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Zusammenfassung

Die Erde ist mit einer dichten Atmosphire umgeben. Die Molekiile und Atome der
oberen Atmosphire sind hauptsichlich durch die kurzwellige ultraviolette Sonnenstrahlung,
durch die Rontgenstrahlung und durch die korpuskularen Teilchen ionisiert, so dafl ein
Plasma entsteht, das Ionosphire genannt wird, welches sich oberhalb von etwa 50 km bis zu
den Hohen der oberen Grenze der Atmosphire ausbreitet. Die Existenz der Ionosphire spielt
eine wichtige Rolle nicht nur im Hinblick auf die Radiowellenausbreitung sondern auch bei
solarterrestrischen Phinomenen. Es ist sehr wichtig ein genaues Wissen iiber den
physikalischen Zustand der Ionosphire zu erhalten und deswegen ist es wichtig die Physik
der oberen Atmosphdre und der Ionosphire zu erforschen.

In Kapitel I ist ein historischer Uberblick iiber die Ionosphirenforschung gegeben.

In Kapitel II ist zuerst ein Uberblick der direkten Ionosphirenmessungen gegeben, die
bis heute gemacht wurden. Die elektrischen Eigenschaften der elektrostatischen Sonde und
der Sonde fiir elektromagnetische Wellen werden beschrieben. Mit der Theorie der
Langmuirsonde wird die Kennlinie des Ionenstromes einer kugelférmigen Sonde mit einer
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Relativgeschwindigkeit gegeniiber dem Plasma betrachtet. Als Nichstes wird der
Gegenspannungsanalysator mit planarer, zylindrischer oder kugelférmiger Elektrode
betrachtet. Bei der Sonde fiir die elektromagnetischen Wellen, sind fiir die Resonanz-Sonde
und die Impedanz-Sonde mit parallelen Drihten Kennlinien und deren numerische
Beschreibung gegeben. Zum Schlufl, werden spezielle Probleme bei der Verwendung der
Sonden auf Raumfahrzeugen erortert.

In Kapitel III werden Beobachtungsergebnisse der lonosphire durch Raketenaufstiege
von dem Raketenschuflplatz in Akita und dem “Kagoshima Space Center’’ beschrieben. Als
Ergebnis wird eine Beziehung zwischen der Sonnenfleckenzahl und der Dichte der geladenen
Teilchen in der Ionosphire abgeleitet. Auflerdem werden verschiedene Eigenschaften der
Elektronendichteverteilung beleuchtet.

Die zwolfte, dreizehnte und vierzehnte japanische Antarktische Forschungsexpedition
filhrte einundzwanzig Raketenschiisse durch um die polare Ionosphire und die Aurora
Phinomene in “Syowa Station”, Antarktis in der Zeit von 1971 bis 1973 zu beobachten. Die
Elektronendichte Profile der Ionosphire bei verschieden gestérten Bedingungen wurden von
zwei S-160JA und zwolf S-160JA Raketen-Experimenten gemessen. In Kapitel IV werden
Beobachtungsergebnisse der Elektronendichtemessungen und die Abhingigkeit der
Elektronendichte der niederen Ionosphire von der Absorption des cosmischen Rauschens
wihrend einer Aurora beschrieben,

In Kapitel V wird der Gegenspannungsanalysator an Bord des Satelliten “TAIYO”
beschrieben. Mit Hilfe dieses Gegenspannungsanalysators werden longitudinale Anderungen
der O* und H" “Ubergangshohe” in der oberen Ionosphire bei niederen Breiten wihrend der
Zeit minimaler Sonnenfleckenzahl beobachtet. Die Ergebnisse zeigen, dafl die
“Ubergangshéhe” der Ionen in der Gegend der geomagnetischen Siid-Atlantik Anomalie
wesentlich niederer liegt als in anderen Gebieten auf der Tagseite. Dies bedeutet, da} die
“Ubergangshéhe” der Ionen eine enge Beziehung zum geomagnetischen Feld hat.

Im letzten Kapitel VI werden kurz die Ergebnisse zusammengefasst und ionosphirische
Plasmasonden beschrieben.

Chapter I Outline of Descriptions of the Ionospheric Research by Space Vehicles

Japanese rocket research was initiated in 1955. Sounding rocket, Kappa was one of
two rocket projects which the Scientific Council of Japan undertook for the International
Geophysical Year, 1957 to 1958. The Kappa project was to develop a multistaged, solid-
propellant, ground-launched sounding rocket. The Sigma rocket was used only once for
cosmic ray observation, but this type of vehicle will not be used again. The approach to
the Kappa rocket was made in two steps. The research started in February, 1955. As the
first step, the miniature rocket called the Pencil rocket, was fired in April, 1955 for the
basic study. In August, 1955, as the second step, larger rocket called Baby was tested.
The first firing of the Kappa rocket, K-1-1, took place on September 24, 1956, without
booster. Kappa rocket was designed specifically for upper atmosphere sounding. The design
was handled by the Sounding Group of the Institute of Industrial Science of the University
of Tokyo. The first large-scale rocket range was on the coast at Michikawa, Akita Prefecture
in the northern part of Honshu, facing the Japan Sea. The K-8-1 rocket was fired at 1324
hours on July 11, 1960 and reached peak altitude of 150 km which was the highest record
in Japan at that time. Since then, many scientific sounding rockets of K-8 type were
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launched and reached peak altitude of 200 km. The ionospheric observation could be done
by the K-8 rocket. Thus, the successes of K-8 rocket firings brought to the new age to the
upper atmospheric research. In 1961, a three-stage rocket K-9L was developed and an
altitude of about 350 km was attained. The introduction of this rocket made it necessary
to move the launching site to Uchinoura, Kagoshima Prefecture in the south of Kyushu
Island, facing the Pacific Ocean. At the end of 1962, a new two-stage rocket K-9M was
developed which had the payload capacity of 85 kg up to 350 km altitude. This rocket had
high reliability for the medium altitude sounding. In 1963, Lambda engine was developed,
with its diameter 73.5 cm and thrust 50 tons. A rocket called L-3H can carry simultaneously
100 kg payload up to 2100 km by the third stage rocket and 170 kg payload up to 430 km
by the second stage rocket.

On the other hand, the first Japanese satellite “OHSUMI”’ was successfully launched by
the Lambda-4S rocket from the Kagoshima Space Center on February 11, 1970. The orbital
parameters were; period 144.6 min., perigee 351 km, apogee 5142 km and inclination
31.2°. After the Mu-4S project by the Institute of Space and Aeronautical Science of the
University of Tokyo was completed, putting three satellites TANSEI, SHINSEI and DENPA
into orbit, a new launch vehicle, Mu-3C, with radio guidance and control systems has been
developed for more elaborate mission objectives. The test satellite, TANSEI-II, was launched
by Mu-3C-1 from the Kagoshima Space Center on February 16, 1974. With the success of
Mu-3C-1 and TANSEI-II, ISAS has proceeded to the Mu-3C Scientific Satellite Project. The
Solar Radiation and Thermospheric Structure Satellite, TAIYO (formaly reffered to as
SRATS), was successfully launched at 1425 JST on February 24, 1975 (Hirao, 1975).

A development of single stage rockets has been carried out to make the firing operation
easy. Two kinds of single stage rocket with their diameters of 160 and 210 mm were
developed for the ionospheric sounding and the exploration of auroral phenomena at the
Japanese Antarctic base, Syowa Station. Upon reopening of the observations of geophysical
phenomena at Syowa Station by the seventh JARE party in 1966, a concrete plan for
rocket observation of the upper atmosphere was made in addition to the usual ground-based
observations. The rocket center, radar-telemeter center and control center buildings were
built by the tenth JARE party, and a rocket launcher was constructed by the eleventh
JARE party. Two S-160 rockets were fired with success in February, 1970 as the pre-
liminary experiments. Since then, a total of twenty-one rockets; two S-160 and nineteen
S-210 rockets were fired during the auroral phenomena appearance in 1971-73 by the
following three JARE parties and various ionospheric disturbances were observed. Further-
more, a new single stage rocket with diameter of 310 mm was developed. Japanese Antarctic
Research Expedition 1976-78 which are the years of the IMS, launchings of sounding
rockets, S-210 and S-310 tyoe, are carried out.

Chapter II Ionospheric Plasma Probe

2.1 Survey of Methods of Measurement of the Ionosphere and Classification of Plasma
Probe
There are two kinds of methods, the electrostatic probe and the radio frequency probe
as the typical rocket- or satellite-borne instruments. Each method has proper merits and
demerits. Furthermore, the electrostatic probe method is devided into Langmuir probe
method, double probe method, ion trap method, retarding potential analyzer, Gerdien
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condenser and so on. All the above described methods are based on the electrostatic
property of a plasma.

On the other hand, a plasma shows the complex impedance to the radio frequency for
the interaction between a plasma and the electromagnetic field and the impedance changes
with the frequency. Plasma also indicates singularity on the specific frequency such as the
plasma frequency, the cyclotron frequency when the magnetic field exists, the frequency
relating to the sheath around the probe inserted in a plasma, that is, the space charge layer,
and the hybrid frequency. The radio frequency probe method is one by which the plasma
parameters are measured by the use of such a property of a plasma. This method is sub-
divided into the following four groups:

a) Impedance measurement of a plasma at a fixed frequency.

b) Measurement of the resonant frequency of the resonant or oscillator circuit on the
assumption that a plasma is an element of the circuit.

c¢) Measurement of phenomena occurring at the specific frequency such as the plasma
frequency.

d) Electromagnetic wave propagation method, topside sounding method and so forth.

In the above-described radio frequency probe methods, which method to be adopted
for plasma measurement depends on the individual case. However, whichever method is
adopted, it is very important to consider the configuration of electrodes, magnetic field,
boundary conditions and the space charge layer problems.

In 1957, the first ionospheric plasma observation by a radio frequency probe method
was done by Jackson and Kane (1959). The method was the measurement of antenna
impedance in Seddon CW propagation experiment of 7.75 MHz. Since then, various radio
frequency probe methods have been used to measure the ionospheric plasma. Typical
methods are listed in the followings:

1) Standing wave impedance probe; Univ. of Utah, AFCRL.

2) RF conductivity probe; Penn. State Univ. (RF capacitance probe).
3) Gyro-plasma probe; Kyoto Univ.

4) VLF admittance probe.

5) RF probe; Univ. of Birmingham.

6) NASA impedance probe (RF short whip antenna).

7) Antenna resonance; Univ. of Birmingham and Univ. of Utah.

8) RF probe; DRTE.

9) Plasma frequency probe; Univ. of Utah.
10) Resonance probe (Resonance rectification probe); RRL.

Evaluation of radio frequency probes for use in jonospheric studies always presents a
problem. In practice, evaluation has usually been carried out by the comparison with or
more probe methods, or with simultaneous propagation experiments, either carried or the
same vehicle or performed by ground-based, vertical incidence soundings (Heikkila et al.,
1968; Baker et al., 1966; Ulwick et al., 1962).

As far as studies in the lower ionosphere are concerned, collision frequency measure-
ments are as much important as electron density measurements. These quantities can be

deduced from the measurements of complex impedance by a radio frequency probe method.
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Since the radio frequency probe is a comparatively new device, as far as operation in the
upper atmosphere is concerned, various applications and theoretical considerations in

complex situation are future problems.

2.2 Characteristic of Ion Collection of the Spherical Langmuir Probe in Drifting Maxwellian
Distribution

2.2.1 Introduction

When there exists a finite relative velocity between a plasma and a spherical probe, there
are some analyses of the probe characteristics in the electron collection region, but there is
little analysis of the characteristics of ion collection taking into consideration the penetrat-
ing electric field into a plasma from the sheath region around the probe. Although the
current-voltage characteristics of the probe analysed in various cases where there is no
relative velocity between a plasma and a probe (Huddlestone and Leonard, 1965), the
characteristics are analysed only in simple cases except the planar probe because of dif-
ficulties in mathematical analysis when there is relative velocity between a plasma and a
probe as in the positive column with the axial electric field or of ionospheric and exospheric
plasma to be measured by sounding rocket or satellite.

Mott-Smith and Langmuir (1926) analysed the characteristic of the cylindrical probe in
the case of the sheath of large dimention, assuming the shape of the sheath to be coaxial.
Heatley (1937) also analysed approximately the characteristic of a cylindrical probe without
any assumption of the sheath dimension and shape. Medicus (1962) analysed a spherical
probe in the region of electron collection in drifting Maxwellian distribution by the single
energy method. The boundary between a plasma and the sheath can be defined in the
electron collection region, but it can not be defined in the ion collection region, and the
transition region (pre-sheath) from sheath to a plasma must be considered (Allen et al.,
1957). The motion of ions is affected by the penetrating electric field existing in the
pre-sheath region. Dote et al.,(1962) analysed the characteristic of a spherical probe by
considering the penetrating electric field in the ion collection region in drifting Maxwellian
distribution, dividing the spherical probe into infinite small planar probes, and assuming the
shape of the sheath in the behind region. In this section is analysed the characteristic of ion
collection of the spherical Langmuir probe in drifting Maxwellian distribution by the use of
the single energy method (Medicus, 1962).

2.2.2 Current-Voltage Characteristic
The current-voltage characteristic of a probe inserted in a plasma can be analysed in

principle by Boltzmann’s kinetic equation and Poisson’s equation (Alpert et al., 1962). They
are as follows:

ot or m or m or aV at
ofi of; { 13U e dyp e of; ofi
—t+ V— - = — +——= — — 1 i
ot or Mo Mo Mc( HX V)}aV <at> ......... )
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where f, and fj are the distribution functions of electrons and ions, ¢ = ¢(r) is the potential of
the electric field, U = U(r, t) is the potential energy for the interaction of the charged particles
with the surface of the electrode, and at infinity, ¢ = 0, and the boundary condition for the
potential p(r) at the surface depends on the type of the surface (dielectric, metal) and on the
value of charge. Furthermore, as the motion of charged particles is not disturbed at infinity,
the distribution functions of electrons and ions become Maxwell-Boltzmann distribution:

m mUz-ecp(r)
U)=n ( \)mex {—-—
1e(U)="ne (3, P 2T, ’

........................ (2)
M MU? +ep(r)
f'(U)=n'( \>3/2ex {—— ,
' " \2nkT; 2UT;
Thus, the probe current is as follows:
J=Ji=Je
.................................... 3)

- SS UifidS -Ss UefedsS

where S is the surface area of the probe.

As it is very difficult to solve the above equations, the characteristic of a spherical probe
is here analysed by the single energy method. At first, there are three assumptions as follows:
i) There is no collision in the sheath, ii) there is no reflection of charged particles at the
probe surface, and iii) the shape of the sheath is spherical. The assumptions i) and ii) are
general. Although the assumption iii) is correct in the isotropic distribution function, the
effect due to the change of shape of sheath can be neglected by the single velocity method
of considering the impact parameter even in the general drifting Maxwellian distribution.
Medicus (1961) derived the expressions of the probe ion current by using the above assump-
tions as follows:

In the accelerating potential,

(!k 2! *® nv
Jmy)= nenvc{rSZS aF (a)dotr, S a (1 +—> F(a)da } S e 4)
0 ag a2

In the retarding potential,

J(ny) = menver? Sw o <l +g> F)da . ... e (5)
ay

where e is the ionic charge, n the total ion density, ry the sheath thickness, rp the probe
radius, vp = (2kTi/M)1/2, F(v) the distribution function, v the ion velocity, a = v/v¢, 0k
= v [ve, Mvg2[2e = —V/ {(rs/rp ) =1}, Mv? =2eUp,, V the probe voltage and 0, =—V/Up.

The drifting Maxwellian distribution function was also derived by Medicus in the follow-
ing way:

2« .
F@) =——=— €@ ~0 SN (2QQ0),  cvvermneeeeenaaaneeeennns 6)
0

VTa

where u is the drift velocity and u/ve = ap.
In the case of ion collection, the effect of the penetrating electric field in the pre-sheath,
that is, the acceleration of the ion in the pre-sheath before reaching the sheath edge, demands



160 Shigeru Miyazaki

consideration. Thus, the distribution function at the sheath edge is:

F(a) =\/i_ oa”f

m Qo

€ @B 0" Gk (2@ =B)0O ), e (7

where §§ = vps/ve and vpg is the quantity of increasing velocity after acceleration in the pre-
sheath. When the potential across the sheath is large enough, vps = (kTe/M)U2, B
= (T¢/2T;)1/2 and vps = 0 at the plasma space potential.

