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ABSTRACT 

百ieionospheric ion composition of the earth and other planets is reviewed.百iebasic 
characteristics of白ecomposition, relevant chemical reactions and ion釘祖国po民 processes
ionospheres g耳summarized.百ieoperation principle and basic characteristics of the Bennett m筋 S
spec住ometer,which w値目ownon白eISS-b and EXOS・Dsatellites, are desαibed in detail.百ie
global ion dis佐ibutionsat an altitude of 1100 km, as observed by酋ieISS-b satellite, are presented. 
A prominent feature泊 thesedis住ibutionsis曲目tdependence on吐ielongitude is much larger 
compared to previous studies. From LT maps, global s甘UC佃res白紙persistfor a few months are 
found. Variations in ion densiti民 arestatistically analyzed wi曲 res戸ctto a記lee飽dparameter, 
such as I副知de,local位ne，民ason,sol紅 activity,or geomagnetic activity. Several interes也ig
features are found in the He+ dis凶butions.One is白紙 thewinter bulge struc旬rein the ionic 
helium C飢 be鈴enonly泊theday -it disappears at night. Another is白紙血eequatorial trough in 
白eHe+ dis凶butionbecomes dom血antat凶ght.The density of H+ at 1100 km has negative 
co町elationwith FI0.7. He+ density has weak positive correlation wi曲FI0.7面白Eglobal average 
sense, either positive or negative correlation is statistically sig凶ficantin the sub-divided domains. 
A new energy and mass analyzer, in which the retarding po節目tialanalyzer and the Bennett m儲 S
spec住ome包rare combined, is desαibed.百lisSMS analyzer is flown on白eEXOS-D泊
collaboration wi白aCanadi組 scientistgroup. It has been ob鈎”泊g血emagnetospheric加 d白e
ionospheric ion composition since its launch in 1989. 
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1. Introduction 

Research on白eionosphere has a rather long history, starting with the pioneering experiments 

by Appleton and by Barret泊出eU.K., and Breit and Tuve in白eU.S., both of which took place泊

1924. Ionospheric research was especially important when short waves were used as the primary 

means of international telecommunications. The International Geophysical Year (IGY) of 1957 

brou酔tprofound changes in O町 knowledgeof the ionosphere, and the space around the Earth and 
plan1自民camebetter understood with白eexploration by space vehicles and spac田rafts.At血esame 

time, development of satellite communication reduced出erole of白eionosphere and short wave 

communication；泊伽m，血eionosphere and血emagnetosphere took on a new role as a space 
envrronment. 

It is important to learn as much鎚 wecan about the E紅白’Sionosphere and magnetosphere回

出eirO明 lright because they紅e也.eonly fields泊酋ieplasma u凶verse白紙canbe touched directly by 

man. As 99.9% of the universe is said to be composed of plasma, plasma science plays a crucial role 

in spai回路search.Plasmas are also important in many practical applications, such as nuclear fusion 
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and material process加g.It is surpris泊g白紙 plasmaseems to be ruled by the same law, from白e

microscopic scale加 solid-statedevices, to血evast macroscopic scale of the universeCI>. 

百iepollution and des佐uctionof回rth’senvironment by human activities釘ebecoming a g四t
international concern. Global wamring due to the g田n-houseeffect gases and血edepletion of the 

s回tosphericozone layer due to hal田訂加nshave合判uentlybeen the su吋即tof mass media 
attention. Al白oughthe ionosphere and magnetosphere are usually not discussed，血.eseregions are 

not exempt 合omcontamination due to human activities. For example, debris仕omrockets and 

satellites arc accumulating in earth orbit. It is estimated白紙 ifspace activities continue at血eir

current rate，血egrow血ofspace debris will be accelera飽dsuddenly some血路面白enear釦加re卸 d

form a“debris belt＇’around the ear曲（2）.百ieconstruction of a big space station or solar power system 

would also seriously impact the ionosphere and/or the ma伊etosphere.Space scientists and engin田：rs

must consider these problems, along with泊ipacton ear血’senvironment. 

Owing to the global nature of ionospheric and magnetospheric physics, such in回national

campaign, as血eIGY, the IMS, and the MAP, played a great role泊白制御dies.The Ionosphere 

Soun必ngSatellite-b (ISS-b), which is血em翻 dataso町cefor由ispape丸wasoriginally泊.tendedto 

dedicate to such a camp岬 1,namely印刷s.In印刷S釦 dMAP pro伊 ms,a p紅白ularregion 
was studied泊 greatdetail, but in the STEP program, interactions between various regions and曲e

energy flows between regions are more important. For白isprogram, several satellites have been 

launched. The EXOS-D satelli飽，orthe AKEBONO鎚 itW鎚 namedafter launch泊 1989,is one of 

these satellites. I and my colleagues have developed ion-mass spec佐・ometersfor these satellites.百Iis

paper describes the ion m鎚Sspec佐omete隠 andthe results obta加edfrom them. 

Many observations have been made of the ion composition of the ionosphere and magnetosphere 

mainly by U.S. satellites. Compared to曲目e，白eISS-b satellite observations provided a much longer 

也neperiod data at a fixed altitude, so it has been possible to obぬ泊 globaldis住ibutionsof the ion 

densities wi曲respt剖 tomany reference企創nes,including latitude, lon副知de,local time, season, and 
solar activity.官邸wasnot by chance. From the very beginning of血eISS proj田Lglobal mapping of 

血eionospheric par溜neterswぉ血em剖nobjective. Following白isinitial pl佃， manyglobal maps 

have版記nobぬ泊巴dand published.百ieglobal maps of血eion densities ob飽ined合omISS・bare 

presen飽d泊血ispaper. 

While the ISS・bm鎚Sspec位。meterdid not have白ecapab泊tyto analyze ene怒y,the ion-mass 

spectrometer abo紅d白eEXOふDsatellite d伺 s.It combines白efunctions of the Bennett mass 

S戸C佐ometerwith a m旬同泊gpo ten凶alanalyzer (RPA) into a new type analyzer. Various in柑ument

parameters, such as resolution叩 dsensitivity, can be叫抑制，allowingvarious observation m叫.esto 
be easily se1配tedby issuing software commands to the on-bo紅dprocesso五百時 O戸rationprinciples 

of血isinstrument and血einitial observational results紅Epresented in血ispaper. Since the 

observations were in progress when白ispaper was prep紅ed,the results presented here are 
prefu凶n釘y.

2. Review of ionospheric ion composition 

百iemain o~jec凶ve of白ispaper is to study the ion composition泊白eupper part of白e

ionospheric F region, or血etopside ionosphere.百ielater sections discuss the ion density dis凶bu-

tions in也etopside ionosphere as observed by sa旬lliteion-mass sp即位ometer.To lay a basis for this 

discussion，血is鉛ctionreviews the ion composition of也eionosphere泊 general.Al血ough白e

history of ionospheric m坦伺rchis long and it is very rich泊 physicsand chemis町，血isreview is 

res回C包dmainly to materials問latedto血ispaper. 
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Fig. 1 Neutral剖rcomposition calculated by MSIS-86 model. [Condi錨ons:Date = Jan. 1, Local 
time = 12:00, Lat. = 35, Long. = 135, fl0.7 = 120, M回nfl0.7 = 120, Ap = 4.0]. 

2.1 Models of the neutral atmosphere and the ionosphere 

Since an ionosphere is produced when a neutral abnosphere absorbs sol紅 UVradiation, 

ionospheric research needs knowledge of the neutral composition and白E泊tensityof白esol釘

radiation. Below about 80 km，出eabnosphere is well mixed, so the composition is about the same 

everywhere. Above about 120 km, however, differences in composition泊αeasewith altitude due to 
gravitational separation. Since泊血isregion白eabnosphere absorbs EUV radiation, causing higher 

tern戸:raturesat higher altitudes，出isregion is called批 thermosphere.Because the thermosphere 

includes most of出eionosphere, its composition is especially important for understanding the 
ionosphere. 

The CIRA (Cospar International Reference Abnosphere) model has been a reliable model of白e
thermosphere. MSIS-86 was recently developed by Hedin<3＞.百出 modelbe臨rm叫els曲eregion 

above 120 km白血白ECIRA. While the CIRA model was based on early satellite合唱 data，血e

MSIS model relies mainly on the mass spec住ometerdata企om白eAB-series satellites and 貨om

incoherent sca臨r(IS) radar. For the convenience of researchers，白eMSIS model is availableぉ a

computer progrョm.

In con回 stto the lower abnosphere，批 compositionof the thermosphere depends on sol紅
activity, the latitude, local time, and so on. Figure 1 shows an example of calculation by曲is

program. Molecul紅 ni住ogen佃 doxygen釘edominant below about 200 km, similar to the lower 

a回osphere.Above曲isaltitude，曲edensity of the atomic oxygen, which is produ田dby the photo 

dissociation of 02, becomes dominant. Helium prevails above about 600 km and atomic hydrogen 

eventually becomes dominant above about 2α）（）....3000 km.羽田泊白eregion of位ietopside 

ionosphere, 0, He, and H are血.emajor constituents of出ethermosphere.噴出iss住onglyreftec飽d泊
the ion composition of出eionosphere. Atomic and ionic He prevails in血isregion, while it is a very 

帥 orconstituent加白lowera回osphere.This is one of恥 peculiaritiesof悦 topsideionosphere. 

We will look at various as伊おtsof the ionic helium dis凶buti on加 latersections. 

Temperature is祖国po此姐tparar田町泊 de飽n凶ningthe thermospheric composition. It 

determines也ealti加deprofile of白ecomposition. However, since the temperature itself depends on 

白eabsorption of EUV radiation, which varies according to composition，総m戸ratureand composi-

tion must be solved self consistently.明白isthe“ultimate problem" of白eionosp】iericphysics”と it 
has not yet been fully solved. In most of studies, the temperature is given empirically b鉛edon 

measurement. 



14 I. Iwamoto 

Table 1 Modeled solar EUV irradiance [after Torr and Torr, 1985吋．

Uv Spec住umfrom 50--lOSOA Intensity Incident on E釘白（109Photons cm-2 s-1) 

SOLAR R..UX PERIOD 74113 76200 78348 7卯122 79050 

In飽rval Ion 

1 50--100 -3984 -4382 1.0337 1.2卯4 1.3710 

2 1αト150 .1497 .1687 .3623 .4419 .4675 

3 150--200 2.3683 1.8692 4.1772 5.3708 5.7024 

4 2αト250 1.5632 1.3951 4.7953 6.6473 7.1448 

5 256.3 Hell, SiX .4600 .5064 .8805 1.0331 1.0832 

6 284.51 Fe XV .2100 .0773 3.2613 5.2352 5.7229 

7 250ー300 1.6974 1.3556 7.5081 11.2278 12.1600 

8 303.31 S立I .8似）（） .6α）（） 2.9100 4.3380 4.6908 

9 303.78 Hell 6.9似）（） 7.7625 12.3424 13.8172 14.3956 

10 3飢ト350 .9650 .8671 4.3119 6.3164 6.8315 

11 368.07 MglX .6500 .7394 1.2891 1.“61 1.5355 
12 350--400 .3140 .2121 1.5298 2.3413 2.5423 

13 4αト450 .3832 .4073 1.0922 1.4330 1.5310 

14 465.22 Ne VII .2900 .3299 .6102 .7004 .7358 

15 450--500 3.25851 .3081 1.2120 1.6912 1.8229 

16 5αト550 .4520 .5085 1.2303 1.5496 1.6486 

17 554.37 OIV .7200 .7992 1.2943 1.4537 1.5163 

18 584.33 Hel 1.2700 1.5875 3.必08 4.0646 4.3005 

19 55ι“M日 .3568 .4843 .8732 .9985 1.0477 

20 印9.76 MgX .5300 .6333 1.6782 2.3242 2.4836 

21 629.73 ov 1.5900 1.8484 3.2443 3.6938 3.8701 

22 6αト650 .3421 .4002 .9609 1.2842 1.3672 

23 650ー700 .2302 .2623 .4521 .5149 .5388 

24 703.31 Olli .3600 .3915 .6363 .5152 .7461 

25 7飢ト750 .1409 .1667 .3439 .4046 .4287 

26 765.15 NIV .1700 .1997 .3647 .4178 .4386 

27 770.41 OIV .2600 .2425 .77印 1.1058 1.1873 

28 789.36 .7024 .7831 1.2870 1.4501 1.5140 

29 750--800 .7581 .8728 1.8909 2.3132 2.4541 

30 8α）－850 1.6250 1.9211 3.9211 4.5911 4.8538 

31 850ー900 3.5370 4.4325 9.7798 11.5292 12.2187 

32 9αト950 3.0003 3.6994 7.9445 9.3134 9.8513 

33 977.02 cm 4.4000 4.8400 8.5523 9.7478 10.2165 

34 950--1000 1.4746 1.7155 3.3468 3.8723 .4.0779 

35 1025.72 HI 3.5000 4.3750 9.5375 11.2αm 11.8519 

36 1031.91 OVI 2.1000 1.9424 4.2929 5.7459 6.1049 

37 1飢ゆー1050 2.4665 2.4775 4.7145 5.7798 6.的28

Fl0.7 c10-22wm-2ttz-l) 71.0 68.0 206.0 234.0 243.0 
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Another important parameter in determining the composition of白e血e口nosphereand 

ionosphere is, of course, EUV radiation from白esun. The ion composition of the ionosphere depends 

on EUV in a two-fold manner: ions are produced by EUV 食om曲e血ermosphericconstituents, which 

are themselves affec凶 byEUV. Information on山 sp即位alirr叫ianceof solar EUV has been 

provided mainly by曲eAE-series sa凶lites<5>.Typical modeled values of the EUV spec回創芭 shown

in Table 1紛.Table 2 shows photo ionization cross sections and Table 3 shows integrated ionization 

企叫uenciesrelevant to E紅白’Sionosphere<6>. 

Using出巴 neu位ヨIatmosphere and EUV radiation models described above, it is in principle 

possible to calculate an ionospheric model. While numerical simulations have been successful for 

several limited regions and problems, their use for global-scale calculations has recently k氾n

challenged＜丹羽.Since the ionosphere is s住・onglyaffected by such d抑制凶cf国組問Sぉ neutralwinds, 

a回 ospherictides，合iftmotion due to el即位icfields, and the bombardment of auroral p釘ticlesat 

higher latitudes，出esituation is complicated and it is difficult to calculate a completely theoretical 

model. 

In con佐・astto出e白eoreticalapproach, several empirical modeles based on observation have 

been developed. The International Reference Ionosphere (IRI) model developed by Rawer<10> is血e

most representative of these empirical models. Since it includes由巳ioncomposition, whereas most of 

others do not, it is very important to白isstudy. We will thus describe the IRI model凶 somedetail. 

2.1.1 IRI model 

百teInternational Reference Ionosphe胞 isa purely empirical computer model of白eionosphere; 

it is based on observations by ionosondes, rockets, satellites, and IS rad低 Itcalculates白eelectron 

density，，白erelative ion composition, and the electron and ion temperature when血elocation 

(latitude, longitude, and altitude), time (month, local time or w姐versal白ne)and solar activity 

(sunspot number, or Fl0.7) are given as inputs. 

Figure 2 shows the regions where the ionospheric p紅ametersare calculated<10>. First, the NmF2 

（白em蹴加umel印刷ndensity泊 F2region) is obtained ei血erfrom the CCIR model, or given by 

other method, such as from actual observation. Since the CCIR model is bぉedon a huge data base 

ob飽泊edfrom a worldwide ionosonde network, it is considered to be very reliable. However, since 

there are no observation stations over the ocean釘・eas,the model ex回polatesthe data for these紅eas.

The data企'Omthe topsipe sounder on ISS-b remedied白issho巾 om加g<ll).The IRI model estimates 

the peak hei悼tof the F2 region, or HmF2, by using M(3000) da旬.s飽託担g企'OmNmF2 and HmF2, 
自己elec住・ondensities of the lower and higher altitudes釘ecalcula飽dusing a specific functional form. 

For白etopside region，曲isfunctional form is Ne(h) = NmF2・Exp（寸~. where h is alti卸deandγ 

de戸ndson血elocation, time, and sol釘 activity.The value ofγis determined by出edata企'Om

Alouette-1佃 d-2 satellites. 
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Table 2 Cross sections of photoioniza低価阻dphotoabsorption for the main constituents卸値ie
thermosphere [after To町 andTorr, 1985紛］．
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Wavelength (A) 

50-1()() 

1似ト150

150ー200

2αレ250

256.3 

284.15 

250ー300
303.81 

303.78 

3飢ト350

368.。7
350-400 

4αト450

465.12 

450-500 

5似ト550

554.37 

584.33 

550-600 

6仰.76

629.73 

6似>-650

650ー700
703.31 

7αト750

765.12 

770.41 

789.36 

750-800 

8似ト850

850ー釧）（）

9α）－950 

977.62 

950-1αm 

1025.72 

1031.91 

1似均一1050

。
1.06 0.21 

3.53 0.53 

5.96 1.02 

7.55 1.71 

8.43 2.16 

9.26 2.67 

8.78 2.38 

9.70 3.05 

9.78 3.05 

10.03 3.65 

10.84 4.35 

10.70 4.25 

11.21 5.51 

11.25 6.53 

11.64 7.09 

11.91 0.72 

12.13 0.00 

12.17 0.00 

11.90 0.00 

12.23 0.00 

12.22 0.00 

12.21 0.00 

10.04 0.00 

11.35 0.00 

8.00 0.00 

4.18 0.00 

4.18 0.00 

4.28 0.00 

4.23 0.00 

4.38 0.00 

4.18 0.00 

2.12 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

0.00 0.00 

Photoio凶zion

He N2 

Photoabsorption 

0 N2 Ch Ch 

0.印 1.18 1.06 0.60 1.18 

2.32 3.61 3.53 2.32 3.61 

5.40 7.27 5.96 5.40 7.27 

8.15 10.50 7.55 8.15 10.50 

9.65 12.80 8.43 9.65 12.80 

10.印 14.80 9.26 10.60 14.80 

10.08 13.65 , 8.78 10.08 13.65 

11.58 15.98 9.70 11.58 15.98 

11.60 16.00 9.72 11.曲 16.00

14.60 17.19 10.03 14.60 17.19 

18.00 18.40 10.84 18.00 18.40 

17.51 18.17 10.70 17.51 18.17 

21.07 19.39 11.21 21.07 19.39 

21.80 20.40 11.25 11.25 20.40 

21.85 21.59 11.64 21.85 21.59 

24.53 24.06 11.91 24.53 24.06 

24.69 25.59 12.13 24.69 25.59 

23.20 22.叩 12.17 23.20 22.00 

22.38 25.04 11.90 22.38 25.04 

23.10 26.10 12.23 23.10 26.10 

23.20 25.80 12.22 23.20 25.80 

23.22 25.94 12.21 23.22 26.02 

25.06 22.05 13.04 29.75 26.27 

23.00 23.00 11.35 26.30 25.00 

23.20 23.81 8.00 30.94 29.05 

23.77 8.59 4.18 35.36 21.98 

18.39 8.69 4.18 26.88 25.18 

10.18 11.05 4.28 19.26 26.66 

16.75 9.39 4.23 30.71 27.09 

0.00 6.12 4.38 15.05 20.87 

0.00 4.69 4.18 46.63 9.85 

0.00 9.34 2.12 16.99 15.54 

0.00 2.50 0.00 0.70 4.00 

0.00 12.22 0.00 36.16 16.53 

0.00 1.00 0.00 0.00 1.60 

0.00 0.00 0.00 0.00 1.00 

0.00 0.27 0.00 0.00 1.10 
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Table 3 Photo ionization命叫uenciesfor the main constituents in the thermosphere[a伽rTo汀
and Torr, 1985<6>]. 

B創虫S組d AE 1974 
S伊cies Koc karts Epoch σ）74113 762叩 78348 7如22 79050 

(1973) Chemis住y

(sec-1) (sec-1) (sec-1) (sec-1) (sec-1) (seC-1) (seC-1) 

。＋（4S) 1.4（ー7) 9.903(-8) 1.092（ー7) 2.544 （ー7) 3.189(-7) 3.389（ー7)

。＋（20) 1.2（ー7) 9.023(-8) 9.591(-8) 2.358（ー7) 3.048（ー7) 3.246（ー7)

o+(2P) 5.275(-8) 5.563 (8) 1.400（ー7) 1.322（ー7) 1.9242(-7) 

o+(4P）帯 1.363(-8) 1.337(-8) 3.723(-8) 4.995(-8) 5.342(-8) 

。＋（2P勺＃ 6.糾6(-9) 6.171(-9) 1.708(-8) 2.292(-8) 2.450(-8) 

TOTAL o+ 3.2土1.3(-7) 2.92（ー7) 2.610（ー7) 2.801（ー7) 6.842（ー7) 8.781（ー7) 9.349（ー7)

02+ 7.C>.日.0(ー7) 4.29（ー7) 4.967（ー7) 5.429（ー7) 1.280(-6) 1.622(-6) 1.725(-6) 

N2+ 4.銑1:2.3（ー7) 3.1(-7) 3.6倒｛ー7) 3.888（ー7) 9.356（ー7) 1.201(-6) 278(-6) 

He+ 8.0土4.0(-8) 4.820(-8) 4.887(-8) 1.350（ー7) 1.802（ー7) 1.927(-7) 

co+ 4.026（ー7) 4.420(-7) 1.050(-6) 1.330（劫 1.415(-6) 

co2+ 6.421(-7) 6.972（ー7) 1.686(-6) 2.151(-6) 2.2'卯（ー6)

# inner shell 
1.4（ー7)means 1.4 x 10-1 

Relative ion composition is also provided by血eIRl model. For the topside ionosphere，血eda飽

食om曲eAEROS sateJlite02＞佃d血e000 sa句lJite(13）紅Eused. Since these two sa凶litesdid not 

sufficiently cover all space and time regions，血ecomposition model calculated 合・om血eIRl is not 

necess紅姐ycomplete血dmust be加.proved.Da飽食omthe ISS・bprovided the data needed for 

improvement. For the ion composition in白巴bottomsideionosphere，血Emain data sour℃es are仕om

rocket experiments. 

IRl also calculates血eelectron and ion tempera旬res.This calculation is based m剖凶yon IS 

radar and p紅tlyon AEROS observations. Furthermore，血eIRl model gives白eneu甘altern戸rature,

which is based on the CIRA model. H we assume diffusive equ出brium,for example，白edensities 

and tempera伽resof the plasma constituents should be related泊 aselιconsistent manner. It should 

be borne in mind血atthe IRl model is pぽ・elyempirical and does not produce a self-consistent model. 

Figure 3 shows an example of an IRl model calculation.百ieIRl progr加nis written泊 FORTRAN,

and c佃 easilybe implemen旬don a small PC. 

2.2 Ion compos揃onof E姐 dFl regions 

Figure 4 shows血eresults of ion composition me俗世ementwhich we made us泊gan ion m鎚 S

sp即位ometeron the S-10・8rocket. The time and date were, 17:45 JST (solar m凶白血gle:95 deg.) 

on Feb. 2, 1980. The geomagnetic index, "fJ(p, on that day was 16, so these results represent a 
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Fig. 2 Configuration of IRI mode1<10>. 

typical quiet day at mid-lati知dein w回，ter.Molecular ion, NO+, do凶na飽dthroughout泊施Eregion, 
but above 160 km白edominant 明記ieschanged rapidly to o＋.τ'he wave-like variations泊血eNO+ 
profile suggests血eexistence of dyn創凶calprocess in the E region. The chemical processes, which 
are described below, cannot explain such variations. To our knowledge, the dynamical processes泊
血eE region have not以渇nwell documen総d,so investiga出g血.eseprocesses is加.po此antin fu佃m
research. 

For the region below Fl，白eion composition is mainly determined by ion chemis住y.As shown 
加 Fig.1, dom泊antneu仕＇alcomponents are N2姐 d0, and the main ionization source is given by 
following reactions: 

N2+hv→N;+e .....…H ・H ・...・H・...・H・H ・H ・..........・H ・－－…H ・H ・.....・H・......・H・...・H ・.. (1) 

O+hv→o+ +e ....................................................................................... (2) 

百1eionization of 02; 

02+hv→o;+e ..・H・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・....・H・－…H ・H ・....・H・(3) 

is not泊lpo託佃t泊白isaltitt』deregion. 

百eN2+ produced by (1) underg伺 S由efollowing reactions; 

N;+o2 → o; +N2 ..・H・...・H・－－…・…・…H・H ・－…H ・H ・－……・…H ・H ・...・H ・・・…H・H ・－… (4) 
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N;+o→NO++N ....・H・....・H・－－－…日H・H・－….....・H・......・H・－－….....・H・.....・H・....(5) 

N;+o→o+ +N2 ... (6) 

rapidly changing N2+ to NO＋卸d02+, so白紙itno longer remains血edom加ants戸::cies.白E血eother 

hand Q+ underg伺s:

0++02→o;+o ....・H・......・H・.....・H・・・・・・・・H・－－….....・H・....・H・...・H・.....・H・....・H・－。｝

。＋+N2 → NO++N…・・ (8) 

so o+ also d偶 snot remain伽凶nantbelow白 Flregion.百edominant ion species m 血.erefore

No+血 d02＋泊白isregion.百iesemolecular ions are lost血roughthe following dissociative 
recombin組onreactions: 

NO++e→N+O…… (9) 

o;+e→O+O  ......・H・.....・H・H・H・－－－“H・H・....・H・H・H・－…・・H・H・....・H・....・H・－－－…H・H ・－ (10) 

As shown恒 Table4<14＞，白erates of白esereactions are very fast，岡山edissociative 
E即 ombinationsremove血emolecular ions very efficiently.百iefact伽 IN2+ is not a m話nconstituent 

while it is白emost abundant ionization product,姐d白紙NO+is a major constituent while neu回1

NO is very minor, is a very interes血gcons叫uenceof the ion chemis句泊 theionosphere. 

Let q be血erate of ionization, as given by (1), (2), or (3），組dH be曲Escale height of the 

neu回la回osphere.If we錨sumethe a皿.osphereis com伊sedof a single consti佃ent,q is given by 
theαmpman function<4>: 

q=qmexp[l-Z/ H-exp（ーZIH)seczl..・H・...・H・...・H・H・H・.....・H・.....・H・...(11) 

where也eheight Z is m回 S町叫倉町nthe point whe鴎 opti1伺Idep出版記omesm岨.ty,andχis血esolar 

zenith血1gle.If伽 ionloss reactions are given by白血s似 ativerecombination of (9) and (10），血.en
血eelec回ndensity, Ne, of the chemical句凶librium蜘1teis given by: 

q＝αNe2 ..・H・H・H・H・－……”・H・H・H・H・H・H・H・H・H・H・…H・H・H・H・…….....・H・............・H・.(12) 

where αis也eeffective recombination c偶 fficient泊回duc叫 byYone回waCIS>.From (11）血d(12), 
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Table 4 R回 ctionra陶 formain io幽恒也eion1価phere[a伽rRoble et al., 1仰が勺．’The
referen1側諸 inthe旬1bleare due 飴白eoriginal paper. 

Reaction 

e>i+ + N2→NO++ NO 

e>i+ +NO→NO++ 02 

e>i+ + N(2D）→ W+Oi 

0i+ + e→0 + 0(3p,10,1s)[Bl] 

ai+ + N("s）→ NO++ 0 

Nσ ＋e→o+ + N(2D,4S)[B3] 

0旬、） + H→W+O  

。＋c"s>+ N2 No+ + N("s) 

o＋（＇匂＋ Ch→0i++ 0 

0旬、） +NO→NO++ 0 

o+(2D) + N2 NO+ + N("s) 

0+(20) + e -+ 0旬、）＋ e 

o+(2D) + N2 -+ N2+ + 0 

N2+ + 0i NO+ + N2 

N2+ + 0→No+ + N(2D,4s)[B2] 

N2+ + e→N + N(4s,2D)[B4] 

N2+ + 0→o+ + N2 

N2+ +NO→NO++ N2 

W+O→o+ + H 

問手D)+Ch→NO+ 0 

耳目 elec町四飽mperature

百 E ion tempera旬お

羽田m唱回Itemp闘旬n
Tv =vi伽輔副飽mpera細胞

R伺ctionrate (cm3s-1) Reference 

s x 1σ16 Fer宮崎on(1974)

4.4 x 10・10 Linding1町 etal., (1975) 

2.S X 10-10 Dalgamo (1970) 

1.1 x 1σ有志且7for TeSlαlOK Toπet al. (1976) 

1.6 x 1σ7何回00)--0.SS；’l'e>lα）（）

1.8 x 1σ10 Goldan et al. (1966) 

s x 1σ·1~百筑間一1·0; Te>IOOO τ切Tet al. (1976) 

4.2 x 10-7σe/3凹1)--0.asfor 
Fe喝U剛 l(1974) 

τ出1似lOK

6.0 x 10「10 Lindinger et al. (1974) 

S.O x 10-13; TR<IOOOK 

4.S x 1σ14，σ＇R/300)2;TR> 1似lOK McFarl飢 det al. (1973) 

2.0 x 1σIIσ＇R/300)--0・4; TR<l800K 

1.3 x 1σ12σR/300）ー1・2;TR>1800K Fe喝略。n(1974) 

8 x 10-13 Lindinger (1974) 

S.6 x 1σ13 for TR<IOOOK Henry et al. (1969) 

7.8 x 1σ8(300/Te)112 Ru也erfordand Vroom (1971) 

1.0 x Iσ-9 Lindinger et al. (1974) 

s.o x 10-11σ凶凹1)--0.B;TR<3S回K McFarland et al. (1973) 
1.4 x 

IσJO，σR/300)--0.制[1-0.07σR/3伺1)0.21白血iet al. (Iタ76)

]: TR<ISOOK 

S.2 x 
1σIIσR/3凹｝ー。町1-0.07・σ＇R/3叩）。刊：

TR>ISOOK 

1.8 x Iσ1(Tvffe)--0.4 McFarland et al. (1973) 

1.4 x 
1σ10.σ＇R/3叩1)--0・44.0.01σR/3叩＇）0.21]: Fehs凶：eldet al. (1970) 

TR< I SOOK 

S.2 x 
1σIIσRI筑間0.20.0.01σ＇R/300)0.21]: 

TR<!:l筑lOK

3.3 x Iσ10 

抽 8 T. + 7'. / 16 Y. 
6.0x10－’0ー（ι4ー）－

9 九＋寄／16

S.O x Iσ12 

4.S x 10-13 

B創企s(196η 

Lln and Kaufman (1971) 

伽m et al. (1タ75)

Frederick and R凶ch(1977) 

τR国 relativereac飽ntkinetic tempe時価E
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Table 4 R1回 ctionra陥 form瓜nio凶泊 theionosphere [after Roble et al., 1978＜附］.The 
ref悦盟側面 thetable are due to the original paper.一冊ntinued

Reaction 

N(2D) + 0→N(4S) + 0 

N(2D) + e→N(45り＋ e

N(2D) +NO→N2 + 0 

N（匁） +Di→NO+ 0 

N(4s) +NO→N2 + 0 

NO+ hv→N(4s) + 0 

NO + hv -+ No+ + e 

N2 + e(fast）→ N(4S) + N(2D)[B5] 

N(2D)→N(4S) + hv 

Te = electron temperature 
τ＇i = ion t叩ipera館時
Tn = neutral tempera加m
Tv = vibrated tempe閣制問
TR = relative reac旬ntkinetic飽mpera側m

Reaction rate (cm3s-1) 

1.0 x 10-9σe/300)1/2 

7 x 10-11 

2.4 x 10-11exp(-3975庁n)

1.5 x 10-12Tn112 

8.3 x 1σ6 

6.0 x 1σ7 

1.06 x 1σ5 

Reference 

Rusch et al. (1975) 

Black et al. (1969) 

Wilson (1967) 

Phillips and schff (1962) 

S回 bel(1971) 

S回 bel(1971) 

Winters (1966) 

Gas信組g(1956) 

Ne=(qm／α）112 exp(l/2)[1-Z/ H -exp(-Z/ H)sec z].. ..・H・－…・－－・・H・(13)

百世sformula is well knownα”Chapman layer. Becaus巴出etime scale to reach也isequilibrium加the

E region is on血eorder of several seconds, the real distribution泊出isregion is considered to be ne紅
白ischemical equilibrium.百riskind of dis位ibutionhas been taken to be the “normal”state_ Any 
deviation 針。m血isdis凶butionhas been called an anomaly. Many kinds of anomalies have be氾n
identified05>, such as白eequatorial-, w泊ter-,and sur凶se-anomalies.We will discuss some of白e

anomalies observed by ISS-b泊 latersections. 

2.3 Composition of F2 and旬psideregions 

As shown in血eexpe出nen凶 datain Fig. 4, o+ prevails above the Fl region.百iemain loss 
pr田essesof o＋紅egiven by reactions (9) and (10). Radiative recombination betw田no+ and 

electrons is negligible because the reaction rate is very small.百ieelectron density, Ne, is given by: 

Ne= q I /J[O]/[N2] exp[0.75ZJH(l2)] ....・H・－－…....・H・－－….....・H・...・H・...・H・.(Iの

where~ is血eeffective attachment coefficient, [OJ血dlN2］釘ethe densities of 0 and N2, and H(12) 
is白escale height for an atom of 12 AMU. Equation (14）問presentsdistribution泊 which也edensity 

泊αe総es加deft凶telywi白血increas泊gal ti旬de.While we assumed a chemical equilibrium to obta泊
(14），自isassumption breaks at白ealtitude where the collision企equencybe割comessmall.明白altitude

roughly corres伊ndsto血emaximum electron densiザ泊白目 region価nF2).A加，vearound 
HmF2, the effect of diffusion becomes important and (14) no longer applies. Consequently, the 
dis凶butiongiven by (14) represents that between the Fl and F2 region_ It is also interes伽gto note 
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伽 tNe de戸:mison白e[O]/[N2］凶o.In severe ionos~heric stonns，血eelec卸価 densi~ has been 
known to decre鎚e合加tically.百tisphenomenon is considered to be due to the decrease泊白isratio 
cau鑓dby uplift of白elower atm凶phere.

百emost impo氏個treaction in the topside region is 

。＋＋Hf-→H++o.......・H・....・H・....・H・－…............・H・...・H・.........…...・H・....・H・－…（15)

Alm国tall曲eff＋泊血etopside ionosphere are produced by曲ischarge町田sferreaction. D註ect
photoio凶盟組onofneu佐官IH by solar radiation is negligible.百tedensity of ff+ due to the chemical 
eq幽 .briumof (15) is given by 

[H+] = 9/8［町［0+]/[0]............................................................................... (16) 

[H+] increases with白escale hei前tof H(7)(16>. 

