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Zusammenfassung 

Die Erde ist mit einer dichten Atmosphiire umgeben. Die Molekiile und Atome der 

oberen Atmosphiire sind hauptsiichlich durch die kurzwellige ultraviolette Sonnenstrahlung, 

durch die Rontgenstrahlung und durch die korpuskularen Teilchen ionisiert, so da:B ein 

Plasma entsteht, das Ionosphiire genannt wird, welches sich oberhalb von etwa 50 km bis zu 

den Hohen der oberen Grenze der Atmosphiire ausbreitet. Die Existenz der Ionosphiire spielt 

eine wichtige Rolle nicht nur im Hinblick auf die Radiowellenausbreitung sondern auch bei 

solarterr巴strischen Phiinomenen. Es ist sehr wichtig ein genaues Wissen Uber den 

physikalischen Zustand d巴rIonosphiire zu erhalten und deswegen ist es wichtig die Physik 

der oberen Atmosphiire und der lonosphiire zu erforschen. 

In Kapitel I ist ein historischer Dberblick Uber die Ionosphiirenforschung gegeben. 

In Kapitel II ist zuerst ein Dberblick der direkten Ionosphiirenmessungen gegeben, die 

bis heute gemacht wurden. Die elektrischen Eigenschaften der elektrostatischen Sonde und 

der Sonde filr elektromagnetische Wellen werden beschrieben. Mit der Theorie der 

Langmuirsonde wird die Kennlinie des Ionenstromes einer kugelfOrmigen Sonde mit einer 
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Relativgeschwindigkeit gegeniiber dem Plasma betrachtet. Als Nachstes wird der 

Gegenspannungsanalysator mit planarer, zylindrischer oder kugelfOrmiger E!ektrode 

betrachtet. Bei der Sonde fiir die elektromagnetischen Wellen, sind fiir die Resonanz-Sonde 

und die lmpedanz-Sonde mit parallelen Drahten Kennlinien und deren numerische 

Beschreibung gegeben. Zurn Schlu8, werden spezielle Probleme bei der Verwendung der 

Sonden auf Raumfahrzeugen erortert. 

In Kapitel III werden Beobachtungsergebnisse der Ionosphare <lurch Raketenaufstiege 

von dem Raketenschu8platz in Akita und d巴m“Kagoshima Space Center" beschrieben. Als 
Ergebnis wird eine Beziehung zwischen der Sonnenfleckenzahl und der Dichte der geladenen 

Teilchen in der Ionosphare abgeleitet. Au8erdem werden verschiedene Eigenschaften der 

Elektronendich teverteilung beleuch tet. 

Die zwolfte, dreizehnte und vierzehnte japanische Antarktische Forschungsexpedition 

fiihrte einundzwanzig Raketenschiisse <lurch um die polare Ionosphare und die Aurora 

Phanomene in“Syowa Station”，Antarktis in der Zeit von 1971bis1973 zu beobachten. Die 
Elektronendichte Profile der Ionosphare bei verschieden gest6rten Bedingungen wurden von 

zwei S・160JAund zwolf S-160JA Raket巴n-Experimentengemessen. In Kapitel IV werden 

Beobachtungsergebnisse der Elektronendichtemessungen und die Abhlingigkeit der 

Elektronendichte der niederen Ionosphare von der Absorption des cosmischen Rauschens 

wahrend einer Aurora beschrieben. 

In Kapitel V wird der Gegenspannungsanalysator an Bord des Satelliten“TAIYO" 
beschrieben. Mit Hilfe dieses Geg巴nspannungsanalysatorswerden longitudinale Anderungen 

der o+ und H＋“Dbergangshohe”in der oberen Ionosphare bei niederen Breiten wahrend der 
Zeit minirnaler Sonnenfleckenzahl beobachtet. Die Ergebnisse zeigen, da8 die 

“Dbergangshohe”der Ionen in der Gegend der geomagnetischen Siid-Atlantik Anomalie 
wesentlich niederer liegt als in anderen Gebieten auf der Tagseite. Dies bedeutet, da8 die 

“Ubergangsho he”der Ionen eine enge Beziehung zum geomagnetischen Feld hat. 
Im letzten Kapitel VI werden kurz die Ergebnisse zusammengefasst und ionosph邑risehe 

Plasmasonden beschrieben. 

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

Japanese rocket research was initiated in 19 5 5. 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－ト1,took place on September 24, 19 56, 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・lrocket was fired at 13 24 
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・8type 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・8rocket firings brought to the new age to the 

upper atmospheric research. In 1961, a three-stage rocket K-9L was develop巴dand 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司stagerocket k・9Mwas 

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・3Hcan carry simultaneously 

I 00 kg payload up to 2100 km by the third stage rock巴tand 170 kg payload up to 430 km 

by the second stage rocket. 

On the other hand, the first Japanese satellite“OHS UM I”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, T ANSEi-II, was launched 

by Mu・3C-1from the Kagoshima Space Center on February 16, 1974. With the success of 

Mu・3C-land TANSEI-II, ISAS has proceeded to the Mu・3CScientific 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 

dev巴lopedfor 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司160and nineteen 

s・210rockets 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・210and s・310ty9e, are carried out. 

Chapter II Ionospheric Plasma Probe 

2.1 Survey of Methods of Measurement of the Ionosphere and Classification of Plasma 
Probe 

There訂etwo kinds of methods, the electrostatic probe and the radio frequ巴ncyprobe 

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 prop巴rtyof 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 19 5 7, the first ionospheric plasma observation by a radio frequency pro be 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: 

I) 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 (R巴sonancerectification probe); RRL. 

Evaluation of radio frequency probes for use in ionospheric 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 f紅 asoperation 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.l 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豆mplecases 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 pene仕atingelectric 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泊 aplasma can be analysed in 

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

子守＋（一元－；￥，＋二（H×v）｝ま＝（すJcoll’ 
笠＋ v~主＋ J ＿！.＿~ム三~一三…υ 一、 l~主 ＝ I'!!_\
ot or l Mor M or Mc, •• ーソjoV ¥ot) coll 

Acp=4π作
、．，，I
 
’e・・、
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whereんandfjare the distribution functions of electrons and ions, ip ＝ρ（r) is the potential of 
the electric fi巴Id,U = U(r, t) is the potential energy for the interaction of the charged particles 

with the surface of the electrode, and at infinity，ψ→0, and the boundary condition for the 

potentialψ（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: 

ん（山e（品会3/2イーペ；；fぺ，
(2) 

仰

Thus, the probe current is as follows: 

＝ ~s Uifi什s叫んdS, (3) 

where Sis 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 thr巴eassumptions 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, 

ω＝πベrs2~：kaF（α）ぬぜにα。＋か（α）dα）
In the retarding potential, 

．「国／ ηv¥
J（ηv) ＝πenvcrif lα い＋一） F（α）dα. . . . . . . . . . . . . . . . . . . . . . . . . . . . (5) 
’，，  J av ＼ α2ノ

where e is the ionic charge, n the total ion density, rs the sheath thickness, rp th巴probe

radius, vc = (2kTj/M)l/2, F(v) the distribution function, v the ion velocity，α＝ v/vc，αk 
= Vk/Vc, Mvk2f2e = -V/ {(r8/rp)2ー 1},Mvl = 2eUc, V the probe voltage and ηv=-V/Uc・

The drifting Maxwellian distribution function was also derived by Medicus in the follow幽

ing way: 

内）＝主主げ－ao'sinh (2叫， (6) 
〉πα。

where u is the drift velocity and u/vc ＝α0・
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 
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consideration. Thus, the distribution function at the sheath edge is: 

刷＝~~e－«由一げ－a.2 sinh { 2（α－(j）α0} ' (7) 
vπα。

where (3 = Vps/vc and Vps is the quantity of increasing velocity after acceleration in the pre-

sheath. When the potential aαoss the sheath is large enough, Vps = (kTe/M)l/2, (3 

= (Te/2T;)l/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, 

J（恥）= V1i en Vcrl ［円。2+ （ヰ＋刈肌αo)

一「；：；γ ぽ＋り ＋e-~~匂－ 1)
＋肌土~＋α叩－k--ao2＋め

＋肌~－αo）村吋一句う

＋~［p2V1f て｛Fいα日（αk，刊
This equation is rewritten as follows: 

where 

J（ηが ./1re川「a.2[I一雫芸（ごsin
+ cosh 2α イ））］＋仏＋吋E川）

α。2+1/2-p2η
- 2’E(o:k-(3－αo，α：k-(3＋α。）
α。(I+2ρ ） 
「 1 o2.J子＋。ぽτ｛E(O，句－(3一向）＋E(O，句－(3＋αo)}＋τ17 
l J Ip 

