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Abstract

This is a report on the meeting on chaotic phenomena in plasma, held at NIFS
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Chaotic Oscillations Observed in Plasma

with Relatively High density Ion Beam
Y. Saitou, T. Honzawa

Dept. of Electr. and Electron. Eng., Utsunomiya Univ.

Abstract

A chaotic phenomenon is observed in an ion beam-plasma system,
consisting of a relativély tenuous plasma and a dense ion beam. Two
different states, called a “silent state” and a “chaotic state”, of the
system appear depending on the value of a dc voltage Vg, which
determines the beam energy. The correlation dimension is calculated
for the case of the chaotic state. The result shows that an attractor
for the chaotic state has a low degree of freedom and has a fractal

structure.
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Bifurcation Phenomena in an Electron Beam Plasma System

AAREET  HK B&% RS, SRR, UeBEE
N. Hayashi, M. Tanaka, S. Shinohara and Y. Kawai
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

I ELU®IC

BFE—L - FIATRIEBI B IN—F= 7 AOERIE, LR VKBS S5 Av32BnT
FIbRTEL. RETTIZAhORBOMEHRRITOVTE, BB DAEERE 1/2 1,
DR OEH [1] RREEEMD S I A A~DEE 2) REIHESNTVWE, LPLEFE—A -7
FAXTHROFTIEBHRICEAL TiZ I O LRI Tz wy,

AR TINVTI X< (DP) E/EHWTEFE—4 - 7SATHAEEL, BRINALR
TEMICET BHRLT->T w5, ThETERT 7S X BRERE CRR S NAARGER 8
RLIER, BEFY -4 - TIAIAREEMIC I VBRI NAREER E 2012 DFREHROK
PREINLHE, RUAKEREEZD1/3, 2/3DBEBROENHR NI BE S L L2,
WIBL7Z, AR TRETE -4 - 77 XARORBOMEBRREFBHAL, FHEEELH, 4
B85 X — & 25T 5. |

I RRREEURESZE

Fglm%ﬁﬁﬁmﬂ%%ﬁT.DR%E@E%HMm;E&mnmmxinZﬁggﬁﬁ
THb., COFHENEENIOX 107" Torr B FETHR LB, FLIUHARBEALTLS ~
2.0x 107 Torr DENTEREZTo 7. HEFJROMAFICEYFIIONTVAEY Y FRAFY T4 5
AV IPOHBENRLGBETIE, 7472V PERT VLA, FTORICEHIIS NS 30 ~ 00 VD
BREETIMES L, U FEEECLVEHL T A2 58T 5.

DP.&BEIZ, 70—« Y FBUIRINFROENRL -2 a7y FIZE) FS 48—
HRES =7y MARO 2 OO FTONTEY, FTSXTNTA— & —FMTICHET X
b, BRI T3 XTNTRA—5—it, BFREE100cm™3, BFEE0.6eVTHol:. ¥—4v b
TIXTLEL FIAN-TIXICQDBEV, 2T 2 &, 220075 X<ficRy vy
w@%ﬁitfF§4ﬂ—7517¢®%%ﬁ9—fvFT?K?KA%L,%%EuA-iﬁ
XIRDERENS.

TIAROFEERTREOREITIIERS ¥ I a7 70—T2Hv, BFOIRNE—54
BB DBIE BRI L AN T T F 74 -2 Hni. 75 XvhOEENTI RIS ~ 73 2
T7O0—-7TRIEL, ART MATHSAF-RUTFHEEERCCEHAIL. F-REE20E
BEne 7Y ONF v 0R 0 — T TR AKMEN 1T o 7. BIOEE S )L, FEE o phase
shifter |- & ) ZRES OB ST TTHERLTHIET A LIk hRD 1.