Thus, the characteristic of ion collection of the spherical Langmuir probe in drifting
Maxwellian distribution is derived from the distribution function in consideration of the
penetrating electric field and the equation of the probe current expressed by integrals. The
results are as follows:

In the accelerating potential,

Jy)=Vmenvcrd [e—%’ + (ai +209) E(0, ag)
0
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This equation is rewritten as follows:
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Fig. 1 Diagram of G(ay) as a function of
Qg

Figure 1 shows the graphs of the function G(ay) = F(og, —f—0ag) —F (0, —f+0ay) in the
case of $=1/4/ 2, thatis, T¢ = Tjand o = 1 ~ 10. )
In the retarding potential, as the probe ion current is independent of the sheath, the

penetrating electric field is no need of consideration. Therefore, the ion current is expressed
as follows: :

o
Jny) =N/ men rp2 Ve {e-ﬂv—ﬂo [a_ sinh(2aag) + cosh(Zaao)]
0

1

+ — (.!..'. no —nv E(a—ao,a+a0)} .............. (10)
g \ 2

This is the same equation as in the electron current.
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2.2.3 Theoretical Consideration for Extreme Cases
In the case of § = 0, that is, if the penetrating electric field is neglected in the accelerat-
ing potential,

e a
J) =7 en ver? [(:—Olo2 [ l—l_+?{ % Ginh 2000k

+ cosh 2aoak} } + (ai +2a4) E(O, ao)]
0

2 2
ag +1/2—p°n,
e T B0 =00, Ok FOQ) . e 11
21407 (g —0o, g+ @tp) (1)

This is the same equation as Eq. (9) in reference (Medicus, 1962).
When uy =0 (ap > 0),

(ek—B)
J(ny) =2/ en vord [{1 -e_l%ki—(l akﬁ)}

{E(O ox—B) (1+20%%)
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™
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- 2 -
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This is the characteristic of the stationary plasma.
Next, when ug = o0 (ag > 0),

Jmy)=menver? (o +B) . ... (14)
When =0,
JMy)=mennlug . oot (15)

This shows that the effective surface area of the probe is 1rr‘,,2 .
Finally, the sheath radius r; is calculated from the space charge equation and the
kinetic equation of the charged particles in a stationary plasma. The space charge equation is:

_4 2e U3
1—9 M &

where a? is the function of rs/rp. The kinetic equation of the charged particle is:

kT;
i=4mrl ne /—{ ——E exp ..................... a7
2nM rs —rp
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2.24 Summary

The characteristic of the spherical probe analysed in the above sections is exactly the
same as in the extreme cases of a stationary plasma and single velocity beams. As the
velocity of the space vehicle changes very widely, the analysis in the above sections is usuful,
especially in the case where the spherical probe is mounted on a space vehicle. The quantity
B in the penetrating electric field is (T¢/2T;)1/2 when the probe voltage is large, but if the
probe voltage is very near to the plasma space potential, the analysis of the quantity § is a
problem for solution in future (Miyazaki, 1967b).

2.3 Retarding Potential Analyzer

2.3.1 Introduction

A great many ionospheric observations have been carried out till now, and the items of
observation are not only the ion density but also the electron density, electron temperature,
ion temperature, ion composition, and so on. It is necessary to measure all the ionospheric
parameters at the same time especially for detailed comparison between the parameters or
for measurement of the ion density when there are many ion species in the ionosphere.
Recently experiments were made for comparison of each method (Baker et al., 1966;
Heikkila et al., 1968), and the standard method of measurement is desired to be established.

In the following sections is described the method of measuring the electron density,
electron temperature, mean ion mass, ion density, ion temperature in the ionosphere at the
same time by the use of a single probe assembly which consists of grids and a collector. The
DC sweep voltage and the small amplitude of AC voltage are app‘lied to the one of the grids.
The plasma parameters are analysed from the DC and AC harmonics components of the
currents.

2.3.2 Theoretical Consideration of Current-Voltage Characteristic
(1) Electron density and electron temperature

When the ionospheric and magnetospheric plasma measured by a fast-moving vehicle, the
relative velocity between a plasma and a vehicle must be considered in general. But the
thermal velocity of electrons in a plasma is much larger than the vehicle velocity. Thus, the
relative velocity by the vehicle can be neglected, and the method of analysis of data is the
same as in a stationary plasma.

Now at the probe voltage V, the electron current density of the planar probe is
expressed as follows:

In the retarding potential,

ie =jeoexp(_e V/kTe), ............................................ (18)

In the accelerating potential,

where jo, = Nee(kTe/2mm)1/2, that is, the saturation electron current density, N, is the
electron density, T, the electron temperature, k Boltzmann constant, m the electron mass
and e the electron charge. The electron current becomes saturated at the space potential.
Although the electron current remains constant in value beyond the space potential for the
planar probe, the electron current increases with the probe voltage for the c}ﬂindrical or
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spherical probe because the sheath around the probe increases. In any way, the electron
density is calculated from the electron current at the plasma space potential. In this case,
the space potential can be found in the intersection of the two straight lines in the semi-
logarithmic plot of the current-voltage curve. However, this method is accompanied with
rather big ambiguity. Thus, the AC superposition method is used for measuring the plasma
space potential and electron temperature. If the small sinusoidal voltage asinwt is super-
imposed on the probe, the AC current of the probe is expressed as:

€X et et
Tw =Jeo P kTe ! kTe

where I, means the modified Bessel function of order one. In the case of two kinds of small
amplitude, a; and a,, superimposed, the electron temperature is obtained by the current
ratio, that is,

=Il(eal/kTe)
I (eay/kTe) ‘

The method of analyses of data for cylindrical and spherical cases are the same as in the
planar electrode case.
(2) Ion density, ion temperature and ion mass

In the case of measurement of quantities concerning ions in the 1onospher1c and
magnetospheric plasma by fast-moving vehicle, the relative velocity between the vehicle and
plasma must be considered, because the vehicle yelocity is comparable with or larger than
the ion thermal velocity as shown in Table 1 in which M* means the atomic or molecular
weight of ion.

Table 1 Maximum probable velocities of ions and electrons (km/sec)

T(CK) 500 1000 2000 3000 4000
1 2.87 4.06 5.74 7.04 8.12
M 4 1.44 2.03 2.87 3.52 4.06
) 16 0.72 1.02 1.44 1.76 2.03
30 0.52 0.74 1.0 1.28 1.48
Electron 123. 174. 246. 302. 348.

a) Planar electrode

Consider the current-voltage characteristic curve of ion with the relative velocity. Now,
suppose that the planar probe is stationary, and the plasma flows with the drift velocity vg .
We choose the coordinate system as shown in Fig. 2. The probe ion current density at the
probe voltage V is expressed as the following integrals:

— oo

ji=Nije SVV S S-“’ Vx f(Vyx, vy, v2)dvxdvydvy , ..o (22)

where Mv,*/2 = eV, and the distribution function is:
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Fig. 2 Coordinate system
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Therefore, the result is:

]‘i=]'io{eXp{—<vVv_vR>2}+\/?vvR {l—erf(va_]i&\)H 3 e (24)
14 (4 p

where vy = (2kTi/M )12 is the most probable velocity, and

LN / kTi
]lo le 2M )

erf(x) = \;.7? Sx exp (—y)dy .

0

In the ionosphere, there exist many species of ions, that is, there mainly exist O and
NO" in the lower part of the ionosphere, while in the upper F layer, O'is the main constitu-
ent of ion, and the constituent changes from Q' to He' and H' in the topside ionosphere
(Bates and Patterson, 1962; Nagata and Tohmatsu, 1973). Therefore, the total ion current is
the sum of such components, that is, J; = Zj;.

The topside ionosphere is roughly the region of two or three kinds of ions in existence.

Next consider the case of two ions. Figure 3 shows the characteristic curves of ion
current in the case of 30 and 16 in molecular weight. The figures on the curves mean the
ratio of 30 to 16. It is very difficult to determine the density ratio by this graph. But the
values at ¥ = 0 show the same in spite of the mixed ratio of the ions, that is,vy >>v,, the
total ion current is expressed as the following approximate equation:
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Next, calculate the derivative of the ion current with respect to the voltage. The result is:
i (e Lo (ﬂ)
av- "\, ) v

=_ 82 { (/eV >} 26
21rkT'M l \/-m— ...............

Yi_di

dv v

This characteristic curve is shown in Fig. 4 on the same assumption as in Fig. 3. By this

graph, the peak value and its position change remarkably with the mixed ratio of ions. For

example, Fig. 5 shows the case of molecular weight 1 and 4, Fig. 6 the case of 4 and 16.

Figure 7 shows the characteristic curves of dj;/dV of molecular weight 1, 4, 16 and 30. The

peaks appear at the voltage Viax = Mjv?/2, according to the ion mass. When more than two

kinds of ions exist, the peaks for the mixed ions appear at Vy,,, relating to ion constituent
or the peak appears between each V4 as shown in Figs. 4, 5 and 6.

and
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Anyhow, the ion species of ions exist, the partial ion densities and ion temperatures
are determined by the following equations:

Jio=F (Nj1, Ni2, N3, T}),

dJ;
). =EWa, Na, Nis, T,
V=V,

dv
1
dliN 28
(55)  =Fsiu, Niay Nis, T, (28)
av/y=y,
dJ;
(—') =Fy(Ni1, Nija, N3, T;)
av/y=y,

where Jj, is the total ion current at V' = 0, and (dji/dV) y=y,,v,,v, are the values of dJ;/dV
at each Vjy,y relating to the ion mass. In the cases of 30 and 32, it is useful to assume the
mean ion molecular weight M, and the derivative of the ion current with respect to the
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voltage is:

eV 2 l
-J; e L 29
av T exp{ ( \/2kT,/M J @9

The mean molecular weight M and ion temperature T; are calculated from the peak
value and position of the peak by the following equation:

_ 2eV,

=2 (30)
VR

_(dJi/dV)=i o

—Jio BT, T

b) Spherical and cylindrical electrodes
Now, suppose the probing electrode is stationary, and a plasma flows with the drift
velocity u,.

U Uo
Uo
dS=Tp déd!

Wl

(b) Cylindrical trap

-
w
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o
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€

(a) Spherical trap

Fig. 8 Coordinate systems

In this section, let us consider the current-voltage characteristic curve of ions with the
drifting Maxwellian velocity distribution. We choose the coordinate system as shown in Fig.
8. The collector ion current at the retarding potential V' is expressed as the following
integrals (Medicus, 1962; Kanal, 1964).

Spherical case

2w AT )
ij=A S S li—dsrp*sin0dOdy. ... ... ... ... .. L. (32)
o Yo
Cylindrical case
1 2m
ij=A S S A L (33)
o Jo
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where A4 is the transparency coefficient of the grids G1 and G2, r is the probe radius, and
ijds is the ion current flowing into the surface element ds. The shape of the surface element
ds is considered to be planar because its area is infinitely small. Therefore, the ion current
iids is calculated as in the case of planar probe, that is,

ij—gs = Nje S S S vz f(ix, vy, vz)dvy dvy dvy, .. (34)
vy J—eo J—oo .

where NV; is the ion density, e is the unit charge, and f is the velocity distribution function,

M
e, vy, v) =( —— 3”exp{- wl+(vy+uosing )2 +(v;-uocos0)? | .. (35)

27k T; 2kT;

and

where vy, is the equivalent ion velocity, M is the ion mass, T; is the ion temperature and k is
the Boltzmann constant.

The results of calculation are as follows:
i)  Spherical case

i{(V)=AVTeNint vp [exp(- az—a&){a% sinh (2aag)+cosh (2aag) }

1 o?
+<2—a0+ao—a—o> E(a—ay, a+ao)] . 37

Lo eV /2T, 5 b) b xtya
= ,a=_[——,mp=_/—— ,E(ab)=\| exp(— .
° Ty kT; " P M P

The first and second derivatives of the ion current with respect to the voltage are as
follows:

where

di; AT EN; vy
L= T P P B0, @FQQ), e (38)
av kTiog
d*ij AT ENir?v
—2 =Y TP P oexp(—02—apd)sinh (2000). o 39
12 K T7 acg p( 0" )sinh (2aa) 39
ii) Cylindrical case
oo
ii(V) = 44eN;rplvp exp (-0’ —0g”) S afexp(—oy) o (Z)day, , ... ... ... (40)
. (V]

where
Iy: Modified Bessel function of order zero, Z = 2aq(ay?+a?)1/2, ay = vy /vp.

The first derivative of the ion current with respect to the voltage is as follows:
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dij _44e*Nirplvp ol L(Z)
—=—" P P exp(—cP—ay® ay?  exp(—oy? 2002 —1y(Z) tda
Tl e O)So Voexp(ay?) | 206 10(2) ey

................................ 41)

The total ion currents are:
dl; di; d*I; d*i;

L(V)= Z ii(V), —= —, —= —L 42
il 1,2,...1( dv  1,2,..dV dvt  1,,..dV? @)
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Figure 9, 10 and 11 show the ion characteristic curves of i;(V),di;(V)/dV and d%i;(V)/
dV? with the molecular weight l*, 4% 16 and 30" in spherical trap. Figure 12 shows variation
due to the ion temperature in the case of the second derivative of ion current in the spherical
trap. Figure 13 shows the characteristic curves of d2I;(¥)/dV? in the case where there exist
three kinds of ions, 4°, 16" and 30" in the spherical trap. The figures on the curves mean the
percentage of existence of the ion species, 4°, 16" and 30", Figures 14 and 15 show the ion
characteristic curves of i;(V) and dij(V)/dV of the cylindrical trap. Figure 16 shows the
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variation of the first derivative ion current due to ion temperature in the cylindrical trap.
Figure 17 shows the characteristic curves of dl;(V)/dV in existing three kinds of ions, 4",
16" and 30" in the cylindrical trap.

In calculating the graphs described above, the unit ion density (V; = 1 cm ?) and unit
length (rp =1 cm, ! = 1 cm) are chosen. Generally, current maximum appear at different
positions according to the ion mass in the characteristic curve of the second derivative of ion
current in the spherical trap as shown in Fig. 13 and of the derivative of ion current in the
cylindrical trap as shown in Fig. 17.

Next we calculate the position of the peak. In the spherical trap, the value of a, which
relates to the position of the peak in the second derivative curve, is obtained from the root
of the following equation:

03
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2 4 6y B © 2 i Vo (vt
Fig. 14 Characteristic curves of ion Fig. 15 Characteristic curves of the first
current (Cylindrical trap) derivative of ion current

(Cylindrical trap)
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d3i; AN méN;r? 1 2 2«
it AVTE Niry'vp —o ot exp (~ (@)’

av? a3 Ty d «

1 2 2a 2
s +—t+t—F)exp{—(w+x)*} =0, ........ ... ... ... (43)
o a «
that is,
1 2 2a 1 2 2
——=- +— exp {—(ap—0a)?*} +<— +— +—> exp{—(ap+a)?} = .. (44)
3 o o o® o?

The above equation can not be solved with an analytical form. But, for ap>1, the
equation can be solved approximately. That is,

1 1
asqy——— ——5 t---ee e e e e 45
° 2ap 4oy 52
In the cylindrical trap, the value of « is obtained from that the root of the second
derivative equation equals to zero.

d*i; 4AeNirpyly oo L,(Z)
- p’p 2 2 2 2 442
‘o o —-Q 4
a2 2T exp( o) go v exp(—ay”) =
L(Z
—4a,? l(z )+10(Z) }day S0, (46)

where Iy, I} and I, : Modified Bessel functions of order zero, one and two.
That is,
L (2) 5L(Z)

o
S ayzexp(—ayz){4ao4 2 —40,? 2 +IO(Z)}daV=0. ............. 47
0

The above equation can be solved approximately for ag>>1.
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That is,
0% S 002 = 1,077 00" o et (48)

Thus the ion density and ion temperature can be obtained from the peak value and its
position.

When there is no peak in the characteristic curve, the ion density and temperature must
be solved by simultaneous equations as in the planar retarding potential trap method.

2.3.3 Method of Measurement
As a single planar probe assembly is used Faraday cup type electrode system as shown
at the left in Fig. 18. This electrode consists of two circular grids, G1 and G2 and a collector

ey
%

,,,,,,,

6uard ring '{G| \,?‘\ -

[ A S

Planar Spherical Cylindrical

Fig. 18 Structures of retarding potential trap

C. There is a guard ring of the same area as the inner surface around the grid G1 in order to
avoid the edge effect of the planar probe. DC sweep voltage is applied to the grid G1. The
negative voltage is applied to the coliector which collects only the ions passing through the
grids. The large negative voltage is applied to the second grid G2, which prevents the photo-
emission radiating from the collector surface. As the current-voltage characteristic of G1 is
considered to be mainly that of the electron current because the ion current is small, the
quantities concerning electrons can be determined by the characteristic curve of the grid G1.
The quantities concerning ions can be determined by the characteristic curve of the collec-
tor. Figure 18 also shows the schematic illustrations of spherical and cylindrical retarding
potential traps which consist of two concentric shape grids, G1 and G2.