”” P2 11 ープゴゴ｛F（αk，一日一α。）－F（αk.-(3＋α。）｝｜｜
u:o 1 TP  I I 

O:o =7亨 早＝）￥；. eV 
η11 = kT; 

(9) 
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Fig. 1 Diagram of G（αk) as a function of 
αk 

Figure 1 shows the graphs of the function G （αk) = F（α：k. -(J－α。） -F（αk.-(J＋α。）泊 the
case of (J = 1八／玄，thatis, Te＝ηand α。＝ 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: 

I l αl  
J（ηv) ＝ゾ石enriη｛「ηv-TJ.I -sinh(2αα。）+ cosh(2αα。）｜

.- I Lα0 J 

1 fl ¥ I =-（.ー＋η。－η川E（α一αo，α＋α。）｝ (10) 

"'"0 '"" / I 

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 (j = 0, that is, if the penetrating electric fieJ.d is neglected in the accelerat-

ing potential, 

川ザ7ren 
I I 且τF l "'0 

+ cosh 2附 k｝ト位＋吋E(O,a0)] 
αn2 +l/2-D2”” 

- v ;-: ~ ~~· E（αk一αo，αk＋α。）
αoll-t-P-J 、F

－E
A
 

－－且，a
・、

This is the same equation as Eq. (9) in reference (Medicus, 1962). 

When u0 = 0 （α。→0),

「｛「Cak-8'12 I 
J（η11)=2'1Trenぱ IiI －汁会「(l-ak(j) t 
＋志（引0,ak~~ ） (1 +2ak2) 

ヰ（p2-2ak2）叫2p（αk叶］ • (12) 

J（η11) = 2../7r enぱ。一言お
＝叫忽｛1乎仰ぐ均）

This is the characteristic of the station釘yplasma. 

Next, when u0→∞（α。→∞），

J（η11) ＝πen Ver／（α。＋(j). . ...................................... (14) 

When (j = 0, 

J（η11) ＝πenヤ2Uo・.............................................(15) 

This shows that the effective surface area of the probe isπ・rp2. 
Finally, the曲eathradius rs 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 I 2e U312 
.. (16) 

9V M a2’ 

where a2 is the function of rs/iャThekinetic equation of the charged particle is: 

ポne属｛1一字2叫滑り）
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2.2.4 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泊 theabove sections is usuful, 

especially in the case where the spherical probe is mounted on a space vehicle. The quantity 

(J in the penetrat泊gelectric field is (Te/2T;)l/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 (J is a 

problem for solution in future (Miyazaki, l 967b). 

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 

thermiμ 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 = ie0exp(-eV/kTe), ............................................ (18) 

In the accelerating potential, 

ie=ieo • ....................................................... (19) 

where ieo = Nee(kTe/2πm)l/2, that is, the saturation electron current density, Ne is the 
electron density, Te 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 pote:ptial for the 
planar probe, the electron current increases with the probe voltage for the cylindrical or 



164 Shigeru Miyazaki 

spherical probe because the sheath around the probe increas巴s.In any way, the electron 

density is calculated from the electron cuηent 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: 

ん＝ieoexpぐ三）×ベえ）
where /1 means the modified Bessel function of order one. In the case of two kinds of small 

amplitude, a1 and a2, superimposed, the electron temperature is obtained by the current 

ratio, that is, 

I1(eaifkTe) 
r= ............................................... (21) 
11 (ea2/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 ionospheric 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 

th巴ionthermal 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(°K) 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 1.05 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 vR . 

We choose the coordinate system as shown in Fig. 2. The probe ion current density at the 

probe voltage Vis expressed as the following integrals: 

ii= Nie¥ ¥ ¥ Vxf(vx, Vv, Vz)dvxdvvdVz , . . . . . . . . . . . . . . . . . . . . (22) 
JVV J一回 J一回 . ー

where Mvv2°12 = e V, and the distribution function is: 
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y 

x 
V.e 

Fig. 2 Coordinate system 

月山 vベ去す／2イ－去｛(vx-vR)2ψ 
Therefore, the result is: 

円。トペ－（明2}＋今（トerf~号町｝] ' 
where vp = (2kTi/M)l/2 is the most probable velocity, and 

I kT; 
iio =Nie. I－：－－てそ. . v 2πM 

2 ('X 崎

erf(x) =-;= ¥ exp (-y~ ）dy . 
〉πJo

In the ionosphere, there exist many species of ions, that is, there mainly exist a; and 
NO+ in the lower part of the ionosphere, while in the upper Flayer，。＋isthe main constitu-
ent of ion, and the constituent changes from o+ to He+ and H+ in the topside ionosphere 

(Bates and Patterson, 1962; Nagata and Tohmatsu, 1973). Therefor巴，thetotal ion current is 

the sum of such components, that is，ゐ＝"i:.jj. 
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 V = 0 show the same in spite of the mixed ratio of the ions, that is, vR >>vp, the 

total ion current is expressed as the following approx泊1ateequation: 
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(25) 

Next, calculate the derivative of the ion current with respect to the voltage. The result is: 

合一f;o（~ )2トxp｛－（号空）2} 

寸訪問p{-（.広一万三万）2}' 

(27) 

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 di;/dV of molecular weight 1, 4, 16 and 30. The 

peaks appear at the voltage Vmax =M;vh2e according to the ion mass. When more than two 
kinds of ions exist, the peaks for the mixed ions appear at V max relating to ion constituent 

or the peak appears between each Vmax as shown in Figs. 4, 5 and 6. 
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Fig. 7 Characteristic curves of the first 
derivative of ion current 
(Planar trap) 

Anyhow, th巴ionsp巴ciesof ions exist, the partial ion densities and ion temperatures 

are determined by the following equations: 

Jio = Fi(Ni1, Ni2, Ni3, Ti), 

/dJ; ¥ 
（一二） =F2(N;1, N;2, Ni3, Ti), 
¥dV lv=v, 

(dli¥ .......................... (28) 
（一一） = F3(Ni1, Ni2, Ni3, Ti), 
¥ dV/ V=V2 

1dJ; ¥ 
（ーニー） = F4(Ni1, N;2, Ni3, Ti) 
¥dVlv=v, 

where Jio is the total ion current at V = 0, and (dii/d V) V= v,, v,, V3 are the values of dJ;/d V 

at each Vmax 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: 

dJ; e I ( /eV VR ¥ 2 l 
ー」＝－Jio-expi－［‘六士一一戸＝＝＝＝－ ) ~ . . .................... (29) 
dV kTi l ¥Y kT; '¥/ 2kT;/Mノ）

The mean molecular weight M and ion temperature Ti are calculated from the peak 

value and position of the peak by the following equation: 

~ 2eVmax 
m 一 一.... - ') ' (30) 

VR.ム

一（dJi/dV) e 
lio kTi 

(31) 

b) Spherical and cylindrical electrodes 

Now, suppose the probing electrode is stationary, and a plasma flows with the drift 

velocity u0・

ふUo
dS=Tpd創l

y ¥ ds・略蜘8d1制？

(b) Cylindrical trap 

(a) Spheri凶 Itrap 

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; Kanai, 1964). 

Spherical case 

n211' n11' 

む＝A¥ ¥ ii-ds rp2 sin 8 d8 di(). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (32) 
vo vo 

Cylindrical case 
n/ ('2宵

ii= A ¥ ¥ ii-ds rp d8 dl, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (33) 
"'O vO 
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where A is the transparency coefficient of the grids G 1 and G2, r is the probe radius, and 
iHJs 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 

i;.ds is calculated as in the case of planar probe, that is, 

ii-ds =Nie ¥ ¥ ¥ vzf(vx, Vy, Vz )dvx dvy dvz, . . . . . . . . . . . . . . . . . (34) 
JVV J一回 J一回

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

f M ¥ I M I 
f(vx, Vy, Vz) =( ・一一一.)3'2exp Jーー－ v/+(vv+uosin0)2+(vz-uocos0)2 J ..  (35) 
ノ＼2πkTi/ I 2kTi ノ｜

and 

~Mvv2 = eV, . (3 

where Vv is the equivalent ion velocity, Mis the ion mass, Ti is the ion temperature and k is 

the Boltzmann constant. 