Next to Q+ and H+, He+ is血emost important species in血etopside ionosphere. Because血eHe 
atom has the highest ionization pot印刷， He+cannot be produ田dby charge回 isfer.百iemajor 
回1urceof He+ is photoio凶zation:

He+hv→He+ +e ....・H・......・H・....・H・.....・H・...・H・.....・H・...・H・－－－－…H・H ・...・H・.......(17) 

百ieproduction m旬 of由isreaction is -10-7/sec＜め.s泊ce白eoptical dep由旬白巴topsideregion 
is small, production of He+ is propo凶onalto曲ene山富IHe density.百iemain loss process for He+ is 

He+ +N2→He+N; ...・H・...・H・...・H・...・H・H・H・....・H・....・H・.....・H・－－…H・H・－－……（18)

When自己 che凶伺1叫uilibriumof (17）血d(18) holds, [He+] inαeases with the alti伽deat a 
鉛alehe~ght of H(24), which holds below about 600 km. According ω血eOGO阻 dISIS satellite 
observ柑.onsd町ing回1larminimum, He+ is a minor constituent around 1αm km. However, we will 
S民 laterfrom ISS・bobservations伽 td町泊gsolar m邸加umperi叫s[He+] becomes comp紅ableto 
[Q+] or [H+], or He+ even becomes the dominant s戸des.百iedominance of He+ during solar 
maximum w鎚 alsoobs釘vedby the DE・2satelli凶1η．百ieHe+ observation da絢仕omISS-b was very 

gα刈 inquality佃 dgave卸加1po瑚ntda旬 b鎚e.

In con住astto住民eobservations, we will飽kea look 鉱山evertical di柑ibutionobserved by 
rocket experiment. Figure 5 shows a schematic diagram of the ion-mass spec国間取launchedon the 
L-3H・9rocket.<18> on August 16, 1977 at 20:15 JST. A勿picalm錨SSpt割ctrumob飽泊edduring白is
flight is sho・明 E凪Fig.6.百泊squadrupole mass spec回m出 rhas a M酔.erm錨sresolution白血血e
Bennett ty戸 on泊施ISS-b，回出emass pe山 at1 +(ff+), 4+(ffe+), I 4+(Nつ，16+(0+),and 1s＋伺20+)are 
cl回rlyiden雌 ed.百sm蹴 18+is iden岨叫鎚 H2o+rather白anIBQ+ b蹴 don血ei回旬1picratio. 
H20+ is not a na加ralion面白eionosphere, rather is組 artifactof也erocket observation.百tesame 
kind of situation was m戸市dby Brinton et al.<19>. In由ecase of satellite observation, Hoffman<20> 
po泊凶out伽 1tthe [18+] d即関紙Sgradually folio叫nglaunch, which is evidence of outgas血gfrom

由eins町田nents.

百ieheight profiles of four ion species observed by血eabove rocket experiment are shown泊
Fig. 7. It is s関n白紙 o+is dominant at lower altitudes組d伽 tff+ becomes dom泊antat higher 
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Fig. 5 Schematic drawing of the m魁 Sspectrometer for L・3H・9rocket experiment [after Sagawa 
et al., 1980<18>]. 
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日g.6 Mass spectra obtained from L・3H・9[after Sagawa et al., 1980<1め］．

alti加des.百e釘叩sitionheight between them is about 700 km.百iedensity of N+ is a加ut10%白紙of
o＋卸d白isratio does not change much俗曲eheight changes. It is app釘entfrom也isobservation 

白紙N+is also an important constituent in the topside ionosphere.’There have been few repo出 about

由eN+ dis凶butionbecause it is difficult for most of the m飴 Ssp即位ometerslaunched so far to 
resolve N＋合omO+.Since血esituation w鎚白esame for the ISS-b ob唖ervations,it also was not able 

to analyze N+. However, N+ should be s佃diedmore thorou酔ly泊釦turemissions. 

From the dynamical po泊tof view, N+ is expected to behave like O+, because their masses are 
similar, but仕omthe chemical po泊tof view, N+ should behave differently白釦o+because N+ does 

not have a strong coupling to H+, like o+ does.明ieEXOS-D satellite observations have provided 
gα刈 N+data<21> since its mass spec佐＇Ometeris able to dis白1伊ishN＋合omo+. 

Figure 8 shows the height dis凶butionof白e凹＋］／［Q+]ratio from the L・3H・9experiment.明白

ratio has different slopes below a加ut500 km佃 dabove about 700 km. In the lower region, it is 
believed白紙 thechemical equilibrium of (15) holds and白紙偽e[ff+]/[Q+] ratio is proportional to 
p司／［OJbecause of (16). We c佃 ob匂泊白etempera伽reof the neu回Iatmosphere f旨omthis portion of 
白eplot. The dotted line泊 thefigure shows白elinear regression of the observed血1tapoints，金om

which the neu位置Itempera制民 isestimated to be 800・'k.
百iehigh巴ralti知decorresponds to the region of diffusive equilibrium, which is discussed泊恥

next section. The slope in白isregion gives the ion temperature, T1. Linear regression佃 alysisgives a 
T1 of 2800k, which is a bit higher由加 thatmeasured 曲目tlyby the Explorer 32 sa飽:lliteC22）.明白

discrepancy may be at回butedto assumption of血巴 diffusiveequilibrium. Since the L・3H・9
observation was done面白eevening, rapid recombination had already occurred in the lower 
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ionosphere and血epl鑓main血etopside ionosphere had 蜘 rtedto move do・明 iward，防団組ng血e

diffusive equili肱iumcondition. 

τbe也necons旬ntsof chemical-and diffusive－珂凶H凶um,i;, and i;, are shown in Fig. 8.百iese
time cons泊ntswere泊.trodu田dby Marubashi et al. <23> and血.eyare very useful for charac臨 izingthe 

topside ionosphere. Marub総hiindicated that chemical珂凶libriumd田snot hold when the value of 

icl'rd e~田叫S 0.01-0.05, which is consis回 twi白血efigure. We have蹴 n初出is鎚ction白紙

chemical reaction阻dd卯鉱瓜cal紅溜1Sport由roughdiffusion play a major role恒也E旬1pside

ionosphere. 

2.4 Composition and chemis旬 in曲eD region 

Collisions are very加.por凶 t泊齢Dregion, causing various chemical pro田S蹴 ω飽Iceplace. 
Since sa飽Hitesdo not回 :verse泊施 D region, almost血eonly method for m回sur泊gthe ion 

composition in血eD region is血roughrocket observation. We develo戸drocket ion mass 明記釘叩ie-
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Fig. 9 Schematic drawing of the m鎚sspectrometer on board S・310・8R1創虫比

ters to study the D region. A schematic diagram of the mass sp即位ometerwhich W鎚 launchedon the 
S-310-8 rocket is shown in Fig. 9. 

It was a quadrupole mass spec位。meter,or mass filter. Since a pressure below about io--5 Torr is 
necessary for the s戸~佐ome旬rto operate normally, and the ambient press凶e面白eD region is over 
about 1σ・2 Torr, differential pumping is needed. A tita凶umgetter-pump is therefore used. 

百ieanalyzer路ctionis evacuated and sealed before曲eflight and the top cover is broken off 
with a pyro飽chnicac旬atorwhen the rocket reaches白eD region. A reliable mechanism is needed to 
ensure bo血 atight vacuum s回Iand easy break-off. Both the di貸erentialpumping inlet orifice佃 d
the ion flux are small, so a channel electron multiplier (CEM) is used to detect the selected ions. 
Since the CEM needs a high voltage so町・ce,the elec佐・onicshousing is press町包；edto avoid el即位ical
breakdown. Since ion mass spec位。metersto me鎚ure曲eD region need a complex configuration, 
very few experiments have been done so f紅白血eworld. 

Figure 10 shows a typical mass spectrum obta加ed合om白eS-210JA・12rocket, which was 
launched仕om白eAn回・cticaSyowa base＜拘＜25>.Masses of 37+, 48+, and 66+ were detected, along 
wi白 twomajor ions species: 30+(NQつ佃d32+(02＋）.百eformer masses are identifiedぉ，H3Q+H20,
NQ+(H20), and NQ+(H20)2, respectively.百ieions wi血（H20)0molecules紅ecalled water cluster 
ions.明ieexistence of these wa旬rcluster ions is the most prominent f伺伽mof白eD region. Let us 
look at白esewater cluster ions泊 moredetail. 

The main ionization so町田恒白eD region is x-ray radiation, because the solar EUV radiation is 
absorbed almost completely in the F and E regions. The main x-ray ionization produc包紅eNz＋卸d
02+. However, Nz+ is rapidly converted to NO＋組d02+, as in出eE佃 dFl regions. Another 
important source peculiar to the D隠gionis the ionization of NO molecules by Lymanαradiation 
（λ＝ 121.6 nm), because the Lymanαradiation is not absorbed泊血eE region and its intensity is 
very s住ong.NO+ is a very important ions in曲eD region. It is particularly important in the high 
latitude region, where the concentration of NO is enhanced due to auroral el即位onprecipitation. 
百lUS，白eprim紅yion species泊血ED region釘eNO+ and 02＋.百ieseions undergo a vぽietyof 
chemical reactions shown in Fig. 11<26>. First, 02+ reacts with 02 and then with H20: 
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町g.10 An偲ampleof m舗 SSJM国E刷 min the D region油田:rvedfrom the Anta四ti伺 rocket
S-310JA・12[aft町 Fugonoet al., uns＜勾］.

0;+02+M→o:+M ....・H・－－…・....・H・－…・....・H・...・H・H ・H・.....・H・......・H・－－…・（19)

o:+H20→o;(H20)+02…H・H・－…H・H ・...・H・H・H・－…H・H・...・H・H・H ・.......・H・－。。）

to form <>i＋ 制御 clus町 ions.Next血ision react further wi白日20:

o; + (H20) + H20→H30+ +OH+ 02 ....・H・...・H・...・H・H ・H・.....・H・....・H・－－…（21)

→ H3o•co町＋ 02··・H・．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．｛均

H30+ (OH)+ H20→H3Q+ (H20) +OH ...・H・....・H・－…....・H・...・H・....・H・－…・。3)

H30+ (H20) + H20 + M→H30+ (H20)2 + M ....・H・......・H・......・H・.....・H・－・（2の

H3Q+(H20)0 + H20 + M→H30+(H20)0.1 +M  ...・－・…......................（お）

Eventually the ionization s旬同時金om02 + is conve市 d泊.toH30+(H20)n, where n is an紅hi住ary
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Fig. 11 Chemical r回 ctionsof the P倒蹴veio田 in白eD-region [after Ferguson et al, 1979附］.

integer. NO+ pr1町田dsdifferently. It first reacts wi血C02to fonn cluster ions and白eC02 is replaced 
by H20 to produce wa飽rcluster ions. However.，血isclustering does not go on indefi凶包ly.百te
reaction: 

NO+(H20)3 + H20→H30+ (H20)2 + HN02…H・H・...・H・...・H・...・H・.....・H・.(26) 

converts NO+ clusters to H30+(H20)n clusters. It might be白ought血atn grows inde街並telyto 
produce water droplets. However, de戸:nd加gupon the ambient tem戸rature，白ereverse reaction: 

H30+(H20)n +M→H30+(H20)n・I+H20+M ..・H・....・H・.....・H・－－…H・H・.(27) 

C佃 takepla1白血da chemical balance can臨時achedat some spec泊cn value. Noctilucent clouds 
are occasionally observed over high latitude regions. Al曲oughit has been s戸cula凶白紙（25）叩d
(27) are related to their fonnation, rigorous proof has yet to be done. 

2.4.1 Negative ions in曲eD region 

The existence of negative ions is another important characteristic of the D region<2η. It is well 
known白紙出eel即位。ndensity profile has a“ledge”s回 C伽路加theD region.古語sledge is due to 
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the fonnation of negative ions below about 80 km. Negative ions are produced by two following 

reactions: 

e+02+M→Oよ＋M....・H・....・H ・－…H ・H ・－－…H ・H ・.....・H ・....・H ・...・H ・.......・H ・....(28) 

e+02 →0・+O ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・…・ (29) 

N2 and N do not form negative ions. It W鎚 oncethought白紙泊施dom姐antnegative ions were ~ -or 

o-. When there is 回1紅 radiation~－is detach叫 by血ereaction, when hv is grea町血an0.44eV（λ 
= 2.0 μm). 0-has s加温arel民国naffinity但A)value.伽曲eo血.erhand, detailed observations of 

VLF ab問中山nat s四国鎚 revealed白紙曲eradiation戸SS泊g由rou酔血sozone layer causes 
phot1叫S国 bmentof血enegative ions, so only direct UV radiation伺uses由edetachment.百iatis, 

negative ions with el田岡naffini錨esg田町自制~－ orσdo exist泊白sD region. D佐田t

m伺s.urementby rocket rev回led出snegative ions加 questionto be N~－ and N03-. 

02-+hv→02+e ......・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・H・H ・H ・－… (30) 

Table 5 shows血enegative ions iden幽dby rocket experiment by Arnold and Viggiano<28＞.百e
reaction chain that produ田SN~－ or NOJ-is shown泊 Fig.12c拘．泊施 timen関白dto produ田

02－・→Q4－→C04－→C03-is considered to be very short. However, C03-.undergoes two reactions: 

coよ＋O →02・＋C02....・H・....・H ・...・H ・…H ・H ・....・H ・......・H ・.......・H ・－…H ・H ・－・（31)

CQ3-+hv→ 0・＋C02・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (3均

so血Ecomposition return to original one. Only a small倉百ctionof血eco3-reacts鎚

CQ3-+NO→N02-+C02…H・H ・......・H ・－－－…”H・H ・....・H ・.....・H ・....・H ・－………（33)

to produce N~－. Since NO is minor αm副知ent,血erate of N~ -production is very small. But 

because N~－ has a large electron affinity of 3.9伐 i包 concen岡山neven側副lyincrea蹴．

It is in飽res出1gto note也ata-co凶dbe路enin Fig. 12.百ieEA of c1-is 3.82 eV, which is 
com阿曲1leto白紙ofN~－. It is血ought白紙c1-also a回.umulatesbelow血eD region.百:iemain 

m佃ralsource of Cl is considered to be me回 1rs,but m田ntly佃朗自r句ogenicsource has been 
i也凶fied,partic叫arlyfor血es回同仲間.This source is the chloroft.uoro c的佃s(CFCs) used for 

α>0ling組 dwashing agents. About one million tons of CFCs are w叫U偲deach y回rin白eworld 
and most of也.emare eventually released泊ω白ea回.osphere.When白巴yrise above血es回tosphere,
they are p加ぬ－dissocia旬dand F叫uceCl. It is well known白紙由isCl des位oysozone by 
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Table 5 The m踊snumbers of ions observed面 D-regionand 
tb曲 chemi四Iiden雌個伽＇n[after Arnold and V抱giano,
1982＜お：）］.
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耳目tativeion identity 

o-. o~ 
02-

c1-

N02-, Si0-(44) 

CIO勺臼ー（H20)(51)

N03-, c03-HC03, SiQi-(60) 

胸

一

凶

匁

お

必

勾

L

A

U

’o
o
o

，。

ζ
J

’u
a
u

，O

弓， Si03-, C04-

6侠H20)

“（16) 

76但20)

78(H20) 

76 (28) = Sb03-

76 (32) = Sios-

8
2
4
6
K
M
W
 

守
，
。
。
白
ヲ
凸
ツ

H
M
H
H

03+Cl→Cl0+02，組d......................................................................... (34) 

血 d

CIO+O→Cl+02 ....・H・...........................................................................(35) 

That is, Cl destroys 03 ca旬lytically.If there are elec佐・ons,however, CIO is rapidly converted into c1-
白rough血ereaction: 

CIO+e→c1-+o.…H・H ・...・H・...・H・－…・H・H ・....・H・...・H ・...・H ・....・H・.....・H ・......・H ・（36)

c1-is very stable as sta凶 a加・ve,and d田snot react to des回 y03・羽ronget al.側 proposed
conservation of the a回 osphericozone曲ough白ism田加凶mby e曲血C泊g血eel町田ndensity 
wi血 hi酔－powerradio waves. Al血ough白ispropoぬIis not immediately applicable, it d田ssuggest 
the import血 ceof ion chemis句 forthe ozone problem. 

2.4.2 Ion compos揃onin曲elower atmosphe開

In曲es回 tosphereand below, cosmic rays are the primary ioniz副onsource；曲位 normal
concen回 .tionis considered to be on the order of 103!cc down to ground level<30>. Several rocket and 
balloon experiments泊由es凶.tospherehave measured出epositive and negative ion composition＇【＇31),
It was found白紙forthe positive ions, the dominant ions are type H3Q+(H20),,, and for the negative 
ions, clu蜘：rsincluding NQi-and HS04-have回 nidentified. 
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町ig.12Che副阻Er鴎 ctionsofぬene伊錨.veio田 hthe D・町gion[after Fe曙由。net al噌 1979酬＇］.

Mass spectrome凶cobservations at ground level have also以期la伽mp包d(32｝－（拘.Although high 

pressure hinders precise me鍋田宮m聞tsat ground level, similar cit旭町ionswere identified in曲e節

目戸：riments.We u民da mass spec回 m蹴 rdeveloped to measure血eionospheric D region to de協 t

a佃 .osphericpollution<35>. UV ionization from a miαowave discharge lamp w飴 us剖 tosel田tively

ionize位協epollutants which have lower ionization potentials白叩白edom加antsp田ies,N2 and 02・

2.S Ion composi錨onof the plane旬ryionospheres 

2.5.1 The ear血－likepl阻蜘

百ieinnermost planet. Mercury has no appII配 iablea伽iosphereand hence has no ionosphere. 

Since many spac田raftshave approached袖：nus,the ionosphere of Venus h鎚 been泊vestigatedmore 

血.orou前lythan other pl組出， except也eE紅白．百iePioneer Venus Orbi旬：r(PYO) for example, 
ob鎚rvedVenus for more白血 tenyears. For Mars，曲eV出ng・1組 dV注泊g・2investigated血e

M副加tiono唱phi巴m for a sho民自nebefore landing. 

Figure 13 shows the ion composition of the Venus ionosphereぉ m伺 S田凶 by曲ePioni田r

Venus/BIMS experiment by’faylor et al.<36>. Figure 14 shows that of Mars as m回suredby曲eRPA 

on the V虫泊gSpacecraftC3η. It is well known血at血emajor constituent at白esurfaces of Venus佃 d

Mars is C~. 
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Al血.oughthe ground-level pressure on Venus and Mars is about 90阻dO.Ql times伽 ton E紅白，

res ix凶 vely,at about 120 km，白edistribution of the neu回Ia回osphereof bo出pl組拙isnot much 
different企・om白紙ofthe E紅白．τ'he紅ansitionheights企・omCOi to 0 are 160 km for 渦：nusand 200 
km for Mars.’The primary photoio凶zationproduct is血ereforeC02 + and o+ for lower and higher 
altitudes, respectively. At lower altitudes, C02+ is rapidly converted to 02＋出rough出ereaction 

C02++0→02++CO…....・H・...............・...............・－…...・H・.........…………。7)
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Fig. 15 Varia舗onsof the position of the Venus ionopause observed by the Pion偶rVenuslOIMS 
[after Taylor et al., 1979(38>]. 

02 + dominates the ionospheres of加出 plan出．百scai＋泊加出 planeぜ a旬iosphereplays a 
role similar to N2 in血eE紅白’s.A p副 of02+ is converted to NO+ by 

02++N → NQ++Q H・H・...・H・－－….....・H・....・H ・...・H ・H・H・－…H・H ・－…・・・H・H ・...・H・－・ (38) 

The concentration of NO+ is comparable to that of C02+. Ionization reaches maximum at白eregion 

of 02 + dominance, which corresponds to E紅白’sE region, and the height profile is like a pure 

α－Chapman layer. 

On the o白erhand, at higher altitudes, o+ is lost伽uughthe 

Q++C02 →02++co ............................................................................. (39) 

reaction, and由edensity of o+ is determined by 

(Q＋］民［0]/[C02]........................................................................................ (40) 

For白echemical equilibrium condition, the scale height of血.e[O+] is H(28). But unlike on E紅白，血e
diffi』sioneffect becomes important above about 200 km. 

Another加.portantdifference between 砲nusor M紅sand出eEarth arises due to血eabsence of 

姐泊凶nsicmagnetic field for bo白plan拘.Mars may possibly have a weak magnetic field, which is 

a target of research for future Mars missions. While the Earth and most of the outer planets have 
恒国nsicmagnetic fields and白usform magne旬sphe民自eionospheres of Venus釦 dMars泊1teract
directly with由Esolar w恒d.A typical example, as observed by PVO/OIMS<38>, is shown in Fig. 15. 

The position of the ionopause varies significantly dependin~ on白ed抑制凶cpressure of the 
solar w泊d.It is泊teres出g白紙血.ereseems to exist some m田har由m泊 which由eionospheric ions 

紅eaccelera飽d卸血isinteraction. 

τ'he hatched area泊 Fig.16, also obtained仕umPVO/OIMS<39>, indicates the existence of 

supra血 rmalions. OIMS was unable to i也ntify血Especies of these suprathermal ions. It is an 
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Fig. 16 Suprathermal io田 inthe Venus ionosphere observed by the Pioni田rVenuslOIMS [a債：er
Taylor et al., 1980<3効］.

in飽：res白igquestion whether血eacceleration in白eVenus ionosphere is six凶1紅 to白紙ofthe E紅白’s.
We propo鈴d佃 advancedmass佃 denergy analyzer for a planned Japanese Venus exploration＜相｝．

百iistype of analyzer has become populぽ andindispensable for studying E紅白’smagnetosphere. So 

f紅， thesuprathermal ions泊泊施 ionospheresand magnetospheres of o恥 rplan時 havenot b伺n

sufficiently佃 alyzed.Siinultaneous m鎚sand ene培yanalyses will provide valuable information 

about the processes匂kingplace on other pl卸 ets.

It has been sugges匂dthat the ionosphere of Mars is very s泊ril紅 ω白紙of砲nus,however, data 

on the Mars ionosphere are very scarce.百ePhobos mission had a good oppo首脳岨tyto explore血E

Mars ionosphere. Unfortuna凶ya communication failure liinited血.eamount of data E田 eived【41>.New 

U.S. spacecraft to Mars is also missing r巴cently.Japanese scienti臨 havea plan to send a Mars 

orbiter, PLANET-B, in 1998. We hope白紙白ismission will solve many unanswered questions about 

血eMars ionosphere. 

百iecomets are more like the inner planets.百ieGiotto spa四craftapproached to wi出泊 600km

of the nucleus of Halley’s comet and provided加.po目antinform柑onabout its ionosphere. Balsiger et 
al.<42> found白紙 H20+,H30+, OH＋，卸dQ+ were the major ion species. Data from由eGiotto is 

reproduced泊 Fig.17. Other ions, such as c+, CO+, C02+, CiHn+. which included a C atom, ands+, 
H2S+, CS+, and S02+, which include加 Satom were identified. 

D註即t泊teractionbetween the ionosphere and the solar wind is also si伊ific叩tfor comets. 

However, for small comets, the effect of gravity is less significant and出e泊.teractionbe何回n企田

expanding neutral gas佃 dthe solar wind is more加.portant羽ierefore，血 ionopauseis not formed 

for Halley’s comet as it is for泊施Venusionosphere，泊S飽ad,a“contact S町face”（CS)is formed at the 
boundary. At血isCS, a dynai凶cbal組問between白emagnetic press町egradient and the drag force 

of ion-neu回 lgas is established.百ie泊.te甲l血糊ryma伊eticfield prevails ou俗ideof出isboun也ry,
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Fig. 17 Ion伺 1mpc踊伽10of曲eion1田phereof comet Halley ol闘円eelby伽 Giottof町四［af加
B叫sigeret al句 19踊；（42)].

阻 d血m is almost no ma伊.eticfield恒side.Figure 18 shows the CS as observ叫 by曲eGiotto 
[Balsiger et al., 1986）.百ieCS is loca凶 4600km from the surface of E弘lley’scomet It is ct伺 rly
seen白紙血悶arediscon血凶tiesin the velocity血d飽：mperatureat the加m血ryand白eion density 
varies as r1泊.sideand as r2 outside.百 edependence of r1 sugge蜘 phot田hemicaleq凶librium
[ibid.]. 

2.5.2 Outer planets 

Since ou飽rplanets, such as Jup憎むSa飢m,and Uranus, do not have a rigid surface，血eal ti佃.de

of血eionosphere usually refers to也atwhere the pressure is 1 mbar (h田tcトP1蹴 al）.百ieneu位叫

constituents of the up戸ra皿osphereof these plan出 havebeen iden岨edby photome凶cobsぽva-
tions伽 m白ee紅白錨 mainlyH2, wi血someHe, CH3, and NH3・百iesepl組曲 havem血ers凶 ng

恒困nsicmagnetic fields, so they have ma伊仰spheres.Auroral activi値鎚 havealso been identified 

for Jupiter and Saturn.官iemagnetic蹴isof Uranus lies almost恒也巴即日：pticplane. So far, no d恒国t

measurement has been done for白.eseou包rplan臨．百iecomposition of these planets h舗以割問

S卸di叫自問1reticallyby using由eet民国ndensity profiles obta加叫 byradio occ凶旬.tion.Sin関白e

major neu佐直Iconstituent is H2，伊首naryionization is 

H2+hv→H2++e (-95%) ..・H・.....・H・－…H・H・........・H・....・H・....・H・“・H・H・－－－…（41)

→H+ +H+e (-5%) ..・H・－…....・H・－…....・H・.........………...・H・－－…（位｝

H2+ uncle斑伊'8the following reactions: 
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Gio油掘MS[af加 Dais抱：eret 払 1986≪句.Note白紙 thedis岡田 from伽 comet,馬is
shown in lo伊ri曲micS個le.

H2++H→Hl+H ........………………........…...・H・－…...・H・－………………（43)

H3++e→H2+H ..・H・..........・H・......・H・－－……...・H・..........…・H・H・－………・……（44)

τ1国eff+ loss pro偲 SSis 

H++e→H+hv （α＝ 10-11cm3 /sec) ....・H・..........・H・...・H・....・H・....・H・........（栢）

Bee副総 reaction( 45) is slow.，也elifetime of ff+ is very 11叩 g血dben1回日＋ is considered to be a 
maj1ぽ ioncomponent at higher alti伽des.If only血ecbe凶伺Ibalan田 be町田n(42), (43），血d(45) is 
鍋sumed，白eionization dis凶.butionshould be Chapman-like阻 dthe maximum altitudes of也S
ionosph~re should be about 650 km for Jupi旬rand 1200 km for Saturn. Compari回nwi曲
observational profiles ob凶nedfrom the Voyager show白紙 forJupi町， agr田岨聞t恥抑伺n血伺ry
佃 dobservation is g似xi,wi白 somesmall un田市inty,but for Sa佃m，血edegree of agr田mentis 
rather w伺 k(43）.百回1retical組 dob総rvationalprofil，凶of也eJu pi飽rionospbe鴎 arecom戸red泊 Fig.
IS附1>.It should be poin飽dout白紙 agr田：mentbecomes b倒er首位iereaction be同時nff＋卸d
vibrationally excited H♂， 

H++H2＂→H2++H ……........………H・H・－…........…........…….........……・（46)

is泊keninto account<44>. 
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町.g.19Com抑凶却10of the observed ~佃rveA) by Voyager 1 and個lculated(C町 veB, C, and D) 
ion dis凶butions面白eJupiter ion個ph町E[after McComell and Maj偶d≪崎＇］.

Saturn ionosphere 
(water model) 

回g.20Am叫elof the chemi個 Ireactions in也eSa佃mion1田：phere紐kingthe匂ainfall”from 
白ed曙［aft町 Waiteand Crave田， 1987≪崎］.

For Saturn, a “Saturn El田町蜘.ticDischarge”（SEO) has been found. Local伽iedis回butionsof 
由.eto旬Ieli田岡ncontent但官C)have hぉnob旬泊edby mo凶.toring血ecu to：貨危珂uencyof the SEO泊

働問uatorialregion.百eres山 suggest伽 t血Eden拘 is蜘 low泊制sregion compar叫 ω
曲悶y，回thelife伽 eof ff+ should be shぽ町出血悦也印刷伺Imαlei.It wぉ alsofound白紙血e

densityw鎚 correlatedwi血血erings of Saturn. From白.eseobserv組 ODS,better agr田mentisob凶ned
if wa飽rprecipitation，位、話n”，金om血erings is assumed. Figure 20 shows the reaction scheme 

when H20 is assumed.百四ugh白ereaction chain ff+-+H20+-+H3Q+, H20 ca凶y首回llydes回 1ysff+. 

旬ieres叫出g戸ofileis shown泊 Fig.21≪相：）.An “equatorial叩 .omaly”existsalso泊白eSa加n姐卸
ionospb巴出物．

百e渦1yag町 m回sm叫血eion田：phereof Uranus. It found multiple layers伽 tex蜘 dsa加1ve

10訓mkm, d血ough血ereliab泊tyof this measurement is low加causeof high background noise. 
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Fig. 21 Modeled distribution of ion density in the Saturn ionosphere assuming rain fall 針。mthe 
ring [after Waite and Cravens, 1987岬＞］.
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町1g.22 Modeled ion composition of the Uranus ionosphere assuming CR, fall [after Chandler 
岨 dWaite, 1986<4η］. 

百ieexistence of multiple layers suggests白紙Uranusalso has p11田ipi凶 onof H20 or C~ from its 

rings<46>. Because the rings of Uranus look darker曲叩thoseof Saturn, CH4 is more likely血anH20 

to be白em司jorring constituent. 

Figure 22＜明 showsa血回＇reticalprofile of血eU聞 iusionosphere assuming CH4 precipitation. 

ff＋佃dH3+ are血Edon岨nantspecies, as白eyare for Saturn, but CHs＋ 佃 dCH3 + extend to a higher 

altitude. 



Ion composition of the topside ionosphere 

(a) 

(b) 

(c) 

Dlff1蝿ive
equilibrium 

d重量 Inwardpl田mafl側

f ¥ 習量 Ex蝿蝿同踊ma
¥ ) -- W田副聞

一l剛副司F畑 maftow

L側酬踊ma
pressure 

Fig. 23 Schematic細田tra銭。nof di血sionofぬeion晒pb剖 cplasma. 
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百eionospheres of the ou卸 pl組曲 sa旬:lli飽sare also very泊飽res伽g泊 termsof曲eirionic 

composition. Jupi飽r’sIo s蹴 llitehas佃 SC>iatmosphere，回 itsmajor ionic component is se>i+. 
Saturn’s Ti飽nhas an N2'CH4 a回 osphere,so its main ionic s戸:ciesis believed to be H2CW.百ie
ionospheres of bo白隠旬llitesstrongly affi巴ct恥 ionospheresand ma伊仰spheresof their mo血巴r
plan出．

3. Ion transport proo悶 esin the ionosphere 

3.1 Ion dift'usion in the旬1psideionosphere 

百eion composition泊 thetopside iono.叩1hereis s回inglyinftu回目dby血e仕留tsportpr1田esses.

When血.ereis no el田岡cfield, diffusion occ町salong血egeomagnetic field. As shown schematically 

卸 Fi~. 23，血eionos~heric pl鎚mausually flows downward (c舗eb) or upward (c舗ec). A special 
case is diffusive equilibrium (case a）白紙occurswhen there is no flow.泊施 ionosphericplasma is 

usually泊 aflow 糊，teand very seldom加 di蜘siveequilibrium, particul紅Iyat high latitudes. 

However, diffusive句uilibriumis a very convenient con回：pt錨 ani由al由旬.c総es(b）佃d(c) 
corres伊indto血.enight and day ionosphere, respectivelぁwhileC蹴（的 mightbe regarded鎚佃
average s阻.teafter geomagnetic activity has subsided for several days. 

Geomagnetic disturbances田 C町貨珂uentlyduring solar maximum periods. Enhan田:mentof 

convection due ω曲esestorm prevents diffusive eq凶librium.Accord泊，gto numerical simulations<48>, 
relative calm for one or two weeks is necessary for叫uilibriumto be established. Satellite 

observation near g印 S飽.tionaryorbit also sugge蜘白紙 ittakes about 3-7 days for the g回 magne姐c

flux tubes to refill<49>, making diffusive equilibrium a real occurrence. 
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Now let us discuss fundamental equations governing白isdiffusion process.百iecontinuity 

equation for the density of the i－白 particle,Ni. is given by 

警＋V州 ＝日間

where u;, P;, 印dL; are血evelocity, production rate, and loss rate, respectivelぁof血ei・白pぽticle.
百ieequation for momentum conservation is 

where 

au. み. 1 み＇. Z.e T'""I 

-2..+u，」 ＋g＋ーーと一一」E=LV;k(u; -uk) ....・H・.....・H・...・H・－…（特）
み a品川m；ゐ m；ケ

g parallel component of gravity along the magnetic field 

s len伸 alongmagnetic field 

E el民国cfield s佐官ngthalong ma伊eticfield 

V;k collision frequency between i－白血dk－白 p釘ticl es 

Zi charge of i－白 particle

mi m鎚sof i-th阿国cle

e el即位。niccharge 

p; pressure due to i-th p鉱山le，釦d

Pi is expressed by the temperature of 血ei・白 ion, Ti as 

P; = N;k1'; ......・H・－…H・H・...・H・H・H・－…・H・H・－－－…H・H・－－…・・....・H・....・H・...・H・－…....・H・－－－ (49) 

When the diffusion term can be neglec飽d，卸dif 

Rーム＝0..・H・.......・H・－－…...・H・...・H・－－…H・H・...・H・...・H・.....・H・....・H・－…...・H・....・H・－・（50)

chemical equ出briumis established.百riscondition corresponds to血eregion below Fl.百ietime 
constant to reach曲isequilibrium，τc, is given by 

τc = N;I L; .....・H・...・H・－－…・H・H・－－…H・H ・...・H・....・H・...・H・...・H・....・H・....・H・...・H・...・H・...(51) 

If the local production and loss are negligible，加dif 

V(N;u) =0 ........……・H・H・.........…....・H・－……......・H・－…・・H・H ・－…...・H・－……… (52) 
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diffusive equ泊briumis established.百ie也necons凶 tfor曲isequilibrium, 'tel, is given by Bauer16>: 

τd =H;2/D; ..・H・....・H・...・H・....・H・....・H・....・H・H・H・.....・H・－…・H・H・..........・H・........・H ・－ σ3)

where Hi is the scale height, Di is血.ediffi』sioncons包nt

The chemical time constant加cre蹴 sand曲ed泊施iveconstant decreases with increasing 
height百eheight at which 

τc＝τd・H・H・....................................................................................................(54) 

∞町田pondsto血eboundary between chemical and diffusive叫uilibrium.For由e回巾’sionosphere, 
this height is roughly 300 km，“>0-800 km，佃d500-600 km for O+, ff+，姐dHe+, respectivel手泊施
diffusion pro偲ssdominates at the 1100 km alti伽deof血eISS-b satelli旬．
百ieeli釘酎cfield E in珂uation(48) plays an加portantrole泊 diffusiveequilibrium. It is 
genera飽dby the charge separation be何回n由elight electrons and the heavy ions.百liselectric field 
partly can田lsgravity and buoys the ions. 

