance 1is,

= Qo
c Ve (A.2)

A common expression of the capacitance is given for a plane surface
in rectangular coordinates, a cylinder of revolution in cylindrical co-
ordinates, and a sphere in spherical coordinates. It is assumed respec-
tively planar, cylindrical or spherical symmetry for the electric quanti-
ties on the surface of the body and within the sheath, neglecting the

edge effect on the borders of the plane surface and at the tips of the
cylinder.

From Gauss' theorem the charge borne by each body is,
Qo = SeoEo (A.3)

where Eg 1s the electric field at the surface and S the area.

By definition the electric field in the medium surrounding each
body 1s E = - 9V/9r; because of the symmetry in each case, AV =
9V/3r, where r 1is a distance from the body's surface. Consequent-
ly, Eg = - (9V/3r),  where (0V/3r)e¢ 1s the value of 3V/3r on

the surface. Then, the expression of the capacitance, C = 3Qo/3Vo

becomes
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= — A4
c Sanv()l (A.4)
which is also reduced to

ce-s -2l (—X)l (.5)

where y = §¥— ’ X = %—, and AD is the Debye length.
e

D
Using a following dimensionless quantity

A
A= %ﬁ’ (A.6)

the capacitance can be expressed by
(A.7)
The potential y 1is found by the Poisson's equation for the symmetrical

probe configurations, assuming that the pre-~sheath region and the ion

sheath are formed around the probe (y < - %).

%0 = " Xsyn A.8
. xn dx( x) €Xp y y]——z—e}; (x ) ( )

where e exp (1) = 2.71828.....(Napier's number), xg is the sheath

distance or sheath radius normalized by the Debye length, and n = 0,

1, and 2 corresponding to a plane, a cylindrical and a sphere probes,
respectively (see eq. (2.33)).
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B. Vehicle's Horizontal Distance from KSC

The rocket trajectory is, sometimes, described in the altitude
versus horizontal distance domain, based on the earth's surface. If
the earth is assumed to be a sphere, the horizontal distance 1is easily
calculated as a length of arc of a circle. But, it is more appropriate
to assume that the earth can be represented to be an oblate spheroid,

i.e., the earth's surface is given by the equation,

[N

2 2
F(X, ¥, z)=x—2+a‘L2-+l—i;-1=o (B.1)
3z 4 Pg

where ag and bg are the earth's radii at equator and at pole;
ag = 6378.16 km, bg = 6356.78 km, and the eccentricity eg = 0.081810.
The positions of KSC and the rocket are A(Xo, Po) and B(Ap, Jp) where
A 1s the east longitude and ¥ the colatitude. The plane including A,
B and the center of the earth O is the orbital plane.

Any oblate spheroid and plane may be put into the following generél

forms, respectively,

It
L
2
L
.-'H

L}
o

F(x, y, 2) = (B.2)

|

=
"

(=]

f(x, y, 2) = (8.3)
where X=(x, 9, 2) and X) = (x, y, 2, 1), and t denotes the
transposed matrix. f; and f are the 4 X 4 matrix and 1 X 3 matrix.
Introducing the transformation matrix T between X and X', X = X'T
where X' = (x', y', z'). Equations (B.2) and (B.3) are rewritten in

the X' coordinates as

F'(x', y', z') = X!FIX!t = 0, F! = T,F,T,* (B.4)
fr(x', y', z') = X'f' = 0, ft = Tf (B.5)
where X]=(&'sy',2',1) and T, = (g g)-
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If the matrix T 1is determined so as to £rt = (0, 0, ©), eq. (B.5)
is equivalent to z' = 0. Namely, the plane z' =0 becomes the
orbital plane. Therefore, the intersecting line is obtained by the
equation
Flo, SF' (&' vy, 0 =0 (B.6)
Let OA be x'-axis, and the plane OAB be in x'y' plane. The

matrix T 1s calculated to be

cosAgcoso , sinlocosyo , sinye
T = |-cosAosinPgsingo-sindgcosdg,—sindgsinyosinggtcosiocosdy,cosPosingy

—coshosinPgcosdgtsindgsingy,—sindgsinPocosdg~cosiosingg,cosfPocosdy

(8.7)