e



Nl ERGEERUEER

Ml BFE—L+ TIXITFLENR

BFVY—b - TI3ARRIBITBAREEFRDE— FiE, ETFE—2OIANF —FAITHAFL
TET 5. o TARLEERLE— FERALOIR, BFOIINY—5AHEE L ERIC
szt 2L ES DL, AERTEAVCHAMEEW 2220 ANVF T+ 74—V
FPLNL—Tary )y FOFAEBEVAIANY =T 54 F—TEFOLANF -3
BAESHIL 7z, =L —3 a3y )y FhbFz v N—-BOHaIEL AFEF Y — ARSRETF
St E TR EEESY, Fo v NA-BTETHRET L. RICUHETEbbF = VB
BEAVIZINE—-TFS5 A F— 2 HOTHEEZTo4ET A, Fx o N-BEPLEN - —
ary )y FOEMCELETE - APHFETHIEEFBONL. COBFE-LEZZA/NE
(DI ORTRETHI EhG, AFEBFY-A0F 2 yN—BE TR L TELZKHE
%E—A?b%t%i%h%.ﬁoT::ﬁ%ﬁLtﬁ%E~A.7iiv%ﬁm,Ewmﬁﬁ
M- EF YV — ADEEEL TV A,

BRIV -LE 7S A LOMBEERICLD, BTE—L - TIARAREMFERES NS, ¥
HHIC L BETE— A - 75 XY ROBEBOFHIERIRATELONS,

2 2
W, Wpb__ _, )
w? — k2%, (w— ku)®

T, wpe (= (Amnee?/me)'? ) B wop ( = (drmpe?/mo) /2 ) @V BFRUEFE—LD
IS5 ATEBERTHD. i ZBTE— AOFE, vt/ V7 BEFOBFEETHY, n, npld/ WV
IBIRUVE—LABFOFETHL, I, BEFE—L  7IAIAELERICI o TRIEE NS
FABEEORLER OB w it (1) R DAKXTEZORA.

1 y

1 )
Wr & Wpe — gwpe(a)a (2)

DPEBHTHRINZAGEREBEET 272010, ARZ MVTFIALF—2BWTHIE?
Fot:. EBREEPRAE Tl 2B b 84 CTHlE LB BEBA~Y PV E Fig2 1IIRT.
ZOE BT ST AR, i3# 160MHz, BFE —ADN2 75 X0t BHELIZH
0.005 T 5. Fig.2 A bIA 45MHz (T EDORA Y — 7 DIEOBEREE, 75 XATORELE
ST L3R % Fig310RT. E83 QR TRINLIERMETH S, BERY -7 DK
OEERIR T AT OEEO LARVETE—ADIANF -V, EEBITKEL RS, ZOR
ERELDER L EFE— b - 79 XL RiEEE o & i EMm - sl L
D, KIS, ARY VT FIA4F—%HVTFig2 OFKE -7 O OB =ML 2
AE L7 VARSI TERIL =% Figd RY. COEEL OEREFELTWA TEHF
Ghd. SOEBOREATPREEDOEED1 2 T5E, THEEEDER L BRKEL ORILE
FU—-LDOFEILI L —FTE. o T I THRUMSAAITEERRIELETHY), ETE—4H -
T AT REERICL o TR EhbEEZ NS,

— B —



B SN L EBHOTHEBRLTR<L1:01C, 75X F A VR {EF S TCFHELT A
THIEETo 7=, FORR, EBREEFRMALIC L, (~ 160MHz) X ) {EWEER OB X
RTWB I EHSh ok, FHEEL 155N EOFBIMES Figs IoRT. BRI ()R TE
SNBEFYE—A - 73 ATROBRBHETH L. EHOTHERIHEAESEOY —AE— FD
T3/ FERIZBLTWAEILEEGD S

PMmmma%%wf$w&%%ﬂmLﬁ%@ﬁ%ﬁm%ﬁ«fﬁ% v —aryyyF
PoFx T N—BOFAEETHE— L T— FAEEL, RBFCEFNREMAEMIEHTLIE—
LE— FOFLET L LGP0 [3]. T ICHEBDSEHEIIZET 285 D101,
5—5y } T TXIDAR=ART ¥ ¥ vV OBHEALEREIL 7. Fig6 & ) F = ¥ N —Ref
BIRT Py VTRECBRTT2HIVFLET HIENGND. T THNRL—Va v )y
FhbF N —BEORMNAGET A — AT — FHERS LT, HHICEET 2 AL L
HBEEZOND. BALRETEC 20X ERENDIR T » Iy Ve stE L, [kt
RAHEBTVA[M.