When small AC voltage asinwt is superimposed on DC voltage to the grid, the total ion
current of the collector is expressed as:

li=f(V+asin wt)

@ &1) | a* d 1)

=fy——2, 2277,
ar(v) @ P |
+{a AR f(3)+ ...... }sinwt
dv 8 dVv
2 52 4 44 )
a’f(v afwv
_{i f(z ) & f(4,)+ ...... cos 2wt
4 dV 48 dvV
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_[& &) } .
{ YT +...... sin 3wt
a* d*f(v)
+{m qye T }cos4wt+ ............................. (49)

Therefore, if the amplitude a is small enough, the first derivative of ion current is
measured from the w component of AC current, and the second derivative of ion current is
measured from the 2w component of AC current. However, for arbitrary magnitude of a,
the w and 2w components of AC current are as follows:

™
w %S f(VHasinwt)sinwt d(Wt), . .vvniininin . (50)
—Tm

hid
2w %S FV+asin wr) cos 208 A(WE),  +vvveeeeeee e 1)

-

For example, variations of the second derivative of ion current due to amplitude a in the
spherical trap are shown in Fig. 19. The ordinate is normalized with a”? in each curve. From
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M= i

Arbitrory scale
Arbitrary scale

Vvol's)a

Fig. 19 Variation of characteristic curves of the second
derivative of ion current due to the magnitude
of AC amplitude a (Spherical trap)

the graph, it is clear that the position of the peak does not change with the amplitude a less
than one-tenth of DC voltage. The two modes of voltage are applied to the grid G1 suc-
cessively. These are DC mode of only DC sweep voltage and (AC + DC) mode, that is, DC
sweep voltage superimposed by small amplitude AC voltage. We detect the DC, AC-w and
AC-2w components of electron current flowing into G1, and the AC-w and AC-2w com-
ponents are proportional to the first and second derivatives of electron current with respect
to voltage, di;/dV and d?i;/dV?. Similarly detect the DC, AC-w and AC-2w components of
ion current flowing into the collector C. Thus the electron density, electron temperature,
ion density, ion temperature, and ion mass are calculated from these current components.
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2.34 Summary

The above described method of measurement of the basic parameters in the ionosphere
with self-consistence and accuracy by the use of the planar, spherical and cylindrical types of
retarding potential trap. The merits in use of the spherical trap are that it is omnidirectional
and has no edge effect, but the demerit is difficulty in making exactly concentric spherical
electrodes. On the other hand the merit in use of the cylindrical trap is that it is easy to
make exact configuration of the cylindrical electrode, while the demerit is that the shape of
peak in the ion characteristic curve is not steeper than that of the spherical probe (Miyazaki,
1967a; Miyazaki and Mori, 1968).

2.4 Resonance Probe

2.4.1 Introduction

Space charge layer, ion sheath, usually exists around the boundary in a plasma. The
electrical property is affected by the existence of the sheath. Therefore, the sheath must be
considered in discussing the problems of interaction between bounded plasma and electro-
magnetic field. Especially it becomes an important problem in the case of satellite- and
rocket-borne radio wave measurements because that the sheath changes severely as the
vehicle potential is altered very widely by the ambient plasma and the vehicle conditions.
For example, Taylor et al. (1965) reported spacecraft potential was changed from O to
—20 V, Brinton et al. (1968) stated that the observed change of the OGO 1 spacecraft
potential was from 0 to —9 V in the plasmasphere. Hanson et al. (1964) observed a satellite
of =20 V, and Knudsen and Sharp (1964) observed a potential of =15 V. ATS 5 could charge
to potentials as high as 10,000 V during eclipse, and as high as 200 V in sunlight (DeForest,
1972).

Experimental and theoretical studies on electrical properties of the sheath-plasma
system have been carrying out by many researchers (Takayama et al., 1960; Kaiser, 1962;
Ikegami and Takayama, 1963; Ichikawa, 1963; Uramoto et al., 1963; Pavkovich and Kino,
1963; Pavkovich, 1963; Crawford and Harp, 1965; Harp and Crawford, 1964; Pyati and
Weil, 1965; Dote and Ichimiya, 1965, 1967; Crawford, 1965; Balmain, 1966; Buckley, 1966,
1967; Davies, 1966; Ikeji and Takayama, 1966; Baker and Despain, 1966; Kostelnicek,
1968; Kaiser and Tunaley, 1968; Heikkila, 1969; Balmain and Oksiutik, 1969;
Holt and Tr¢im, 1969). In order to treat these problems, there are mainly three methods,
that is, dielectric media approximation, hydrodynamic approximation and the method to
solve the simultaneous equations of Boltzmann’s equation and Maxwell’s equation. Although
the third method is perfect in view of theoretical point, the results are not only expressed
in analytical form but also they need tedious numerical calculations. Thus the analysis is
carried out to limited cases (Buckley, 1966, 1967). The hydrodynamic approximation also
needs complex calculation in plasma and sheath region (Balmain, 1966; Ikeji and Takayama,
1966; Kostelnicek, 1968; Holt and Trg¢im, 1969). In the former dielectric media approxi-
mation (Dote and Ichimiya, 1965, 1967; Miyazaki, 1968, 1969; Balmain and Oksiutik,
1969), the analysis of the radio frequency probe is treated by rather simple method, for
example, a sheath collapse condition, a vacuum simulation for large negative probe potential,
or average electron density approximation in the sheath region till now.

Here the various properties of the sheath-plasma impedance are analysed by using a
continuous sheath model. And a plasma is treated as dielectric media by using Newtonian
model.
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2.4.2 Model of Ion Sheath Profile

At first, the typical three cases of the ion sheath profile in one dimension as shown in
Fig. 20 are considered, that is (a) the case of vacuum in the half region of the sheath, (b) the
case of half electron density in the sheath, (c) the case that electron density decreases as a
linear function in the sheath.
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Fig. 20 Sheath profiles
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Fig. 21 Impedance characteristics

Now permitivity of a plasma is given by,

Ko =1-wp/(w? —jwv),

where wp, is the electron plasma angular frequency and v is the mean collision frequency.
The sheath-plasma impedance is expressed as follows:

Case (a)v
d—s/2 s
=- T s O (53)
]weo(l—wp [w*) 2] weg
Case (b)
_ d—s + s (54)
jweo(l—wpz/wz) joeo l—wp2/(2w2)} O
Case (c)
d—s ws wpy?
=- s n’l——%—, ....................... (55)
jweo(1-wp /w®)  jwp ey w
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where s is the sheath thickness, d is the total distance and €, is the dielectric'constant in free
space. For the brevity it is assumed that ¥ = 0 and the surface area is unity.
It is convenient to define normalized impedance Zj.

Zp = Wp€oZ. e (56)

Figure 21 shows the total normalized impedance of each case. Here it is assumed that
s = 2 and d = 5. This graph indicates that the three cases are different from each other,
especially the case (c) has no minimum or maximum below plasma frequency. Thus the
simple density profile in the sheath region does not give the correct sheath-plasma
impedance.

Generally, the Langmuir-Mott-Smith theory, the formulae of the space charge equation
and particle trajectory equation are used to calculate the sheath thickness (Langmuir and
Blodgett, 1923, 1924). The sheath thickness of planar probe can be solved analytically, but
numerical calculations must be needed for spherical and cylindrical cases.

By the space charge equation, the potential profile is expressed as three-halves law. By
assuming that electrons have Maxwell-Boltzmann distribution, the potential profile is pro-
portional to exp(—r/\g), where Ay is the electronic Debye length. But the exact potential
profile is not presented by a simple expression, and so here the parabolic distribution is
assumed and is smoothly continued from a sheath region to a plasma region in order to
simplify the succeeding numerical calculation. :

Now the potential at a distance x is,
Vx)=—Vpxs®, e .. (57

where Vp is the probe potential and s is the sheath thickness. And the electron density is
expressed by Boltzmann’s law.

Nexy =Ng eXp{—eV(X)[kTe} , oo i en (58)

where n, is the ambient electron density, e is the electron charge, T is the electron tempera-
ture and k is the Boltzmann constant.

2.4.3  Impedance/Admittance Proﬁle of Sheath Plasma System
(1) Planar probe

The distance of the two planar probes is d and the sheath thickness is s as'shown in
Fig. 22. The total impedance between two parallel probes is expressed as the sum of the
sheath impedance and the plasma impedance.

The sheath impedance Z; is

dx

S

Z,= Nexe? AU (59)

s giweo{l'——“—exz —}
0 meg(w?—jwv)

where m is the electron mass.

The mean collision frequency in the sheath region is decided by the relation of the mean
free path, the sheath thickness and other parameters. If the sheath thickness is smaller than
the mean free path, the mean collision frequency is very small in the sheath, and if the
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sheath thickness is larger, the mean collision frequency is near that of the ambient plasma.
And if the collision frequency in the sheath is assumed to be the same as in the ambient
plasma, the impedance characteristic shows no special property except the case of low probe
potential. Here the mean collision frequency in the sheath is assumed to be proportional to
the local electron density in the convenient way although this assumption may not correct
in exact physical meaning. Thus,

N PP (60)

where v, is the mean collision frequency in the ambient plasma.
Next the plasma impedance is,

d—s
Z, = et S (61)
P jweo { 1-wp /(wp? —jwre)}
And the total normalized impedance is obtained by using the normalizing factor wp€o-
Z,= wpeo(ZZs FZp) (62)

It is convenient to use the admittance, the reciprocal of impedance because that admit-
tance characteristic is directly obtained in usual experiments. And the admittance is
obtained by numerical calculations with computer.

Figure 23 shows the normalized admittance against the normalized frequency w/wp in
the case of ne = 10'2m™, T, = 0.1 eV, Ve/wp =0.01,d =0.2 m and Vp =0.1,0.5and 2.0 V.
The characteristic curve in the case of ¥Vp = 0.1 V, is almost the same as the plasma charac-
teristic itself except the region near 0.61 w/wp. And there are a maximum and a minimum
around 0.61 w/wp. In the case of ¥Vp = 0.5 V, the maximum and minimum shift to the lower
frequency comparing with the case of Vp = 0.1 V. The first minimum is attributed to the
antiresonance of the plasma in the sheath, on the other hand, the second minimum is
attributed to the plasma resonance in the ambient plasma. And there is a maximum between
two minima, this maximum is the sheath resonance. As the probe potential increases, the
first minimum shifts to the lower frequency and finally it disappears, on the other hand, the
sheath resonance shifts to the lower frequency at first, then, to the higher frequency, and
the shape becomes more sharp.
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a) Admittance variation by the electron density

Figure 24 shows the relations between the resonant frequency and the probe potential,
the dotted line indicates the first minimum and the solid lines indicate the maximum, that is,
the sheath resonance. The minimum frequency characteristic does not depend on the
electron density. The reason is that the electron density distribution in the sheath is similar
shape although the electron density changes, and so the antiresonance due to the plasma in
the sheath region does not change. The frequency characteristic curve of the sheath
resonance is of concave shape. As the electron density increases, the resonant frequency
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Fig. 24 Sheath resonapt .and antiresonant Fig. 25 Admittance values of sheath
frequency variation by the resonance and antiresonance

electron density
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decreases gradually. When the sheath thickness is small, the electron density in the sheath is
very near that in the ambient plasma, and as the sheath thickness increases, the admittance
characteristic curve shifts to the lower frequency. But when the probe potential reaches to
some value, the capacitance component of the sheath impedance increases due to the
decrease of the electron content in the sheath, and again the resonant frequency increases.

Figure 25 shows the normalized admittance values of the minimum and the maximum
which coincide with the resonant and antiresonant frequencies in Fig. 24. The main feature
of the antiresonant frequency characteristic is that there exists a maximum at some probe
potential. On the other hand, it is clear that the change of the resonant frequency character-
istic is rather gradual.
b) Admittance variation by the electron temperature

Figure 26 shows the three cases of T, = 0.1, 0.2 and 0.5 eV. As the
electron temperature increases, the sheath thickness becomes larger and the resonant and
antiresonant frequencies increase.
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0 N N TR 0 s L . e
0.01 0.1 1 10 001 01 1 10
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Fig. 26 Sheath resonant and antiresonant Fig. 27 Sheath resonant and antiresonant
frequency variation by the frequency variation by the probe
electron temperature distance

¢) Admittance variation by the probe impedance

Figure 27 shows the three cases of d = 0.2, 0.5 and 1.0 m. The first antiresonant
frequency does not depend on the probe distance, that is, only due to the sheath region. As
the probe distance increases, the inductive component of the plasma region increases, thus
the resonant frequency decreases.
d) The case when the magnetic field exists

When the magnetic field is weak, the ion Lamor radius is rather large, so it is assumed
that the sheath thickness is not altered by the magnetic field. And also the same potential
profile and the electron density distribution in the sheath are assumed as in the case without
the magnetic field.

Permitivity K, in this case is given by,
wp? (w = jv)

Ko = 1 o — o)

e e (63)

where w, is the electron cyclotron angular frequency.
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Fig. 28 Admittance characteristic
curves when the magnetic
field exists

Figure 28 shows the admittance characteristic when the magnetic field exists and its
direction is parallel to the planar electrode surface. Here it is assumed that we/wp = 0.5. It is
clear that the admittance at the cyclotron frequency shows maximum value. In the case of
Vp = 0.2 V, the characteristic curve is similar to the case of a plasma without the magnetic
field except the region of about 0.62 w/wp. As the probe potential increases, the sheath
thickness increases, thus the sheath resonant frequency approaches to the cyclotron
frequency. Furthermore as the probe potential increases, the maximum and minimum values
increase with the probe potential. Figure 29 shows the value of the frequency at the
minimum and maximum against the probe potential for the three cases of w¢/wp = 0.2, 0.5
and 1.0.
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Fig. 29 Sheath resonant and antiresonant
frequency variation by the
magnetic field
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(2) Spherical probe

The impedance between the two spheres as shown in Fig. 30 will be considered. It is
assumed that the probe radius is rp, the sheath radius is ry and the center distance is d. The
same assumption for the potential profile in the sheath is made as that of the planar probe.
Thus the potential and the electron density n, at a distance r from the center of the probe,
are expressed as follows,

Fig. 30 Spherical probe
configuration

V() ==Vplrsr)? [(rs=rp)®, (64)
ng =neexp{—eV(r)/(kTe)} , oot 65)

where V), is the probe potential.
From the analogy of the planar probe, the spherical sheath impedance is,
dar

’

1 s

Zg= nere*

s 4miwe, X P2 (1= er2 : Joo e ... (66)
meg(w*—jwr)

The plasma impedance between two spheres is,

Zp = (mjweorKe £ ON)™ L L. 67)
where

0, =1+M,

Q2 =M*/(1 -M?),
when N = 3,

On =(1/MQN——1/Qn-2)"",

M =rg/d.

By using the normalizing factor 4mwp€p, the normalizing impedance is expressed as,
Zp =4Mwp€0(2Z5+2Zp). o (68)"

Figure 31 shows the normalized admittance against the normalized frequency w/wp in
the cases of ne = 10'> m™, Te = 0.1 eV, Ve/wp = 0.01, r, = 0.0l m, d = 0.2 m and
Vp = 0.03, 0.1, 0.5 and 2.0 V. The admittance characteristic features are similar to that of
the planar probe. Figure 32 shows the relations between the resonant frequency and the
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Fig. 33 Sheath resonant and antiresonant
frequency variation by the probe
radius

Fig. 32 Sheath resonant and antiresonant
frequency variation by the
electron density

probe potential for the four cases of n, = 10!, 102, 10!3 and 10" m™. The dotted line
indicates the antiresonance and the solid lines indicate the sheath resonance.

Figure 33 shows the relations between the probe radius and the resonant frequency for
the three cases of r, = 0.005, 0.01 and 0.02 m. As the probe radius increases, the sheath
resonant frequency decreases.

244 Summary

The sheath-plasma impedance/admittance of the planar and spherical geometries are
calculated by assuming the parabolic electron density distribution in the sheath. Here the
conclusions are arranged in the followings.
(1) The assumption of the discontinuous electron density distribution in the sheath is not
suitable, the continuous sheath model must be considered.
(2) The sheath-plasma impedance changes very widely by the probe potential in the
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frequency range lower than the plasma frequency or upper hybrid frequency when the
magnetic field exists.

(3) There exists an antiresonance in the frequency range lower than the sheath resonance at
lower probe potential but the antiresonance disappears at higher probe potential.

(4) The values of the admittance at the sheath resonance and the antiresonance have
maxima at some probe potential.

(5) As the electron density decreases, the frequency of the sheath resonance shifts to the
lower part.

(6) As the electron temperature increases, the frequencies of the sheath resonance and the
antiresonance shift to the higher part.

(7) As the probe distance increases, the frequency of the sheath resonance shifts to the
lower part.

(8) When the magnetic field exists, there is always maximum value in the admittance
characteristic at the cyclotron frequency, and there appears a sheath resonance between the
cyclotron frequency and the upper hybrid frequency.

(9) There is no essential difference in the impedance profiles of the planar and spherical
geometries.

2.5 Two-Wire Radio Frequency Probe

2.5.1 Introduction

The transmission line, so called the lecher lines are used in all modern high-frequency
applications. A transmission line may be made up of parallel plates, of coaxial conductors, or
in general of any two conductors separated by a dielectric material. The transmission line
shows the various impedance properties according to the frequency range, the input
impedance of the lecher wire shows inductance or capacitance according to the length of the
line. In the case that the lecher lines are located in a plasma, the input impedance of the
lecher lines shows distinguishable change from non-dispersive media according to the
frequency. And there are various modes of the plasma waves, that is, electromagnetic wave
and electrostatic wave in a plasma, especially when the magnetic field exists. According to
the mode of the wave, characteristic of the lecher lines shows the remarkable change with
frequency.

When an electrode is inserted in a plasma, the ion sheath exists around the boundary of
a plasma. Therefore the sheath must be considered in discussing the above problems.
Especially it becomes an important problems in the frequency range lower than the plasma
frequency. Two parallel cylindrical probes which are similar to the lecher lines are treated by
Crawford and Harp (1965), Messiaen and Vandenplas (1966), Wait (1966, 1967) and others.
Numerical studies on electrical properties of the lecher lines in a magnetoplasma are very
useful in a theoretical consideration. Here the method of the equivalent dielectric constant
is used in order to treat this problem.

