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Langmuir Probe Measurements in the Ionosphere and Recent Topics

by
Koh-ichiro Oyama*

Abstract: Dc Langmuir probe which was established by I. Langmuir in 1924 has been used to
measure Te (electron temperature) and Ne (electron density) including plasma irregularities in the
ionosphere since 1947 and its contribution to the ionospheric Physics is beyond our description.
We review the measurement of electron temperature/density in space, which have been con-
ducted by means of Langmuir probe. We review the recent findings which have been obtained in

Japan with Langmuir probes in Japan and list up the problems, which still remain unsolved.

Key words: Electron temperature, Electrode contamination, Insitu measurements, Ionosphere
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1924 4£ 1. Langmuir |2 & » THERYICHEY. 72 DC 7 U —7 (Langmuir and Mott-Smith, 1924) (3#iEk
I G CEMEICBIT2ERNZYHETH S EFIRE, BELHET L7078 LT RRkER
KED KA Y 0555055 72 V-2 rocket (2358 S L TLLE (Reifman and Dow, 1949), £ OFHlIT 7 v +,
BEEREICER SN TETBY, BEHEEMIEICBWTDC 70— 7L ERTROBIEGE LT, Mo TEE
RE R R LTCE, R ES, MEREMEEE, FHE, BHEE LS LIONH 77 A~vEICBIT2ET
MR L TR ORI & 58 o TE 72 HAMPS 2 OBR & ISR T 5. REEORZICE TR, %
FEIZRIT 2 KGOS, RO45HOPEICET 2REIIOW TR T 5.

1.

HERAFIIHERRERE 2B W TR ICKBEERIMNR, SEEICBWTREEOMERTICL ) EHEINS. K1IZIZEMOIE
A EHEEZ R Y. CORITRENTWARWVDY, HEHN60—90km DKk”Z 7 A% A4+ HO" - (H,0)n % & OB IE
Bt Y, BLXOBET, W ADRAT 2 BHEHEEA DB, 90—160km  TOEIZNO', 0, BZLOFT A4+ D
FFAES % EFHIE, 160km 72 5#300km £ THO O A F U AL & & WIS D 7T X< OPHNC X ) BFHED
WRELDEHEE T FHE, BTEERRKERDEENS L% Topside I & MUY, NU 7L, KEAFT VHEHRGTH
A%71000—2000 km 2> S E A EEEANE 7T I A<B LR, FNEFNOBEEHEBICBIT 2 h T ABEIL /2L 2 ITE,
H, KIBEEKF10.7=220 ({710 * W/m”Hz) O¥#, 100 km (25 TH 10 /ce, 300 km T 10°fE/cc, 1000

*  JAXA/ISAS

i 3% Journal of Plasma and Fusion Research Vol.81. No.7 (2005), p482-525. |Z5#k S L7z 5f5 % JCIZ IS KIR IS &R 2 Nz 72
bDOTH5.
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km T 10°ffl/cc TH % (Hedin, 1991). [X 117K L - FEEEBREE (X R EEE S N2 EOEBN 2 ETH Y, EE
CIXEHEER, 77 XA~ NT N, RERE, AXTFy 7 ERE, TEENT 708 ICHIRESOREOT, &Y, H
ko> TRECENT B, RABTHEL 5 5EENPS LOBTHERE 7T 7 7 4 VIFBHFESROA TR 2L b
Y, FHWLEEORGET SRETH 5.

%
»
COFETIEI ZIIRENZ L ) hEE

TS BT A DC 7T E— T DIBHIZOWTIRR S,

P11 HhERFEHERE, W77 ASEICBT A 4 YK, 77 ARG,

2. BEEHERICHTHEHA

2.1 D#EEICHITHETE

D I CIEEF—rh MR - EYE BRI I ) A= MV Ty - AB R3Sty F A=V TH A, fE-TDCTu—7
DY —ANIZAS>TEEB I —AOHTHEET A LEHEL, ZOIXNT—5AilEy —ADNERLY, DC 7u—7
HERICBU 5, Pril@sSaigicsd 5. HICEIT 7 v NI Tkm TRET 2HETT 5. (Eo T OO 71— 7
itk Y — ANOBETF—H S TEZZICINZ T, DC 77U — 72 ERCTE C HIZL 2 70— TR OHE, RUA+ 2570
—THRIFTICEYAD BN EIZE DV —AROEREERB L 2L HE 5T, ZOBEF, 14 > OERIEILE Do THM
Thb. o THAETO U —TIZEDET, A4 VHENEIHTHEICEES D227, ERICIE 70— 7ERE KE)
WL BBEBFEEAEECLVRET A LR, BEICBOTHEESEHBO 7 v MR TE WS I OBIERZ
STDCTu—TEARPOLEFEEZFHE L. L2LIOL ) 2 HEEIHEICS ZIEIEL { &2\ (Oyama and Hirao,
1976a). DC BHFFHED B IEFIROBIRMIIAA 4+ EEBFICL LD DT, A+ v EEFREDOIIIREH, SEICLDY
B D,

FROFZEI D REZMEIIEENA 7 ABRICKIZTEBMELEOCEPETHEICL o TRELELTLHTH S
(Oyama, 1976b). BHGHOLEIBTHESEHVIEIERINI LS. $hbLBETHEENESVIIEELWHEICH L TTH
— TREAVNEL %D, K2 IFEREMEFELREZWNY R BRICL2BTHEOEE IO 7 74V C, HLEEMHIZLLE
iz b b7 & OB BB BRI O 5 N 72 & ) 100 km TOEFBE CHEALYT 5 & DHBCIZGYEMRIC L 2R HE
FIELWEL D SRS 55,
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CLEAN PROBE CURRENT in pA
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M2 YR OU), BEOBRET2 77 ABARTO—7 (FER) L ELns
BFREOEBETO T 7 1)V,

XTI 7 BT BE DA 2 5-2 558, EESREEL DC 70 — 7124 A IR EHE & M E 215 & N WASE RO BN -
ENATADC 70— TG HTA2DOPEE L v,

2. 2 E

TEHERE E M 2 V) i TIEflZe 70 — 7HEGHSEATE S, L LEBICIZEBRGROMEIIESNTH S (Oyama,
1975). Langmuir |2 & D, S N7 70— THEGREIHHE CTH LD TELLOADBR IO Tu—T% ). Tu—7%ff) A
&, REZE2LUIEX, TLVI—LRT7E b THWT, RETHEICLZEEWDSETH LS, EBIIKE TG &
TOLWEPEENOEELEN GV, A7 Y L ARONFGEBOM S IIRT L) IC7u—TERefHAILL &0 Ta—7
BILE, 70— TEEEEINS LR HD SR TRLY, WHOLEATY VAR, TOXIRKRELLATY)
TAFBBEIIATE LB EWEIC L2 RELFRICLDIDTH 5.

BMDTGELDOFBIIHN) OBRTHENEL 2 3ERELED (ZEFEHEICAT) Y AOBEKGEEE ST 7).
SIEEORERETEL T4 EBERIIFMEOC AT Y AINEL D (B AT ¥ AJRPEBIAGENE) .
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2L 2B EESME. 70— 7EEORTENE L 0.03 Hz.
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X4 75 éﬂf‘ﬁ@@mm& m@%«y ZCCIFREMEBRBAMOFBEYIIR L T v, CeB &

O'Re 13 EMBRMICHE LB RMEICL 2B LRI TH L. K4biZ AT v TIROBEZE

% I, 2, 38 JUO43) A= VOBEMBICHILZZBICEMRICTEN L BROWENE. M 4b 13K
VR SN2 O O Y % S 5.
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PROBE CURRENT in #A
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o
T

T

DL EEBRFEICHNL L A7) 2 ATEMEMMANEG SN TV L FIC L 2MAFEBORMELICL 20Tk
%<, M4AIRT & ICEBEBRIAE LG EDIRKERIIMEBFRBEER T H2HICLLEEZDLRETHD. FHIC

BT 2B OYE, BEEHIIEBHT 7 v NAREK, HEVIEIHERETH LA, INOOKEIIBUTHHERWEICL 55w
70— THREDOEFIIAMD TRE L, (o THOMPMIIZEE ST 2LE 30w, CORPLEBETE S L) [THEBIGS
DB B X, HRES ORI L 5P Ze(= (27 fCc) ', ifﬂ—7ﬁmaf®ﬁhﬂtmﬁﬁ>®%%%
WY B CHERBYERT D, HE5VITEMEEZOLDERETLHETEZRTITH L. FIEDOE O FFEEHL
BB 70— TEEZ FHET T 5 H T, REIEENERETNO LRDRE T AEINE % RS 2 EEEE D koL
SIS IZB 2 FEEETHWTW5 (Sinha et al., 2003; JI[[Ift, 2005). FiEDOEZ HICETE OFFEE 70— 7125
WEEM LRI L 2 REEMOTIA» LB TRELZMNET 5 b O TETIRE 712 —7 (Electron Temperature Probe)
& &4f1F 7 (Hirao and Oyama, 1970). XI5 1CZDFEE EBEMBEO 7T Y 7 54 T 77 L&k RT.
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PLASMA

@ SHEATH

o S R S el bbb as Rk
el i bl L (L1 L] bbe ol L L 1L L

(b)
M5 (a)BFEESO—T7070y 72547750, (b) BFRETO—TOERNWEE ; 5L
oEM () EHEHRLTCW R WER (). BB (0.5 F/div), #HiEE/NEREMO >
T Ny R EE L - ETRE T — 7o EE (0.5 VAdiv).

BAILEE 10 cm O IKO MO BT, BMOFEEN TEET 2 @ H U EE 3 30 Khz, #ikIE 400 mV,
200 mV, 0V CEFNENDOELDOENINEER1Z 200 msec THAH. BRE 7O —TIWEHARZIT TR AT, KE, 79T
o, EE, A F, B, EORFEERICHAONTE, NV LOAFAERTRIEBETRE D —7L I -0y 30
ISL—¥THOLNTZETRELDIED 23N, 2hwir—H ez, FEERTITDORZTE N4 Y Lofilia s v M
FEBRTESNLYF > Za—27Fa—7 (Piel et al., 1988; Rohde et al., 1993) L EFRE 70— 72 & A EFRE
D—HLTBY, MEFOEFBEIIMAMIZEmMEN TS (X6).

I T I I
TE PROBE

I
[ ]
-,
L ]
A
@
A

2
3
4

I
{

¢
|

ALTITUDE in km
I

g
I
e
D’b»”"
|

A®
& .| | @4
300 600
ELECTRON TEMPERATURE in K
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YT =T EBAFED T — 7 I E 2 DEARDT T F AR HICEBEDOEZEIHNT, #
DEFEEERIET 720128750 TH 5.
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BMEROEREZO L O xET L HEEHTIORLAE L) 7 AEHAM 70— 7L LTHEH SN (Oyama and
Hirao, 1976). BEE3 IV A= I, EEHATL VT A= MVDOATA VLV AEMMEERL10I) A= MVOF T AEITH
ALINERHL0 =552 A VUTOESIDL L4200 % C T3 HU E#EETHR L2, 7T ABEDERE T AN—FT
FoTETTAH, BTy MIBERSNH T AEHAR T O - 73BT 7 v N ASEEEERHI RIS A LR T
TABEORITCEWIET 5. T AEWIER, 7u—720ry F A VHENCEEICERSNL L, B IREDOHRPAE VI
Irm o eRIEEN S,

4
15} %7 24 y
A 9—6
\V
£ S-210-7
= 110k 17 FEB., 1972
Ll 17:00 (JST)
=
= UPLEG DOWNLEG
= A A :CLEAN INC.BIAS
v Y :CLEAN DEC.BIAS
1051 8 ® :UNCLEAN INC. BIAS
Q ® :UNCLEAN DEC. BIAS
X :ELECTRON TEMPERATURE PROBE
—— JACCHIA 1971 MODEL
100 | | | | | | |
1 2 3 4 5 © 7 8 9 10
ELECTRON TEMPERATURE in 100K
COBAR
GLASS TUBE
/ STAINLESS _L
W s s commvimeonmend
N s/ /
3 mm 1«
25 mm | 225 mm |
< >110 mm
|(—- l
5 mm

GLASS SEALED LANGMUIR PROBE
K7 HI7AEHAMTO—T0ry MERINT I AH L 70 —-712L Do N EFmE.

ZO T AEH AT 70— 713 DC EBEERIFEZ IR 5 L RIFICZ AV F =54 23 % 72012, Druyvestein DJ5
¥ (Druyvestein, 1930) 2% & FWTER SN 2 KEFHBEEIMH ST 5, Druyvesteyn (2 X iE, BT O AN
F—0AiF(eV) LT L)k Ens.