DLEDRR LY, ERB\EBRDIA ISR S NREREERIE, EWIGERFEIC{EETLE— 4
F—FPELNEGI LRI TELLERRTHLEFZONS,

i SRS

BFE—4 - 75AYREBVT, TEEEBEFOY TN—F= 7 AL Z LR AHENHE
SNLZENFRMSINL, BIFITRRZL S B FE—4 - 7T AREEMIC X AT
ERFBOPIASTIC BRSNS, BTE—4A - ISXTREEUNIEL B XS 24T T
BT 77 A BAEBEEOREEA R FVEBIE LR, (o) FEEROADEHE SN 5L
B, (b) I AEERE £ D 1/2 DREBOAEPEN TR SNDEE, R () AEERkE FD1/3,
2/3 DB OGEREN R S h AE Rl s hz. ARINZEERA~Y PV EFREFRE
7(a), (b), () IR Y. fd VT hOEELH200MHz TH D, Lo T T/RT 180MHz FAEDEA
BEFE—A - 79AYRLERCE VBRENLEAETHL I LML 5. FHEELIIEL
THHBMRZ AR, BRBEEETF -4 - 77 AYTREERIC LA —AE— FTH LD,
SEREOTBREMRILE — AT~ FOSHEUR L 3—B L 2w I 0D o 72,

CDHEHRDOTIENNT A —5iL, FIAN—TSFATDT 452 bhLRBENS 1 RETF
EMEST L ODHEERE VT, BFE—20EBICHFRTLETSHS. VpOEERHMELsZ
LI Y (2) DIREE (Vp =70V) 26 (b) DIREE (Vp =80V} ~, & HIZ(c) DIRE (Vp =120V)
ANETET L, SOOIV OEYINSE S L AR EEDOAD R ENLREIIRYD, B
B4 BB OEIBHE S R AKEAE BT S, LALIDEIICVpEARE (B ESETLH
BBEARY P A XL RV OLRER Gz o iz,

¥/, TU—F a4y TRF U VORBBRSORRAEILEELS:. Sy XIaTIu—F
TR LAEEE7V I VAL DA — 7 TR AL, HEAADKEL AV 707, 2
RICOMZERICEHER LR Z RS ISR, BN ¢ (r =2 x 107 %ec) REDWEN1/4



BEIGRATH S, 77— RiI320kByte THH, ZDH HD3000=% 73 b LA HB(a)ld
AISEUE (o DADEHE SN DI5E, R8(b) IAREW L FD1/2 DA EFEHIEHE S A GE
OHZEROEE Y. /A X I AMEOEEYPELTEY, BEBARS PVICALRS
X3 1/2 £%°1/3 £y, 2/3 OB EBIHET ZHEI3FE SHHIT E v,

1/3, 2/3 DRBBOFEREIFRSNZ PO WA AL OBEFEZ LNLOT, SR
il L= R50 0 S MERTRN 7T 7 718 E RO LA LETH L.

Kiz, ¥—4v b 75 XhIlEEIm DA v (50linefinch) % em TT2HRREL, —
FOA Yy 2BV DA T A ZEHMLAR R BB LT, A v ¥ 2 lCRhie s n o KR 8
L7z cR6DAy valiils»yyIaT7 7a—7% AL, 70—F 1Y TR7F Iy ViR
WL 70—54 Y7RF 22 VORRMEL, SENZRIERA~S PVRTHZEROPE
R T. FENEMANRY PV iId—EMEORBERTYE — 7 2RO R AT PV TH L.
HZER TR 2Ho 1 BOEEEIC) IS v P A IV ERDNLIERENH L L FTHSL.
DX RBRHA A LTI ATHEREE TR DL ZEPALRTWAY (5], BF 75X
RS THNEAZOENOTTHE, ORI AY P aBICELLY TV LAY =i
HESNWAEFOEDSEMEL TWATEEFEZ HORA.

