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An Overview of Electrostatic Probe Measurement
By

Hiroshi AMEMIYA *

Abstract: Previous work on the Mach probe in Japan and some examples of the probe used in a wind tunnel,
supersonic mercury jet, a plasma gun, ionospheric plasma on board rockets and tokamak boundary plasma

are briefly described. Physical and technical problems raised by users are also discussed.

1. EUBIC

BOETORNDH 2T 7 AT u—7IZHT 28X 5 CRMAOMEIRT T v MEKRT O — 7 ORED R Eh
RETH A [1]. Ay ¥ 2RO T 0 —T9KED S OB T2, MNEE 25 L TR E Sh, HxkE
FERI R OHMIE, Single Probe & L OBIfESLMD W TELRE SNT i EBR O K0 O EEkE R BLIN A 1960 fi12/Tbh 7z
[21,[3] . BTHELEBTREZASPEESNLLYF U ATO =700, FA K+ VEERETO—TDA + v Rkl
B L 2oHBLNZ Loy (Z2TORS n'D) T 2 BRIGEROFIHRD ¥ — AIHiA LI S A ZME L
THWAT SN 72 [4]. Fig. 1122 OfERZRT.
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Fig.1. B7O0—JTOFEC L 308

Z T, L=47Ry5or B (10), 50=Mst?/2kTy, jor=nse<vi>/4. JHHITERE IEHHETH 5 PR & R E L THE72 Boyd D5
Thb.

—Ji, EBETIyNBEENL L) VSN S IHE T — T RIS Lz AKE (1), BEICLEE
(1) O&ERLEAWET 2 HEE%E 2, RHEEZNEICEE LTy B M L EBRICOBBREZR (5] . B\ 1./1)
ET A H Dy (=Ry/Ap) & 70— TEIEDHET, Fig. 2l 70— 7 EHEB LD MERICKREVEEEZRT.
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2. BEZEERFETCHOTO—TEER

DETIREHBHAFREZNE L TW /2O TREHDGEICOBMA I N205, FEBRICIE I X—t VB Kei (=10i/Rp) DK
EL WV EEBEEMREPCTRS. 22T, KEEER (FHbEY) 2HwTHlc O TRERR T 7 A<
HTORDE Y DA F >, BYEEG, FENSAE2FA 70 —7BLOE b—S2 MW THIELZ. 8 mme DERD
Y% 02mme, 2mm ROMFH 7T —7THELY. v N BMORKRENEITHTOBERIKRECOIIH LBETOEE
BT L— 7 OEEBNATNSI Ko TS, JENZIEROF N THBEDOWERH 5O KRELB) TR TIE T
Tw5b (6] (Fig.3).
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Fig.3. BOEYOEE, EHSH

O[T ON—13HE LOBEREOME, HHEY—AZRT. FEESM: p=0.03Torr TIIHEHEWIT X 2 A HHid L5
NEVWPEEOMMNYPB R S50 5. D, EE@WT/ MER T O — T TRERREERT HLENZVRRICAZ S, Ly
L, MAIC X DEROH Y OFFERT-FEE, ENSAIEIHSPIENHICR > T T, ZOHBETDB LUK, H5E )
LWV BHELRRNEEZEE L 20N RO WHEEERT 5.

3. kiR v bERAVWETO-TXER

ERECHERT I A<E /LT A T4 7 LCHRR Y 78 [7] 2380 L Hg-Jet (Fig.4) & REMEICL ) ERB &
LD JE ) DOFEEIRTED & E I DAFAE % F X7z (Sci. Paper Inst.Phys.Chem.Res. 64 (1970) 99). Hg OJEJJIZFHERIE
LI ORRA 5 KD [8] . Fig. 5 ICHKROFM DI, BOE Y OFEREZRT. ¥ v /1 HM & Stand-off HIFFD
R (B, M EMEOMR B 91 25~y "R TELER, 1313 AVORFHEE —B L 7.
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4. FTIAXTH U ICHFTBTO-THE

WRT I A< LTCTIA=A Y [10] ZHAVEMES T (collisionless) & i Ean (collisional) DWINATH

B MRS RRFHMENRE 7 (1971 210). FAUCH Z T ICE W72 70— 7 Ll &2 FATIC L7z
7O —=Th R TNV Ta—TE2HVEORTLDL S v N M=w<v.> ZHE L7z, SiZICIIHEEI Y — A
DORIMIZ K % Stagnation probe [11] ZKE L7z, BT & A 4 v OMBEIISFHEICH S & LETREIZ 70— TR
O, AR LKL THRICEW 207 u—-7EROKME,LLORD ., flE LT, #YEE Vg=16kV T
T~Ti=1.8¢V; u=6.5 X 10° cm/s, M=3.5 #1537, HHG T &L 2 LW 70— T ORRBIE j1X, 14~ OMESA
% Ji# u O Drift-Maxwell 73745 L IRE T 5 & u=0 DHHEDOEREE jo IS LERE R 5.

JjlJ, =exp(—,uz)+\/;-,u[l+erf(y)]; H=ul/<v, > o))

SR B LR 5 L TR O T T B AVE S 5 D CZ DRI OIE I p,y, B . IIEH T, 13 Lk
DM, OBEYE %Y, VT O — T OBRBIEEKAL % 5.

J1J, =0y T nyy = +s-p, ) (s+py)s Ty = py(s+ py) [(1+5-pyy) (2)

Po =142y (M2 =Dy +1); s=(y+1)/(y-1) @3)



Z 2T, HEEPITHT 5 Rankine-Hugoniot D BRI [9] # vy, y kb EZERT. ME T -T2 K. >>1 2D
THHA TR ) 2L 5. MmN SFE L-ERILE vy "BOBR% Fig. 6 IIRT. Xh 5 EERHIZE
BBEMICE VR T 00 5.
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5. O v hEETO-T

Oy MERT O — 7T A A IS LRI R ER R BRI R S kv, BETRESVWLEFT
INF—=GAORERDOPERNIA V¥ —ADT v NHEBEMNICLDEAEZZT, TOMIEX2ETL2ETHD. L
ML, TOMBMEORIIRYSR\w. 22T, T4 FETREONEMEIZIEAOBAIERMELE OMAE DY TH
BN FHBEOPEDOARIRE L. a7 v M OWEIXBEGRICHET, Kit, A¥ Y, MAZE L ar v boiEH)
FHRAPSIESINS [12] . EBEOY Y MERO M v 2KV FHhoEs047y B, AV, AF—kHD
F=FxFML, vy Ml LEZFATICLZ 7 7 57— v TOROHTHIIIKS 2 A EE % ded L HHS T
T AW TR T2 BIEEZ 1T - 72, Fiili 4 4 2 %G D Ton Species DEEF A DT — 5 2 HHEE L 7.
KD PEEL L OB CTETFRE, FEAA T VY EEOEESMMESsNZ 18] L L, BhodbbdTIA<
FCOBRTREOFENCEISHOMBIIL N> T 05,

6. BBERIT AT TO7O—-THE

B (v Y) 79 A< TORECHEILA 4 VRE T, 258 TEE T, 20 L2 008 79 A<D TH - 7.
FIE, @B, 28, RiHAKS & oRFEBIEIC X Y EFO JFT-2M & F £ Y Forschunszentrum/Jiilich ® TEXTOR T[R4z
F7nvru—7 [14], ERFEF 7V 71 —7 [15], Toothbrush 7T — 7 [16] , AR FIT LMK 70 —7117], A
FUBE T —T (18] VT T, T., uZPWE L7z, TOME, I T7HEMHFICE Y Ti=4-10T.; M=u - cosf /<vi> =0.2-0.4
2. 22T, M= ul<visi<vis=[a(T+T)/M? L EFR L7z, —ICHE R LMTRRY, BT A+ DLzt
BIUOA I YOMBREZEZER LA Yo, WHREOTV 7T vl BATES Y BB ERS N
Tw3 [19].



7. AX b

IRV bE Y yNT T I LAMMENRR I N (Fif 2V v 7885). IS I35 Btz By
LT, HARVOIA Y FEMFETLICED 5.

(1) ¥u/n - Ta=TTIoNKERED 256, WHTXEYPE T DFERIEEIL ?

Bl D BEET T X, BRI, MHRT TR L

FERIEC D $ev & LCIZE WS Tt (collisionless), i EF (collisional) H¥H Y 7 X —t Y # K; . >>1,
Kie<<1IZX WX aEND FRFiel3AF Y, BF). TIXTRMIIFNA D, (Fu—T~E/ S48 »
M5, D;>>1 TR Y —ADEFICHSZDRNMIL LY —ADEEHFVER L2 TH L %5, Fig. 7T
VARSI 28, MEAEZe 7 1 — 7 B HS A ok B s 29 [20] .

- 7= TR, A X ED#EREIE ?

Collisionless Model M3 236, ¥ —RAF&Er, 7U—T7Er L T2, rrn<llmfp) PLEELL. 0O
MBI ENDIDE K, & D, TEAEENS.

T T T T T T ™ T ™
X )
) e ]
D)\ = ~ o ]
— %
1 “Q x ﬁ {f ]
% ¥ %
2 %
9 T %
% %,
01 NPT A N 1 IR
10 1°0° 10 13 Ki 10

Fig.7. 70— 7 OiE s 20

¥ — ANDOWEZEME X HEIC 2 2 EREWM TR, 70— T D4 F U EF, BFERISS L CTHESROHMIEZ
WHT LD 5 [21],[22] .

CHERGEE, ARMEIE P WEDEHIEE &) ER b kv ?

Fig. 7 D FVWHURA S, WAELHIRTH 5. HiE CRILHURE, BB 2 Mo 725, %% Tld Langmuir LKL
BEB PG 2 o 22BN TH 5. FHEOBBHIETIE Y — ANOHZEME (211, [22] ZIEL ARGV EEED
REL b, WEMKRDET VA~OBEEM, BEERK.>>1, Ki.<<1, D;>>1 DRI HITLDEEZLNS.
- B RE L~ o BRI P

—RJC Fluid Model TIIFRES T OFH 70— 70 Lk, THRHOBRIL L v v "EOBBRIETERTHEONL TS
M<1) [23] . BEETIIHEROLELIY ANQX % ST, ¥ — AEEHEIEMAE (stand-off distance) Db &
“C Stagnation Probe 2% x M7z [11]. —J7, Ki.>>1 Tl Kinetic Model 23% v NEERIZHEH S Tw 5 [24] .

- BHENIAIC & BATREK IR DOREEL ? - I3 2 2 MO EBHFOHD TI ?

B 0 B 2 A IMHEANOBIIIBEIBICH > T A BV X 4 UPFETRATL 2B T2 EE L Calfishs.
Bl Z X HEAE 22 7OV TR & I AY AT 2 M6 70 — 7 Cld, SR EE SIS U2 M~ O BT ATRI S sk, S i
OB T Drift Maxwellian DIRED D & TREE SN TS [15]. ft- T, M+ Efm, A6+ TSz 5
2 MOBEMDOEFILA B = v NI SN D W REMEND 5.

(2) TO—THHEESTLEEHERD 7T XA~ ~DHE s &) FliT X & 5 ?

Ta—TI L AER RS 511, TU— TR, <WEBI i T7213 << i*S, (S, FBHEFEM) THEHI L

MNEREND. F7z, BEEBROTER>> 70— 7HE, SWIHIRHEDELVWTO—TREE2/RSL LTBEL % 5.



TS D 2 556

ST T e — TR ERAHEE, S b A, Tu—TAHKE (Flux tube) ZIKT 27207 AN
7 PSR E 2 ) MICHEBRBOMEZ KECT5 I EIEERSLL A, MEZ5 0 TR RBS OB 4 7 1
— 7RIV I I E % B [25].

(3) WRDZOXFx v 2 DIAFINFTEDL S % dDHH L5 ? 0 | GIERE TN ORERE DI 2 &

7u—7 O L OERE TihiZz v LHHOBRILA, SEES v BB ONEHEN DM, —TEEu & T,
T, L MVICHET A LX)y N BR2EL LD 5.

W E TRAOBRL R &~ v B M OBIRIE, BRI Ri=exp (kM) LR SINET VLY £=08, 1.2, 1.7,
1.75, 2.7 OFRICEALT % [24] . OB, HTHOCHRDIBEECTHBEBERL Y ICL->TEDS [19]. 4+ ViRESREVY;
B Ti/T A X BEALDSK E W [17], [24] .

(4) HitE, WD 70— THHENDLY R 2 &) FFMli T~ E 2> ?

MR R TR B D, Mtk 2 2B T HLENDH LY. WHODHLLEMELETHL D, nIIF L ERD
W T2 H % BET B LENH 5.

(5) Yo TO=TFHEED T > I 2T - TO—=TE L THHT BEIHICEE T RNEFIHIISH 55 ?

YN TO=TTL 7O —-TUWEDORDEZELIZE I NRITR S RWES).,

) 7a—=7 " Kie, D;2ZE L THERNOBEHEZ D 5.

2) FEEEBEBOMEME | EHICETFRMERIEONLZITORE EHLE

3) BRWKT I A=, T75A /AR (7) HIZHED.

4) Fu—T7OREDFHY: - MEL, A%y ¥R X B L. Quick injection ¥ % B H.

5) 7u—T7KEDNEET, “KET, ¥ E—20METIIHFITERDPLEE R L.

(6) 25 mm WEDH 7 X ENTOREMEIZ DT, RBED ST ? B, BB U CIREEE, 17272
T — 7wl L T35, WIHDEREDF 3 mm B, HEI/NSEBRPNZHETS 14 > BFIERMEIZK X
LT NG A H ) HEREIZAGIHETL v, Mg BEK 77X~ 70— THEsE L TE T —TDE L 5
INEIEE NG S EIC R BDH?