2.5.2 Impedance between Two Wires

At first, a structure of the ion sheath around wire is considered in the following. As the
ion sheath profile, the ion sheath without the magnetic field was analyzed by Langmuir and
Blodgett (1923, 1924). When the magnetic field exists, the ion sheath is treated by Spiwak
and Reichrudel (1938), Brilloin (1941), Dote and Amemiya (1964, 1967) and others, and
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their treatment is developed from the theory of Langmuir and Blodgett. But in the case of
ion sheath, when the magnetic field is weak, the Larmor radius is larger than Debye length,
in this case the sheath thickness is scarcely altered by the magnetic field. Here it is assumed
that the magnetic field is weak and the ion sheath thickness is not altered by the existence
of the magnetic field. So the sheath model by the Langmuir-Mott-Smith theory is used. The
potential V(r) at the point r in the sheath region is expressed by:
{ V(r)}3/2 - "32(”.9/’)
Vo rpﬁ’2 (rs/rp)

where V) is the probe potential, rp is the probe radius, B is the function of rg/r in cylindrical
sheath, rg is the sheath radius. And the electron density n(r) in the sheath region is expressed
by Boltzmann’s law.

n(ry=neexp[—eV(r)/kTel, ...t (70)

where e is the electron charge, Te is the electron temperature and k is the Bolzmann constant.
The sheath impedance per unit length is

1 rs dr
Zy =—— P (71)
2mjweg p re(r)

where €(r) is the equivalent specific dielectric constant at distance r from the center in the
sheath. j is the imajinary unit, €, is the dielectric constant in free space.

Thus, the impedance between the two parallel wires with sheath per unit length is
expressed as follows:

1 d++/d*—4ard 1 ¢rs d
zZ, =— In s 4 - SS 4 e (72)
TjWEE 2rg Tjweo Jrp re(r)

where d is the center distance of the two wires and € is the equivalent specific dielectric
constant in a plasma. The first term shows plasma impedance and the second term shows

twice of the sheath impedance value.
Next, from the theory of the transmission line the impedance is expressed as:

Z=ZwCoth Yl, ..o e e (73)

where Z,, is the characteristic impedance, 7 is the phase constant. It is assumed that the lines
do not contain the loss component, that is, lossless, and the skin effect is neglected, the line
includes only the distributed inductance component per unit length,

jw d '
(Ao 1N — ), e (74)
4m p

where y, is the permitivity in free space, u is that of the wires, but in this case, for example,
Cu metal u >~ uo except the feromagnetic media.
Thus,
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1 d 1. (1  d+Jd*—4r? ¢rg dr
Z,2 = In— +—=){—1 J +S ............. 75
s (S 4){ R rp 7€) (75)
d 1
(2)2 <1n—+z>
2 _ ¢ 'p
=P 7
Y I d+Jd—%Z or, dr (76)
—In +
€ 2rg S re(r)

Next the equivalent specific dielectric constant of a plasma will be considered. We will
treat the plane wave for the brevity. Although there exist many kinds of waves in a plasma,
there are mainly two kinds of wave mode, electromagnetic wave and electrostatic wave. The
ion motion is neglected and we will assume the static positive charge.

(1) Electromagnetic wave

At first the electromagnetic wave will be considered. Anisortropic dielectric tensor of a
magnetoplasma is treated by cold plasma approximation (for example, Stix, 1966). For the
cartesian coordinates (x, y, z) with B, along the z axis, the dielectric tensor is given
explicitly:

S iD 0
K =€ |-D S [ S 77)

0 0 0

where
N 2
[t 1 w.

s =1-2le._ o

w (W) —we

2
w, w

D =—=¢. p

We =7° (Electron cyclotron angular frequency),

v is the collision frequency. MKS rationalized units are used here. The refractive index n of
the plane wave is expressed as follows when the wave propagates with the direction angle
0 between B, axis and the wave propagated direction:

2 = (S+D)(S—D)sin?6+PS (1+cos?0)+ [(S+D)(S—D)—PS)*sin* §+4P> D % cos*f
2(Ssin?0+Pcos?0)

(78)

On the one hand, there is a relation among the equivalent dielectric constant €, permiability
M, and the refractive index n (Stratton, 1941),
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nt o= . (79)
€oMo

When the medium is non-magnetic for a plasma, u >~ yo. Thus the refractive index is simply
expressed as follows:

RN T (80)
Here we will describe the next two cases.

a) Propagation perpendicular to Eo (k1 By)
For the propagation in the direction 6 = /2,
i) Ordinary mode

e=eo(l—wp /W), (81)
ii) Extraordinary mode

(W +wwe=wp ) (W —ww—wp?)

€= €5 . e e 82
0 wZ(wZ_wcz_wp2) ( )
b) Propagation parallel to Eo (k //Eo)
i) Left-hand-polarized mode
€=¢€o (1— “p i )
o ity ) T (83)
ii) Right-hand-polarized mode
w2
€=€ (17— 2——) . (84)
w _wwc

(2) Electrostatic wave

In a hot plasma, there also exist the electrostatic waves in addition to the electro-
magnetic wave. The equivalent dielectric constant is obtained from the wave equation under
the quasi-static approximation.
a) k//Bg, parallel case (Longitudinal electrostatic wave)

wptm
€ =€ | 1+—2— {1-20aS(a ] R
o [1+ 3 (1-2e5@) (85)
where
o
a=—=E — )= exp(—az)g exp(12)dt.
V]

/ 2kT,
k /==
m

In the Eq. (85) the term o.>p,~/w2 (wpjsion plasma frequency) concerning the ions is neglected,
and S(a) is the complex error function.
This longitudinal electrostatic wave exists in the case without the magnetic field.
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b) kl Eo, perpendicular case (Electrostatic cyclotron wave)

€ =¢€ 1+2w”2 ) ENIv(N)
= e -—
' 0 )\wcz Ne1 Xp N

NZ_

N2

(—

We

w

)2

where Iy(A) is modified Bessel function of N-th order,

_k*kT,
wiEm '’

A

and k is the wave number.

2.5.3 Numerical Examples
The parameters are assumed in the following,
Electron density n, = 10'2 m™3,
Electron temperature Te = 0.1 eV,
Radius of the wire r, = 0.001 m,
Length of the wire /=10 m,
Separation distance d = 0.1 m,
Colliston frequency v = 0,

Electron cyclotron angular frequency w, = 0.3wp.

(1) Electromagnetic wave
Ordinary mode case with and without the sheath (k 1 Bg)
Figure 34 shows the input impedance profile against the normalized angular frequency

a)

10*
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g. 34 Input impedance profile

(Ordinary mode, without
sheath). The solid and
dashed lines show inductive
and capacitive respectively)
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Fig. 35 Input impedance profile
(Ordinary mode, with
sheath)
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w/wp in the case of the ordinary mode without sheath. The solid and dotted lines in Fig. 34
indicate inductive and capacitive components respectively. The minimum at wfwp = 1.289
is due to the lecher wire characteristic. The frequency at the minimum shifts to the higher:
frequency when the length of lecher wire becomes short. Figure 35 shows the input
impedance profile in the case when the sheath exists around the wires. Here, we will assume
DC potential of the wires is 0.5 V, then, the sheath thickness rs is 9.82389 rp. The minimum
at wfwp = 1.211 is also due to the lecher wire characteristic similar to the case as shown in
Fig. 34, The minimum at wfwp = 0.660 coincides with so-called sheath resonance and there
are infinitly many resonances in the frequency range between about 0.635 and 0.660. These
resonances and the resonances below w/wp = 0.635 are due to the lecher wire characteristic.
b) Extraordinary mode case (k L By)

Figure 36 shows the input impedance profile in the case of extraordinary mode when
there is no sheath region around wires. The maxima at w/wp = 0.861 and 1.161, and the
minimum at w/wp = 1.044 are the singular point of € expressed in Eq. (82). There are
infinitely many maxima and minima in the frequency range between about 1.027 and 1.044.
All these resonances are due to the lecher wire characteristic.
¢) Left-hand-polarized mode (k // Bo)

Figure 37 shows the input impedance profile in the case of left-hand-polarized mode
when there is no sheath region around the wires. The maximum at w/wp = 0.861 is the
singular point of € of Eq. (83) and the minimum at wfwp = 1.209 is due to the lecher wire
characteristic.

1 n It " 1 1

0 02 O:A 0‘.6 0‘.80, 10 12 14 16 1.8 0 0?2 0:6 0‘5 ofeg_l.o 1.2 l.‘4 I..G 1.8
W Wy
Fig. 36 Input impedance profile Fig. 37 Input impedance profile
(Extraordinary mode, ) (Left-hand-polarized mode,

without sheath) ‘without sheath)
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mode, without sheath)

d) Right-hand-polarized mode (k // B)

Figure 38 shows the input impedance profile in the case of right-hand-polarized mode
when there is no sheath region around wires. The minimum at w/wp, = 0.3 and the
maximum at w/wp = 1.1612 are the singular point of € of Eq. (84). Other maxima and min-
ima including those between about 0.256 and 0.3 are due to the lecher wire characteristic.
(2) Electrostatic mode
a) Longitudinal electrostatic mode (k // Bg)

Here we assume the electrostatic wave length A is 2d for the brevity, and also assume
that the wavelength does not change in the sheath region and the plasma region. Figure 39
shows the input impedance profile in the case of longitudinal electrostatic mode when the
sheath does not exist around the wires. The infinities at w/wp = 0.097 and 1.008 cor-
respond to the slow and fast electron accoustic mode respectively (Stix, 1962). The
minimum at w/wp = 1.239 is due to the lecher wire characteristic. Figure 40 shows the
input impedance profile in the case that there exists sheath around wires. The profiles are
very complicated. The minimum at w/wp = 0.672 corresponds to the sheath resonance.
There are infinitely many maxima and minima in the frequency range between about 0.657
and 0.672.

b) Electrostatic cyclotron mode (k L Bg)

We also assume that the wavelength is 2d. Figure 41 shows the input impedance profile
in the case of electrostatic cyclotron mode. There does not exist sheath around the wires.
There appear maxima or minima at w/wp = 0.3 and its integer times, and also appears the
infinity at cu/w,J 2~ 1.055 which is the upper hybrid frequency. Furthermore the infinities
and minimum below w/wp = 0.3 and the minimum at w/w, = 1.315 are due to the lecher
wire characteristic. There are infinitely many maxima and minima in the frequency range
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between about 0.278 and 0.3. Figure 42 shows the input impedance profile when there

exists sheath around the wires. The impedance profile shows the very complicated character-
istics and there are a great many maxima and minima in all frequency range.
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2.54 Summary : o

As described in the introduction, Lecher wire in general, the parallel cylindrical lines are
symmetrical shape, the electrical impedance property is derived more regorously than the
asymmetrical system. Especially when the sheath exists around the electrode, impedance
or admittance characteristic of the radio frequency probe greatly depends on the shape of
the sheath. Therefore the two parallel wire probes are the best configuration in the other
probe systems. Concerning with electrostatic mode, cyclotron harmonics are detected in the
space chamber experiment (Mori et al., 1973) and the rocket-borne radio frequency probe
experiment (Ejiri, 1973). And by considering the ions in the dispersion formula, the
electrical properties of the lower hybrid frequency, ion acoustic wave, the magnetosonic
containing Alfven wave are able to be discussed. Furthermore when the magnetic field exists,
about the electrostatic cyclotron wave, Landau damping and the magnetic field angle
dependency can be investigated by the experiment by using the grided parallel wire probes.
In practice, there exist not only single mode of the wave but also many modes of the waves
simultaneously and various wavelength can be exist. Therefore the practical input impedance
profile becomes more complex, but the above described characteristics age very useful to
consider the characteristic of the Lecher wire.

2.6 Special Features of the Space Vehicle Use of Probes in the Ionospheric Plasma

There are two important facets of the spacecraft situation which normally control the
experimental approach. Firstly, space plasma (ionosphere and magnetosphere) to be
measured has the very complicated properties comparing with laboratory plasma. That is,
at the lower part, the ionosphere is the partial ionized plasma, thus the collision process is
important and there are many species of neutral particles and ions. The space plasma is low
density and distributed wide range of temperature. In the case of electron, the altitude of
80 km is the transition region above which the electron collision frequency is less than the
electron cyclotron frequency. In the case of ion, transition altitude is about 120 km.
Accordingly the earth’s upper atmosphere above about 200 km is considered to be plasma
state. Although the neutral particle density is larger than the plasma density below about
10* km, the plasma density is lower than the neutral particle density above 10* km and fully
ionized plasma consisting of protons and electrons. The interaction between the earth’s
magnetic field and plasma acts a very important role on the phenomena occurred in that
region.

In planning probe instrumentation for a spacecraft, the parameters of Larmor radius and
mean free path provide a guide to the probe geometfy and mode of operation. There appears
space charge layer called ion sheath around the electrode which is inserted in a plasma. The
sheath thickness is of the order of the Debye length. Therefore the probe dimension has a
close correlation with the Debye length. A further important problem arises in the D region
of the ionosphere because the mean free path is comparable to or shorter than both the
Debye length and the vehicle size. To date no fully adequate theory of probe action on
supersonic spacecraft in this region has been published and the alternative empirical or semi-
empirical approach has also been little studied. In measuring the quantities relating to the
magnetic field the Larmor radius is important to decide the dimension of the probing
electrode. : .

The second impo;tant fact of the spacecraft measurement is that the spacecraft is
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almost always supersonic and often hypersonic with respect to the ions. In analysing data in
the measurement, the method of the analysis is changed by the free molecular flow or con-
tinuous flow or transition flow (Hoult, 1964, 1965; Hoult and Kuo, 1966; Sonin, 1967).

Ram effect and wake effect become very important problem in connection with super-
sonic motion of the spacecraft. Furthermore, photoelectric effect on the surface of the
electrode is also very important problem. And the potential alternation by the precipitation
of the charged particle gives the severe effect to the measurement. In the measurement by
the space vehicle, as the probe system is floating condition in a plasma, the problem of the
return current is important, therefore the surface area and the status of the space vehicle are
important as well as that of electrode system. And the hysteresis effect (Oyama, 1975) is
very complicated problem. In the case of electron measurement, the earth’s magnetic field
gives the effect on current-voltage characteristic even in the electrostatic probe method
(Ichimiya et al., 1965). Lastly the data processing system and the telemetry system are also
important problems.

Chapter III Ionospheric Studies by Sounding Rockets

3.1 Rocket Observations at Akita Rocket Range

3.1.1 Introduction

The first rocket range in Japan was constructed at Michikawa, Akita Prefecture, facing
the Japan Sea. The position of the rocket range is 39°34'12"N, 140°03'35"E (geographic
coordinates) and 29.3°N, 205.3°E (geomagnetic coordinates). In 1960, the test flight of
rocket K-8-1 was carried out successfully, thus the rocket Kappa-8 became available for a
sounding rocket. By this time, the fundamentals of rocket observation of ion density were
investigated and design and construction of an ion detector were studied. Ten ionospheric
sounding rockets were fired at Akita rocket range. Table 2 shows the general specifications
of the ionospheric sounding rockets; name of rocket, firing date and time, peak altitudes,
number of probes and measuring items. Only Langmulr probe was mounted on the first
three rockets K-8- 2, -3 and -4. The ion densities in the ionosphere in the daytime and night-
time were measured. The first ionospheric sounding rocket K-8-2 was fired in July, 1960.
But the observation failed because that the nose-cone of the rocket did not open and the
probe was not exposed in the ionosphere. K-8-3 and -4 were fired to observe the ion density
in the 1onosphere in September, 1960, and both succeeded in the measurement of positive
ion density. In the next three rockets K-8-5, -6 and -7, the electron density, electron tem-
perature and ion density in the E region and the lower part of the F region of the ionosphere
were measured by means of both the resonance and Langmuir probes. The instruments for
K-8-8 had a total of five probes. By observing the ion density in the daytime and the night-
time with both a meshed and a solid spherical probes, we can determine the quantity of
photoelectron emission, the coefficient of transparency of the meshed probe, and the
formulae for calculation of the orbital motion region, the one collision region and the many-
collision region. ’ o
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Table 2 Ionospheric sounding rockets at Akita rocket range

Rocket Date (13?“&;“) Pe(akk[;\)lt. No. of probes Meiatx:::::ng
K-8-2 July 17,1960 13hpm 182 1 Nj
K-8-3 Sept. 22, 1960 15 32 187 1 Nj
K-8-4 Sept. 26, 1960 20 25 183 1 Nj
K-8-5 Mar. 27,1961 13 08 172 3 Nj, Ne, Te
K-8-6 Apr. 18,1961 21 27 144 3 Nj, Ne, Te
K-8-7 July 21,1961 11 42 159 3 Nj, Ne, Te
K-8-8 Oct. 24,1961 12 59 198 5 Nj, Ne, Te

3.1.2 Instrument
(1) K-8-2,-3 and 4

Only a Langmuir probe was mounted on these rockets. A meshed spherical probe was
used in the daytime observation. In the nighttime observation, however, an ordinary solid
spherical probe was used because there was no solar radiation at night. The measurement of
ion density was made by applying variable voltage to a probe and measuring the probe
current.