S泊回 Ui= 0 for diffusive equilibrium, from ( 48) we have 

土．金三＋m;g-Z;eE=O.. . ...・H・－…H・H・....・H・..(55) 
N； ゐ

1 ゐ
一一・--.!:..!. + eE = 0 …H・H・....……… …………….........σ6) 
Ne iJs 

From ( 49), (55), and (56）皿dusing 

Ne ＝玄Z;N;_H・H・－－….....・ H・....・ H・－－－ ・・ … － H・H・－－ H・H・....・H・H・H・...・H・...・H・－－ (57) 

eli郎副cfield is given b戸町

£ g"'IZim/ Ne+ k1j[d（叫 II:）／，ゐ］
= ...・H・－－－…H・H・－－－…・（58)
（宅II:）＋玄cztNjtN) 

For由esimple case where i = Q+ only and 7i = T., 

eE = m(O+)g/2 ...・H・....・H・....・H・....・H・－…・H・H・－……・・H・H・....・H・.........………・… σ9) 
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明白relationshows that one half of白egravity force is canceled by the el即位icfield. In出iscase, N. 

is given by 

1δ（NekT:) _ m(O+)g 
．（ω） 

Ne as 2 

If we assume that Te is constant, then the scale height of N,, H, is given by H = 2kTJm(O+)g. 

This indicates伽 tthe scale hei凶tof plasma is twice白紙ofthe corresponding n印刷gasunder 
the s釘neconditions. 

When the plasma is composed of multiple ion sp田ies,and if the temperature does not change 

with height，白edistribution of血ei，白ionis given by佃 exponentialfunction of the scale height 

kT 宅 m(+)-I 
H; ＝ーム[1一一一一一一一I H・H・－…H・H ・.....・H・－…（61)
m;g 宅＋え m;

where m( +) expresses白eaverage ion m鎚s.A general solution can be obtained by substituting (58) 

泊to(55) and (56). However, the resulting equations are non-linear, so it is difficult to obta血血e佃

analytical solution even for the di伯 siveequilibrium condition. 

Next let us consider the c鑓ewhere u; "# 0. The equations鉱Enon-I加earbecause of曲e飽nn
u;(iJ;u/i)s). If we鎚sumethat u; is slow, we can neglect白isnon-line釘 tenn.We get曲efollowing 

equation企om(48): 

みι1み）. .e ao T『

-2＋ーと＋g＋ー」エ～－L九（叫－uk）…H・H ・....・H・....・H・.....・H・..(62) 
み N;as Nemi as ケ

Let us assume白紙白emajor ions (O+) are station釘y加 d白atthe j－血minorions (H+ and He+) 

move wi白的-:t:0, as is the case in曲eE紅白’stopside ionosphere. Since めくく N;,and N；田 N白血d

neglec也igtime dependence, equation (62) for elec位・ons，血d白ei・白血dj－白 fonsbecomes 

土色＋eE=O.......…H・H ・...・H・...・H・ H ・H・...・H・....・H・....・H・.(63) 
Ne as 

1 do, eE 
瓦N;B:+ g --;;;; ＝ゆj …・ … … ・・ ・・ … ・ ・・・・…（的

1 ()p; . eE 
五五i;;;+g-;;;=-vfiui・・・・・・・H・－－ …日日．．．．．日．．．日 … …. (65) 
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回泊也鳩山1gE企'Omthese equations gives 

1 dNi m;g I:I宅（）Ne 1θ（ξ＋宅）
u ＝ーDi；［一一一一＋一一＋一一一一一＋一一一一一一1 . (66) 

Niみ k宅 Ne ゐ宅み

where 

D1, =(kTJmi)Vi; .....・H・－….....・H・－－ ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ （日）

F町thermo眠 ifwe assume白紙恥dis住ibutionof the m司jorions is not a貸出制by白eminor ions, 
we get 

1 d(p; +Pe)_ _ 
友五： み ー－~. ・ ・・・ (68) 

From this we obtain 

1 ()Ne_ m;g 1θ＜I:＋宅）
.. (69) 

Neみ k(I:＋宅） <I:＋宅）ゐ

We define the scale heights of the minor ions，町， and血Eplasma, Hp. as 

Hi=k宅Imig'and ....・H・－－…H・H・....・H・－…....・H・....・H・...・H・－－－….....・H・－－…・・・H・H ・－ (70) 

and 

HP=k（え＋宅）／m;g..・H・....・H・－…...・H・...・H・H・H・......・H・...・H・－－…......・H・......・H・...(71) 

Substi知也1g(69）泊to(67) gives 

1 dNi 1 I:／宅 1 aci: ＋宅）
ui =D_,J一一一-L.＋一一一一一一一一一一一一一一一一一］ …H ・H・－…・（72)
i ii Niみ Hi HP I:＋需品

Using曲isexpression佃 dthe con白mityequation ( 48) of曲ej-th ion, we get 2nd order linear 
siin凶taneousequations for Ni. For白es加.pieC鉛E where the tempera知res創芭 independentof 
altitude, an analytical solution c佃 beobtainect<50> as 
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Fig. 24 C駒山総ddis剖butionof ion density assuming白.efun揃ngE皿［afterBanks and 
K侃 karts（：拘］．

TIT 1 
Ni =N;exp［（ユιL一一）（s-a)] ................・H・－…H・H・－・（73)

Hp Hi 

Ni =N;exp［ー（s-a)/HP] ...........・H・...・H・－－…H・H ・...・H・...・H・－－・・…H・H ・.....・H・－－・ （？の

where a is some reference height. 

明iefirst solution (73) corresponds to由ediffusive dis凶butionof 的＝ 0.’The second solution 
(74) gives the solution for Uj *" 0. A general solution is given by a linear combination of the two. 
Substituting (74) into (72) we obtain the velocity of the minor cons凶tuentas 

1 +TIT 1 
ui=DiJf－ ~1.. (75) 

From由is，血.eliI凶也igflux of血ej－白 m泊orcomponent泊 themajor i・白 ionis given by 

--1＋主IT 1 
Fj三Niui= N;n；＜~ナ－~）.側

官邸自uxrep民sents血emaximum flux rate of白ej・曲componentin血ei-th dominant ion and gives a 
convenient me鎚ureof the flow in the ionosphere. 

Figure 24<50> shows a calcula旬dexample using白isflux as a parameter. This example shows也at
a small variation泊白.eI泊ri白igflux c叩 causelarge di貨erencein the ion dis困buti on. 
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Altitude 

Fig. 25 Diagram of曲Epolar咽 d回lotion[a伽rBanks and Hol臨馬断，~51>].

Now let us consider血ecase when血Ediffi』sionvel田ityis large, so the convective derivative 
cannot be neglec飽d.We define sound velocity c as 

c2 =k~江キ宝；）／m；…………………………日日“．．．．日 …… …… ．。守1

百ieMach number M is defined by 

M冨 U;Ic .....…・....・H・......・H ・－ ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・…。8)
百ieMach numberぉ calculatedby nonlinear叫uation( 48) has a su戸間0凶csolution (A）泊Fig.25 

(SI).百由solutionis called‘予ol釘 wind＇”，whichis an analogy of血esolar w泊d.百iepolar wind is one 
of the most加po血ntprocesses函館組1Spo国ngionospheric io悶 ω血emagnetosphere. Flows due to 
the polar wind were co凶皿ledat 1400 km by the ISIS-2 satellite<52><53> and at higher alti細血sby伽

DE-1 satelli'出8)(54）.百isprocess is also very加伊氏個tf町 theanalysis and in旬rpretationof the da鍋

仕om白eISSゐ阻dEXOS-D sa旬lli飽s,which will be discussed later. 

3.2 Ion tr阻 sportby neutral wind and el配tricfield 

百eneu貧富Ia回曲.phere泊値ieionosphere, or曲ennosphere,is q凶.tedense，関白eneu回Iwind 
sign温cantlyaffects血eion田phere.H館組ngof曲e曲町mosphereby叩・larEUV radiation c剖 ses

thenn田抽出cwind. Figure 26 shows血e血ennosphericwind velocities at 300 km (upper panel）血d
at 120 km (lower p佃 el）舗cal叩ilatedby the TGCM (Thennosphere白neralCirc叫ationMi叫el)CSS).
百iedirection of也ewind is mainly h剖zon飽I，血dis generally pole-ward dm担g白y阻 d
珂uator-wardat凶.ght.B即au鈴血iswind drags the ions (air命直.g),it can change也edistribution of 

臨 ionosphericpl鎚ma.
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Z= 1.0 
90 

6. 

90 

24. 

Fig. 26 An example of岨le叫a飴dglobal wind dis凶butionby TGCM [after Dicki国onet al., 
198l(S：句］.

S泊偲movementof charged particles across magnetic field I泊esis not possible, the north-south 

neutral wind exerts vertical component of plasma movement along the field lines. Let U be白e
horizon匂Ivelocity of wind阻 dI be the dip佃 gleof由egeomagnetic field. Since the velocity 
component along也efield line is U cos/ and the ve此icalcomponent exerted is U cos/ sin/ = 

(U/2)sin21, it is apparent白紙由iseffect is加gearound世ieregion where I -45 degrees.百ie

岡昭0はdirectiondue to血iswind is downward during day佃 dupw：制 atnight In the回 region,

白ise貸出thas roughly白esame ma伊i知deぉ白紙ofdiffusion discussed泊theprevious s即tion.百ie
“midday bite-out”of NmF2<56> is an example of血ise貸出t.
Besides由eglobal-scale thennospheric wind, ne山富1air motion due to ti＇白Iwaves is also 

impo託ant.泊施 atmospherictides are caused by the hea出gof ozone組dwater vapor泊 the

s回.tosphereand血.eypropagate upwards. It has been血ought由atone-day or half-day tidal-m叫e

periods prevail. Sho巾 r-periodwaves of several hours also exist and are called泊ternalgravity 
waves.百teamplitude of these waves at the s町atosphericaltitudes is very small, so白紙白eirdensity 

variation is on the order of 0.1 % and血.eirvelocity, v, is on白eorder of 0.05 ml鈴Cση．
However, since白.ewave energy, pv2/2, is conserved 伽 ingthe propagation from白e

s回.tosphereto hi酔eraltitudes，曲evelocity should increase whileρdecreases.百ie凶也natevelocity 
泊由eF region becomes on the order of several hundred mis即＜57land eventually has a I鑑geeffect on 

血eF region. Since the atmospheric tides also create a d戸E佃 ioelec佐icfield泊血eE region，釦dthis 
field caus凶合協 mo泊on泊出eionospheric pl鎚ma，白E加1po此anceof tides is two-hold mear曲.g.

百iech曲 motiondue to血Eel自国cfield is卸 0白er回.portantmechanism afI白血gthe 

ionosphere. It is well known that el即位icfield E, in白epresence of magnetic field B, creates plasma 
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Fig. 27 Ver低回Iplasma世由 velocityobse阿叫 byIS ra曲rat Ji1回marca[after Fej町 etal., 
197＇併吋．

合協 wi曲 avelocity of E x B/B2.百1eorigins of the ionospheric elec回cfield are也eE region 

dynamo and曲esolar wind-magnetosphere interaction. Blee回cfields c制総dby白血derstorms may 
have a large magnitude, but白eireffect on the ionosphere is small<58>. 

百1eF region dynamo field is due to a slightly di宜erentmech佃ism白血白紙ofthe E region as 
伊加凶 outby Ma佃凶均 orKelley<611>. 

百sdrift motions due to et出回cfields can be me鋪uredby ground-ha路dIS rad紙百1evertical 
drifts observed by the Jicamarca radar are shown in Fig. 27<61＞.百1eenhan田m巴：ntof由ea由 around
18ー20LTisdue ω白eF region dynamo.明1edr協 velocityis generally l創gerd町ingsolar maximum 
曲釦 d町ingsolar m加畑1um.

百1emagnetosph回cconvection elec凶cfield is er回総dby曲巴泊1teractionbetw回n血e回1紅
wind阻d血ee紅白’sma~e蜘phere, as in an阻 E genera旬E百1edirec姐.onof由efield is也m to 
dusk and its ma伊itudeis about 30 kV across 10ー20e紅白radii胸.Besides causing the large-scale 
co則前tionin the magnetosphere，血isfield is伊'Oj回飽dalong the g回magneticfield line into白e
polar ionosphere, driving the plasma there. As shown in Fig. 28<63>, it typicallyα田修Sa drift motion 

of the two-cell pa恥m泊白epol釘 ionosphere.Expansion of血epolar a回 ospheredue to h朗自gby 

白ismotion d却制ves血eionospheric plasma. Joule h岡山gdue to auroral p，紅白leprecipi旬tionalso 
causes s国益areffi田ts.百1epl鎚ma合協S卸 d首1eneutrョIwinds have been ex臨 1Sivelyinvestiga凶 by
using血eDE・1皿dDE・2da出制｛的．

百1eneutral air motion not only d回ts白epl舗madis凶bution,but血eneutral air is al回
inftuen回dby plasma motion ~ion drag). Ion drag becomes加.portantat the回 m組加umalti卸.de.
Sin回出ecollision企equencyis already smaller at白isaltitude，血eeffect of ion 合唱田：cursover a 
long times scale伶．

We have蹴 nabove白紙肱泊1teractionbetw儒n血.ethermosphere, the ionosphere, and the 

magnetosphere is加1po氏個t泊viewof ion佐ansport.More generally,，白is泊1teractionis also impor凶 t
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Fig. 28 Schematic捌凶trationof也epl踊maconvection atぬehigh la錨佃de[after Babcock and 
Ev＇姐s,1979≪的］.

in ene喝ycoupling.百由 isthe cen回lproblem for the S’fEP program. The ionospheric and 
magnetospheric plasma studies so far have produced little observational data on the neu回1air 
motion.百由 informationis urgently n田ded.

3.3 Ion transport to the magnetosphere 

The ion mass spec加 m蹴 rsused for ionospheric組 dma伊.etospherics加diesbefore the 
mid・1970’swere unable to analyze ene宅yof ions, so the observations were limited to cold ions. A 
typical example of such an observation byαiappell et al.＜的 isshown in Fig. 29. 

Mass spec佐ometers釘enow able ω 卸 .alyzeene喝yof ions；血eyhave k目enflown on白e
S3・3(67），白eSCA1百A≪的，也eISEE<69>, the GEOS<70＞，加dthe DE・1satellites<71). Observations by 
these satellites have revealed白紙thereare ionospheric ions, which have been accelera総d企・omlow 
to high ene曙y,everywhere in the magnetosphe児泊血epl鎚masheet, plasma m卸値e,tail regions and 
so on. 

Figure 30 shows two-year average s戸C回泊血.e2.8-4.3 ke V range, as observed ne釘
geos卯.chronousorbit by恥 GEOS-2satellite<72>. Q+ and He+ are cle紅'lyof ionospheric origin. 
Possible candida胸 for2+ ions are He++ and n+, but they were iden幽副総He++of solar wind origin 
for higher ene靭 range.

While it is not possible to discriminate them based only on mass number泊formation,Young 
and Farrugia(73l analyzed the tempera伽mdis住ibutionagainst the sp加ph鎚eand found that曲eyC佃
be disαiminated when one of them domina旬s.’Theyalso showed白紙 n+sometimes dominates at 
very low energy(74>. 

百teratio between [Q＋＋］佃d[O+] is rather l紅・ge;the me阻 ratio[O++]/[O+] is about 0.057泊
0.9-13.9 keV range,.but for p紅白叫釘 passesthe ratio increased to about 1.0(73>. For the topside 
ionosphere，出isratio wぉ repor凶 tobe about 3×1炉問1)(75).
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Production of o++ is given by 

。＋ +(hv,e）→o++ + e .............................................................................. (79 ） 

O+(hv,e）→o++ + 2e ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ ..... (80) 

It is shown from model calculation白紙曲eratio [O++]/[O+] will become about 1.0 when 
geomagnetic activity remains quiet for about five days<76>. Experimental data shows白紙血isratio has 

a negative correlation with血ekp index and白紙［O++]tends to accumulate d町加gquiet periods.百ie
amount of o＋＋泊白emagnetosphere is thus a gα刈 indicatorof how long it has h悶 IS祖国白e
magnetospheric plasma was transported合omthe ionosphere. 

百ieexistence of mol田ularions at high altitudes is叩 otherpeculiar feature of the mag-
netospheric ion composition. Using the DE・1da飽， itwas found曲ata flux of 106 ions/cm2/sec for 
N2+, NO+, and 02+ at about 3 Re position in由eene.喝yrange of 200 e y<77l. High ene弔yNO＋佃d02+ 
of 160 keV at 7 Re佃 din批巾gcurrent region were de飽ctedby御 AMPTEsatellite<78>. In出is
case, the ratio of molecular species to o+ was 0.031土0.004.These observations were done on very 

geomagnetically disturbed days.百iesemolecular ions usually exist below 200 km and decay very 
rapidly at higher altitudes. When白echarge exchange reaction with 0 is taken泊toaccount, 
molecular ions C創motexist at high altitudes凶 .essthey are pl'叫ucedabove 400 km.百tatis to say, 
白紙tionof molecular ions at high altitudes implies白紙泊施 neu位置1mol民 ularg蹴 srise up d町泊g
highly active periods. 

百iereis no doubt血at由eion紅'llllSpo此 fromthe ionosphere to the magnetosphere described 
above occ町spreferentially in the polar ionosphere. Figure 31 schematically shows how出eions are 

佐ans戸市dinto血ema伊etosphereC明.Most of血eff+ flow can be explained by“cl蹴 ical”polar
wind血ωげ80><81>.However:，白eo＋自ows伽 .thave been found in many recent observations cannot 
be explained by血istheory.百tepolar wind血印＇rycan be modified, however, to include o+ 
acceleration if the high el即位。ntemperature is匂keninto account<82><83>. One more impo託制tpoint泊

Fig. 31 is“cleft ion fountain”．百eDE-1 observations revealed that the flow-out of the ionospheric 
ions is concen国制面白cleftregion.’The flow of H+, He+, and o＋仕om血isn卸 owcleft region is 
dispersed as if血eE紅白’sma伊eticfield acts as a mass spectrometer<79>. It should also be no飽d白紙
出eion flows飽kethe form of co凶cs,ion beams, or TAI （位加sverselyacceler蹴 dions）血d由ations 
not only flow upαJFI), but出eyalso flow down (DFI). The DFI is very rare compared to U回附．
’This suggests白紙血ereis some scattering pl'OCess at血eapex of the geomagnetic field, or at血e
geomagnetic equator. 

As for血eion acceleration mechanism, m叩ypr1田esses,such as血eeli郎副cfield due to白e

double layer, anomalous registivity, wave-p紅白lein旬：raction卸 dpolar wind have been propo関d（均．

So far, it seems白紙 nosingle mechanism has been found to be decisively responsible for various 
observations. EXOS-D is expec飽dto dedicate for such studies as stated by Sagawa et al.<86>. 

4. Ion m制sspectrometer on ISS・bsatellite 

4.1 Ionosphere Sounding Satellite-b (ISS・b)

百ieIonosphere Sounding Satellite program began泊 1967at Radio Reseaoch Laboratory (RRL) 
泊spiredby白esuccess of the Alouet旬佃dISIS progr祖国．百iemain obj田tiveof the program W鑓 to
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acq凶mworldwide dis凶butionsof ionospheric param融問， namely,fo回， radionoi関， andelec回n
血dions densities and temperatures.百iepro伊 mw錨 fonnallyapproved by肱 SpaceActivity 

ComI曲 sion泊 1969.

τ'he system d国ignsand fabrication of白esa飽:llitewere官狙lSferredto NASDA, the National 
Space Development Agency, which was es飽blished泊 1969.The first m叫elof the ISS was launched 

successfully on February 29, 1976 by N-r田ket,but it stopped sending飽：lem1巴町 si伊alsafter about 
one mon由民C加seof troubles in曲epow町 supplysy脚：m.

An improved (back・up)model, ISS・bwas launclu対 onFebruary 16, 1978. A侮rtwo-mon由sof 
凶姐alchecking, RRL took ov紅白eoperation of ISS-b. Regul釘 observationsat RRL beg佃 onA戸1
24, 1978<87). At first，血.tawere a珂凶凶加mfour p鎚総sper day except during戸：riodsof the to匂I
sun-lit condition. However, dぽ aboutone叩da half y回路，白pow1ぽ fromthe solar回Usredu1田d
considerably回出atthe number of p鍋鶴shad to be redu田dgrad回lly.Finally the operation was 
C伺鈎dinJ1叫y,1982 because血eavailable power was so low.百iroughoutits mission，白eISS-b 
pro vi也dc佃 tinuouss回 amsof da旬 coveringcomparatively long time peri1叫s白m曲 toits 

long-lived on・boardtape recor由：r,while血erecorder on由eISIS-2 satellite, for example, failed at 
very伺rlyphase after launch.百ieda飽 wereused to ob旬如 manyworld maps of ionospheric 

param出悶［s関白es戸cialissue about也eres凶包 ofISS-b泊 Rev.RRL, vol. 28, No. 146]. 

4.1.1 Satellite System 

百ieISS-b sa旬llitecarried血efollowing fo町 observational出回ments; 

1) Topside Sounding何'OP)

τ'OP-A: Automa値cscaling of theαitical金明uenciesand de回 tionof也elow＇凶tin飽rferen白

金equ阻 .cies
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Fig. 32 Structur唱。fthe Ion1個：pbぽ＠冊岨.dingSa飽Hite(ISS・b).

TOP-B: Measurement of血.etopside ionogram血d白espectrum of cosmic radio noise 

2) Radio No凪 M回 S町ement侭AN)

Foぽ narrow・bandreceivers to de臨 tradio a皿.ospherics阻daverage泊旬nsityof radio noise 

3) Plasma Mei剛 rement偶F町

Measurement of the density血dtem戸m佃resof elec岡田 andions by a sph師同Ire回世ng

potential analyzer. 

4) p，個蹴.veIon Composition M個surement(PIC) 

A 伊irof Bennett ion m鎚sspec加ime旬ISto m闘sure白ecomposition of positive ions. 

As shown in Fig. 32，血eISS-b spaceα曲 consis凶 ofac凪凶arcylinder m回suring0.94 m + x 
0.82 m H wi也PICsensor moun凶 at白田nterof its top佃 d加伽mcovers of血espac悶泊．百ie

main characteristics of血EISS-b are shown in Table 6. 

百ieorbit of ISS-b w鎚 appro：剖ma句lycircular wi白血 altitudeof 1100 km and an inclination 

angle of 70 de伊 es.As shown in Fig. 33, observations were made by曲efo町泊struments

ぉquentiallyevery 64鎚conds.The da也 ratewぉ 1回4bits/：路c.百ieon・加，arddata reco同町 wasa 
conventional旬戸時叩1rder,which worked well wi由 noproble脳血roughoutthe 副総ion.

4.1.2 Opera舗onof ISS-b 

The o戸m血gsys飽mfor ISS・bat RRL is shown in Fig. 34. Ob路rvationswere m剖eby ISS・b

from A戸I,1978 to J叫y,1981. 

B町au関白eISS-b orbit was inclined at 70 degr田sand the orbi凶 planerotates westwards at 3 

degrees per也y(2 degr田sdue to gravi~ anomaly and 1 degr田 dueω血erevolution of也e伺r白），
血 observationalperi1叫 offour months is necess鉱yfor all曲esub-satellite lati知deto expc剖回開a



Ion composition of the topside ionosphere 

’Thble 6 Main ch町ac脚 isticsof ISS-b. 

1. 0ぬ1it

2. Attitude 

3. Shape 

4. Weight 

Perigee 

Apogee 

Inclination 

Peri叫

Apogee 

Spin S飽bilized

Cylin1耐叫

Diame匂r

Height 

Ini酋alspin ra旬

Spin ra飽 afterextension of 
antennas 

5. Mission Subsys岡崎

a. Topside SounderσOP) 

b. Radio Noise Receiver侭AN)

c. Re細川ingPotential・rr司p侭PT)
d. lon-M蹴 SJ蹴蜘ne包r(PIC) 

6. A制組.deSensors 

a. Sun sensor 

b. Ear曲節凶or

c. Magnetic Se脳or(3 axes) 

7. HousekeeがngSubsystem 

972 km 

1220 km 

70 deg 

107 km 

1220 km 

1220 km 

100 rpm 

13.7 rpm 

94αn 

70 deg 

141 kg 

加 1pera佃res,Vol旬ges,0町 n箇， Operations蜘 s,e払， 139i凶 son various p醐 of
subsys飽ms

8. Teleme句 subsystem

a. Transmitters 

Power 

Freq鴎 ncy

Modulation 

τ'ransmission Ra旬

Play back, real 

’Thne m似品E

Beacon mode 

136 MHz band 

400 MHz band 

PCP/PM (BPL) 

I，但4句s(real曲ne)

26,624句s(play back) 

1 w (136 MHz) 
0.7 w (400 MHz) 
0.1 w (136 MHz) 
0.07 w (400 MHz) 
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Table 6 M剖ncharacteristics of ISS-b.-continued 

b. Tape Recorder 

I/O channel 

Record time 

Play back time 

I/O signal type 

Bit rate 

9. Command subsystem 

a. Receivers 

Frequency 

b. Decoders 

Signal type 

Tone食equency

Command items 

10. Antennas 

a. Radio observation佃 tennas

b. Teleme位y-commandVHF antenna 

c. Telemetry UHF組.tenna

d. RAN calibration an旬nna

11. Power Subsystem 

a. Solar cells 

b. Bat飽ry

12.百lermo・Con位。1

13. s住UC佃m

14. Life 

15. Launch 

Power 

1 channel 

115 min 

270 sec 

Bi-phase level 

1,024 bps (record) 

26,624 bps (play back) 

148阻 Izband 

Tone burst (1 ad命esstone burst, 3 exe-
cute tone burs同

2 address frequencies, 4 excecute貨'C-
quenc1es 

64 i飽ms+ 8 items (duplicate use) 

2戸irs(tip-tcトtipJen凶136.8 m, 11.4 m 

’fumstile組 tenna

Whip佃 .tenna

2αn x2αn, 4940 units 

60W 

Nickel-cadmium 5 AH 

Passive 

Shell and honeycomb sandwich 

Survival probability 70% at 1.5 y1伺路
after launch 

a. N-vehicle 

b. Tanegashima Space Center, NASDA 

c. 04b似加 UT,February 16, 1978 

24-hour local time change, as shown in Fig. 35. That is, four month’s consecutive data are necess紅y
to produce world map唱ofionospheric p釘aine旬：rs,and白e也neresolution of the world maps obta加ed

by ISS-b is白usa加utequal to one seasonal change. 

Since血em必nobjective of ISS-b was to obtain world maps of也eionosphere，血esub-satellite 

points were planned to be dis甘ibu凶 uniformlyin latitude, longitude, and local血ne.To improve the 

data distribution, data acquisition from a station泊 Ottawa,Canada, was added泊 April,1979. The 

mon出lynumbers of data points actually obtained紅eshown in Fig. 36. Because the ISS-b did not 

have an active a凶旬decon町olsystem other白血spin”stabilizationand so白eangle be何回n血espin 
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眠isand血esun-e紅白 linechanged considerably，血epower from白Esolar cells also changed 
accordingly. And釦抽.er,d町ing釦11sol釘 illumination，白etop or加伽mcover became too hot for 
normal o戸斑ation.Due to出関eres凶ctions,few observations were m叫eduring June and July every 
year.百egenera飽dpower reduced at a rate of 20% per year, which is much greater than白紙
ex戸:c飽dfrom御国地’sM酔 energyradi組on.百ecause of血isexcessive reduction of power is 
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assumed to be cracks泊曲esolar cells resulting from曲ermals田SS.B田auseof白ispower reductio丸

山enumber of observational passes per day w儲 reducedto two企omJanu釘y1980. From January 
1981 observations were made only泊r回Itime mode above血eKashima station，佃din July, 1981 
血eobservations田鎚edall toge白紙Cons叫uentlぁm伺凶n悼JIdata for world mapping were obta泊.ed
up to December, 1980. 

4.2 Bennett Mass Sp既倒meter

τbe ion mass s伊:c佐ome也ron ISS-b was of由.etype inven包dby Bennett<88＞.’This analyzer 
discr加加国as戸cificm鎚sfrom o血巴：rsby selective acceleration with a radio frequency voltage＜問．
It wei酔srel組問lylittle恥causeit has no permanent ma伊et,山由民 conventionalm唱neticmass 
spectrome低限，andis sui凶 fぽ spaceuse. Ion m蹴甲田岡m臨ぉof白istype were flown on伺rly
Soviet satelli回｛鈎＇＞＜91),as well as American spa田α油，suchas血e000鶴市sC92>C93），白eA回 osphere
serie悼の， andthe Pioneer Venus<39>. Prototypes of the ISS-b analyzer were flown in rocket 
experim聞包｛悶血don血eTAIYO satellite側.Al白ough血efiI冨tISS satellite which was launched加
1976 failed after one month, there w栂 justenough time to make observations using its m鎚S
spec加 meter<97l.百ieseobservations provided valuable in-flight test data, which were utilized to make 
加戸別ementsto the back up model, ISS・b.

Details of the Bennett ion mass spc割ctrome肱 onISS・bare prese脚 dbelow. 

4.2.1 Operating Principle of Bennett m踊ssp舵加1meter

1) Single-stage m凶tyzer
Figure 37 illus回同白eo戸m血gp血.cipleof the Bennett mass spcお加m脚 rwi曲 single-Sta酔
節回leration.Firstly，，血eincident ion is ac田Iera卸dby a DC voltage, V, and白enenters血e
spaces compo副 ofthree pl佃釘grids.A sinusoi1血lvoltage, V RF8泊（Ca>t+ 9), is applied to泊施
田ntergrid, where Ca> is angular企珂uency加d9 is佃 arbi回ryph蹴．’Theion is accelera制 or
d即elera包dby白isvol陶酔，accordingto血.etime at which it entered relative ω白eRFph飽e.Let 
m and v be mass and veloci勿ofthe ion, resp卸値.vely.百eene喝yincrement, AW, of血eion is 
given by 

fl. W = ll.(mv2 I 2) = v ・ ll.(mv) == v・Fdt…H・H・－－…….............・H・－……（81)

where F repre鈎：nts血eforce which is eXiぽ飾dby the RF field. Let F1卸dF2be白Evalues ofF泊
the left side and right side of血eRF grid, resp田tively.百en,

円＝-F; = e(V RF I s)sin(wt + 8）…….....・H・.........・H・.....・H・.....・H・....・H・－（紛

where s is the dis凶 .cebe加問印刷ds.Because the origin of time t is arbi凶 y,we Jett = 0 at 
h 泊蜘nt印刷出：verses血ecen旬rgrid.百.en,

ll.W =eVRF叫二副飢＋8)dt-s：~面倒＋ 8)dt]
H・...(83) 

=2e V町 v/(c.os)[cos8-cos(-sw + 8)-cos(sw Iv+ 8)] 
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Fig. 37 Schematic d同~am of one-stage Bennett m踊sspec仕ometer.

where we assume that由evelocity change due to曲eacceleration is sufficiently small compar芭d

to the initial value. Now we let 

α＝ smlv ..・H・－………...........…………・....・.....・H・………….....・H ・H ・H ・－……・ 8伶

where αrep胞団ntsthe phase angle change during the passage of distance s at velocity k血 d

hence it is called the佐佃sitangle. If we me鎚ぽeW 泊 unitof e V unit，出en(83) becomes 

AW=-2九FCOS 9(1 -COSα）／α........................................................ (85) 

It is cli回rthat AW is maximum when 

cos 9 = -1 : ie. 9 ＝π…...・H・....・H・－…...・H・....・H・....・H・－…・H ・H ・－….....・H ・－…（86)

古語sm回ns白at血em邸加umene弔yis g剖nedby the ion if the ion p錨ses世iecenter grid at白e

moment when the sign of由eRF voltage changes from negative to positive. It is also intuitively 

evident.百iemaximum value of AW is given by; 

AW=2九.F(l-cosα）／α...................................................................(87) 

In Fig. 38 AW is plot旬dagainst α. From白isfigure AW以割comesmaximum when 

α＝α。＝2.331 l(radians) .................................................................... (88) 

百ecoπesponding maximum value of AW is 

AW=l.45九F…・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・H・H ・...・H・H ・H ・...・H・－…・ (89) 
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It may be expec飽dat first glance白紙am蹴加iumocc町 Eif曲e位加sittime of the ion be棚田n
白egrid spacing is just equal to血eperiod of the RF field, however, (88) shows白紙偽eactual 
位祖国t也neis about 74% (1αdπ：）） of the RF period.百出 comes貨om白efact白紙血evoltage 
varies sinusoidally. 

Finally, if we apply a m匂rdingvoltage, YR, which p泌総Sonly those ions白紙haveacquired白E
maximum ene曙ygain, we can select the ions of a spec踊cm鎚s.百tatis, s加問

mv212=eV ...........・H・－………・H・H・.........……・H・H・－…...・H・.................…（卯）

加m (84）副d（卯＇） the鈴1即鈴dmass is given by 

m=2eV，α2 / 82(JJ2・H・H・....・H・....................・H・－…・H・M・－－－－－…....................…（91)

If we let 

m=M・ma….....・H・...・H・....・H・－…・H・H・......・H・...・H・......・H・....・H・......・H・.....・H・.(92) 

where m,, is the atomic mass unit and M is白emass number泊 AMU,then 

M(AMU) = 0.2636V(volt) /s2(cm)f2(MHz）…...・H・.....・H・...・H・....・H・（93)

Because it is evident 企omequation (84）白紙偽evelocity of白ereson佃 tion takes the con蜘 nt
value of v = sro/αa，白is叩 alyzeracts鎚 avelocity filter. Compared to this, it is well known白紙
血econventional magnetic m鎚sanalyzer is a momentum (mv) filter.百iemass spectrum c佃 be
obtained by SW（：（場面geither DC acceleration voltage or血eRF企equency,f. DC voltage 
scanning is preferred because it is linear with m蹴 number.



60 よIwamoto 

~！！H！！ト
Fig. 39 Energy g血泊 one-sぬgeBennett m錨SS附加imeter.

Next let us discuss白eresolving power of血isanalyzer. The retarding voltage determines白eion 

energy pass band. If mo and &n are白Ecen回 lm悩sand width of血emass band, r凶pectivelぁ
白eresolution R C佃 bedefinedぉ

R=m0／位n............………………………・…………......・－………......・.(94) 

Subs ti知山ig仕om(91) we get 

R＝α；／2（α2ーα；）....・H・.....・H・...・H・......・H・－…....・H・........・H・－－…・H・H ・...・H・.(95) 

Since the泊凶也igvalue ofα血（95)is deten凶nedby (87），抑制ngAW=VR，血eresolt瓜oncan 
be controlled by changin~ the ma伊itudeof血eretarding voltage, VR.百由 featureis the 
prom泊entadv叩 .tageofぬisanalyzer com戸redto the static magnetic s田tortype analyzer, for 

which the resolution is fixed mechanically and it is difficult to con住olelec凶cally.If we let VR 
be 99% of AW0, the corresponding resolution is R = 2.8, which is m血era poor value. We cannot 
expect high resolution針。m白issingle s旬.geanalyzer.百由 factis also s開 nin血every broad 
maximum泊 Fig.38. 
2) Two-stage analyzer 

Let us consider泊施two陶酔accelerationBennett analyzer. Another set of曲印刷dsare placed 

with a spacing d1・Ifd1 is arranged so出鉱山etime for resonant ions to pass血is命iftspace is an 
integral multiple of the RF period，出eresonant ions加血efirst stage釘ealso resonant at血e
second stage.百Iiscondition is expres回d悩

d1/v。＝NII!......................................................................................... (9。
where N1 is佃 arbi住aryinteger. Substitution 合om(82) yields 

di =(2π／α。）sN1= 2.695N1s = {J1s .......・H・...・H・－－…H・H ・.....・H・.....・H・－…（97)

百ieenergy g剖n泊曲iscase is easily ob旬ined鎚恒也esingle-stage case.百ieresult is 

AW=-2V.町［（I-cosα）／α］[cos 8 + cos({J1α＋（｝）］ .........…H・H・－…・（98)
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10.00 

闘争 40EI町 g gain in two-stage B個 nettmass spec仕ometerfor N1 = 1, 2, and 3. 