W\t LI, AKFERE O 70— 7 ORI g, i BB E R TIIINEIRE, BEREICI Y EILZD
FEEWIZ i DOHARE Y (HL, HMR) [26] . BT i 3RS OBEL ZT 205, i) 3R RIE & I
% ({HL, FHEH) [27].

FNH D % %4 O _EFLO Fluid model [23] B X UF kinetic model [24] TIZREH; & MNATEATTH B Z & AURE E 7295,
PF U BGITEIT S TIEE S v, 22T, B L COEREEE TV, B LA TRETVE
HAWTHEE PR 70— 712k A< v NBOPEd: 2% L7z (28] . ERWFEE M) v 7u—7CllESh7z b A
< 27 JFT-2M DN D87 — 7 [29] EXFIBT A REREZRLTWAS.

(7) ~on - Ta=TICHET, B Gf ~F20%k) TIXVHETOTIT—=TIZOWT, @D 7o — 7 dE
ARG D2 ?

B PEYIE VAT L v D 2> ?

W TIIER, HE7e =70y —20RIIHHBICEAR, Hhrd s LBk, HEORBZTHES X Ok 7%
EREDLLOTELIIERNMRICEDLZEA ). WHLERNPEWIIAELZ L TE, V- ADOEAI—J@HML L5725
Y. BESARETIREIZA 4 ¥ Y= APBREN TV L EBMFILTHRE SNDA, 2R, M 70— 7 Tlas<e
W, 7a—T7EEIZE o Ty —ADOEIERT LD TEROEIHT T v F OEFPSEMRIES L1ZFE 2 SR,
D7z, Mcary MERT O — T TERZ SN O — 7O/ R B IR E LRI IZEEM RS .
T =TT D;>>1 PR ENDEGEITE, Y- RARBEL R 720WmBREZ RO TR Fl L D HHRICRZ A
bbb, TAIPERR7 7597 =y TEHOLBHIIZZZICH 5.

AHHNICES U CHBE TN & RUZ 2 ?

TS AEBIIBI B85 A—FEE (FUT7 M) &, a TARRE, EHOLE, b AJi/ST—0%H, c FREHR

B, W AMMBED S, d AR O, e BHELBEREM, FTRIZEINTVE., TIARDFELEDTT—T
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Flight-type-probe for Measuring the High Density and High

Temperature Plasmas

K. UEHARA*, Y. SADAMOTO**, H. AMEMIYA*** K. OYAMA**** 'Y, NAGASHIMA *****

Abstract: The flight-type-probe (FTP) for measuring the high density and high temperature plasmas is
proposed. The FTP is designed as a compact magnetic and/or an electrostatic probe, which travels with a
fast speed through the core plasma, in order to measure the core plasma parameters simultaneously. The
obtained information signals are transmitted by the rf signal from the core plasma side towards the observer
during the flight and/or stored in the compact CPU elements buried in the FTP for the analysis after the
flight.

Key words: flight-type-probe (FTP), magnetic probe, electrostatic probe, fast speed, measuring core plasma,

rf signal, compact CPU

I. INTRODUCTION

An electrostatic probe is a simple and convenient diagnostic tool for measuring the plasma density and temperature with high
spatial and time resolutions. In low temperature plasmas, many kinds of electrostatic probes are widely used for measuring the
plasma to clarify the mechanism thereof. In the hot and dense fusion plasma, however, the application of the electrostatic probe is
limited to such a localized region as the scrape off layer (SOL), since the conventional probe would be destroyed in the core
plasma region due to the great heat damage and/or the electromagnetic force during the plasma disruption. For the measurement
of plasma parameters of high density and high temperature plasmas nowadays, indirect methods using electromagnetic waves,
charged particle beams and spectroscopic methods are available. However, the spatial resolutions of these active and passive
diagnostic methods are not good since it is so difficult to identify the original location generating signals. Furthermore, since these
signals may often contain complex physical quantities related to passive and active lights it is difficult to analyze and to identify
the precise plasma parameters.

In order to make the best use of the electrostatic probe having a high spatial and time resolution, we consider a flight-type-
probe (FTP), in which the probe circuit and memory elements are installed in a capsule to be thrown into the core hot plasma from
one side port with a fast speed.  This is intended to prevent the probe from melting due to the hot plasma. The measurement is
completed during the flight of the FTP and the data acquired are transmitted to observers outside observers by rf signals and/or are
saved in the memory elements of the FTP to be analyzed after reproduction [1].

As early as the 1970s the current profile, which is an indispensable quantity in tokamaks, could not be measured in large
tokamaks. In such a small tokamak as MINIMUK with the relatively low temperature and weak density plasma, however, the

current profile in the core plasma has been successfully measured with a high spatial and time resolution by the magnetic probe
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whereby the mechanism of MHD instability has been precisely clarified [2]. Later, the current profile in the large tokamak could
be measured by the spectroscopic method using the fast beam probe with the principle of Zeeman effect [3] and with the motional
Stark effect [4] and with the soft X ray emission [5].  However, the instrumentation of these diagnostics is large and the
performance is complicated.

If not only the magnetic probe but also the electrostatic probe can be inserted into the hot plasma, the capability of the
diagnostic tool must be enhanced to clarify various plasma parameters with a higher spatial and time resolution. Development of
the computer memories and the CPU capability has become remarkable recently. For example, the areas of the CPU and the
memory have become as small as a pin like elements, which has made it possible to manufacture moble telephones. The
development of memory content has greatly progressed in the last fifteen years. In 1990 only the 128 kB memory could be stored
on § inch (19.6 X 19.6 cm) floppy disks, however, nowadays the 512 MB memory can be stored at the size of 1.5 X 1.0 cm chips
in mobile phones. The performance of the FTP is imagined as an ultra-miniature mobile telephone being thrown into the hot
plasma. If the size of the probe including the data acquisition system is packed in such a small region, the probe technique can be
used for the measurement of the core plasma. It should be noted that before damage of the probe, the operation of FTP should be
finished quickly. This corresponds to technical extension from the Reciprocating Langmuir Probe (RLP) [6] and from the rocket-
borne electrostatic probes in space plasma [7]. In space plasmas, the Langmuir probe with the probe circuit and the amplifier is on
board the rocket and the information signals are received by observers on the ground [8], however, the weight and the data
acquisition system are too large and complicated to be used as the FTP.

In this paper, the hardware of the FTP is shown and the possibility of measuring plasma parameters using it in the core plasma

is discussed.

II. DESIGN OF FLIGHT-TYPE- PROBE

A. Performance of the FTP

The RLP cannot be used in the whole region of the core plasma since it would be so troublesome for the housing surrounding
the signal cables to be immersed in the core plasma. This would disturb the plasma and would suffer from much heat damage and
would melt the RLP substance itself. In the case of FTP, this fear is avoided since the FTP has no support structure. The
schematic performance of the FTP is shown in Fig. 1, where the FTP is injected with a fast speed from one side-port, crossing the
total region through the core plasma to reach another side-port with a shock absorber. The dimension of the FTP is made as small
as 1 cm and the probe pin for the electrode is about 1 mm in length. The probe circuit and the CPU system are installed in a so
reduced localized region that is buried in the insulating material like the boron nitride or the macor-H. Several types of the FTP
are prepared and the special launcher chamber room for the FTP is equipped, which is controlled in a high vacuum condition being
separated from the atmospheric room by the gate valve. When the FTP is used, both gate valves of A and B are opened and the
FTP is injected towards the core plasma. The process is remote controlled automatically.  During the flight of the FTP signals
from the core plasma, which are mainly a voltage drop due to the probe current from the core plasma, are received by the FTP and
are stored in the CPU memory and/or are immediately transmitted by the rf signal. The probe circuit must be triggered by the
remote signal. After the flight, both gate valves are closed and the FTP is taken out for the analysis.  Several kinds of
manufactured FTP’s manufactured are injected to observe the plasma parameters across the core plasma step by step using the
launching mechanism, which is either a pellet type injector [10] or a rail gun type [11]. It is necessary for the FTP not to rotate
against the magnetic field while measuring the ion temperature by the magnetic probe and by the differential double probe. The

rail gun has the merit of keeping a constant angle without any rotation after injection.
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Fig. 1 Schematic design of the performance of the flight type probe (FTP), where the scale of
plasma is assumed as that of ITER [9].

B. Structure of the FTP

Detail structures of the FTP are shown in Figs. 2 and Fig. 3. We consider two types of the FTP. One type is used to measure
the current profile as shown in Fig. 2, which is denoted by MPRF-1. The other type is denoted by EPCPU-1 as shown in Fig. 3
and is used to measure the electron temperature Te, the ion temperature Ti and the floating potential Vr.

In the MPRF-1, the magnetic probe and/or Hall element for x, y and z direction measures the poloidal magnetic field Bg (r),
which gives the current profile J(r) in the core plasma of tokamaks.  For the measurement of By (r) we use the conventional
magnetic probe technique with several turns coils and/or the Hall element. The voltage generated in the loop circuit of the
magnetic probe and/or the Hall element is picked up through a finite resistance. =~ The voltage signals of Ij, I and I3 are
superimposed on the carrier wave of the crystal oscillator and are transmitted toward the observer outside the chamber, where we
can acquire the data in real time. For the crystal oscillator, the voltage controlled is available due to the transmission of the
signal, which is named as the voltage controlled crystal oscillator (VCXO). The candidate of this is, for example, ECCM7 of the
Ecliptek corporation, the scale being 3.2 X 2.5 X 0.7 mm and the frequency of the carrier wave is 13.5 MHz. This element can
operate at the atmospheric pressure below 85 °C [12].

In the EPCPU-1, the triple probe and the differential double probe are installed with the probe circuit. ~ The triple probe is
used for measuring the electron temperature Te(r) and the floating potential V¢(r), which are obtained by applying a constant bias
voltage. For the measurement of Vi we follow the procedure of JFT-2M, in which we observe the higher voltage across the
detective resistance [13]. The differential double probe is used for measuring the ion temperature Ti(r). For the measurement of
T; we follow the differential double probe (DDP) technique in which we can measure T; by observing the ratio of the ion saturation
current between two probe pins [14]. The real data of T; using the DDP has been successfully obtained in JFT-2M [15].  If we
expect to measure the higher ion temperatures, a high voltage may be preliminarily charged in a condenser of the probe circuit
before the flight since scale large batteries cannot installed in the FTP.  The information signals are stored in a compact CPU
elements, which includes the voltage exchanger circuit, A/D transformer with small batteries having about 5 volts and the memory
elements. For detecting the initial state of measurement, an external trigger to the thyristor switch and/or the signal for leaving the
contact must be received by an antenna from outside the chamber as shown in Fig. 3. In the measurement of the DDP it is
necessary to use two insulating amplifiers to detect the voltage drop due to the fact that in the A/D transformer the voltage is

measured against the common standard level. These elements have recently been highly integrated to a small region with a high
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spatial resolutions [16]. For example, since the measuring points are 100 and a sampling time of 0.01 sec of the signal is necessary
for the measurement of the spatial profile, then the necessary memories are estimated to be 1 kB per 1 channel. In the MPRF-1, 3
channels and 8 channel signals in the EPCPU-1, then the total memory may be lower than 10 kB, which could be fully installed in
the reduced size FTP volume of about S= 2000 mm?® (12.6 X 12.6 X 12.6 mm) [17]~[18]. The proposed CPU is
MSP430F149 of Texas Instruments, which is 9 mm X 9 mm size and can operate with a voltage of 1.83 ~ 3.6 V including the A/D
and the CPU elements [19].

13.2~14.2 mm

<> 1 .
// I %W E% %?ma

magnetic probe or crystal
Hall elem.ent ) oscillator
(X,Y,Z direction) ECCM7

Fig.2 The magnetic probe and the rf signal transmission (MPRF-1) of the FTP.
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Fig. 3 The electrostatic probe installed in the CPU memory (EPCPU-1) of the FTP which
contains the triple probe, the differential double probe and the CPU memory.

C. Method to draw out the data

How can we best draw out the data when the measurement of the FTP is performed ? Some kinds of advanced data
acquisition are necessary in the FTP. In the case of the MPRF-1, since the data are transmitted during the flight and the
measurement is made in real time, the some kinds of the receiving instruments including software to convert the real profile are
necessary. The procedure is controlled by the acquisition system at the observer.

In the case of EPCU-1, since the data are analyzed after recovery, one of the possible methods of drawing out the data is
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sending the data by the infrared rays inserting a small LD in the circuits, which is almost same as the remote control switch in a

television.