(2) K-8-5,-6 and -7 :

Three probes were mounted on these rockets; a resonance probe, an ion current probe
and an electron Langmuir probe to measure electron and ion density and electron
temperature. The function of each probe is as follows:

a) Resonance probe

A resonance probe is one kind of radio frequency probe (Takayama et al., 1960; Miya-
zaki et al., 1960; Hirao and Miyazaki, 1963b). If radio frequency voltage is applied to a
probe inserted in a plasma, superimposed on DC voltage, the DC current through the probe
is considerably different from the case where only DC voltage is applied. When the radio
frequency is fairly lower than the plasma frequency, the electron temperature of a plasma is
determined by that difference in DC current. Also, the above described difference of DC
current becomes a maximum when the frequency of applied radio frequency voltage
corresponds to the frequency relating to the electron plasma frequency. It is, therefore,
possible to determine the electron density from the resonant frequency. It is convenient to
measure the electron temperature by applying a probe with two kinds of voltage. So we used
two kinds of radio frequency voltage of 0.4 V and 0.8 V to apply the probe with in the cases
of K-8-5 and -6. The DC voltage which appeared on the probe by the nonlinearity of a
plasma is measured in order to calculate the electron temperature. We obtained the electron
density and temperature from the radio frequency characteristics of a plasma. Radio sweep
frequency voltages from DC to 7 MHz with the amplitudes of 0.5 V and 1.0 V were applied
to the spherical probe 2 cm in diameter in the case of K-8-7. The sweeping period was about
0.5 sec.

b) Ion current probe
It was a meshed spherical probe 2 cm in diameter. Constant negative voltage of about
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24 V was applied to the probe for continuous measurement of the ion density.
c) Electron Langmuir probe

It was a solid spherical probe of the same size as the other probes. Variable DC voltages
from —2.63 V to +5.19 V were applied to the probe. The sweep time of the voltage was
about 0.5 sec. After sweeping, —24 V was applied to the probe in a short time. Thus, we
measured the ion density by the spherical probe. The method of analysis is the same as by a
meshed ion probe. As for the two other parts, that is, the Langmuir probes with which the
ion density, the electron density and the electron temperature are measured, the measuring
circuit is essentially the same as K-8-3 and -4. And two probes are used for measuring the ion
and the electron densities. As was previously described, the measuring circuit for the ion
density is de51gned for making continuous measurement.
(3) K-8-8

We used five probes by adding two more probes to the previous three probes. One was
to measure the electron temperature continuously; the other was a spherical probe for
continuous measurement of the ion density.

3.1.3 Observational Results
(1) K-8-3

The ion current flowed almost just after the opening of the nose-cone at an altitude of
about 60 km. The probe current increased as the rocket ascended, and attained to the max-
imum of about 2.5 uA at the top of trajectory, and then decreased with the descent of the
rocket and became almost zero at an altitude of 60 km. But, when the rocket descended to
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Fig. 43 Positive ion density profiles Fig. 44 Positive ion density profiles
at Akita (K-8-3, Sept 22, at Akita (K-8-4, Sept 26,
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an altitude of about 30-40 km, the probe current increased again. It is considered to have
been caused by a thermal emission from the probe which became hot by friction between
the surface of the probe and the surrounding air. The thermal emission became larger and
larger and at last the current stopped to zero, then the probe was considered to be destroyed
completely. Figure 43 shows the height distribution of the positive ion density from an
altitude of 75 km to 186 km in the daytime ionosphere. In the figure, a black point E shows
the real height of E layer observed by the vertical incidence sounding at the Akita Radio
Wave Observatory, Eg shows that of the sporadic E layer, and the vertical short solid line
named F shows that of fminF. It shows that the E layer continues to the F layer gradually
and a valley does not exist between these two layers.
(2) K-8-4

The probe current began to flow above 70 km and also increased with the height to the
maximum of about 1 uA. During this flight the probe current showed an abrupt increase at
an altitude of about 110 km in both ascending and descending modes. These increases cor-
respond to the sporadic E layer as shown later on. In this flight also, the thermal emission
current existed at the time of reentry into the atmosphere. Figure 44 shows the positive ion
density profile in the altitude range from 85 km to 195 km in the nighttime ‘ionosphere.
In the figure, a black point Eg shows the real height of the sporadic E layer observed by the
vertical incidence sounding. The rocket data of the height of the E layer agree well with the
ionogram. The valley between the E and F layers at night is rather deeper than in the
daytime.
(3) K-8-5

Figure 45 shows the positive ion density profile in the altitude range from 80 km to
170 km in the daytime ionosphere. Figure 46 shows the electron temperature profile in the
daytime ionosphere.
(4) K-8-6

Figure 47 shows the positive ion density profile measured with the ion current probe.
The solid line shows the curve in the ascending mode and the dotted line in the descending
mode. From this figure it is evident that the E layer consists of three regions which are a
few km thick. The probe current shows the zero for the most part of flight. So the ion
densities in the most part of altitudes up to 144 km are presumed to be lower than 103 cm™3.
But, the ion current increased suddenly at an altitude of about 100 km. Those were
coincident with the Ej layers.
(5) K-8-7

Figure 48 shows the ion density profile observed with the ion current probe. From the
relation between the length of sheath radius around the probe and the mean free path of the
ions, it can be seen that the region above 110 km is an orbital motion region where the mean
free path of the ions is larger than the sheath radius. The region below 90 km is many
collision region, and the median region is transitional region. Thus, taking consideration of
the correction mentioned above, the final results were obtained.
(6) K-8-8

Figure 49 shows the positive ion density profile obtained by the meshed and solid
spherical probes.
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3.14 Summary and Discussions

The following conclusions are derived from the measurements (Ichimiya et al., 1960,
1961;Aono et.al.,1961a-d, 1962a, b, 1963).
(1) K-8-3 and -4
a) The ion density in the ionosphere could be measured by means of the Langmuir probe
method with a meshed spherical probe in the daytime without any interference of photo-
emission.
b) The ion density profile obtained by the rocket measurement agrees well with the
electron density profile obtained by the vertical incidence sounding.
c) The Eg layers observed at night are very thin and dense. The thickness of the observed
Eg layer was about 2-3 km and horizontal dimension was greater than 200 km.
d) The F layer at night has an ion density of about 10% cm™3,
e) The horizontal irregularity of ion density has an intensity of about 20% and a scale of
about 10 km at an altitude of 180 km (Aono et al., 1961a).
f) Figure 50 shows diurnal behavior of the F region. The daytime E region is relatively
smooth with no significant valleys of ionization, but the nighttime profiles have considerable
irregularities superimposed on a deep density valley which tends to separate the £ and F
regions. These valleys are readily clear at altitudes above 120 km in Fig. 50.
(2) K-8-5and -6
a) The peak in the resonance probe trace disappeared at an altitude lower than about
95 km due to the increase of collision frequency of electrons in the ionosphere in the case of

K-8-5. Therefore, the measurement of electron density in lower region may well be made
with the Langmuir probe.
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b) Below the altitude of 140 km, the electron temperature.distribution coincides with the
neutral gas temperature of model atmosphere (Yonezawa, 1960). This shows that the
ionosphere is a plasma in thermal state. But, above the altitude of 140 km, the electron
temperature is higher than the neutral gas temperature. Figure 51 shows comparison of
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neutral gas and experimental and theoretical electron temperatures profiles at mid-latitudes
under quiet solar conditions. The electron temperature is much higher than the neutral gas
temperature in the altitude range between about 150 km and 350 km. Temperature differ-
ences are due to photoionization of solar extreme ultraviolet radiation (Bourdeau, 1962).
¢) At the time of 2130 hours, the plasma density is much smaller than 103 cm™3. The Eg
layer has multiple structures and the thickness of every layer is 2-3 km. The electron tem-
perature is determined to be higher than 1000°K in the E s layer.

(3) K-8-7 and -8

a) There was large difference in the results between the experiments of K-8-7 in June and
K-8-8 in October. The plasma density above 100 km was indicated as being neary constant
in the former experiment. In the latter experiment, the plasma density increases as the
altitude increases. The electron temperature in the former case is generally higher than that
in the latter case.

b) In the case of measurements of ion density by probes of the type used, we must
consider many corrections to the results, for example, the photo-emission effect, the rate of
transparency of the mesh and so on.

¢) Number of electrons of photo-emission is 2.5 X 10" sec™ cm™2 by calculating for the
photo-emission current of 0.04 uA/cm?.

3.2 Rocket Observations during the IQSY at Kagoshima Space Center

3.2.1 Introduction

The place of rocket launching moved from Michikawa, Akita Prefecture to Uchinoura,
Kagoshima Prefecture, the south of Kyushu Island in 1962 because that Akita rocket range
and the Japan Sea, the dropping place of rockets, became narrower in area with the progress
of sounding rockets. The new launching place faces the Pacific Ocean and its coordinates are
31°15'N and 131°04'45"E and the observing point of low geomagnetic latitude such as
19.8°N having special value in the field of geophysics. The geomagnetic longitude is 198.4°E.

The direct ionospheric observations were carried out at Kagoshima Space Center
twenty-nine times in total till 1975; three times in 1962-63, twelve times during the IQSY
and fourteen times in 1966-75. There were three-stage Lambda rocket of which peak alti-
tude was more than 2000 km among them. The observing items are the positive ion density,
the electron density, the electron temperature and so on. As other instruments in addition to
the ionospheric measuring instrument are mounted on each rocket at the same time,
synthetic observations of the upper atmosphere can be performed, especially observation by
Lambda rocket has high values because a big payload of several kinds of instruments can be
mounted on the rocket at the same time.

3.2.2 Instrument

A meshed spherical probe was used to measure the ion density in the daytime and a
solid spherical probe was used in the nighttime till now. The purpose of using the meshed
probe is to minimize the effect of photo-emission. Now, only in the case of limited capacity
and weight for the payload or measurement of relative values of the ion density, the spheri-
cal type of the probe is used.

Since the IQSY, an ion trap was also used. The ion trap consists of two circular grids,
G1 and G2, and a collector C, 8 cm in diameter each. DC sweep voltage is applied to the grid
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G1, and by this potential are controlled the ions and electrons flowing into the ion trap. The
voltage of —10 V is applied to the collector which collects only the ions passing through the
grids. The voltage of about —40 V is applied to the second grid G2, and this grid prevents the
photo-emission radiating from the collector. And the ion density is calculated from the ion
current of the collector.

Three methods were used for measuring the electron density in the ionosphere. One is
resonance probe method. One of two others is the Langmuir probé method by which the
electron density is obtained from the current-voltage characteristic of the grid G1 in the ion
trap. And the last one is to obtain the electron density from the electron current flowing to
the probe to which the constant positive DC voltage is applied.

3.2.3 Observational Results

Table 3 shows the direct observations of the ionosphere by the sounding rockets during
the IQSY. In the table are denoted name of rocket, firing date and time. In the following are
described the results obtained by items of measurement.

Table 3 Ionospheric sounding rockets at Kagoshima Space Center during the IQSY

Rocket Date Time (135°EMT) Peak altitude (km)
L-3-2 Jan. 31, 1965 14hgm 1040
K-9M-7 Feb. 6,1965 14 01 (356)
L-3-3 Mar. 18, 1965 19 07 1100
K-9M-8 Mar. 25, 1965 20 21 324
K-9M-9 Mar. 27, 1965 14 01 335
K-8-12 July 16, 1965 19 50 160
K-9M-13 July 27, 1965 12 10 317
K-9M-14 Oct. 4,1965 12 00 299

(1) Positive ion density

In the following, the solid lines named U and Y on the figures of the positive ion density
profile show the results obtained by the vertical incidence soundings at Uchinoura and
Yamagawa respectively.
a) L-3-3

The positive ion density profile in the altitude range from 171 km to 1099 km was
measured with a planar ion trap. Figure 52 shows the ion density profile as well as the
electron density. As the opening of the nose-cone was at an altitude of 161 km, the data
could be obtained from an altitude of 171 km. The maximum positive ion density in the F2
region shows 2.8 X 10° cm”™3 at an altitude of 249 km and almost coincides with the
electron density obtained by vertical incidence sounding. Above an altitude of about

700 km, the density shows the constant value of about 2 X 10% cm™3.

b) K-9M-8
The positive ion density profile in the altitude range from 71 km to 324 km was
measured with a planar ion trap. The result is shown in Fig. 53. The maximum altitude
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Fig. 52 Positive ion density profile Fig. 53 Positive ion density profile
at Kagoshima (L-3-3, at Kagoshima (K-9M-8,
Ascent, Mar. 18, 1965; Ascent, Mar. 25, 1965:
19h07m 135°EMT) 20h21m 135°EMT)

analysed of 324 km was proved to be nearly equal to the maximum electron density in com-
parison with the result from the vertical incidence sounding.
c) K-8-12

The positive ion density profile in night Eg layer between 94.8 km and 96.4 km was
measured with a disk probe to which the constant voltage was applied. The result is shown in
Fig. 54. The maximum positive ion density appeared at an altitude of 95.5 km. According to
observations at Yamagawa, the E layer showed the maximum electron density at 1953 hours,
so the rocket measured about one minute and a half before the time, and the maximum
stage of the E layer was expected to have larger density. Figure 54 shows that the positive
ion density of the Eg layer was about 6.2 times that of quiet £ region.
d) K-9M-13

The positive ion density profile in the altitude range from 75 km to 320 km was
measured with a meshed spherical probe to which a constant negative voltage was applied.
The result is shown in Fig. 55. In this figure, the dotted points are obtained from the calcu-
lation of the orbital-motion region in case of calculation of the positive ion density and the
cross points in the many-collision region. The difference between these calculating methods
is caused by the size of the ion sheath and the length of the mean free path of the ions (Dote
etal., 1962, 1963).
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e) K-9M-14 , , .

The positive ion density profile in the altitude range from 87 km to 299 km was
measured with a planar ion trap. The rocket made big precession motion with the half angle
of more than 40°. The result is shown in Fig. 56. In this figure the maximum positive ion
density in the E region appears as clearly as that in the F region at noon.
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(2) Electron density
a) L-3-2

The electron density profile in the altitude range from 160 km to 1039 km was
measured by the resonance probe. Figures 57(a) and (b) show the electron density profiles
in the ascending and descending modes. The envelope points in the graph of the resonant
frequency versus altitude were used in the case of correction of the resonant frequency. In
Figs. 57(a) and (b), the electron density shows nearly constant value about 2 X 10* cm™3
above an altitude of 800 km.
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b) L-3-3

The electron density profile in the altitude range from 183 km to 1099 km was
measured by the resonance probe. Figures 58(a) and (b) show the electron density profiles
in the ascending and desceading modes. In Figs. 58(a) and (b), the electron density shows
nearly constant value of 1-1.5 X 10* cm™, in comparison with the profile by L-3-2 which
was fired at 1401 hours in winter.

c) K-9M-9

The electron density profile in the altitude range from 112 km to 338 km was measured

by the resonance probe. Figure 59 shows the electron density profile.
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3.24 Summary and Discussions
(1) Positive ion density

The measurements of the positive ion density by three rockets, L-3-3, K-9M-8 and
K-8-12, were carried out about 1900-2000 hours local time, the former two being in flight
in March, so it is interesting to compare both results. Figure 60 shows both results, including
the result by the rocket K-8-12. In this figure, an interesting variation by recombination with
electrons is seen in the positive ion density profiles. Indices K were O¢ and 4. during the
flight of L-3-3 and K-9M-8 respectively and they seemed to be quiet and fairly disturbed. On
the other hand, in the daily variation of foF2 at Yamagawa, the firing times of L-3-3 and
K-9M-8 were before and after the constant value setted at night respectively. The Eg layer
observed by the rocket K-8-12 showed a thin plate structure as shown in Fig. 60, and has the
difference of more than one order in the positive ion density between the basis and the peak.