F(eV)=C V* &% /dv?
ZZTVIEDC 7Ju—7ToEmEMI»SDOEMN, CITEHR, d%/dv2 iz DC Langmuir BEEHEHED KB T2 |
DC 70— 7R KM 70 — TR B\ EREEIE (e, ifa) & TR0 70— TRl 5207
RGP 1, T IUEFEITE S, $74bb iy, & DC EIEEFFME D K5 E

iy = a4 - (d%i/ dV?)
LEDEND, EEOBH T v b CORGIEEORIE L FBEHI TN ZN0-2. 5V, 1-2Hz O=MIET, wREERE
DIl a & T ZNZN 70 mV, 1 KHz TH 5. ZinIEiEZROF A5 80 db 2SR THE- TITNI LOFEZ 2§
BUMEHEOBHIE AT TH S, FRISHAT 2RRIGBI T 7 v b, BFERIC L VEFRIE T -7, ROH T A
BHAMT 0= TI2E ) BONIbDTH .
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3. B#oh/i-mE

3.1 #AOsry b

ZOBHT Yy MICERESNETRE 7O - 7LV E/RINLT -y b Rl s ek b a #8503, H8IIR
T &9 ICEEEDS “Sq Focus Anomaly, (SqH0E%)” L4MT723DTH A, HEE 105 km J1 D Sq Eif O H.0MHE
121, 2 BICR> TETREORE 2 EAMER 2172 (Oyama and Hirao, 1979a; Oyama et al., 2000). =D X9 % &
WETIREROFRTEMIITIRT L) BTV A7 2 Vi MAKEIC 2 PR 72 (Oyama and Hirao, 1979a;
Oyama and Hirao, 1979b).

T 17T 1777 T T 1T T T I T T T°7
250 — —
N n
200 |— —
S L i
< - i
[ L _
I
o} L i
m| L ]
w5 i
100 — —
ol b b b
0 500 1000 1500 Te(K)
L6 (L-3H-6) Jan.21 1970 ===~ 5(S-310-5) Jan31 1979
—-—-— 4(5-210-4) Jan.16 1971 -————-- 72 (K-9M-72) Feb.13 1982
------- 34(K-9M-34) Jan.24 1971 ———= 81(K-IM-81) Jan.25 1988
———— 45(K-9M-45) Jan.16 1974 —— 18(S-310-18) Jan.26 1988

I 62 (K-9M-62) Jan.22 1978

P8 105 km ALY 2 @WEFIRZEO T Lo,

RS EMND L ZITH T AEEICE L AL, 2O EIEZOBBPAREER 11Z2 P L TT I A< 1 F 220
TEV) EDLOTHVEEHFICHNAE Z L2 RBLTwE EEDLDNS, BWEFRERERICBH O, vy hTRERTTA
TEEEES I S, SqEITICHE) IS O ZOBBILRZHP SN TE ST (Oyama, 2000), 2005 F4H 12
KL OBHO 72O OBIAT 7 v FEBRPTEINLT WS,

EE 100 km ME OB RGP HT ZREIZE L WETH LI 00D, MIESNAEFEEILEY (Oyama
and Hirao, 1980). Z OREIZ 70— 7B T > TSRO K E LRIETE { O RED HH L T E D5 wmIET S 2
ENRTELhoT, TAFTINIZELTE L OENERTHEVR LA (IH, 2001 ; FLf, 2004). 245554724
A EE YA RAE L CH R ARE L ) MEWETREIIEETH Y, & 100km {7305 121X E T-IRE % ik AR
LD EDLHBEPHIET HD, HIHVEHEEICBITIETREDOHFICHCON/NT X = I HPRELETH L HhDOnTh
LD EMET HICE o7z, BFOBEHO— DI S N/ERF TN, (v) ICL 2ET-OMEL (Paniccia, 1986) TH
5. B,

N, (v)+e - Ny+eu

slow

EORIZBNT ey, RIRBIRE S N2REF T2 5 T AN F— 2 BDHOBRNET T, e, BT AN F—2B2HROBTT
b5, BELRHHES 2 OIFEE 100 km {HiE 1BV TRATORIESFETSH 5.

N,+0(D) -~ N, (v)+ OCP)
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AOND 7 90K ok Ben / TR
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AMPLITUDE OF SECOND HARMONIC COMPONENTS (uA)

88.6km /)

|

0.01

0.001

0.0001
AMPLITUDE OF SECOND HARMONIC COMPONENTS IN KA

PROBE POTENTIAL IN V

(b)

9 HETHEBPHNTVWRVCHOBEFOLALVF -4 (a) &EEFRERHOMREFT
FVF =534 (b). BEHIE Y O 77 XA~ DEMEMZIEEIC L7270 — 7EAT, i 2
e A T DARIE 2 Al L, - [l T B L 72, A&7’ o » b OB IS EE 1
YT AY 2 VHTKREICH HHE EIRT 5.

HETO—HFVELZSTORBFIRICHELN TV EFITEW T 7 v MCESZBEBTOIANF —GAAHEL? MRS LT
L. IbEFESTIIEETICEVIREFE SN, —HTERETZMAT L L V) HHNEEZH T L.

ZHE O RO BIRBESE 0112 L 28N EFOME 2 MEET 5 7201213 F FEFIRBIEE 2 BIIT 24505 5
L%z, 2ET3MOBMT T v FERYITo 72 (BB, 1997; Kawashima et al., 1999). Bl & L/ RB)ifAE 1258 T
REE IO TN Z & &% 2 5 LIRS S 7282 R I X 2 N#E D & Ly (Oyama and Hirao, 1985; Kurihara et al.,
2003). L2 L7Z%&%%5 B dllE S - HRE 2 T 2 FIRI L TB 5§, BaLMENFLETH S (Pavlov,1994).
S HRHICEET 5 T AN T — BRI 77 AVE ORI AL F—OMGHFEICOERE SIND L)1k ->72 (Pavlov et al.,
2001).

TEOBTIRENEEPET AREL ) SVWEBOBTREZHATLIE Y M ad7o2 5 L EBbLNE0S, SETRAT S
Bl y MZBWT, Jo0—T7REETEEEI L2 TR ST, MUNEREEIET 57200 DC T ¥ 7 ORI BEE DS
T T, BIBETIEATRETSH D, #BECCOFEHBORMOBEHTE2BTIRET - IIAEL LV, ZOWHEx
TR BEIEFEIC OV TII IR T 5.
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3.2 #EHA

3.2.1 EBEEBELEICETEA

BYFRE 70— 7132 F CTHAD 5O MEKEN#E (Oyama, 1991) & KEBELRE “OFA” ICEWMINTEL. 2
DFEEE W70 -7 3 HYEOHEICEH I N, Fd#EHER BRI TS, 77 Vvomd ToNER I
WENTPERELRDPOLHEBRIMEGI L 2 h o7z, K77 VW RICOERSNLIFETH L.

HAROKGENERE “Ookh” (198142 HI2iTH EFsh, 198246 A F CHUEMAM 31, & 600 km O L
BIZH-72) ICHEREINTZETRE 7T - TIEARTH » LD ENLBHEO—DOTHL ‘A v E—F o ATu—7"
NS EFHENER L ICL COBRELZ L. T FREBERDOO L DIFEFICHNL 77 A< /NT VD
BETREZMELZFETH S (Oyama et al., 1988). 7 I A HEAMERIMIC, ZHMICKE CERT L 7T X< N7 A
TDC 70— 72X 2 BEE—BIHMED S BFREZEHICREL DT — Y EREZET LD THETH L OMERF
AL RPEIIETIEHRE S TWw iR,

X 10a 11378 g 70 — 712 X % B 600 km CTORERE 210—285 I BV 5 |- % &5, o, LFko®, B
L O%D 3BT TR L7z, [X10b (S IEHEEE 280—360 IS B T 2 TR A /R L7z, FEEEIC X A0 20 TR &
WIIHIE AT ADS T ¥ 7HCid, BIS, 7 A TR IEWTWA 20, BNE, H5WIEHILEDHIIZZF - T
A RMFLTFD, HLETZ)T2FHICLNVELLZBEBTHEDENTHHTE S (Oyama et al., 1996; Watanabe
and Oyama, 1996).

> Te(K) Equinox Longitude(210-285)
o 4000
e S
3 _3000
3 lzooo -
- 1000
~ 0 4 ) 12 16 20 24

Local Time (hour)
S Te(K) Northern Summer Longitude(210—285)
"
5 e ~3000
5 -
2 -10 Izooo
9 -2 1000
- 0 4 =8 12 16 20 24

Local Time (hour)
= Te(K) Northern Winter Longitude(210—285)
® 4 — — 4000
e
pa—
3 12 _3000
% _10 lzona o
5 =& 1000
= 0 4 8 12 16 20 24

Local Time (hour)

(a)
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B 10 (2R SN 2 B IRE 2 SE O R R, ROBESOMERETLFICIVFIERKS 32— a Y THIT
HZLFMETHY), COZELEFETRED L) REHELE 7T A< EHRELIET 5720 T, BEICBI) S PHEEROK
HOWEEMEZRIE LTS (Suetal, 1996, 1997). 50727 — % %% L CTEE 600 km |2 B1) 5 EF-HE DT %
ETNE{E- 72 (Oyama et al., 2004).

BHEEE TIREIEHEROD T LR ELITHMO THRETH L. FIEZHIE VoL’ THRONCETRELELD
FIMR & FEAINICARGET LR 7o, B T RIS A 1AM ERI2 5 FIE X DK 2 D IR, HIERAERICED ET V1D
DFNHEL <, WER GEMIEZE L TRYHEISET ARSI, TXRTOMBICH L TEREOZ EAFRONLDIFT
137 <, BRI TIIHEE & 1 1 OMIIE D25 720As, Aol & & b IZRRBRASH S 22 S, HEZRIZDC 7
0—7 (BVE7Te—7) MWeHTELTEED S 5. 1947 FEKENICH HA F N7 V-2 rocket |2 & 5 BHER OBIA G
FoTARERL L) E604E, L)X L THBUIEAER IS NEREDR L) L LTn5EEER D LEBRNCS DD
»H5b.

3.2.2 FSAVEIDETFEE

EEEMEETIEDC T~ 7O L, DC 70— 7 EAIC AT & % 03RRI TE R 10000 km TTH D,
FAEEED N A THIBA M D L BEFHES BRI LDCT ¥ TEHWTT =5 2 BFTE 2013493000 km £ TTH
. ZNE) ERESRETWMEE 2 E2AB L 2NEREEET S 2B 50w, FBBITREG LI L 5 70— T EH)
LOZRETIRAMOBETICLL2ERL N E 2 DH5720ICDCHANIEEIAMETHS.
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11 BPir 2 “®ITIZ0” L RBEM S MV oS 2 L) A & 1Ak 7 a — 7.

HARORAEE ‘HIFIZ0 IC k@R r AR 70— 728Kk L7 (K1), Zhick-T, WE 77 XA~vEO
RIS B 2 BERE A R L 8000 km £ T Lo CGREMICHIE SNz, ZOEETIIRBEIHIZE 2 DC 71
—TRAPLD RETERMITIATICLEDC 7 —TEBLY)KEL B2 OICETREOFIIZH LW, ZhET
IFKEORE S3 — 312 L A EE 5000 km F TOMD THY AR 7 — ¥ AREENTWS (Rich et al, 1979) DA TH 5.
KEOFFHEE ISIS — 1IZHEH SN -HEEIDC 70— 7 THEE 3000 km £ TO 7 — ¥ BSEM SN, ETUMRESATWY
% (Brace and Theis, 1981). “®FI1ZD” 12X 2B TREMEEI O 2 >OOERIL, MIKEM 2 KBEE TS0V IZHEE I
BWAHIZL), EBEIASOKRETRLZRKECHETELZ L, TRERLFEICE ) ZRETI2 L5 DCERE REH
f-HIChH D, BTIRE, A4 ViRE, ROBFET ZREIZOSETIRIZZTELVOTETRENEZD b DA OB
FEIMOBME L MBI A, M 14 13FE 8000 km T TOFIHIZBWT, A 10—30E T, Bl SNW-ETRESED
HOFH & ZDHBHOWETH 5.