v ¥R

1. BFE— 4 - 75 XIREEW L AARERDADEE S W BRENG, £01/2 DK
BOFHRBEHREENLHRE, & 5121/3, 2/3 OFEROSEFRPATHE S 12 KE~D
B HEH X h e

9. NG A—FIE FFAN—T5XTDEFEE, 2F ) ERFRICBIIHETE— LDFK
EThrLELILN, HEBEVpRPELSEAILICENFHITES.

BER
[l] T.Kasuya, M.Tanaka, A.Komori and Y.Kawai, J.Phys.Soc.Jpn. 59 3931 (1990).
[2] - R.W.Boswell, Plasma Phys. and Controlled Fusion 27, 405 (1985).

[3] N.Hayashi, M.Tanaka, S.Shinohara, and Y.Kawai, in Proc. International Conference on
Plasma Physics, (Brazil, 1994}, vol.3, p.33. '

[4] Y.Matsunaga and T.Kato, J.Phys.Soc.Jpn. 63, 4396 (1994).

[5] H.Fujita, S.Yagura, E.Yamada, Y.Kawai, and N.Sato, in Proc. Symp. Plasma Double Layers,
(Riso, 1982), R-472, p.209.

—10—



SEPARATION GRID CHAMBER WALL

+— — 120cm T| lb
F '
DRIVER . TARGET
e — " | |LANGMUIR PROBE
# 70 cm . T
ENERGY ANALYZER
EMISSIVE PROBE
v 3 Q i d LY

Fig.1 EERIEE (D.P.) ORI,

240
ﬁ.
— 180 i
N L ]
o
S P35
E P
Z 120 58
3 o
|#4]
=4
2 9
60 L
O Vb=40V
@ Vb=80V
0 60 120 180 240
fpe (MHz)

Fig.3 NEERDREBOTERIFH.

AMPLITUDE (arb.units)

£

AMPLITUDE (arb.units)

%

=100 mA

[r=80mA

IT=60mA

]T=4{lmA

[T = 20 mA
160 150 200
FREQUENCY (MHz)

Lh
[

Fig2 BF 77 A~ AEBAHEOR
EBA~RZ b,

It = 100mA

IT =80mA

IT =60mA

0 10 20 30 40 50
DISTANCE FROM SEPARATION GRID (cm)

- Fig.4 NERHOBIGDOEF RZEAL.



PLASMA POTENTIAL (V)

2.5

157}

05}

0 10 20 30 40 50
DISTANCE FROM SEPARATION GRID {cm)

Fig.5 A— ARF ¥ ¥ ¥ VOEAELL.

AMPLITUDE (arb.units)

AMPLITUDE ({arb.units)

(a) Vp=T0V
fo
0 50 100 150 200 250 300
FREQUENCY (MHz)
(c) Vp=120V
2/31,
1/3f,
0 50 100 150 200 250 300
FREQUENCY (MHz)

AMPLITUDE (arb.units)

0 1 2
ku /@,

Fig.6 ALEHE O EER. FRUIGUR
T i

(b) Vp=80V fo

1/2f

oy

250

100 150 200 300

FREQUENCY (MHz)

0 50

Fig.7 MEIB 2 B AT Pb. (a) B
R DA S WBIEE, (b) AR
T L RU1/2 (OENRRINLHE.
() NEEH B U 1/3 fo, 2/3 foeDBA
R ShL5GE.