D. Estimation of heat load
The FTP must travel through the core plasma quickly before being melted. ~We can estimate the temperature rise T of the

FTP using the following equation of thermal conduction :

T 2
—-=—V'T, M
ot cp

where p is the density , ¢ is the specific heat, and A is the thermal conductivity. We consider the FTP as a spherical object with
radius 1o with a uniform temperature of 0°C. When the surface temperature of the object is suddenly brought to T, the time and
space distribution of the temperature in the object is obtained as
25 ~ (-1 A ST, . sar
T=T{l- —Ozuexp[—(—)(—)zt]sm i) 2
r cp a

N

s=1

1“2, where the distance

from eq.(1), where s is integer. The temperature rise in the object is limited by the width of rc=27/[ At/(cp)
is estimated from the surface. We consider the temperature distribution of the object from eq. (2); then, the surface temperature of

the FTP becomes

dT, q-w

al, _ 9= W 3)
dt  4.18+(zAcp)t

from the energy conservation law, where q is the heat power density flowing into the object and W= gT* is the black-body-
radiation loss of the object, where o is the Stefan-Boltzmann constant. The value of q is expressed as q =) Telis, where T is the
electron temperature, Jis is the ion saturation current density, and » is the heat transmission rate which is given by

2.5T, 2 m T

. 1
== 2 0S5 el ——— )
y= Sty OS]

e

i

where, me is the electron mass, mj is the ion mass, Tj is the ion temperature and Je is the secondary electron emission rate [20].
The value of W is expressed as W= g'T*, where ¢ is Stefan-Boltzman constant as 5.672 X 10> Wem™?K™. The equation of (1)
is solved by the numerical integral using the fifth order Lunge-Kutta method. We assume that Jjs is presented by the ion saturation
current Ji=0.61envii, where e is the electronic charge , n is the plasma density and v is the ion thermal velocity. Furthermore,
we assume the density and temperature profiles such as ; n=nco(1-(t/a)%)?, Te=Teo(1-(t/2)%)* and Ti=Tio(1-(r/a)%)%, where a is the
radius of plasma. We consider the ITER scale tokamak as the typical plasma parameter of the core plasma, such as neo=1 % 104
cm'3, Teo= 10 keV, Tio= 10 keV, a =200 cm, and the mass number A=2 (deuterium).

Equation (3) is numerically solved with the fifth-order Lunge-Kutta method. We denote the coordinates as follows: x is
major radius direction and y is the displacement from the equatorial plane. The FTP travels at the velocity vo in the x direction,
apart from y from the equatorial plane; at which point t becomes (x+a)/vo. When the FTP travels at the velocity of vo below 10
km/s, which is the maximum velocity of flying objects shut by the rail gun, the estimated temperature of Ty is given in Figs. 5 (a)
and (b) for the tungsten electrode at y/a = - 0.7 and for the macor-H insulator at y/a = - 0.8. It is seen that the surface of the FTP
melts when the FTP travels near y = 0 and v is so small. However, the FTP would not melt at vo = 8 km/sec and y/a = - 0.8 at the
final stage of the flight (x/a = 1), since the melting points of tungsten and macor-H is 3683 K and 2173 K, respectively. It would
be possible to measure the plasma parameters in this situation, since we consider the measurement with the FTP in the region of the
internal transport barrier [21]. For various y/a values corresponding to the barrier region, To as a function of x/a is shown in Figs. 6

(a) and (b). It is seen that the surface of the FTP would not be melted when the FTP travels at y/a < - 0.66 for tungsten and y/a < -
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0.76 for macor-H with vo= 8 km/ at the final stage of the flight (x/a =1). We define Tom as the maximum surface temperature of
the FTP when the FTP travels from x = -a to x = a. The calculated Tom are shown in Figs. 7 (a) and (b) for various values of vo
and y/a. Itis seen that the maximum surface temperature of the FTP would not reach melting point when the FTP travels at y/a < -
0.68 for tungsten and y/a < -0.78 for macor-H with vo > 4 km/s.

When the thickness of tungsten and macor-H is larger than rc, the temperature rise in the inner box of the FTP having the
crystal oscillator and the CPU elements is smaller than 0.1 K. For example, when vo = 10 km/s, rc = 2.1 mm for tungsten and r. =

0.8 mm for macor-H at t = 2a/vo. Thus, the crystal oscillator and the CPU elements can keep the operation stable.
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Fig. 5 Calculated surface temperature increases of (a) the tungsten plate and (b) the macor-H plate as a function
of x/a for various flight velocities, where A = 2, neo =1 X 10", Teo = 10 keV, Tio = 10 keV, and §e = 0.2.
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Fig. 6 Calculated surface temperature increases of (a) the tungsten plate and (b) the macor-H plate as a function
of x/a for various y/a values, where the flight velocity is 8 km/s, A = 2, neo =1 X 104, Teo = 10 keV, Tio = 10
keV, and 8¢ =0.2.
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Fig. 7 Calculated maximum surface temperature increases of (a) the tungsten plate and (b) the macor-H plate as
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Fig. 4 Bird’s-eye view of the EPCPU-1 of the FTP.

III. OBSERVATION METHOD

Figure 4 shows the bird’s-eye view of the FTP. This is the case of the EPCPU-1, where the triple probe and the differential
double probe are buried in the low conductive insulator (macor H). All the electrodes made of high conductive material (tungsten)
are placed in the shadow region in considering of the sheath effect. If we observe the current J2, which is the current flowing anti-
direction of the magnetic field line, we can also estimate the flow velocity. The size of this probe must be as small as possible to
avoid the disturbance to the core plasma Three currents Iy, I2 and I3 in Fig. 2, which would be inductively excited in the loop coils
when the plasma current flows in tokamak, generate voltages across the detection resistance during the flight and excites the crystal
oscillator accompanying the rf signal, whose signal is simultaneously transmitted to the observer. The frequency of the oscillator is
proportional to the excited voltage.  The current of the MPRF-1 is superposed on the rf signal and we can estimate from this
current the magnetic field profiles in the r, 8 and z directions, these the values reflecting the poloidal magnetic field. When the
Hall element is used for the detection of the poloidal magnetic field, some kinds of battery must be equipped inside the FTP.

Denoting I, and I, for both currents in Fig. 4 we can evaluate T; as

r]u — ]/7
[a -1 b

ZBL )*
TleV]=9.57 x 107u

( ) 5)
where Z is charge state, B is magnetic field L, is the length of the differential double probe to the toroidal direction and A is the
atomic number. The voltage is either positively or negatively biased in stationary state. It should be noted that the probe

direction must be exactly in parallel to the magnetic field for the precise measurement of the ion temperature.

Using the value of T; and V¢ we refer to a more exact expression of the space potential as

k 1 m T
V=V+—T1 —=).|(——)(—— 6
=Vl nfexp( 2)"(2 f)(T,-+Te)L (6)

where the value of Tj is measured by the DDP while V¢ and Te are measured by the triple probe. Since the floating potential is

equal to the space potential for the emissive probe, if one more circuit including the emissive probe having the heating coil can be
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installed inside the EPCPU-1, we can measure the space potential directly. ~ From the value of Vi, the radial electric field in
plasma is evaluated by the relation of E; = - @ Vs/9r, which may be useful to study the H mode physics in the core plasma.

If the current J1- J2 is obtained, the information of nkTe and nkT; as well as the information of the flow can be obtained. Even
if Te and T; are not available to be measured due to the difficulty in voltage biasing, since the value of Jj(j=1.2) must be a function
of nkT. and nkT; we can estimate Te, Ti and n as well as the flow where J; and J2 are the currents parallel and anti-parallel currents
to the magnetic field as shown in Fig. 4, respectively.

If we can observe the density and the potential fluctuations by the EPCPU-1 of the FTP, the study of the plasma transport
must be advanced. In JFT-2M, where the transport has been investigated by using RPL [22], the use of FTP extends the

measurement area over the whole region including the hot core plasma.

IV. DISCUSSION AND CONCLUSIONS

When we first considered the first time the idea of the FTP about 20 years ago, when the current profile could not measured in
the large tokamak, then we designed the scale of the FTP is as large as a golf-ball which was too large to apply to be applied to the
tokamak. However, the development of the memory storage has recently been developed to a greater degree of density. The
scale of the memory density has been increased by 10* times in the last fifteen years. This development makes it possible to
realize such a mechanism as the FTP for the first time.

The flight mechanism is the rail gun type or the pellet injection. If an easier mechanism of the flight as well as the probe
circuits is developed the FTP will be easily manufactured and the application to the large machine must become more convenient.

The installment of the global positioning system (GPS) would assure the FTP exact location, since the objective of the FTP is
to know the exact profile of the plasma parameter exactly. However, it is not always necessary to equip the FTP with the GPS
system, in the FTP since if the FTP can catch at the opposite port successfully the time behavior of the current would reflect the
information of the position exactly.

Some kinds of condenser do not operate in some low pressure conditions, and when an over-voltage is applied to them the
electrolytic liquid included will flow out. Therefore, the area of the condenser may be placed in an isolated pressurized box.
Since some kinds of ferrite must be included in the component of the CPU, a small Hall current may be generated in the circuit
during the flight and the data would be damaged. It is necessary to remove such effects before manufacturing the FTP. If a
timing device is necessary, it is possible to install this with small coils and resistors.

In conclusion, we have proposed a flight-type-probe for the measurement of high density and high temperature plasma in the
core of fusion machines. If we can manufacture the compact FTP including the probe circuit and CPU memory with highly
integrated way for the FTPs to fly with a speed of more than several km/sec keeping the angle of the electrode constant to the
magnetic field, the FTP would survive in the hot plasma and yield the profiles of poloidal magnetic field, electron and ion
temperatures, floating potential and fluctuations satisfactorily with a high spatial resolution. The use of FTP in hot and dense

plasmas will open the frontier of the hot plasma confinement study.
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Influences of Plasma Flow Velocity Shear and Negative lons on Drift Waves
By

Ryuta IcHIkI, Kenichiro HAYASHI, Toshiro KANEKO, and Rikizo HATAKEYAMA *

Abstract: The collisionless electron drift wave instability in a plasma involving sheared magnetic-field-
aligned positive-ion flow and negative ion species has been experimentally investigated. We found that
negative ions tend to stabilize the instability, which is the opposite result to a number of earlier studies on
negative ion plasmas. The kinetic dispersion relation predicts that the current-driven shear-modified drift
wave is excited for the positive shear range, and that the D’ Angelo instability is brought about instead for the
negative shear range. However, the wave observed is the current-driven shear-modified drift wave through

both signs of the shear.

Key words: Flow velocity shear, Negative ion, Drift-wave instability, D’ Angelo instability
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High-Density, Helicon-Plasma Experiment at ISAS/JAXA

Takao TANIKAWA*, Shunjiro SHINOHARA **, Tkkoh FUNAKI ***,
]

and Keiichiro YAMAGIWA ****

Abstract: High-density, helicon-plasma experiment using a large-volume (73.8 cm in diameter and 486 cm
in axial length) helicon-plasma device at ISAS/JAXA is described. In certain applications, such as, plasma
processing and plasma thrusters, a large-diameter plasma with short length is desirable in order to reduce the
power requirement for plasma production. It is demonstrated using the ISAS/JAXA helicon-plasma device
that a reasonably good plasma production efficiency can be achieved even for the helicon-plasma with ~80
cm length. The Ar plasma density can exceed 10'2 cm™ with moderate rf input power of ~700 W (at 7 MHz).
Ongoing experiments to simulate space-plasma phenomena are also briefly described. In these experiments,

full device length is normally utilized.

Key words: Helicon-plasmas; Large-diameter plasmas; Space plasmas; rf produced plasmas; Space plasma

simulation experiments
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Production of Ultra Short Pulse High Power Microwave and
its Practical Application.
By
Tomoaki KURIHARA, Ritoku ANDO*

Abstract: A quasi-optical antenna system, called Vlasov antenna, is designed for launching the 5 GHz high
power microwave from circler waveguide to free space. Several designs of the antenna are carried out by
simple geometrical optics. It can be work but the efficiency can be improved by increasing the step-cut

length. Optimum design is investigated experimentally.

Key words: Gaussian beam, Mode conversion, TMoi1-mode, TEMyo-mode, Vlasov antenna, Quasi-optical

antenna, High power microwave, Intense electromagnetic wave, Ultra short pulse, Superradiance.

1. FAHZE

K1~ A4 7 adk (High Power Microwave : HPM ) (ZEH IS (CW) &7V AT (Pulse) &IZ/MT6N5. EH
SRR, HMEEH R, BIAVE ROk EoEFE,SEmB b ED SN TE 2 BAE, HExTY
v MRIGEL TS, CRIZHHZEM TOREROERICERNTH L. it,wx% WEET AR VDT T A<
ERTABICHEL TS, —HT/VARIROHIEFN T v FRIGELTWA., CWIZHERT, RABEEHIIIE3
Kl &R &V, FEFICHEEB TR 2B MENKREWZORLAE T TOMEITHEZIZETHSL. FLHEETFTT
FEAREOREIY TS EEMTHEIGEZ S [1]. SO EDHL—F— L HNTHEMKE RERICBWTRER
PHRTTL—2a vzl IENTELERLAIEL TS, FIZAR=ZAANDIGH TIRIMLEHEEH O 7 7L —
a v YR R D 5. IR AR TB Y, RERBL TIEZ1T-> TO L LEDN D 5.

RISV ADEFIIREBENIDPKELTAHILBTELILTHY, BEUMICKELERKES 2 EKTE 5.
TV ATREHENZ T IFR2ILHTE, BHOFEZHO L, ZOMEIIN#ETE2FHbHE. —H TV
AMEAE L iU, MEOBIMEDE L & 2D 5 [2] . BNV A (Ultra short pulse) (XL —%12flibh b~ A 7
oLy S KRENT, NVARSEFITE . BENRYA 2700 THE. 7OV AMEFGFICE BE OV A ZFIHT
52 LIk oT, BTENTRMNBTORESR, (mET28ERANTRELEEZWS L, AHICKIN ORI Z
B SEH LN TE S,

BEOELIARMEH TN L E . ENTLRE/ OVA-HPM OWIREH T W iTbhTuwiwv, 22 TIOMH
LTI D WART, BE OVADIREFEEEHRTECOVWTHERS, BICERESE2» SO (TMg £—F) 2 H
IR LT, PRI Y325 4 A — A (TEMy) ICEH L RICOWTEH L BRS.