8000 T T T T T T ,TT 8000 T T T
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10-30°N /) ! i 20°N
6000 - | ; A . 6000 - .
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1000 = 1000 4
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0 2000 4000 6000 ‘8000 0 1000 2000 3000 4000 5000 6000 7000 8000
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12 FHEEER ‘HIE0’ 12X D5 NHH ORE 8000 km ¥ COETIREMES M (/) &
WE Y = 74—V FRFEORFEMTE & V155 N BEET RIS X 5 @i (4).

K13 X o OMEHEIBIC BT 5, 3OOFEEHEBOETREDOAZE(NTH 5. FHE 5500—6500 km % DRV CH, 4%
KB 2EFREOHBMRPRAOSN LB ZITE L EHHEREEET LI LX), BRFIATHITE % (Balan et al,
1996a, 1996b). L 2 L 5500 —6500 km % B\ CTHLARE 12 A ICR SN A MARIFEF CIE EFAHR I TV v,

B 1218 L7z & 9 12 3000 km LT O & 12 B\ THEHE & 72 B2 1 Sheffield K512 & 2 FEGAH X 0 555 O3k
ALz, LDAWMICEALTE. CORVEVIIALERKEEDTOL ) ICEZRI 2F L > THFETE S (Pavloy,
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R13 FZ@E Hi1i20 LLYBELE, 3OORERL, 3O0RERRI LI SETRED
BEf 2t (2) LHEEY =7 1 = FRELORFEEIZ L VGO N ZBEGHEHIC L 2 &
i

2001). I F CHEHFHETHW ST & Z28YRER T
Ko =Ceu N, K T, (me Vei> o

ToHb., ZITv 3E A4 VHERBABEE, kKIIFV Y~ 8, m 3ETEE, N
BERATE I ) A S N7 BmsER i

ZETHIE, Cgy=320. H57IC

e

K,=Kg, /(1+CA/L) L =T,(0Te/28) '

THhb, TITCHEHEE ABETOFHHBTRIEA=V, /v, v.=3v +3v, (v IEF—PMWR T HEEER) <
5.

ISL—=%L ‘BIFIZ0’ #HEICE S 8000 km (281 4 FEFEHI TNz, IS L — 4 Tid# 600 km T TOE T
B, ‘DIFIZD’ TIZ8000km I BT 2 EFEENSBHE SN, ZOBHE ‘HITIZD’ HEIZIS L — FH B L 722201 %
WA DD, ZOFNIC LB VEROIETHEOINT =7 2 HOTH L WAEEDOR 2 ANTEH LB L&
T, BEOSETO 7 7 AV EM 14K, 141213 F 720k 0 B8R 2 H W 22 BEFEOK R L RENT WS,
B & 2228 L W EMREAR S & W 72 2SR 7 — & 125w,

M14 2BV T I AYEOR EMTHEASNIATI AN F—m% 3HL 2 CETRE, BELRIELL. BTHER
MIANVF-—BICHLTHAREREIN LW EPER D (2 OFENBEFEEEN 2 HEMISICH VA TR 2 RIE L Tw
). BTIRE IS E B IIEEE 8000 km [2B W TS ADET AV F =% FEATLLEND L H. B OFE
B, HOMEIIEL RANTH 5.
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ZHEALRWE:, N0 AV F —FE AT 2 720 DOBEEDOR % V720 D.
FERFI T ANF— A FTEAT S EICH L GEA LS8R %I L 5.
‘HIFIZO’ FREIZ1989FIITE EIFH N, 200544 HOBEICESLEFTT— ¥ 2 %EL T
ETWL, WPIELNT = 2 HWTNE 7 I AYBOBRFRET TV EERL 2.
151370 —#TdH 5 (Kutiev et al., 2002, 2004). HAEDE 7N TIERKBHIGENEMRANE, T
HiAFTEIE B SN TBLY, NSO 2 EELETVOBEIERELR T Y2 HTAHRK
DEBTHH .
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4. SHROME

BHBe 7 v ORI B0EICHILRVERIZS 20b 5T, BHEE ERICBIT 28 TREO MBI K2 R S
NTwhw, ZORFPHEEDLNIEEOBRBFERE, BLUARIF v 7 ERFOBFREOBEDN 2 SN T L%
57z,

KA EEIOkm 2 HMET 5720, PRAEEMN S REFHMBEE MW 25tlGzHEL>2H 5 (T,
2004). ZOWPERIFTZINFTTHINTI R > KB OETIREIEZWEICT S22 TR, BAWETZ ANV F—
EHETIAVF—HIHO VbW S 1eV ~5eVHBO LA F— 5 IELZTEEICL, BRSNS HSTLETL
DIANF—DORL NV 7 ERFHFFBRBICET 2 LVAIRESL S ENFNTEL L0 MFHELTVE,

FELLZ baYzy PPFOBETREIBLEI-EARERETRIZBICL o T—ElEEN/20ATH ) (Sampath
et al., 1974), FEW L7 FO Y=y FAKRICHET A0 EOTY =y MNOBRI AV F =T 2058134 < 2
ENTVHRENnEWnbE L 252,

INFTETRETLVERGENTI hd o 2R T X< N7 VO BT IREDONEIZ T I XN T IVH O
IANVF IR T 2D 52 0EmOME 2 H7-25THA ). SEEIZBT 25 3000 km Db EFREEHZH
L Ci, Langmuir Probe & Eif 7 v 72 MlAGbE /0K D DC 710 — 7FETIERE Y OMAER =71 5 12EA+5T
b5, ZOEEOFHINEE 100 km f3E O & M OB IR E O 720 12 FHF Ol e d 2 PRAEE % L CHEH T 252X
DHTREL 2 5.

T ETEONLEET - ORI TR TRT Lz @3Sz, 2821 “HIIEo 12X 2EFRET
=5 R HWINE T 7 AYEOWHA IC BT 2FILl RO 77 X~k s, INETT =P ELN TV RP o720 RIS
YHEIRFZEE I Z ATl o 72 4ERED T > T 5.

5. & b ¥ (C

C T EICHERFE A IZ B 1) 5 Langmuir probe (iDL & A S35 N7 EDBER IO W TRz, FRIZHEED
L\ VB TIEIZOWTIRR72, Langmuir probe |2 X 2 MIEDFEIIFHETH L. ZOMIIEL L DIEEEVEHIZT T A<
T A= RGOND LR T AV EBEENOEE L LTIEMRHERTHEAZLIEIETH Y 22w, KETOEFEFETE
L ETIRENEIL I 0BG OGN S 2 /M L - BT b5 HIF 5N/ DE2HREICL 200056 TH 5.

DC 70 — 73D E O BHIEI LI B W T O ERWICER 2&F ZHE). 2 FET, MHEEDC 71— 751978 4F
2T B BT S 7K E O 4 23R4, Pioneer Venus [Z#5# S 1L (Brace et al., 1978), ZIZ & VRGO P A M ERE EERE & 1%
B 5K |2 55\ 4 AL R HERE O W SR S L.

HEZR DRSS IIREM LN 2R LT, lva=—727 et < LR OREHZ ELFTHE L V. REels5 HA
D K BFRAEE N E OFRART BB &\ ) AR TR o 7243, RACEHE ) BF5ea AN b Ek B A E IS8 C1F & L7z 8
e EZREST, FEMRLEETHI L L, REREHIZMT TEBREA &2 A&, MOKEOLHA I FEMAETIZEY
M2 L aZAhin,

B i

ARG IR IE R O MFE AN DO — ARGHER AN EREAZ OB L ) 2 SN2 DTH Y, BEHOER L HA TS
SlEAR L, FHIAMZENIIE A - THEHET AT AR B BRI 5.
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Particle Acceleration by Nonlinear Magnetosonic Waves

by
Mieko Toida™, Masatoshi Sato™ and Yukiharu Ohsawa*

Abstract: Nonstochasitic particle acceleration by nonlinear magnetosonic waves is studied with
theory and particle simulations. In this short paper, acceleration mechanisms of hydrogen ions,
heavy ions, electrons, nonthermal energetic ions, and positrons are briefly described. The first
three mechanisms are compared with solar energetic particles. For the last two mechanisms, sim-

ulations show that the maximum Lorentz factors of accelerated particles far exceed 100.

Key words: acceleration of particles, shock waves, plasmas, magnetohydrodynamic waves, par-

ticle simulation

£ £

TS VNS & 2 IR Gk Ik 2, HEE R Y Ialb =2 a Y EHVTHIEL TWwa. KEA 4
v, BAF Y, BT, FRAMNEEA L2, BETE, FAEAEZLBETNESNL. Zh5 Ok
BEEE Y Iab—va VREREMIT A, K7 L7 — 2B 27 IdE L OBE S, 1—1 >V RF7)7100
Y L) B ER T OAERIZ OV T OGRS .

1. ¥ U & (&

FFRlE, FH 77 AV EERE T 7 AXIGBLEEREO -2 TH L. 172, FHTIIMRLLEHH [KE7LV 7 —
(Chupp 1987) % HHZ5EH (Koyoma 1995) %] TEIT AT —k FOFENER S LTV AR, ZN5 OARIZIE1E
BWHSECHEGLTVEDEELLNT VS, MIHOEEICOWTIE, £ < O¥4, Fermi i (Fermi 1949) # % \»
IRELR BRSO T COMEW I X AKEH Fermi Ji#E (Blandford 1978) 25l & hCTwab., LaL, ZOEFILTII,
KB 7 L7 —TEI SN TWS &) 8RR O (Kane 1986) %@l T5 2 L3 TE 42w,

—77, WIS X DA IR e T S, R TEEh & 7T X~ O BNIER) & [R5 OB 12 <
WAy Ialb—3varyEHnTiRENTEL (Ohsawa 2004). SN 51, WA SWEERD (HHVIZZFOMNE) DFE
B X AIETH Y, EEH OB R 2 R T 2 Z LD TH L. INEOMEIE, Fermi NEETIZZHT
ERVbOTHY), FHEZAIVF R TOMEICICHT 29 2 THBNNE O THL LEbND. AT, H2ET
IR RS ORRE A RS L2k, B3 ~TETAF Y, BAL Y, TS, ST, BEFONEEREOME & hi+
YIialb—va UERERT.

* Department of Physics, Nagoya University
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2. IR RETRPOERS

BT O DI BERE % B 2 121, KIRIRNE IR & LD BRGSO M % B E ¢
BRI IE % bR, WOEEAE x I, ISR % 2 LT 5 L, 2, L4,

W OB Ch D HAT R ORI (V) b v omEE) hTid, B
B, SHIMT 5. 2 LT, BOEMHIELZMESE FHLS. S50,
A4 BT OEROBE L) BRSEIES ) B ¢ (L7d5 > THEES
E) RS E. AW, B, B, ¢ BAL7077AVERL, #EO
FHCENEEINS (143, SEEMTHOL S LAY OIF GEB
DIE) 1, BTOEMEDF — 7 —Ths. 72751, 3ETRT LD LA+ :
IEASEZ 2561, 1+ v OEREOFT—F -4 5, :

SRS L b S (A6 5 B, B PAT HORA B, A L T >
2. %%, WOMERIBZ L, —y AFICHN - ZMC 25 E, = )

(—v,By/c) BB G, 22T, v, WEREOEELE, B, amsons X1 fﬁ?%ﬁﬁﬁ*@%ﬁ%”fm

ET. INLOBBIGENENPEE LG 2 R L, e R nEEEz
L7257,

3. A41F K

A v ONEERE SE R LR CORTORES A 4+ v O
BT 5. LIRCORTO#S v 55, v, < v, DY
IANF = LNVORFIZOWTIHE, HEEY B L 2 Kb
DR IERERE & L T2 151 % (Ohsawa 1986, Tokar
1987 7% &), X212, 1HA F ¥ 7 I A<D A F ViEIizown
TORFYIalb—varyffReRy. YIalb—varig,
MR ERR F 2 — FE2MEH L Twa. BREROHERT
&, AF R TRCEFOAREANREEH 2RI 20, 14
YEBTFOINTAFIv I AEREE LTV, (7272 LEtER
Wzt ob720, A4 EBEFOEFELITm/m =100 & L
720) 21, AF RFOMMEHRE (%, p), (x, p) L
B,Oo7u7 7 ANVEERY. —#OKT (ZAVF—5AOHED
BEORT) ¥, BRETCHESHE, Lo En, v~ 4

I I )
2V, DESIZETHEEN TV, 325 390 379
DA F G, MEEFEREOR D EER T A F -] X/(C/% )
€

B E D, 2O, A4 VG D KRIRMEE O JEE &
PR, REHRTFA5] 542 2 TR e A SI2ownT, BIES < X2 A% oOfMHZEEX. EfiZHGo 7a7 7 4 )v

TETY.
DOHE - Y Iab—Ya YIIRPHED SN TN, ®

4. FEAF MR

FHTTIATDEIHNZ, FHDEKE, BRDZEAF L TH 7T A<TIE, KEAF L O—EBDHEER I L ) TS
NBD, BAL VIS ew, LaL, i%ﬁytiﬁx_\fﬁ?&%EyL:;V)B[Ii%é\ﬂé:kﬁfﬁﬂ%ﬁ\b:éﬂfwé (Toida
1997). K312, H, He, C, Fe # &5t 77 A RO KIRIE SV ADERSS 70 7 7 AV L, A4 v OfMizE (x,v) %
RT. He, C, Fe DfFfEmld, HOFHEEICHERTT o bR WELRELTWA. RBIRGTOEA 4 0T (EEEN
T A, 2OV ARy FIICHEE SRS 2, Lad FOREEEZIZIZIFEETHL 2 ED00 5.