The results of calculation are as follows: 

i) Spherical case 

. '- I 2_ 2 J αl  
ii ( V) = Av  1T eNirp2 Vp J叫（一αα。＞1-sinh(2αα0)+cosh(2ααoH 

ー I Iα。 l

＋位一＋α。－~JE（α一αo ， α＋αo> I . (37) 
、.＜.1.<Q 1.<Q/ J 

where 

α0 ＝す α＝ふ＝厚E(a,b) ＝~： exp的批
The first and second derivatives of the ion current with respect to the voltage are as 

dii Av1T e2N・2
一一＝－ v.. I p p E（α一αo，α＋α。）， ........................... (38) 
dV kTiα。
d2ii A、／1Te3N巾2Vp ー
一ーす＝ ’今 ~ exp（α2ーα02)sinh(2αα。）． .................. (39) 
av~ k~ rtαα0 -

ii) Cylindrical case 

where 

l'O。
ii( V) = 4AeNiヤlvpexp(-a2－α：02) ＼ αv2exp（一αv2＞ん（Z)dαv' . . . . . . . . . . . ( 40) 

JO 

/0: Modified Bessel function of order zero, Z = 2αo（αv2＋α2)1/2，αV = Vy/Vp. 

fhe first derivative of the ion current with respect to the voltage is as follows: 
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rlii 4Ae2 NirnlVn 「00 I l1 (Z、 l
~＝ 1 P P exp(-a2ーα02)＼ αv2 exp（一αv2) ~ 2α02~一一fo(Z) ~ dαV・ 
dV kTi Jo ’ l z J 

The total ion currents are: 

df; di; 
Ii( V) = ~ ii( V), ーム＝ ~ ..::..:..'.._' 

• 1,2, ....’ d v l,2，…d V’ 

(XI脚~

~寸4

Fig. 9 Characteristic curves of ion current 
(Spherical trap) 
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v 

Fig. 11 Characteristic curves of the 
second derivative of ion current 
(Spherical trap) 
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（制｜
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(41) 
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同

Fig. 10 Characteristic curves of the first 
derivative of ion current 
(Spherical trap) 

Figure 9, I 0 and 11 show the ion characteristic curves of id V), dむ（V)/dVandd2ij{V}/
dV2 with the molecular weight I+, 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 d2Jj{V)/dV2 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 di;(V)/d V of the cylindrical trap. Figure 16 shows the 
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Fig. 12 Variation of characteristic curves 
of the second derivative of ion 
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Fig. 13 Characteristic curves of the 
second derivative of ion current 
(Spherical ttap) 

variation of the first derivative ion current due to ion temperature in the cylindrical trap. 

Figure 17 shows the characteristic curves of dl;(V)/dVin existing three kinds of ions, 4+, 

16+ and 30+ in the cylindrical trap. 

In calculating the graphs described above, the unit ion density （川＝ I cm-3) and unit 
length (rp = I cm, l = I 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 α，which 
relates to the position of the peak in the second derivative curve, is obtained from the root 

of the following equation: 

~i 

出－ 6 knv'ec 

~ 14 

Fig. 14 Characteristic curves of ion Fig. 1 S Characteristic curves of the first 
current (Cylindrical trap) derivative of ion current 

(Cylindrical trap) 
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Fig. 17 Characteristic curves of the first 
derivative of ion current 
(Cylindrical trap) 

d3ii _A yrre4Niψ＇p r ( I 2 2α。ヘ
一一一一 ｜卜一一一＋ ~ J exp ｛一（α。α）2} 
dV3 4k3 Ti3α0 l ＼ α3αα2ノ

＋土ム2竿－) exp ｛ー（αo＋α）2}l=o, (43) 
＼α’ αα“／｜  

that is, 

じ告す＋谷川判一α）2｝付十諮問｛－（ao+

The above equation can not be solved with an analytical form. But, for α。~1, the 

equation can be solved approximately. That is, 

α竺α。＿__!__ －」τ＋ ・・・・・． • • • • • • • • . • • ••.•••.•••••••••••••.. (45) 
” 2α。 4αo~

In the cylindrical trap, the value of αis obtained from that the root of the second 

derivative equation equals to zero. 

d2 i; 4Ae3 N;r, lvn 「00 r r2 ＜引
--2= 2 ;f P exp（一α2_0!02) ＼αv2exp（「α／）｛ 4a04~ 
dV2 k~ Ti J0 I 

今 Ii(Z) I 
-4αo~」z一＋ん（Z) ~dαv = 0, ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・（46)

where 10, 11 and /2: Modified Bessel functions of order z巴ro,one and two. 

That is, 

~~a ｛但－4 2!!!!__2 } -αv2exp（ーαv2){ 4α0 2α。＋ん（Z)f dαv-0 ... ......... (47) 
n I Z Z I 

The above equation can be solved approximately for α。 ~I.
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That is, 

α2当αo2-1.077α0・............................................(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, G 1 and G2 and a collector 

Planar Sp同ri四l C凶indrical

Fig. 18 Structures of retarding potential trap 

C. There is a guard ring of the same area as the inner surface around the grid G 1 in order to 

avoid the edge effect of the planar probe. DC sweep voltage is applied to the grid G 1. 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 G 1 is 

considered to be mainly that of the electron current becau~e the ion current is small, the 

quantities concerning electrons can be determined by the characteristic curve of the grid GI. 

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, G 1 and G2. 

When small AC voltage asinwt is super訂nposedon DC voltage to the grid, the total ion 

current of the collector is expressed as: 

ii= f(V+ a sin wt) 

a2 d2f(V) a4 d4f(V) 
= f(V）＋一一一－－－：；－ ＋一一－－－－；；－+ ..... . 

4 av~ 64 a V『

+f可（V) a3 d3月~） • l 
ia－一一一一一＋一一一一一一τ一＋ ...... ~sm wt 
I dV 8 av~ I 

r a2 d2 f( V) a4 d4 f( V) ) 
『｛一ーーー一一一一＋一一一一一一一一＋． } cos 2wt 
l 4 dV2 48 dV4 I 
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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, 

thew and 2w components of AC current are as follows: 

ω：÷；：f （山sinwt) sin wt d(wけ (50) 

2w：弐πバV+a sin wt) cos 2wt d(wt), (51) 
“Jー官

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-2 in巴achcurve. From 

u。－8同位 T円以m

M」1• ~ 
0・60mV
IOOmV 
140mV 
180mV 

；｜へ

M「ー4• M•- 16+ 

.~ 

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 G 1 sue-

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・wand

AC・2wcomponents of electron current flowing into G 1, and the AC-w and AC-2w com-

ponents are proportional to the first and second derivatives of electron current with respect 

to voltage, diifd V and d2ii/d V2. Similarly detect the DC, AC-w and AC・2wcomponents 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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2.3.4 Summary 
The above described method of measurement of the ba"sic 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, 

l 967a; 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ー15V. A TS 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; 

lkegami 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; lkeji and Takayama, 1966; Baker and Despain, 1966; Kostelnicek, 

1968; Kaiser and Tunaley, 1968; Heikkila, 1969; Balmain and Oksiutik, 1969; 

Holt and Tゆ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 Trゆ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 tr巴atedby 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. 

(a) 

{b) 

(c) 
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Fig. 20 Sheath profiles Fig. 21 Impedance characteristics 

Now permitivity of a plasma is given by, 

K。＝ l一wp2/(w2-jw吋 . (52) 

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) 

(53) 
d -s/2 s 

－－ jwe0(l一w//w2) 2j weo ’ 
z 

Case (b) 
d-s s 

Zー 〒一一一一一一
jweo(Iーw//w2) jw向｛lーw//(2w2）｝’

(54) 

Case (c) 

(55) 
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where s is the sheath thickness, dis the total distance and Eo is the dieiectric' constant in free 

space. For the brevity it is assumed that v = 0 and the surface訂eais unity. 
It is convenient to define normalized impedance Zn. 

Zn= WpE0Z. (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（一・r／λd),where λd 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, 

V(x) = -Vpx2/s2, (57) 

where Vp is the probe potential and sis the sheath thickness. And the electron density is 

expressed by Boltzmann’s law. 

nex = ne exp { -eV(x)/kTe} , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (58) 

where ne is the ambient electron density, e is the electron charge, Te is the electron tempera-

ture and k is th巴Boltzmannconstant. 