*  Kanazawa University
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2. YA 7OR

2. 1> BERREE

FEBIIZ WAL SN2 R (5 GHz i) O~ A 7 u%EAL. FREY A X THEEINEDT,
N=oZBELHVZ &, f72, WERELR EPHBWEMICFICALZEdHs. BESVAZELITIE, BEE
FIRE  (Backward-Wave Oscillator : BWO) % Fi\ 72, BWO BRI 241, BIREE (Slow Wave Structure :
SWS) LIFIEN LML FD. TOSWSETFE— A LIRL, WREEZIY M3, SWS THIMR L 72 EREMIE
BWO Wz IZE§ RiICEHL T, LROEFEIMAZ20ICAY TR T 5. 2L THUSWS i), FiioME
BPEANEHTL A, BEEIL, BERLELZWHIBTY — 22 EIEE S5 -0 h Y 2 N2 5 R
bHhH. TOFEBRTIE, FIREIIIINED? 58 L1 T OGO 5T b

Absorber

q

1 BWO RIEEDHIFEHFOE/E (¥ IaL—-232)
Fig.1. Structure of BWO in simulation.

z

1-st Cross point 2-nd Cross point

<2.2> KEBMBRNEFE—L

HPM OFEREDOZANF—JRIZETE -2 TH Y, BEEZLRTLIH N F 7)) I2LoT, ¥E—AFTANF
— &RV, BEEEEEEIEA. HHRNICEZAVE —OEHEEIL 50 %L EOEIC R 5705, FEEITIE 10 %< 5
Wil 5. WITHIZLTSH HPM & [AREELEND LOREBEIOETFE—2APBLETH L. 20 L) ZETE—-AI1TI,
KGRI ET ¥ —2 (IREB) % L CTWwA. IREBIZT A )VF—HE1E keV ~$ MeV T, Eiftld 1 kA ZilB 2
LNRNIWVAE—LTHA. 7272L IREB DBFEENFEVIPZIZ, BFOZIANF—0H—EEPE/ALTLES. Z
DOREZE WL T NE LDICROBRF D 5. Thid, BTE—20HICH T ) BRI S HE-FERESELH

BIZT 5.

<2.3> @t

BNV %D EEIE, SVAROBFE -2 %2ffioT, BIRELSOVAEESES. 22T, BFE—20D
NNV ANEZERDHIZHIVERET LI EVHLH. T, 7VAMRIZL T, BIRIRRMIGRE 2D 5. K
TR A AT AT LATE S I EHNS. Ginzburg H I X o TH/ITRE SN (3] . BWIENERIEREGI S T,
YT (Superradiance) & AfFIF 6N TW5., BRFOEIETIE, ¥—27BHEEFOLE LT, RATCW®D 2
REDBREEIC B, ZOEBRTHVARIEEOM 212 I a2l —Ya v THOLNLEIA 7 OEOEERMANY MV ER
T, EFITHORIRE — 755 GHz [F I 6N Tw5,. ZosE, 4 7 uioRk kNIt IREB O K10 35
%THbH. YIab—Ya ZHOE, SHSIEIINETIZ, 5GHz THITIZ 300 MW OFRZBIMIL TW5 [4]. &
T Y= 23BN 45kA, TARIVF—550keV, EIJIE248GW TH 5. EBETIIHE12% P HELNTVLS.
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K2 BHHEDYIaL— 3. BWO T/NIAEEL T3 EBBARIEERIT.

Fig.2. Radiation frequency obtained by the simulation.

(2.4) HABORETOHEORT

5T, YA/ OROBME BRI DOPND L. WHIEE— YT ¥ FFEMNT, BIRZBESETVE, Sh
VT, MBEEEORS TEOE EMNELBREES L, HENCSL THERS 5. M3 ICRIASA
O FIE R, RENC A ORI T, MACHABIHRIC R S, T X 2B ™Mo € — KO
G AR SN

B3 7 ULRICOVEER
Fig.3 Damage on the surface of acrylic window.

3. E—FZHadH

3.1> TV I7>5F

<A 7 aETid, MHEERED» S HEHZEMISES T 58612, 79V 77 75 (Vlasov antenna) & XX 5 #ESG4E
TrYFFEMEHTS 5], bhAIZ, V¥4 OO VIITEE— FTRIRL, ¥ YA —LNOLERIZTSVIT ¥
FFVHCLENTWD [6]. TOMEE, K3 IRT. <4 27 IEOEREICH B FIERE 2 30 <10 2 BEBCIRIC
YL TAFy 7hy NERE] &, THRWHRKEE] 0200 3=uroBRKihs. 20775, @Exs
ML ERBIECY A 70 ER I VRSB ERTVEZ LS, BEEZED IV E, BHRBIZIVLTY
LEEZOND, T, FBEGHEZS/SIVAIZHMNTWSLEEZ LN,

$3.2) BRFICKBERE

KT, BEN—VOBMEEFITELL. ¥, A7y 7hy NEEEPSHMT L. HEEho~ L 7ok, &
DIEFET LKL LTHIEZ LT LD TES. [PEEEEOHTOX S 7 aEORFETIE, BEEREOEE (o & H
HZERToOWE (Lo, Tz, MAMOFENEE (1) 258 (D ZHAToRICASNTVS.
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[Lﬂj (2_} (%_J )
Ao A, a

BLARKMIBEE k=2r/1) 2T, BEFAOEEE kL= (Eumla) EBITIE, ERRE, kP =kl+k 2 e#HE
H3TZE3TES. ZORKE, TME-FETEE—FOMAHIIELD VD, Z2T, EumlEE—FORKnEmTkE
LEETHY, Ny VBT, OmFHOHTHAE. (n, m)=(0,1) E— FIZOWVWTIE, Eo1=240 THZOLNA.
BT, ZOXDPHE Lo DRT o TVBEEIZIE, <4 7 2ESROIERME (EiEfa) 25T 5.

o=sin" [k—L] =sin™ (M] 2
k, 2na

EC, MEETOIA 7 0EOE— FiE, SREICEERBTHCEAKRITE TV LMMNTLILbTES. L
72D oT, ki DIEEBOEFHIIHLET S, ZO20, BEEOMIIHNLTTIALEA FAOMETHRDIZEIEL
TV LERIREAEL L, M4 (@) OXITHI»HES TR 5.

HIERE 2 EEICYN T2, YA 270lidxa 2RoT200FMICBESNE. ChelER (A7 7h
v ) T ARE, HERTLZ¥HE, OSLOIMATERF L2, 220EF N CICIEA TR L 2> THTL
. W, AL TOZHEA 2 RBICIEATHTL 5. (22T, EEFoHL, HE SN EROMOW ) % &t
WET, Y208 EEICXZE2. T2, ZOMELEERFAICYH#ELS.)

WHEBEOBRIT (Wx) 1, @RTIREREOBE 2a ORI 5. 72720, K a OMEICHE SN 20,

W, =4acosa (3

THZ26N5., Zhpd, aBPKREL, POEEMAE a 2VNEWITE (2L adKREVIIE IS HLDT
HFERIR L % 2D%), Wx ZKREL LS.

—7J7, TMo1 &— FIZEREENT 20 RTERT L. 2008 RS2 WIS L2561, 2 B
360° HMICHS END. XT, LROXIICATy Fhy FEREFEORSTIEESTPITVEINE. 202012,
X4 (b) OLHIZ180 FEHMIC~Y A 7 aiEh st sh s, ElirSR20T, HEEREo LS x 9 &R
DI %, ZOROGIED S ONE FATICT 2 720 BT KEFEASH SN G, 2OWEG, BWHSEHEOENE
BIREOWIC B S E2DIXNARTH 225, Wr S ColE i) SERICROL I EHEKS.
ZLTC, WROME, 2F 0, BRI 20825, BRSO A S 0Bl (Wy) 2k 5. FEEmMIC
COMEH X)L Af, LB,

W, =4f, @

2Ty THy bOYYIE Lsc 1%, EHEEOWHEZ K L THETLIOICEST LD 1 2 RICRETS. 7
DX LPEBED EHYHEEEI O ENLEHMELZZESTLEIDT, ROSEMEH- SR ITFIER S 2.

2a< Ly tana < 2f, (5)
TMo1 E— K& TEq B— FIZEW LG22 ANZEZ D DT, b9 & TEu E— K& TMo E— FOREI M % 90

B L72bDTh L. 72T EALE, MERFRLETHL., LizBs THFIAZIA 70T, TME—F
ETEE— FTIE, LA 0° MRy EPHTE 2.
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Fig.4 Propagation of microwave at Vlasov antenna.

$3.3> HIRE— LK

ZZTORBER, ¥4 7 udEr BHZERIME LT, ZREFATERICHY T2 7Y A =2 (TEM00 E— F) (2
LT HIETHDH [7]. BHEOKELRD OSBRI TRD TS, BRA 1 1XRBETH, 2F), T4
WE—EEMN 1,2 =013 2% FE2 ARy A X (w) L), TAVTF—BEGHEITT 254 X (6) 126

-

.

2 2
I(x,y)= 25, exp[— 2x2 jexp[— 2y2j (6)
W @y Wy w,
2T, I(xy) 3ENEE, Pol3BM, oxtoy FENENOHADARy b A A THB. T/, xyldb—72
DNETHERZ S, ZORZHITHNT, E—FBNEE (o), wx, oyZMWETHILIZL>TP 2KDBHZ
EINTED.
IO
P = ~ Ty 7)

EC, BEF I ORES i, FEROBON L TIZFEHT, 2B E R LEZLND. LL,
Ta WS <A 7 B PIFWEIEL, BHTE T 5720MESMIEERICTIEZR, BAETRRL2IZO R >Tw5S
ERbNhD. 22T, EPWIC, T TIERAEFEILROTHAOMOKE &%, BIADEFOHELOAE T 0wk
INCH BT A ML X (o) IKEHELWEZZ LI LI (WA 2 — 2 DEOIRE).

W, ~2w,, , Wy,~2m, ®)
woAVHE WV E D E B E, JEDD A 0 peam IR E 2 5.

eam = Ao | 70O, 9)
G, MMELZT IV 77 v, EEERE 28 (a=30cm & 36cm) HELZ. &FEE1 oK
TWwb, A7y 7Hy bOYYIE L 1 4F8H (Le =55cm,85cm,95cm, 14dcm) Z#IRL7. ZheEhz 2 2Tl
¥4 71, O, M, NVEMERZEIZT L. BWEESE (fp,=60cm) BITRXTHALIDZM->TWE., 2070,
20y IEFTRCHLTH 5.

alwouldX 2 LR 3) ZMoTEHETEL. aWKEVIFL alINEL, wiEFKEL LD, 413, BEFE
WZZOIZEHFAEI ) v FRICHHEROEIVNS WA, Ty 720 HRE2 NS ICE-> TE—ARIEA
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HICKEL 5.

{4.1> Ec&

FBIRE OB,
ZECET LT 5.
<4.2> #HREHEAH

AR, 2471,

N&547M, VOwx FHHFEHZICIE77cm & 11 ecm TH 525, Z= 50
em DBETRE EPWIET 5. E—LA0FRDPHEA/IEVITE, BIPKREL LEZDT, 7Ty 7 Froililkzih 510
STUE—AFIZEFIIKREL LD, L72doT, M I TE— A2 BT FIEHRS TSI ald REVIZERWE
FHTEL, AOR 2wx & 20y IZKREVIEIERVWERDNS. LIA5T, BMADEFMITIE L 135 B) O%&M% 1
TeREEDLLBRVETHD. LrL, TITRE, HRATRIZEZTAL. wWIndRX 6) ofMziizdoT, %
LR EETIE, WEOHERRIZED S L.

£1 BELETSVITUOTFOREESEFRENZ IRy pYAX
Table 1. Sizes of Vlasov antennas and the calculated spot sizes.
Type I I I v
a 3.0cm 3.6 cm
a 49.8 degree 39.7 degree
Lmin — Lmax 5.08 cm — 10.1 cm 8.72cm — 14.5cm
Lsc 5.5cm 9.5 cm 8.5cm 14 cm
Z=0cm 7.7cm X 24 cm 11em X 24 cm

( 2wBxp X 2 wByB)

Z =50 cm 50.2 cm X 28.8 cm 36.4 cm X 28.8 cm
Z=75cm 74.8 cm X 33.9 cm 53.2cm X 33.9 cm
Z =100 cm 99.6 cm X 39.9 cm 70.3cm X 39.9 cm

4. FE1 (ZHATO~ A 7 ORHADER)

BEE10ecm OM#ER—CT VT FE2RELT, A4 7 0EIE L CERELZ S 250V E )1
BOER2 TEIRNF— DB GTICE— FEBRO L DIZENRET V7 2 RET .

BREP OO OB E M5IRT. MEICIZ N ANTFA T 7 2oz, 7OV ADLAHIEIZH 5 ns &b 5.
HhAMMIYIal—Ya T3 BESESNTEY, IFERE -F LTS, BEEET— N2ADRERT7 1V
= TR L, GMREED 1 GHZz FRETH 570, TNIEEHBETIE LW, 5 GHz LT TEMl ST, 4 GHz
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Time [ 20 ne/div ]

5 1REHIER

$ 3 i
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Fig.5. Detected power after passing the L.P.F.
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DT TS wizn, BIREEIE50 £ 05GHz TH 5. ikiHMliAt 498 GHz TH 572, 1FIF—HLTWw5b.

4.3 THEHIOHHF /NN -2

WE, BIOF—rT7rFFiCPuEbeIlZBr—VEEE, A 70zl ZER—VIiZHhk
—VOIEHRPSDMEI ZELND L HIEET L. WEICHVZZE R — Y IIF O 16.75 cm x 1245 cm, A7)
i 180 cm® TH 5. TNTZENT—LAEOMBRENET S, HREK 6 ITRT. WEiMsEs— > XY REz =
150 cm Tl L 7-.