COEAF UM, FERIICIERD LD ICEHATE 5. K0y FIOES R



EIS 8 A A= AN PSP o oy | P 25
25 T T NM
dv, )
m, ;;y =qj(Ey—UfBz) Bz ) ~
WU’ \M,I
0,82 W r 7 . | i

ERED . KL R - TR L L, BMOBELRE T —
Ly iasTA. LEL, X R 7 MEBSTRER 720,
E,—v, B/c~02 ) L5, y HIOIEEH» L. ET D
Hid#EmMEN (v ~v,) O720 EXOADIIFIZ0L R 5.
L2 L, B DA 4 VEIERWE AR TS LIZS <ET,
V,=0DTETHL., 20720, yHADTDOF GBI
9, EJCL ) v AT 2. MERERE T — L 2y sk
v, RV CEREN DI E AR L, v, DR

2.82 | l |

Vy=[(B, -B,)/(B, +B),

AL ONS (B dB,ORAM). ShiE, 14 0HE
REM IR L 20,

2, 3TRLAAF > OMEkEHE, K717 -5
BHIANE—HFOEREHILI 250 ThHD. HIZIE,
Kbso® )% (B=100G, n=10°cm * &3 2%) OHT, IEH
TR GRS NTZET B L, ZOWIIKEAA  LEA
F v ERBIZIBLU T OERET, MeVEEO T AL F—I12F
THET 2 2 EHTHETHL. (Thiud, KB7L7 —HT
OBMEL R LA - —Thb.) 72, TOEA A ¥ HTH
LIS nD &) HREIE, KBBE7 LT —I2B1 5%
IALE—FA L OHRA T T FOME L ITITE L E D
BER (Meyer 1985) & —H T 5. B, INEET7L 7 —
T, He £ 4 v oW IEB L CHe BEHG) 75, Wik
ENTW5D (Reames 1990). ZDOHLIZHOWTIL, FEMIBR
SEWC E I CIERYICE T, WRARENS &1k 25
METVHRE SN TS (Toida 2004).

F72, BHA L L ORI, KFMESET TR, EOERE
RHIEI BT EEAE AR, BEE, S+ 0
TIARTIE, 1A+ 27T A=A TE S P ITHE D M3 RS OERS O 7T 7 7 4 L L H, He,
WEL T I XHMBAENRL AW SR Ih-TE L 0, Fe 1 + > OfrARZEM I,

(Toida 2003). Z T4V F—§kix, KpaotizlTf
MBS LEZLND.

. | | |
400 550 700 350 1000

SR A 7 2 OHE

RETlE, PEICIEB e AN T — 2o TV A EHA + Y 2IE L, FNOAKRIEIEE &8 L7848 O W 2 2 hnkic
DVTERET L. v =v, ORAFIZ2WTIE, PEhIE (Vp X Bin#) OwRgtksiEim S <Twb  (Katsouleas 1983
HE). IR, MEBE LU— LY YN L o TR ZEOHIBIHHIRL, BORTOEERRBE L > TET 550
THoH., JHEomEiE, M2 TRLAEAF VIEOME L3 THL I LIFEZENZV.) LarL, ZoEICIE ER
PAFEL, 2O LERMEIZARDO LS 1252 515 (Shapiro 2003).

Vo = (m,  m)"?v, (M - 1)**

CO7z, Wk Y MEIC X B @A RRIOIEIZEE L Ve ShTwa,
—H, v, > v, OFEAF IOV TE, FROHEEICE>Tu—L Y RTy2 100 22 5 & 9 2l Hx i hnsE s



26 JAXA-SP-05-020

TRETH A ED, MGt Ial—3 a3 v IiCloTURENTWS (Usami 2002). 7272 L, EO(ZIEREIS KD S %
WL TWA I ENLETH L.

v, =ccosl

T, eI, 0EOEEHIE LIRS O T TH L. WA VI hERLER) I L D, EEREEE - 2o Lt
WA EAEEY S 5. R A R PRI R R 1S, BRI LD I S MRS IR E o R m p SINT 5. LT,
WP 2 MBI, BGOETIZLD p O—F2p, ISR END. (o Ty, 2HMT 5.) v, cos> v, |Z7% 5 LHT1d
WEPAEICHTH T L E W, I T2, LaL, vy=cceos@ ZilizdHad, v =cbZoTh, KFI3HEWH
WAookl e TE R, 2070, EITERREE L, SRR TER S NS 2L &% b, NEEREOFE
Ry Iab—2a VERIZOWTIE, CHLK (Usami 2002) & S 7z,

6. BFDOIME

B, 14 L REHOBBEIC > TIESN S, HEDOL ZABREN TV AEFOIERERE L LT, KiHA 4
VHHERITALEMICL S DD (Hoshino 2002),
FOBMEBEFHPOBRMB EBETOELZILLLDD
(Bessho 1999), ¥ d O/NRIG/ SV AIZL 55D
(Sato 2005) 7% EHHITHN 5. 100

B112, RHOEEEIC L 2ETIEN Y 32— 3 'Y
¥ %)% (Bessho 1999) . Z L&, W% €
(1|0, =3) T, FEIEOEESN =457 v/

B 23055THAL. KIREIK DTV A DFHEIE T
y>100 DE A NVF =B VPERIN TS, FofE
B RIRIBIC 2 % LI L A Y, OV R IR 685
M- B ERT 2B, A LD, SO, O ¥
12k o T, =k ARG S L F 00 AGEI I

M4 BloFEEomso a7 7 A IVEBTOI R ILF—

éﬂ% jﬁ%ﬁéﬂt*j%li, k?)%ﬁ(&*@ﬁ%?&i%Ext /ﬁ\%ﬁ jﬁl\cﬂ/x%Eiﬂjfﬁﬁ*ﬁi’{f%@ﬂ’]%%?ﬁéméﬂf\/‘
BORTOEBREE IC Lo Th# s 5. ZONEE, %.

i 2 < (1Q/w,> 1), W O 5 §F #E JE A
vy =c¢ cosO DR Z T HEITHDIEH S DTS

> B | \ 100

—77, b o LIEWINT A — F R THRWETINE &
BLT LML NOBEITRIERE L SN
(Sato 2005). 4513, |Q,|/w,=0.4, 6=60", ¥/
HMA1I8DYED Y 32— a ViERTHA.

X = T80 i IAFAET B/ SV A D) T, i iR
BIIEIGEZ > TV D, ZO/h )V A1, FFEHM
WZFE/7SOVZADHREBTHER S, E/NVALD LR E
WIHE TR T 5. RS NLE IO Atk

MzY vy A OEEICE DAY LD OMEED» ST 650 700 750 300 850
ANE—RET, BRI AVE—ICETEL x/(Cf he)
TVh. COBTMEE, BEFHVHBETLR 2 M5 HEEDON ORI LD ET- O

FRWIGAICH R Z) 720, FHREESICB T AET
Mz EICHWMHTELDOTR WA EEL LN,



BI85 |7 S =R A NNSY A Ry I P 27

7. BEFOME 600 Opet =800 6

BETEALT T X7, SRR LT B LR Y 300 o
FICFH SN TS, Zokw, BT - BET 77 A~YHoIE N
I &R F IR IZOWT Ol EO b T& 7z, Lal, 8 0 §1““_‘;—__ ——
EIHAETLTIAIE, BT - BETOEN, 44248 mm'1600 | N P
EINTVELDEEZLNL. ZLT, TOA T YOI LS A B,
THER I HEES VRS (M2 ET - BET 77 X3 T B('?
B SNz, CORBELPHECEETIN®EEZ| ST 2
ENHL 227 > T &7 (Hasegawa 2003).

M63ET -BET - A4 v T IXAXHORGETINED Y I 2
L=Ya R TH 2. BEFOFERE n/n, =1/50 & i%E L B,
7z. F 7z, WOMRIEMIE 0=42" T, HEEOCEHFEEE v, ~c By

cosO &7z LTV 5. M6 ICIIGETOMMERK (x, y) 257 )
Oy b ENTWVEA, 1ZIZTETORET-HEBEEE ML S Nk qiﬁﬁjg"a- idv;ﬁhﬁﬁﬁ
W2 Z T TV 5B 2 &b, 2L Ty H500 425 &9 - (X% UKC@)3 -
BBETOERSNTVE, 5B, OO HRKEIE— shiJIAM™pe ‘
HFET B, 0%, WA S BRI mEy s o S BER AT AR ORI
SEb,HTYIal—YaYIlkoTRENATVD ) '

(Hasegawa 2005).

8. ¥ ¢& &

IR R G W I 2 TR T2 M3 5. ARTl, KEA LY, B4+, B, BEAF Y, BETOSHED
FAIZOWT, TNENONMEDOHEREE > I 2L -2 a UREREMIL7z. TR OMEkOE2M7ETIE, 25M 1 XI01ED
BEINTVDEH, LRILOMESEETH L. 4%IE, WEIZ o 72T MOMED, FHERO(EECH T IEICED L)
GEERRIZTTONE, SRR Ial—Ya v AHOWTHLMILTWEZVWEEZ TV,

2

[1] Bessho, N., and Ohsawa, Y., Phys. Plasmas, 6, 3076, 1999; ibid, 9, 979, 2002.
[2] Blandford, R. R., and Ostriker, J. P., Astrophys. J., 221, L.29, 1978.

[31] Chupp, E. L., et al., Astrophys. J., 318, 913, 1987.

[4] Fermi, E., Phys. Rev., 75, 1169, 1949.

[5] Hasegawa, H., Usami, S., and Ohsawa, Y., Phys. Plasmas, 10, 3455, 2003.
[6] Hasegawa, H., Kato, K., and Ohsawa, Y., Phys. Plasmas, 12, 082306, 2005.
[ 7] Hoshino, M. and Shimada, N., Astrophys. J., 572, 880, 2002.

[8] Kane, S. R, et al., Astrophys. J., 300, L95, 1986.

[9] Katsouleas, T. and Dawson, J., M., Phys. Rev. Lett., 51, 392, 1983.

[10] Koyama, K., et al., Nature, 378, 225, 1995.

[11] Meyer, J. P., Astrophys. J. Suppl., 57, 151, 1985; ibid, 57, 153, 1985.

[12] Ohsawa, Y., Physica Scripta, T107, 32, 2004.

[13] Ohsawa, Y., Phys. Fluids, 28, 2130, 1985.

[14] Reames, D. V., Astrophys. dJ., 73, 235, 1990.

[15] Sagdeev, R. Z., Shapiro, V. D., J. Exp. Theor. Phys. Lett. 17, 279, 1973.
[16] Sato, M., Miyahara, S., and Ohsawa, Y., Phys. Plasmas, 12, 052308, 2005.
[17] Shapiro, V. D. and Ucer, D., Planet. Space Sci. 51, 665, 2003.



28

(18]
[19]
[20]
[21]
[22]
(23]

JAXA-SP-05-020

Toida, M. and Ohsawa, Y., Solar Phys.. 171, 161, 1997.

Toida, M., Ohsawa, Y., and Jyounouchi, T., Phys. Plasmas, 2, 3329, 1995.
Toida, M. and Okumura, H., J. Phys. Soc. Jpn. 72, 1098, 2003.

Toida, M., Yoshiya, T., and Ohsawa, Y., Phys. Plasmas, 12, 102306, 2005.
Tokar, R. L., Gary, S. P., and Quest, K. B., Phys. Fluids 30, 2569, 1987.
Usami, S. and Ohsawa, Y., Phys. Plasmas, 9, 1069, 2002.