(a) (b)
= -
z i
5 5
Vi(t) Vi(t)
Fig.8 HZERICBIT 288, (a) AEEN fHDAGHE & ﬂé#%"ﬁi (b) INEEWE fy
R 1/2 O HhSGhe S h B 4.
e i
5 o
*
0 0:2 0j4 0..6 0:8 1 E
t (M sec)
j_g Vi(t)
g
E Fig.8 70 —74 ¥ 7 X7 ¥ ¥ VOKH
o 2k, WBIRZ B AT VR UHZE
3 \WUL B 513 B WL,
0 500 000 - 1500

FREQUENCY (MHz)




EEFA 70 b OV S T - BRETON®

FEL IR, M BERE. R HTER. Y ). me AR
MK BET, ik BAEGE

1. LD
HENTOMRBROLBEBEO—2 L LT, BHICI2HBEE O TLEEIC0
BRHFPRTA AT 4 v 7 258U S5, BBOREFAECRLE, KTO
BHORA M HAT A T4 —RBRY, AMAXTF 4 7 BABHXROE R D
TEFRHLNTWAIL2, 3], ZOBE,L, BRETIATREREBDIIBVT,
ISP OWMBREFIETFY A 270 b0 VB L o TheVEBICKEMET 5
A2HELEBNICTASTVE, HEOEFL L LTI, 37 -HREATHAMNELD
FTARTFIAMRE L - EREC L 2B 2N -RE2EI TV,

2. ERRIEE L EBREAH :

EEREE B OHRS & RIS R 2 BT T . EA#52.0X10 orr IR 1
Twa, lff13~2lcn, EE150emDAF ¥ L AROAEHEZEERPIC, TLITY
A% E A L'C]:T:jj’i‘lO"5~10_4.Torr¢: LTERBRZTo7, w4270 (AER
2.45GHz, BH1~5kW) ZMBTE;;E— FICER L. PREERIRSEIC X o THMHRE
SH, FEOHF S ABEANL THBIER» o AFGERE) T 5. HERKER, 77
x7¢uﬁ%#47ubmymﬁﬂﬁén,:nuxoriiiv%ﬁﬁ¢%o%
VI T — RS R 2 XN — P RA L z=20ent PSR L (3 2 —HLLO
~1.3) o A 7 BEARNOMEORBMEICT LT, EREND 75 X< ORI
KEEFT LI L%, BHREFRKEVBAKRBIL TS, LAFoT, ASO
TOBIFELKE(ELEETLII LI RER, UL 37— I K58 %
Ab LI BEBOEASIE. BINCERASICNEIAVERAL, I7-0FEH
B ORIEHES TR M TR L, LEOBEBLEEICLD, FHELmN

— 14—



(A4 7 DEAGH) ORBHELERELAETTIT-RISTEE 25,
TSXTDEE 7327 7u—-FIlEa5 . AV TS ATDBFE
B0V, BFEERI0 -0t s, MEC LTV A BET TR
DIF N F — IR BkeV 5 M AkeVTH 2, N7 7S XV L BEBFRIZL D
12, 73 X<DOUL END 25 Omsect A 51 0secEFITEHIRBICH 5,
REHH BERTFHOFRICOVTE, FEBFLA 4 R TE07 -0y
W & 2 HEERH (BXRER) OTARNF—AR27 bk REKRIN S L BEH
gz b5V THEAIT S, HLBRELAHNETEOR LA VFEF—-ANY bV
CoWT, ZOBIANVT WIS v M EBRIAZIFVFEF—FEH L [BAH
BIANKE—]| LHECEICTE, CORKEELILF - OIS H 3R ORI
ZEMOEHE RS 54 D TH 5, |

BWENEH T K o CROZRBOZEMBEHE HURT, BEARERS S P
LD EICHASRE AR LT v 75 2 FHECRVR, 79X hCEBFY
A7v bo P (FE)FREOBRE) AhEsh, —IEE8TREKRINEA
o I, FOMGHHERI T -RERLOARICKE2EBLSTTIR2V, 20k
JRBFHA 70 OV EERRETH LT, ERCBT B EBMOFEREE L
THIIEE T HAM R IRE (AN RFHFETIHE) PERENTVE, Lz T,
OFREWET DN EROABEEIHE B . iAo TR b MAAL S A b

DI oTWvW5h,

3. EBRKE

XA PAVHOI Z—HEENE BECRT LI, 35 —H1.0509) » 5/ ERX
LA TE ), TORFTEDSBEUCHERL T, HEETEOIFILF— I <
7 IVOEREI T —HIKEoTRE(ERELZWI EHND (FFHLE ThORAA
PRARY PHEVIZVEILEW) L) | #IUNC ZORTEELTERLT
WARLEZLRL, IT7-HDLGEPLLBEVIEPOEIH L TEEEFH
OFEI2HT B EILL T B, '