2.4.3 Impedance/ Admittance Profile of Sh伺 thPlasma 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 Zs is 

f'S dx 

z. = ¥ naYe2 ‘’ 
• ¥ jWEo { 1- ーヲ ｝’ 
Jo mE0(w~ －jwν）’ 

(59) 

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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←→←－，  
~ d一一三
Fig. 22 Planar probe 
configuration 

sheath thickness is larger, the mean collision frequency is ne訂 thatof 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, 

v＝νenexfne, ................................................. (60) 

where Ve is the mean collision frequency in the ambient plasma. 

Next the plasma impedance is, 

d-s 
(61) 

P jw€0 {I一w//(w／一jw均）｝

And the total normalized impedance is obtained by using the normalizing factor WpEo・

Zn = Wp€o(2Z8 + Zp) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (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 = 1012 m→， Te= 0.1 eV, Ve/Wp = 0.01, d = 0.2 m and Vp = 0.1, 0.5 and 2.0 V. 
The characteristic curve in the case of V p = 0. I V, is almost the same as the plasma charac-

teristic itself except the region near 0.61 w/wp・Andthere 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 m泊ima,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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Fig. 23 Admittance characteristic 
curves 

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泊creases,the resonant frequency 
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Fig. 24 Sheath resonant and antiresonant 
frequency variation by the 
electron density 

Fig. 25 Admittance values of sheath 
resonance and antiresonance 
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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 fr巴quencyincreases. 

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 Te = 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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Fig. 26 Sheath resonant and antiresonant 
frequency variation by the 
electron temperature 

VP 

Fig. 27 Sheath resonant and antiresonant 
frequency variation by the probe 
distance 

c) 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。inthis case is given by, 
Wn2(w一jv)

K。＝ I - " ................ (63) 
u w {(w-jv)2ーw/}

where We  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 Wc/Wp = 0.5. It is 
clear that the admittance at the cyclotron frequency shows maximum value. In the case of 

V p = 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・Asthe 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 Wc/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 'P• the sheath radius is r8 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 ner at a distance r from the center of the probe, 

are expressed as follows, 

〈ラ ぞう
←－d一一→

Fig. 30 Spherical probe 
configuration 

V(r) ＝一り（rs-r)2/(rs-rp)2' 

ner = ne exp {-eV(r)/(kTe)} , 

where Vp is the probe potential. 

From the analogy of the planar probe, the spherical sheath impedance is, 

l 「ら dr 内

Zo＝一一一一一 ¥ . n,,,e• ‘ 

“ 4πjwe0 ¥ r• {I - ~ } 
.Jrp me0(w•ーjwν）

The plasma impedance between two spheres is, 

C拍

Z0 = (2πjweor.~Ko ~ QN)-' 
" " N= 1 •• 

，－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－ 

where 

Q1 = 1 +M, 

Q2 = M2/( l -M2), 

whenN= 3, 

QN = (l/MQNー，－l/QN-2)-1,

M =r8/d. 

(64) 

(65) 

(66) 

(67) 

By using the normalizing factor 41『WpEo,the normalizing impedance is expressed as, 

Zn =4πWp€o(2Z8 + Zp). . ....................................... (68) 

Figure 31 shows the normalized admittance against the normalized frequency w/w0 in 

the cases of ne = 1012 m-3, Te = 0.1 eV, Ve/Wp = 0.01, rp = 0.01 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. 32 Sheath resonant and antiresonant 
frequency variation by the 
electron density 

Fig. 33 Sheath resonant and antiresonant 
frequency variation by the probe 
radius 

probe potential for the four cases of ne = 1011, 1012, 1013 and 1014 m-3. The dotted line 

indicates the antiresonance and th巴solidlines indicate the sheath resonance. 

Figure 33 shows the r巴lationsbetween the probe radius and the resonant frequency for 

the three cases of rp = 0.005, 0.01 and 0.02 m. As the probe radius increases, the sheath 
resonant frequency decreases. 

2.4.4 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. 

( l) 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 th巴

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) Th巴reis 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 el巴ctrostaticwave in a plasma, especially when the magnetic field exists. According to 

the mode of the wave, characteristic of the l巴cherlines 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 theor巴ticalconsideration. 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) m r{32 (rs/r) 
トー｝れ＝~ムー
Vp rpW(rs/rp) 

(69) 

where Vp is the probe potential, rp is the probe radius，。isthe function of rs/r in cylindrical 
sheath, rs is the sheath radius. And the electron density n(r) in the sheath region is expressed 

by Boltzmann’s law. 

n(r)= neexp [ eV(r)/kTe], .................................. , .. (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 

l rr. dr 
Zo ＝一一一一－ ¥ 一一－
0 2πjwE0 Jrp rE(r) 

(71) 

where E(r) is the equivalent specific dielectric constant at distance r from the center in the 

sheath. j is the im司jinaryunit, E 0 is the dielectric constant in free space. 

Thus, the impedance between the two parallel wires with sheath per unit length is 

expressed as follows: 

l d+../dて石7 l （・ら dr 
Zp ＝一一一一 ln ＋一一－ ¥ 一一， . . . . . . . . . . . . . . . . . . . (72) 
πjwE0E 2rs πjwEo Jrp rE(r) 

where d is the center distance of the two wires and E is th巴equivalentspecific 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, ................................................ (73) 

where Zw is the characteristic impedance, -y 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, 

iw d 
ニァ（4μ。lnニ＋μ）， ・・・・・・・・・ ・・・・.• • • • • • • • • • • • • • • • . • • • • • • • • • • (74) 
4π ＇P 

where μ0 is the permitivity in free space,μ is that of the wires, but in this case, for example, 

Cu metal μ :::: μ0 except th巴f巴romagneticmedia. 

Thus, 
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f I d＋ゾd2-4r／ 「ら dr¥ 
Zw2 ＝一一－－：－；(In一＋ー） ~ -In v ペ-} ••••••••••••• (75) 
”げeoc)“ rp 4 le 2rs Jrp re(r) J 。2 ~I十台

(76) 
I . d＋ゾポ－4r/ rr. dr 
一ーJn - + ¥ －一一一ー

2rs Jrp 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 Bo along the z axis, the dielectric tensor is given 

explicitly: 

where 

むJ-fVρ Wn2
S =I一一一一ーニ・ t' 

ω （ω一jVe)2ーw／’

D 仏Je 仏）／
＝ー・
w (w-jve）ーw／’
.. 2 • 

p =I＋二zι ・一一二一一．
jw jw+ve ・ 

崎 n,,e2
ω〓＝＿＿＿：：＿ー（Electronplasma angular frequency), 
‘ me0 

eBn 
We ＝万二 (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 
8 between B0 axis and the wave propagated direction: 

2 _ (S+D)(S-D)sin28+PS(I +cos28)± [(S+D)(S-D)-PS]2sin4 8+4P2 D 2c⑪s28 
ー.. . . (78) 

2(Ssin28+Pcos28) 

On the one hand, there is a relation among the equivalent dielectric constant e, permiability 
μ, and the refractive index n (Stratton, 1941 ), 
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2 eμ ＝一一一． • • • . • . • . • • • • • . • . • . • • . • . . • . • . • . • . • • . . • . . • • • • • . . . . (79) 
Eoμ。

When the medium is non-magnetic for a plasma, μヱμ0.Thus the refractive index is simply 
expressed as follows: 

n2 = ..J€i€r也

Here we will describe the next two cases. 

a) Propagation perpendicular to B0 (kl B0) 

For the propagation in the direction () ＝π／2, 
i) Ordinary mode 

ε＝ EoO一w//w2).

ii) Extraordinary mode 

(w2+wwc一w/)(w2ーWWc一w/)
€=En 
u 2r 2 2 2、

WlWーWc一Wp)

b) Propagation parallel to B0 (k II B0) 
i) Left-hand-polarized mode 

•. 2 

(80) 

(81) 

(82) 

€ = Eo (I一六三与ァ）． . . . . . . • . • . . . . . . . . . . . . . . . (83) 
..,., • ""'""'C 

ii) Right-hand-polarized mode 

. -2 

e=eo o--T色一一） • • • . • . • • • • • • • • • • . . . • . • . • . . • . . • . . . . . • • • . • • (84) 
ω一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 II B0, parallel case (Longitudinal electrostatic wave) 

r w.?m 1 
ε＝叫I＋誌がl-2αS（α）} J ' . . . . . . . . . . . . . . . . . (85) 

where 

α＝；芹刷＝ ex川，： exp(t2) 

In the Eq. (85) the termιャi/W2（ふうロi;ionplasma frequency) concerning the ions is neglected, 
and S（α） is the complex error function. 