RTF Y v VEREOIRENIC X A 7 2 )V I HEDEE:

S, ARV f5*2

Experiment on Fermi acceleration by the
oscillation of a potential wall

by

Akira Tsushima™®! and Osamu Ishihara™?

Abstract: To study Fermi acceleration, a novel experimental system, where electrons go back
and forth along a magnetic field line between an oscillating potential wall and a stationary poten-
tial wall, has been constructed and the resonance of electron’s bounce motion with the oscillation
was observed. The relation of the number of bounce time with electron’s acceleration energy was

also measured.

Key words: Fermi acceleration, stochastic acceleration, resonance, bounce motion
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Electron acceleration in an electron-beam-plasma

Takeda Tsuyoshi® and Yamagiwa Keiichiro™

Abstract: Narrow spreads have been observed next to electron holes in a strong electron-beam.
There is the relationship between the position and the velocity on the spread tips, which indicates

that the electron acceleration (or strong heating) occurs.

Key words: wave packet, electron hole, electron acceleration, electron two-stream instability

1. Introduction

Wave packets developing in an electron-beam-plasma system initially obey electron-beam mode properties described
by a linear theory. Afterward, the packet amplitudes surely saturate because of nonlinear effects. Since modula-
tional instability and electron-beam-trapping observed in laboratory plasmas can also be applied to space plasmas
as nonlinear phenomena, it has still been important to investigate the system. According to computer simulations,
it has been indicated that electron holes in phase-space determine potential structures in the earth’s ionosphere and
magnetosphere. However this has not been verified adequately in laboratory experiments.

In our previous works, electron-beam holes induced by self-trapping were experimentally observed in the case of
a weak electron-beam as not leading strong turbulences. It was then clarified that there is the correlation between

wave amplitudes and the holes. In this paper, we show electron acceleration in the case of a strong electron-beam.

2. Experiment

A cylinder chamber made of stainless steel, whose sizes are 0.26 m in diameter and 1.2 m in length, is filled with
argon gas of low pressure 2.8 X107 Torr, and a cold plasma is produced by DC-discharges between four heated fil-
aments and the chamber wall. Then the plasma is confined by full-line cusps produced by twelve line-magnets mount-
ed on the external surface. An electron-beam gun at z=0 is mounted on an end of the chamber, and emits a strong
electron-beam with the diameter 50 mm, the duration time 3.5 (s, and the mean energy of ¢, = 50 eV. The beam
injected into the plasma behaves one-dimensionally along axial DC-magnetic field 0.01 T induced by six external
coils. A wave packet excited in this experimental system is observed as potential perturbations by using a coaxial
probe, whose tip is 0.3 mm in diameter and 2.0 mm in length. An energy analyzer, which has the aperture of diam-
eter 5.5 mm, is adopted so as to observe a phase-space distribution of the beam. A collector in the analyzer, which
is shielded against electric fields, can detect the beam currents discriminated by a biased grid.

These observations are synchronized with a test wave signal, which consists of carrier frequency 90 MHz and
envelope width 50 ns (by the full width at half maximum, FWHM). The test wave signal is applied to a control grid
of the gun at ¢t = 0 in order to excite a wave packet, and simultaneously triggers two digitizing oscilloscopes with
10° samples per second. The packet signal detected by the coaxial probe is amplified by a high frequency amplifier
(0.1-1300 MHz). The beam current signal detected by the analyzer is divided into two, and they are in parallel ampli-
fied by a low frequency (LF) amplifier of DC-8 MHz band and a high frequency (HF) amplifier of 8-1300 MHz band.

These amplified signals are individually received on two channels of the oscilloscopes with time-averaging, and those

*  Shizuoka University
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Fig. 1 A wave packet and a phase-space distribution f, of a strong electron-beam from o ¢ =80 (a) to w,¢= 106
(i). Each upper shows the packet amplitude vs &z, and each lower f, vs v/v, and k. Dark contrast corre-
sponds to the beam density. The packet exhibits two processes of linear growth (exponential in w,l < 93)
and saturation (stable in Wt = 93). Narrow spreads of the beam are numbered at the tips.

data are stored in PC. Ends of coaxial cables are all connected to matching resistances 50Q. These detections are
carried out at each of 128 axial positions from kz = 22 to 75 (k, defined below). The LF and HF signals of the beam
current are synthesized on PC in each cell of the discrimination energy and the position. Eventually, the first deriv-
atives of the synthesized beam current with respect to the discrimination energy at the positions give a phase-space

distribution of the beam.
Typical experimental parameters are as follows: plasma-electron temperature is about 0.8 eV, plasma-electron den-
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sity n, = 1.0X 10" m™, the electron-plasma frequency a,/2n = 90 MHz, beam-electron density n,/n, = 1.2%, elec-
tron-beam velocity v, ~ 4.2X10° m/s, and initial electron-beam spread 0.05v, (FWHM). Here k, = a,/v, (= 437 m™)

is defined for normalization.

3. Results and discussion

Figure 1 shows a wave packet (upper sides) and a phase-space distribution £, of a strong electron-beam (bottom
sides) at intervals of 3.4/wpe. Here v/v,, kyz, and w,t are the velocity, the position, and the time, respectively. Dark
contrast corresponds to the beam density.

The packet is propagated downward, and has two evolutional processes of linear growth (in o, ¢ < 93) and satu-
ration (in w,t = 93). Five electron-beam holes, pointed by arrows, emerge discretely, and are also propagated down-
ward. Parts of the beam, numbered from the downstream side, spread to the higher velocity side discretely. The
typical profile of the packet in the growth process is as follows: phase velocity v, = 0.90v,, wave number £ ~ 1.08k,
frequency w, = 0.97w . We confirm that the profile is in agreement with the beam mode.

Initially, the holes generated around v = v, such as the third hole born around w,¢ = 83, become having fine and
large circle with the packet growth. The holes are mostly in phase with the wave crests on the position, and the
radii seem to be correlated with the crest amplitudes. These prove that the holes are induced by self-trapping of
the beam. The holes can be regarded theoretically as right-handed vortices, though their rotations are invisible.

The beam detrapping should also be regarded because the trapped beam partly takes away the wave energy. Five
narrow spreads are generated next to the holes. It seems that the spread tips have the relationship between the
velocity and the position. Especially in the saturation process, the holes shift slightly to the lower velocity side, and
the packet shape is asymmetrically deformed. These indicate that the trapped electrons despoil the wave energy,

and thus the electron acceleration (or strong heating) occurs. The holes may contribute to the acceleration.

4., Summary

We have investigated a phase-space distribution with a wave packet in the case of a strong electron-beam. The
packet obeys the beam mode initially, and five electron holes are generated by the self-trapping. Five narrow spreads
of the beam like bunching are observed next to the holes. The spread tips have the relationship between the veloc-
ities and the positions. The spread increasing seems to be correlated with the hole shift and the packet deforma-
tion. These indicate that the electron acceleration (or strong heating) occurs as a result of taking away the wave

energy.
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Force Balance in Plasma Hole:
Mechanism of Ion Flow and Role of Viscosity

by
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Fumihiko Miyake™*®, Mitsuo Kono*®, and Masayoshi Tanaka**

Abstract: Spontaneous formation of a stationary vortex structure with density hole around the
central axis, plasma hole, has been observed in a cylindrical ECR plasma. The driving mecha-
nism of characteristic ion flow in plasma hole is examined from the viewpoint of force balance in
the fluid equation. On the one hand, the balance between electric force and Lorentz force deter-
mines the flow velocity field in peripheral region, which gives rise to E X B rotation of the periph-
eral plasma. On the other hand, it is revealed that the balance between centrifugal force and
Lorentz force governs the flow velocity field in central region, i.e., anomalous EXB solution is
realized in central region. A remarkable similarity between the flow field of typhoon and the plas-
ma hole is pointed out. The effective viscosity of the plasma hole is evaluated by its vorticity dis-
tribution. It is revealed that the plasma hole exhibits anomalous viscosity, the value of which is
three orders of magnitude higher than the classical one. The characteristic radial flow observed

in the plasma hole is attributable to its anomalous viscosity.

Key words: plasma hole, vortex, ion flow, E XB drift, directional Langmuir probe, force balance,

centrifugal force, anomalous viscosity
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The plasma fusion researcher in old Soviet Union
—Kapitza and Landau—

by
Kazuya Uehara*

Abstract: The research for plasma physics and the controlled nuclear fusion in the old Soviet
Union were reviewed. In this article, the history of fusion research including the hydrogen bomb
development is shown going back to the explanation of the principle of sun as an energy source
by Helmholtz and the Nobel prize lecture for nuclear fusion by Kapitza, in which he gave this
instead of his low temperature physics research, is shown including the relation to Landau. The
reason why the realization of fusion program has been so delayed are tried to explain raising the
weak point of tokamak machine and two candidates of new idea of alternative fusion method are

given.

Key words: plasma physics, controlled nuclear fusion, old Soviet Union, hydrogen bomb, Nobel
prize lecture, Kapitza, Landau, tokamak machine, tokamak alternative physicist
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ZHOHL, kL bDERRENS,

3.2.2 hKILx—F

W O E DT T A=l THY CAMINZAT CI2ON TR E 2 BB (BUINgss) 13, BEIIR I B R ErIC

i



52 JAXA-SP-05-020

.
M5 A7xl—%— (FE) & MLi—F (£) 79 X<ORE54.

M, FTIAREMPDICHLADZ I EAWRL. Jiud, ERWICE, I7-@HICBT23 vy 72 3—DEAIZL ST
ZOHRMEHEPO SNz, ZOEETFRE L 72 AV. Ioffe |X Kapitza, Landau, Kurchatov %o v # O R OBl
ZHC, VEL MHFORLESbNI, KO ¥ Vg baA SV e % I v 7 238, WM 155 5 b HH
M7 )7i50%, 1958 4F Lehnart ICE ) A7 2 L— ¥ —Z@EDIREL V) L TERSINZ [11]. A7z b= - (M5
FWZA T 2 L= — OB E BSOS RESAZRY) &, 1TRONEY »7af e, ulEgikz il sbBek
KB4V ETHKENL. fiEZ> ICERZKT &, HBFEITEERIEL T, INSDEII I 5 fEH X PIRA,
WS OWTNE S EHTES, Zomiug, FOEREX MO ASYVafvilzl), WEY ¥ 7 34 VDSEBREGFED R
HOBALL->T, BED NIV 2122% 0> Twh, L IAT, AN, BESOWTNE AT 5HSERL Z 55
FiE1E, 1962 4F Skornyakov |2 & - T & ) —#E0YIZAFZE S [12], #DF%, 1970 4 Peregood & Semenov b & DR % 8
T L, ZORSGEMIIBEEZ HuiRdbd, FHTELI 2R LA 18] M5ALIRT LI, PLA— FIRIZEN
722003 A WIZER AT L CHR D81, SMIIANY v 7 ZEHEIANY v 7 ZIEEWISEOBR AL, #35 Zkko
LN T MYy 7 A %O, BEAANC S AMIFE R VBUNES I o TWA, DF D), Gy 7 o N— X B E 3 RILHIC
EHL7ZBDIhoTWAh, MVA—Fid, 272 —2 2BV TELEERA 2/ a4 VERTER L0 %2
LIENHRL D). EONAWHIIERFEICLLIDOTIILVDT, TIXVIILEET, Mir— K79 XDk
MBI TH S T EDRER SN TS, Tl I~ 7 THRLNTWAARS Y 7B IS ST LiF IS e ShTn
LD, ZOREORT A T IV I NMES 1IN D DICh > T b,

4. b W

DL, Hy#Ezdlb L7 I AHaEIEDRER % TRz DS, M~ 271X 28850 Uil o hdd, NEFRICH#ERE
LT, ITEROEG# F THiV T\ 5725, REE DL CEEOFHL, Mi/MLZHSLAEO20lED, BESILTWL
ERABN LT, BREIIKBICE o TEIASNTLFE 27275, S LOBMEFEDNINIES LT, [HYdoyiys
DJEILE L, Toffe, Kapitza, Landau %0 75 XA < W%, MG ~DOF5IT K E WV,



NV DT F A< - MEEHTEE Ot G 53

2 £ X M

[1] k& RE T ANF—, dEth, HER.

[2] F. Winterberg, The Physical Principle of Thermonuclear Explosive Devices, 1981.

[3] R. Rhodes, “Dark sun -The making of the hydrogen-bomb” 1995 (FEiR #AFEEEE, [FED S KE~N—HTG
WEROM SN E B NH] 2001 4F).

[4] P.L. Kapitza, Rev. Modern Phys. Vol. 51, No. 3, p.417-p.423 (1979)).