Hix25° 28 —27128o. MBRIRICEELTWEELT, 2OV F 72575, KoEHIIEE 160 MW &
%%, HEBIZ5GHz TH B.

)
A =
@
i i
s
-

014w

e
8 (degree)
®6 Hitr—>b5DRHDAER,

Fig.6. Received power vs. radiation angle.

5. B2 (FS5VITLTHICLBEH)

(5.1> 75V 7757+ DERE

TIVITVTFFERIEDDL I, 4ME2RELL. EB2oRETCIIMAHON#ER—Y 7 FFI2, H
CLREEOMNHMF— 22 ) —2MhnEbRICEBE L. T0%RAZEBOMGANEE. 2 L TEBNE oM
BELT 9V 7T v FaE LR, 77V 77 7 3B ARSI LREICRS XD ICRET 5.
X KNI IR LKFEC R L. TIVTRH0OREI~A 70z To L5, BEA 7Y -tk ailles, &
WET % 2 HEO Lz Lo,

(5.2 HHER7U—2IZL 588

<A 7 U -2 EHROBHHOENEITU TS LN T 5. FOREITNT 2 BEOBHEIZH 30 kW / em® BET
HbH. 2T, £ 120cm, EE3cm OEEEZEEIZ 40 KLERT, 220 =V Z2EY B/ Sy — v 2B L 7-.

I, FA4TIHONDADIIDONT, HHEERAZ ) —VICX B/ $7 — Y llEZIT o 2. WEFBATE L7z
EBY, HBEEAZ ) - VRGN, HEEAZEZ 25 HMEOTEE B L 72, #EEA ) -V, ¥4 o1
W =2 ICREICR D LI ICRET L. MEBEA V-V e T S5V 77 VT FOH#E% 2=50 cm, 75cm, 100 cm {2
L CHOLE OS2 Bl L 72,

8%, £TZ=50cm THHE LK. K8a) ~ (d) XEFNFNEKIDIA T I ~NIZHIELTWAE. H) ICAT—
VERT., WxlZK@b) &0 bR DHBEV. T, BADEFEMIET IV TT7 v 7550 OBGHE L 1052
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Possible Earthquake Effect on Electron Temperature in the
Afternoon Overshoot at 600km

- Contribution of Space Plasma Chamber to the Accurate Measurement of Te -

K.-I. OvamMa*, Y. KAKINAMI **, H. KAMOGAWA*** T. KODAMA**** JY. Ly ******

Abstract: We are studying the effect of the 3 big earthquakes on the ionosphere by using electron
temperature (Te) and electron density (Ne) data which were obtained by HINOTORI satellite. The three big
earthquakes occurred in November, 1981, and in January 1982 in Philippine. Te of the afternoon overshoots
which appears around 15-17 local times in the low-mid latitude totally disappears or strongly depressed
about 5 days prior to the earthquake. This is explained by the excess deposit of photoelectron energy caused
by the enhanced Ne which occurs below 600km. The enhanced Ne is possibly generated by westward electric
field associated with earthquake. This study is only possible by using contamination free instrument, such as

a resonance rectification probe, which was invented and improved in Japan by using Space Plasma Chamber.

Introduction

HINOTORI was operational for 14 months with the circular orbit of 600km and inclination of 31 degrees since it was
launched on 24 January 1981.

Two unique plasma instruments, resonance rectification probe (Oyama, 1981) and impedance probe were onboard. The
former picks up the floating potential shifts_which appear as the result of sinusoidal wave at the floating potential of current -
voltage characteristic curves. The floating potential shifts are the function of electron temperature of ambient plasma. Impedance
probe which was originally developed by Oya (1890) detects the upper hybrid resonance, from which plasma frequency is
calculated. Both probes are not influenced its measurements by electrode contamination, which is the most serious problem
associated with DC Langmuir probe. The probes are light weight, and compact and require small amount of sampling bit rates,
especially the bit rate for the resonance rectification probe is far less than those required for DC Langmuir probe. Both these probes
have been installed in many sounding rockets and scientific satellites in Japan and their performances are well established.
Especially Resonance rectification probe has been flown in sounding rockets of many countries such as India, Brazil, Germany,

Canada, USA, and in satellites of Brazil and Korea.

Studies of Te behaviors

To study the effect of the earthquake on the ionosphere, we need to take 3 stages. We first need to grab general features of
Te/Ne such as on local time, season, solar flux, latitude and longitude (Su et al.1997, 1997, 1998) . We then tried to understand

the various features in more detail, such as Te in the plasma bubble (Oyama et al.,1988), effect of the electric field on the morning
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overshoot in the equatorial region (Oyama et al.,1999), Te behavior of equatorial ionization anomaly (Oyama et al,1999), annual
behavior of Ne/Te(Su et al.,1999), effect of neutral wind upon Te/Ne( Watanabe and Oyama ,1996) regarding tilted magnetic
meridian. After we understood features above, we have constructed Te/Ne model. The Te model was made by Marinov et al
(2000), and Ne model was made independently by first Isoda and recently by Kakinami (2006). . Model input parameters are local
time, season, solar flux, latitude, longitude, and month. Te behavior during geomagnetic disturbance has been studied by applying
models. We found that both Te/Ne models are quite reasonable. Especially Te model shows that 50 degrees K deviation at night
has geophysical meaning (Oyama et al., 2005). Finally the third step is to find the effect of the earthquake on the ionosphere by
using the models, that is, to try to find deviation of Te from the model value because Te is more sensitive than Ne variation. So far
we have studied three earthquakes; those are: EQ1 which occurred on 22 November 1981 with magnitude of 6.6, depth of 37 km,
and epicenter of 14.09E and 124.35 N, EQZ2. which occurred on 11 January,1982 with magnitude of 7.4, depth of 45 km ,and
epicenter of 13.75E and 124.36N, and EQ3 which occurred on 24 January ,1982 with magnitude of 6.6, depth of 37 km, and
epicenter of 14.09 E, 124.35 N .

We found that Te in the afternoon overshoot reduces prior to and after earthquake. Fig 1 shows one example of the satellite
orbit, which probably shows earthquake effect on 11 November.1981. To reach this present conclusion, we have checked magnetic
disturbance and solar radio flux, F10.7. We cannot find any reason to cause the reduction of Te except earthquake. The figure
shows Te (model and observation) and the deviation from the model Te in the top two panels, Ne (model and observation) and the
deviation from the model Ne in the third and forth panels, longitude and geographic latitude in the 5% and 6™ panels, and finally
local time in the bottom panel.

Te follows the model quite well except near afternoon overshoot. The Te model (black dots) illustrates that Te shows two Te
maxima; one in the early morning around 9 LT (morning overshoot) and the second in afternoon around 16 LT (afternoon
overshoot). Whilst the observation (blue dots) keeps constant value at the point where model Te should elevate and it merges to
the model later. Ne observed follows the model value or takes slightly higher values than the model. These features seem to start
about 5 days prior to the earthquake and recovers after 5 days. Figure 2, summarizes the deviation of Te from the model for the
earthquake EQZ.and EQ3. Deviation of Te from the model is plotted against 1-31 January (top panel), against longitude (middle
panel), and against latitude (bottom panel).

The figures show the followings.

1. Deviation of Te starts about 5 days prior to the earthquake and recovers to the original value after about 5 days.

Deviation of Te seems to start earlier and recovery is slower as the magnitude of the earthquake increases.

2. The deviation ranges from 40 degrees to the west and 40 degrees to the east.

3. In latitude wise the range of deviation extends from north to south with steep reduction in high latitude.
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Fig.1. One example of Te reduction in the afternoon overshoot on the 23 Nov.1981.

Upper panel; black and blue dots show model value and observation

Second panel; deviation of Te observed during one satellite orbit from model values. Note that the deviation of the Te at around

23.406 UT shows the maximum.

Third panels; Ne observed during one satellite orbit. Black dots shows model value, blues dots show Ne observation.

Fourth panel ; deviation of Ne observed from model values.
Fifth panel; Longitude(black) and latitude(blue) of the satellite
Bottom panel; Local time

The numbers at the bottom indicate UT. For example 23.4 means that 23 Hours 24 minutes in UT.



January 1982

st
5

|
Kp

-120 0

[ ]

i H ;
-800 — ’
[ )

[ ]

[ ]

-1200 N

0 10 20 30
-400

@ce o WMANoNE
o o MW

o gy

®e

8

o o ¥

o &n ot

o 0N

» ®

days

0-12LT

® 12
800 - 12-23LT

-1200

240 320 long
-400 —

-800 —

-1200

| | lat
30 40

Fig.2. Reduction of Te during January, 1982.

Top panel; Kp index and Dst value.

Middle; deviation of Te from model value versus date. Two arrows show the dates with maximum negative deviation of
Te from model value. Red and purple points are taken from morning overshoot which is located at 0-12 LT and from
afternoon overshoot located at 12-23 LT.

Bottom panel; deviation of Te from Te model versus longitude.

Bottom; deviation of Te from the model versus latitude.

47



48

Manila ionosonde data, and DE-2 data

Tonograms at Manila show that prior and after earthquake NmF2 does not show any remarkable change or shows small
increase in the afternoon and reduction in the evening. When ionograms at Taipei show very slight reduction of NmF2 in the
afternoon, Manila data shows the increase. Virtual height, h’F at Manila shows about 100km reduction, while no clear change of
h’F in Taipei is found. This height variation is a common feature of Eql, EQZ2, and EQ3. Preliminary analysis of DE 2 data which

were obtained on these periods seems to show the reduction of Te.

Concluding remarks:

Electron temperature probe which has been developed by using Space Plasma Chamber for pure science might be used for
application. We believe that only our electron temperature which is not influenced by electrode contamination can be used to detect
small deviation of Te. Based on our firm confidence above, we have studied three EQ events study. Both 3 events show common
features. Reduction of Te in the afternoon overshoot appears to show earthquake effect and the way of reduction of Te seems to be
different from that of other ionospheric disturbance such as magnetic storm. The mechanism of Te reduction which we have in
mind is as followings. There is a region where Ne is enhanced between h’F height and 600km height, which causes photoelectron
escaping from ionosphere. The photoelectrons lose their energies in the Ne enhanced region. This region might be able to be
produced by electric field. If we try to explain the reduction of h’F observed at Manila ionosonde station, the electric field should
be comparable to /or slightly less than dynamo electric field, which is usually of the magnitude of 1mV/m. Hinotori Te suggests
that the electric field which disturbs the ionosphere should be more than 5 days continuation prior to and after the occurrence of
earthquake. Further the data suggests that electric field should be westward. Although we still have no clear explanation on the
generation of electric field, several possibilities can be speculated. For example, internal gravity wave modifies the cloud
condition, which might increase the thunderstorm activities, and finally electric field is produced. If the result which we found is
attributed to the electric field which might be generated under the ground in association with earthquake, the ground based
observation should be paid attention to very small long time variations of magnetic/or horizontal electric filed.

On the contrary to the above statements which, we believe currently, is associated with earthquake, we have still possibility

that these are only coincidence. We are now studying other cases which are similar to these three cases.
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Study of ion trajectories near a dust particle in ion wind
By

Masako SHINDO*, Yoshiharu NAKAMURA and Osamu ISHTHARA *

Abstract: Ion trajectories around a spherical dust particle with negative charge in ion flow are investigated
analytically by solving velocity equations including a hydrodynamic term. When the dust charge is larger
than a critical value, ions turn back onto the dust surface in downstream region. The present model is used to

evaluate the cross sections for absorbed ions as functions of dust charge and ion flow velocity.

Key words: dust plasma, dust charge, ion trajectory, cross section, ion drag force
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VIVo DIERKRE K 7B &, @) %8S 5 A 4 V3B B2 5511 % Z 20 AU R U Ty 2 HIANTES LT
LE)bD0%L 4%,

WAL FRMICEET B A4 VIR FICEZ 2EBED? S, M TFICIE26LAF Y FF v 7)ID 5 5 collection
force IZDWTCEHMIIT A Z A TE L. x HFADOTNINHEOIER S X T LR B25,  FINOTNIL T ORS CTHET
&5.

F, = f” f mu,nv,a’” sin 0dOd p ®)
2T, on v r=a TIHBSNLMHEEM-D o T7zn, v EBRF IS NS A & VR Z WAL TLHEOA 4 >~ HEE

EHELETRLAELDTH A, HARBAENTY LD & FTHUE, 7 FIAO collection force (&1 53E T TDA F Y EE %R no
LLT

3
2emnyVy,(V +V,)a* 1+12—ig f0r2<3
2|10, 54|0, 0,
F, = C)
damnVy(V +V,)a* for [ 2] >3
0

ERDOND, WP FOBMPKREL D E FEAF VHEETHRTAETEMNTS. T = 2eV, no=10%m> D Ar
7T ARIHEAE LT Eg= 10Viem D ¥ — A BRI AR a = 10um DR F20SErn7z L35 &, 44 ViRHE Vi
HWRER SITE, ~10ON S5, BERICBEW (6] BI O [7) TRMEINA LD VP LKREREEREG.

5. WBRLIFH 2 ODEE

RLT- 254 F+ VIR -> T2 2 ARZEEE, MBLBIINIZRD L 2 L3 TE 2w, ROEBMEHICHES T2
LWL THMBEEELZ LN TEDL, VWWo=1,|0/0|=10D & &, Wk T-HEEMEZ d/a=5LFEELILEDL F
DOWLEZ X 3 I1TRT.
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3 Vo=10D58&IC|Q/Q| =10 DEBERFERFED 2 DOWRLFH A F 2 RIS
B>Td/a=5DEMEBVTIHALEZDS X > DEE.