This longitudinal electrostatic wave exists in the case without the magnetic field. 
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b) kl B0, perpendicular case (Electrostatic cyclotron wave) 

I 2wv2 00 N2 l 
ε＝ Eo I l ＋て士号－－~ exp(-A.)/N（λ）一一一十一｜， --..... -. . . . . . . . . . . (86) 

L …c iv=I N2ー（と）2 J 
""C 

where IN（λ） is modified Bessel function of N-th order, 

λ＿ k2kTe 
－一’：，， wc-m 

and k is the wave number. 

2.5.3 Numerical Examples 
The parameters are assumed in the following, 
Electron density ne = I 012 m -3. 

Electron temperature Te= 0.1 eV, 

Radius of the wire rp = 0.001 m, 

Length of the wire l = I 0 m, 

Separation distanced= 0.1 m, 

Collision frequency v = 0, 
Electron cyclotron angular frequency We  = 0.3wp・

(I) Electromagnetic wave 

a) Ordinary mode case with and without the sheath (kl B0) 

Figure 34 shows the input impedance profile against the normalized angular frequency 
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Fig. 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 w/wp.::::: 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 w/wp .::::: 1.211 is also due to the lecher wire characteristic similar to the case as shown in 

Fig. 34. The minimum at w/wp.::::: 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 (kl B。）

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. 

c) Left-hand-polarized mode (k II B0) 
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 w/wp .::::: 1.209 is due to the lecher wire 

characteristic. 
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Fig. 36 Input impedance profile 
(Extraordinary mode, 
without sheath) 

10‘ 

10' 

z 

10' 

，。

,o一函一副 0.6 0.8，.，叩 1.2 1.4 時 間
匂up

Fig. 37 Input impedanc~ profile 
(Left-hand-polarized mode, 
without sheath) 
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Fig. 38 Input impedance profile 
(Right-hand-polarized 
mode, without sheath) 

d) Right-hand-polarized mode (k II B0) 
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 

max回 umat w/wp::::: 1.1612 are the singular point of e 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 II B。）
Here we assume the electrostatic wave length λis 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ご 0.672corresponds 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 1B0) 

We also assume that the wavelength is 2d. Figure 41 shows the input impedance profile 

in the case of electrostatic cyclotron mode. Th巴redoes not exist sheath around the wires. 

There appe釘 maximaor minima at w/wp = 0.3 and its integer times, and also appears the 

infinity at w/wp '.::'. 1.055 which is the upper hybrid frequency. Furthermore the infinities 

and minimum below w/wp = 0.3 and the minimum at w/wp ::::: 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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Fig. 40 Input impedance profile 
(Longitudinal electrostatic 
mode, with sheath) 
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Fig. 39 Input impedance profile 
(Longitudinal electrostatic 
mode, without sheath) 
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Fig. 42 Input impedance profile 
(Electrostatic cyclotron 
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2 .5 .4 Summary 
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 sh巴athexists 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 （日iri, 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 ai:e 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 frequ巴ncy.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 

l 04 km, the plasma density is lower than the neutral particle density above 104 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 

reg10n. 

In planning probe instrumentation for a spacecraft, the parameters of Larmor radius and 

mean free path provide a guide to the probe geometry 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 be巴npublished 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 important fact of the spacecraft measurement is that the spacecraft is 
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almost always supersonic and ofte_n 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 hyster巴siseffect (Oyama, 197 5) 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 
。， n

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・lwas 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 Langmuir probe was mounted on the first 

three rockets k・8・2，・3and -4. The ion densities in the ionosphere in the daytime and night-

time Were measured. The first ionospheric sounding rocket k・8・2was fired in July, 1960. 

But the observation failed because that the nose明coneof the rocket ~id not open and th~ 

probe was not exposed in the ionosphere. K・8・3and ・4were fired to observe the ion density 

in the ionosphere in September, 1960, and both succeeded in th巴measurementof positive 

ion density. In the next three rockets k・8・5，・6and -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・8had 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 th.e 

formulae for calculation of the orbital motion region, the one collision region and the many-

collision region. 
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Table 2 Ionospheric sounding rockets at Akita rocket range 

Rocket Date 

K-8・2 July 17, 1960 

K-8・3 Sept. 22, 1960 

K司8-4 Sept. 26, 1960 

K・8・5 Mar. 27,1961 

K-8-6 Apr. 18,1961 

K-8・7 July 21, 1961 

K-8・8 Oct. 24, 1961 

3.1.2 Instrument 

(1) K-8・2，・3and ・4

Time Peak alt. No. of probes (135°EMT) (km) 

13h11m 182 

15 32 187 1 

20 25 183 1 

13 08 172 3 

21 27 144 3 

11 42 159 3 

12 59 198 5 

Measuring 
items 

Ni 

Ni 

Nj 

Nj, Ne, Te 

Nj, Ne, Te 

Nj, Ne, Te 

Nj, Ne, Te 

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・5and ・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 th巴iondensity. 

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 th巴

ion density, the electron density and the electron temperature釘emeasured, the measuring 

circuit is essentially the same as k・8・3and ・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 designed 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 alm.ost just after the opening of the nose-cone at an altitude of 

about 60 km. The probe current increased as the rocket asc巴nded,and attained to the max-

imum of about 2 .5 μA at the top of trajectory, and then decreas~d with the descent of the 

rocket and became almost zero at an altitude of 60 km. But, when the rocket descended to 

－Eu
－－ω司
2
－H一〈

Pos山veやnDens;ty (cm '1 

Fig. 43 Positive ion density profiles 
at Akita (K-8-3, Se~t. 22, 
1960; 15h32m 135vEMT) 
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Fig. 44 Positive ion density profiles 
at Akita (K・8・4,SeQt. 26, 
1960; 20h25m 135vEMT) 
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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 b巴camehot 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 7 5 km to 186 km in th巴daytimeionosphere. 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, Es shows that of the sporadic E layer, and the vertical short sqlid line 

named F shows that of fminF. It shows that the E layer continues to the Flayer 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 μA. 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 th巴rmalemission 

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 Es shows the real height of the sporadic E layer observed by the 

vertical incidence sounding. The rocket data of the height of the Es 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 

1 70 km in the daytime ionosphere. Figure 46 shows the electron temperature profile in the 

daytime ionosphere. 

(4) K-8・6

Figure 4 7 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 Es 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 Es 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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Fig. 49 Positive ion density profile 
at Akita (K・8・8,Oct. 24, 
1961; 12h59m 135°EMT) 

3.1.4 Summary and Discussions 

The following conclusions are derived from the measurements (lchimiya et al., 1960, 

l96l;Aono eιal., l96la-d, l962a, b, 1963). 

(I) K・8・3and -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-

em1ss1on. 
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 Es layers observed at night are very thin and dense. The thickness of the observed 

Es layer was about 2-3 km and horizontal dimension was greater than 200 km. 

d) The E layer at night has an ion density of about l 04 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., 196la). 

f) Figure 50 shows diurnal behavior of the E 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 E 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 trac巴 disappearedat 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. T巴mperaturediffer-

ences are due to photoionization of solar extreme ultraviolet radiation (Bourdeau, 1962). 

c) At the time of 2130 hours, the plasma density is much smaller than 103 cm-3. The Es 

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 Es layer. 

(3) K・8・7and ・8
a) There was large difference in the results between the experiments of k・8・7in June and 

k・8・8in 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. 

c) Number of electrons of photo-emission is 2.5×1 011 sec-1 cm -2 by calculating for the 
photo-emission current of 0.04 μA/cm2. 

3.2 Rocket Observations during the IQSYat 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 p~ogress 

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 
l 9.8°N having special value in the field of geophysics. The geomagnetic longitude is l 98.4°E. 