[5]1 fex A4 [WEEET > 5y | A3 3EE, 2005 4.

[6] P.L. Kapitza, Proc. 10" EPS conf. Mosow, invited talk.

[7] WHSTHR, HI&, 1973410 A%, p.64.

[8] #HAralzsth, BAMIMSFREE, 54 (1999) 417.

[9] J. Wesson, Tokamaks, 2003 (FFaR  JuN k&S, [ Mo~ 75| 2008 4F).

[10] Y. Kawarasaki, AIP Conf. Proc. 369, Part two, p.1244 1996.

[11] B. Lehnart, J. Nucl. Energy, part C1 (1959) 40.

[12] G. V. Skornyakov, Sov. Phys.-tech Phys. 7 (1962) 187.

[13] B. P. Peregood and A.A. Semenov, Sov. Phys.-Tech Phys 16 (1972) 147.



Potential formation in a magnetized
inductively coupled plasma

Hiroharu Fujita®, Sebastian Popescu*’# and Yasunori Ohtsu™

Abstract: The potential formation in an inductively coupled plasma device in uniform magnetic
field, at moderate pressures, is experimentally discussed. The axial profiles of plasma parameters
showed that this double layer appears inside the plasma source as a natural border between two

plasmas with different properties.

Key words: Inductively coupled plasma, electric double layer

1. Introduction

Potential formation are one of the big topics in plasma physics. Recently, the existence of current-free potential
double layers in helicon discharges at rather low pressures (i.e. less than 1 mTorr) has been reported [1]. Although
some progress has been made in double layer characterization in an RF discharge [2], the physical basis of its emer-
gence is still not established.

The aim of this paper is to report on new experimental data on double layer appearance in magnetized induc-
tively coupled plasma at moderate pressures (i.e. greater than 1 mTorr), at which it was asserted that such poten-

tial structures do not form [1] and to establish the phenomenology underlying their emergence.

2. Experimental device and results

The experiments were carried out on a magnetized inductively coupled plasma device, illustrated in Fig. 1. The
plasma is produced in a glass tube T, surrounded by a helical antenna A. The glass tube is mounted at one end of
a stainless steel cylindrical vessel, which is the main chamber of the device. The whole system is surrounded by
magnetic coils that produce a uniform axial magnetic field, with a measured magnetic induction B =217 = 3 G.

An Al disc collector C, facing the glass tube T, controls the processes inside the plasma. The plasma properties
were axially measured with an RF compensated Langmuir plane probe (P in Fig. 1), moved between z =—11 cm
and z = 8 cm.

The measurements were performed using Ar as a working gas, at a moderate pressure (p =2 mTorr). The RF
input power was 200 W, with less than 0.5% reflection, at the working frequency of 13.56 MHz. Throughout this
experiment the collector position was fixed downstream, axially, at z =30 cm and positively biased with respect to
the ground (V, =10 V).

The axial profile of the plasma potential in the probing domain is plotted in Fig. 2. It shows that after an impor-
tant increase inside the glass tube (i.e. upstream or z < 0), the plasma potential saturates downstream (i.e. z > 0)
at about 32 V. These two distinct regions are connected by a potential wall with the height AV, = 7 V, located at
z =0 (i.e. at the border between upstream and downstream).

The electron temperature profile, represented in Fig. 3, although has a general decreasing trend, displays a local

* Saga University, Department of Electrical and Electronic Engineering, Saga 840-8502, Japan
# permanent address: “Al. I. Cuza” University, Department of Plasma Physics, 700506-Iasi, Romania
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Fig. 1 Experimental set-up. A-helical antenna; T-glass tube; C-collector; P-plane
Langmuir probe; RF - radio-frequency power supply; MC - matching circuit.

minimum at z = 0, followed by a maximum at about z =1 cm. The peak of the electron temperature in this tran-
sition region is AT, = 3 eV.

The axial profile of the electron concentration, plotted in Fig. 4, shows that going downstream, the electron con-
centration has a global increasing tendency. Anyway, at z = 1 c¢m, the electron concentration profile displays a small

bump.

3. Analysis of experimental results

The experimental results emphasize that the plasma electrons produced upstream are accelerated towards the
main chamber of the experimental device (Fig. 2) by a relatively strong axial electric field. In this way, on a short
distance (between z =—11 cm and z = —2 cm), the electrons could, in principle, gain sufficient energy for ionizing
the neutrals, but in the same region the electron temperature is decreasing (Fig. 3), due to inelastic collisions with
the neutrals. This means that the sudden decrease of the space potential and of the electron temperature at z =0
is the result of neutral excitation by electron collisions. Consequently, the electrons exciting the neutrals gather
there and form a net negative space charge, explaining in this way the existence of the two local minima (for Vs
and Te) at z = 0.

The electrons that have not excited the neutrals are further accelerated by the electric field and, after traveling
about 1 cm downstream, rich enough kinetic energy to ionize the neutrals. This explains the sudden increase of the
electron temperature at z =1 cm, as well as that of the plasma potential in the same place. The electrons that ion-
ize the neutrals and those resulting from this process are transported downstream by diffusion. From Fig. 2 it can
be seen that downstream the electric field is approximately zero, hence a drift movement of the electrons down-

stream is excluded.
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Fig. 2 Axial profile of plasma potential.
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Fig. 3 Axial profile of electron temperature.

The positive ions resulting after neutral ionization form a net positive space charge, adjacent to the net negative
one. The electrostatic forces of attraction between these two opposite layers, acting as long-range correlations, “bind”
them together in the form of an electric double layer [3]. The appearance of this double layer in the absence of an
externally imposed conduction current, makes it current-free, in accord with the earlier experimental reports [1,2].
Taking into account that, for the above working conditions the Debye length is A, = 0.3 mm and the double layer
thickness is Az;; = 1 cm, we can conclude that this potential structure is narrow. Also, comparing the potential drop
on the double layer with the electron temperature downstream, expressed in eV, one obtains the strength of the
double layer ny = AV, /T, = 1, meaning that this potential structure is a weak one.

The fact that the upstream, respectively downstream plasmas are different is also proved by the “Maxwelliazation”
coefficient o calculated in different points along the axial direction of the device (Fig. 5). This coefficient measures
the number of orders of magnitude of the electronic current over which the semi-log plot In I (V) is linear (V being
the variable probe potential), ensuring in this way the degree of accuracy in the calculation of the electron tem-
perature. From Fig. 5 it can be seen that upstream the linearity domain of the electronic current on the semi-log
plot is ensured for less than one order of magnitude for I, while downstream the linearity domain is wider. This
proves that downstream the energy distribution function for electrons is much closer to the Maxwellian one than

upstream, or, with other words, that the plasma is more turbulent upstream than downstream.

4. Conclusions

The above experimental results prove that a current-free electric double layer can also appear in magnetized induc-

tively coupled plasmas at moderate pressures, i.e. above 1 mTorr, but unlike the small pressure case [1,2], it is a
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Fig. 4 Axial profile of electron concentration.
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Fig. 5 Degree of Maxwelliazation of energy electron distribution as a function of axial
position. The full curve is the smoothed version of the dashed one.

weak one. This narrow and weak double layer is the result of a self-organization process taking place inside the
plasma column, i.e. it appears as the result of the intrinsic dynamics of the plasma particles, and not the conse-
quence of an external constraint [3]. The double layer self-assembles during the plasma breakdown [2] and remains
in a steady state afterwards. It acts as an internally built boundary between two plasma regions with different prop-
erties: one with high electron temperature and small electron concentration (upstream) and one with high electron

concentration and small electron temperature (downstream).
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Abstract: A large-volume (73.8 cm in diameter and 486 cm in axial length) helicon-plasma device
has been developed at ISAS/JAXA in order to perform various space-plasma related experiments.
With the use of a large (43 cm in diameter) flat-spiral antenna located just outside a quartz-glass
window at one end of the vacuum vessel, the device is capable of producing high-density plasma
(gas species used so far are argon, helium, and hydrogen) of n_ = 10" cm™ with moderate rf input
power of less than 1 kW (at 7 MHz), showing excellent discharge efficiency. Innovative methods of
controlling the radial profile of the plasma density have also been demonstrated 1) by changing
the magnetic field configuration near the spiral antenna and 2) by changing the antenna radia-

tion-field pattern.

Key words: Helicon-plasma device; Spiral antenna; Space plasmas; rf produced plasmas; Density

profile control
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Present status and future prospect of the
VASIMR type plasma thruster

by
Akira Ando®, Kunihiko Hattori* and Masaaki Inutake®

Abstract: In the Variable Specific Impulse Magnetoplasma Rocket (VASIMR) project under devel-
opment in NASA, it is proposed to control a ratio of specific impulse to thrust at constant power.
Ton heating by electromagnetic waves and magnetic nozzle acceleration of a fast-flowing plasma
are two key issues for the development of the advanced space thruster. In the HITOP experiments,
we have successfully demonstrated these two tasks experimentally. Present status and future tasks

of the VASIMR-type plasma thruster is presented.

Key words: VASIMR, Plasma thruster, HITOP, Ion heating, Magnetic nozzle, Mars exploration
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TWLRDEDREH LD, TNSOA5BOTEICE L TIREDETIERL,

#1 VASIMR KO KA NT 2 —F

Input Power P=4x10°W

Power efficiency e=04

Specific Impulse I, = 10,000 sec (max. 50,000 sec)

Exhaust velocity u=I, g= 10° m/s

Thrust F=2ePu=32N

Propellant rate m=F/u=32X10""* kg/s (170 days --> 4.7 Ton)
Exaust ion energy W, =mu?(2e) = 100 eV (D,-propellant)

Average ion density at exhaust inlet | 7 = mln;:}u,/o =15x10"m™ (r,=0.2m, u,, = 10" m/s)

3. HITOP (CH T 5 HEKRR

3. 1. HITOP#%E

DUF T, HITOP & % i\ TAT DALz A F Y ligh & #A ZVIIE O FEERRFZEIZ D TS 5.

AW TRV 72 HITOP 28 OIS % [ 2 1R $. BZE7e4E, £33.3m, WEZ0S8mMm D AT ¥ L AROME4E
Thb. BEIHRIRESIANVEZELTBY, S/ VISHRTEREZ 2SS, RAMEHE 1kG O 4 2R AL
AT AN TEL., TIAXPEE L TMPDARHESNTED, 7OV AEEREE /- L TH 1 msec M OMEEHE
(RAKEMMEI0KA) 2179 . O, REERE HOHFEMS &I X VTGRSR %5200, 14 v~ v B 1RE
DOEET T AT EIND . RIS BOTEET AN 7 22 FH L Tw5 [2,3].

RWFETIEA A A 7 a b a yolhie 7 > 7+ & LTHELY FMIZ180° A U s 72RO A VT ¥ 7 F & w7
COTYTHERCLEIEILEY, TYyTFRO2MEOHEELFFOKET, FRAIILERY (4> T7—~<—lgs [k
m) 1ZEEd % m=—1IEHdFRE— FORE AR L CHRTAETH S, MPDA T 0.6mDE ZAIZZDOANY ANT
YFFEREL, A NS RREFEHCCEBAERRE T VT T ICHEELTWD, BEOB DL IEESTHAL, 2
FAZEhke 7 > 7 F R 3 v 7 o 2 E AN EE L RE R 2 R L T B . RWFSE TR B 3 $L 20 kHz ~
500 kHz, AJJ/¥7 — 15 kW OHEFHCHEER %17 72

HITOP 3B 12X E W EEOIT ), BFEE - BEFNOZ-O08E 70— 7, HEEH~y NTa—7, JkahEi
MAowR7Tu— 75087 u—7%2 1300, 14 VIRENEAHEL AV —00rds, 779 XA~vHIAVF—5HIHO KX
AN EDHBEEN, HADT T AINT A=Y 2T A ENTES,

M 3 1ZFEERHAT o TG 2R T, iR sz A + A 70 b o riolREs EiF 4720, MPDA OB LU
T TN S 7T bR SR A SR RE 2 SO R~ F R E o T h. SO T T NI TS TS

Magnetic Movable Langmuir MpDA Helical
Field Coils ~ Spectrometer oo /\ tenna and Magnetic Probes ~mm Jntenna

ARA

Farada
Cup y

+0.4 1.0

X
TMP . : 0 .
(2m S/S) Loop Cail (2m3/s) O 3
| | 1 1
0 7 2 3 é*l
Z (m) Y

K3 A A gk K O R FEERI: ORG3BLAT.
2 HITOP BEREIX.