’The maximum of AW is al回 obtainedwhen 9 ＝πandα＝α0・Figure40 shows AW at 9 ＝π 
when N1 = 1, 3, and 5. It C佃 be蹴 nfrom白isfigure伽 t白egain c町vebecomi巴sshar戸rfor 
larger value of N 1・Instead,however, there are more pe紘S組 d由edifferen田畑出eadjacent 
F出版omessmaller for larger value of N 1・百ie戸aleso印 r白anthe first give spurious m鎚S
spec回.Generally s戸紘泊1g,these spurious spec回 complicate曲em伺surementsand紅enot 
des並酒ble.
3) Thr鴫剖噌eanalyzer 

Addition of one more acceleration s鍋.ge伺nsuppress血espurious mass sp即位a.百ieene培ygain 
for血e曲rec-stage伺鑓 isgiven byC＇拘

where 

AW=-2九F[(l-cosα）／α］［cos6+
.. (99) 

cos(/31α＋ 6) + cos(/32α＋6)f 

/32 =2π／α。（N1+ N2) = 2.695(N1 + N2) ....・H・H・H・－－－…H・H・－…H・H・－…・(100)

百ieenergy gain is plo蝕姐加Fig.41 for the伺sesof N1 = 5 and N2 = 3 ~5・3 cycle analyzer）佃d
of N1 = 7 and N2 = 5 (7・5cycle analyzer). Compared to Fig. 40, it is s田nthat白es配 ond
h釘monicpeak is suppres回d.

To総ethe泊iprovementin resolution, let us define the gain factor for simplicity as 

G（α） = 2[(1-cosα）／α］［cos 6 + cos(/31α＋ 6) + cos(/32α＋6)1.. .. (101) 

Hwelet8=n組 dexp叩dG（α）加血evic泊ityof偽泊 Taylorseries, we get 

G（α）＝G（α。＞U-/3~ +Pi＞＜αーα。）2I 6] ...・H・－….....・H・....・H・.......・H・..(1但）
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Fig. 41 Energy gain in伽偶・stageBennett m踊Sspec伽 imete巴（a)S・3cycle (b)7・5cycle 

Subs ti制自宅 (102)into (95), 

R＝α。［（/J1+ /J2)/(l-G（αo))]1/2 / (4.../6) ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (103) 

Using (99) we get 

R＝πJ奇U[{N12 + (N1 + N2)2}/(l -g)]l/2・…H ・H ・－－－－－…－

where 

g＝九／［G（α。）VRF]＝九／VR max ...・H・.....・H・...・H・...・H ・－－…・H・H ・......・H ・...・H ・(105)

百teexpression (104) shows血atthe mass resolution depends only on白eratio be何回n白e
retarding potential and出emax加umgain vol旬.ge，組don the cycle numbers of命iftspaces，組d
伽 tit is independent of RF企明uency,grid spac加gand so on. 
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Fig. 42 Schematic出回tra錨.ODof p踊sband for Bennett m鰯 Sp即位。meter.

Next, we will derive血esensitivity of血is明記回1me紙百由S戸C加 me町田nsmitsonly白ose

ions which arrive at血e回n旬rgrids when血ephase血.gle9 is close ωπ.Sin偲血eincident ions 
can be assumed to be unifon凶ydis凶bu飽dagainst the ph鎚e血 .gle,it C佃 be民enby referring 
Fig. 42白紙白書出nsmissionefficiency, T伺 nbe defined by 

T=(82一旬／2π....・H・.....・H・......・H・H ・H ・.....・H・－－…...・H・－－－…・…・H・H ・...・H ・.(IOめ

Subs ti知也ig9 given by (106）泊.to(101) and pu凶ngθ＝n; we ob包泊

G=G（α。）cos8=G（α。）（π－Tff)..……...・H・......・H・...・H・...・H ・－－…H ・H ・.(107) 

From this we get 

T=(llπ）cos-• g…・H・H ・...・H・－－ ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (108) 

This is a very simple expression, but this回nsmissionfactor only talces the ph鑓e泊.toaccount. 
Another factor which influences血eefficiency is the位ansmissionof the grids. If the佐姐smis-
sion efficiency of one grid isη 叩 dif n identical割.dsare us叫，白eto凶 e飽ciencyis Tf. Since 
15 grids are used for the曲田・蜘1geanalyz町お也scri加dla旬丸ηshouldbe g田町白血about
90%, othe開 i鑓血e位溜tsmissionefficiency becomes very small. 

If血evalue of g is close to 1.0, (108）伺nbe approxima凶鎚

T=(-fi.jπ）,,j(f=否・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (109) 

From (104）皿d(109) we find白紙也eproduct of R 組 dT is independent of g，白紙 is,
independent of the m泊rdingvol陶酔・百ieproduct of血em叩1lutionand sensitivity is usually 

called血e“＇figureof merit”，皿d加出iscase depends only on cycle numbers, N 1釦 dN2・
Inspection of (104) shows白紙血efigure of merit is g田町forg田町valuesofN1血dN2.明白
m伺脳出at也elonger白eanalyzer.，由Ebetter血equality, al曲oughalong旬.beis inconvenient for 
spa田 use,of course. Figure 43 shows也eresolutions and回 nsmissioncoefficients for 5・3血d
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Fig. 43 M：田sr目。，Jutionand transmission coefficient for three-stage Bennett mass sp既往ometer.

7-5 cycle analyzers. As a numerical ex創nple,if we set g = 95%, we obta泊R=27.羽山valueis 
sufficient for the mぉsanalysis of the topside ionosphere. 

4.3 Characteristics of the flight model 

4.3.1 M田hani回I

Figure 44 shows a schematical cross-sectional view of血epositive ion composition (PIC) 
泊strumenton ISS-b.τ'he essential part is a 5・3cycle thr田－stageBennett ion m鎚 Sspcヨctromi巴：ter.The 
也shedlines represent planar grids of the s細 eshape. Each grid consi臨 ofa stainless s悦 1ring wi白
血 innerdiameter of 36 mm (area: 10 cm2), an ou旬rdiameter of 56 mm阻da血icknessof 1.0 mm. 
Tungsten wires of 0.05 mm紅ewelded to the ring with a 1.0 mm pitch distance. Each grid is 
insulated with a steatite ring whose inner diameter is g四町出血白紙of白eplanar grid so that白e
ions泊血eanalyzer do not s田 theinsulator directly.’Thus，血espac泊gbetween血egrids is 

s = 0.3 cm…....・H・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (110) 

and heni開企・omequation (97), 

d1 = 4.04cm ................................................................................................. (111) 

d2 =2.43 cm ..・H・－…H・H・...・H・H・H・...・H・H ・H・...・H ・H・H ・...・H・.....・H・－－・・・....・H・.....・H・－－・ (112) 

and血eoverall leng曲 isabout 10 cm. Consequently, the analyzer itself is very compact 

Ions selec飽dby血e佃 alyzerare de臨飽dby a channel electron multiplier (Galil即日目trcト
optics, CEM 4013）泊p凶secount m吋e.百iegrid Gs泊血efigure is provided to suppress s配 OD白ry
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Fig. 45 Holder of channel elec伽 mmultiplier for ISS-b/PIC. 
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elec住onswhen the selec飽dions釘edetected in ion current mode. In order to prevent solar UV 
radiation from reaching白eCEM, a small orifice is plぉd be何回nthe佃 alyzerand白eCEM. 

百1eCEM is very f旨・agilebecause it is made企omvery白泊 glass.

A rather血ickand tough cable must be connected to血every企agileCEM to provide a high 
voltage (3 kV). B郎副総of血.esefac飽，出eCEM must be moun凶 wi由greatC紅e.As shown in Fig. 
45，曲eCEM is sandwiched with a pair of泊sulatorplates in which ring-shaped grooves釘ecarved. 

Figure 46 shows白Econs甘uctionof血esensor part of由ePIC instrument which includes白巴
Bennett analyzer旬.be，出eCEM holder and a preamplifier for白eCEM. It is cyl泊世ical,measぽ泊g
110 mm x 173 mm, and weighs 1.3 kg. Because the satellite velocity is much g開館r白血血e
thermal velocity of ions on白 orbit,measurement of the ionospheric ions must be done泊白eram 
condition. In order to always assure白iscondition, two sets of sensors are prep紅・ed,one moun飽dat 
白 topand the other at恥加悦omcover of恥 spac悶武百1esetwo sensors are con住oiledby an 
el田岡凶cs加xm阻sur泊g162 mm x 202 mm x 104 mm, and weighing 2.6 kg. 

4.3.2 El配制伺1

A block diagram of PIC experiment is shown in Fig. 47 and its s叫uenceof observation is 
shown in Fig. 48. 
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Fig. 46 Mecha凶叩Iconfi伊ira錨.onof sen却rpart of ISS-b/PIC. 1: Cylindrical伺 sing,2: Flange, 
3: Bolt, 4 5 6: W:田her,7: Spacer, 8: Collector, 9: Bennett tube, 10: Channel伽 nholder, 11 
1213: Screw岨 dnut, 14: Connec旬rfor UV, 15: Wire for UV, 16：四回ige,17: Conn舵旬m
for RF岨 dsignal output 

印iesequen回 ofISS-b observation is done in 64鉛conds,of which eight seconds are assigned 
to PIC observation. In these eight seconds, the RF frequency is switched to 14 MHz血d6MHz，佃d
the retarding voltage is switched to two values. For these fo町 kindsof condition, mass s戸C回 are
m伺S町edwith加由 sen回路，白紙is,ei酔tmass spectr温areobtained泊 one8-s田ondob回：rvation
time. 

Mass scanning is戸rformedby stepp.泊g白eacceleration voltage by 2.6 volts with 116 s句sso 

白紙也evoltage range is oー299volts and the mass range isル4.5.AMU (f = 14 MHz), or oー24AMU
(f= 6 Ml也）．百iecombination of two values for白eretard加gvoltage is sel配給dbY. command from 
血eground. The draw-in potential can also be selec飴dby command.百iebias potential shown泊Fig.
44 decelerates白eresonant ions by just the same amount曲eyg血 .edfrom白eRF field so伽 t出e
reson組 tions pass血eanalyzer tube wi由acons凶 tvelocity.百ieoutput from the CEM is de飽C旬din
p凶secount m叫e.百iegate也neof the counter is automatically sel民館d企omO.倒88,0.488 or 4.88 
msec. 

As shown泊Fig.49, two bits of the飽leme佐yword are assigned to白eselection of由egate血ne
and白eother six bits rep関節：ntion counts.’The ion counts which can be measured泊出smanner are 
泊血erange of 2.05×102-1.3 x 1がcounts/sec.百mcounts from sensorl叩 dsensor2紅etelemetered 
alternately, as shown in Fig. 48.百ieto旬1power for由isinstrument is 6 Watts. 

4.3.3 Performance 

Fabrication of the spacecra負andon-board泊strumen ts佃 dgeneral tests were done by NASDA, 
but the performance tests for the PIC instrument wi白 realion input were conduc飽dat RRL.τ'he 
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日1g.47 Bl舵 kdiagram of the mass m犯蜘1metersystem on ISS-b(PIC). 

Observation sequence 

間.g.48 Ob鈴rvation鈴qu閉館。fISS画制凹C叫町imenι

MSB 

2 3 4 5 6 7 8 

Blnarycoun恰

Fig. 49 Format of制emetryda旬 forISS・b/PIC回periment.

configur叫.onof the vacuum test chamber組 dion source are shown in Figs. 50 and 51, respectively. 
This ion so町田 generatesa pencil-be泊m mono-energetic ion flux. 

Figure 52 shows血emass s伊お住aobtained when the ion ene屯y,V1, is鎚tto 1.0 volt and the 
m回世ngvol飽1geVR is 蹴 ppedfrom 10 to却 volts.In con回stto也is,V1 is stepped with VR K叩tto 
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日g.51 Schematic drawing of the ion回町田 andFarady cup for calibration of ISS-b/PIC. 

a constant value in Fig. 53. These spec住ashow白atdecreasing白eretarding voltage has almost the 

same effect as泊ere錨ingthe ion energy. When the retarding voltage is lower than the critical value, 

spぽiousmass s戸ctra紅eob飽ineddue to harmonic gain peaks described before. 

Al血oughthese hannonic pe紘scomplic脱出einterpretation of白e1UJ:llSS戸紘s，血.eycan be 

utilized if白emぉsspec住ヨissimple enough佃 d旬suchc鎚esas when the primary pe紘ssaturate or 

cannot be used for some oth巴rre鎚on,because the higher order pe紘shave lower sensi凶vity.Table 

7 shows the basic也1taconcen血g血巴seharmonic pe紘s.
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Fig.53Ma鏑司町佐a針。mPIC when the ion energy is varied w抽出e四：lardingpoten伽Ifixed. 

S泊白血evelocity of白espac回raftin orbit is about 8 km/sec, ions at rest泊曲eionosphere have 

曲isvelocity relative to也einstrument, corres~onding to即時yof 0.3, 1.2組d4.8 eV for ff+, He+ 
and o+, respc割ctively.百首senergy is not negligible泊血eca鈴 ofo+.百iesatellite potential relative to 

the ambient spa偲 alsoh鎚 as畑頑lare貸出t.司自po旬ntialis around 1-3 volts negative祖血enormal 

ionos?.h悶．百ecomb加.edeffi民tof血esatellite velocity and血esatellite po蜘制actsto lower血e

retarding voltage.’The PIC me悩町恒gsequence sta飽dabove w俗曲eresult of a住叫.e-offbetw田n

血.eseeffi田ts鎚 estimatedat血e伽ieof白sign.

Angular response is another important factor to be旬ken泊，toconsid1巴ration.ISS-b is sp泊－
S箇b温zedwith b 眠 ispe中endic叫紅 to血e回目.pticpl佃 e加di包 orbi包Ipl組 eis inclined by 70 
degrees relative to曲e叫uatorialplane. 

B即ause血efai偲 Sof the PIC関nsorsare direc飽dpar冨llel阻danti-p紅allelto血esp血眼is，出e
angle of incident ions c姐 change企・om0 to 180 degrees回白紙angul釘 correctionfor sensitivity is 
n即凶sary.It was pre町 hardto ob飽泊也Eco町田tionfacto路 expe血nen旬11払 Instead,a model 
calculation was adop飽dfor血isco江田tion.百ieconfiguration of血ismodel is shown加Fig.54. It is 
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Table 7 Relation be何回nthe m舗 SP伺 ksdue to harmonics effect and the energy g剖n.

f =fl = 14 MHz f=f2=6勘位置z

M = 1 M=2 M=4 M = 1 
M=  

h αM GM 
M = 2 M = 4 16 

v N N N v N N N N 。 2.33 21.75 66.8 25.7 51.4 102.8 12.3 4.7 9.4 18.9 75.6 
1 3.22 17.25 35.0 13.5 27.0 53.9 6.42 2.5 5.0 9.9 39.5 

2 1.44 16.80 175.1 67.3 32.1 12.3 24.6 49.4 

3 2.88 14.91 43.8 16.8 33.6 67.3 8.03 3.0 6.2 12.4 49.4 

4 1.78 14.86 114.6 44.0 88.1 21.0 8.0 16.1 32.3 

5 3.77 13.34 25.5 9.8 19.6 39.3 4.69 1.8 3.6 7.2 28.8 

6 0.89 11.56 458.3 84.1 32.3 64.6 

7 2.65 19.13 51.7 19.9 19.8 79.5 9.48 3.7 7.3 14.6 58.4 

h: Hannonics order, GM: The maximum value of G，αM: Value ofαwhich gives GM, M: Mass number of ion, V: 
Accelera出gvoltage, N: Number of acceleration s包：pping(N = V/2.6），・： Outsideof sweep range (i.e., N > 115) 

Fig. 54 A model of the angul釘開sponsefor ISS-b/PIC. 

assumed inぬismodel白鉱山esatellite is charged to a constant potential and moves with fixed 
velocity, and白紙泊itialvelocity of ions and thickness of the sh白血紅eneglected. The transmission 
coefficient is calculated geome凶callyas a function of the incident angle. Figure 55 shows some 
results of白ismodel calculation. Angular correction of the ISS・bda胸 wasdone using曲ismodel. 

4.3.4 Evalua“on of the da旬針。m血efirst ISS姐 tellite
明tefirst flight model of ISS, also known as UME・1,was successfully launched on February 29, 
1976 but failed to仕組smitteli巴me町 signalsafter about one month due to problems加 b power 
system. Because a high voltage is used for the PIC experiment, i飽加itialtests in orbit were only just 
completed before the住oublearose.τ'ypical m鎚sspec佐aobtained on血isoccasion are shown in Fig. 
56 (a) low mass range, and (b) high m鎚sr佃 ge.Many higher harmonic peaks appe紅泊出espec位置．
Although白eprimary peak of o+ sa組問蜘泊由iscase, we can utilize白ehigher h紅monics.Figure 
51 shows the dis凶butionof ions Rev. No. 402 ob組泊.edby白isme曲od（町．
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4.3.S Eval'回錨onof曲eda佃 fromISS・b

ISS-b，曲eh副ck・upm叫elof ISS, was launched Fe加 iary16, 1978. Or叫yminimal mαlifications 

were made ω白isback-up mαlel mai凶yto血epower supply system, bee副総itW鎚 consideredto be 

a crucial problem at血attime to k田p由epredeten凶nedschedules泊血espace development 鉱山ity.

As for白ePIC experiment, it was found卸 laboratoryexperiments白紙血eperform組問 of血e
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回g.56 Typi阻lm幽S噌舵tra食om曲eISS (UME-1). (a) low mass range. (b) high ma鏑 range.

ins住umentcould be加”。，vedif血evoltage a~plied to the sup戸ち凶ergrid W鎚 reducedwithout 
m広畑1gany o血.erm収益貧国組.onsto the mechanical or elec凶caldesigns. 

Figure 58 shows旬picalexamples of白em蹴 spec回 ob凶nedfrom ISS-b in orbiL百emajor 

ions, ff+, He+ and Q+ are cl回rlyiden雌 ed,al血oughthere remain some harmonic peaks and the base 

肱ieincreases for M酔.eracceler叫onvol飽.ges.For these reasons, it is somewhat diffic凶tto iden値今
minor constituents such as He++, or o++. 

Figure 59 shows the res卯n蹴 of血espectrome総rwhen血emぬ同泊gvol旬1gewas changed, 

which were obta泊叫 d町泊.ginitial加 tperii叫．百eses戸時Eshow白紙曲espec加 me飽rworks鏑

血伺1rypredicts. From these蜘 ts，也ecombination of (24, 26) volts for血em匂rdingvoltage w鎚
sel民飴dfor regular ob飽：rvations.百世sselection w鏑 neverch佃 1ged血roughthe whole p剖odof the 

observations after也einitial perfonnan印刷鈎．百issimplified血e血1ta戸0回ssingand wぉ foundto 

be very appropriate for global mapp泊1ganalyses. 

Figure印曲owsthe data ob組泊.ed函June,1981, when more曲組出reey伺路hadelapsed since 

the launch. Comparing wi白血e泊itial白飽ofFig. 58, we can hardly reco伊国any也g湿dation.By 
泊spec血g血em鎚Sspc割E回 in曲ismanner血dcom par泊g恥 m with absolu旬 el即位ondensities 

obta回dfrom白 topside回1under,it w鎚 presumedin白血.taprocessing伽，tthe corr即位。nof 

鈎nsitivitychange d町ing白eobservational period could be neglec飴d.
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Fig. 58 Typi岨Em幽 spec岡 fromthe q凶.ck-looksys総mfor ISS-b/PIC. 
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Fig. 60 An example of m田ssp舵仕umon June 9, 1981, ni闘rthe end of ISS・blife 曲ne.

4.4 Processing of ISS・bdata 

4.4.1 Primary Processing 

As shown in Fig. 61, ISS・b’sobservations were scheduled according to an“Operation Plan 
Program (OPP）”佃dcontrolled by radio commands回nsmit包d合omthe Kashima station, which also 

carried out most of血edata acquisition. Later on in血ismission, data acquisition was also performed 
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by a station in Ottawa，泊Canada.The data was edited by a "Teleme町 Pro回 SS泊gProgramロ'PP）”
to produ白血“Experimen飽rTape”for each experiment. Each experimen飽rtape includes白e
following re<目白1rds:

1) Header record: 

Satellite name, Mission ID, date of tape pr<刈uction.

2) p舗STitle R田ord:

S勉1tionn佃 ie,Date of observation, etc. One pass title for each pass operation. 

3）蜘fissionTitle R民 0吋：

印刷旬Iparameters and a凶旬deda飽.One mission title for each 64-蹴 ondobservation. 

4) Data R田ord:

百iedata ob勉泊ed泊 one64-鑓condobservation. 

τ1国eexperimenter tapes were produced at a m旬 ofone volume per w民k,and in to凶 151

volumes were accumula飽dfor由EPIC experiment泊 fouroperational year冒．
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4.4.2 s偲 ondaryProcessing 

1) 

2) 

3) 

4) 

5) 

6) 

To obtain ion densities from恥回開加.entertapes, the follow泊gprocessing was done: 
民 C叫泊g
百1eenα刈edda飽 aredecoded to real ion counts per second. 
Removal of Random Noise 

Sp匙yrandom noi関泊血Em舗 SS戸C回 isremoved mainly by running average. 

Sub回ctionof Bias Co剛 S

百1espurious bias counts, which give rise to也.eincreぉedbase）泊e泊血em鎚 Sspec回 shown加

也eprevious section, are sub佐泌飴d.
De包ctionof Mass Peaks 

Since the positions of m舗spe紘S泊出em鎚SS戸岨atended to move a little due to V紅iationsof 

鈍.tellitepotential and/or ion ene沼y，血epeak counts corresponding to individual masses are 
de肱包din prescribed ranges. 
Conversion to Ion density 

To ob鎗泊血absolutedensity the戸alecounts for伺chmass are m凶tipliedby a co古田tionfacto民
総 d関cribedbelow. 
Summary File 

The ion density血，taare accumula凶 with白eappropri蹴 orbi凶 data泊胞SummaryFile. This 
file is血ebasis of由emapping創talyses.

4.4.3 A伽也姐gleco町民tion

百echange of sensitivity wi血at旬ck個以EW鎚 correc凶 usingc関節cientscalcula飽dfrom血e
model described回r首位 τbismαlei needs information regarding血epotential besides曲atof the 

sa凶 i包制加de.According to由epl鎚mame鉛町mentex戸riment侭F町， thesa飽:lli総 potential
varied in the range from・1.0to・3.0volts for回1mep紅白叫arpas蹴．

If these values were available for all曲eobs巴rvationalpoints，出eycould have be糊1used for 
correction. Unfortunately however, good RPT da飽 werel加itedm必nlyto non sw叫itconditions，白us



Ion composition of the topside ionosphere 77 

April 30, 1978 UT 03:3ル04:20 凶：T2Cト07

． 
． ．． 

105」・・

"' 
103 

－ 

． ． 
企企てa

内

4

B
B
B
F
F
 

p
r
N
M
m
 

a－
－
l
n
r

，EB
r
 

陥
氾
O
円
O

B
r
n
r
T
・固
n
T
E

A

－－－唱。

a
・』争。・也企． 

会

"' "' A "' 
． ． 

-90 ・80 -30 0 30 60 90 

Geomagnetic latitude (deg.) 

回g.63 Ab蹄I回総伺libra錨.onof ion de凶 tyby TOP個 dR円・ data.

we assumed a fixed value for也esa旬llitepotential, namely，，・2.0volts.百ie位ansmissioncoe館cients
for血isC舗eare shown in Fig. 62. H由evariations of real potential are assumed to be in白巴悶igeof 
・1.ι3.0volts，泊施 wor冒tca鎚 errordue to above assump泊.on(when血eattack an俳句uals90 
de gr聞の ises也na飴dto be about 10, 25 and 50% for ff+, He+ and O+, respcぉtivel予

4.4A Absolute Calibration 

For absolute calibr甜on,we鑓sume白紙白eion counts ob泊inedafter血伊:tarco町田tion錨
desαibed above a芭炉叩ortionalto白eion densities in the ambient plasma.明白鋪sumptiondoes not 
always hold回eif e庄町：tssuch as血esa包llitepotential or the shea血創唱 considered.

Because laboratory calibration is rather difficult, we adop防d加“泊－flightcalibration 
me血叫’制I),in which血Boutpu飽食om曲em沼田m蹴 rare compar叫 wi白白emeasur即時ntsof 
o白.eron・ho：紅dinstruments. For the plasma densi勿，出isw鎚 achievedusing the伽組合om血eTOP 
担 dRPr.百iereson組問spikes恒也.etopside ionogram give absolute values of plasma density. As it 
is well known白紙 ff＋叩do+ are dom泊ants戸：ciesat about 1100 km altitude, we伽stassume曲e
dominance of these ions. 

B郎副総m回surementsby the PIC，τ'OP and RPr are not made simultaneously, we also鎚sume
白紙也eplasma density changed smoo血lyalong白eorbit. By compar泊gdis凶butionsof也eel1印刷n
density obta泊.edf加n由eτ'OP姐dRPrwi白血oseof曲eff＋阻do+ counts, we can de旬ロ凶m血e
absolu旬 cali験制onfactors for ff＋叩do＋泊血em伺n鎚：nse.Figure 63 shows白eresult of such 
伺且肱ョtion.It is no旬d企om也isfigure曲atthe a~ment be何回n出EPIC data血d白紙of血eτ'OP
岨dRPr is generally satisfactory at lower latitudes, but血.ereis marked discrepancy at higher 
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latitudes, where the density becomes very low. This discrepancy is attributable to血efact白紙血e

plasma density measurement by the TOP and RPT becomes less reliable when plasma density 

becomes lower白ana加ut104/cc. 

百iecalibration factors白usdetermined for H+ and o+ are almost the same阻dto be 1.7 

(ions/cm3)/(ion counts/sample也ne).From this we c佃鑓sume白atthe difference of calibra凶on

factors for di島 rention sp配iesis small, so伽 .tthe same factor is also applicable to He+. It is also 

justified恥cause血e回 nsmissioncoefficient of出Bspectrometer and quantum efficiency of the CEM 

may not change much due ω白echange of ion species. The results of白iscalibration紅enot 
inconsistent wi白血eobservations from the DE satelli凶17>which were made over a s泊tllarperiod to 

白紙 ofISS-b. 

4.4.5 Data Base 

All白edata included泊白e151 volumes of experim即断 tapeswere analyzed by above 

procedure佃 d血eresults were accumulated泊血esummary file. One da細胞cord泊白esunimary file 

consists of白Eion densities of H+, He+ and O＋，白eorbi凶阻da制加dedata obtained in血e64-民cond

observation白ne,and the NmF2 and electron densities at the sa旬llitealtitude as dedu田dfrom出e

topside sounder. The distance between adjacent observational points is about 500 km, or 3 degrees泊

latitude. As shown in Fig. 64, almost consecutive da飽 wereacquired for出reeyear冨duration阻d血e
to凶 numberof observed po泊.tsis about 150，α）（）， Although曲espatial resolution is not so high，血e
observational po加：ts紅edis凶bu飽dfairly unifon凶y泊lati加de,longi加deand local曲ne.百iesedata 

are suited for mapp泊ganalyses. It is noted here白atthe s阻 imarydata of PIC begins食omAu伊st

1978 while血eregul釘 observationsstar飴d泊 April1978.’This was because白ea凶旬dedata had 

some problems before August 1978. Summary plots prepared企om血isdata base have been 

published by RRL＜＇”）． 

Figure 65<1倒 showsthe sol紅 activi勿correspondingto血eperiod of ISS-b ob鈎rvations.ISS-b 
was o戸ra凶 justat白esolぽ maximumperiod, so伽 .tthe geoma伊eticactivity wぉ alsohigh. Since 

ion composition data for solar maximum conditions W筒 rathersc館四before血eISS-b experiment, it 

provided a valuable data so町cefor the solar maxinlum periods. Figure 66 shows the obServations 

made by many satellites，加eludingISS-b, during solar cycle 210°1). 
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回g.65 Vi町均値.onof sun spot number during ISS-b ob飽円a錨.ODS(aft町 Solar-G伺1physi叫 Data,
19：脳｛刷I)).

5. Analy：田sof global distribution of ions 

5.1 Pro凶 nentfea佃r四 observedfrom individual p邸時S

Although血emain objective of血is戸.peris direc凶 tostatistical analysis of ISS-b血凪白is

鈎ctionF四entsthe basic charac臨 isticsof the ion plots for individual passes. 

During the伺rliぽ stagesof血eISS・bmission, four p錨sesper day were sched凶叫 soas to 

dis凶bute曲eobservations uniformly 官官oughout血eworld. Figure 67 shows p鎚splots of ion 

de田itiesalon~ the酔odeticlatitude observed on August 24 and 25, 1978.百iegrョphsall伊ed泊白e
verti四Idirection show plots for different longitudes of equatorialαoss.泊1g.百1国eon血eleft show 

the data of August 24，組d血0鈴 on曲eright show血edata of Au伊st25, for which the respective 

long畑desof eq四.torialcrossing are almost血es佃ie.In ascending passes白esate Iii旬 g田 S企om
sou由旬 no油，卸din d飽田：ndingpasses from no抽 tosouth.百ie1田altimes when血esatellite 

a四sed曲eequator were about noon釦d凶制.ght泊泊施鈎戸d叫s，叩d白e総出：ndingp舗SW舗面白e
dayside and the也S田ndingpass泊血E凶ghtside.

According to白e1cp ind防sshown in Fig. 68，血eg回magne姐cactivity w鎚 quietduring曲e
W関kor回 upto and including August 25.’The values of so加盟国， Fl0.7,for August 24 and 25 
were wi白in105.0土1.0叩 dhen白血ev副ationof these values w鎚 small.百iatis to say白紙血ere

W鎚 no伊国c叫arg回 magneticor solar event on白esetwo days, and Fig. 67 com卵胞S白eda飽

ob凶nedon a pair of typical q凶et也1ys.百ievalues of long仰de組 dthe local伽 e(LT) are rou酔ly
shown泊theupper阻 dlower戸出ofeach g司.ph.It sho凶dbe no飽d白紙athigher la出1desthe local 

time changes faster for small changes泊 lati加.de.Sin1伺血edifference in local也neat partiαliar 

lati制deson白etwo days is very small, the variations between血eg富phsin血evertical column show 



80 

.,,, 
$3-1 

I. Iwamoto 

STS3 

ossr 
STS9 

Sp11ca.血bf 

Fig. 66 Data base archived at NSSDC near the period of ISS-b observation [after B出tza,
1989<101>1. 

the longitudinal dependence of出eion densities. The difference between the p泊rsof left and right 
graphs shows some day-to-day effect because the longitudes are almost白esame. Now let us 
examine the basic charact巴risticsat day and night sep紅ately;

5.1.1 Characteristics in the dayside 

The first clear feature in the dayside is出ato＋加dH+ are m吋orion species in the lower 
latitudes and the density of He+ is smaller白血 thoseof o+ and.H+ by an order of magnitude. This 
feature is consistent with the observations by OGO series satellites at the similar altitude 
rages< 102)( 1 OJ>. 

The second feature is出at[W] and [Hピ］ d巴creasemore sharply than [O+] at middle to high 
latitudes. This feature is consistent with the earlier observations by OGO series satellites<102><104>. This 

reflects血efact白創出巴 lightion di釘useupwards more easily血佃 heavyones m出eplasmasphere 
and their densities at high latitude becomes lower since the volume of magnetic flux becomes greater 
白巴re

The出irdfeature is that we can see a very large longitudinal dependence for different passes 
made on白esame day. The longitudinal dependence seems to be greater for H+ and He+ than for o+. 
For 目白nple,we can see density e出叩cementof H+ around -60 degrees of geodetic latitude for the 
pass sta丘ingon 0350 UT （白euppermost graph of Fig. 67), while we C創motobserve such a structure 
at白Eco町espondingposition in出巴 otherpass on白巴 S創neday (the pass starting on 0904 UT). 

We notice出atwavy s回 ctures紅巴 presentmainly in H+ and He+ profiles. These紅Ealso 
longitude dependent. We will discuss the average features of血elongitudinal dependence in a later 
section, but here let us ex創ninea little more closely白iswavy structure observable in the individual 
passes because白iss町ucturedoes not appear m出eaveraged profiles; 
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Fig. 67 Pass plot of ion de回lilieson A暗闇t24岨 .d25, 1978. Data of shn盟arlongi佃desat the 
何回1torer蝿singon the two days are displayed面白eleft and right panels. 

aa.o・

For the p鎚sbeginr曲igon 0816 UT, August 25 （由ethird gi百1ph貨omthe top加由eright column 

of Fig. 67), we can see a wavy s阻JC佃rein白eff+ profile, while such a struc加mis not discernible for 

也EP鑓Sof similar longitude on August 24 （由e曲註dg司1phin白eleft column). 

Figure 69 comp：紅巳sthe profiles observed on August 26 and 27面白esame way鎚 Fig.67. We 

C血 discernsimilar wavy s回 C制resin the corre叩ondingp錨蹴of加白血1ys.But血.eses館山知res卸

也:form叫 considerablyday by day.百uswe can say from伽 sedata白紙白ewa・可柑UC旬m

continuously ex.is旬dfor about three days at a p紅白叫ぽlongituderegion (around血enorthern p副 of

Sou也 A創.ca，初出iscase). We c佃脱出tllarwavy structures for He+ profiles, but伽 seare 
generョllyof smaller ampli加deand do not鎚emto con芭latewell wi白血.oseof血巴日＋戸。files.As for 
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日g.68 The g回1magneticactivity in 1978. 
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回g.69 Comparison of the p踊Splo旬。nAugust 26 and 27, 1978. 

o+, we can hardly recognize阻ywavy struc佃mat all, or白ear即日制deis very small if any.司副is,

曲swavy struc細胞 S田msto be mass dependent. 

Figure 70 shows examがesof qui旬 aregular wavy s回 C加m observed on February 2血 d
Fe加 Jal')'4, 1979. We can reco伊国wavestructures for加血ff+and He＋血dfor加血血ea民ending

and descending p凶ses.