The direct ionospheric observations were carried out at Kagoshima Space Center 

twenty-nine times in total till 1975; thre巴timesin 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 it巴msare the positive ion density, 

the electron density, the electron temperature and so on. As other instruments in addition to 

the ionospheric measuring instrument釘emounted on each rocket at the same time, 

synthetic observations of the upp巴ratmosphere 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泊 thenighttime 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, 

G 1 and G2, and a collector C, 8 cm in diameter each. DC sweep voltage is applied to the grid 
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G 1, and by this potential are controlled the ions and electrons flowing into the ion trap. The 

voltage of一10V is applied to the collector which collects only the ions passing through the 
grids. The voltage of about -40 Vis 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 probe method by which the 

electron density is obtained from the current-voltage characteristic of the grid G l 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 

Rock巴t Date Time (135°EMT) Peak altitude (km) 

L-3・2 Jan. 31,1965 14ho1m 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泊 theF2

region shows 2.8×1 Q5 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 2×104 cm-3. 

b) K・9M-8
The positive ion density profile in the altitude range from 71 km to 3 24 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 
at Kagoshima {L・3・3,
Ascent, Mar. 18, 1965; 
19h07m 135°EMT) 

analysed of 3 24 km was proved to b巴nearlyequal to the maximum electron density in com-

parison with the result from the vertical incidence sounding. 

c) K-8-12 

Th巴 positiveion d巴nsityprofil巴 innight Es layer between 94.8 km and 96.4 km was 

measured with a disk probe to which th巴constantv.oltage was applied. The result is shown in 

Fig. 54. The maximum positive ion d巴nsityappeared at an altitude of 95.5 km. According to 

observations at Yamagawa, the E layer show巴dthe maximum el巴ctrond巴nsityat 1953 hours, 

so the rocket measured about one minut巴 anda half before the tim巴， andthe maximum 

stage of the Es lay巴rwas exp巴ctedto have larger density. Figure 54 shows that the positive 

ion d巴nsityof the Es layer was about 6.2 times that of quiet E region. 

d) K-9M-l 3 

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. 

Th巴resultis 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 d巴nsityand the 

cross points in the many-collision region. The differ巴nc巴betweenthes巴calculatingm巴thods

is caused by the size of th巴ionsheath and Jhe length of the mean free path of the ions (Dote 

et al., 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 po泊tsin 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 2×104 cm-3 
above an altitude of 800 km. 
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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 

血 theascending and desce.1ding modes. In Figs. 58(a) and (b), the electron density shows 
nearly constant value of 1-1.5×104 cm-3，泊 comparisonwith the profile by L・3・2which 
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. F培ure59 shows the electron density profile. 

b) 
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3.2.4 Summary and Discussions 

( 1) Positive ion density 

The measurements of the positive ion density by three rockets, L・3・3,K・9M・8and 

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泊 thepositive ion density profiles. Indices Kp were 00 and 4+ during the 
flight of Lふ3and k・9M・8respectively and they seemed to be quiet and fairly disturbed. On 

the other hand, in the daily variation of f0F2 at Yamagawa, the firing times of L・3・3and 

k・9M・8were before and after the constant value setted at night respectively. The Es layer 

observed by the rocket k・8・12showed 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・13and ・14which 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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Fig. 60 Positive ion density profiles 
in the nighttime at 
Kagoshima 

Fig. 61 Positive ion density profiles in 
the daytime at Kagoshima 

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 ".Vere 2 _in the former and l _in the latter, 
and so much difference was not found. The conditJons 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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Fig. 62 Charged particle density profiles at 
Kagoshima 

(2) Electron density 

Th巴巴lectrondensity measurements by the resonance probe in the ascending and 

descending modes of both rockets L-3-2 and ・3were 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・3is lower than by L・3・2by constant 

ratio. The maximum electron density appears at 250 km, and the decreas~ng 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 I 00 km. Furthermore, for both L・3・2and ・3,the electron density in the 

descending mode is higher than in the ascending mod巴 especiallythis fact is remarkable 

below 800 km for L・3・2and 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 t巴ndegrees toward the equator. 
＋ 

Table 4 shows the scale height, transition altitude from 0 to He , mean temperature, 

maximum electron density and F peak altitude. For L-3・2,K・9M・7and ・9,the firing times 

were around 1400 hours. The altitudes of the maximum electron densities by L・3・2and 

K-9M・9are 250 km but the valu巴ofthe maximum electron density by k・9M-9is 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 I 07 km and 160 km and the profile was nearly the same as K-9M司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 

Ionosphere 

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

Ascent Descent 

Transi Transi-
。＋region ti on H巴＋region 。•r巴gion t1on He• r巴gion

altitud巴 altitude 

L-3・2 H 110 !58(km) 450-610 88 90(km) 334-380 550 605 
1965,1.31, Te+Tp 

1050ー1500(° K) (km) 1070-1450 830-860(° K) (km) 790-900 14h0lm 2 

L-3-3 H 109-140(km) 390-550 80-96(km) 442-600 538 573 
1965, 3. 18, Te+Tp 

1040-1330（。K) (km) 900-1310 760-910（。K) (km) 1050-1430 19h07m 2 

hmax (km) Nmax (cm-') hmax (km) Nmaズ（cm-3)

L-3・2 240 8.5 x 10' 345 1.05 X I 06 

L-3 3 255 6 x JO' （く370) (>5 x lO') 

Table S Ionospheric sounding rockets at Kagoshima Space Center, 1966-75 

Rocket Date Time (135。EMT) Peak altitude (km) 

L-3H-l Mar. 5 1966 1311som 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.l Introduction 

The ionospheric observations in the daytime and the nighttim巴 werecarried out four 

sounding rockets; K-9M-l 5, -20 and L-3H-J, -2 in 1966, since the IQSY. No sounding rocket 

could be launched during April, 1967 August, J 968, because of a conflict with fishermen, 

and no data were obtain巴dfrom 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 thr巴巴 K-9Mrockets w巴r巴contain巴din these experiments. 

The main object of theし3Hrocket obs巴rvationwas the ionospheric m巴asur巴mentby using a 

retarding potential analyzer, and the main object of K-9M rocket observation was to measur巴

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・3Hrockets. 

3.3.2 Instruments 

(I) 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 sph巴ricalprobe to which two 

kinds of constant DC voltag巴sof -11.2 V and -24.3 V were alt巴rnatelyapplied. 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 I 0% 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.l 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 it巴mwas 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 d巴nsity

and electron density. The sensor was mounted on the top of the payload. 

(7) K・9M・30and ・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 

imp巴danceprobe. 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 Es 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. 

210 

3.3.3 Observational Results 

(1) L・3H-l

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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(3) L・3H-2

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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(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 sp泊 andprecession motions of the rocket, and the ion current was saturated 

near the maximum ion density both泊 theascending 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-10・4

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 
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density of the lower F region and sharp Es layer were characterized in these observational 

results. Es 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 Es 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 Es like this result is characterized in daytime Es profile, but this experiment showed that 
the layer Es 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 disconn巴ction,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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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 Vis 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 cuロent

became zero. 
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(7) K・9M-30and ・38

The rocket k・9M・30was 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 8×105 cm-3 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 pro be 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・38was 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 f0F2 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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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. 

Fig. 71 Electron density profile at 
Kagoshima (S-310-2, 
Ascent, Aug. 30, 1975; 
13hl0m 13SvEMT) 
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3.3.4 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, Fl 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 ionospher.e. Among these probes, the 

Alouette satellite is the most famous for its study of the topside ionosph巴re.Some theories 

on the profiles of electron density in the topside ionosphere, geomagnetic control (Chandra 

and Goldb巴rg,1964) and diffusive equilibrium distribution (Angerami and Thomas, 1964) 

have been shown to be in good agreement with observ巴ddata. 

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, Fl and F2 layers have been 

investigated by Davis (1965), and Kasuya and Sawada (I 956) as follows; 

（刷＝0.…1州）co 
ん（Fl)=(4.3 + O.OIR)(cosx)0-2MHz, ......................... (87 ） 
fo (F2) = 4.707(1 + 0.0074R)MHz. 

Th巴firsttwo formulae give the maximum electron plasma frequency in the E and Fl 

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 off＝ん(I+ 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ん
and b shown in Table 6 are plotted in Fig. 73 as a function with height. As f。isan electron 
density in the case of zero sunspot number，ん valueversus height repr巴sentsa topside 
profile of electron density in the very quiet sun period. The quantity b is a factor of sunspot 

number dependency. It is noticeable that b 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 f加d

that the inflection point in the curve ofんisin 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 (I 964) discussed the electron density profile in the exosphere by means of their 
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Table 6 Values of the function/= fo (I+ bR). 

h ん 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 determirト

ed not only by temperature but also by ion composition at the exospheric base level, the 

reference level being 500 km. 