VASIMR M 7" 5 X< HEAERE OWFFEFITEIRUL & FE 67

AR FOBMI AN F—sHUASEET A VERE L TWA, EHICZOFRIBICE, MRS THELBRI AV F -2k

PN F =B 2O DFEFIRE AVHEEE T T 5.

3. 2. 7o XTI RUIEEER

7 YT F N 14 m ONEIEEE LI AV EAWT T I AYBI AN F— W OMELITo R E M4 18T,

FEBRSEMIHEEZ 0.3 X 10° m * T, @EANkphEE ¥k 236 kHz, 7 ~
TFE L0 mm TH 5. B IR ALF - W BRI EA L1
Wil oA o ni, Zok, BEIAVE—-TFI7 44, HE
TH—=TIWE) K I AVETOA & VR, BTIRE AL
72l ZAh, BhERPICA G VIRESREMIC LA L, — I THES LI
BZEELCwhdo/, ZOMHFELY, MPDAIZ X D AR S N-m®E
T A HADEHWEAINC X 24 F Y IMEADTEZ o TWDB 2 & A
A [4].

CORMGRAII BT, 7T b —HIROBIEE & 2L S THlE
L72 W, O8Iz (AW / W) ORGSR e L7z, Fol 2 st
A Ay A rmbar RGBSR (w/o,=1) ZHCTHEERELD
RLRFLMICHN TV D, oI £ 2 2BIC b ]
NThBY, 77AVHICERT S Ny 77RO BELEZOLND.

EIINS 2@k Eh #8hind 2 &, EUMELDO L5 & & IciTIzH
FATBRI AN T —B IO + VIBENER LWL Z LRSI
(R52M). ZOBOBELEMEIZ01X10¥m*ThHs. EBTIET ~
TFETTATEDERELE LINEAKIEL LT 572012, N AV
7T OEAEY 160 mm 25 130 mm ~NEE L7z (7

RF on

Time (ms)

M4 (a) MPDAEERE (b) 77 A<D
BT OV — OFFIIZAL.

7 A EAEIEH 100 mm). I O, [ CEINE ) mO-O"mmma&mmMm

LA+ VRO EASE 2 fEBLE E % Y 4 F Y iRIED 80 | 8- antenna d—g160mm -

#1100 eV T TIET 5 Z LTIy L7z, — Rok
SOAFYHA s u kO KRB ROEE RS @ 60 [ o |

FR6IRT. IR L9 ICHES 10 m *BFI2 % 2 10l e |

BLAMIIAF Y RESERLTW b as, B e o

WA T CA 4 AP EE RSN A VB LT, 20f O e |

B D LA+ Y AEOWEEENAE CRY, A 0 | |

ATHHA OB EHTERVEDTHDLERD 0 5 10 15 20

N, 59 REERETORRET) 20011 4 V7 P (kW)

L O T D 10 f5 UL E ORIk 0 5 E Mk % End 5
PENRHY, o TELNBOWRGRENSVLEL 5.
77 b —HH T RENIC R E L R A VER IS

5 A 2RO ENE AT,

BWT, MAICL > THIML BT AL F— (BEICHE | O d=¢p130mm
B 7% AV F =i sr) T AV F— (@5 IPAT % 80 |- o ® §=¢p160mm
IANE—HS) NEBERESN TV D EHERT 5720, < eol A RF OFF
HWEL AN F— S xs VT F ViRELEHI L7, )
ST RO T T £ i Lor iy o 2 40 ° 1
st L7 % T, WIS CllE L7 RE % Ti L o0 L O |
Y UCEHI 247 o 728558, 7108 &9 ICE S XV A ® 20
A EELZETT, 1390eV5 27eVAE AL, 0% 17 18 19

N 10 10 10 10
—HTT,d14eVH T1eVAL EA LTV, 2ok -3

n (m?®)

, WEFMORERD IWBMALE u—EDOLNTTH
ENAEEIFIZ KL, FAF IRV F— 54 Xl 6

A & VIREDEINE WAL, Pr= 15 kW
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BOFHIED? S b A F ¥ T AV F — OSFAT AT OB INAHERE
SNz,

U EO#ERLY, SEWRICED A+ V&R A i v
I ANVE—EWIZEE T T AT MEPERGWICHEZR SN
100 eVIIED KA F VIRE L TMAT 2 2 LRI L7z. &5
12, 2O2O00%BEMAGOETFER, MSII/RT LI, HI
MBEIEZZEZ 52 LT, K/ ANVERE»OEET 575X
DT, 2 2L 3 B 2 LIRS Z &b ERWICIHER T IT -
7z, T OFKEARIE VASIMR HEAERE I THRD 5 1 5 i JE 0 5 /] il
2 & B OB TIRETH S L ERTHRTH 5.

4. FLEHESHRDEE

HENKBEBEEHOFZ Y > LTHF S Twb VASIMR
HESHEAR O BISE OB & BEE 12 O W T IR-_ 72, HITOP 3 12 B W
T, VASIMREH#EEDIARFM TH 2 EH T 7 A< HHTOA
T A rnha e S KOVIEICE L THEBREAT -
2. N LAEEEAS AL LTMPDAICTE® T I A<tz 4
B L, SEMRAHIE —EE2VT T B B A 4 2 TN S eV
PHR100eVETA F VRENP LR L2, BLUOBR/ X
VEBTO L A F —ZHAFAT — A~ MEFRIZHE > Tirbh
el e ERICHEAGRREES R, —)T, VX-
10 ¥ EDOERETIZ 10 m *OEHE T 7 A<~ 2 2 §k% M
WTHEBR SN, BEELELETTOT v 7 kP ER L 75 X~
ET VT T EDMEENLEA LI LR EDOREREL N TWY
. INLORIE, VASIMRIEERFEH ICE 5o TREHR 3D
ORI FIE I N2 EZRLT VS,

Loth, ERFALNOBEE LT, 10°m U EOEEBESRET
TOAF Y MBDFEGE, 7T A< ERE, m#vEomt, R
TR AT R 2 S S WENES M DI 7% & % FEBRI IR
THLENS L., Fiz, TOL) BEEELMET CEEINE
1210 MHz DL B &2y, LB b 1T UL E oM@ s 2 & s
B, INEIAT HBZE T AV OFHEE N TOEIEFER,
WL L7277 A0S DR L 9 25 &9 27 Sl T3S
BRS Wt  iRE EICOWTFEEHAT Y a v EERFIH L%
FERFIE A D TV LED D 5.
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Laboratory Experiment of Magnetic Sails Using an MPD Arcjet

by
Ikkoh Funaki®', Hidenori Kojima®*®, Yukio Shimizu™*’,

Hiroshi Yamakawa®' and Suetsugu Shinohara™’

Abstract: A magnetic sail (MagSail) is a unique interplanetary propulsion system. To propel a
spacecraft in the direction leaving the Sun, the MagSail produces a large-scale magnetic field to
block the hypersonic solar wind plasma flow. In order to simulate the interaction between the
solar wind and the artificially deployed magnetic field produced around a MagSail spacecraft, a
laboratory simulator was designed and constructed inside the space science chamber at ISAS/JAXA.
As a solar wind simulator, a high-power magnetoplasmadynamic arcjet is operated in a quasi-
steady mode of ~ 0.8 ms duration. It can generate a simulated solar wind that is a high-speed
(above 20 km/s), high-density (10" m™) hydrogen plasma plume of ~ 20 cm in diameter. A small
coil (2 cm in diameter), which is to simulate a MagSail spacecraft and can obtain 1.9-T magnet-
ic field strength at its center, was immersed inside the simulated solar wind. Using these devices,

the formation of a magnetic cavity (~ 8 cm in radius) was observed around the coil.

Key words: Magnetic Sail, M2P2, Laboratory Simulation, Magnetoplasmadynamic Arcjet

#t =

s A IV OVEL Y & KGR 7 7 A=t s OTFHE T 5 720 O scale model 5%, JAXA/ISAS Dk
BIANR=ZAH A TV AF ¥ Y N—=IZCTER L7z, BEKGERT I A~y by % Mg H UE R MPD
T =7 x FAES T AEE 20km/s LLE - HE 108 m P OKET T AT 2y PRI, BERRYE AV
(EfE18 mm - 20 ¥ — ¥ THULEH 19T DI A V) A L TTHFERELT 4 o 7207, B8 em 2 D%
KBS 7.

1. ¥ U & (&

JAE, Kb T AV F—2FH L RTEEHAEEIEH 2 DT b, BERGERCKIEE Y KA L CHED %15 2 i 1
V=7 =k NV EEN, AEZTTEEZELIN (1) ©XH12, KEtE2T CFEEMETTs. v-9—%

* 1 JAXA/ISAS
* 2 University of Tsukuba
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A IVIERPZFER L T wny)s, BIRE 2 EEEM 20 L2 EZEROREIEAY v FTlATYWS [1][2]. V—F—t AN
PRHT A RERE L SIS, REPSBE SN TS S ) 2DV F—{HD, KEpE<Thsb, KpEluiiicra b >
EETOOMBSN, MIREREZHNEREMZEMICT, MARETNTVE I EPMEN TS, FHEIEZ DK
TIATHEZFILOAETHEN #ELZENTELY, Z0HF (5X10°° N/m®) BEELIFFEFIT/NSW, T RE%
AT ZBEL72010, BREANVTRERLO L) BRI 77 X~ L EERO D < 2 & O RBET w2 FIHT 5 [3].
FHBICERT 2 3 VICERZRT 2 & CRMICESDREET 5705, KEE 7T X< 3P 0 o AR 28k L TR
LRI, T AT (KGR L EGEE (A (EREE AL CHEICOET 5. ZoRBERIETH LK
B 7T AT IIHARBENEATEY, MABETESEWE LA T 20, EEKT ORICImv /o) CIREBEsss4a L
TKRERORNATGE - IS 5. WRELA VT, 29 LKBEROESEZEIIHELE N L CHEERNEZETAHTT
HEICECH I ERY, KD oEEDLODMEENIHHT A LN TE S,

Bow Shock

Solar Wind

Magnetospheric Boundary
(Magnetopause)

M1 S A VO,

INETOREIIED D, Bt A VOHETE, KRR E 70y 7§ 2HEABORE SI28 CFES 5 2 &5 2
Ko T&7 M. B2 X912, RKBET 7 X~ ERAEOTETE, BAEORES (L) PEFICRS e S
RAY =V ORIEAE A TR S BEI6], #1c, BEAEAVNSVE SFA 4> E2RETHT AT — VORLEHFFRE
NBITBL. 9 L7ckkAc A7 — VB A RiEE & KR T 7 X~ & OB BN 2 RN L 720121, %
BRIEF AT R CH B, KFL T, B A VEET 7 XAimo A7y —VAlEZFRIL, 01N 27 7 AR A Vo
MW EFERY I 2 L= —EEE - BB LZOTRET 2.

2.1. BREANLIIaL—20BE

M2 IR A Ny I 2L —F —OMELRYT. EBY 2723, BEEBE TSI A<V Ly b ZEHT L7200 K
YIial—FE, @RIV Iab—% (BHBEEHIAN) 205N - MEEEr ORI N L. EBRTIX, Kb
B2 IaL = OB SND 7T XAVl 34 VS L OTH 2T 5 LIS, BGHINCL 277 A=ty 2
ANBTIHRE LR 7 O0—712 X VEHld 5.

2. 2. WBREAINVII2L—2OBE
A VOMAERES (M1OL) &, KBROBErimu’ L a4 VOO BHBAE—A Y PMEDPLRD LI I
Ko 5N 5[9].
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LITKBERENTE & SO ) &) AT e RS, TOWAINEICSHIT S skin depth (6) £ 4 4 ~ Larmor % (r,)
DRER LIRS AR, @R AVEMT 7 A<z o5 L FRLTWE. R1UICE LD L)1, BABEX

XXL=10~50km (EJJ)TO.1~1N) OFREA NVEEEE 272854, (2 RBLO Q) XK T 5.

0/L «< 1

r,, =L

(2)
(3)

W22 L) ICAT = VETVEMBET DA, WKOBELLRLOVPLOGKTHS.