_1{(sinko°sinkh+cosko'coskb)sinwo°cos¢h—cos¢o°sinwb

where $o=tan (sindg *cosAp-cosdo*sindp)cosyy

} (B.8)

from eqs. (B.1l), (B.2), (B.6) and (B.7), the coefficient matrices %1

and F] are reduced to be

~ -~

Fy = ag? 0 F} = a' h' h' 0
aEzb h' b' £' 0

bg h':'gf' c' o

0 1 0 0 0-1

where a' = aEz - (aE2 - bgz) sin?yPq,

b' = aEz - (aE2 - bEz) cosZPo+sindo,
c! = agz - (aE2 - bEz) cosz¢o°cosz¢of
h' = - (aE2 - bEz) cos¢o'sin¢o°sin¢o,
f' = - (aE2 - bEz) cos?Pgesindgcosdg.
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Consequently, eq. (B.6) is obtained as

-~

F'_,_ = XIFIXE| = x!Alx!f =0 (8.10)

~ 1 N .
where x] = (x', y', 1), A'= (g _2], and A' = (ﬁ, :,]. The

curve of second‘order given in eq. (B.10) 1is the elliptic curve because
its signature o = a' 4+ b' >0, and the second discriminant A
det A' > 0.

Hence, the normal form of this curve is easily found by
trangformation of coordinates, and the length AB along this arc 1is
also obtained by the curvilinear integral.
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C. Standard Pre-flight Test Condition

C.1 The standard test conditions of the each instrument
(1) Thermal Test:
. +60°C
emperature —1.+50°
+30°C Note; Time inter-
:EQfC | ~20°C val of 6 hours at
-10° each stage of
_20°C 10 C
.:29:9_____r___— temperature.
7 time
(2) Vibration Test:
Frequency Axial Lateral Time
5-35 Hz *+ 15 mmp 1 0.5 mmp 3 min
35~200 Hz 7.5 mmp 2.5 Gp "
200~2000 Hz 15.0 Gp 5.0 Gp "
(3) Acceleration Test:
+ 30 G 3min
Axial
- 2 G t
Lateral + 5G "
(4) Shock Test:
Axial + 25 G 10 msec half-wave sinusoidal, twice
Lateral * 56 , 10 msec Sinusoidal, Twice

(5) Vacuum Test:

The pressure is below 10" *mmHg for 6 hours at room

temperature
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C.2 The Standard test condition of the spacecraft

(1) Thermal Test:

Note; time interval of 6

Temperature, 50°C hours at each stage of
-] * -]
~20 20°C  20°C temperature. about 40°C
for exclusion of humidity.
~10°C
=20°C
» time
(2) Vibration Test:
Frequency Axial Lateral Time
5~35 Hz 0.4 mmp 0.13 mmp 3 min
35~100 Hz 2.0 Gp 0.67 Gp -ooon
100~400 Hz 2.5 Gp 0.83 Gp "
200~2000 Hz 5.0 Gp 1.7 Gp "

(3) Shock Test:

Axial +

25 G y 8 msec

half-wave sinusoidal, Twice

(4) Mechanical Construction (interface) of each part,

(5) Electrical Interference Test,

(6) Dynamical Balance Test,

(7) Moment of Inertia Test,

(8) Thermal Vacuum Test,

(9) Magnetic-moment Test,

(10) Adjustment between spacecraft and launching vehicle.
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D. Computation of Reliability of IPS

PARTS Aq ng njAg
Transistor (low power) 20 145 2900
" ( " ) 100 4 400
" (high power) 45 1 45
FET 100 14 1400
IC (analog) 50 17 850
" ( ") 250 2 500
" (logarithmic) 250 2 500
" (digital) 25 31 775
" ( " ) 150 6 900
Diode (low power) 3 76 228
" (zener) 10 11 110
Resistor (constant) 2 594 1188
" (variable) 200 46 9200
Condensor (tantalum) 10 72 720
" (ceramic) 10 213 2130
" (mica) 10 109 1090
" (variable) 150 4 600
Coil | 10 24 240
transformer (signal) 10 51 510
Relay . (latching) 70 2 140
Crystal 150 3 450
DEM connector (pin) 1 127 127
SMB connector 2 10 20
Soldering point 0.5 3969 1984.5
TOTAL,. === 5407 27007.5

(1) )(failure rate) of each element is estimated under the
condition that the derating ratio is 0.25 at 30°C and the
confidence level is 60%.

(2) In the case of the spacecraft REXS, each observational
instrument should be designed to have its reliability more
than 0.948, in order to keep the reliability of the whole
spacecraft system more than 0.9.
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E. Calibration Coefficients for IPS

All the values used here are expressed by the floating points data
of FORTRAN IV language; E indicates the single precision exponential.