Now on巴cancalculate average electron density profiles of the topside ionosphere by 

means of the obtainedゐandb values in the cases of 0, 50, l 00, 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, I 00, 150 and 200 of Rare 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 temp巴raturein the reference level chai:iges 

from 500°K to l 500°K, according to the sunspot number, the He /O+ number density ratio, 
＋＋  

f/2 and η3, should be from 6×10-2 and 1.6×10-2 to 2×1 0-2 and 1.6 x 10-3' 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司lshow that 

the measurement is strongly affected by the spin and precession motions of the rocket. The 

observation by k・9M・15in the nighttime ionosphere shows interesting facts. In the case of 

ion density measurement, two layers at altitudes of about I 00 km and 140 km were 

observed. And Es 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 

Es 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 ~Kp are 2 _and 180 on 

the day, and they seem to be rather disturbed condition. 

As the geomagnetic activity index ~Kp was 8 _on the day of K-9M・20flight, 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・2and ・3
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and L・3H-l including k・9M・20.The observational results by k・9M・14,L・3H-land 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・20fired at 1725 

hours, the density in the E-F region decreased abruptly, and in the case of L・3・3fired 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 Es 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 wer巴somedifferences between the results of 

two-wire radio frequency probe and impedance probe with whip antenna in k・9M・38rocket 

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。F2at 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 abov巴about105 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-3・0.The most probable production mechanism seems to be the cross-field 

plasma instability (Mori et al., 197 Sa,b; Ogawa et al., 1975). 
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Chapter N 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.l 0E), 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-l and ・2by 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・l60J A and twelve 
s・210JArocket experiments. Eight of the twelve s・210JArockets were launched during the 
night. The observational results of the electron density measurements and discussions are 

given and genera1 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・11and ・12,and on1y the 

electron current probe was installed on the rockets S-160J A-3，・4and S・210JA・19.

There are calibration systems in the Langmuir probe circuit and in th巴electroncurrent 

probe circuit. E1ectron 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 

prob巴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 eηor 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 eηor of the absolute value of the electron density may 

amount ± a few tens of percent at 1ower 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 th巴item;ionospheric probes, symbols EP, LP and RFP mean 

the electron current probe, the Langmuir probe and radio frequency prob巴respectively.

Figure 77 shows the e1ectron density profiles observed with the rocket S-l 60J A・3.The 

electron density obtained is higher than that of S-160JA-l or -2 (Hirasawa et al., 1970) 
throughout the ascending and descending modes. 
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An_tarctica (Apr. 17, 1972; 02h42m 
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Table 7 Ionospheric sounding rockets and ionospheric and other conditions 

during rocket experiments at Syowa Station, Antarctica, 1971-73. 

Time Peak alt. Iono~~~ric 
Geomag. 30 MHz 

Rocket Date (135°EMT) (km) Pr s H-comp. CNA Ionosphere (gamma) (dB) 

S-160JA-3 Apr. 30, 1971 13hoom 83 EP 

S・210JA・5 Sept. 14, 1971 00 50 114 EP, LP, RFP -150 --0.8 Es 

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 Es 

5・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 -so 0.0 Es 

S・210JA・18 Aug. 23, 1973 03 53 129 EP,LP,RFP + so --0.5 Unstable Es 
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Figure 78 shows the electron density profiles observed with the rocket s・160JA-4which 
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 -320'}'. 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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Fig. 79(a) Electron density profile at 
Syowa Station, Antarctica 
(Sept. 14, 1971; OOhSOm 
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Fig. 79(b) Electron density profile at 
Syowa Station, Antarctica 
(Sept. 14, 1971; OOhSOm 
45°EMT) 

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 l×1 05 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号lectrondensity 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・6which was fired in the daytime. The gradient of the electron density below about 

88 km is comparatively large, the maximum electron density of 2×I 05 cm -3 appears in the 
altitude region between about 95 km and 105 km, and the electron density decreases above 

I 05 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 th巴rocketwake. 

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 th巴solarelevation 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 3-4×1 05 cm-3 appears around 110 km. The electron density decreases 
above 110 km. It is interesting that the gradient of the巴lectrondensity changes at an 

altitude of about 85 km. This fact suggests that the ionization m巴chanismchanges at this 

altitude. 
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Syowa Station, Antarctica 
(A!Jg.11, 1972;04h01m 
45-EMT) 

Figures 82(a) and (b) show the electron density profiles observed with the rocket 

s・2IOJA司8which 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 Es 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 2.5×1 05 cm -3 in the ascent. The electron density decreases above 
115 km. On the other hand, the electron density shows a maximum of about 3×1 05 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., 197 5). 

Figures 84(a) and (b) show the electron density profiles observed with the rocket 

s・21OJ A-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 altitud巴rangeup to about 80 km and the electron density was about 8-10 
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Fig. 84(b) Electron density profile at 
Syowa Station, Antarctica 
(May 16, 1972; 02h02m 
45vEMT) 
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Fig. 84(a) Electron density profile at 
Syowa Station, Antarctica 
(M~y 16, 1972;02h02m 
4SVEMT) 
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Fig. 8S(b) Electron density profile at 
Syowa Station, Antarctica 
(A!lg. 7, 1972; 04h4Sm 
4SvEMT) 

Fig. 8S(a) Electron density profile at 
Syowa Station, Antarctica 
(A!lg. 7, 1972; 04h4Sm 
4SvEMT) 
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×I 04 cm -3 above about I 00 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・21OJA-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 

4-5×105 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 4-5×105 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・21OJA-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 
Syowa Station, Antarctica 
(Fゆ.11, 1972; l ShOOm 
45vEMT) 
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Fig. 86(b) Electron density profile at 
Syowa Station, Antarctica 
(Fゆ.11, 1972; IShOOm 
45vEMT) 

l日6

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 1-2×105 cm-3 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-16which 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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Fig_ 87(a) Electron density profile at 
Syowa Station, Antarctica 
(F~b. 15, 1973; 02h45m 
45uEMT) 

remains in the constant value of 5-6×I 05 cm -3 in both the ascending and descending 
modes. The gradient of the electron density changes remarkably at 86 km in the ascendin~ 

mode and at 84 km in the descending mode. The remarkable increase and decrease in the 

electron density abov巴90km 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-l 7. 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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Fig_ 88(b) Electron density profile at 
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(Apr. 23, 1973; 02h54m 
45°EMT) 

Fig. 88(a) Electron density profile at 
Syowa Station, Antarctica 
(Apr. 23, 1973; 02h54m 
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The electron density is about 7-8×l 05 cm -3. A maximum electron density of 6×1 05 cm-3 
appears in the region between 87 km and 105 km, and the el巴ctrondensity decreases 

gradually above l 05 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 som巴rangeof 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 th巴altituderange between 

l 05 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-2IOJA・18.This rocket traversed the region of visible aurora around 105 km in the ascent; 

the maximum electron density is 5.33×1 05 cm-3 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 1.5×1 05 cm -3. The ionosphere is assumed not to be in a severely disturbed 
condition. 
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Fig. 89(a) Electron density profile at 
Syowa Station, Antarctica 
(Aug. 23, 1973; 03h53m 
45-EMT) 
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Figures 90(a) and (b) show the electron density profiles observed with the rocket 

S-2IOJA・19.The maximum electron density is about l×1 05 cm -3. Figure 90(a) shows the 
existence of the Es layer around 105 km, but Fig. 90{b) shows no remarkable Es layer. The 

cause for this difference is due to the structure of the Es layer. The ionosphere is rather 
quiet except for the appearance of the Es layer. 



Ionospheric Plasma Probe Studies and Ionospheric Structure Studies 229 
by Space Vehicle Observations 

140 

130~ S-210JA-19 ASCENT 

120 

官 110
4醤

雇100
~ 90 

ミω
70 

60. 

50 
10.g 10・・e 10-7 

J ，戸....--

10~ 

ELECTRON CURRENT (A) 

r 
2 

............ 
10.g 10"" 

Fig. 90(a) Electron density profile at Syowa 
Station, An!arctica (July 15, 1973; 
22h09m 45~EMT) 

140 

130 s-210』A-19DESCENT 

120 

-110 
.:; 
~ 100 

e主:+ ？田2『－---・ ~ 90 

~ 80 一『士宮・ーーー－－，『~
70 

60 

50 
10.g 10・s 10・7 10・6 10"号 10""' 

ELECTRON CURRENT (A) 

Fig. 90(b) Electron density profile at Syowa 
Station, An!arctica (July 15, 1973; 
22h09m 4デEMT)

4.4 Relation between the Electron Density Profile and the Cosmic N凶seAbsorption 

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 7 5 km and 110 km, 

in proportional to the magnitude of the disturbance such as th巴variationof 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 ＝ν。exp(-h/H),where his the altitude from the ground level, 
H is the scale height and v0 is a constant (Budden, 1961 ). The best-fitting curve is d巴riv巴dby 

the method of least squares. Th巴collisionfrequency thus obtain巴dis expressed as v = 1.49 
×1 09exp(-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-

lin巴arcollision frequency profile. Figure 92 shows a comparison between observed 
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Fig. 91 Electron density profiles during auroral 
disturbances. The number on curves 
indicates the serial number of the rocket 
S-210JA 

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 experim巴ntsis 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司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. 