It is interes也igto note白紙血eamplitudes for He+ are grea旬r白血血osefor ff＋泊曲isC鎚e，阻d

血at由ephases of oscillation are almost opposi旬forH＋血dHe+. Ins戸出ctionof othぽ P鍋鶴Son出ese

two days泊dicated白紙血ewave struc仙reswere present for most of the p錨sesob民rved.百iatis，血e

国cillation鈎emsto have extended all over the world during血isp釘iod.
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More examples of regular国cillation泊 theff＋抑制eare shown泊 Fig.71. We c叩 observe

sin田oi1血Ioscillation in ff+ profiles for the descending p鑓飽swhich er四S白eeq国torat about 170 

de gr田 Slongitude on加也J佃 uary24 and 25 (left column). But祖師pas蜘 whichcross the何回附
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at about 320 degrees Ion~tude (right column), we can h鉱物observeany reg1加 oscillation.In this 
case也eregul紅 oscillationis confined to a I面温旬dIongi加dinalregion. 

So faむwehave not found reports on such wavy s加 C卸res包 iondensity profiles. In order to 

S回rchfor伽 cau鈴 of也eses回 C組問， all血eprofiles of ion densities from Au伊st1978 to May 

1979 were chi田kedvisually. The wavy structure exhibited the following characteristics: 

1) I包似澗rren田 rateis large for H+, small for He＋，阻dvery small for o+. Variations of ff+ and He+ 

are generally not泊－ph鎚e.
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Fig. 72 Occurrence rate of the wavy structure in ff+ distribution during about one year period 
(August 1978-May 1979). 

2) The occuπence rate for H+ is very large in February as shown in Fig. 72. It seems白紙出erate 

d巴pendson season. 
3) The maximum釘nplitudeof oscillation is about 30%. It tends to be larger in higher latitude 

4) Apparent wave length along the orbit is about 10°-20° in latitude, or 1000--2000 km in distance. 

5) It凹 cursover limited ranges of longitude and continues to exist there for a few days. 

6) It is not correlated with th巴 geomagneticactivity 

The above characteristics suggest that山ecaus巴ofthe wavy s住uctureis probably du巴to白e

oscillation of白eneu甘alatmosphere. Wave-like fluctuations in the neutral constituents were observed 
by AE-C<I05)(1附 andDE-2<107'. Hedin叩 dMayr0°7l reported出at出ewave length was 40ふ4000km 

and the amplitudes and phase of白eoscillation were different for differ巴ntspecies. The relative 

創nplitudestypically change by 6-20%. The variation in helium soon fell out of phas巴wi白血atof 

N2, suggesting most likely source is gravity waves generated by auroral activities. In the case of 

ISS-b, the altitude is llOO km so白紙出egravity waves would not propagate to出isaltitude directly. 
However, if the waves modulate the plasmas in the lower ionosphere, say around F2 region，血e

effect would be transferred along出emagnetic field, allowing the wavy structure be detected there. 

w巴currentlyhave no further evidence to support血isspeculation，叩dit is beyond出escope of the 
present study. Generally speaking，出巴 effectsof the neu住alatmosphere have not been well 

documented<108l. This is an important and interesting紅白forfuture investigation, p紅ticularlyin the 

STEP program. 

5.1.2 Characteristics in the nightside 

The descending pass observations shown in Fig. 67 and 69 were made出血Enightside, where is 

seen that H+ generally dominates over Q+ in lower latitudes. That is, the transition height between o+ 

and H+ goes up and down beyond出ellOO km altitude of ISS-b during白isperiod. The回 nsition

height has been reported to be lower during periods of lower solar activity<109l. Another prominent 

feature here is that出ed巴nsityof He+ is comp釘ableto those of H+ or o+. According to previous 

studies, He+ has always been considered a minor constituent 白血etopside ionosphere<10l. The present 

study shows白at出isis not the case, at least during the solar maximum period. We will see laも紅白at

dep巴ndenceof averaged [He+] on solar activity is small, suggesting出atit should have relativ巴lyhigh 

value even during periods of lower solar activity at about 1000 km altitude. 

The another prominent feature is that血elatitudinal distribution is very irregular and its 

dependence on longitude seems to be greater than in daytime. Howev巴r,when we compare血E

dis仕ibutionsof similar longitudes on consecutive days, we can confirm出atsimilar s甘uctures

continue to exist, whil巴出eprofiles measured on出es釘neday but at different longitudes do not 
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Fig. 73 Compari回•D of p踊splo飽 ob鍵•rved on October 19, 1978. 

resemble伺 cho血.er.Inspc均値.onof m叩yplots shows白鉱山elife time of these struc旬resseems to be 
a few days.τbis fea加mis s泊幽紅todayside c鎚es阻 dhence it is very probable白紙由eses回 C細胞S
con血ueto exist through day and凶ght.Unfortunately, however, we cannot con伽m血isbecause of 
也Elimi旬tionof sa旬:Hiteorbits. 
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Fig. 74 Compari却nof lati佃dinalprofil錨 ofH+, He+ and NmF2. Note白紙NmF2ism凶.tiplied 
by 0.01 for the convenience of display. 

Figure 73 shows two p邸 plo飴 observedon October 19, 1978, when the ascending passes 

corresponded to臨凶.gh凶de.The basic characteristics sta凶 aboveare also confirmed泊白isfigure. 

For血e凶ghtside,we can s関白紙也elight ion profiles have a d田pequatorial minima. or trough官f)

位 ucture.From inspection of all血eplots, it was found曲atgenerally血etrough is deeper for He+ 

出血 forff+. Sometimes we can also observe weak ET s回 C伽res泊也edayside, but血ey釘宮 much

shallower白血血oseat凶ght.We also notice白紙血edepths of the ETs are di貸erentat diffe隠nt

longi加des.

百ieequatorial住OU酔 struc伽m in 開e•] was first po泊tedout仕・om白eOGO series satellite 

observations<103>. To the au血or’sknowledge, nobody has yet been able to fully explain why these 
S住UC制resare formed. As a representative nighttime structure, let us飽kea closer look at ETs泊血E

following: 

5ム3Equatorial troughs of He• 

Exantination of many pass plots of ISS・bshows白紙 ETsin He+ density紅epersistently 

observed at凶ght,and白紙由eyare very s耐rilarto血eequatorial卸 omaly泊 NmF2.'fypical 

examples are shown in Fig. 74.百teNmF2 data were ob旬泊.ed企om血.eTOP experiment on ISS-b 

and紅emultiplied by 0.01 for convenience of display. Dip latitude is used in出isfigure加dit is 

clearly s開n白atho血［He＋］佃dNmF2 reach minima at the dip equator. However.，出edistance 

between the crests is wider for He＋白血 forNmF2. The same features釘egenerally observed for 

o出erpasses. Exantination of all the p錨 S岱 betweenSeptember and December, 1978 revealed白紙for

93% of the pぉsesin which the equatorial anomaly in Jl{mF2 c血 beidentified, we C佃 alsoidentify 

ET in凹グ］.It has been well known白紙“血efounta泊 effect”dueto E×B produces血eequatorial 
佃 omaly加NmF2and results泊asingle peak泊elec位・ondensity at血.etopside ionosphere<110>. It is 

very戸culi紅白atETs exist in [He+] dis凶butionsbut not in位iem吋orconstituents, ff+ and o•, ur訓ke
血eequatorial佃 omaly
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where由elong畑deis 30-170 degr田s,the 町通are very shallow, while泊血eright side p釦elswhere 
the long畑deis 217-320 degr田s，由eETs are deep and reach a minimum depth at about 320・
longi加de.τbedensity at the也喧戸st加，ughis組側叫釘ofma伊i知也1悶白血血atof the crests. 

百ieseexamples were sel回包dsomewhat arbi回rily，加tsuch features a官commonlyobserved泊
P鉱山叫ar~叫s. In Figs. 75 and 76白eangle betw田nthe sun-ear曲 lineand血eplane of 
geomagnetic 何回.toris shown byα. Si伊itic回目 of曲isangle is discussed later泊白is鈴ction.

Figure 76 shows the ~ass plots wi白 s卸rilarL百 at血eequatorial crossing observed during 
Oc旬以出r11-13, 1978. In白isexample，血elongi知dinaldependence is smaller白血 beforeand血e
max加盟m加 ughappears at 2似〉ー210・longitude.Figures 77 and 78 show p蹴 plo包ofHe＋佃dNmf2 
which illus回館山de戸mdenceof ET on LT for血ep蹴鎚whichcross血edip equator at a加ut300 
longitude, where the回，ughss田m to m眠副首m d町加gthe peri，叫 aroundA戸11979. 

Sit凶larlyFig. 79 shows dependen田 ofET on LT for the p舗seswhich cross白eequator at 
mト180longitude, where白E回＇ugh鈴emtom泊凶mdur担g自己 S叩 eperiod. It should be noted 
白紙ape剖odof about two months is n田essaryfor血eLT at a fixed latitude to change by 24 hours. In 
曲isfigure，血eET泊凹e+]begins to appear at 18 LT, it m鼠耐rlzesat（）（レ03LT佃 dit disap戸紅Sat 
a加ut06 LT. On the o血巴rhand, for NmF2 the阻 omalybe副nsaround 12 LT, m眠imizesat 22 LT and 
di錨ppc班 sat06LT.百tereis a~nt delay of民：ver司1hours between ET泊凹町田d由eequaぬrial
佃 .omaly泊 NmF2.Thus accord泊gto由ecomp釘isonof泊divid国1P＇蹴 plots,we C佃 S偶 avery 
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町g.78官官lie掴me踊 Fig.77, but for nigh雌me個 se.

close resembl阻 ceand slight differen回sbetween ET in凹叫 and曲eequatorial anomaly in NmF2. 
We will investiga旬血esefea佃resmore closely by s旬.tistical血 alysisin the next鍵ction.

5.1.4 Correla位。nwith g伺 magneticactivity 

百ieobs町vationperi叫 betw田nAugust 24血d26, 1978，曲σwnin Figs. 67 and 69, cor-
responded to a g回magneticallyq凶巴tperiod 1総出gfor about one w田：k,and ending wi白aSC at04 
UT on August 27. As shown in Fig. 69, Kp be~ to increase at about 08 UT and reached a 
maximum value of 8・at11 UT on August 28. Figure 80 shows the data on August 28 and 30 
(observation not done on August 29). Let us examine the data in time s伺uen回 after0833 UT, 
Au伊st27. Little appr田：iablevariation can be鶴enfor the pass beginn加gat 0422 UT on 28 
compared to白eprevious pass, but for the p錨sbe酔m泊gat 1157 UT on 28 when Kp W鎚 m郎副um
of 8-, [ff+] is也俳句dmuch at higher latitudes担dl副知曲凶cutoffis very sha中・For血.epasses on 
30，凹＋Jlooks almost recover叫印刷ettime values while the g1即 1ma伊.eticactivity was s岨1higher 
(Kp = 4+). Compared to ff+, Q+ and He+ show not much variations. 

Figure 81 com戸resscat旬rplots of白edens泌総 of白reeion s戸ciesdur泊ga quiet period 
(Au伊st20-27) and di蜘取出11peri1叫（Au伊st28-「September3). In也edis町民dperi1叫，凹＋］
d回路総esvery notably in血esouthern hemisphere. It is no鎗d,however，曲atthe scat町 ofdatapoin包
is larger泊血equiet period白血泊由edis制ぬedperiod.明白 sea儲出rmay be due to longitudinal 
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Fig. 79 The蝿me園出eprevio田 figurebut the lo明言伽deat the 何回旬1ris be何回：D100岨 d180 
degr創出sfor回chpanel. 

variations as節目ibefore. Fukao et al.<111＞伊泊凶outby IS m血robservations白紙血.enigh凶meH+
COD白n回tionat 500 km over Arecibo had s住・ong卸値・correlationwi血Kp-index.Present observation 
蹴 msto be consis蜘 twi白白紙study,but more C卸釦Itrea回.entmay be n田d剖 toconfirm iL For 
He＋，出escatter of da旬islarger for血edisturbed peri叫白血for由eq凶.etp剖odcon回 ryto ff+ case. 
AB for Q+, we noti田由ereare slight density increases at凶.ght面白elower latitudes (des悶叫ng
pass) d町泊g血Edisturbed period. 
’Thus, when we look at泊.dividualp総sescare：釦Uy,variations泊 iondensities are noticeable. 
However，錨也scribedla凧 multi・parame飽rregression analysis of ISS-b data did not give consis蜘 t
dependen関 onKp-泊dexe~偲pt for higher latitudes. Depend即時 of血elight ion trough on Kp is 
discussed泊血enext関ction.
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OG0-4 May 1968 Noon 

Fig. 83 Distribution of the Hザ observedby OGO・6showing the pronounced latitudinal 
variation [after Taylor et al., 1971U3>]. The angleαis defined as the angle betw田R白e
sun-earth line and the plane of g伺 magne枇 equatorwhen the satellite cross the g伺 mag-
netic equa旬巴

5.1.5 Year-to-year changes 

Figure 82 shows血edata observed in Au伊st1979 and August 1980, one year and two y回路，
respectively, after the period shown in Fig. 67. Since the period of血E向11diurnal cycle was almost 
exactly four months and the relationship between the subsatellite latitude and local time is almost血E
same for every year, very similar profiles釘ereproduced every ye紅 forthe伽・eeion sp即ies.It is 
no包d白紙加 1979and 1980, [O+] increased and [W] decreased while [He+] did not chan~e 
appreciably compared to 1978.百iesedifferences C佃 bea位ibu飽dto the solar ac姐vity,which is 
verified statistically泊白elater section. Statistically m伺n泊gfulda旬 wereobta泊.edfor a period of 
曲田years.From these da飽，白edependence of ion densities on sol紅 activityhas been obtained.百 e
durations of ion observations by previous sa飽l1i旬s,such as OGO or ISIS series, are not so long 
comp紅edto ISS・b.百由 isa u凶quefeature of白eISS-b observations. 

5.1.6 Comparison with other satellite observations 

Before the ISS-b mission，出e000 series satellites （・1・4and・6）佃dISIS-2 observed the ion 
composition in the topside ionosphere. In particul民出巴 000series carried Bennett ion mぉs
spec佐ometersof the s釘netype as白紙onISS-b, and observations by白esesatellites revealed basic 
characteristics of the topside ion composition which had not been known before. 

U凶ikeISS-b, however, the OGO orbits were not circular; for example，出eal ti旬deof白e
000-6 satellite changed betw田n400 and 1100 km. Consequently, statistical analysis of its data 
mi酔tbe rather difficult，加dno such analysis has been repo巾 dso far. 
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A typical example of He+ distribution obta泊ed仕um000・6is reprodu田d泊 Fig.83仕om
Taylor et aI.03>. Although it should be no飽d白紙thechange of LT along the satellite p鎚Sis smaller 
for 000・6血anfor ISS-b because the inclination is 80 degrees, we can confirm白紙出ebasic 
ch釘acteristicsof the dis住ibution釘Eessentially s泊ill紅 to白eresults of ISS-b observations.百ie
angle betw回nthe sun-earth line and白epl組eof也eg1回magneticequator, is shown泊白efigure. 
官risangle was named as血s“回largeomagnetic seぉon”c1oox112>and白eyemphas包ed白紙白isangle 
charac旬：rizes白elongitudinal variations of ion distribution. 

百tatis，血.eycl組m白紙也elatitudinal dis位ibutions紅esimilar for similar values ofαand vice 
versa for unlike values ofα，白usαshouldcorrespond to批 seasonalangle. For example, as for the 
equatorial住ough(ET) of He＋，曲eyreport白atwhen αis negative, which m回nsthe solar 
geomagnetic seぉonis w泊ter.，白e住oughis shallow and wide, but when αis positive (geomagnetic 
summer），白etrough is deep and n町＇OW.羽ieyalso emph鎚国白紙白isfeature is main飽ined鎚 long
asαtakes similar values even if the real (geogr富.phic)se鎚onchanges. 

S.2 Analyses by L'f.・MAP

As discussed泊白eprevious s目白n,the ion densities in白eto戸ideionosphere depend upon白e
latitude, longitude, local白ne,season, solar activity, geoma伊eticactivity and possibly other factors. 

Since the ISS-b mission las飽dfor白reeyears, it provided a useful data base白atmakes it 
possible to analyze th巴variationsdue to various factors. One of血emost basic dis回butionsis泊出e
latitude-longitude plane, or world maps. A world map produced 企omthe data of cons飽ntUT is 
called as UT-MAP. It represents the instantaneous world dis凶butionof ion density. 

On the other hand, a map which is produced 企omthe da旬 ofconstant local time is called an 
LT・MAP.An LT-MAP represen箇 thepat包mwhich can be observed when the ionosphere is viewed 
食oma fixed LT組 glefor one e紅白 rotation.

LT・MAPsof the ion densities for曲E戸d叫sbe何回nOctober 1978 and August 1979 were 
published by RRL<113＞.百ieprocedure to produ白佃 L下MAPis as follows; 

百ieobserved也：taselected by a prescribed condition are fit凶 to恥 followingspherical 
expansion by the least squares me白od(ll).

where 

M N 

F（λゆ）＝ヱヱ［A,.,,,J!im(cos 8) cos mゆ＋B脚庁（coslJ)sinmゆ］…H ・H ・－・（11

λgeodetic latitude 。g回deticlongi加de
Pnm ぉsociatedLegendre function 

。co注目白dco・latitude,
8 = coC1［／（λ，＜／＞）／,JC示l]..・H・－

I dip angle of the g回magneticfield. 

The co町田飴dco・lati旬de,which was泊住oducedby Jones et al.<114>, is par岨elto也econstant dip 
卸 gle泊曲elow latitude and its poles coincide with血oseof the geodetic one.百iecoe錨cientsAnm 
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Range of log10Ni 
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4.0～4.4 
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1 .2～1.6 
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Fig. 84 Color charts for global maps. 

and Bnm紅Eto be determined by the least squares method. In出isanalysis, n = 9 and m = 2 are used. 

As for the geomagnetic activity, the data obtained during the period when Kp is less白血orequal to 
4+紅巳 used.

5.2.1 LT-MAP of ff+ 

Figures 84, 85, 86, 87 and 88 show LT-MAPs of W 合omLT= 00 to 18 hours for the period 

between October 22, 1978 and Febru紅y22, 1979. This period corresponds to the winter season for 
the northern hemisphere. 

Figure 85 shows the dis仕ibutionfor LT = 00 hours. If the ion distributions were determined 

solely by geographic factors, such as Iati旬de,season and solar zenith angle，出erewould be no 

longitudinal dependence and the contours would be horizontal. Of course出isis not出ecase as 

evident from the figure. It is natural to consider that the outstanding longitudinal dependence is 

prim紅ilydue to the geomagnetic effect. It is noted that出er巴isa very s住ongasymme位ybetween由巳
northern (winter) and southern (summer) hemispheres. In白enorthern hemisphere there are two low 

density regions over Europe and白ePacific Ocean and two high density regions over east Asia and 

白eAtlantic Ocean. On the other hand in出esouthern hemisphere there is one low density region 

over the South Indian Ocean and one high density region over South America. Let us pursue出is

distinct longitudinal dependence. The above noted characteristics are maintained in白eI平apsfor LT= 
02 and LT = 04 hour, although these are not quoted here (see Hakura, 1982). 
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In Fig. 86, which displays血emap for LT = 06 ho町B，血etwo density m泊泊m泊血enortl悶n

hemisphere have almost disappc班叫皿d曲Em直面ms創Iexist at a加1ut135姐 d315 long帥des.The 
min加.um血dm凶 num泊肱回u血巴mhemisphere remain in almost白esame regions踊 LT"'OO.

In the map for LT = 12曲own加Fig.87，白.eareas of high血nsityare expan制 tohigher I副知郎副
加也ltemispheresand血edifferen田 be阿国：nthe伽ohemispheres becomes small偲 Wec佃 also関e

one density min回m for伺 chhe凶spb悶 inthis伺se.In the map for LT= 18 shown in Fig. 88, the 
s国側m of minimum or maximum田Uscan hardly be reco側zedand hence the contours do not 
depend much on long畑de.官iesecharac回isticscon血ueto exist曲roughLT = 16 to 20. When LT 
以:comes22，由Echarac伽isticsapproach白紙蹴natLT=06鼠 shownin Fig. 85. 

Figures 89 and 90 show血eLT-MAPs of ff+ for LT = 00佃 d12, respectively, for白eJune 

回1lsti1田 period(A戸122-August 22, 1979). A戸。m泊.ent色a句m鈎enin血e鈎 mapsis白紙thereis 
one maximum over the Pac.泊c仇伺n阻donem泊加1UIDOV1ぽ血EAtla凶cO田anregion，白紙is，自e
si側副onis reversedαm戸redto由eD即emlx盟rsolsti田 condition.Con回ryto血eD田embersol組問
condition，血.ereis no cli回rminimum or maximum in Europe, East Asia or the South Indian仇 ean

area. 

S.2.2 L'f.・勘fAPof He+ 

Figures 91and92 show曲eL'l冶仏Pof He+ for LT ＝∞組d12, respectively, t1ぽ也eDecembぽ
回，]s帥 period(1仇 tober22, 1タ7ιFe加my22, 1伺9).Firstly as fぽ LT=00 shown泊 Fig.91, we 

can see one maximum and one minimum in白e回uthemhemisphere皿dtwo se包 ofmaxima and 
m泊加a泊伽northernhemisphere, as鈴阻泊血SC国eof也eff+ dis凶bution.百spositions of白隠e

m蹴加a岨dm泊泊iaare almost血esame as those for ff+, but血elong畑.dinalv副姐.onsor 
鑓ymme町 be何回：nthe回ud悶 nand nor血m he凶spheresare not so la喝：ecompar凶 ω首ieC蹴 of
ff+. In the伺seofffe＋，血伺回旬血1回 ugh(ET) is clearly蹴 nwhile it is not fぽ ff+.ET is d回p卸
値iePac.泊c印国nregion and shallow個師岡U曲Amer蜘 toSouth Atl組組cregion. As蹴 n泊白e
previous関C由民ETge岨erallybegins to也velop恒也sev1倒 nghours, max出国sat a加lit回 hours

and almost disappears at 06 hours.百isf伺加mis al回∞姐rmedin the L下勘lAPs.In値lCm叩 forLT 
= 12包Fig.92，也eET s回 ctureis not evident, and it is no鎗dthat也eover司11pat旬mof血eHe+ map 
is very s卸凶larto白紙 ofH~・ for 血es阻 ieLT (Fig. 88). However, the absolute values of the density of 
He+ are about one回也 of曲0関 offf＋，血dit is no凶白紙He+densiti1凶 arehigher泊血ew泊飽r

he凶sphere.Figure 93 shows the L下MAPfor LT = 00 dm泊gthe Jmie solsti田 peri1叫．百sm国t

notable f国制rein血ismap is白紙血eregion of也E伽e戸stET has moved to血earea betw＇田nSou白
Am回目血dSou血 A血ca，白紙 is，血esi旬副.onis reversed compar叫 ω血ec凶eof民 cember
回1岨印刷.g.91). In加白血D蹴 mberand June sols姐開制民白血帥ofET, namely the density 

ratio betw＇関n恥 maximumat血ecrest岨d泊施m泊加m at the g伺 1magneticequa伽 is40, or a加ut
1.6 where expres鈎dlogari血mically.百isis m曲.erlarge，組dshows again白紙ET泊 He+density 

dis回butionsis a very pro凶nentf伺佃re.Similarl払Fig.94 shows曲eLT-MAP for LT = 12 dm泊g

曲eJune solsti田．τ'hema伊加deof longi旬dinalvaria姐.onis low＇ぽcomp：紅edto血ecase of ff+ (Fig. 
卯＇）.Itis not国白紙He＋也田ityis higl断面w函館r曲卸summeras in也ecase ofD田embersolsti回．

S.2.3 LT-MAP of ()+ 

Figm四 95血d96show白eL下MAPsof Q+ for LT = 00 dm担g血eD即emberand June solsti田，
m甲田tively.As泊白ecase of ff+, we c佃 S田 ah唱easymme町 betw1田n曲ew泊飽：randsummぽ
he凶spheres.τ'heo+ density泊也esummer hemisphere is high組 dit has a relatively flat 
distribu凶.on.On首ieother hand泊曲ew泊，terhe凶sphere，臨 lati伽dinalgr叫ientis very s回 p.We 
C姐 alsoぉea dis血.ctlongi加dinalstruc細胞泊加出 maps.
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5.2.4 DiSCl踊：ionof L'f.・MAPs

We have総enabove白atthe LT-MAPs derived 針。m白eISS-b observations at 1100 km altitude 
e副 bitpronounced long帥dinalvariations for all血reeion s戸cies,ff+, He＋卸do+. 

αie of血emost戸。bablecause of the longi佃dinaldependence is effi田飽 ofneutr百lw泊ds.Of 
course the pl総madr協 dueto白eelec凶cfield has been known to significantly modi今ionospheric
dis剖bution,its longitudinal也penden偲 hasbeen poorly known so that its effect is not di鉛us鑓d
her芭．

It is well known伽 tthere are global neu回Iwinds blowing from恥 daysideto恥凶.gh飽idein 
白血.ermospheredue to白eabsorption of sol釘 EUVradiation.百edirection of the neu回 lwind is 

mainly horizon凶．百由 winddr喝S血eionospheric plasma to exert movement of the plぉ，ma

cons位制.ents.Bee副総 movementof the plasma across血emagnetic field is forbidden usually，，血e
pl鎚maob飽insa velocity component p紅叫leito血emagnetic field，佃dbecause白ema伊eticfield 
has ave凶.calcom卯1nent,the pl鎚maeventually obtains a v剖 .calvelocity伽mthe horizon凶 neu回l

wind. When one observes曲epl鎚ma泊血.etopside ionosphere upward movement results加adensity 
incre鎚e卸 ddownward movement results in a density deα国鎚.Because Q+ is血emajor constituent 

泊白eregion where白eeffect of neu回Iwind pr凶om泊富岡，白eeffect of neu回lw泊dwill manifest 
itself pr泊即日y泊 o+distribution.百iedis凶.butionof H酔tions (H+, or He+)are con回 lledby 
buoy加cyforce of O七回白紙泊伽問問ofthe neu回Iwind ω曲elight ions will appe紅白rougho+. 
Ifwe let Vn血 dVz be曲evelocity of horizontal n開国Iwind and由evertical velocity of pl錨ma

exerted by the former, respectivel払由enVz is given by 

vz民 vncosls泊／cosゆ...・H・...・H・................................................................(115) 

whereゆis白sangle between血eneu回Iw加dvector叩d血.ehorizon陶Icomponent of the 
g回•magneticfield. If Vn is in也em剖dionalplane，ゆisequal to血edeclination岨.gle.百ie品clination
angle c卸 S凶血elongitudinal dependence. B郎副総血e飽rmcoslsinl maxiJ凶zesat I .. 45, Vz飽Ires
large values at middle l副知也s.B由加se白edirection of血eneu回Iwind is戸edom泊卸値yzonal at 
most local times o由er血an03or14hoぽs,it is ex戸C飴d白紙血eregions where白ed郎：lination佃 gle
is g国防御 generallymore d町制 by由eneu回lwinds. Figure 97 shows恥 dis凶butionof 
declination angle at 300 km alti伽deas cal叩 latedby IGRF・1975015>.Miyazaki et aJ.O明白：vealed血at

region of high or low o+ density are closely conn印刷 with血eregions of westward or制抑制
d田：lination.of白egeomagnetic field泊 thenぽthemhe凶sphere,respc出ctively,and vi偲 versa泊也e

south巴m hemisphere. 

Figure 98 shows也ecalc由旬dve：凶伺Iplasma velocity泊du回dby由eneu回 Iwind at 300 km 
altitude and at LT = 20 ho町Bd町旬g血eDecember回1lstice(a) and June solsti田 (b),resp配tively016>.
To ob旬泊白鴎 dis凶butions，血eneu回lw加dv配to四 cal印 lat凶 byBlum and Harris<117l are u鈴d.

官ieneu回Iwind at LT = 20 is chosen as a typical nigh帥necondition when出ewind velocity 
以出comesm甑 imum<11η．
Comparing Fig. 98(a) wi白 Fig.95 for the December solstice conditions, it is found<116＞伽t

region of白eo+ density d叩ressionsrou酔lycoincide wi白血eregions of m盟国ain也edownward 
flow. Likewise for June回，1sti1田 condition,comparison of Fig. 98(b) wi血 Fig.96 gave s加温ar
conclusion<116l. 

百1usit is very probable白紙血eremarkable longitudinal dependence shown in白ELT-MAPs of 
o+(andhen田 offf+ or He＋伽oughQ+), derived from悦 ISS-bobservations at 1100 km altitude is a 
result of血ed田linationangle e貧国tof the neu回lw泊d.

Ionospheric plasm鎚 haveb田nextensively obsぽved仕＇Om白eground and space, but the neu回l
a回 .osphereh鎚 b田nobserved less and hence its effi田tshave been less well understood回 far.
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Miy：血雄iet al., 19：回：（llS)].

Because neu回Ispc氾iesare still predom泊antat the altitude of曲eISS-b obs釘vations,it is natural 

血at血eplasma there is d郎総dby the neutral atmospb悶.However, because ISS・bdid not carry any 
instruments that could m回sure白eneutrョlatmosphere, it is diffic叫tto study fur血巴：rthee:ffi田tsof白e
neu回Ia加 OS仲間 onlyfrom ISS・bobservations. Investigation of the泊飽即値.ODSbetw1田n血e
therm回仲間制d也eionosphere is an加伊氏側師aof research to be飽.clcled泊白血卸re,by the 
S1冨pprogrョm,for ex血 iple.

Now let us肱 ea look at similar s陶磁esso f紅白Pぽ凶.Papagian臨佃dMullanザ118)po：加凶
out白紙曲eeven泊1ganomaly，，泊whichthe values of fo回泊血eevening hours are higher白血血.ose

around noon, is well correlated wi白血n印刷windsdeduced b! Kohl and King<】19），百emaps of 
“evening anomaly index" in their pa戸む whichis quoted担 Fig.99，砲事.very analogous ω曲e
LT-MAPs from ISS-b.百ieevening anomaly index repre関脳血edeviation of foF2 from its value at 
noon. It is also no旬d白紙血B関鎚onalvariations加白isfigure are very siI凶larto白oseof貸ieISS-b 

results. The a加•Ve au血orsa出 bu凶血.eseseぉonalvariations to the d田lination佃.gleaff倒 ofthe 
n印刷wind.E持igCI抑制fo則的declination血.gled側面白目using血tafrom iono岡崎
stations. On血eother hand, Ev血s<llS)repo出 d白紙nosuch e貧国tcould be鑓mwhen com卵白ig血e
蜘 of抑制onsof con回stingd田：lination血gles.To帥帥t,Papagi組曲制M凶 aneyCllB)
argue白atamong other th泊：gs由Edifference of the sol紅 activitymight be阻加：po由 ntfactor. 

Inciden凶払 theobservation by Papagiannis血 dMullanザ118)w鎚 madeduring a so.加 m眠加m
period，鎚 inthe C舗eof ISS-b. 

As for也esa胞:lliteobservations, we should mention two studies. Firstly, Brinton et al.<121> 

E旬。血d白紙血.elongi伽dinalcharac加isticsin也e回nsitionheight betw田no＋卸dff+ observed by 
the Explore 32 sa飽Uitecould be泊terpre凶 by血.einteraction betw関nthe neu位置Iwinds and血e
g回 magne姐cfield.泊施yalso poiI臨dout白紙白erew錨 notmuch longitudinal variation泊ff+while 
o＋佃dN+ had g国tlongi・旬.dinalvariations.明白f回加mis con回ryto the ISS-b results, but sir脱
出.eirobservations were I泊語句dto the Americ血・・Euro戸渇nzones，白esmaller longitudinal variations 
泊 ff+may be par姐yat凶bu悩.bleto白is並凶凶 observationregion. A difference of叩・laractivity 

levels may also be iinportant.百ieobservations by血eExplorer 32 were made dur泊ga period of low 
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solar activity while those of ISS-b were made during a solar maximum. As discussed la飽r，白E
dominant ion s戸ciesat about 1α)0 km altitude is o+ dur泊ga solar maximum, while it is ff+ dur加ga 
sol紅 m恒国um.Kutiev et a1.022> sup戸市d也isidea from observations made by血eRPA on 000-6. 

Se<沼ndly，羽yloret al. O均 producedLT-MAPs of ff+ for LT = 14：似ト18:00at 4αト550km 
altitude using 000・6da組組d血.eydiscussed也eloo副知dinaldependen田 ofthe何回torialanomaly 
但A）泊ff+distribution.百ie!poin飽dout白紙EA struc旬mis persis包：ntin伺stemAsia zone while加
伺蹴m American zone evid巴：neeof EA signa加m is absent.百.eyalso iden雌edinfluen田 of

meridional neu回Iwind to longitudinal v組組onsof EA. 
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Fig・”Global樹脂ibutionof "Anomaly Index'’［after h戸giannisand Mullane］ら1971<118)]. (a) 
Northern winter (b) Nor曲町圃阻mmer.

Although it is diffic曲 tocomp卸値1eirm叫tsdirectly with those of the present study because 
the altimdes and路舗onsof observation are very different,曲eirresults show generally very complex 
S旬JC佃rescom~ared to pr四回tsmdy. Since血eorbi旬linclination of 000-6 is 82 degrees, it W鎚
possible for血.eirob鴎：rvationsto produ関白eLT-MAPs by accumulation of data over relatively sho託
periods.百由 difference加 acαm凶ationperiods would result泊 verydiffe悶 1tLT-MAPs. We have 

seen泊値1eprevious s田tion白紙血emedium scale longi佃.de白戸：nd叩ts加伽ress田medto CODi血.ue
for a period of a few days. Bee削節目＇－ MAPSfrom 000・6were戸。d.ucedfrom a da飽setssp個凶ng

about 20 days, the short-lived medium scale strucb.lres could be reta加.ed泊白emaps. On the other 
hand，血emaps from ISS・bpresented a加veare pr叫.ucedby five months’accum凶ation.百1emedium
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scale s回 cturesmay be smeared out by血isaccumulation and only the long-lived global s回 C加res

remain in血eISS-b case. 

6. Statistical analyses of ISS・bdata 

We have seen泊白eprevious鈴ction白紙血edis凶butionsof ion densities show pronoun回d

longi加dinaldependence even for fixed latitudes and local白ne.For very de旬ileddesαiptions of白e

ionosphere it is appa悶 lt白紙血eselongitudinal characteristics must be飽keninto account. However, 

泊 orderto unders凶id血ebasic physi回Iprocesses at work恒血eionosphere, a s加.pler佃 dclearer 

U四国間tmay be appropriate. In血iss即tionwe select one particular variable (latitude, local曲ne,

solar activity) as a reti悶 n田 coordina飽 andaverage泊施 iondensities with m戸ctto血eother 
variables to elucidate血edependen偲 uponthat variable. 