2/ a=0lEPNTMRTITRINE N WA F DO—FRE 2/ a =5 \ZEIPNIMETISRINEN DA, 2 DOk T
WZIEA A Y OWNDITE A ELRWFIESIEE SN, WFOMK I3 726 A+ Y Ny FHIIET Y NT v AH4%
CaEHMEND., EBICEIAF Y FI v TNORLRLTENRL 7 -0 YR OH ) GO F RS E £ 5
7o, L DEMIZERSLETH L, ERWICERYLEHRERLTVWSEEZ LN,

6. £&O

WHREEEALEA T VIZOWTOREF BN LML I EICEY, HRY A X0LEL2FHORICHE L Mk 56
B4 F Y OMBEEED T EHFTE. R FEAIRKE TS (10/Q0] >3) 121, A 4 VI3h 1O T it T
PR MBE L 2 Loz, BELHRX L D SN -0E RSB 2 5 Ml 238500 5, Bk 12
ENDA K OHEMR, BLOWMRETICIE 264+ Y KTy 7o #EFH LE. 2 00K 7254 + Vi
Wio TRE SN/ L EDA F VEIL, BFEHFBERNZRMENICESTLIEILoTROLIENTE, [ F Vil
BEiE) & CRRFIRMEEHZmE S bRt R L.
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Proposal of MagSail Working Group
By

Ikkoh FuNaki *, Hiroshi YAMAKAWA** and MPS Research Group

Abstract: Magnetic sail (MagSail) is a next-generation deep space propulsion system. To propel a spacecraft
in the direction leaving the Sun, MagSail produces a large-scale magnetic field cavity to block the hypersonic
solar wind plasma flow. Since the thrust of MagSail is proportional to the blocking area, a large-scale
interaction between the artificial magnetic field and the solar wind is required to capture the energy of very
low density solar wind flow. From our theoretical and experimental research on the thrust production
mechanism of MagSail, it is scalable from 1 uN class pure MagSail (150-kg satellite that has 2-m-diameter
superconducting coil for the thrust production) to 1 N class magnetoplasma sail (1,000 to 4,000 kg weight
spacecraft that inflates the magnetic field produced by a 4-m-diameter superconducting coil by additional
plasma jet from the spacecraft). In order to demonstrate a small but world’s first MagSail in space, we are
going to start a two-year working group, in which 1) specific mission and spacecraft system will be designed;
and 2) key components such as new high-temperature superconducting coil, a cryogenic system, and a

navigation system are going to be developed for the first MagSail in space.

Key words: Magnetoplasma Sail, Magnetic Sail, Plasma Sail, MagSail, M2P2, Small Satellite

1. ZUBHIC

NERBRARE (1IR3 ] PR VIDNE [E2< 875 R INA I UiE, KEWREET
BONTENEZAHLTCHEDAINVF -2 FRET LD, WObWLIERME#ET Ty hO—DTHDY, ZThix, KEtodt
IANF—RBHN, TLTENEHEETAINVF L 2B TERT S T ANV F—EMEETDH 5 LIFR
T&%. =, KBZANVF -2 HEHELEL ANV T —~ZWRT L0, W (B4 V) #ETHS. 1 VLI,
Figl DX 912, K2 RE LS TRY L THRARE & - ##ETVv —F -k Ve, REHBICERT I/ 08
DK BIFBENKERT 7 X<k 2 THRAREZIN®E - HEET LRIV (78 )V) 3H 5. WHEIIHEAER
wLBEL LG EdE (Propellantless Space Propulsion) & LT 2 HiEH SN TWw54Y, ERLHEY (OKFEE
AT 57:00KE 58, 703, RELGWRBEELZHET27-00BREa (V) PLELEEINLI LS, FEB
AT Y (M QRAVAR

I LA VDO REZMH T, A VIHEEE BRIEEROBE 2 II05LER D 5. JTAXA ONOEES
&, V=7 —t A WVHOEBEGFEEIIHEDO KRG EMZHER L THELT), V-7 —EBIEA VEREL TS [1].

%  ISAS /JAXA
*3% Kyoto University
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V= —BHEAIVTIZ, KEH»D5 52 AU BN ARRPE CIREEN) 2 AR OMERFITM S 25, HIEEHEPETIX
A2V RBEHTL2DIHCE. —T, TRV 2y PEEEHEEICHCLZOTERL, 7S VR
B OYERIZH % D %%, Mini-Magnetospheric Plasma Propulsion (M2P2) T& 4 [2]. M2P2 Tl¥, Fig2 DX 912, F4H
BICHEBL 722 A VSO BRSBTS T I AV 2y PG EN D, ZOFHBEAY 077 X<, BHVOEZR
WD TH L VEMET T AW TH Y, BT T T A< HIHA (frozen-in) L GRIZNAUEEZFS. ZoME%:
FHLTHELZE S ETEATY YA VORKE Z IR T 2WAA v 7L —2 3 DT 474 7, Winglee {412
Lo TRESNTHHEZRV. L) DD, Winglee BIMNCHE L7- M2P2 13, KEERBM S 2 10FETHRET
Hol, BAGUROHES AT LSNP ETHA.

Washington KD 7V —7TiZ, EE10ecm DY L J 4 FIAL IV EBEE 3 cm O/MHANY 30 75 A< flAadbE
7z [M2P2 7u + ¥ 4 7| OFEEZE, 2000 E2 5L THY 3], M2P2 ORIFERMGERHICH 7. LaL, TOH%A
NR=—ZXTFAIOHEMROMTRELREFRAMB Y, 2003 4D Khazanov DX—73— T, Winglee D M2P2 it Dk
D AR S M7z, T @ Khazanov O i A356K & 7z 2003 4E LA, Washington K & NASA 2B 5 M2P2 OFFJEF%E
ANy 7LTCLE o7, HARENORFHEHE & JAXA OFIRENRIA T T A~ LA )V (MPS) /IMFFE %A L
THE % B 4G L 72 2003 4E 1%, Washington K/NASA 7 & O M2P2 WFZE 25w lif L 72 B 110 & 72 % [4].[5] .
MPS(MagnetgoPlasma Sail) D% #k1Z1x, Winglee DX A VDT A 74 TE2EE L DD, 77 AW L ) EMICIRZ
729 2T, LEMRBLEFEROBFE TR, LI BEVIADLA TV,

Artificial B-field-by
Spacegi t

Mirror

Figl KBIZNVX—%2FALLEAIHEE (@) V—F—&1 I, b) vTE&T1I) ©

FEIZERg ) OEAHRBHIABREICHETNTED
Bow Shock FEREICH LA ST TR

ZH (MPS) Z
ORBEED * W = N
- .

SeETEERY - \ .
/ FES (MPS) IsZTmEH

FEM (MPS) JSZAVMN @RUEELIFS

Fig2 BR7T7X7 &/ IOEE
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2. ¥TEAIN -BRTIXTESLIL (MPS) BIEDIRIK

NASA Marshall ® Khazanov 1%, Winglee D32 L 72148 (L) %% 4 10 km OB 2 FIH$ 5 M2P2 O F¥ 1 % JE
#LTWwW5 [7] . Khazanov I, Z® 10km A% —I)VOREARE & KGR E OTFH Tl ion T —~ =188 (rn) EREREL
DWABKEV (/L > 1) 728 ion kinetic effect * BT 2 UEAH ), Winglee 258FH L72 MHD (Jifk) EF VIR
WMTH5H, &L, M2P DG TR & A E#EY L o THIEE <, KERIIEAEZ T YHITTwL 2o,
HERELZW, LiE@wmLz.

Khazanov I3 A B R ZEAMTIIEL > 100 km & ERRBAESLE L FRLZZD, THEEALLDESH
PP COEMICEZ 5720, FTridF T, BABEKRESL<I100km (4 Y A7 =) OFRELANVEZTHHEN%
RN, AT VA= Vo< 7L VTN E D 2E2HRT5 2 &1 L7 [8],[91,[10] . Fig.3 12k, ALWART
FAXWHE DLW 74V (KaT -7 24 N) ofIEETFHEZRLTH L. M VESETIE, ion
kinetic effect |2 & o> THES A & KGR E DMHEAEHDETE 555, ZNTH L=20km TLON DA VAEHTE 3.
i, MEE 1000 kg FEEOERTHBEIEAEZIEE S 2121, BORENTHAH. "M 7V v FEIEY I 21—
TavRAT—IVETVERTIE, 29 LAHNREZEMNTIET, BET I AW F ¥ A7 — IV ORSE
PERENT, 7IAHNETE Y 7 ENDEETHR—AZ LN TV [9],[10],[11] . L < 100 km OfER £ A VI FEHT]
HThD, LVIOIKRLDOHHRTHY, F—BEEOBMK LS VighlE:, ToRE 774 MREET200HNTH 5.

10
E p———r
E '—_____,..-F"“
1 ’/
P4
= 0.1
© E
% b
@ 0.01
= E
‘c 0.001
D b
2 0.0001
'E Ff
10°
100 Lo o 0w b b
0 10 20 30 40 50

Radius of Magnetic Cavity (L), km

Fig3 Ea17 - vJt/ LOEATA

MPS OHENFFEIZOWTIE, LA L, FEERADINV—FNTHERDPHTENTWS. Winglee DFME (Hall-MHD ¥ 3
al—vay) BHELZDLDTH o725, A7 — VAN T 2RESIA T3 TH Y, HIFEZERFMLTLE -
2. ZORICERLCHi 2175722 25, [M2P2 70 b7 A4 7] L LTHBEEINZEEZ 10cm DY L/ 4 Faf
TRBRE—A Y IDPAELTEY, AELHENZELHI1CE, BEEI0mBO I VELETH S I EH%5Hh o7 [12].
HIHIE, WS ETFNVICE 5T MPS ICRERDLELRBRE— A Y FEWHLMII L) 2T, #EEROMRE 5, ik
Ji, BEXOHNEDL) 2 L3510, BERPSOT I ATEE /T A—% Bo= (B 7I XA<HOBE) /
(BEEE) = (0.5pu?) I BY2u0) Z/NEL (o< 10 DX HIT) WMBREZLIREL. KT A=, LirL, 7
FGAIWHEH L > THURADONL Z L 2HET 5. ThEBIT L7720, MPS AR TR~ T T I A~
RS LT, EAEEANTIAREEATIILI VI L5 0oT w5 [13]. 29 L2 FllZEM17 22T, Figd ®
MHD ¥ I 2 b—3va yHITiE, fo=102DEN—% 75 A<l —2Td, W% K& K (nflate) TETW
B, GiiE, WEFESIC TR % AED T & 2 UEMNT Y — V2 R - RS T, ¥a 7 - v/ VRS, ¥
RDT VA — VR T 7 AR A VOFM LI RIBT 2 FETH 5. T2, M BFERIL, HEH OB
F—=rEHAELTINSMNE OBMET 2 WIS 2 &3S, MRS Y7L —Ya VERD ANZZBR T 9 A<t
ANA~OYR % HEEC, BAEDERPTH 5.
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60000

\
iy

-20000

Bow shnc'i?:’" < 40000

a7 w7t f)L R T I AL N (7T X< B TRGEDER)

Figd Ea17 - X JTEMIEHRTIZATEAIVEAYDOFNE (MPS 575 X< Bo=0.01) [13]

3. Ea7 7T/ IVEIFE

a7 7 A 0V (BERm OBEEIANVEBBLHEREOOL 2% L KGR T A~0T#) TRAETRELR
HE, TNFETOHERYTFMUH2S S uN F—F—LIFFITNEV. L2L, #Hm 27 7 XA0RBEEIAL VDY AT A
ZRSL, KBE 7T X<k o THFEHHEETIBMA LA VEEBRIGERT A2 L%, ThITofks B2 54
JAODKRFELRE—HRTHDL., EoTHAIE, TOELT - 7L A VEHRTHO CORITEIET S E25H—H
BELTwh., ZLT, ZORDBERIE, WA Y7L —2a &) e TIORERIENZRAET S L ATHE
%, WR7I A<t A Ve, REMEHTRITEILTAILICARLEA). 22T, B1BEBOAETH WAL
AV (pure Magsail) {ZDWTERT. BAMIZIE, MUTIORT &) ITHA A WVIZUHZFHEBEAM ORI & #x e A v
DORATHEREREAM 2 17V, FRER T T X~ A VERICLE L 2 2 Bl oS 2 HigT.

1) BREA NV TEREHEEBHO ITHEEEIS NI AT LAERRET L. COVAT AL, BRI OEMELR
a4 NEZOMREIER, GHREPSMBEENS,. Table 1 1R LZMREAHFORBIREI A VY AT 4 TlE, Tl
fET 0.3 uN O &2 FHAET LHNTE S,

2) kb T A7 7 =B L (GTO) 1A S N5 BER 150 kg ~ 200 kg FEEE OB % 1% L CRFEBREZ1T9 .
Fig.5 O X 9 ICKB % 52T %~ HERE S o A 0 S8 BT S 2 BB 3 2 72012, MEBERE— % (AV
=500 m/s FERE) 12X 0 RKBEHNEH S AH 5 250 km X 20Re $LE ICHEAT 5 (HiERAESE O magnetopause 13K
Ml 10Re 2, bow shock (& 13Re F2E). Z DRI MERBELE OAMET 2 mHi b TOABE LA V%
EBh L, #EPLEDOZELY SREE LA VORI Z T 5.