Next, it is interesting to compare the results of observations of the positive ion density
by the rockets K-9M-13 and -14 which were fired around noon in July and October respec-
tively. Figure 61 shows both results. In this figure, two curves approximately coincide with
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each other in the E region, but in the F region one scarcely shows a maximum ion density,
while the other shows it clearly. The Kp indices were 2_ in the former and 1_in the latter,
and so much difference was not found. The conditions of the ionosphere were regarded as
quiet in both periods. Therefore, the difference appearing in the figure may be due to the

seasonal variation owing to the atmospheric temperature or the flux intensity of the solar
radiation.
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Figure 62 shows the summarized results of the charged particle density profiles, positive
ion density Np and electron density Ne’ around noon-during the IQSY. One profile
observed in summer is far from other four profiles which are similar mutually.
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(2) Electron density

The electron density measurements by the resonance probe in the ascending and
descending modes of both rockets L-3-2 and -3 were successfully performed, and it is inter-
esting to compare both results. Electron density above 600-700 km is nearly equal to each
other, but below that level the electron density by L-3-3 is lower than by L-3-2 by constant
ratio. The maximum electron density appears at 250 km, and the decreasing ratio of the
electron density changed abruptly at an altitude of about 500 km in the ascending mode.
In the descending mode, the electron density above 800 km is equal to each other, and the
maximum electron density exists at an altitude of about 350 km which is higher than in the
ascending mode by 100 km. Furthermore, for both L-3-2 and -3, the electron density in the
descending mode is higher than in the ascending mode especially this fact is remarkable
below 800 km for L-3-2 and below 500-600 km for L-3-3. This effect is due to the change
of the geomagnetic latitude, because the dropping point is different from the firing point
over 1800 km, and the geomagnetic latitude changes by ten degrees toward the equator.
Table 4 shows the scale height, transition altitude from O' to He®, mean temperature,
maximum electron density and F peak altitude. For L-3-2, K-9M-7 and -9, the firing times
were around 1400 hours. The altitudes of the maximum electron densities by L-3-2 and
K-9M-9 are 250 km but the value of the maximum electron density by K-9M-9 is rather
higher than by L-3-2. However, the electron density profiles in the lower region are nearly
the same. In the case of K-9M-7, measurement could be performed only in the altitude
region between 107 km and 160 km and the profile was nearly the same as K-9M-9. (Hirao
and Miyazaki, 1963a, 1965; Miyazaki, 1966).
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3.3 Relation between Sunspot Number and Charged Particle Density in the Upper

Tonosphere

Table 4 Quantities related to the electron density measured by rockets L-3-2 and -3

Ascent Descent
Transi- Transi-
O* region tion | He'region O region tion He" region
altitude altitude
L-3-2 H | 110- 158km)| 550 | 450— 610| 88— 90(km) | ¢os | 334— 380
1965, 1L 31| TEFIP | 16 1500¢k) | (km) » (km) 9
1AL01m 3 ~1500(°K) 10701450 | 830—860(°K) 790— 900
e H | 109- 140(km) | 535 | 390— 550 80— 96(km) | 573 | 442— 600
1965, 3. 18, | Te+Tp s (km) o (km)
19h07m |~ 2 | 1040-1330(°K) 9001310 | 760-910(°K) 10501430
gy (km) Nmax (em™) Iax (km) Npmax (em™)
L-3-2 240 8.5X 10° 345 1.05 % 10¢
L-3-3 255 6 X10° (<370) 5% 10%)
Table 5 Ionospheric sounding rockets at Kagoshima Space Center, 1966-75
Rocket Date Time (135°EMT) Peak altitude (km)
L-3H-1 Mar. 5, 1966 13hs50m 359
K-9M-15 Mar. 20, 1966 21 15 307
L-3H-2 July 23,1966 15 35 1824
K-9M-20 Oct. 20, 1966 17 25 358
K-10-4 Jan. 14,1969 19 00 231
L-3H-5 Sept.19, 1970 20 30 2017
K-9M-30 Jan. 16,1971 16 15 357
K-9M-38 Feb. 22,1972 15 00 352
S-310-2 Aug. 30, 1975 13 10 191

3.3.1 Introduction

The ionospheric observations in the daytime and the nighttime were carried out four
sounding rockets; K-9M-15, -20 and L-3H-1, -2 in 1966, since the IQSY. No sounding rocket
could be launched during April, 1967 — August, 1968, because of a conflict with fishermen,
and no data were obtained from rocket observations. IASY began from January, 1969 and
finished on December, 1970. The ten ionospheric sounding rockets were fired during
1969-75. Five L-3H rockets and three K-9M rockets were contained in these experiments.
The main object of the L-3H rocket observation was the ionospheric measurement by using a
retarding potential analyzer, and the main object of K-9M rocket observation was to measure
the electromagnetic property of the ionospheric plasma. A development of the single stage
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rocket has been carried out to make the firing operation easy and also to avoid an inter-
ference with fishing in the vicinity of the rocket range. The rocket S-310 is used for the
ionospheric sounding at the Japanese Antarctic base, Syowa Station. The ionospheric obser-
vations by the vertical incidence sounding from the ground were carried out at Uchinoura
and Yamagawa Radio Wave Observatory simultaneously with the rocket observation.

Table 5 shows the specifications of the sounding rockets. The results from the retarding
potential analyzers were compared with those from the radio frequency probe and the
electrostatic probes by the L-3H rockets.

3.3.2 Instruments
(1) L-3H-1

The ionospheric instruments were mounted on the second booster stage. The positive
ion density was measured by Langmuir probe method and the ion trap method. The ion
density was calculated from the current collected by the solid spherical probe to which two
kinds of constant DC voltages of —11.2 V and —24.3 V were alternately applied. The ion
density was also calculated from the ion current of the collector in the ion trap. The electron
density was obtained from the current-voltage characteristic of the grid in the ion trap. The
effective surface area of the grid was 10% of the total surface area of the ion trap.
(2) K-9M-15

The ion density was calculated from the current collected by the solid spherical probe
to which a constant DC negative voltage of —24.1 V was applied.
(3) L-3H-2

The observing items and instruments were the same as in K-9M-15, except the meshed
spherical probe to which the two kinds of constant DC negative voltages of —10.6 V and
—24.0 V were applied.
(4) K-9M-20

The observing items were the electron density and ion density. The electron density was
obtained by the resonance probe method. The ion density was obtained by the meshed
spherical probe to which a constant negative DC voltage of —24.5 V was applied.
(5) K-10-4

The observing item was the electron density in the nighttime ionosphere. The electron
density was calculated by the solid spherical probe 2 cm in diameter to which a constant DC
positive voltage of 3.9 V was applied. The fine structure of the electron density profile can
be obtained.
(6) L-3H-5

A retarding potential analyzer was mounted on this rocket to measure the ion density
and electron density. The sensor was mounted on the top of the payload.
(7) K-9M-30 and -38

The objects of the measurements were to observe the electron density in the E and F
regions and to measure complex impedance of ion sheath. The ion sheath has a great effect
on radio frequency electric field for frequency lower than plasma frequency. Furthermore, it
was one of objects to make a comparison between two-wire radio frequency probe and the
impedance probe. Two-wire probe and single wire probe were used to measure a radio
frequency characteristic. Single wire was also used as Langmuir probe for the rocket
K-9M-30. And for K-9M-38, a proper Langmuir probe was used in addition to the two sets of
radio frequency probes.
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(8) S-310-2

The primary object was to measure the electron density and electron density irregu-
larities in the E region and Eg layer. There were three cylindrical probes; Langmuir probe,
electron current probe and plasma noise probe. In order to avoid the hysteresis effect in
usual probe measurement, two glass sealed Langmuir probes (Oyama, 1975) were used for
the electron density and temperature measurements.

3.3.3 Observational Results
(1) L-3H-1

The positive ion density profile was measured by the ion trap method in the altitude
range from 125.5 km to 358.4 km. In calculation of the ion density from the ion current,
the angle between the direction of motion of rocket and the perpendicular to the surface of
the ion trap must be known. The data on the angle were obtained of the geomagnetic aspect-
meter. From the data, a change in angle was rather small in the ascending mode, but rather
big in the descending mode. Therefore, the measurement of the ion density profile was also
measured by Langmuir probe from the altitude of 115.0 km to 358.5 km in the ascending
mode and from the altitude of 358.5 km to 118.0 km in the descending mode. Two kinds of
negative voltages of —11.2 V and —24.3 V were alternately applied to the probe. Figures
63(a) and (b) show the positive ion density profiles in the ascending and descending modes.
In these figures, the circular points and cross marks indicate the maximum and minimum
values of the changes accompanied by the spin and precession motions of the rocket.
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(2) K-9M-15

The positive ion density profiles were measured from 66 km to 307 km in the ascending
mode and from 307 km to 137 km in the descending mode by the ion trap method. The ion
current to the probe was saturated above 250 km owing to the high gain of the amplifier.
The ion density profile in the ascending mode is shown in Fig. 64 which also shows the
results obtained by the vertical incidence sounding.
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Figure 65 shows the ion density profile. The dotted curve above 1400 km in this figure
shows the result of impedance probe measurement and the dotted curve in the lower part
shows the result obtained by the vertical incidence sounding.
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Fig. 64 Positive ion density profile
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(4) K-9M-20

The electron density profile in the altitude range from 190 km to 358 km was measured
by the resonance probe. The positive ion density profile in the altitude range from 78 km to
358 km was measured by Langmuir probe method. The ion current of the probe in the
ascending and descending modes indicate maximum and minimum values of changes accom-
panied by the spin and precession motions of the rocket, and the ion current was saturated
near the maximum ion density both in the ascending and descending modes due to the high
gain of the amplifier. In calculation of the ion density from the ion current, the rocket
velocity, the ion mass, the ion temperature must be known. Figure 66 shows the ion density
profile and electron density profiles obtained by the resonance probe (solid and dashed
lines).
(5) K-104

The observation of the electron density was begun from an altitude of 80 km after the
firing. In this flight, the continuous electron density profile, but relative one was calculated
from the saturated electron current of the probe.

Figures 67(a) and (b) show the electron density profiles. The slow increasing in electron

250 250

200 200

T €
x x
,th 150 K-10-4 (ASCENT) .§ 150 K-10-4 (DESCENT)
fud -
S S
i -
I g

100 g Es |00-§ Es

S0

o 1x10° 2x10° 1x10° 2x10°
ELECTRON DENSITY (cv™*) ELECTRON DENSITY (cv™?)
Fig. 67(a) Electron density profile Fig. 67(b) Electron density profile
at Kagoshima (K-10-4, at Kagoshima (K-10-4,
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density of the lower F region and sharp E layer were characterized in these observational
results. E5 layers were observed in the altitude range between 86 km and 112 km in the
ascending mode and between 95 km and 111 km in the descending mode, and the altitude of
the peak electron density was nearly 96 km, this was coincided with the ascending and
descending modes, and the thickness was from 1 km to 1.5 km. Background density was
about one-tenth of the peak density, furthermore the shape of the structure of the Eg layer
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was very similar to each other in the ascending and descending modes. And at least this
layer structure was extended over 300 km in horizontal length. Usually, this layer structure
of Eg like this result is characterized in daytime Ej profile, but this experiment showed that
the layer E¢ type was appeared even in the nighttime.
(6) L-3H-5

A planar retarding potential trap was mounted on the rocket. The normal ion current
could not be obtained by the trouble of the line disconnection, so the ion density and tem-
perature could not be analysed. On the other hand, the electron density and temperature
were obtained from the electron current-voltage characteristic of the grid. The measurement
began from 103 sec after the firing. Figure 68 shows the electron density profile in the
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Fig. 68 Electron density profile at
Kagoshima (L-3H-5, Ascent,
Sept. 19, 1970; 20h30m
135°EMT)

altitude range from 209 km to 700 km. There exists the maximum electron density at an
altitude of about 370 km. The electron saturation current shows the maximum value at an
altitude of about 375 km. The electron saturation current decreases monotonically above
that altitude. It is difficult to analyse the data from about 600 sec after the firing because of
the severe telemetry noise. The rocket potential decreases to the minimum value of about
2.5 V from 4.5 V after the commencement of the measurement, after that value again
increases and shows about 5.5 V above 300 km. The value of 5.5 V is rather higher than that
of other rocket. When the pulse with a frequency of 240 kHz and with an amplitude of
2000 V was transmitted, the rocket potential decreased remarkably and the electron current

became zero.
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(7) K-9M-30 and -38

The rocket K-9M-30 was fired at 1615 hours on January 16, 1971. Measurement of the
electron density in the ionosphere in the altitude range from 100 km to 350 km was carried
out by the radio frequency probe method. Three cylindrical probes were mounted on the
main rocket. A single wire probe, one of the radio frequency probe, showed good perform-
ance but two-wire probe system showed not so good results because that the probe
extension was not carried out as the time schedule. The maximum electron density was
about 8 X 10° cm™ at an altitude of about 260 km. Furthermore, the triangular wave from
0 to 6 V in the period of 16 sec is superimposed on the probe in addition to the radio
frequency voltage. Change of the radio frequency characteristic by the sheath dimension can
be investigated. As a result of measurement, the frequency of the sheath resonance changes
remarkably by bias voltage of the probe, but the upper hybrid frequency does not change.
Figures 69(a) and (b) show the electron density profiles in the ascending and descending
modes.
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The rocket K-9M-38 was fired at 1500 hours on February 22, 1972. In order to measure
the electron density and temperature in the ionosphere, two-wire probe and single wire
probe which were a kind of a radio frequency probe were mounted on the top of the main
rocket. All probes showed good performance and measurements were made from an altitude
of 90 km to 352 km. Two-wire probe and single wire probe measurements gave the mutual
impedance of the ionospheric plasma. Figures 70(a) and (b) show the electron density
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profiles in the ascending and descending modes, and also show the results obtained from the
impedance probe. The values of f,F2 at Yamagawa are shown in this figures. The electron
density measurements with two-wire radio frequency probe are compared with those of
Langmuir probe, and they showed good agreement each other.
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(8) S-310-2 ,

Figure 71 shows the electron density profile in the ascending mode. The electron
density profiles calculated from Langmuir probe and electron current probe are good coinci-
dence with each other. By the result of the electron current probe there appears the sudden
decrease in the electron density. In this region the measurement by the noise probe shows
that there is distinguishable noise with rather big amplitude. The electron density is decreas-
ing very slowly above about 150 km. In the descending mode, the electron density profile
shows rather constant value above about 110 km.
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3.34 Relation between Sunspot Number and Charged Particle Density

Properties of the ionosphere are remarkably controlled by solar activity. The depend-
ence of maximum electron densities of each ionospheric layer; E, F1 and F2 on solar activ-
ities, has been examined by many investigator. They have used data obtained over a long
period by ground ionosonde and have derived relations between the densities and sunspot
number. These comparisons were possible because bottom side ionospheric data could be
obtained by the long-term qperated ground based ionosonde. Space vehicle has made it
possible to measure electron density in the topside ionosphere. Among these probes, the
Alouette satellite is the most famous for its study of the topside ionosphere. Some theories
on the profiles of electron density in the topside ionosphere, geomagnetic control (Chandra
and Goldberg, 1964) and diffusive equilibrium distribution (Angerami and Thomas, 1964)
have been shown to be in good agreement with observed data.

In this section, the data obtained by the Lambda rockets (Miyazaki et al., 1966), the
Alouette satellite (Chan et al., 1966), the US rocket at Wallops Island (Jackson and Bauer,
1961; Bourdeau, 1962), and the USSR data (Newell, 1960) were used to examine sunspot
cycle dependency on charged particle density in the topside ionosphere in the altitude range
between 400 km and 1000 km. Ionospheric observation with rockets or satellites has already
continued for almost one solar cycle.

The solar activity dependencies in the ionosphere of E, F1 and F2 layers have been
investigated by Davis (1965), and Kasuya and Sawada (1956) as follows;

fo(E)=0.9[(180 + 1.44R) cosx]°-?° MHz,
fo(F1)=(43+0.01R)(cosX)°2MHz,  .........cvuueeinnennn... (87)
fo(F2)=4.707(1 + 0.0074R)MHz.

The first two formulae give the maximum electron plasma frequency in the E and F1
layers as expressed in the brackets, where R and X are sunspot number and solar zenity
angle, respectively. The last formula was obtained by using the data observed at noon at
Yamagawa. Following these expressions, the relations between electron plasma frequency
coinciding with electron density, bewteen about 12 hours and 15 hours local time, and sun-
spot number at intervals of 100 km from 400 km to 1000 km have been approximated by
the linear relation of the form of f = f, (1 + bR) here. An example of relation diagrams is
shown in Fig. 72. The data in the middle latitudes were used here. Though the Alouette data
at Quito were adopted, these data seem to be always higher than the average data. The
scatter of these data is considered to be caused by geomagnetic activity and by the slight
difference in time and dip latitude. However, the solar activity dependency of these data
seems to coincide with other data, as is seen in the lower envelope of their plots. Both f,
and b shown in Table 6 are plotted in Fig. 73 as a function with height. As f, is an electron
density in the case of zero sunspot number, f, value versus height represents a topside
profile of electron density in the very quiet sun period. The quantity 4 is a factor of sunspot
number dependency. It is noticeable that » is not a monotonic function with height, but
has a maximum at the level of 500 km, which is sometimes used as a reference level in the
discussion of topside ionosphere. In the present analysis, however, it seems more reasonable
to define the level of 400 km as the lowest reference level. Because in Fig. 73, one can find
that the inflection point in the curve of f, is in the level of 400 km, and no ionization or
electron production seems to exist in a higher layer than this inflection point. Angerami and
Thomas (1964) discussed the electron density profile in the exosphere by means of their
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Table 6 Values of the function f = fp (1 + bR).

h fo b
1000 km 1.15 0.0074
900 1.26 0.0087
800 1.36 0.0102
700 1.54 0.0115

600 1.72 0.01525

500 2.10 0.01785

400 3.81 0.01055
* 4.707 0.0074

*in F2 at Yamagawa

diffusive equilibrium theory. They concluded that the electron density profile was determin-
ed not only by temperature but also by ion composition at the exospheric base level, the
reference level being 500 km.

Now one can calculate average electron density profiles of the topside ionosphere by
means of the obtained f, and b values in the cases of 0, 50, 100, 150 and 200 of R, respect-
ively, which are shown in Fig. 74. These show a fairly systematic change according to sun-
spot number, i.e. solar activity. To estimate the scale height of each distribution, electron
density profiles are normalized by making the electron density at 400 km level unity. In
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Fig. 75, normalized distributions for the cases of 0, 50, 100, 150 and 200 of R are shown.
The theoretical normalized profiles by Angerami and Thomas (1964) were also plotted
simultaneously in Fig. 75, though the reference level in their report is not 400 km but
500 km. )

From Fig. 75 one can recognize that, if the temperature in the reference level changes
from 500°K to 1500°K, according to the sunspot number, the He'/O" number density ratio,
M, and 03, should be from 6 X 102 and 1.6 X 1072 to 2 X 1072 and 1.6 X 1073, respective-
ly. The temperature variation described in consistent with the results in CIRA (Hirao and
Miyzaki, 1967).