1) The temperature of pre-amplifier is measured with the house
keeping instrument (HK), and the temperature (T°C) versus the output
decimal value (No) is given in Fig. E-1. This calibration character-
istics can be approximated by a following polynomial function selecting

Cy values to make the best fit to the measured function as

80
6
T= Z Cn°Nn-1 ’8_‘ (o]
n=1 —
% 40.—
where &
€, = -0.3907810 E + 02, w 20}
C2 = +0.4135541 E + 00, o
C3 = +0.7335699 E - 03, 5 of
Cy = +0.7939580 E - 05, &
Cs = +0.3150700 E - 07, %_20_
and Ceg = +0.3742000 E - 10. =
-40 ! 1 i 1 1
0 S0 100 150 200 20
N:DECIMAL VALUE OF HK(WaF=18)
Fig. E-1 Output decimal values
vs. temperture in pre-amplifier
of IPS.
(2) The coefficients C, for the temperature correction of Fh;,Lhi,

and Lh; that are given in eq. (5.30),are:

Fh, Lh, Lhj
C1 +0.5611062E+00 -0.8008370E+00 +0.1700000E-02
C, -0.5955836E+00 -0.4531361E+00 -0.1022510E+01
C; -0.2533402E~-03 -0.3754487E-01 -0.4787000E-01
Cc, +0.6972036E-03 +0.3764375E-04 -0.2730000E-03
Cs +0.7875000E-04

As for the temperature correction of Fhp, the following step function

is used.
No for T < 21°C,

No + 6.0 for T > 21°C.
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3
eq. (5.32), are:

Lh,
C, +0.48436849E+00
Ca +0.31760218E~02
Cs +0.66991901E-04
Cy ~0.31419130E-06
Cs +0.71353541E-09
&) The coefficients C, for
are:
L%,
C, +0.79018545E+00
C, +0.27178132E+01
Cs -0.21166261E+01
Cy +0.90672745E+00
Cs -0.12740256E+00
(5) The coefficients C, for

and Ny in eq. (5.34), are:

Vo and Vi
€1 -0.13509059E-01
C2 +0.10659802E+01
C: +0.47236235E-02

Lh,
-0.13788950E+01
+0.53816587E-01
-0.39311962E-03
+0.14225626E-05
-0.17612791E-08

the calibration of L2i1~3 in eq. (5.36),

L,
+0.11921958E+01
+0.87813898E+00
~0.21107455E+00
+0.84797601E-01
-0.37502374E~02

the Vg and V; in

Vi1 and Ny
-0.6711605E-01
+0.1201142E-01
+0.3793714E-06
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The coefficients C, for the calibration of Lh; and Lhj; in

L2,
+0.11488734E+01
+0.10426516E+01
-0.43391613E+00
+0.18222577E+00
~0.16249358E-01

eq. (5.35), and V)



SYMBOLS AND CONSTANTS

ag = 6378.160 [km] : Equatorial radius of the earth
Oeff : Effective recombination coefficient
B : Attachment coefficient -
e = 2,71828...... : Napier’s number

€p = 8.854 x 10~12 [F/n] : Permittivity of free space

ep = 0.08182 : Eccentricity of the earth

fp = Nla/27 : Electron plasma frequency

fy = Qe/2m : Electron gyro-frequency

£, = v/2m : Collision frequency

fUHR : Upper hybrid resonance frequency
fsHR : Sheath resonance frequency

k = 1.381 x 10 23 [Joule/°K] : Boltzmann constant

Ap = 6.91 x /@?FK)/Ne(cm_a) [cm] : Debye shielding length

AE : East longitude

m = 9.107 x 10 °! [Kg] : Electron mass

M = Magf x 1.673 x 10 27 [Kg] : Ion mass

U, = 1.257 x 10 5 [H/m] : Permeébility of free space

ug = 398,603 x 10° [m?/sec?] : Cravitational constant of the earth
Ne = 1.24 x 10* £p2 [em ?) : Electron density; fp in MHz

Ny : Ion density

Q : Electron production rate

-q = -1.602 x 10 !? [Coulomb] : Electron charge

Rz : Relative sun spot number
I, : Larmor radius of electron
Te ¢ Electron temperature

X : Zenith angle

Y + Admittance

Z : Impedance
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