Vacuum Chamber 4
Coll
MPD arcjet (¢20mm)
(Solar Wind Simulator)
Anode Magnetic Field
Pulse Cathode LEEED
Forming g
Network 1 ol b 2m
1 m— =0 i T '
(20kA/0.8ms) SRS |
| Fast = M7
} Acting ! Plasma Plume
1 Valve |
| |
I I <«——700mm——p
| | v
IoH, | —
I Gas Tank ! _| Data Acquisition Pulse
| | 'l system Forming
: | | Network
2
e 44 Controller —————— ]
Controller (3kA/ImS)

X 2

#1

FERIE OB,

WA NDERERIC/INT A — 5

MagSail in space

Design Target of MagSail in our
laboratory experiment

Size of magnetic cavity (standoff distance), L 10-50 km <01lm
Thrust 0.1-1N < 05N
Ratio of ion Larmor radius to L, r,,/L 1 to 10 1 to 10
Ration of thickness of magnetopause to L, 6/L < 0.1 < 0.3
Magnetic Reynolds number, Rm > 10° 3-15
Mach number 8 1-3

BT v YNHNIZBUI LA = VETIVERETIE, KGELEETL 779 A2y NOBEZEICORY B DL Enb,
L~01mEdh5D00ZY0OWRTHA). I TL=01m% (2) RE2HEKRT L6/ <01~ MEATS L&,

3x10" <n, (4)
Lk, A (8) REL<r, <10LD X ) ITHWTERYT S &, KFEA 4 VT
2x10" <n, <1x10% (5)

e, INS 2RI T T ARBEICHTALEME 525050 A, MAOT7 v FEH AL, 3x10" m Ll Lo
FEOTIAIVy bEERTIIEREWI Ebys. T2, 79 XA<iHE ti;ﬂ&%&ﬁﬁﬁ%%‘f&?Bm ZOWTIE, A S
CBITET I AREFELBEAEDODODH VLD

(6)

THho0b, BlziEn,=3x10"m O,
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7
=5.6x10 (7

mp

DUFEARDEN G, (1) RERLMYE, ub B, EDPRFISATREAVEI RS, LaL, v BBAL 1/ VA
BIZOWTORN D R, > 1 %723 &) KEAEEEE R T LEVIT 2. 0=2000/Qm, L=01mD¥H, u=40
km/s, B, =0.7mTIZ TR, =10 25EHMATHETH 5.

PUEORR 25, KB R 2 b — 2 121 HE 40 km/s DL E - BHE 10" m *UEOSHESH T 7 A<V = v b,
72, #AE (L=0.1m) (2TO0.7mT U EOMAEEIZEREND Z L0530 5.

2.3. KBE>I1L—% (SWS)

KEEE Y 2 2L —% (Solar Wind Simulator, SWS) & L Ti%, E&50 mm OHEW T T A~<)% (MPD) 7—27 V< v
FEFRHL?ZZ, MPD7 =2 Y=y MEIMW 2 9 20 AR T10%m ® - 20 km/s L EOBHEEE T I A~V =y b &
BHIERTRECH 5705, EMZICCERWICZIOL ) B RENEH L ZLIIRETH S, (1EoT, HEHE/ VAR &
L7z, EERTIE, WEIZLE > TKEHN A% FAV (Fast Acting Valve) 12T JHililiE 8 msec D4E/ IV A TR E AN ~NE
AT 5. HARED—EME (0.5gs) (P2 72IREETPFN (Pulse Forming Network) IO A 774 va 2 M)A
BT A E, PEIF0.8 ms DIEANAY — T4, PENHEIL200 uF O 2 > 7 U 120 S S, K T5kV
THREENS., COSWSIEES S m, HE25m OMFEBIETF ¥ XD 1207 7 v VICHREIN, T v Y NHAEHDK
BHTOEZEREE 1L 1 mPa LT ICR2 7z,

2. 4. BREAILIIaL—4% (MSS)

R A IVERTIE, T4V oa N EICRAERm M T 22805, #HEERICBNTHHABEKRSSL
W LTTERLRTNELRIaANVEFHTLIENET LV, KEBHETIIL~01m THL720, HE 18 mm O/ A
Vo (MMS) #8/EL7z. SO A )VIZHER 200 uF, TEETL1SKVO X I AV 7 10E > SR S N5
PFN [ (12X > THRE SN, PElF0.8 ms OMEEFWS % EM T 4. HFiBA% L7z PFN2 & MMS Tld, I 1 VAL
B19T#EH L7, M2D X H1Z, MSSIZSWS DTt 0.7 m DALE (F % Y /N—DIZITHR) ITFEE S 7.

3. £ B # R

SWS & MMS # FHEH L7202 X3 IR Lz, MOLEM 7T VOBIZSWS (MPD7—2Y v b) 5%,
ZLTSWS 25 0.7 m B 7271 12 MMS 2 4 VSEZ T A R— IV IS EM & 1225 L) REshTnb, SWS 7
FGATY 2y VDT T AN BT £ 720, THRERICEZ > TMSSHMBIZ7H - 7% %E L CT7 I A~ihill 24774
o572, SWS 7 I A%V vy FOBWRREE2ICF LD,

#2 KA YIazlL—% (SWS) LAt ALy Il —% (MMS) OH#IC

Plasma stream form hydrogen MPD solar wind simulator

velocity 10-50 km/s
plasma density 10" /m?®
electron temperature 10,000 K
radius of plasma stream 0.2 m
plasma duration 0.7 ms

Coil current simulating MagSail in operation

radius of coil 18 mm
B-field at the center of coil 0-19T
duration of exciting current 0.9 ms

TO—7FEZ 1 mm OFE T O -T2 H, FTO—-TEHSEY oy MIEATEZEREICR D L) ICRE L. FnE
Nz, P70 -7 6N EE IO —-T LRI L1274, BTREBL T I AYEEOREILE, Fir7u—7 (¥
YrvTU—7) OBRMELFEEFE L7z, MMS 2 4 VEIOIEKHZ K 8b) (R L7z, KO A S I3k R
RS AR L TW52%, a4 )VEETIE, MU EZAML 72K 3b) OF — AT, I aEr A ons, flziE,
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L 7S BB RIS T4 LB OND. BREBIRIIIAF T2 77 Xxiiae 70y 7 LTWwb EFHRENDLD, A
PP I3 T IS5 W DK > T b,

MPD solar wind
simulator (SWS)

-

MagSail (coil)

Hydrogen plasma jet

a) &k (EO0KBEY I 2L —%, ARAMEAEI VY Iab—FDa()l)

.

Hydrogen MagSail
plasma jet (1 8mm¢—¢oil)
L

!,
b) AR (= 4 VRS 1.9T)
M3 ¥l —SEEREORT OKFEF A 0.5g/s, PEN LEEL 4kV).

Magnetopause

MSS &1k D 75 A<t dOkEF1d, MSS Bt ICEE Sh/zEE 7o — 72 FMH L CElE Lz, £ 70— 713-18V I
INATASN, A4 VHfERENET L. SWSHHLDTIT ATz y ASMSSOOL ARICEoTTOy 785k,
Tl 70— 7 DA F RNEREDIPHARTE0 %R TLOPEEE Nz, ZOXHIZMSSHBIRD T T ATEE - HE
SAERET B L, BHEAEMLZKEL LawiEe 0d#iE (hmy®) OZrS, 79XV 2y FOEBHERE(L (T4
b, WA VIHERTAN) 2HHET 22808 TEL. M4ld7 7 AR ROBETERTCALLHES (C) %, EH
MAZBIF A4 4 ¥ Larmor 4% - fLEENR (r /L) S LTTOy PLAZbDOTHS. K> MHD IZ3XCMHD & 3 2
V=23 VICXBHENRET Ty P LTWEDS, BREGGRAETVIC L BITIEA A4 2 AR Larmor FAFIR L ERE L T i
VL LML TA A R T ORREENIKREL 2D L, BREANDODL WL OTFHAEE L LY, MRIubiEN
C, WA LTa. 29 LIMIAEA A4 > hybrid ¥ 3 2 L—2 3 > (R TEPIC L FRL72) &R &Mz R LT
W5, L2L%&25, hybrid ¥ I = L — 3 3 Y IZBM4#E L 722w %5 Magnetopause (¥ — &) 2SR T & 2\ 0 255



MPD7 =7V xy FeHWIBRRAEAVOERE I 21— 3> 75

HMTHY, EBRTIEEOHK LEFHEOZENEHRTE S, BV A/ VZBRm BN EL > TLEI)RIDVD 5.
BAEIRZ ) LB 5 M L 225, St A VO M2 [HE I T2 o T 5.

0. 001 0. 01 0.1
rLi/L

B4 MERITCHEIRED A F ~ Larmor 4% - {CFEE I 2 4KAF 1
(7ay PTEAERICEDS CHEHMEZ, SD_MHD E3XCMHD ¥ X 2 L —
TaviiR (6] %, PICIZHybrid ¥ 3 2L —3 3 U5 (7] 2 2 n2NFET).

4. ¥ ¢ &

W5 AV OVEL s & KIIR 7 T A< & O T ¥ % i $ 5 720 D scale model 5%, JAXA/ISAS O AR A ~R— 2
PAL VAT v U N—ICTHER L7, EBRTIIEEFRERMPD 7 — 7 ¥ = b 254 % #E 20 km/s DL I - B
10°m P OARFE T I X~V y MR LAV (EE18mm - 207 — > THLFG 19T D2 V) ZiFALL. 20
oA VERRICHRE SN/ 70— 7D 1 F VEEHHIB0 %P T 5 LI, a4 Voo 2uaEIciLd s & 8
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Remote sensing of the upper atmospheres using Ion thruster

by

Yusuke Sakamoto™' and Hitoshi Kuninaka™?

Abstract: This paper describes an application of microwave discharge ion thruster to remote sens-
ing for upper neutral atmosphere. We assume the charge exchange collision between atomic oxy-
gen (AO) and krypton ion beam. An apparatus has been constructed to simulate the atomic oxy-
gen in an upper neutral atmosphere. From the experimental results, the gas density was subtle
to detect ENA through CEX sell. Therefore, the apparatus variant was proposed.

Key words: Ion Thruster, ENA, Remote Sensing, Neutral Atmosphere
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Probe Measurements of a Microwave Ion Source

by

Tatsuya Nakai*', Takashi Miyamoto™”, Kazutaka Nishiyama*® and Hitoshi Kuninaka™®

Abstract: Along with the development of microwave discharge ion engines, it is necessary that
a analysis model of the ion sources is developed. As the first stage, probe measurements of the
ion source of u20, which is under the development now, were done. In the discharge chamber of
u20, it is expected that a certain circumferential distribution is exist because of the magnetic field
and the gas ports in the discharge chamber. In this reseach, we got the distribution between inside
magnet rows, which indicated an increase in electron temperatures and a decrease inplasma den-
sities along the direction of the VB drift of electrons. Moreover, it is found that electron temper-
atures and plasma densities change in two different cases of the locations of the gas ports. These
results shows that the best shape of the discharge chamber can improve the performance improve-

ment of u20.

Key words: Electric Propulsion, Microwave Dischage, Probe Measurement
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A B
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Study of The Interaction between Space Plasma and
High Voltage Solar Array

by

. %1 .. *2 <% 2 *1
Minoru Iwasa™ *, Koji Tanaka °, Susumu Sasaki” °, and Osamu Odawara

Abstract: We are studying the problems associated with high voltage power systems in space.
Especially we are interested in the potential distribution of the solar array that is resistant to the
electrical discharge. We have carried out experiment on the interaction between the space plas-
ma and the high voltage solar array. An array of electrodes distributed on a dielectric material
was used to simulate the inter-connectors of the solar array panel in space environment. One of
major concerns in the usage of the high voltage solar array in space is the arc discharge on the
array. Based on the plasma sheath theories, there is a possibility to control or to prevent the dis-
charge by selecting a potential distribution of the electrode array. As the first step to find the
potential distribution that is tolerate to the discharge, we measured the current to the electrodes,
changing the spacing of the electrodes. This paper presents the experimental results suggesting
that we can control the discharge by selecting a proper potential distribution of the high voltage

solar array.

Key words: plasma interactions, spacecraft charging, high voltage solar array
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(1 Phase of sheath interference

B e- e e— e_. Potential distribution

e v

\ Charging
1000

d
ETectrode +Vi V'D|e|ectr|c materh /

Sheath interference Charging
* Interference of sheath surrounding each electrode.

Single, with dielectric material| .

+V, +\I/2 +Vs +V

Array,withdielectric material

(2 Phase of snap—over 3 Phase of gas ionization
-

= - - Potential distribution Potential distribution

A?r

FVARTA A — +v3 3 +v

Out gas

Secondary emission Return to positive potential GasiGHiZation Expandmg of sheath size
by secondary emission by gas ionization
* |ncrease of electron current by secondary emission. * Exponential increase of electron current by gas ionization.

This does not occur when d is longer than a threshold length.
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