3.3.5 Summary and Discussions

The observational results of the charged particle density obtained by L-3H-1 show that
the measurement is strongly affected by the spin and precession motions of the rocket. The
observation by K-9M-15 in the nighttime ionosphere shows interesting facts. In the case of
ion density measurement, two layers at altitudes of about 100 km and 140 km were
observed. And Ej layer was observed at an altitude of about 102 km by the vertical incidence
sounding. The layer at an altitude of about 100 km observed by rocket coincides with the
E¢ layer, the thickness of the layer is over 20 km. The layer around 140 km high in the
ascending mode is considered to be the middle layer observed for the first time, and this
layer is assumed to exist in the descending mode. Indices Kp and EKp are 2_and 18 on
the day, and they seem to be rather disturbed condition.

As the geomagnetic activity index EKp was 8_on the day of K-9M-20 flight, the obser-
vational result in the twilight was a typical example in quiet condition. Figure 76 shows the
profiles of charged particle density in quiet condition as observed by K-9M-14, L-3-2 and -3
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and L-3H-1 including K-9M-20. The observational results by K-9M-14, L-3H-1 and L-3-2
which were fired between 1200 hours and 1400 hours resembled each other, and showed
typical profiles of the ionosphere in the daytime. In the case of K-9M-20 fired at 1725
hours, the density in the E-F region decreased abruptly, and in the case of L-3-3 fired at
1907 hours, the density also decreased abruptly and the density in the E-F region was
assumed to be very low (Bourdeau et al., 1965).

As described in the case of L-3H-2, the probe ion current by Langmuir probe with
constant negative voltage in the descending mode was far less than in the ascending mode.
One of the reasons why the calculated values of the ion density at 300 km were far less than
the real values, seems to be charge-up effect, and the effect of charge-up on the rocket body
must be considered in the descending mode. The Ej layer exists at 120 km in the descending
mode, its ion density being 12.4 times of that in the background (Miyazaki et al., 1966,
1967).

The detailed electron density profiles could be deduced from the radio frequency
characteristic by the rocket K-9M-30. There were some differences between the results of
two-wire radio frequency probe and impedance probe with whip antenna in K-9M-38 rocket
experiment. The maximum electron density deduced from the two-wire radio frequency
probe was coincided very well with that deduced from the value of f,F2 at Yamagawa in
ascending mode. The electron density profile by the impedance probe was shifted lower
value from that by the two-wire radio frequency probe above about 105 km. These are
future problems. _

The electron density irregularities in the frequency range from a few Hz to 330 Hz were
observed around 100 km in the ascending mode by the rocket S-310-2. The relative
amplitudes of the irregularities were of the order of 10% and their frequency power
spectrum were f~>'°. The most probable production mechanism seems to be the cross-field
plasma instability (Moriet al., 1975a,b; Ogawa et al., 1975).
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Chapter IV Relation between Lower Ionospheric Electron Density Profiles
and Cosmic Noise Absorption during Auroral Zone Disturbances

4.1 Introduction

Upon reopening of the observations of geophysical phenomena at Syowa Station
(69°00'S, 39°35'E; geomagnetic lat. 69.6°S, long. 77.1°E), Antarctica by the seventh JARE
(Japanese Antarctic Research Expedition) party in 1966, a concrete plan for sounding
rocket experiments was made. After the successful rocket flights of S-160JA-1 and -2 by the
11th JARE party as preliminary experiments (Hirasawa et al., 1970), the 12th, 13th and
14th JARE parties carried out firings of a total of twenty-one rockets to observe directly
various basic quantities relating to the ionosphere and auroral phenomena at Syowa Station,
Antarctica in the period between 1971 and 1973. The electron density profiles in the lower
ionosphere under various disturbed conditions were obtained by two S-160JA and twelve
S-210JA rocket experiments. Eight of the twelve S-210JA rockets were launched during the
night. The observational results of the electron density measurements and discussions are
given and general study of the relation between the electron density profile and auroral zone
disturbance is described in this chapter.

4.2 Instruments

The radio frequency, Langmuir and electron current probes were installed on the
rockets, S-210JA-5, -6, -7, -8, -9, -10, -16, -17 and -18. The radio frequency probe and
electron current probe were installed on the rockets S-210JA-11 and -12, and only the
electron current probe was installed on the rockets S-160JA-3, -4 and S-210JA-19.

There are calibration systems in the Langmuir probe circuit and in the electron current
probe circuit. Electron current calibrations in both electrostatic probes can be made within
every 16 seconds of flight. There is also a frequency mark circuit in the radio frequency
probe circuit. The frequency can be calibrated during every measuring period. With the radio
frequency probe, the error of the absolute value of electron density may be about ¥20%
(Ejiri et al., 1973). The error in electron density measurement by the Langmuir probe may
be slightly larger than that by the radio frequency probe method. With the electron current
probe, the relative variations in electron density can be measured with an accuracy of a few
percent (Smith, 1966), but the error of the absolute value of the electron density may
amount * a few tens of percent at lower altitudes of small electron density. Here, the
electron density above about 90 km is adopted from the results obtained by the radio frequ-
ency probe, and the electron density below that level is obtained by the normalization of the
results of the electron current probe.

4.3 Observational Results

Table 7 shows the general data concerning the ionospheric sounding rocket experiments
and the ionospheric and other conditions. Cosmic noise absorption (CNA) was observed with
the riometer at the frequency of 30 MHz. The ionospheric condition was deduced from the
ionogram at Syowa Station. In the item;ionospheric probes, symbols EP, LP and RFP mean
the electron current probe, the Langmuir probe and radio frequency probe respectively.

Figure 77 shows the electron density profiles observed with the rocket S-160JA-3. The
electron density obtained is higher than that of S-160JA-1 or -2 (Hirasawa et al., 1970)
throughout the ascending and descending modes.
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Table 7 lonospheric sounding rockets and ionospheric and other conditions
during rocket experiments at Syowa Station, Antarctica, 1971-73.
: .. | Geomag.| 30 MHz
Rocket Date T(l’me Peak alt. ) lonospheric H-comp.|{ CNA Ionosphere
(135°EMT)| (km) Probes (gamma)| (dB)
S-160JA-3 Apr. 30,1971 13hoom 83 EP
S-210JA-5 Sept. 14,1971 | 00 SO 114 EP,LP,RFP | -150 —0.8 Eg
S-210JA-6 Dec. 3,1971 | 15 00 131 EP, LP, RFP —0.8
S-210JA-12 | Feb. 11,1972 | 15 00 108 EP, RFP Quiet 0.0 Quiet
S-160JA-4 Apr. 17,1972 | 02 42 86 EP -320 -1.2 Blackout
S-210JA-9 May 14,1972 | 02 13 129 EP,LP,RFP | -290 -1.3 Blackout
S-210JA-10 | May 16,1972 | 02 02 115 EP,LP,RFP| -200 —0.3 | Spread F
S-210JA-11 | Aug. 7,1972 | 04 45 126 EP, RFP —600 —4.8 Blackout
S-210JA-8 Aug. 11,1972 | 04 01 127 EP, LP,RFP| —450 2.6 Blackout
S-210JA-7 Dec. 14,1972 | 00 23 126 EP, RFP -200 -1.5 Blackout
S-210JA-16 | Feb. 15,1973 | 02 45 103 EP,LP, RFP | -300 -1.5 Eg
S-210JA-17 | Apr. 23,1973 | 02 54 125 EP,LP,RFP| -750 -5.0 Blackout
S-210JA-19 | July 15,1973 | 22 09 130 EP - 50 0.0 Eg
S-210JA-18 | Aug. 23,1973 | 03 53 129 EP,LP,RFP| + 50 -0.5 Unstable E
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Figure 78 shows the electron density profiles observed with the rocket S-160JA-4 which
was fired in the nighttime. The cosmic noise absorption is 1.2 dB and the deviation of the
horizontal component of the geomagnetic field with respect to the quiet level is =3207. The
ionosphere is in rather disturbed condition and the electron density of the ionosphere is high
in the lower altitude region between 65 km and 80 km.

Figure 79(a) and (b) show the electron density profiles observed with the rocket
S-210JA-5. In the ascending mode, the electron density increases with a steep gradient in
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the altitude range to about 95.km, then the gradient of the electron density profile becomes
rather small above 95 km with an electron density of about 1 X 10° cm™3. In the descending
mode, the gradient of the electron density changes at an altitude of about 100 km.

The spin rate of the rocket was about 1 Hz, and there also existed a rather large preces-
sion motion of the rocket. The length of the cylindrical electrode was about 50 cm, and the
measuring electrodes entered and left the wake region of the rocket during the spin and
precession motions. The electron density in the rocket wake region was lower than that of
ambient plasma. Therefore, the observed values of the electron density show increases and
decreases arising from the spin and precession of the rocket. The most probable profile is
derived by connecting the peak values. In Fig. 79(a), there exist three electron density
maxima at the altitudes of about 97 km, 103 km and 110 km. The most probable electron
density profile is the dashed envelope line from the consideration of electrostatic probe
measurements. In Fig. 79(b), the decrease in electron density around 112 km may be caused
by the precession effect of the rocket.

Figures 80(a) and (b) show the electron density profiles observed with the rocket
S-210JA-6 which was fired in the daytime. The gradient of the electron density below about
88 km is comparatively large, the maximum electron density of 2 X 10° cm™2 appears in the
altitude region between about 95 km and 105 km, and the electron density decreases above
105 km. The ionospheric condition is in slight disturbance. The reason of the decreases of
the electron density around 110 km in the ascending mode and around 125 km in the des-
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cending mode is inferred from the measurement to be affected by the rocket wake.

Figures 81(a) and (b) show the electron density profiles observed with the rocket
S-210JA-7. The rocket was fired at the time of a few degrees of the solar elevation angle,
therefore the solar ultraviolet and X-rays contribute to the ionization of the upper atmos-
phere. The profiles of the electron density in the ascending and descending modes are
similar to each other. The electron density increases abruptly up to the altitude of about
95 km, the gradient of the electron density above 95 km is low and the maximum electron
density of about 3-4 X 10° cm™ appears around 110 km. The electron density decreases
above 110 km. It is interesting that the gradient of the electron density changes at an
altitude of about 85 km. This fact suggests that the ionization mechanism changes at this
altitude.
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Figures 82(a) and (b) show the electron density profiles observed with the rocket
S-210JA-8 which was fired in the period of the August event, 1972 (Hakura et al., 1973,
Radio Research Laboratories, 1973). The electron density increases with a steep gradient in
the altitude up to about 80 km in both the ascending and descending modes; the gradient
of the electron density increases rather gradually up to a maximum at an altitude of about
112 km and then decreases with rather steep gradient above 112 km.

Figures 83(a) and (b) show the electron density profiles observed with the rocket
S-210JA-9. Although the ionogram shows that there was a radio blackout at the time of
firing, it shows the occasional appearance of the E layer before and after the firing time.
The electron density profiles during the ascent and descent are different from each other.
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That is, the electron density increases monotonically to a maximum at the altitude of about
115 km and is about 2.5 X 10° cm™ in the ascent. The electron density decreases above
115 km. On the other hand, the electron density shows a maximum of about 3 X 10° cm™3
and shows a minimum at 110 km during descent. The difference of the electron density
profiles in the ascending and descending modes is due to auroral structure. According to
the all-sky photographs taken at the same time of the rocket firing, the visible aurora moved
northward at first and moved southward later (Ogawa et al., 1975).

Figures 84(a) and (b) show the electron density profiles observed with the rocket
S-210JA-10. At the firing time, the disturbance of the ionosphere was rather small and the
ionogram shows the existence of spread F. The electron density increases with a steep
gradient in the altitude range up to about 80 km and the electron density was about 8-10
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X 10* cm™ above about 100 km during both the ascending and descending modes.

The electron density profiles as shown in Figs. 84(a) and (b) exhibit irregular shapes.
These are partly caused by the wake effect due to the precession of the rocket or the exist-
ence of large-scale irregularities in the ionosphere.

Figures 85(a) and (b) show the electron density profiles observed with the rocket
S-210JA-11 which was fired in the period of the August event, 1972. In the ascending mode,
the electron density increases with a steep gradient in the altitude range up to about 77 km;
the electron density increases gradually above 77 km and reaches a maximum of about
4-5 X 10° cm™3 at an altitude of about 90 km. The electron density decreases gradually
above 90 km. In the desending mode, the electron density measurements by the radio
frequency probe show saturation in the altitude range between 85 km and 103 km; the
electron density is presumed to have a maximum of 4-5 X 10° ¢cm™3 in that region from the
electrostatic probe measurements. The electron density decreases with a steep gradient above
105 km.

Figures 86(a) and (b) show the electron density profiles observed with the rocket
S-210JA-12 which was fired in the quiet daytime condition of the ionosphere. The profile
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Fig. 86(a) Electron density profile at Fig. 86(b) Electron density profile at
Syowa Station, Antarctica Syowa Station, Antarctica
(ng. 11, 1972; 15h00m (Feb. 11, 1972; 15h00m
45°EMT) 45°EMT)

shows the typical daytime ionospheric condition. In the ascending mode, the electron
density increases abruptly at the altitude of about 88 km, and the electron density remained
approximately the constant value of 1-2 X 10° cm™ above 88 km. In the descending mode,
the electron density increases abruptly at the altitude of about 93 km, and the electron
density shows nearly constant value above 93 km. The sudden decrease more than one order
in the electron density is considered to be caused by the rocket wake by the abnormal aspect
of the rocket.

Figures 87(a) and (b) show the electron density profiles observed with the rocket
S-210JA-16 which was fired just before the sunrise at Syowa Station. The electron density
increases abruptly at the altitude of 95 km, and the electron density increases gradually or
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remains in the constant value of 5-6 X 10° cm™ in both the ascending and descending

modes. The gradient of the electron density changes remarkably at 86 km in the ascending
mode and at 84 km in the descending mode. The remarkable increase and decrease in the
electron density above 90 km in the descending mode as shown in Fig. 87(b) are considered
to be due to the affect by the rocket wake.

Figures 88(a) and (b) show the electron density profiles observed with the rocket
S-210JA-17. The magnitude of the ionospheric disturbance at the firing time was the largest
in these rocket experiments. Since the values obtained by the radio frequency probe in the
altitude range between 90 km and 105 km in the ascent show saturation, the electron
density was obtained from the measurement by the electron current probe in this region.
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3 3

The electron density is about 7-8 X 10° cm™>. A maximum electron density of 6 X 10° cm”~
appears in the region between 87 km and 105 km, and the electron density decreases
gradually above 105 km during the descent. As described before, the electron density
measurements show increases and decreases due to the spin and precession of the rocket.
The horizontal lines in the figures show the spread over some range of electron density from
the spin effect of the rocket. The spread in the electron density is almost one order of the
magnitude. The decreases in the measured electron density in the altitude range between
105 km and 120 km in the ascent and between 121 km and 125 km in the descent are
assumed to be partly caused by the rocket wake.

Figures 89(a) and (b) show the electron density profiles observed with the rocket
S-210JA-18. This rocket traversed the region of visible aurora around 105 km in the ascent;
the maximum electron density is 5.33 X 10% cm™> at 103.4 km. In the descending mode,
there are decreases and increases in the electron density profile and the maximum electron
density is about 1.5 X 10° cm™>. The ionosphere is assumed not to be in a severely disturbed
condition.
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Figures 90(a) and (b) show the electron density profiles observed with the rocket
S-210JA-19. The maximum electron density is about 1 X 10% cm™3, Figure 90(a) shows the
existence of the E layer around 105 km, but Fig. 90(b) shows no remarkable E. s layer. The
cause for this difference is due to the structure of the Eg layer. The ionosphere is rather
quiet except for the appearance of the E layer.
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4.4 Relation between the Electron Density Profile and the Cosmic Noise Absorption

Figure 91 shows the electron density profiles in the ascending mode when the aurora
appears in the nighttime. The author wishes to make clear in the following that the increase
in the electron density, especially in the D and E region between about 75 km and 110 km,
in proportional to the magnitude of the disturbance such as the variation of the geomagnetic
field and cosmic noise absorption. »

The collision frequency profile is derived from the electron density profile, and the
absorption measurement by the riometer. The collision frequency profile is assumed to be of
the log-linear type, that is, v = vyexp (—h/H), where h is the altitude from the ground level,
H is the scale height and v, is a constant (Budden, 1961). The best-fitting curve is derived by
the method of least squares. The collision frequency thus obtained is expressed as ¥ = 1.49
X 10%°exp(—h/16.3). In this equation, the scale height H = 16.3 is large compared with the
usual scale height of several km; this is partly caused by the assumption of the simple log-
linear collision frequency profile. Figure 92 shows a comparison between observed
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absorption and computed absorption by using the above derived collision frequency profile
obtained. Figure 93 shows the collision frequency profile obtained. The collision frequency
in the present experiments is lower than that of previous data at lower altitudes, lies at about
the midpoint of the values in the middle altitude region, but has a lower value at high
altitudes. Figure 94 shows the absorption coefficient profiles at 30 MHz, which are
calculated by using the electron density profiles and the collision frequency profile. From
this, it is clear that for all of the cases except S-210JA-19, there exists a maximum absorp-
tion layer in the region between 75 km and 85 km, and the location of this altitude is not
strongly dependent on the magnitude of the ionospheric disturbance. The region above

120 km scarcely contributes to the absorption.
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The ionograms observed at Syowa Station, Antarctica show that an Eg layer almost
always exists in the nighttime (Radio Research Laboratories, 1971-1972). Thus, the result
obtained by the rocket S-210JA-19 may be assumed to be a typical example of the night
Eg layer profile from the consideration of the ionogram, riometer measurement and
geomagnetic variation. There exists always an ionizing source of the night Ej in the auroral
zone. The energetic particles associated with auroral phenomena increase the electron
density, and the increase in the electron density is superimposed on the night E layer during
the auroral disturbances.