6.1 Ch町・acteris組四 oflati佃de-local錨meplane distributions 

Figur国 100,101, 1但， 103,104叩d105 show血eaveraged dis困butionsof ff+, He+ and Q+, 

respectively, wi血respectto (a) latitude and (b) 1郎副自由．百ieup戸rand lower panels of each figure 
shows血eone-y1回raverage of ISS-b data ob凶ned伽 mAugust 1978 to July 1979 and from Au伊st

1979 to July 1980, respectively. In (a），白eda飽 areaccumula凶 inbins of 5 degrees泊 geomagnetic
latitude and 3 hours泊 localtime, and加 (b）白eb泊scover 1 ho町泊 localtime組 d20 degr田S加
g回 1magneticlatitude. Each b泊 inclu由sabout 300 observational po泊tsof data. Since加白鑓：tsof 
da飽 wereaccumulated over a one-y•回r period, these dis凶butionsrepr四ent血efictitious総鎚on・
泊白：pendentstructure of the ion density dis凶but』ons.Al血ough白eupper and lower panels are 
produ田dfrom completely independent data sets，拘置ys凶 larstruc旬resare reprodu田dfor the阿 O
periods. 

百ielati佃dinalprofiles of light ions, ff+ and He+, d悶reaseg司duallyaround 45 degrees 
g回 ・magneticlati佃deand白eyrel阻紅ound60 degrees lati伽de.It is泊.teres血.gto note血at白e
lati佃dinalgr姐ientsare s位。ngerat night白血 atday time, and sharper for He＋白血 forff＋.百rls

S飢JC仙m is not健en恒也eo+ profiles so that o+ becomes血em司jorion at higher lati加也s.

6.1.1 Li酔tIon Distrib凶 ODS

百ieぬarpdensity drop around 5ι60 degr田slatitude mainly民enat night W鎚 namedas血e
“light ion加 ugh”仏ロヲ byTaylor et al. C•問 based on the 000・2observations.百姐SLIT effi回t
significantly contribu陶 tothe averaged dis剖butionsof light ions at higher latitudes shown above. 
Taylor(l24＞佃dTaylor and WalshC125> suggest同出atL町 is白esigna佃mof the pla皿iapauseat白e

ionospheric height which is loca飴dat a high altitude above the 

However, Lπd田snot have an eve凶ngbulge struc卸m m世田leethe plasmapauseCl26＞阻da 

de凶 .edcomparison by Fo唱卸 etal.C127> showed 伽 t血erewere sys飽maticlatitude deviations 

betw民n曲etwo.’The view由atLIT is白esignature of the equatorial plasmapause h鎚国m
questioned. 

Nishidac123> showed伽 tthe equatorial plasmapause corresponds to the eq凶.po飽ntialsurfa白

血飽nninedby the superposition of corotation-and conv・国語on-elec凶cfields，泊sidewhich the pl錨ma
corotates wi白血ee紅白．百ieplasmapause con佐actswhen the convection becomes柑ongerdueω血e
enhancement and/or泊.versionof the加.terplane飽rymagnetic field d住町tion食omno同lto sou白．百ie

pl制 na加由eplasmasphere is c町古edaway by the enhancement of convection and the dis困.butionof 
plasma devia回 stronglyfrom白紙 of血ediffusive equilibrium sta旬．百epl鎚masin the pl舗ー
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Fig. 100 Lati加dinaldistribution of H+ obtained仕omISS・bdata. 

masphere釘eprovided企omthe ionosphere and it飽kesseveral days to refill the depleted 
plasm飴ph町eC拘.More也.ysare necessary for refilling higher latitudes because the volumes of血e
magnetic flux tubes釘elarger白.ere.

Since significant magnetospheric dis佃rb却問筒kesplace about once per w田kduring sol紅

maximum periods, the flux tubes at higher latitude are generally being refilled and血.elighter ions are 
S佐・earningupwards, so that equilibrium is seldom reached at higher latitudes.百ielighter ions are 

C紅riedto higher altitudes, resul出g加泊施 formationof light ion 紺 UC伽res.

百iemost probable mechanism for carry泊g出eH酔tions upwards is the pol紅 wind,which w鎚

discussed泊 Section3. According ω也epol紅 windtheory<51)，出evelocity and flux of the ions are 
grea飽rfor ff＋白血He+.However, as shown泊 thefigures，血ES佐UC伽mis sharper for He＋白血for
H＋.’This飽ndencywas also po泊包dout by Taylor姐 dWalsh<125＞.τbe re鎚onfor由isapp包ent
discrepancy has not been yet established.百ieauthor’s op泊ionis白紙itmay be due to the chemical 
na伽mof H+ and He＋加出etopside ionosphere: 

H+ is produ田dby the resonance charge回nsferreaction, 

H+O＋ごn++o.... . ・ ・ ・…・ ・・…・・・… … ・・（附
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Fig. 101 Local舗medis剖butionof ff+ obtained 針。m ISS-b data. 

while He+ is produced by the dir即tphotoio凶zationof neu回Ihelium.百1edirect photoio瓜zationof 

His negligible compared to (116). Production of ff+ continues even at night if the density of o+ is 

high enough.古語sproduction compenぬ回伽lossof ff+ due ω恥伊ilarwind, and回nwell explain 

白edifferent I副知dinalstructures betw関nff+ and He+. 

6.1.2 Low la舗佃.des加 ICh町田

Next, let us consider血es住UC佃resat low latitudes. For He＋，血edensity d田reaseat血e

equatorial region, or曲eequatorial trough但.T),is a prominent f伺細胞， and白ecombination of ET 

and high latitude struc佃mproduces“・crest”struc加mwi白broadmaxima at middle latitudes泊 bo由
hemisphi町田．百ecrest s回 C飽mbe仰 sto develop泊位1eevening hours, m眠凶zesat midi首位tand
is bar世yr問。伊iz油•le 泊由e也1ytime(0ι18 LT). As for the ff+ distribution, no ET or crest s回 C伽res
are evident加出eaveraged profili凶，while由eyare occasionally observed泊泊.dividualpass plots. As 

for血eo+ dis凶butionin Fig. 104.，白eday也nedensity泊白elow latitude is lower白血白紙泊白e
higher 1副知de.百由fea:加reis opposite to白EC錨eof ff+ or He+. As for自己LTdependence shown泊

Fig. 105, the density is M酔巴rin白edaytime白血血血enigh凶mefor all血elati佃des,showing白e

direct consequen偲 ofsol紅 radiation.百由featureof o+ is also very con回 stingto曲。seof the light 

ions. 
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Figure 106 shows the dis凶butionsof NmF2 derived 合om白efirst period (August 1978-July 
1979）.百ieprofiles of the second period紅eessentially very simil紅 and紅enot shown here. 
Comparing白eprofiles of Q+ and NmF2, it can be s田n白紙白eirfeatures of LT dependence are very 
similar. However.，白出lati旬dinaldependence is not very s加ril低 Thatis，血edepression泊NmF2at 
白eequator （血eso-called equatorial anomaly) is clearly identified, while no such s住uctureis seen in 
白eo+ profiles, which instead rise to peaks 鉱山eequator佃 dinp紅白ul訂，thedensity e曲ancements

at白eequator for LT = 18ー21are outstanding. 
τ'he珂uatorial組 omaly加Nm回 iswell explained by白e“foun飽泊e貸ect”duetoExB合協
followed by diffusion along白emagnetic field<110><129>. The observed feature of Q+ by ISS-b can be 
well expl剖nedby白isfountain effect. 
Figure 101<130> shows the vertical velocities measured by the drift meter on AE-E during similar 
periods to those observed by ISS-b. These results were obtained 仕'Omdata wi由ina dip latitude of 
土5・nearthe equinox condition.百ie合iftvelocities measured by the IS radar at Jicamarca for solar 
maximum and for mininlum釘Ealso plo悦d泊出esame fi思rre.百ieres叫飽食・om也esatellite and the 
IS radar generally agree very well.’The evening enhancement of 金協 atsolar maximum is very 
prominent. This e曲ancementis due ω白eF region dynamo<59l. A strong elec凶cfield c佃 beexerted 
by the neutral wind due to由eF region dynamo but it cannot become l訂gein出edaytime because it 
is shorted by the high density plasma in血eE region connected白rough白emagnetic field 1加e.In 
白eeve凶ngwhen the plasma density in白eE region decreases suddenly because of the sunset, the 
elec凶cfield c佃 become加ge.
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It is cl回rthat血eenhancement of Q+ density in the evening shown in Figs. 104血 d105紅e
related ω白isenhancement of upw紅ddr曲 motions.百risevening enhancement of Oル泊由etopside 

ionosphere has not been m伊由delsewhere. However, for也eelec回 ndensity in血.etopside 

ionosphere, a lot of detailed data have been produc凶 by血eAloue臨・l,-2 and so on. For example, 

αm佃 dCoJin(l31) pr国ent国 elec位。ndensity dis凶butions，副首Jarto由oseof Figs. 106 and 105, 
ob旬inedfrom曲etopsi1由回underat altitudes of 400佃 d1似）（） km. Examination of血e住民suits

shows出鉱山eevening e曲ancement伺nbe identified, al血ough血eseau白.orsdid not mention it 

explicitly. It is also interesting to note that血eevening enhancement of NmF2 is not large白.oughit is 

perceptible to some ex旬nt百由 indica旬S白紙偽edrift motions mainly cause lift・upof白eF region 

without much density面白聞記．

6.1.3 Equatorial帥 ughof He+ and eq回旬rialanomaly of NmF2 

τ'he previous s即tionpo泊凶 out血eclose resemblance betw関n血eequa削 al佐oughof Hザ

但司andthe ~uatorial anomaly in Nm回但A）白紙canbe seen泊位ieindividual pass plots.百risis 
also confirmed泊白es阻.tisticalresults shown in Figs. 102, 103, 106.百ie総白reefigures differ in白紙

血elati制dinalex・胞ntof ET in He+ is much耐oader白血血atof EA泊 Nm白血dth鉱山elocal time 

ofmaxiI凶回.tionis at LT＝似>--03for He+ while it is at LT = 20ー21for NmF2 [see also Matuura et 
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al., 1982Cl1>]. As sta凶 above，血Eviewpo泊t白紙血efountain effect is responsible for the fonnation 

of EA has been established rather finnly. On the other hand, no such finn theory seems to have been 

established for the He+ ET.百ieHe+ ET was first discovered by RPA me鎚町ementson OGO・4Ct32)

佃 din order to explain出isphenomenon, Chandra et aI.032> discussed that besides the principal loss 

mechanism of He+, 

He++N2→He+N2＋…・・・・・・・・・・H・........・H・・・・・・・・H・－・…H・H・－…・H・H・...・H・－－…・…・（117)

He+ +02→He+o2+ ..・H・...・H・－…H・H・...・H・...・H・H・H・－－…・…H・H・－－…H・H・－…・H・H・.(118) 

出ereaction 

He++o→ He+o＋・……...・H・...・H・－－…・・H・H・...・H・.....・H・－…...・H・....・H・.....・H・－－－ (119) 
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might play回1po目antrole. However, it was concluded血税制Spossibility is small by a s加ulation
鎚sumingan却炉'Opri抱 reactionrate for (119)<133l. 

α1andraU34> po泊飽dout由sresemblance betw田nET and EA，血dby assuming the fountain 

effect also applies to白eET of He+, he deduced曲eapproximate latitude of the He+ crest，。m，鎚

。m,.., cos-1[(R + Z)/(R + Zm + H；）］九...・H・－…............・H・...・H・....・H・....・H・....(120) 
where 

Z altitude of crest 

Zn equatorial d凶制dewhere [He+] becomes m砿加um

R radius of the e紅白

Hi scale height of He+. 

百由 formulais deduced by req耐 ng白紙血emagnetic field line which p蹴凶 thecrest Om at 
altitude Z mustα'OSS出eequator at altitude Zn. When由isformula is applied to NmF2，血eresult is 
of co町seconsistent wi白血eobserv副ons.But as for He+, b田auseOm -40・andassuming T = 2αm 
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k and H; = 400 km，出.enZin is equal to about 3500 km. This result is泊consis蜘 twith observations 
and existe脱出eory.For example, Hanson035> reported by rocket observation白紙曲ealtitude of 

maximum凹グ］ was“m km above Natal where the geomagnetic I副知deis about 1 degr田，orabout 
500km仕omo町田perimentmade at middle latitude<18>. Many model calculations also indicate白紙

the maximum of [He+] should be wi白in5αト気泡0km altitude range.百msif we位yto explain血e
crest of He＋泊 tennsof恥 founta泊 effect，出ep伺kof [He+] should exist at an unrealistically high 

al ti旬decon佐訂yto observations and出eory.It must also be noted白紙白eET s甘uctureis only seen in 

He+ distributions while E×B金協S位加sportthe to凶 plasma.百ieexplanation must incorporate曲e

fact that only He+ exhibits ET. This reasoning W鎚 notclearly described in血e紅gumentof 
Chandra<134>. 

As sta凶 before,the development of cre脳血dET in the He+ dis凶butionis emphas国 dbY.出e

fact白at[He+] decreases at白eequator祖 dincreases at白ecrest latitude in the evening to凶gh凶me.

In Fig. 108血eLT dependencies of He+, NmF2 and el即位ondens抑制e)at 1100 km are 
replotted on I泊earscales<136＞.τ'he c町vesfor He+ clearly demons回.teshighly con佐astingvariations 

between the dis住ibutionsat the equator佃 d出ecrest latitude. 

Corresponding variations of NmF2 at白eequator叩 dαestdo not differ much, con回 ryto血e

He+c鎚e.百ieEA can be s田ndur加gmost of白elocal time, except d町ingthe early morning hours. 

羽山 featureobserved by ISS-b is consistent wi白 previousstudies [Goldberg<110> and references 

therein]. 
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EA in NmF2 develops to a maximum extent in the afternoon to evening hours as consistent with 
Ma旬町aet al.(11). 

百ie“noonbyte out”泊白eNmF2 profile at the equator also intensifies the anomaly s官邸側re.It 
is clearly seen企omthese figures白紙白eLT r血gesduring which住oughis produced泊 Hグ and
NmF2紅巳different although the latitudinal s住UC加reslook very alike. From the above observations, 
the mechanism to produce ET in He+ is considered to be as follows<136>: 

Firstly, the LT dependence above血eequator C組 be泊terpre飽das a na制ralconsequence of 
solar zeni由加.glevariation. Since the length of血ema伊eticfield line which passes the equator at 
白.e1100 km altitude of ISS-b is short，世iedi的 siveequilibrium state can be established in a short 
time for the pl箇main血atflux tube. Because heavy o+ is the major constituent at白isaltitude in the 
da戸加e,He+ is Ii貧困 upby血ebuoy佃 cyelec凶cfield. At凶ght,a decrease of [Q+] results in a 
decrease of buoyancy so白紙He+is佐却sportedto lower altitudes. Because the巴quatoris located at 
血eapex of the field line, excessive He+ cannot be carried企・omhigher altitudes.百ieconsequence of 
these processes is a reduction of [He+] above the equator at凶ght.

Secondly, the increase of [He+] at middle latitudes 合omthe evening hours C佃 beobviously 
interpreted in terms of the“reservoir effect”of the plasmぉphere＜明．百iatis，白巴 fluxof He+ is 
provided企om血eplasmasphere along the magnetic field at凶ght.At middle latitudes, reduction of 
[Q+] at凶ghtcauses a decrease of buoy佃.cyand He+ is仕組sportedfrom白ereservoir at higher 
alti旬des.

More preciselぁFig.108 shows曲atat middle latitude the担.creaseof [He+] continues up to LT = 
OOho町 and白en肺門beginsto decrease.百iatis, He+ at白isheight range s田msto accumulate up 
to白紙localtime. This behavior can be at凶butedto白e制ctionalforce of o+ ag剖nst血eHe+ flow. 
Moffett and Hanson<133> showed白紙theflow velocity of He+ becomes equal to that of o+ below a 
certain altitude where the Q+ density is high enough. Since the Q+ density at 1100 km w鎚 observed
to remain high at night as shown Figs. 104 and 105, the downward flow of He+ should be decelera飽d
by白ishigh o+ density.百rise町田tcauses the down flowing He+ to accumulate at this alti他deso白紙
[He+] becomes larger at凶酔t白組泊血edaytime. 

The reservoir effect is also responsible for formation of出es住uctureat higher latitudes beyond 
the crest. The volume of血emagnetic field tube becomes larger at higher latitudes. Enhancement of 
magnetospheric disturbance dissipates血e加becontents at higher latitudes and the plasma density 
there generally remains low. 

百lUSit C佃 beconcluded白紙 ET泊凹e+]is mai凶yformed by白ereservoir effect of the 
plasm鎚phererather白血血efountain effect which is responsible for EA in NmF2.百iesetwo 
m田hanismsdi貸・er加 one加portantrespect.百ie耐vingfor田 liftingup He+ is血ebuoyancy of 
heavy ions泊 theformer, while it is命治 motiondue to the elec凶cfield泊 thelatter. However, 
diffusion along the magnetic field plays important roles in both cases. 

In the above discussion of白ereservoir effect，血Eessential point is白紙He+is lighter由加o+.
’Therefore，白esame紅忠1mentmust also apply to the lightest ion, H+. As泊目iecase of LIT 
formation, the primary difference between He+ and H+ is considered to be due to血echemical natures 

of these two species. ff+ is kept in chemical equilibrium with o+ below about 600 km altitude by 
reaction (116）.百tisreaction continues to supply H+ even at night泊tothe altitude of ISS-b 
observations so白紙開＋］ does not decrease much at the equator at night. 

On the other hand because He+ is heavier白血H+,He+ at白eequator is carried to lower altitude 
where it is eliminated by reactions (117) and (118）.百esi加ationis different at solar minimums. 
B配 ause曲eproduction of ff+ from (116) is drastically reduced at血 altitudeof around 1αm km 
d山台湾sol釘 m泊imum,ff+ is expected to behave like He+ at solar maximum. In fact，白el副知dinal
dis甘ibutionsof electron density at 1α)0 km observed by the Explorer 22 during the 1964-1965 solar 
min加um(13ηshow a m釘kedequatorial住oughstructure at night, similar to the He+ dis凶butions
shown in Figs. 102 and 103. During solar minimum白eplasma at about 1000 km is composed 
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m話nlyof H刊均so白紙血eel出回ndensity there is almost equal to白紙offf＋.羽田町behaves like 
He+ during sol釘 m泊泊ium,indica也事由erelevance of the above discussion. 

Recently, H関 liset al.Clηreported佃 ETS加 C伽rein He+ observed by佃 RPAon the DE・2.

百eyhave shown by a simple s加ulation白紙downward合iftdue to E x B can reproduce白eET 
struc組問泊He＋.百iepossibility of an加portantrole being played by曲isdownward合協at凶酔t
C創motbe ruled out for the case of ISS-b observation. It is p紅白ul副ytrue for血ed回reaseof仰げ］
at the珂uatord町泊g凶ght百iedownward制負wouldcarry He+ to lower alti佃deswhere the losses 
by (117) and (118) are grea飽E

However, it総ems白紙血e凹e+]increぉeat白ecrest at night ob民rvedclearly by ISS・bis 
di節cultto explain by白isdr泊 m田hanismalone.百ieabove mentioned DE・2observations were 
泊凶旬dto a s田torwhere LT is a加ut22 ho町民 anddo not provide LT dependen田．百eLT 

dependence revealed by the ISS-b favors白ereservoir effect for the main cau鎚 of血eET泊 He+.

6.2 s伺 sonalvaria・錨ODS

Figur四 109,110, 111, 112, 113 and 114 show the seasonal variations of ff+, He+, and o+, 
respectively, at 1100 km alti加.dederived from ISS-b observations. Each figure悶：prese臨（a)a 
con to町 plotand (b) a cross s即位onalplot of出esame data set.百iesetwo plo包 arecomplemen凶y
for viewing two dimensional s回 C細胞s.百ieup戸rp血elof回chfigure shows the day也nedata 
（似ト18）血d伽 lowershows悦凶gh凶medata (1~6）.泊施 ab民issarep期間tsthe mon白，itsorigin 
corresponds to Au伊st1978 and end point to 24 months after白紙.A fo町・mon血runningaverage 
W鎚 usedto produce these figures. For example, for the po加.tscorresponding to油国issavalue of 0, 
the data from August 1978 to November 1978 are averaged.百eordinate represe脳出egeomagnetic 
lati旬de.百ieda旬 areaveraged泊 5・degreeb加s泊 geomagne姐.C1副知de.

F国tof all, it is noti田d白紙 Q+e対泊bitsthe most m伊larsinusoi伽1variations of the three 
S戸cies.Its density is higher泊 summerand lower泊win飽：r,SU路創出gdir田tcon回 Iby the solar 
declination岨gle.The戸d叫icityis p紅白ul紅・lyre伊larat凶.ght,佃 d血eampli旬desof the peri叫ic
varia凶onsare g田町athigher latitudes, amoun血1gto a加utone order of magnitude at血.ehighest 
latitude.’The day也neperi叫icityis cli回rer泊白enor泊施mhemisphere, though曲eamplitud図 m
smaller. Howeveζ 泊白esou血.emhemisphere由eamplitud鎚 ofvariation are very small at higher 
la蜘 des.百isvariations come from the fact白紙加出泊施peak泊summerand泊施valleyin win旬rdo 
not develop ω血巴ex飽：nt白紙mightbe ex戸伽dfrom由e凶.gh凶mevariations.百出featurecan be 
seen for血etwo ye紅Epre鈎n旬d泊血efigure, and so we may旬keit鑓 acharac包：risticat 1聞 std町ing
solar m砿加：um.

Next, let us examine the ff+ dis回butions.Periodic variations also exist初出eff+ dis凶.butions,
but白血仰創凶arevery deformed from白es泊usoi也Iones seen面白eo＋他国.butions.As for血e
daytime distributions，血evariations in白eno泊施m卸 dsouthern hemispheres are in-phぉeso伽 tthe 
variation of ff＋恒也Enorthern hemisphere is opposite to白紙ofQ+. As evident貨om也econto町

plots泊（a），由edis凶butionsare very symmetric betw関n血Eno巾emand southern hemispheres 
al白oughthe seasons are d臨時nt.百温sf朗旬mcon回sts戸culiarlywith白eo+c鑓eand sugg凶ts由at
ff+ is not simply controlled by血esolar declination叩1gle.百.esolar activi勿 maybe one candidate 
for such a control. However, sinusoidal variation wi由aone-y1回rperiod can b田ns田n泊血eplo包，
佃 d白山由esituation is not simple. As for the nigh凶medis回butionsof ff+, seasonal variations are 
generally泊・phasewith those of o+, but variations in血enor廿iemmiddle latitudes are very small. 

It is also noted白紙 thereare sharp ck。psof [ff+] in血enorthern high latitud巴s,but泊曲e
southern hemisphere seasonal changes are rather broad. Con回ryto白eday也ne，白e鎚ymme町
betw開n白巴回1uthemand northern hemispheres is remarkable. 

Finally let us包kea look 創出eHe+ dis困butions.百iema伊i加.desof seasonal variations泊仰げ］
are very small compared to [ff+] or [Q+] and their pa伽msare f釘 fromsinusoidal. An especially 
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Fig. 109 Conto町 plo旬。fs曲四1nalvariation of ff+ density obtained from ISS-b data. The upper 
panel show白州medata, and the lower nigh1雌me.

P舵uli紅 fea旬reis白紙加白畑血enorthem血dsouthern hemispheres the day and凶酔tvariations are 
加 oppo唱iteph鎚e.N佃 1ely，血.enigh凶meHe+ density is hi_gher泊 summer白血泊 winteras in血E

C鎚eof o+' whereas曲edaytime He+ density is higher加w加.ter血佃泊summer.百1e“winterb叫.ge”
forneu住alhelium has been well known038>. Theda”加edis位ibutionsof He+ s田mto reflect those of 
neutral helium.’The reversal of the si側副onin the凶gh凶mehas been discovered for the危st白neby 
自己 ISS-b observations<136X139> 

6.2.1 Discussion 

1) Seasonal variation of Q+ dis回bution

百1eq凶teregul釘 sinusoidalvariations in凶.gh凶meQ+dis回butionscan be a位ibu飽dto血esolar 
decl泊ati on血.gle.If we take thes巴regulars佐UC佃resas“normal”，anomalous s町田知resalso exist 
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in由eo+ dis住ibutions,as seen before. In particul肌 itis very 柑ange白紙社ieamplitudes of 
da戸初1evariations紅esmaller in the southern hemisphere than those in the northern hemisphere. 
Let us consider白ispoint further. 

Using the ISIS-2 data, Kohnlein<140> analyzed the dis住ibutionsof H+, He+, N+, and o+ at 1400 
km altitude. The period of白Edata extends合omApril 1971 to December 1972. Althou~ the 
form of presentation is somewhat different企・omthose described above and a s凶ctcomparison is 
rather difficult, it seems白紙 theseasonal variations of o＋泊 hisfigure do not show a large 
symme町 betweenno巾組dsouth. The ISIS-2 observations were m叫edur泊ga perii叫 oflow 
solar activity.羽山 isa possible cause of由edifferen回．百iedifference泊白ealtitude of 
observations should not cause a serious difference because it is not so large （ー300km). 

After analyzing the el即位ondensity dis住ibutionsbe何回n400佃 d1αJO km altitude ob飽泊ed
仕om白etopside sounder on白eAlouette・1satellite, Chan and Colin031> reported白紙thereare 

asymme佐icalseasonal anomalies between the northern and southern hemispheres above血巴回
maxinlum and below about 600 km. They po加.tedout two seasonal anomalies, n創nely,a“w泊飽r
anomaly" and a “December anomaly”. Although their observations were made during low solar 
activity.，出eyreported白紙白etwo anomalies should extend to higher altitude for higher solar 
activity. On the basis of their suggestion, it is possible白at出esetwo anomalies really influenced 
the ionosphere at 1100 km altitude as observed by ISS-b during solar maximum. In view of血ese
facts, let us ex創凶ne血Econsequences of these anomalies for the ISS・bresults more泊 detail.

百ewinter anomaly泊白iscase m回ns伽 tthe values of NmF2 (foF2）泊w加.terdays are grea町
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Fig. 111 Con旬町 plotsof s伺剖1nalvariation of He+ de凶旬。1bta恒ed金omISS-b da旬.The 
upper p岨 .elshows daytime也知， and血elower nigh雌me.

白血白osein由esummer days at some location<141>042>. On the other hand, the December 

anomaly me叩 S白紙 thevalues of NmF2 are greater白組曲ose泊 other鈴鎚ons泊 bo由
hemispheres irrespective of白巴関ason.Both phenomena are s田nin血eda・同me.百ieyhave been 
known for a long time, but theoretical understanding s田msto have been poo五百iemost 
representative泊terpretationis as follows; 

From the discussion泊 Section2，白eproduction of O+, Q(Oつ， isproportional to [0] 

Q(O＋）民［OJ......・H・.....・H・H・H・......・H・－－－－…H・H・－…H・H ・－－…H・H・...・H・....・H・...・H・（121)

’The losses of o+ are 



Ion composition of the topsid旨ionosphere 131 

He+ LT= 06・18H 

M
V
M
U
M
r
e
v
 

｛円

F
E
o
b
b一回
E
O
O

70 

1()0 

0 4 8 12 16 20 

Month from Aug 1978 

夕、
公

O 可F
検－
§' a ~JS 

-70 ,_ 

He+ LT= 18・06H

105 

主 111''
0 
ミ..103 

2岬
~ 101 

10" 
0 4 8 12 16 20 

Month from Aug 1978 

70 

円P
；.~.:S 

0 可・
4ゐ・
~ a ~IlJ 

-70 -

Fig. 112 en鼠ssectional view of Fig. 111. 

。＋＋N2→NO++N.……H・H・.....・H・－－…....・H・－……H・H・...・H・...・H・.....・H・－…（12勾

NO++e→N + 0 .................................................................................. (123) 

At chemical叫U出brium,

[0＋］民［0]/[N2]....・H・...・H・......・H・.....・H・...・H・－－－……....・H・...・H・....・H・H・H・－－…（問

Hence, if白eratio [0]/[N2] is greater in winter, [Q+] would be greater in w泊.ter.In fact the 

win飽rratio is grea飽rby a factor of about 3白血白紙泊 summeraccording to MSIS modeJC3>. 

So far，世ieonly one available interpretation of the December anomaly is白紙由edistance 

be何回n白esun佃dE紅白 ismininlum in December. However.，出isinterpretation is not 

convinc泊gbecause血edi鉦erencein solar radiation is 10% at most. Yonezawa04•> pr芭sumed白紙
偽erewould be some con住ibution合omsolar wind ionization. So far, such a causality h鎚 not

以出enidentified betw田n白esolar wind and NmF2. 



132 

70 

50 

号30
~ 
..!'!! 

~ E・10
~ -'>11 
CJ --

-l苅

70 

切

由

吉30
・2
帽

。10
＠ 
c 
宮－10
E 

~ -30 
-50 

よIwamoto

IS~トb Q+ LT=06・18H Runnir司~ave掴ge:4month 

21 

.3 

.o 

.a 

4 8 12 18 20 

Month from Aug 1978 

ISS-b Q+ LT= 18・06H Running average: 4 month 

.9 

4 8 12 16 20 

Month from Aug 1978 

Fig. 113 Conto町 plotsof棚卸，naJv釘加tionof o+ density obtained from ISS-b da飽.The up酔r
p岨 elshows day姐medata, and the lower凶.gh雌me.

百etwo anomalies occ町泊phasein血eno抽.emhemisphere佃dout of phase泊 thesouthern 

hemisphere.百ieseasonal anomaly in the southern hemisphere could be quail包.livelyunderstood 

if the winter anomaly occurred strongly泊白ishemisphere during the observations. This 

泊包甲1retationsis a償却tive,but we have no further evidence to support this view po泊t.In佃 y

W祢恥causeo+ is the heaviest major species and not伺silyaffec凶 byother ions，血eanomaly 

泊 o+is likely to be expl必nedby some effect泊 theneu住alatmosphere. Here again曲e

回1port組問 ofunderstanding也en即位ala回osphereis emphぉized.

2) Seasonal variation of ff+ dis困buti on 

百iedis釘ibutionsof ff+ in the topside ionos仲間C血 bemore d印刷bythe住anspo此processes

th叩泊白ecase of o＋.百ieproduction of ff＋貨omresonance charge回nsferwould also 

complicate出edis住ibutionsof H七Accordingto the ISS-b ob閣rvations，血e仕組si凶onheight 
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betw田nff＋組do+ g，田sabove and below血e1100 km altitude. In light of白eseeffi配ts,it is 
SUI戸sing白紙白eff+ dis凶butionsare f前Iysymme剖cbetw悶 1白enorthern and sou血em
hemisph悶 S恒泊施day也ne.It is al同副総郎自宅白紙血eff+ dis凶butionsare very regular in血e
da凶mewhereas血eo+ dis国butionsare m伊l紅 atnight百1eremarkable season-independent 
symme句 be阿国n血etwo hemispheres indica回泊自国低価低ractionbe何回n曲em，伽tis, 
泊terhe凶sphericflow.百1erehave been many出回開tical 蜘 dieson血ein飽由e凶spheric
ftowsC23>CI43)(I44l. 

百1eseauthors po泊飽dout血atflows of order of 108 ions cm2 sec・1should exist at about 1αm km 
al ti加.de.Ri田ent鈎.telli飴 observationshave shown白紙suchflows really do exist For example, 
Chandler卸dChappelle明 observed函館rhemisphericflows of ff+ and He+ at L = 2.0-5.5 b~ 血e
RIMS ins佐umentof the DE-I sa飽:lli包.They m戸市d曲鉱山eseions were flowing with a 
velocity of several hundred me飽rsper s回ondto one km戸rsecond, and白紙ff+and He+ were 
coun旬rs回a凶ng泊 some加国.ces.In旬：rhemisphericflows have also been de包C凶 byground 
b鎚edobsぽvations<14の.Using血e拙 nedata, Bailey et al. Cl的 poin旬dout白紙偽Bobserved 
abun白n偲 offf+ can be reproduced only if也einterhemispheric flow of ff+ is pen凶tted.In view 
of these observations and曲eories,it is very probable 白紙由isinterhemispheric flow had a 
subs凶 1tialinfluence on也eff+ dis凶butionsd町祖g白eISS-b observations at l l 00 km altitude, 
al伽 1ughwe have no釦rtherevidence to support也ishypothesis. Solar activity, for example, 
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might have con回 Ued加白 hemispheressimult組問usly.However, the distributions泊 Fig.109 

（的cl回rlyhave a戸d岨 cityof one ~.回r, where鎚泊施 solaractivity shown in Fig. 67 does not 
have such a structure, and白epossibility of relying on白esol紅 activityc佃 besafely denied. 

Nevertheless, it should be noted白紙曲.einftueni田 ofsol紅 activitycan be identified泊血efigure. 

百iegr叫回Idecrease of凹＋］ at low lati佃desfrom 1978 to 1979 is due to rising回1laractivity. 

τbis e宜・ectwill be discussed in a later民ction.

3) s回sonalvariations of He+ dis凶butions

A remarkable fea旬reof the s伺却，naJvariations of He+ is白紙偽ewinter bulge phenomenon is 
鉛enonly恒也edaytime and it disappears at凶.ghtLet us discuss血isf回仙mmore泊也凶．

百ewin旬rhelium bulge泊出eneu回Iconsti・加entw鑓伽富tdiscovered by anal!sis of白e合唱on

satelli旬s<131>.According ω白isanalysis，血edensity ratio be岡田n白ew泊旬randsummer 
hemispheres was about 4. La飽rexperiments by a mass spec加 1me旬ronOGO圃6rev・回led白紙由is
ratio amounts to a fac伽 of川崎．百iem鎚onwhy白ehelium density is higher加 w加飽ris 

a位ibu匂dto a seasonal ch叩.geof diffusionα>efficient n回r也e回加1pause.Kockarts<147) shows 

白紙偽.eeddy diffusion coe：錨cient血.ereshould differ by a factor of a加1ut50 in summぽ wi血
respect to winter in order to explain the observed density ratio. Al血oughit h舗 notbeen 
confirmed that such a differen伺 reallyexists，出sabove view総emsto be the most prob曲1le.A 
s泊幽arw泊.ter-timedom泊阻.ceof o也ercons値制entssuch磁 OandHh鎚 alsobeen identifiedC3>. 

Figure 115 shows曲el副知.dinaldis剖butionsof He+ density av釘agedin伽田－ho町 segmentsof 

I田 al伽 efor northern w蜘 r(October 1978-Febru町 1979），叫凶noxσanuary1979ーMay
1979), and sou血.emwinter (A戸I1979-August 1979) conditions貨omthe ISS-b observations. 
H釘eagain it is clearly con伽med也atthe bulge structures are鎚enonly in血eda凶meforbo白
血enor也巴m 血dsou曲emW泊旬：rs.