3) WIRETIZT I A~ ABIAEEIC L ) KGR EE=% L, #HL oML IET 5.
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Spacecraft Bus
with Solar Paddles

Magnetopause

T

Magnetosphere

’/‘_\
)

MagSail
Demonstration
Satellite

—

2m¢ Superconduc
Coil

Plasma & Magnetic Field
Measurement Unit ~ @

Fig5 Ea7v 7t IEEREEDHRKEHE

LA VOB DORA bR BBEEI AL VIZOWTIE, Table 1 DX HIZ, 4 K FTEHT 2 REBEEL,
0K BEF CHHTAEEBEED 22012290 T, BED ML— FF 72T Tw5.

Table. 1 <71 I)VABEED 1 IVIEM OFFE

AR A A 1 i R SR
Coil Temperature 4K 20K
Coil diameter ¢2m $2m
Design magnetic field 1T 1T
Current 600 A 300 A
Turns 500 1000
Coil inductance 4H 4H
Power while starting-up 2kW 2kW
Battery requirement 200 Wh 200 Wh
LHe Capacity 307 -
Cryostat Size ¢0.2 X 6.2m -
Mass 30 kg 50 kg

RIEBIE L, BRMEEZRE CPNEDHARANY 7 DL BEHNPLELERY, ANV AT LAOFEGIHEN) T L
WEOERREICEAINS., SIS LT, BiBEETIE, BN EGHEIFfIH T sLE2TEBY, 14EDLE
DAL NVEAPTEIZEZTH ). X7 A VHBEEIA VODIE, BREPORELBHRELELZENTES
VAT A RIRERETT ALELNDH Y, T2, B Mk - EMC &Y, FHBEH O VR — 3 v MR R 2 S8 IR
*ETHUERD L.

4. X TEAINVT—X2 5510 —7

Tk, EEBT kM ICB I RSATHRELRE S KR E O8MR THE, By Iab—Ya v EER,S
WHELTE, L2LADS, 7 VoML NS DM OATHEICTFINT 22 LITALHETH S &
FEZT05, T, MERBAEIBETLZ L OMERICL > TEZOMREMNGR L SN, 22D, TOHERDIDHIZL
COBEHEIH LIFONTVEZENLIHLNTHA ). MOFHEMELS AT L LR LRD, BAEA NV -
KT TAIELANIE, FPHEHMTORMGET S EDBTRETH L. 20D, BN AT I A VI
EBHRETERTLOICBMRATIARCANT—F VTNV =T ORI ZREL TV 5,

COT—=F T V—=TTIE, BB 2EMT, D HRMICA TS RN LREPFA 2T ORETHL, BT
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5 XXX A NOPEERNTH 5 THNBEERRAO Y AT L 0OM%, 2) BatA NV A7 5 X<t VRIS E
VAT AOHEFEFEIES v ¥ a VRE, EHROICHBECHE R ED 5. DMIFHEORENE, IhE TMIREST
ML TE72 2 DDIMHAM * A —VETVICL B EFBEMEBIEY I 2 L — Y 3 YEIN 2R L THED 72,
ANRIERTHRIC & B 9EERE, 2 BERETTAT D . A5 1 BERIE, MUERRERIBLE L ToOMK LA VY AT A ORGE, 4 2 Btk
WBEEMZER L TOBRTIATEA NV AT LAORFETH 5. BRTITAREANBA L VAT Y i EBAFOMH
AT AN L TEMNTHLIEZ2RTIENTENL, MEICHEERZERTLTHL LT, KBEtE%0
EDEY—F—f V&L, BATIAT A NDPEBEOFHEEHMEE S AT L2OERE 2L MHEEDLH 5.
FHIEEDZOOFEMEH 2 HIE L2 T —F ¥ 7 7V — T OGN, 4L OEROBMPTIHEE BEHV L2,

3
%

E

REREBRET 2 H72> TN 2R OWIBR T T A4 VWIMFRED X V3= (BRI, HROWHREZ
K, WKORHIFRIC, SRKOKFILBIR, JAXA O/NITEZ - BEHMROWK) IR E#HwLEST. BR7
5 AL A VO, B EMBIS GEEZE (B) (N0.18360411) ), B XU, JAXA FHiRHAIFZ7EA ERHEmE 1Y BA
ST B DL R E Z T CTERML T 5.
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Plasma Production/Acceleration Using Compact Helicon Source
By
Kyoichiro Tok1 *, Takashi HAsHIMOTO*, Kenji MAKITA*, Yoshikazu TANAKA™,
Shunjiro SHINOHARA **, Tohru HADA**, Yasushi IKEDA **,

Takao TANIKAWA *** Tkkoh FUNAKI **** and K. P. SHAMRAT *****

Abstract: A compact helicon source was designed and dedicated to a high density Ar plasma production
followed by an electrode-less antenna acceleration. A helicon mode was successfully formed to produce 10'®
cm™ plasma at an RF power of 380 W with 1,000 gauss externally applied magnetic field. The repetitively
pulsed acceleration by a coil antenna was attempted and resulted in 1,500 m/s velocity increment by an

acceleration power of 100 W.

Key words: Helicon, High Density Plasma, Plasma Acceleration

1. (FUBIC

AN AV T T AL TR EERE (108 cm® b)) 075 A2 EHIERTELLEHIZ LT, hz
BEMED T I A<PE ) bIFEEMERORA T A FIGHT 2RAZH{OZ. ANY I VFEELTRROZDL DD
BECHFSEENTW B DT, [1] ST TRIINY aViEE2EE L Lo 77 A EELZHIEL2. 29 LABEEMRE 7
VFFRBTTIARRAERTAFERAVSE IO -V g VI AEBIBEICHED I NS 2 LML, BRIEED
EHFmbENL. LaL, MBIEE - BERd 2037 ) v Fe EORBEBTIT) OFETH 5720, IEEHRD
AL RET SN odz. HoT, TIAIOMELMEMRF 7~ 7 FMETIT) TEPEAREE L, TAPEK
WROERMEHETLH L. SHIIEICT T AV ERDFERIZOWTHE, IMEICO W TE T 2 B R %2 W5
5.

* Tokyo University of Agriculture and Technology
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2. RBREREBELTE

2.1. EREE
21.1. pAYaLE
N T VPRIENEE 25 em, AME34 cem, BEEB46ecm DL TFTa—H XS Ly 2 AHTFTAET, BEEF N
—DREZE (A 200) ICRHFITFENRTVE., —HOWMIAT Y LADHEIL R >TWT, POHIST VIV H X 2 MG
TELDDOHAR-IPRTONTVE., N I VEPFEINGEITOMIERKE LTHERINLGZ LI
h.

HZF 2 UN—ZEET70cm, £E120em TR—F Y =R FEMIEER Y 7 T3 X 10 2 torr BEIZHER SN 5B,
212, 7oT7FrBLUER

TIARERMOT 7 &% FIVE Pirrani Vacuum Gauge Applied Field Coi

(Boswell Type) %#%/H L7z, RF JHL %4 e
I AT = 4 DRI 500 W, JEER
10 ~ 100 MHz T& % %5, %BR T 13.56

Vacuum Flange
VGF-200 ¢ (SUS)

Plastic Joint PYrex Tube (256i.d. 34 $o.d. 46 cm max)
PS1-75 (Asahi Techno Glass Corp.)

MHZ, 2712 MHZ, 4068 MHz @I%fﬁ%?ﬁi Vacuum Flange
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JAREENI IR X 912, 1356 MHz & ZEARW & L TR, 3R TH SA%, m#EMICIIRD 79 A HAKPES T



64

EBI SR E % 2712 MHz % FICH WD Z L il o 7.
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32. AYaAVEHLESIH
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AT B EIRIEANY 2O BBERNEE L
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FGRAINONT —AREDNEL b EZ NS, /2, CORIETRED LALTEY, /1 rFHoflie i
HOMEANTIT—BH L TwDH T Ehs, BURTIIERMEL T ) LV IEHMEOHEHL TV ARvoTEEwrE B
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TEBHIED T 2% EOENDBLETH 5.
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Diverse Expansion of Electric Propulsion
By

Hitoshi KUNINAKA *

Abstract: Enormous research and development efforts have been devoted to the electric propulsion, which
aims higher exhaust velocity and higher specific impulse than the chemical propulsion. As the results the
microwave discharge ion engines made the Hayabusa spacecraft rendezvous with the asteroid. In the contrast
to high specific impulse, there is another policy to promote inert propellant, such as solid and powder,
without warming power and propellant charging procedure. They will contribute to thrusters on the sounding
probes ejected from a mother ship in deep space. This paper outlines R&D status on the microwave discharge

Hall thruster, the microwave discharge ion engines and the power thruster as up-dated topics in ISAS/JAXA.
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fALE RTU—2 TR F1tlb
JYy R JUy K JUyFR

DCT7—2Yxv b MPD7—2 Yz b UTER—VAT A Y TR Z i A
SAGAMI ¥ ') — X KOMABA ¥ —X OHNO ¥V —X YOSHINO( )YV — X

X1 REESTMHE

2. YA 7OBBERR—ILZATRZ

A=A T AZIZEEARRONMEFILZFEH, ZOEEHANHSEZ, MAMCHELZMZ T, 77 A<AK
B & ONNEZERAIATD . BEOEHHEBICB VTR WANAEMERETH 555, ZoO#HMI, 2R ERSO
I BAREBRIMESIN TS, SHENLEERIRENEZ RS 720, 77 A ERERE AT 2 oML 72 2 B
AR —NWAFZIPREINTVED, BEONETIIT I ATERICHDERBERVPH LN T/, s
DHHEPARABE L 7o TH A LWHERIIFE O T v, BRIEETELMTIE, R20XH 1277 AERICA
JUPMEEZEATLILICLD, ThERRLTHIZZED TS, UWIE, w74 M0 %3245 GHz v Af 7 0
WS ILBEHE N TRERZIEY PARESE, AT I A &R VRS 2 EBREIT> Tz, il HERIK
X\, U IBICHE L TERSEZ. KIC58GHz 7 A ba Y IZW Y B2 T, EBEONNULZK 72, X3
WCHFDOHKEREZRS., MEF Y A VORNFED T T A EEIA 2K 4128 5. FEBIKAE T % Skin
Depth [ZHIE L CREE TS A~ L ) EREBICMET S 2 22390 5. A—IVEENTI5A<FOLF DL
ANF—=GR/D, XA 7R TIAHY MMELICE 2 ERERSIIRT. ~4 7 0BEE2[NTsE, BRIV ¥—
SO A+ PN, AR AV F—RG I T 5 EAVR SNz, KIT5.8 GHz DIBHIC L ) HBEDS
INEEE N2 82D, HEHOEBEFNZEGLZ. XO—XEXRTY Y7 TEHEER, R FIRICTET 585
FHICRA 70BN — VAT Ay 2B L (N7, ZUr 2L K8IZ, ¥4 7 alEAICk
DHEN AR T 2 TR R E KT (1].
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3. YA U/ORKEBER(F>T2T>

KEDFZE RIS T HE I 2 0 L) B ERIRER ) Y 7 h AT F v 20 Vv oEE M 7 IS, EE
W ICE TR E G EZ AL, 1RXBETZHLADL720I2V L 4 KA VK ARG % M TGS IS % i
ZTW5, BHREFE» SR SNEBE TR, 79 AEHEMEOBMEIC L > THEBRHKSZEI T 0I5
GIANF -2, BHRICES $TICHERT GEEHR) MRl TA 4 ks, BSRZANVF -2 TS
BEFERL. BIHVHEBICES E TOMICHER 7L OHET 2MHFERE LT L7720, BhEmEHINS. B
| FEh S M7z B FFRBOM RICHEDS T, BRBERA 4 2y I VDA T AT REOTRFRRE A E S i Tn
% [2]. BEBEIKSF LT, 44 v BRBEMEICEHZRE L CREBEBO ANy ¥1) Y 7REEZFIEET, RELAE
BB PERNEMEFRT S, 2N DHEMEBICAV AL L A+ VINEBELEL 7Y v FEEEZET 2,
PRI V= FHe =7 O a LRI TwE, T L, A Z70lER/M A Yy Tul V)
— A%, KEE B2 < L, FEHMATEH R - FHR RS - T LA TR AV E IS5
I L EDTE [3]. RROIFBUIMER 7 7 A< B (M8 HLSM) XV, LTI A~ LIiRESRER OB~
RS ANRY 7 U ZIGRER VIO L ITERETH S, ECRIIA + VT, KARAZH W BGRE L,
MEEE 037 v T F RO A 7 a B AR A2 5 (4], BINEBRE OB 2 K9 (R, MERICEH S hiz
A7 BRIERT T AP REW L, KARAERISIEE S5 ECR #IRICEE L T, BFMNBICHS T4, ZOH
Wk~ A 7 u PR E A 2 u bu AEERA B LT, BRI s S, mEEEICH 2 BT,
xt& 7 B AR AREA RIS SN2 SIEBAENICHR SN T, I5—BEHLADICX VAEES 2R ET. 20
JE12 ECR FHIS % B8 U ChRASE L. Z ORFE T IIRES RN 0 Z2 R E /504 (AR L CIRET A VB X B Y
ZrEELT, BHF Ty 7o BB LTI AREEO—MRLIZHFS T 5. M 10 IZEF T AV F—5504i OB
ZRY. HRRERA 4 YR CTREFRECANVF— HFEEE) 2HE L TRED»SRAESELEF 2 BEBELIC
FOMELTIRETFZEVB LW KT S L, v A4 70BN A F Y ECTREBEICHET 2HET2H
FHLTWAOT, A8 THEEMED BRSNS [5].
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8 ERWER (£) &v/V7OKERAA>T>P 2 (R)
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4. BFHEE

BIEOBLHAESLHT 5 F 1 V3L LTENEETH 525, BIERE LT 5 72O B IIE 1 2 K8
EERA. FRRICZZ LML - BAELTLE ) 720, BRREO-OOBENZLEL TH. ZEHED X 5 ITH
WLPHWEWRAT A ERELL). 1H 1M, 1087217 100 W 2EE LT, ThUSMIER 1 W ORIRE 8
PTholZeh, WiFlZ I HY720 1k, BHIT6KI &40, HEEBNOBU»rOIIERZVMOREIZSH L. L1 b.
FER DA F— ME#ERI & LT, [HEHEE] 2807 5. BRI, WEHEEERTH D, HEILEEI TRECRAEE
HANIREEROFEHEIIL . SEZHWE S TYSEEEPEITE 5. BRMEER R KO RERIE [1EE)
Okl TH B, BEREZPNITRETE L AN A ADPEBHIANL, ThERRTE S, ZORREAKRRLKAMAKIKRD
TEBh AR Z V724 6, AR AKEEE £ RAKOMELZ IS L. EXIE—RL—HF—TY v ¥IZBTFS M —
DY F D X H 12, BEREEHERSLHIZHCT, AOTHKET 2 HANE T L= AV =% s 9. IdlRicig,
L—H—77Vb—Yary - -[WET7 7 L—" a3y BHEMNAE - HENE, S 5ITBKRIIEREEOWEZ VWL —
F—RETEKERTLEHRADEZELONS. 14 1 AHEEH] PPT (Powder Propellant Pulsed Plasma Thruster) D
&%, M151C3ME - B OETFVOEEY2/RT [6].