Fig. 93 Collision frequency profiles. The 
dotted line shows the collision 
frequency profile which is derived 
from the best fitting curve of the 
observational results of electron 
density measurements and cosmic 
noise absorption measurements by the 
method of least squares. Other 
profiles after Whitten and Poppoff 
( 196 S); I, the upper solid line; 2, the 
medium solid line; 3, the medium 
chain line, and the lower solid line 
are after Hanson (1961). 
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Fig. 94 Absorption coefficient profiles. The number 
on curves indicates the serial number of 
the rocket S-210JA. 

The ionograms observed at Syowa Station, Antarctica show that an Es layer almost 

always exists in the nighttime (Radio Research Laboratories, 1971-1972). Thus, the result 

obtained by the rocket S-2 lOJA-19 may be assumed to be a typical example of the night 

Es layer profile from the consideration of the ionogram, riometer measurement and 

g巴omagneticvariation. There exists always an ionizing source of the night Es 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 Es 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 

Fig. 95 Profiles of the increment of the electron 
density; The number on curves indicates 
the serial number of the rocket S-210JA. 
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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・8as 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 I 00 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: 

Me  = exp(0.205x + 4.67), . (88) 

where 6.ne is the maximum increment of the electron density per cm3 and x is the cosmic 

noise absorption血 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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Fig. 97 Relation between the 
height of the peak of 
electron density increment 
and cosmic noise 
absorption 

Figure 97 shows the relation between the height of the peak electron density and 
cosmic noise absorption. The empirical formula is as follows: 

hm =-2x+ 100,. (89) 

where hm is reckoned in km. 

4.S 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 parti~s are described and also analysis of the 
relation between electron density profiles and riometer observations are presented. 



Ionospheric Plasma Probe Studies and Ionospheric Structure Studies 
by Space Vehicle Observations 

233 

The rockets s・160JA・3,s・210JA・6and ・12were fired in the daytime, the rocket 
s・210JA・7was fired at low solar elevation angle, the rocket S-210JA・16was fired just before 
the sunrise and other rockets s・160JA・4,s・210JA-5，・8，・9，ーIO，・II,-I7，・I8and ・I9were 
fired in the nighttime. 

The observed eiectron density distributions in the poiar ionosphere strongiy change 

according to the degree of the disturbance. The eiectron density profile has a ciose reiation 

to auroraI 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 Eiectron density profiles in the daytime. 
The solid and dashed lines indicate the cases 
of ascent and descent respectively. 
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Figure 98 show the electron density profiles below about 94 km in the daytime which 

were observed with the rockets S-I60JA・l，・2，・3and s・2IOJA・6.Ionograms show the quiet 
conditions and the records of the cosmic noise absorption show aiso quiet conditions in the 

case of S-I60JA-l and ・2.But the magnetogram in the case of s・I60JA・2shows small 
positive bay, and Es 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-5is not shown in Fig. 98, but the electron density 
is assumed to be l×1 02 cm-3 at 66 km, 1×103 cm-3 at 76 km, 1×104 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 E8 layer on the ionogram, 
there exist the absorbing layers. Figure 98 shows that the electron density has a close 

reiation to the・ionospheric disturbances. 

Comparing the results of s・2IOJA・5and ・6,the electron density above about 95 km by 
s・210JA-6is 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・l60JA-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・6and ・12,the electron density above 
88 km in the case of S-210JA・6is about twice of that of S-210JA・12.This reason is that 

S-210JA・12was fired at quiet condition and S引 OJA・6was fired at slightly disturbed condi-

tion. The electron density in theD region between 75 km and 90 km in the case of S-210JA・6

is larger than that in s・21OJA-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 ・16since 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・7and ・16.The electron density in the case of S-210JA-16 is about 

twice of that in the case of S-21 OJ A・7above about 85 km. The fact is inferred from that the 

magnetic and ionospheric disturbances in the case of S・21OJ A-16 are larger than that加

S・210JA-7.

In the cases of s・210JA-7，・8，ー10and・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, l 967a,b; Rees, 1964; Rees et 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・19may 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 et al .. (1963), but the absorbing layer at Syowa Station is loc.ated at somewhat 

higher altitudes, that is, around 85 km. Though only the profiles in the nighttime are con-

sidered泊 theprevious section, the profiles in the daytime can be considered to be similar 

according to such observatbns, that is, the peak of the increment of the electron density 

from the quiet condition exists in the altitude range between 90 km and 11 O 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, l 974b, 197 5a, 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 0 , 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 hemispher巴arevery different from each other. 

The ion transition heights in the southern h巴misphereare very lower than those in the 

northern hemisphere in the American zon巴．

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 et 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 th巴 retardingpotential analyzer aboard TAIYO which is orbitting in 

the equatorial region. Besid巴sthis, various phenomena in connection with the South Atlantic 

geomagnetic regional anomaly were observed by other payloads (Hirao, l 975a,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。，perigeeof 255 km, and apogee of 3136 km. 
A retarding potential analyzer is one of the seven scientific payloads aboard TAIYO. 

＋＋＋．  
In the topside ionosph巴re,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: 

号＝一万詰叫（－（店サ）
where Nj is the ion density, Ti the ion temperature, M the ion mass, k the Boltzmann 

constant, e the unit charge, V the voltage applied to the electrode, Vs the satellite speed and 

vv = (2kTi/M)l/2. Equation (90) shows that the peak value and its position change 
r~markably due to satellite speed and ion mass. Thus the characteristic of the derivative of 
the ion current with r巴spectto the voltage changes remarkably with the mixing ratio of ions. 

The pap巴r(Miyazaki, 1975) includes a more extensive description of th巴spacecraft 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巴xistbecause 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＋ーH+ion transition heights. The period was between March 1975 

and October 1976. The values of the planetary magne~ic three・hour-rangeindices 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’s in 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 tr.ansition 

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。Elongitud巴arelarger than those between about 200 E -300UE. 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. Th巴iontransition heights (,Ire 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. 99 Longitudinal 0 + -H+ ion transition height 
characteristic in the daytime [ o] and 
nighttime [ +]. 

Fig. I 00 shows the dip latitudinal variation of O令－ 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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tu des，ー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. 

(91) χき90°H=H，。＋asin2 /, 

(92) 

where His O+ -H+ ion transition height in km, I is magnetic dip angle in degree and χis solar 

zenith angle in degree. 

χ壬90°H=H，。＋asin2 I,+ (b + c sin2 I) cosdχ， 
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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. 

H 0 = 5 91, a = -8 7 .1 , b = 2 1 7, c = 4 7 3, and d = 0. 3 31. 

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×B in the daytime, where Eis the electric field by the dynamo effect and Bis 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 d_irect 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 ionosph巴reand auroral pheno-

mena at Syowa Station in Antarctica, during the 12th, 13th and 14th Japanese Antarctic 

Research Expeditions (1971-73) and fourteen e1ectron 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 potentia1 analyzer, RPA, with a p1anar Faraday cup was mounted on the 

satellite TAIYO. In Chapter V, d巴scriptionsof observational results by the RP A of the 0 + 
-H+ ion transition height characteristic are given. The resu1ts泊dicatethat the ion transition 

height corre1ates with the intensity of the geomagnetic field. Furthermore, it is important to 

know the distributions of densities of positive ions and e1ectrons for the understanding of 

the prob1em of ionosphere-magnetosphere coupling. And much useful results will be 

obtained from the RPA from now on. 

As the further ionospheric p1asma probe studies, it is an important factor to consider 

the prob1ems; the current return problem, the spacecraft equilibrium potential, photoe1ectric 
emission current, magnetic fie1d 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巴rroneousresults 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 b巴obtainedfrom those measure-

ments perhaps serYe to not only the progress of space science but also the wonderful 

progress of humankind for ever. 
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