F町由民Fig.116 shows the mon血lyvariation of血eratio of白eHe+ densi~ at 30・'Nto白紙at

30・s.百ieuppぽ P血.el(a) shows da・同mecurves, and the lower p卸 el(b）凶.gh凶 neαJfVCS.百 e
reversals of ph鎚eare clearly鈎佃恒也isfigure, but it is no飽d白紙白ec町vefor LT = 06--09 
d田snot show a cle釘鈍asonalchange and白eαirvefor LT = 18-21 is more like由edaytime 
ones.司郎1田d伽 esare somewhat臨時ntfrom day ω凶ght百iem眠加m value of白e
logari曲micr富山 isabout 0.6, namelぁ血eratio is about a factor of 4. This value is consistent 
叫血伽tob幽叫 forthe n印刷 heliumdensity<148>. 

S加ilarly,Fig. 117 shows血eratio of ff+ d聞 sityat 30・Nto白紙 at 30・s.τ'hewin旬rbulge 
s加 C組問 is not s田nfor ff+ con回 ryto世ieHe＋伺se.

Figure 118 shows白eratio betw田n血edensit記sof He＋加血edaytime at血esame lati伽.desin 

nぽthem血d回u血.emhemispheres for four回・lsti田 conditions.For all由e回1lsti伺sit is 

∞姐rmed白紙血edensity of He+ is higher in w泊飽r.百iemagni旬白sof也em姐oincr回seup to 

about 30・血m 曲ey飽ndto d民間舗eup to 60・.Beyond about 60・，酋ieratio becomes less血m

one. 

As for the neu回Ihelium density, ~回出g et al.(I綿＞ gave血efollowing expression: 

where 

log[He]-C・0.40pδs・・・・・・・・........・H ・－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－－ (1お）

~P Solar d図面凶onangle （泊 radians),

as I副知de（泊 radians).

W抽泊as<30・，血eabove results from the ISS-b are comp岨blewith 何回.tion(125). 
’Therefore it is sugg凶旬d白紙血edis凶butionsof He+ at low l副.tudesre貧国tthose of the neu回I
helium density rath町 fai白血泊y.For higher lati卸des白血 about40・，血edeviation be阿偶n曲e
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Fig. 115 s伺駒田川 V町 ia低価。fthe h値佃dinalpro創esof He+. 

two becomes considerable. From血esefacts it C組 beconcluded伽 tthe He+ density at about 

1100 km is controlled mainly by p11叫uctionat lower latitudes up to 40・， andit is con位。Uedby 
othぽ factorsat higher 1副知des.

6.3 Dependence on solar activity 

It is well known白紙UVradiation, which is血eprimary soU11Ce of血epl飴.ma泊theionosphere, 

changes accord泊gto血esolar cycle so白紙也eplasma below血eF region is con釘olledby the solar 

cycle. B田ausethe pl鎚ma泊血.etopside ionosphere紅ound1αm km alti佃.deis s佐・onglydependent 
on the F region, it naturally follows白紙白epl鎚madensity and ion composition血.ereshould also 

depend on the回1larcycle. However, observational eviden田 ofsuch variations泊白etopside 

ionosphere is very sca11Ce, mainly due to orbital limitations. Because ISS-b almost continuously 

observed白etopside ionosphere at a fixed altitude of 1100 km for about thr間 y伺rsduring the solar 
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maximum period of cycle No. 21, it is possible to analyze由esol紅 activitydependence of the 
electron and ion densiti巴s.
Fi思ire119 shows the regression lines of白e“globalaverage”ion densities wi由民spectto the 
solar flux, Fl0.7 obtained仕om白巴ISS・bdata.明ieglobal average泊白iscase means白紙血edata 
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observed加oneday are s加.plyaveraged訂es.pectiveof local也ne,latitude or longi加de.Hence，血e

data po泊tnumber shown in白ea伊re,N, corresponds to the number of effective days of 
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Fig. 119 Depend阻鴎 of曲eglobal m岨nelec加盟掴dion densi箇箇 at1100 km a雌佃.deand 
NmF2. 

obs釘vations.Al血.ough血isme血odmight be s飽nratherぽude,it gives a good prospect as shown泊

the following. 
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As for NmF2, the solid line泊出efigure represents the present result. The open circle shows曲e

result computed by the CCIR model, and the filled circle shows the result obtained by Ma佃町aet 

al.<1到企oman analysis of the ISS-b data during the earlier stages of the mission. The latter two紅e

conver凶 fromfoF2 values, so伽 tthese data are not ali伊edon s凶 .ghtlines. Although山 CCIR

model w鎚 basedmainly on lower solar activity, it agrees well with白eISS・bresults. 

The electron density, Ne, at白esatellite altitude of 1100 km, were derived 合om出eAGC 

voltage of白etopside sounder99>. Ne has a positive correlation wi白FI0.7.Its correlation coefficient, 

R, is 0.34 and is a little smaller白血白紙forNmF2.百iesum of densities of O+, H+ and He+ is not 

necess紅yequal to Ne because白eywere measur芭dindependently. o+ was血emajor ion s戸ciesat 

出isaltitude during the observations and correlates positively wi白FI0.7with a correlation c田 fficient

of 0.33. In con回 stto O+, H+ has a negative correlation wi白 FI0.7.百由 isa remarkable feature 

which was found by the ISS-b observations for the first time049>. This negative co町elationcan be 

interpreted as follows: 

During high sol釘 activity,lighter neu佐alconstituents紅elifted up to higher altitude due to 
e凶m田dthermospheric tem戸：rature，出erebyreducing the ratio [H]/[0]<150>. [tt+] is propo岨onalto 
曲isratio at its main production layer where the chemical equilibrium by resonance ch紅ge位ansfer 

holds. 

Higher solar activity also increases th巴o+density and temperature around the F2 region so白紙

o+ extends to higher altitudes. The buoyancy provided by the extended o+ also causes H+ to be lifted 

up to higher alti伽des.百iecombination of these effects陀suits泊 a路ducedH+ density at a fixed 

altitude紅ound1100 km d町泊ghigh sol紅 activity.

As for He+, the correlation coefficient is positive, but its magnitude is the smallest創nong由e

白reesp配 ies.When the observed He+ densities紅Eso巾 dinto bins divided by the latitude and local 

time，白巴 correlationbecomes either negative or positive in each bin. Figure 120 shows some 

examples. In白eupper panel the correlation is positive whereas in the lower panel it is negative.百s

correlation c関節cientsare r富山erl紅・geand si伊ificanceof the correlation is high泊加血cases.百iese
analyses infer白atthe situation is complex for the c儲eof He+. Because He+ is ligh旬r白血o＋佃dits 

density is generally smaller白血 thoseof o+ or w at 1100 km altitude，白edis住ibutionof He+ is 
greatly affected by those of o+ and tt+. 

The height of血E佐賀isitionbetwi田no＋組dH+ g田sabove and below 1100 km泊由edaytime 

血 d凶.ghttimeぉ describedbefore. Com戸titionbetween白etwo controls the dis住ibutionof He＋泊a
way白紙C創motbe simply predicted.’The currently held view about He＋泊出etopside ionosphere has 

been that the He+ density becomes higher in higher solar activity06＞.百ieISS・bresults presen飽d

above partly confirm and p釘tlydeny血isview point. 

As shown泊thefigure，血eFl0.7 dependence of [He+] is very small when expressed as a global 

average. If we extend白is問suitto lower solar activity, [He+] would be not much di貸erent合om白紙

面白.ehigher sol紅 activity.

At first glance出emagnitudes of the correlation coefficients listed in Fig. 119 might seem to be 

small. However, it can be confirmed by t-tests白紙白 correlationsare statistically significant with 

99% confidence level because a I釘・genumber of data po泊包 isinvolved. 

In the above町 atment,we have simply s田n血esolar activity dependence of ion densities in a 

very synoptic way, negl白血gdependence on latitude or local time. Next let us exar凶ne血esolar 
dependence in a somewhat more detailed marmer. In the following佐・eatment,the observed data釘e

sor旬dinto bins of 30・泊diplatitude and 6 hours in local time during a four・mon白period.We then 
obta凪averageion densities, N;, for each bin and for each four-month term start泊g合omAugust 1978 

with a one-month step.百iatis, running me佃 sare ob匂inedin one-mon血 steps.Of course，血is

trea回 .entis necessita飽dbecause出efull diurnal cycle is fo町 monthsfor the ISS-b observations. We 

assume the following functional釦nctionaldependence for N;: 
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Fig. 120 Con可~lation be抑制EHe+ de田町 andFl0.7. a) Positive correlation (b) N唱ative
con可ela位。n

Log(Nj) = A(l + B ・ Fl0.7)[1 +Cs血（k・M-D)J...・H・－…H・H・－……....・H・.(126) 

where M represents the number of months elapsed since August 1978, and k is a constant. The 

coefficients A, B, C, and D紅ede ten凶nedby a non-linear least squares meth吋，“SALSヘwhichwas 
developed by the Computer Center of the U凶versityof Tokyo051>. 

Figures 121 and 122 show the levels of statistical confidence泊血ecorrelations wi白血.esolar 
flux for ff＋佃dHe+, res戸ctivelぁ泊 eachlatitude-LT b泊.Lines with positive g叫ien飽泊dica句

positive correlations and those with negative g叫ients,negative correlations. Dense hatching shows a 
significance of g回.ter白血 99%，由加nerhatching indicates over 95%，血da single line symbol 
shows a level of below 95%. As for H＋，泊施reis a higl姐ysignificant negative co町elation加 all
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latitude bins泊由eday姐me,but白isbecomes lower at凶ght.A positive correlation appe紅sina few 
limited domains. The negative correlation be何回n[W] and白esol釘 fluxin the global average sense 
discussed above is well justified by血isresult. As for He＋，加thedaytime most of白eregions show 
negative correlation, but at night more domains of positive correlation app回工

However.，白eoccurrence of positive or negative correlation does not s田mto be systematic. 
Therefore, one should bear in mind白紙theweak positive correlation found in血eglobal average is 
based on such dis凶butions.That is, the global average of He+ density mainly reflect白Enigh制me
condition, because the nighttim巴densityis generally larger白m白at泊白巴 daytimeexcept at出e
equator, as discussed in血eprevious section. 

F相rres123, 124 and 125 show血Eamplitude (C) and ph蹴（D)terms for H+, He+ and O+, 
respectively. Variations due to Fl0.7 are prim剖lysub住actedf拘置n血eseasonal terms because of 
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Fig. 123 Lati阻dinaldependence of the amplitude and phase terms of the se踊onalvariation of 
ff+ de田i与

巴quation(126), whereas it wぉ notpossible泊也E佐田加entof血Eseぉonalvariations p関節n飽d面
白eprevious section. For all the由民especies，血e創nplitudestend to be greater at greater I副知des.It 

is no飽dthat白eamp Ii伽desare systematically larger泊血esouthern hemisphere. As for the ph鎚e
terms，泊versionof血Ephぉedue to change of season is observed for o+. In con回 st，血ephase terms 
for H+ do not exhibit seasonal inversion.’The He+ phase terms differ by about 180・comparedto o+ in 
白edaytime reflec出g血ewin飽rhelium bulge, but these肱esimil釘 valuesas o+ at凶ght.百1ese
characteristics are consis旬：ntwith those described in血eprevious section, where the variations due to 
FI0.7 were not excluded. 

In the above description, the泊fluenceof geomagnetic activity is not considered. It might be 

expected that geomagnetic activity would make an加.po託antcon仕ibution.A multiple regression 
analysis of the averaged ion densities against FI0.7姐dKp has also been回ed泊 asintilar wayぉ

above, but no significant dependence on Kp h鎚 beenfound from this analysis except at high 
latitudes. This statistical result is consistent with the statement in血eprevious section曲鉱山e
dis住ibutionsof individual passes do not show much Kp-dependent variation. 

6.4 Light ion帥 ugh(LIT) dependence on geoma伊 eticac伽均

As described泊白eprevious s田tion,no cl伺rcorrelation can be s配nbetween the ion densities 
and由egeomagnetic index, Kp，血血eglobals匂.tistical佃 alyses.Generally血ee古田tsof g回 mag-
netic dis伽rb佃 .ceare different at di宜erentlatitudes, altitudes, or phases of白edisturbance<4>. 
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τ'herefore the e貸出tsof the disturbance, if佃 y,would be canceled out from statistics飽kenover a 

long time. 

An interes出gphenomenon which should be affected by geomagnetic activity is the light ion 

住OU~ (LIT).百ie“middlelati旬detrou酔” wぉ firstdiscovered泊白edis佐ibutionsof el即位・on
densi勿 observedby曲eAlo国防 satellites052>and was confirmed by佃 ion回pexperinlent<153>. 

Because it w鎚 recogi泊zed白紙血e釘oughin the topside ionosphere would be conn巴cted白rough血E

magnetic field line to血eplasmapause observed above the equator, many studies have been devo包d

to investigating血erelationship between them. Observations made by studying whistlers054> and by 

白e000・5（的 revealed白紙 theL-value of the plasmapause position decreased for increasing Kp 

value, and血atit had a distinct bulge in the evening local time. From由eobservations of白e

mid・latitudetroughs by the Alouette-1 it was poin飽dout白鉱山E問 weresystematic deviations 

be何回n曲epositions of the pl鎚mapause佃 d血.etroughc1ssx1sめ.In p訂ticular,the住oughdid not have 

an evening bulge s住UC制問泊 contrastto由eplasmapause. Using ISIS-I, Ariel-3 and ・4,s泊rilar
charac飽risticshave been repo巾 d(l26)(157)(158).

On the other hand LIT was found by OGO・2observationsO明.From th1巴observationsof the 

000・4and・6,it was discussed白atLIT, rather白血血e住ough,would have better correlation wi白
血eplasmapauseo24>0劫.Indeed LπS関 msto have a more sh仰 lydefined wall and to correlate be臨r

with曲epl鎚mapause血m 白e住oughs泊也eel即位ondensity profiles059>. However, the relation 

betw田n白emhas proved to be not so S加ple(I働組dLIT has been shown to have no evening bulge, 

which was also confirmed by the ISS observationsC97>. 
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Cons叫uently,it has been recogi註zed白紙L町，白emid・latitudetrough and白eplasmapause are 

not necess紅ilycolloca飽don白ES創nemagnetic field line although these occur at positions of s泊ill紅

L-value. More complex ionosphere-plasmasphere-ma伊etospherecoupling processes s田mto exist 

among these phenomenao21>. Because there have been very few observations at泊termediatealti知de

regions, studies of these phenomena have not been conclusive.’TheIDCOS・Dsatellite, which will be 
described泊S卸値.on7, is expec飽dto make佃加.portantcon釘ibution泊出srespt:出ctbecause its orbit 

is very suitable. 

Previous investigations, such as 出osemade by血e000 series satellites, did not shed light on 
白erelation between Lπ 叩 dgeomagnetic activity.’Therefore, let us examine the dependeni田 ofLIT 

on白egeomagnetic泊dex,Kp. Because L町 ismore sharply defined for He＋曲anff+ in the ISS-b 

observations as pointed out before, we will examine the Lπ泊 He+distributions here.’The position 

of the plasmapause can be defined easily because the plasma density changes by an order of 
magi語句deover a distance of about 0.1 RE<161>. As for the ionospheric trough, definition of its position 
is somewhat arbitrary and ambiguous （陥＞.In previous studies, the position were defined as血e

maximum gradient of latitudinal profile，出Em泊加umof the plasma density, or血elati加dewhere the 

plasma density becomes lower白血aprescribed value. In all cぉes，由eposition of the回 ughW鎚
de ten凶ned食omindividual pass plots and then s旬出ti伺Iar叫yseswere done in these studies. In由e

present ISS・bcase, because the distance between白econsecutive m回S町・ementsis not small enou酔
(a加utthree degrees泊 latitude),detennination of the住oughposition by individual pass plot is not 
accurョ.teso白紙 S旬.tisticalprocessing is done first as follows; 



同

（

m
y
ε
0）

b
一mcou』由
a
EコC
O
O
」

四

（中
ε

0｝
包
含
一
曲

C
＠
百
』
由

D
Eコc
m
O」

Ion composition of the topside ionosphere 

e・

145 

MLT=06・12

。10 20 30 40 50 60 70 
Invariant latitude 

80 90 
L
n
u
 

L__」
10 20 30 40 50 60 70 

Invariant latitude 
80 90 

MLT = 18・24

三公てν

。

γ（＼λ！ 
rーとむ"' 

90 

Fig. 126 Dependen1問。fHe+ density averaged for fixed range of Kp values on the inv町iant
la錨佃de.Each curve is shifted by one order for回 chKp range. 

－
』
白

u 10 20 30 40 50 60 70 

Invariant latitude 
80 90 

As shown in Fig. 126, He+ densities from August 1978 to March 1979 are averaged泊血ebins 

of白emagnetic local time (MLT) and Kp, these p紅amete路 beingdivided into 4 and 9, respectively. 

Because there are few data for ex出 melyI紅gevalue of Kp，出ecorrespond泊gdis甘ibutionfor large 

Kp is rather訂egular.Regardless of白edefinition of the trough position, the charac飴risticsof [Hピl
dependence on Kp are well displayed泊由efigure. It is蹴 nthat LIT is sh岬泊血e凶gh凶 ne血 dits 

position moves toward lower latitude at larger Kp values. Comparing the Cぽvesfor O仏06MLTand 

18ー24MLT, we can hardly recognize any bulge s加 C伽re泊 theevening side which has been shown 
to exist泊血ecase of血eequatorial pl鎚mapause.In白eda戸加eLIT is generally not pronoun偲d佃 d

it is difficult to define its position. From inspection of the nighttime curves, approximate position of 

Lπ，LT, c卸 bedefined by 
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Fig. 127 Coηelation betw聞 Ethe position of plasmapause and Kp・・index[after Serbo and 
Maier, 1970<161>]. 

ISS-b He+ (1100 km)C9S> 

LT= 4.52-0.3Kp ....・H・－…....・H・...・H・.....・H・....・H・－…...・H・－…....・H・.....・H・－…...・H・（127)

百ieprevious results by other authors are as follows: Ariel-4 Ne (550 km)058> 

LT=4.85・0.31Kp…....・H・....・H・－…....................・H・...・H・－…・....・H・...・H・....・H・..(1泊｝

ISi削除（3500km)026> 

LT=4.65・0.23Kp・M・....・H・...・H・－…...・H・.............・H・－…・H・H・....・H・.....・H・－……・（129)

Alouette・1Ne (1000 km)056> 

LT= 5.64 -(1.09 ± 0.02）~ξ ….....・H・－………........…（附

On the other hand，白eresults for the plasmapause position are quoted加 Fig.127 from Serbu and 
MaierC161>, and血ese釘esummarized as 

LP= (5,.., 6)-0.5Kp…....・H・－…...・H・.....・H・....・H・...・H・....・H・....・H・－…・H・H ・.......(131) 
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Fig. 128 Cale曲総ddependen館。rn• 岨d o• densities by IRI model at 0岨 d60 d曙.-ees
h錨佃deand 1100 km a雌佃de.

From these res叫tsit is concluded白紙白eL-value of the trou酔 positionis generally smaller 
than that of the plasmapau凪卸d白紙曲edepen也n叩 onKp is also smaller for印刷ugh白血for

the pl鑓ma戸use.百ieresult from ISS-b using He+ dis凶butionsis also consistent wi白血seprevious 

m凶tsob凶nedby different methods. What is new in血.epre鎚：nt貨国国.entis伽 tL町泊酋ieHe+ 
dis回butionis shown to have a clear Kp de戸nden回，血dthat s凶 sti回lav，悶酔igis done without 
defin泊g血e伊sitionof血e回：ughin由eindividual profi1弘司由approachis convenient for gaining 

蜘白血al加sightregard』essof由es凶.ctde命制.onof the trough. 

6.5 Comparison wi白血Imodel 

百ieh旬mationalReferen1田 Ionosphere(IRI) is most企eq田ntlyused to model various asp田ts
of曲Sionosphere, including ion composit』on.It is a purely empirical model derived金omthe data of 

W町idwideiono回1nde,rocket卸 d純telli旬 experiments皿dIS rad郷.In由is鎚ctionwe will compare 

恥 ISS-bres叫.tspresented above wi血白eIRI m叫el.

Figure 128 shows the relationship be側関nNmF2血dion densities of ff＋佃do+ at 1100 km 

al ti伽.de,and the sunspot number calc凶atedby曲eIRI-86 model. Here白einput parameters are 

sel回総das month= March, LT = 12 hours, g回magneticl副知des... 0, and印.For NmF2，血e

gradients of血ecurves for latitudes of 0 and印 arenot very different and由eirgener司1蹴idencyis 

consis旬ntwi白白eresults obta泊ed企om曲eISS-b shown in Fig. 119, although曲iscompar旭onis 

not very strict 

h白eIRJ.・86model, values of NmF2 for Rz ~a脂血創1 150 are clipped to for ~ = 150.τbis 
m阻surew錨初回duced民cau鈴白eelec回ndensity had a tendency to sa伽m飽 forhi酔ersunspot 
numbers伽 m observations by血e町’fERCOSMOS-19鎚飽脳出16.3).
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Fig. 129 Correlation betw偶nFl0.7 and the electron density at 1100 km altitude observed by 
ISS-b. 

D町泊g血eISS-b observation period，出emaximum value of Rz reached 200. However，お

shown in Fig. 119, the tendency of such saturation for NmF2 is not noticed. As for血eel即位on

density at 1100 km, an example of no such saturation is shown in Fig. 129. In these a思rres,Fl0.7 is 
used加回dof Rz. (An almost linear relationship between Fl0.7叩 dRz holds, and Rz = 200 

corresponds to Fl0.7 = 240). 

Therefore according to the ISS-b observations, the clipping of Nm回 forRz g回，ter白叩 150
in倣>ducedin the IR.I・86model seems to be unnecessary. Close examination of也edata by Benkova 
et aI.063> showed白紙血espread of data is qui飽 largeand白at白earea and戸riodof observations are 

res回c旬d.It seems prema他m to in佐・oduceconclusive meお凶国 tothe IR.I model企・omtheir 

observations alone.百eISS・bobservations indicate曲atextension of the original CCIR model up to 

at le鎚tRz=200s田msto be appropriate. 

百ieIR.Im叫elin Fig. 128 shows白紙由Edependence on由esunspot number becomes s加 inger

at higher la仙 des.Figure 130 shows the 1副知diinaldis凶butionof the regression coefficients between 

Ne at 1100 km and Rz derived伽 m 也戸加Bobservation data obtained by ISS-b.百世sfigure 

indicates白紙由eregression coefficient tends to be larger at lower latitudes.’The ex佐・emelyI創ge

coefficient for M酔erlatitude seen泊白eIR.I・86model is not observable泊 theISS-b observations. 

Another problem w抽出eIR.I・86model is白紙themajor ion s~ies at 1100 km altitude is taken to 

be H+, whereas ISS・bobservations showed白紙 itW鎚 o+during periods of high solar activity as 

shown in Fig. 119. H+ has negative correlation with the solar activity, and predomin組問 ofH+ at 

1100 km altitude is only expec旬dduring very low solar activity.百世sfeature should be taken into 

consideration泊 thenext improvement of也SIR.I m叫.el.

As for血eseasonal variation of the electron density at 1100 km altitude, Fig. 131 compares血e

res叫.tsfrom ISS-b wi白血osefrom IR.I・86.Although the conditions under which these results were 

derived are not strictly the s釘ne，血isfigure also suggests a problem泊白eIR.I・86model. Accordiing 

to血eISS-b results，出eeL即位。ndensity at high latitude varies by about one order of magnitude wi白
changes of season, while白eIR.I・86model shows very Ii凶evariation. 
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Fig. 130 L副知dinalV町iationof the regr総sionc栂鑑cientbetw悦 n曲esun spot number (Rz) 
and the elec回 ndensity at 1100 km alti加deobserved by ISS-b. 

Figures 132 and 133 compare the dependencies on lati旬deand LT, respectively, of白eISS・b
and IRI・86results. For these characteristics, agreement between the two is generally good. As for the 
ion composition, the IRI model assumes the ratio between H＋叩dHe+ to be constant,白紙is10:1. 
This is of co町民acrude approximation as admitted by由巳model’sdeveloper<10>. This approximation 
was obliged to be泊co中ora飽db配ausethere we児 veryfew observations on the ion composition of 
血etopside ionosphere. ISS-b has provided a good data base to improve白issituation because it 
observed global regions for佃 extendedperiod. 

From the global average shown in Fig. 119，白eperiod when the ratio [H+]/[He+] is equal to 
about 10 at 1100 km altitude is ex戸cteddur恒gvery low solar activity. B配auseH＋佃dHe+ have 
opposite sign correlations wi白 solaractivity，，白isratio decreases wi白泊creasingsol釘 activityand 
the densities of血etwo constituents become comparable when Fl0.7 is about 250 (or Rz -200). 

Figure 134 shows the dis佐ibutionsof由eratio [H+]/[He+] in the geomagnetic I副知deversus血e
LT pl阻ederived企omthe ISSゐdata.Dis凶bution(a) is produced by the data obtained from January 
1979 to May 1979, and (b) corresponds to the period企omJanu紅y1980 to May 1980.百1epa悦ems
泊（a）叩d(b）紅every similar but very complex.百1eratio is large at low and high latitudes due to the 
marked equatorial trough and light ion trou酔泊白eHe+ dis佐ibutions.

While the ISS-b observations have provided白ehorizontal dis困butionsof the ion composition 
at 1100 km alti伽de，血eIRI model p臨 as回 sson altitude dis凶butions.It S回msa Ii住ledifficult to 
incorporate白eISS-b res凶ts泊1tothe IRI model because of白巴 wayin which出eIRI program is 
S住UC佃red.Fur曲.erstudies are needed in these respects. 

7. Measurement of magnetospheric ions 

7.1 Review of magnetospheric ion composition 

Ionospheric plasmas泊白elow and middle latitudes have “cold”temperatures of below a few 
thousand degr田s,and they c姐 bemeasured by m鎚Sspec住ometerswhich are not capable of energy 
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Fig. 131 Comparison of the s岨sonalvaria伽田betw伺 mmodeled (IRl-86) and observed (ISS-b) 
el1即加mde回itiesat 1100 km alti佃de.

analysis. On血eother hand，曲emagnetospheric plasmas have higher tempera伽res，卸dthe ions have 

企~uently been observed to be accelera凶 tohigh ene喝ies.In p副 cul紅，恥 ionsin血eauroral 

region have been found to be泊 asupra・血.ermalor energetic s飽.te.When the ions have appreciable 

initial energy, conventional mass analyzers, such as the Bennett type or magnetic sector type, cannot 
function well. An ene湾yanalysis function must be added to meお町e出.eseions properly.百iefirst 

m鎚SS戸ctrometerwhich had an ene唱yanalysis function for det配血gmagnetospheric ions was 

developed in the early seventies.’The Lockheed group at Palo Alto＜町 discoveredhighly accelerated 
o+ at 800 km altitude in血epolar region flowing along magnetic field lines using血 RPAcombined 
with a Wien-filter which was flown on白e1971・089Asatellite. They also found a large field-aligned 

E田 ofo+ at a high altitude of 8αm km by叩加.provedde飽ctoron血eS3-3 satelliteO的．’These
unexpec飴ddiscoveries focu民da g田td回1of attention on血eacceleration m田hanism初出e

ma伊etosphere.S泊ril紅 m鎚S担 dene喝yanalyzers were develo戸対 forGEOS-1<16勾， GEOS-2<1的，

ISEE-1067>, DE・1(168），加dAMPTF/CCE069>. A group in出eMarshall Space Flight Cen旬r,NASA, 

developed “Retarding Ion Mass Spec凶 meter(RIMS）＂，泊 whichan RPA and a magnetic sector mass 
甲x:回 meter紅巳 combined, for白EScatha sa飽llite064>,and for the DE-1<71).百ieDE・1RIMS has 
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Fig. 132 Comp町isonof the lati佃dinalvariations between modeled σRI・86)and observed 
(ISS・b)electron de田 itiesat 1100 km altitude. 

血reesensors and is suitable for det民自宅pitchangle dis凶butionsof low-energy ions. A group 仕'Om

Sweden and USSR flew卸 instrument泊 whicha Wien-filter and a semispherical electro-static 

analyzer were combined on白ePROGNOZ-7 satellite (PROMICS・1experiment) to observe the deep 
magnetospheric mantle region and they found o+ ions仕組sportedfrom the ionosphere070>. 
We propo路da mぉS佃 denergy analyzer, incorporating an RPA and a Bennett mass sp即位'Orne-

ter, for血e12白 Japanesescientific satellite071l, and launched “SMS”（Supra thermal and energetic 
Mass Sp即位ometeron血eEXOS・Dsa飽llite(or Akebono) coopera出gwith a group泊阻AJNRCC

(Herzberg Institute of Astrophysics, National Research Council Canada)<86><172>. The SMS has been 

successfully observing白esupra・白ermaland energetic ions in由emagnetosphere. We also proposed 
a s泊rilars戸C位ometerfor the Japanese planetary mission073＞.百1efollowing describes the charac-

teristics of曲einstruments which have been developed by O町 groupto me錨町E白esupra－血em叫

佃 denergetic ions in白emagnetosphere and ionosphere. 

7.2 Energy and mass analyzer with energy d配eleration

Figure 135 shows a cross sectional view of a spec住ometerdeveloped for simultaneous mass and 
ene喝Y佃 alysesof low energy ions泊白eiono叩here叩dmagnetosphere071><1刈.The analyzer 

consists of an RPA, a Bennett mass s戸ctrometer,two p紅allelplate electro-static analyzers叩da 
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Fig. 133 Comparison of the l舵 altime variations between modeled (IRI・86)and observed 。SS-b)el配位。nde田 itiesat 1100 km altitude. 
channel el即位・onmultiplier.泊施voltageapplied to恥 en回 neegrid draws the ambient ions into血e

instrument泊 sucha case when the spacecraft h鎚 positivepotential relative to the space pl鎚ma.In 

血ehigh altitude magnetosphere，白espacecraft is企・equentlycharged to a positive potential because 

血eplasma density is so low血atthe emission of photoeli即位ons企om白esurface cannot be 

compensated for by the ambient plasma. Such negative合aw-involtage has b偲nrepo即 dto be partly 
successful加出E Cぉeof血eDE-1 satellite<54＞σo. 

百ievoltage VR gives a retarding potential to曲eentering ions and acts as a high pass filter for 

the ion energy.泊施Bennettse凶onO戸：ratessimilarly as described in Section 4, but decelera凶 ions

紅eselec包d加 thisc俗e.The acceleration and deceleration in the Bennett佃beare comple飽：ly
equivalent. A difference剖ses合om白een回 ncephase angle relative to白紙of血eapplied RF field. 

Therefore the transmission and resolution創官 givenby血esame formula鎚 deduced泊 Section4. 

百1eparallel-plate eli即位0・staticanalyzer with釦 inclinationof 45 degrees to出einstrument但 is
actsぉ alow pass filter for the ion energy.百姐sfil飽rdeflects only血oseions which have lost 

m阻加umenergy in the RF field加血edirection of the de飽ctor.Because p紅allel-plateanalyzers 

have a focusing pro戸：rtyat 45 degr田sCl75>, they collect res on釦tions.百ecombination of two 
par叫lelplates also define曲efield of view. We define血ez-axis along the蹴 isof analyzer, with the 

x-axis normal to血epaper.，血d曲ey・蹴ispe中endicularto加白瓜es.If we let曲eion deflecting 
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ISS-b Averaged data 

H+/He+ ratio Month = Jan ’79・May'79

・70

W/He+ ratio Month = Jan’80・May’80

・70

Fig. 134 Latitudinal dis剖b凶 onof開＋]l[He+]ra舗0・（a)Average during J阻 .uary-May,1979 (b) 
Average during J細田町－May,1980 

voltage be VR -(VA+ AV), where VA is血eaccelerating voltage as described泊 Section4, and if we 

let~ be白 incidenceangle of ions in白 y-zplane against z・位is，血enit can be deducedC171l白紙血e

pass band of ions 泊血巴~－Ezplane is given by白eshaded紅・eain Fig. 136, where Ez is出eenergy in 

the direction of the z-axis. From出isfigure，血eenergy pass band is明ualto 2!J. V reg釘dlessof血巴

泊itialion energy. This feature is very different仕'Offi血Ecase of a conventional spherical or 

semi-spherical electro・static組 alyzer,where血eP鎚sband and resolution are proportional to白e

泊itialenergy. It can be also seen企'OmFig. 136伽 tthe field of view泊血Ey-z plane, !J.~， is given by 

企/3=AV川τ石｝．．．．．．．．．．．．．．．．
S泊註Jarly血efield of view泊白ex-y plane, !J.α，can be readily derived針。m geome住ical

consideration071l as 

色α ＝（R;ll）~ 日．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．．
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where 
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Ri radius of血巴 en住叩.ceape武町e

1 p鎚Slen凶zof the ions. 

百iegeometrical factor or transmission c田 fficient,G, of出isins住umentis defined鎚
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G＝η・S ・AaA/3 ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・H・H・...・H・－・ (13の

where 

η 回nsmissionc侃 fficientdue to grids 

S area of the ape成田宮．

Substi旬白ig(132) and (133) into (134) we get 

G＝η・S(R;I・）（AV／九）…H・H・－－－…H・H・....・H・－・…・H・H・....・H・－….....・H・...・H・...・H・.(135) 

From this expression we can s白血at出isinstrument has high sensitivity泊血elow energy 
range. A prominent feature is白atthe sensitivity佃 dresolution can be regulated by changing !:J. V. Irl 
contrast to these prope口ies,the G-factor of conventional elec佐0・staticanalyzers becomes small in白e
low energy range, and白eresolution is fixed mechanically. These unique features of白epresent 
analyzer complement those of conventional analyzers for observation of曲emagnetosphere and 
ionosphere. 

7.2.1 Res凶tsof laboratory testing 

In order to demons回te白eoperation principle described above, a bread-board model was 
m叩ufacturedand tested泊白elaboratory. For simplicity the Bennett section was of two-stage design 
(s田 Section4）.’The results are shown in Figs. 137, 138 and 139. Figure 137 shows the energy 
spec住aobtained when the ene昭yresolution, !:J. V, was stepped. Incident ions泊由iscぉewere He+ 
wi白 anearly monochromatic energy of 40 e V阻dan RPA voltage which was swept 貨om0to72
volts.百iefigure confirms白atene思YP鎚sband is propo此ionalto !:J. V, as expected企'Offi白e白巴ory
above. 

Figure 138 shows the ene曙ysp即位aobtained when !:J. V W鎚 fixedto 2 volts and白eincident 
ene培ywas stepped仕om5 to 40 eV.百世sfigure shows曲at血eenergy resolution is essentially 
constant reg紅dlessof出eincident energy，総 expectedfrom由e位ieory.Figure 139 shows mass 
spec回 obtainedwhen !:J. V was stepped with the incident energy fixed. When白eresolution is low, 
spurious pe紘sap戸ardue to harmonic effects as血血ecase of an ordin紅yBennett m鎚S
S戸泥仕ometer.The mass resolution meas町edin血iscぉeis confirmed to be near the value expec飽d
from the theory for a 2・stage2-cycle analyzer (see Section 4). 