408\ R 9 R /_
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5. [FHEXR] 25 [RFEF@EXATL] AN

A OEBERA A YT 108 [RRRE] 2AABREANOT U F T2l 8L, HROFHE
R MR ASE DT EREME L RERE ST A4+ vV VU ERORICH o Ty T FTADOBETH S, [7] ThFE
TOFHEIIT v NIV W#EZ 52 5N UREHEERITLTBY, ZOEFHOMIARLRELFA L THLH,H
TATHRE] TATRE] LIMFEh5. K16 122 E THFEHFHAEI A S LUFEH 217 5 T & 7R FIHRHA AR
DB ERE)) L HEEAEBEOLEBERT. 1D LITOEICHELIEIFE 4 0HETEALTWS. (IR
TIEHEAHRE)] 4 Km/s ZEZ TWBA, ZOffidih B3TH Bifasr v b TBM72 D ICET 5. Sheiffi LT
BEHERR D REIC LA L, LFEREZFHT LY AT LA TEOWICIE50 %I ETELZ. —F, BRIEEZHET S
NI 5 S ClRIEEHEIIMED 13 %, BT 2P HEIH L RE 2 GO T 25 %A TW 5. FEHESHE S
WOEEWEE D 222 Ld, By POEXLAEDL T ICERTHIEEZEHTE 20T, 312 [FHMK] ofFsa
AHIS L v,
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FHBOBELE KBS SICHEADOH L. [IFRHRE] TIESKW /W) EE - BHRIC X )
ByIHAT 2 EB L7225, RETIRE SICRENEE K- 2FHBOI S LIFABEZ Tws., RENICEZ LN TER
HEte % KL T HIE & ) BB 2 FH BB EB SN S, SZORRICHIET 5720, [FReRE] THEIELZA F ¥
IV ul0 DEMEMALT, SOLLEMBREZHE>TWD. MEREHIBEI X v Y v ol - BhHo
gL, WHERSHOMGRE, M17I128IF5. w10 1HEES 350 W, #JI8 mN TH A5, ThE 900w, 27
NAZHEREIM L3872 420 &, w10 2ICI28 512 3 o E# S %2 B9 OA% 110 Hisp, U/NMEDICHRT S ul T
5.

w10 23477 8 mN 12T, FHWEE 500 kg DIFR S SEAR L FHBB L2 L 2Z 2 &b, w20 2 3L
LTHwZE, 1 M BROoFEBEPERLES. CoBRBETHNIE, BE kgdRM o— FEHERL, HIRMKIZH)E
KEBLIENTMHETH Y, IERREMKL FHI v a v ELTERHEZAELTVS. ZOHIMIE, HFLVFH Y
AT L O TEFHI% Y A7 4] Z2AKT 5. SR T TOFHERRIHEREME L IR E 2 HEHT 20120 L,
WHERD 2 VI FEHE L RTFHOAKEH ) . AR THEZE W CHE L Tw 2 iR oA % 59, #Ey
SE - WERTI - HEML - BEEEEEE R &L K OFTHBEMOERICL > THOTERATEL VAT ATHS. KEE
R 72 HICRELTFHICEET S0, w10 X0 S EEEH Y = v PESEAT S w10 Hisp SHIfES L. ¥
LRI K DR RKEELE T, FHTRKENEZMEL, A+ 2y V02 B8T5 [Biv—9—t 1]
WCTAREZM ) FHHE % D TV 5.
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FEFEIEL 72 p10 4 F > 2o ¥ ¥ /N UE R R SR T 2RF 8RS IR 72108 F L. BRIEEL LRIt
B, b a s v s VS O05ERTH S A%, B - B0 - HuEEE - BB E &L TR CUESIEE
HW5 [2E] ~oMAM ML Y F2H L. F/2, MUEREZ NIy 77 ) —(EB ST, BFBHNCHAHT S
Z=ZANHY, TNHIET 7DD T 7 F 2 —F e LTulA* Ty IV OfEEZ DTS, T RFHIE
HFICHMZ, BHE»S0MIhs~ 47070 —T7TiE, 74274927 PVvAIOFAPRRAD R WDT, ki
PHLTH .
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Microwave Discharge Ion Engines
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Characteristics of a Magnetized Inductively Coupled Plasma

in the Presence of a Double Layer

Sebastian PoPEscu *, Hiroharu Fuita**

Abstract: The properties of an inductively coupled plasma in uniform magnetic field, at moderate pressures,
were measured in the presence of a current-free double layer. The axial profiles of plasma parameters
(plasma potential, cold and hot electron temperature, plasma density, and the oscillation level of the time-

averaged plasma potential) allowed a better characterization of such a plasma.

Key words: Inductively coupled plasma, electric double layer, electrical probes

1. Introduction

Inductively coupled plasma (ICP) reactors represent today one of the main tools for semiconductor fabrication. This explains
the high interest in elucidating the complex physical phenomena and processes taking place in this type of devices. Recently, the
influence of current-free double layers (DL’s) on the properties of ICP’s has been reported, as well as the phenomenology
underlying their emergence [1].

The aim of this paper is to report on new experimental results obtained in a magnetized ICP in the presence of a DL at
moderate pressures (i.e. about 1 mTorr) with the help of electrical probes. Besides the plasma properties measured with help of the

probes, the present results allowed to establish the degree of quiescence of such an RF plasma.

2. Experimental device

The experiments were performed on the Saga University inductively coupled plasma device, illustrated in Fig. 1, using Ar as
working gas. A three turn helicoidal antenna A produces the plasma in a Pyrex tube T, the open end of which closes a stainless
steel cylindrical vessel, which is the main chamber of the device. To increase the plasma density and reduce the wall bombardment
the whole system was placed in a uniform and axial magnetic field B = B 7, where Z is the unit vector of the axial direction of the
device. The measured value of the magnetic induction was B =215 £ 5G.

The plasma properties were axially measured with an RF compensated, movable Langmuir probe (marked P in Fig. 1), facing
the plasma source (T in Fig. 1) at 2.0 mTorr. For measuring the axial profile of the time-averaged plasma potential, its oscillation
level, as well as the time series of the current collected by the probe at plasma potential, an emissive probe was used instead of the
cold one. The plasma potential measurements with the emissive probe were carried out employing the inflexion point method [2],
at 0.3 mTorr to have better emission at smaller heating currents. The RF input power was 200 W, with less than 0.5% reflection, at

the working frequency of 13.56 MHz.

*  “AlL L. Cuza” University, Department of Plasma Physics, Romania
%3 Saga University
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Fig. 1. Experimental set-up. A-helical antenna; T-glass tube; C-collector; P-plane Langmuir probe
(or emissive probe); RF - radio-frequency power supply; MC - matching circuit.

3. Experimental results

The axial profiles of the plasma potential displayed in Fig.2 show the presence of a DL inside the source chamber T of the
device. The negative layer of the DL is located at the axial position where the plasma potential Vi has a local minimum (i.e. the
bottom of the potential dip) and the positive layer at the downstream rim of the dip. Because the axial profiles of the plasma
potential in Figs. 2 (a) and (b) are taken at different pressures, the negative side of the DL is formed different axial positions.
Another characteristic that can be deduced from Fig. 2 is that the plasma electrons produced upstream are accelerated towards the
main chamber of the experimental device by an axial electric field, which decreases when the gas pressure increases. Moreover, if
in the source chamber the plasma potential is negative, going downstream its value becomes positive. The explanation of this
behavior is based on the fact that the source chamber is electrically floating, while the main chamber of the device is grounded. So,
after the plasma breakdown, the inner wall of the source chamber is charged negatively with respect to the ground due to electron
bombardment.

The analysis of the static / - V characteristics of the cold probe revealed that this Ar plasma has two electron populations. The
spatial profile of the hot electrons population (i.e. primary electrons accelerated in the skin depth) is shown in Fig. 3 (a). Even if
their temperature is decreasing more than three times when going downstream, the profile displays a pronounced maximum at the
negative side of the DL (i.e. where the probability of electron-neutral inelastic collision is maximum in the given conditions).
Removing from the I - V characteristics the contribution of the hot electron population, it becomes possible to find the real
temperature of the plasma (i.e. cold) electrons. Fig. 3 (b) shows that the kinetic temperature of the cold electron population

decreases slowly when going downstream.
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Fig. 2. Axial profile of the plasma potential: (a) measured with the cold probe at 2.0 mTorr, and (b) measured with
the hot probe at 0.3 mTorr, for two probe heating currents.
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Fig. 3. Axial profile of the kinetic temperature for: (a) hot electron population; (b) cold electron population. In (b) the
effective electron temperature is also represented.

Because plasma is magnetized, its density can only be found from the ion saturation current, which is not affected by the
presence of the moderate magnetic field. Because the plasma has two-electron populations, for using the Bohm current, an
effective electron temperature must be calculated. It can be seen from Fig. 3(b) that the effective electron temperature has the same
profile as the cold electron temperature, though having slightly higher values. Under these conditions, the ion concentration has the
profile displayed in Fig. 4. It increases when going downstream, as previously found [1], and has a small bump in the place where
the positive side of the DL is located. The increasing tendency of the ion concentration downstream shows that even there the ion
production rate is higher than the diffusion term, so that the name of “diffusion chamber” for the main chamber of the device is

inappropriate.

4. Oscillation level measurement of the plasma potential

Using the heated emissive probe and polarized at the local time-averaged plasma potential, as found above, its oscillation
level along the symmetry axis of the system, upstream and downstream, was also measured. Defining this level as the ratio of the
plasma potential oscillation amplitude to its time-averaged value, its axial dependence looks as in Fig. 5 (a), for both probe heating
currents. Excepting the region between the DL and the exit towards the main chamber (i.e. z = 0), where the time-averaged plasma
potential changes its sign, the oscillation level of the plasma potential is below 5 everywhere in the probing domain. Going

downstream the oscillation level decreases towards zero (at z = +10 cm its value is 0.7), which means that departing from the

10" . . . .

Y
o

-15 -10 -5 0 5 10
z (cm)

Fig. 4. Axial profile of the ion concentration.
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Fig. 5. (a) Axial dependence of the oscillation level of the plasma potential for both probe heating currents.
(b) Power spectrum of the plasma oscillation signal, recorded in z = — 4 cm, for I = 1.00 A.

source chamber the plasma becomes more quiescent. However, inside the source chamber, close to its centre, the oscillation level
increases to almost 5 for 1.00 A heating current. This proves that inside the source chamber the plasma is more turbulent than
downstream. This behavior is in good concordance with the results of previous experiments on the same set-up [2], which showed
that the electron kinetic temperature evaluation, from a cold probe characteristic, is less reliable upstream than downstream. In the
place where the DL is formed the oscillation level is small, due to the fact that the time-averaged plasma potential reaches a high
absolute value in the same location.

Analyzing the recorded signals corresponding to the time-averaged plasma potential, it was observed that downstream, the
power spectrum of the signal in the frequency interval [0; 1.25] GHz, displays peaks only for the driving RF frequency f; = 13.56
MH?z and its superior harmonics f2, f3, etc. Upstream, besides these frequencies, all the power spectra contain another peak, as can
be seen from Fig. 5(b), the frequency of which is f* = 0.61 MHz. For more clarity, in Fig. 5(b) the frequency range was set [0; 50]
MHz. This frequency, smaller than the ion plasma frequency about 5 times, corresponds to a new dynamic phenomenon taking

place inside the source chamber. However, for its identification further experimental work is needed.

5. Conclusions

The above experimental results prove that the presence of a current-free electric double layer in the plasma column modifies
its parameters: the plasma potential, the hot electron temperature, as well as the ion concentration display non-monotonous spatial
variations, with local extremes in the place where the double layer is located. Moreover, at the negative side of the double layer the
concentration of hot electrons strongly decreases, due to inelastic collisions with neutrals, fact emphasized by their negligible
contribution to the effective temperature there, although the temperature of the hot electrons reaches a local maximum in the same

place. The emissive probe measurements clearly show, once more, that downstream the plasma is more quiescent than upstream.
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