The increment of the electron density is discussed in the following. Figure 95 shows the
profiles of the increments of the electron density which are the differences between the
electron density observed by each rocket and the electron density obtained by S-210JA-19.
From this graph it is clear that all the profiles of the increment of the electron density show
nearly the same parabolic-type shape and that the heights of the peak electron density are
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located in the region between 90 km and 100 km. The curve of the electron density
increment has double peaks in the cases of S-210JA-8 as well as in the case of S-210JA-18;
however, the upper peak is associated with the visible aurora in analogy to the case of
S-210JA-18 and is not related to CNA to any great extent. As regards the result by
S-210JA-10, the approximation of the electron density around 100 km may not be a good
one, so there appears a decrease in the electron density around 100 km.

Figure 96 shows the relation between the maximum increment of the electron density
and cosmic noise absorption. The empirical formula which is deduced from this figure is as
follows:

ANe = exp(0.205x +4.67), ..ot e (88)

where An, is the maximum increment of the eléctron density per cm® and x is the cosmic
noise absorption in dB. The dotted lines to the extreme left of Fig. 96 are measurements for
S-210JA-10. They deviate from the straight line; this is partly due to the comparatively small
disturbance of the ionosphere.
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Figure 97 shows the relation between the height of the peak electron density and
cosmic noise absorption. The empirical formula is as follows:

B ==2X 4100, oo (89)

where h,, is reckoned in km.

4.5 Summary and Discussions

In the previous section, the results of the electron density measurements with the rocket
experiments by the 12th, 13th and 14th JARE parties are described and also analysis of the
relation between electron density profiles and riometer observations are presented.
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The rockets S-160JA-3, S-210JA-6 and -12 were fired in the daytime, the rocket
S-210JA-7 was fired at low solar elevation angle, the rocket S-210JA-16 was fired just before
the sunrise and other rockets S-160JA-4, S-210JA-5, -8, -9, -10, -1 1,-17,-18 and -19 were
fired in the nighttime.

The observed electron density distributions in the polar ionosphere strongly change
according to the degree of the disturbance. The electron density profile has a close relation
to auroral structures; therefore, there are cases in which the profiles in the ascending and
descending modes are different from each other (see, for example, the cases of S-210JA-9
and -18).
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Fig. 98 Electron density profiles in the daytime.
The solid and dashed lines indicate the cases
of ascent and descent respectively.

Figure 98 show the electron density profiles below about 94 km in the daytime which
were observed with the rockets S-160JA-1, -2, -3 and S-210JA-6. Ionograms show the quiet
conditions and the records of the cosmic noise absorption show also quiet conditions in the
case of S-160JA-1 and -2. But the magnetogram in the case of S-160JA-2 shows small
positive bay, and E§ layer exists. In the case of S-160JA-3, the riometer record shows absorp-
tion from 0600 hours and at the firing time the cosmic noise absorption was 0.2 dB. In the
case of S-210JA-6, by the riometer record at the firing time the cosmic noise absorption was
0.8 dB and the upper atmosphere was rather in disturbed condition (Ogata and Ose, 1972).
The electron density profile by S-210JA-5 is not shown in Fig. 98, but the electron density
is assumed to be 1 X 10? cm™ at 66 km, 1 X 103 cm™ at 76 km, 1 X 10* cm™3 at 86 km.
By the record of the riometer, rather abrupt cosmic noise absorption commenced from
about 0043 hours, and CNA was 0.8 dB, but the time after and before that time, the
riometer record shows quiet condition. As there appears only Eg layer on the ionogram,
there exist the absorbing layers. Figure 98 shows that the electron density has a close
relation to the'ionospheric disturbances.

Comparing the results of S-210JA-5 and -6, the electron density above about 95 km by
S-210JA-6 is higher by two or three times than that of S-210JA-5, below that altitude the
electron density is higher by one order.
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Next, the riometer record shows that CNA was 0 dB at the firing time of S-210JA-12,
CNA was 1.2 dB at the firing time of S-160JA-4 and the ionosphere was in slightly disturbed
condition. In the case of S-210JA-9, CNA was 1.3 dB and this absorption appeared after the
small absorption of 30 minutes, and that absorption continued for about 40 minutes. In the
case of S-210JA-11, CNA was 4.8 dB and there appeared large absorption between 0420
hours and 0500 hours. In the case of S-210JA-8, CNA was 2.6 dB and the rather larger
absorption continued for a while. In the case of S-210JA-7, CNA was 1.5 dB and the
ionospheric condition was comparatively quiet, but the absorption commenced from about
0000 hours (Isozaki and Miyazaki, 1973).

Comparing the results observed with S-210JA-6 and -12, the electron density above
88 km in the case of S-210JA-6 is about twice of that of S-210JA-12. This reason is that
S-210JA-12 was fired at quiet condition and S-210JA-6 was fired at slightly disturbed condi-
tion. The electron density in the D region between 75 km and 90 km in the case of S-210JA-6
is larger than that in S-210JA-12.In the case of S-160JA-3, the electron density at an altitude
of about 80 km is much higher than those of the former two cases.

Both the solar ultraviolet radiation and X-rays, and the energetic particles from the
exosphere are considered to be ionizing sources of the atmosphere in the cases of S-210JA-7
and -16 since these rockets were fired just before and after the sunrise. The profiles of the
electron density distribution in the ascending and descending modes are similar to each other
in-both cases of S-210JA-7 and -16. The electron density in the case of S-210JA-16 is about
twice of that in the case of S-210JA-7 above about 85 km. The fact is inferred from that the
magnetic and ionospheric disturbances in the case of S-210JA-16 are larger than that in
S-210JA-7.

In the cases of S-210JA-7, -8, -10 and -16, it is interesting that there exists the change of
the gradient of the electron density in the D region. This may suggest that the ionization by
the auroral X-rays in the auroral zone disturbance contributes to the lower part of the D
region (Kamiyama, 1966 a,b, 1967a,b; Rees, 1964; Reeset al., 1969).

The decreases of the electron density at an altitude of about 80 km in the ascending
mode and about 75 km in the descending mode in the case of S-210JA-18 and the change of
the electron density gradient about 90 km in both the ascending and descending modes in
the case of S-210JA-19 may have relations with the change in the ionizing agency.

The peak of the absorbing layer during polar cap absorption was estimated to be located
in the altitude range between 55 km and 60 km throughout the day at College, Alaska by
Parthasarathy er al..(1963), but the absorbing layer at Syowa Station is located at somewhat
higher altitudes, that is, around 85 km. Though only the profiles in the nighttime are con-
sidered in the previous section, the profiles in the daytime can be considered to be similar
according to such observations, that is, the peak of the increment of the electron density
from the quiet condition exists in the altitude range between 90 km and 110 km.

As the polar ionosphere is very complicated, its interpretation requires other data such
as the intensity and spectrum of auroral electrons, auroral X-rays intensity and so on. It is
important to carry out simultaneous measurements of such quantities by sounding rockets
(Miyazaki, 1974b, 1975a, b).
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Chapter V Ion Transition Height Characteristics in the Topside Ionosphere
by Satellite TAIYO Observation

5.1 Introduction

The topside ionosphere consists of electrons and mainly O, He+, H" ions. The distribu-
tions of these ion species are generally explained by the diffusive equilibrium along the
magnetic field line (Angerami and Thomas, 1964), but there remain the complex phenomena
such as the equatorial anomaly concerning the low latitudes (Bramley and Peart, 1964).
Recently, Titheridge (1976) indicates that the diurnal variations of the ion transition heights
in the northern hemisphere and the southern hemisphere are very different from each other.
The ion transition heights in the southern hemisphere are very lower than those in the
northern hemisphere in the American zone.

The observations of the ion concentration by the Explorer 32 showed that the altitude
of the O" - H' transition level exhibited a strong longitudinal dependence, that is, the ion
transition heights at American longitudes (330°E — 20°E) were different from European and
Pacific longitudes (70°E — 120°E and 190°E — 250°E respectively) (Taylor ez al., 1965,
1968). Brinton et al. (1970) explained that the difference was interpretted as an effect
caused by the interaction between atmospheric winds and the magnetic field. Recently,
Gledhill (1976) in his review paper mentioned that the aeronomic effects in the ionosphere
at the South Atlantic geomagnetic anomaly were partly caused by the corpuscular
precipitation.

The present chapter gives the observational results concerning the 0" - H' ion transition
height deduced from the retarding potential analyzer aboard TAIYO which is orbitting in
the equatorial region. Besides this, various phenomena in connection with the South Atlantic
geomagnetic regional anomaly were observed by other payloads (Hirao, 1975a,b).

5.2 TAIYO RPA Instrumentation and Orbit

The aeronomy satellite TAIYO was launched on February 24, 1975, into an orbit with
an inclination of 31 .6°, perigee of 255 km, and apogee of 3136 km.

A retarding potential analyzer is one of the seven scientific payloads aboard TAIYO.
In the topside ionosphere, there exist O°, He' and H' ions and the main constituent changes
from O' to H' ions with height in the period of low solar activity. Therefore, the total ion
current flowing into a detector is the sum of each ionic component. When two or three kinds
of ion coexist, it is rather difficult to determine the density and temperature in the DC
current voltage characteristic curve.

The derivative of the ion current with respect to the voltage applied to the electrode is:

dj; e*N; { < [ eV v 2}
——=————e€exp )~ — e e (90)
v 2nkTM kT;

Vp

where Nj is the ion density, T; the ion temperature, M the ion mass, k the Boltzmann
constant, e the unit charge, V the voltage applied to the electrode, vg the satellite speed and

= (2kTj/M)1/2. Equation (90) shows that the peak value and its position change
remarkably due to satellite speed and ion mass. Thus the characteristic of the derivative of
the ion current with respect to the voltage changes remarkably with the mixing ratio of ions.
The paper (Miyazaki, 1975) includes a more extensive description of the space craft TAIYO
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and retarding potential analyzer.

5.3 Longitudinal and Latitudinal Variations of Ion Transition Heights

Here, the two kinds of ion, 0" and H' are assumed to exist because the number of sun-
spots in 1975-1976 is at minimum. Since He' ions are minor constituent over the entire
range during the period of low solar activity (Taylor et al., 1968), and He" ions are not dis-
cussed in this paper.

Data stored in the tape recorder aboard the satellite of a total of 117 paths of the revo-
lution and some of the real time data were used to investigate the longitudinal, latitudinal
and diurnal variations of O"- H"ion transition heights. The period was between March 1975
and October 1976. The values of the planetary magnetic three-hour-range indices Kp in 63
paths show to be less than 2, the Kp’s in 40 paths show to be 3 or 4 and the Kp’sin 14 paths
to be larger than 5. Thus, the most part of the observational period were under quiet
condition.

The white circles in Fig. 99 show.the longitudinal variation of O' - H" ion transition
heights in the period of 06 — 18 hours local solar time. The location of the geomagnetic
latitudes of the data points lies between about +30° as the low inclination of.the satellite
trajectory. Although the data points are spread generally, the values between about 0°E —
100°E longitude are larger than those between about 200°E — 300°E. The cross marks in
Fig. 99 show the nighttime ion transition height distributions. The range of the local solar
time is between 18 and 06 hours. The ion transition heights are nearly constant over the
whole longitudes, and spreading of the data points is smaller in contrast to the daytime
condition.
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Fig. 100 shows the dip latitudinal variation of O -~ H” ion transition heights in the
period 06 — 18 hours local solar time. Fig. 101 shows the dip latitudinal variations of the
relative ion densities at the O" - H" ion transition heights. The values of the ion transition
heights are minima at the dip equator and become larger towards high latitudes. The values
of the ion densities at the ion transition heights show maxima at the dip equator and become
smaller towards high latitudes. On the other hand, the observational results in the nighttime
indicate that the values of the ion transition heights are roughly constant over the dip lati-
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tudes, —40° ~ +30°, and that the values of the ion densities exist in a wide range.
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5.4 Summary and Discussions

The main features of the present results are summarized below.

(a) In the daytime, the ion transition heights exist in the altitude ranging 700 — 1200 km.
(b) In the nighttime, the ion transition heights are nearly constant values of approximately
450 — 650 km in the whole longitudes, that is, there exist no remarkable difference in the
longitudinal variation.

(c) But, there are some cases which the ion transition heights are rather low in the region of
weak magnetic field.

(d) Concerning the dip latitudinal variations, at the dip equator, the transition heights are
not so changeable against the local solar time but the ion densities at that level are very
changeable. And it is interesting that the levels nearly coinside with the upper level of the
equatorial anomaly, about 700 km.

(e) At the higher dip latitudes, the ion transition heights are very changeable against the
local time variation, but the ion density variation becomes small towards the high dip
latitudes.

Next, a semi-empirical formula of ion transition height is calculated in observational
results. There are two assumptions to be considered that primary the formula consists of two
parts; one does not depend on the solar condition and another depends on the solar condi-
tion, and that secondary the formula is a function of sin I and cos x in the following,

H=H, +asin’I, X=90° L (91)
H=Ho +asinI, + (b + ¢ sin*I) cosdy, Xx<90° L 92)

where H is O* - H ion transition height in km, I is magnetic dip angle in degree and Y is solar
zenith angle in degree.
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Thus, the five coefficients are determined by the method of least squares by using
observational data. These numerical figures are listed as follows.

Hyo=591,a=-87.1,b=217,c¢=473,and d = 0.331.

As an interpretation of longitudinal and latitudinal variation of the ion transition
heights, the perpendicular velocity to the magnetic field, of the charged particles induced
from E X B in the daytime, where E is the electric field by the dynamo effect and B is the
earth’s magnetic field, is main factor. And also the neutral atmospheric wind in the F region
is main factor. On the other hand, in the nighttime, it is considered that effects by the high
energy particles (Hirao et al., 1975) contribute in the Brazilian anomaly region, therefore,
those levels are rather variable than other region.

Chapter VI Concluding Remarks

In this paper, firstly the various plasma probes are reviewed as well as the historical
survey of the direct measurements of the ionospheric plasma with space vehicle. And various
characteristics of the electrostatic probe and the radio frequency probe are analysed and
cleared out from a view-point of ionospheric plasma probe. Especially the detailed analyses
of the ion collection region for Langmuir probe and retarding potential analyzer with planar,
spherical and cylindrical electrodes are performed when there exists relative velocity
between a plasma and a probing electrode. Furthermore, impedance properties of two-wire
radio frequency probe are investigated for both electrostatic and electromagnetic modes. In
the last part of Chapter II, discussions are given about some problems in use of plasma probe
on space vehicles.

A total of thirty-nine ionospheric sounding rockets were fired at Michikawa and Uchi-
noura. Twenty-eight rockets observations among of them made the ionospheric structure
and properties clear, and a relation between sunspot number and the charged particle density
in the upper atmosphere is derived from the observational results in Chapter III.

Twenty-one rockets were launched to observe the polar ionosphere and auroral pheno-
mena at Syowa Station in Antarctica, during the 12th, 13th and 14th Japanese Antarctic
Research Expeditions (1971-73) and fourteen electron density profiles were obtained. On
these profiles, the author gave consideration to nighttime ones and, besides describing them
in detail in relation to geomagnetic, ionospheric, auroral and other conditions, found
empirical relations which connect the maximum increment of peak electron density and the
height of its level in the D region during disturbed conditions with cosmic noise absorption
in Chapter IV. :

A retarding potential analyzer, RPA, with a planar Faraday cup was mounted on the
satellite TAIYO. In Chapter V, descriptions of observational results by the RPA of the o"
- H' ion transition height characteristic are given. The results indicate that the ion transition
height correlates with the intensity of the geomagnetic field. Furthermore, it is important to
know the distributions of densities of positive ions and electrons for the understanding of
the problem of ionosphere-magnetosphere coupling. And much useful results will be
obtained from the RPA from now on.

As the further ionospheric plasma probe studies, it is an important factor to consider
the problems; the current return problem, the spacecraft equilibrium potential, photoelectric
emission current, magnetic field effects, contact potentials, vehicle gassing, interference from
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other equipment, ram and wake effects, the constraint of the data rate and so on. It is very
important to measure detailed collision frequency and electron density profiles as well as
negative ion density profile in order to discuss precisely the various properties of the lower
ionosphere. It is also an important factor to consider the sampling volume of the sensor for
both the electrostatic and radio frequency probes. And it is also necessary to analyse the
more detailed characteristic of the sheath-plasma system in order to get precise knowledge of
the space plasma because a plasma covers wide range of density and temperature. Synthetic
studies for disturbed and quiet conditions of the ionosphere by simultaneous measurements
with many sensors are also important.

While it is probably easy to obtain erroneous results with plasma probes in space, it is
probably possible to obtain exact characteristics of the plasma with a careful study in theory
and experiment. There is no doubt that plasma probe will be one of commonest of the
spacecraft payloads. And much fruitful results which will be obtained from those measure-
ments perhaps serve to not only the progress of space science but also the wonderful
progress of humankind for ever.
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