7.3 Ion m錨sspec仕ometeron EXOS-D蝿 tellite

lap組、 12白scientificsatellite, EXOふD,w鎚 plannedto investigate白eacceleration region of 
auroral particles and was launched on February 22, 1989泊to釦 orbitof 270 km泊perig田， 10,500
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。

km in apog1白血d75 degrees in incl加ation叩 gle076>.We proposed using the decelera出gmass 

S戸ctromi尚 rdescribed泊白eprevious section, but叩 improvedversion was developed in conjunc-

tion with Canadian scientists. A cross sectional diagram of也isins位umentis shown in Fig. 140. This 

in柑umentW俗 named白eSMS (Supra thermal and energetic Mass Spec佐・ometer）佃dhぉ been

successfully observing magnetospheric佃 dionospheric ions<112>. Table 8 shows白eprincipal charac・
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Incident ions 

日g.140c民間S舵tionalview of the mass spectrometer on EXOS-D (SMS) [after Whalen et al., 
1990(172)]. 

teristics of this instrument. It operates泊 muchtheぬmeway俗曲osedescribed in白eprevious 
section, but many new ideas紅eincorporated.百teseare presented below. 

7.3.1 Principle of opera低価

DC and/or AC voltages are applied to血egrids oreli即位叫esnumbered泊Fig.140. A voltage of 
0 to・10volts is applied to grid 1 to企awin白eambient ions.百首svol旬gealso serves to prevent a 
large flux of low energy el即位onsfrom en館山gthe analyzer泊白eenergetic modes described below. 
0出erwise由eseelectrons would cause a considerable amount of noise. 
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Table 8 Characteristics of SMS. 

Mass Range 

Energy Resolution 

Mass Resoh』姐on

Energy Range 

G-Factor 

Angular Resolution 

In the Spin-plane 

In the Plane perp叩dicularto Sp泊

0.8 < M < 60AMU 

0.05 ＜企E< 0.2keV V紅iable

0.05 < !J.蜘f/M< 0.2 variable 

。＜ FJQ < 4keV 
4 x 10・8 < G < 2 x 10・2 variable 

3<!J.9<90deg 

3<!J.9<90deg 

0.2副首

2.0sllt 

Fig. 141 Ape凶U問。rSMS [after Whalen et al., 1”が17.劫］.

One of the outstanding properties of出isins佐umentis白紙 ithas由民巴 kindsof ape武町esto 

control its sensitivity. As shown in血efigure，血eions en飽：rthe analyzer either曲oughgrid 1 of the 

l紅・geapert町Eor白roughelec住・odes2A・2B.When the l紅gea戸rtureis selec飽d,v2A is set to +50 v 
and thermal ions are preven凶企omente血g御ough也iselectrode泊ぬ曲eanalyzer. Passing 

through grid 1，批 ionsare analyzed by an即Avoltage applied to grid 2. 

When白esatellite is in白 lowerionosphere, where there is a lぽ・gedensity of ions, grid 2 is 

biased to +50 V to stop these thermal io出 合・omentering白roughthe large aperture血dions are 

admitted出rough白e2A・2Bsection.百iedetailed configuration of白isp制 isshown in Fig. 141. In 

白ethermal mode, el配trode2A is biased to血esame voltage as that applied to grid 1, V1. In the 

energetic mode when the ion flux is small, elec住ode2A is biased to +50 V. As shown in出Efigure, 

two slits of 5 mm (medium aperture) and 0.05 mm (small ap師町・e)are made泊el田trode2A. When 

the small apert町eis sel民総d,V2a is set to +50 V to prevent en回 nee白rough白emedium a戸：rture.

When白em凶iumaperture is selec包d,V2a is set to血eaverage value of V 2A佃 dV3.百ieratios of 
血e伽田ap倒町田紅巳 1:100:1α）（）（）.By selecting an appropriate ape武町E企om白巴白r田，avery wide 

dyn創凶crange of the sensitivity can be achieved. 
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After pass泊g白rough血eRPA stage, the ions a芭 pre・accelera飽dby V3 （・20V)釦 d釦巾er
accelera飽dby V4 to佃 energyof 1 kV reg紅dlessof白eincident ene唱~· That is, V 4 = VRPA -1 kV. 
Grid5 has白esame po低ntial~凶 grid4, and no acceleration occurs泊白isspace. Re自白血ge1即位。de

7 is inclined 15 degrees away from grid 1叩 dit is biased to V1 = Vs + 1 kV (= VRPA). 

h血.ethermal mi叫eV1 =0 Vandif佃 incidention has 即時yE < [cos・2(15・）・1)keV，伽tis, if 
E < 72 eV, the ion will be回国ferr吋 ω血enext s陶酔・百lUS泊位iethermal m叫e，白eions which 
have an ene唱yof less than 72 e V are加 alyzed.On the o白erhand泊白Benergetic mαle, s泊目V2=

V2A = V2s = +50 V and V1 = 0.1-4 k玖血eions which an ene培yof 50 eV to 4 keV C姐 beanal戸国．
百usan essen伽Iene：宅Y佃 alysisis done by V 1泊血eenergetic mode. 

An RF voltage, VRF = 100 V戸akis applied to grid 8. Electr叫es10佃 d11 are biぉ吋伺鑓ω
re自民tall血eincident ions. In白isway，，白ispo凶onconsti加悦afolded Bennett m鎚Sspec住om出 E
泊施ionsare ac叩:lera凶（ord悶 Iera凶）by也eRF voltage h血E鈎meway as described泊Section4 

so由鉱山emass number, M, of resonant ions is given by 

M(AMU) = 0.2636 V(volts）／［六cm)f2(MHz)]...・H・－－…H・H・.................(136) 

where s is血espac.泊gbetween grids 8佃 d9, f is白.efrequency of RF voltage, and V is也e
ac田:leratingvol匂.ge.’Thefollowing p釘沼田：terswere selec飴dfor the SMS on EXOS-D: 

s=3.06 cm…....・H・...・H・.................……・....・H・－－…・H・H・....・H・－….....・H・...・H・－…（137)

f =0.7-6勘rnz…・H・H・....・H・....・H・....・H・.......・.........…・H・H・....・H・.....・H・....・H・....(138) 

V=lkV…………........……….........…...・H・－…・H・H・－…........・H・・・・・・・・・・・・・・・・・…（139)

官ierefore

M=0.8-60AMU ................................................................................... (I拍）

Mis s飽ppedby chan~g 偏食珂uency f of the RF voltage. As a special c蹴， theRF voltage 
C組 beswitched o貸，泊whichcase ene喝yanalysis can be done without mぉsanalysis (RPA mode). 

百iereft即torpla蜘 10組d11卸釦 arranged白紙也eresonant ions p踊sgrid 8 wi白 delaysof 2 

cycles剖 d3 cycles, resp田tively,from伽 lastac偲:lerationby泊施 RFfield. That is，由ispo凶.on
consti伽.tesa白ree-s陶酔2・3cycle Bennett analyzer as desαibed ins卸値on4.百iem鼠 imumene喝y
increment,企E,given to由eresonant ions is 

AE=3×1.45 VRF・＝435 volts ……...........・H・－………・H・H・............・H・....・H・（141)

Grid 12 and e1田岡de13 consti卸.teacon開祖国ccylindrical elec回・staticene喝Y佃 alyzer.百eions 
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Fig. 142 Configuration of the anode of MCP [after Whalen et al., 1990<172>]. 

訂edispersed according to their energy泊thesurface of the micro channel plate (MCP). As shown in 

Fig. 142，曲eanode of the MCP is divided into 4 x 4 pixels；血ecolumns of pixel 1 to 4 correspond to 

high to low ion 即時ies店舗is,high energy corres伊ndsto high mass resolution and low energy to 

low resolution.百tepixel rows represent血een回nceangle wi白隠spectto出eplane shown in Fig. 
140泊血esmall or medium aperture mode.百ieprinciple is siI凶Jarto a p泊 holeC創nera.Sin回白E

en住anceape託町eis必medpe中endicul釘 to白espm回isof the satellite, the smaller the pixel row 
number, the larger血e加 .gle企・om血espin鉱 is.Four mdependent coun旬：rsare prep紅・edfor the 16 

MCP pixels, and Fig. 143 shows 8 kinds of bmnmg modes. An appropriate bmnmg mode is selec飽d

for real observation and血eion counts from these fo町 countersare sent to teleme町．

7.3.2 Ground tests 

Aザpicalexample of a m鎚Sspec住umtaken by SMS d町泊g白eground tests is shown m Fig. 
144. The ion counts are displayed by gray scales m the frequency-energy pl佃.e.He+ ions accelerated 
to a加ut1 kV were 泊~ec旬d 泊：to the SMS, which wぉ set旬曲eenergetic mode with V1 fixed to 1 
k玖佃dcounter 3 of bmnmg mode 3 was used. It is seen that good m鎚sresolution is achieved at 

2.95 MHz, which corresponds to He+, and the ene喝ypass band is about 100 e V. 

Figure 145 shows the m翻 S戸C回 obtainedfrom column 2 (high resolution) and column 4 (low 

resolution) under the s創neconditions as above. 

Simulated res叫tsare also shown in白efigure, which show a reasonable agreement wi白血e

experinlent.百leslightly higher background count m血espec回 mfrom column 4 is considered to be 
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Binning mode 

。

2 
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F抱.143 Binning mode of the ion counters [after Whalen et al., 1990U7勾］.

due to some specific feature of出eMCP used for曲isin町ument.Figure 146 shows an郎副nple

飽ken泊由E血.ermalmode, using an ion so町回similarto伽 tshown泊Fig.51.百由ionsource did 

not have a mass separation capability，，佃dhence ion species of the residual gas in血evacuum 
chamber were also detec凶， al血ough血eprincipal input gas was At.百ieenergy of the ions W鎚

a加ut8 e玖 V即¥A.= 0 V, and V2 = 50 V (medium aperture). It is no飽d血at<>i＋ 佃 dN2＋僻 well
discriminated by出isinstn』ment.This means that SMS has the highest class of mass問solution

among s泊rilarinstruments so far launched to measure出ema伊etosphericion composition. 

(A抽oughof course such a capability is still primitive when it comes to meas町加g白e血ermal

plasma泊theionosphere.) Figure 147 shows血.eRPA characteristics taken under the same conditions 

as the previous figure. It shows sharp cut-off at VRPA = 8 V for 8・eVAt+ ions. 

7.3.3 Observational modes 

As shown in Table 9, SMS has many parameters which must be set to appropriate values 

according to the specific observational purposes, orbital conditions and so on. In order to organizeぬ邑

par：創田町 setting，“modecomponents”紅edefined as泊 Table10. The first character of each mode 
component name represents the following energy range of the observation 
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Fig. 144 Performance of SMS in the ground test. SMS is in the energetic mode with V7 kept to 1 
kV. The energy of the incident ion, Hぜ， andthe frequency of RF field are changed [after 
Whalen et al., 1990<172>]. 
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Fig. 145 Mass spec仕aobtained in the same condition as the previous figure [after Whalen et al., 
1990<172>]. 

E Energetic (50 eV < E < 4 keV) 

S Supra thermal (10 eV < E < 50 eV) 

T Thermal (0 eV < Eく 50eV) 

The second and third characters represent出efollowing: 

MS Mass Survey 

HS Heavy ion Survey 

EM Energy Mass scan 
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Fig. 146 Performance of SMS in the g加 nd臨 twhen the thermal mode is selec飴d.
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町g.147 RPA characteristics with the蝿mecondition踊 thep開vio田 figure[after Whalen et al., 
1”が吋．

ME Mass Energy sc佃

DV 町iftVelocity 

EQ FJQ SC佃

The numbers and characters after the name泊thetable show出enumber of scan steps泊mass
側） and in energy但.）.For example，出escan sequence“64M T SS 16E”m回ns白紙白emass is 
scanned泊 64steps (64M），血.enthese data紅巳佐佃smitted(T), this measurement is repeated 8 times 
泊onesp泊peri叫（SS），組dfinally世ieen帥 sequen回 isrepea凶 for16蹴 ps泊ene喝yvalue (16E). 
The sym加Is泊 Iter.'fype represent血efollowing meaning: 

E Sawぬoth.scan 

ET Triangular scan 

L Stepping泊 arbi位aryvalues 
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’Thble 9 Variable parameters for SMS and their r阻 .ges.
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Table 10 Mode com抑1nentsof SMS.--coll伽 ued
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Because the SMS must measure ions wi曲 alow velocity comp釘edto白atof the satellite，白巴
佃 glebetw関:nthe field of view加d血eveli田ityvector of the satellite h鎚 avery important e貸出ton 
the SMS measurements.百ieSMS ob唱ervation記quenceis sy:nchro:nized to the spi:n phぉewhich is 
determi:ned by the star sensors of血esatellite. Table 11 shows the details of meお町ementsi:n each 
mode component加 relationto出esp泊.This method of observation is very effective for出e
measurement of thermal io:ns.百iem叫ecom戸nentsdescri以;:da加1veform the u:nits of observation. 
In real observation, a number of components are combi:ned to form佃“operationmode”，which is to 
be execu飽dby commands from血eground.百ieprograni to define the mode components resides i:n 
白eRAM of the SMS mienトpri田 essor，叩dit can be ch血.gedfrom血sground command，江n関ded.

百lUS,the arichi低C細胞 of由eSMS observational mode is very flexible. 

7.4 Magne蜘：phericion composition obse円 edby EXOS-D 

百eSMS observation began on April 2, 1989, one month d紅白elaunch of the EXOS-D 
satellite. Fi伊re148 shows白em鎚Sspec回 ofthermal ions observed by也efinest mass scan mode 
which wぉ speciallyprep紅edi:n addition to those shown i:n Table 10. As shown加 Table9, the 
m鼠泊mmpossible numbers of m鎚SSC佃 stepsis 256, but血enumber of steps per observation is 
restric飽dto 64 due to RAM lir凶tations.That is, a釦Hm錨 S SC佃 at血efinest mass step is not 
possible i:n one sc佃.Therefore，血em鎚srange i:n白isfigure is betw田:n0.9-2.85 AMU. Although 
白eleft hand side of mass peak 1, ff+, is shown only up to its shoulder, its right hand side shows a 

clear cut off characteristic, similar to those obtained泊血ela加ratorytests. It is noted白紙白e
upward-flowing ion flux is about 25 times g四.ter白血白edownward-flowing flux泊白isobserva-

ti on.’This feature is佐uefor most of血eobservations. 

Figure 149 shows a mass spec加 mfor the釦Mmass range of 1-64 AMU, observed on May 27, 
1990.百emass peaks, A, B, C, D, E correspond to H+, He+, N吋o++,N+JO+, and N2+/02+, 

m戸岨vely.百iede旬ctionof molecular ions at high altitudes (a加ve6αmkm加白iscase) is a very 
rare event. 

It has been found by EXOS-D observations<21l0初白at也eappearance of molecular ions at high 

altitude is limited to periods of very high geomagnetic activity, which is consistent with previous 
studies。η（78).
It is noted白紙N++and o＋＋紅ewell resolved at posi泊onC in Fig. 149. Although N+ and Q+ are 

not well resolved at position D，出eycan be resolved by a fine step scan, which is displayed泊 Fig.
150. From白isobserv副onit is no飽d白at由eratio [N+]/[Q+] amounts to about 1/3.百岨svalue is 

large compared to the value of 0.1 determi:ned from血eDE-1 observations<71). A cぉestudy of the 

peaks at position D [Yau et al., 1991] revealed白紙血isratio reaches up to 1.0. However, the m姐oof 
doubly charg1吋 S戸cies,[N++]/[Q++], whose peaks lie at posi姐onC has been found to be only -0.2. 
F山由erit is no除d白atthe ratio [Q++]/[O+] exceeds 0.1. By examini:ng many observations, Yau et 
al. <21> found白紙白isvalue becomes about 0.3, which is much larger白佃白evalue of 0.1-0.01 found 

by GEOS observations<72＞.百1em吋ordifference between the two observations is白eirenergy ranges. 
’That is, the GEOS ene思yrange is of the order of ke V while in白epresent C鎚eit is several tens of 
e V. Thus it is possible白紙 observationsat di貸erentene宅yr佃 geswill reveal quite different ion 
compositions. The cons巴quencesof such observations are still under consideration and釘enot 
conclusive at白epresent time. 

Figure 150 and many other C鎚esshow白紙曲eionospheric ions are flowing upw紅d(UFI) most 
of白E曲ne.Downward・・flowi:ngions p目）are very rare, consistent wi白血eDE旬1observations<84l. If 
値1eupward-flowing ions exist泊 bo出hemispheres,it might be expec低dthat血edownward-flowing 
ions should be observed with equal企巴quency.百erarity of DFls observed泊 practi偲 suggests白紙
there should be some process which obs回 ctsthe flow around白eapex of白emagnetic field lines. 
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EXOS-DSMS Mar. 15, 1990 
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Fig. 149 The same as the previo由自伊rebut in the full mass range mode. Mass peaks A, B, C, 
D, and E corr鰯：pondto H+, He+, N++/Q++, N+fO+, NO+/o+, resp卸値vely[after Yau et al., 
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8 
amu/q 

τ'he presence of such a process hぉ版活n泊dica飽dby曲eplぉmawave experimen包 on

EXOS・oc11匂＜179>.Generally speaking, resonant condition between p紅白lesand waves is held for 

extended distance above the equator, because the intensity of the magnetic field there changes slowly. 
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Mar. 14, 1990 EXOS-D SMS 
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19.8 

That is血emain reason why the pitch angle scattering飽kesplace企・equentlyat血eequatorial region. 
The in加 relationbetween白eobservations of p紅白Jes却 dwaves should be explored釦拙1er.

Figure 151 shows血esuccessive mass spec回 of白ermalions (0ー25e V) observed加曲epolar 
region on March 16, 1990080＞.百1er佃 geof白emass scan is白es創出 as白紙泊 Fig.149 (1-64 

AM町．

Since this observation was made in the northern hemisphere, p釘allelcomponents correspond to 
downward flow and釦 ti-p;紅・aJlelto upw鉱dflow. The black pain飽dpeaks show 2+ (He++ or D+)ions. 
It is noted that the ionospheric ions, o＋組dHe+, exist o凶yin白eupward flows while H＋叩d2+ ions 

flow in bo血directions.百1isfeature is clearly demonstrated泊血epitch angle dis住ibutionshown in 

Fig. 152. An appreciable flux of 2+ ions was very seldom. By ex鑑凶凶nga large number of plots, 
Watanabe et al川0>showed白紙theflux of 2+ ions is linrited to出epolar cusp region.百1isfeature 
suggests白at血巴2+ions can be identified as He＋＋仕omthe solar wind origin. It is well known血at

the major constituents of the solar wind plasma are H+ and He++ with a ratio of about 20: 1.百1eratio 
of [2+]/[1+] in the downward flow in Fig. 151 is consistent with this ratio. 

The upward flows in由esame figure contain about the same He++ flux as由Edownward fl田．
百riscan be interpre飽das mirror ions from由egeom a伊eticfield. Another加1po氏個tas戸ctof血e
above observation is出atHe++ ions紅ede飽ctedat very low energies. 

Figure 153 shows the RPA characteristics for four ion s戸cies泊出eupward flow during 
1225-1227 UT. It is seen白紙曲eionospheric ions (Q＋叩dHe+) and the solar wind ions (He++ and 

H+) have very different energy dis仕ibutions.The former have a clear-cut off at about 6 V for He＋加d
16 v for o+, while the latter have an extended ene昭yspread.百1ebulk energy of He＋＋泊 thesolar 
wind is usually greater than about 1.5 keV. If we presume 2+ ions to be injected仕omthe solar wind, 
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Fig. 151 Mass s酔C刷細目樹齢・eJyob:関円edbyEXOS・DISMSabove抑1町 r噸.onon March 16, 
1990 [aft町 Watanabeet al., 1例n【醐I)].

these ions should lose their energy in由eprocess of岡田tion.百由poses佃.other泊teres血gproblem 

in magnetospheric physics which has not been studied much so f鉱

百1efour panels in Fig. 154 show.，泊descendingorder.，血eRPA characteristics of ff+, He+, Q++ 

佃 do＋加恥血.ermalplasma observed on August 2, 1990.百1e白山ofeach ion is identified by color 
coding.’The abscissa shows曲eUT, and the ordinate shows白espin ph鎚eangle.百1ezero-po泊tof 
ve国calscales represents血eproj配tionof血ema伊巴ticfield onto白esp泊－plane.百iatis to say, the 

values of曲escales roughly indicate the pitch佃1gles.Each block of data shows one RPA sw田P

S珂uenceof oーおvolts,which is displayed加血efifth panel from the top.百1US，血eabscissa in由is
出血bl<田：kco立国pondsto血eRPA voltage or ion ene喝y.The data observed泊 8sp泊s(72 s配 onds)

are averaged in伺chblock.百edot凶 linesdisplayed in由eupperfo町 panelsshow the proj田tionof 

白eram v即toron血esp泊 plane.百出observationstarted at 125533 UT and血Bal ti加dewas 3933 

km.百1esatellite crossed血eregion over也eauroral zone. At白ebegiru血gof the observation all血e

ions, e~田pt H+, have flux pe紘sat血eram必rection，加dica曲1g白atthese ions have very low 
velocity.百1eff+ 自国P伺kdevia飽sfrom曲isd回ction,indica白1g伽 tff+ had ex回 flowveloci~. 
The flux of ff+ from all directions, not just伽 tof ram, increases wi白血ne鎚也esutトsatelli旬

lati知ded田：reases.

h曲.elast two blocks, two白山戸紘sappc沼rwith respect to the sp泊phase.百1esestructures are 

known as ion “conics”.B邸側se血epitch個以eof血isflux is about 90 degrees, we C佃 presume伽 t
transver寄eacceleration of ff＋σ1¥1) occurred at曲isaltitude （ー2αmkm). WI朗kco凶cscan also be 
iden岨ed泊血eHe+ distribution, but no such s回 C細胞 is総enfor o白erions.百efact曲at血e

ac田lerationof ions is m舗s-dependentindica脳出ata pro田sssuch as ion cyclo凶 nreson組 .Cemight 

be responsible for白eacceleration泊血isparticular event. 
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日1g.152 Pitch angle dis凶butio国 forH+, He++, He+ and o+ for the observa錨onon M釘 ch16, 
1990 [after Watanabe et al., 1”が剛］.

百ielowest伽田panels泊 Fig.154 show the suprathennal mode da飽．百ielowest panel shows 

血escan voltage and白edot飽dline in白esame panel indica脳出eangle between the magnetic field 
and the sp泊plane,whose scales are shown on白巴rightside.白首yo+ and H+ were measured in血is

suprathennal mode. It should be r田alled白鉱山eene曙Y佃叫ysisin白ism叫ewas done in白e

b姐 d-p：蹴m叫e.It is in旬：restingto no飽白紙血eenergetic ions were not de伽凶 beforebut白ey
suddenly ap戸紅吋atabout 1305 UT (-69 inv組制tl副知de）.百eco凶csare clearly visible in the H+ 

dis凶butionsand we can also iden・佐町ya “beam”s回 C仙mdirec飽ddownward along血emagnetic field 
(pitch angle =O) overlapping the co凶cs.On the other hand for Q+ ions, only血ebeam struc旬mcan 

be seen wi白noconics. In the last observation block (-62 invariant lati伽de),both conics and beams 
disappeared from血eH+ and Q+ dis困.butionsand the flux pa憎msbecame broader in energy血 d

iso位。pic泊 piもchangle dis回bution.It is also interesting血at血e血ennaland energetic ions show 
田町melydifferent叩dcon回stings回 ctures泊白elast block. 

Figure 155 shows ano血erexample of RPA characteristics observed on March 22, 1990, at M酔
al ti旬de(8α>0-9αm km) over血epol釘 capregion.’The flux of the ligh蜘 tion, ff+, m自国izesat 
180・pitchangle，白紙is,H+ is flowing upward along the ma伊eticfield.印E白eother hand the flux of 
白eheaviest ion, o+, m砿泊註zes泊血eram direction as泊白eprevious example.百ieflux of 
泊tennediatem鎚s,He+, m拡泊lizesat an intermediate angle between白eram and field line 

directions.百ieRPA characteristics show白紙 o+has negligible velocity relative to血esatellite 

velocity (-5 km/sec) while ff+ has far g開館rvelocity （ー匁ト30km/sec) along the magnetic field. 
Consequently we can visualize the si旬ationas being白紙 H+ions are flowing upw釘dsag剖nsta 
station紅yo+ background. This situation can be加.te中retedas白epol紅 wind.Flows due ω白epolar 
wind have b田nidentified by ISIS-2<52＞，組dDE・1(54)(181】observations.百iepresent observation is 
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Fig. 153 RPA chara仰 dsticsfor fo町 ions戸C随時servedon March 16, 1990 [after Watanabe 
et al., 1明n(t剛］.

very similar to血.eseobservations and is also consistent wi白白epredictions of classical polar wind 
血eory<SIJ.

伽 emore example is shown in Fig. 156 ob関：rvedon December 2, 1989, over曲eauroral region. 

h白isC鎚eone block of血edata shows the average of 6 sp加s(48 seconds）組dHe++ is shown 
in蹴 adof o++. The flux of ions against the sp面phasechanged命溜natically恒也isexample. Let us 

examine也edis凶butionof ff+ first h血e伽stbl<田kof the m伺surementwhich sta由dat 0300 UT, 
the ff+ flux shows a typical co凶.CSs回 C細胞.In the総condblock血eflux decreases and reaches 

maximum ma伊itudeat 180・pitchangle，白紙 is,the flux changes泊ω 阻 upwardflow along the 
magnetic field. In也eぬ註dblock, the盟国 intensifiesa little compared to the second bl田：kand a 

downward beam ap戸arsalong the ma伊.eticfield (0・pitchangle). Complex flux varia泊onscon出ue
up to 0308 UT. It is noted白紙asymme凶cphぉeangle dis住ibutionsappear泊血.e5由，7白血d10白

blocks. At about 0309 UT, the color code of the flux becomes iso住opicallyyellow and it does not 

change much as血eRPA voltage changes. Because no appreciable flux change can be detec飽d泊血e

eni巴喝eticmode shown泊曲elower p叩 el,the ene喝yof isotropic ff+ ions is consid巴redto be below 

100 eV. In出ebl田kbegiru血gat 0311 UT, upw：紅dand downward s回 amsare added ω也eisotropic 
background.τbat is, ff+ ions are coun包：r-steaming泊位lisregion. It is also no包d白紙白Bene培yof 

the down flowing ions is greater白血白紙 ofup flowing ions.百tepi釦hangle dis凶butionof血E

down flowing ions becomes n町 owerin the block before last. In the last block （也elowest latitude加

血isobservation），血edown flowing ion disappears altoge血erand血edis回butionof ff+ flux looks 

more like a loss cone type.百 atis, the flux along the field line is very small for both upward佃d

downward dir田tions.
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Fig'. 154 RPA characteristics observed on August 2, 1990 by EXOS・D.
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Fig. 155 RPA characteristics observed on March 22, 1990 by EXOS・D.
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Fig. 156 RPA characteristics observed on December 2, 1989 by EXOS・D.
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As for Heぺwecannot see佃yappreciable flux泊血isp紅白rilarobservation. Many observa-
tions have suggested that He++ abundance is res釘ictedto出epol釘 cuspregion<180>. As for He+, it has 

a similar time history to H+, al血oughthe magnitude of the flux is considerably lower白卸値iatof H七

Next let us ex釘凶ne白edis凶butionof Q+ flux in Fig. 156. We can r1田ognizea co凶css加 C卸路
sir凶1紅ω曲eff+ case, but it is noted白紙偽etwo peaks in the spec住ogramare very asymme回c
compared to the case of ff+. For low energy O+, the ram e釘ectwould be expected, but the position of 
the o+ ft皿 peakapparently deviates企om白eram direction. This fact suggests白紙o+has an ex回

velocity component other than the satellite motion in one direction not conic to血emagnetic field. 

This velocity could be泊.terpretedas due to合iftmotion. At the present白ne,we do not have釦rther
evidence to suppo目白isinterpretation, but it should be confirmed in a釦turestudy by consulting the 

data of o血ercomp副 onins回 mentson EXOS-D, such as恥 elec住icfield de飽ctor但FD).Here we 
have only po泊凶 out白evariety of the ion dis佐ibutionswhich have been found by SMS 
observations. 

8. Summary and concluding remarks 

百ispaper is bぉedon our work in developing ion-mass spec住ometersfor rocket and satellite to 
observation of the ionosphere and magnetosphere. It describes the mass spe氾佐ometerson血eISS-b 
and EXOS-D satellites and the results由eyhave produced. 

百ieion composition of the e紅白andother planets is reviewed in Section 2. Based primarily on 
O町 group’sobservations，血ebasic characteristics of血ecomposition and relevant chemical reactions 
泊血eE釘白’Sionosphere釘esummarized.百ieion composition of the other planetary ionospheres, 
obtained primarily仕omNASA deep-space explorers, is also reviewed. 

百ieion住anspo此processesM白eE紅白’Sionosphe民 arereviewed in Section 3. We focus on白e
diffusive eq叫libriumbecause it is very important in白etopside ionosphere, which is the main subject 
of血isstudy. Since the dis凶butionsof plasma in the real ionosphere deviate considerably 針。m血is
diffiぉiveequilibrium state, the basic processes which cause these deviations are also discussed. 

百ietheory of operation and basic characteristics of the Bennett mass sp即位ometer,which is on 
血eISS-b and EXOS-D satellites, are described in detail in Section 4.百eelec住icaland mechanical 
specifications of the mass spectrometer on the ISS-b are also presented. 

The global ion dis位ibutionsat an altitude of llOO km, as observed by血eISSゐsatellite，紅巳
presented泊 Section5. A prom泊.entfea佃re加出esedis住ibutionsis白紙dependenceon血elongi伽de
is much larger compared to previous studies.百出 longitudinaldependence m回ns白紙白edis凶bu-
tions are specific to the world location. This means白紙iondis住ibutionis s住onglycon佐・oiledby the 
geomagnetic field. 

By加sp白血igindividual pass, medium-scale s住uctures,which s関 m to persist at p紅白ular
longitudes for a few days, have been found. The medium-scale structures for ff+ dis凶butions紅e
frequently peri吋ic泊血位latitudinalextent.百首speriodicity is rarely s開nin other ion species, such 
as He+ or Q＋.百ieses住ucturesmay be due to the neu住alwaves泊 thethermosphere or企・om白B

lower atmosphere, although we do not have further evidence to suppo此 sucha view. 

From our analysis of LT maps, global s回 C加res由atpersist for a few months were also found. 
Some features of these s住UC伽rescan also be attributed to出eeffect of出eneutral atmosphere. The 
longitudinal anomaly泊出eLT maps of Q+ can be expl泊nedby曲eeffect of the neutral wind, which 
is different for di貸erentdeclination angles阻 dspecific to出ep紅ticul紅 1郎副on.

In Section 6, the variations in ion densities are statistically analyzed wi由respectto a selected 
p紅ameter,such as latitude, local time, season, solar activity, or geomagnetic activity. Since the ion 

observations by ISS-b were global and were for an extended duration compared to白oseof other 
previous satellites, such as曲eOGO and ISIS series, several new ion composition charac飽：ristics
were found泊白etopside ionosphere. They紅epresented in Section 6. 
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百iequality of the observations was especially good for He+, disclos泊gseveral interes也tgHe+ 

phenomena.白ieis血鉱山ewinter bulge s回 cture泊theionic helium can be seen only in血eday and 
it disappears at凶ghtAno由eris由鉱山eequatorial trou酔泊血eHe+ dis回buti on b配omesdominant 

at night. Apparently it is very similar to血osefor NmF2, or血eso-called equatorial anomaly. 

However, since these phenomena have different local time dependence as found 合omISS・b

observations, it has been revealed血atthe plasmaspheric dynamics plays an essential role for the He+ 

仕ough,rather than the fountain effect due to E x B命協，whichhas been known as白emain cause of 

血eNn証て2叫uatorialanom叫y.

Our佃 alysisof the dependence on solar activity showed白紙白edensity of Wat 1100 km 

shows negative correlation with Fl0.7. Although He+ densiザhasweak positive correlation w1由
Fl0.7 in the global average sense, either positive or negative co町・elationis statistically significant m 

the sub-divided latitude and local time domains, which is con回ryto曲eprevious view白紙He+has 
S佐ongpositive correlation with solar activity.百ieISS-b observations have revealed白at血esituation 

is not simple for He+, at least at an altitude of 1100 km. 

Reg釘dingseasonal variation，。＋ has very regular periodic behavior, whereas ff+ and He+ have 
very complex behaviors. In p紅白ul眠 theseasonal variation加 ff+in the daytime shows marked 
symme句協同開n血enorthern and southern hemisphere，泊 spi飽 ofthe seasonal di貸eren田s.It is 

suggested白紙白einterhemispheric flow plays佃 importantrole in this dis住ibution.

百ielatitudinal dis凶butionsof白eli~ht ions, ff+ and He+, show prom加 nt1増加 ion trough 
S佐UC旬resat higher latitudes.’The佐oughis sharper for He＋白血 for ff+. The dependence of the 
trough in由eHe+ dis凶butionson geomagnetic activity Kp is compared wi出 otherreported 

observations. 

Anewene喝yand mass analyzer, in which the m旬rdingpo飽ntialanalyzer and血eBennett mass 

sp即位・ome総rare combined, is described泊 Section7.百出 SMSanalyzer is flown on the 12血
scientific satellite, EXOS-D, in coordination with a Canadian scientist group. It has been observing 

血emagnetospheric組 d白eionospheric ion composition since its launch in 1989. A de飽iled

description of the instrument and泊itialresults are presen飽d.’Theobservations and analyses are s岨l
under way and considerable con回butionsto ionospheric and magnetospheric s制diesare expec低d.

’These have appear吋 andwill ap戸arin relevant publications. 

In conclusion, the au白orhave engaged泊thedevelopment of ion mass sp即位ometersand other 
instruments for rocket and satellite experiments. When白iswork started about 25 yeぽsago, the 

space tec加ologyin Japan was泊加fantstage.百edevelopment of ISS・bwas initiated just at such 
time. Compared to present-day sa飽llitesystems, ISS-b had limi飽dcapabilities. Nevertheless，出e

results produ田dby ISS-b are S幽1加po此antto the fields such as白eiono唖pheremodeling, because 
the duration of ISS-b observation at a constant altitude h鎚 notbeen s町passedby others. 

’The development of a new mass spec住ometerfor EXOS-D in collaboration with a Canadian 

scientist group W鎚 veryvaluable and exci出gexperience to Japanese space science commw岨ty.明白
cooperation has produced and is produc泊gvery合ui由 1results in血eionospheric叩 dmag-
netospheric res伺rch.司自cooperationis now be泊gextended to血巴Planet・Bprogram，泊whichthe 

ionosphere and a回osphereof Mars will be explored. Besides the Canadian group, p紅白ipationof 
some other foreign groups is planned for the Planet-B mission. Japanese space program is now 
becoming truly international. It is expected由atsuch cooperation will produce great progress泊血e
space science field. 
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