XBANRZ P NVDTAZOURENT —EEN FTADENEIT-HRTO
fﬁwﬁiwﬂ%ﬂ?ﬂﬁmwﬁﬁﬁ,%¥®%47UFUV@H®%WQM%HL
ZFR2ENTOEFAMDICOVT, BAEGELALVF ~OIRDZ BV E AL ON
H4Th b, BAIELAINF -7 A 7 DHEDIT —D1/3~3/2FTHAL TV D,
$7-. HAQEHNHFENFTHRABET IV F—HKRE (L {/fed/ N EVTTIERK
FEL AN F— OWMESAKZVOIFRARPLHAEND, HFADEITHIO VT,
b T DB A AT & E AT OBGHE 25 O THINHE RN
T BV, LA L. (/i oV Tit, BRBTFREETFIA 20O vilo
HERBSRTOROBRIES A A 7 OEORBICHHAL T EO0EHEP L)
LD s S b, o T, BABELRNVY - OB L {/fo & OEREN %R
. 75 X RE DT OHRIE L ERICHE L7 L ORI 2 LEA D Ao
ERETROEANSS HEFBAORCBEOIYA-FLABEREL, W)
muﬁﬁﬁéhﬁﬁﬁmz&&rw%ﬁMLtol%w¥—z&7bw0%ﬁu%ﬁ
FRIB I & 5% (ES) . (o T. BHEETFIEIRL Y > THARROA T — L
PEEBTIBEL ) SEETOEROLIEL RTREZL R, £9) TRVWEE
. RTREY ICAESE S N BB OB OEF A OFE—RREEDSARS PIVOEFHD
S AEM L LTHAL BT AP TH L, TRALE—ARY PLOEH—FrE &
b . SECROEF S (H6) 3B A NEEAA L FETHE L LTIV, HERT
ﬁwﬁﬁﬁﬁﬁﬁmuﬁ%wmwﬁﬁmﬁtﬁLTJE%mE&?#%HﬁK%E
L, p2ogwMiRe L Twnab, '
BREFHOLANY— 0T EHEBEFEOIANF - AT PNVOBIREHFICD
WTI T 2 TR Do 7 H, BADBI %o lilia BEREGTSTIIBVT,
EEOFHRRBEARALILSE OO, HEBFROLINVF -t LHEL ThH
LHDHIEEHOLANT—ART FVORBK (Thb= 7 AT 2 vighi) LTh
i —KT b, MM EBRSGCEBRBBERNL CEoniflt~s AT 2V
HTT74v P Ll E & ICHETIRT,, BTRIROMEMTL (AN SKAN
oL R T 49y FROFHELZ LOWBEX KT S L) AR FAHFEL
o -Bilid. ZOEBRFEEL TV HLMFEEBREMHFHB TRIRIICY




FATHLIDD, SLVEERBETFOEGHEFIVIOBEICEHET LD D
AR WO Tl hwhbEZTWE,

4. T

B—f— FOBFHA 20 OVHICL->THEBZ )AL 7 —HREFOEE
EVIBRCHE>T, BEBTHRLEOEREB 2V, BEDA YLy FMIIT
HEETFHEOLANEY -2y MEBBIL 27 —HBO%2VIRE,» Okt L
2HV I T BRI L TEERETHOFTEI Y UL rbldsrs, =
NED, IZ-—WRCL > TEFLEBOMBIEARMA S 5 MR LR
NLZZEHBEBTFHEEDKECHL2LEZ LML, BEETORAIHELRAL
F—BAMTA 7 G057 —(2.5~5.0kW) D1/3~3/2-THAT 5, & OKEIK
P OEFELL-ILOBRRBSEORBETH L, AFMNICHEESISNI-GHESE
FHOIANVF AT PVOBREEFIMEIZLE L2V, ML, GEEFH
AR TP > THRUNHARDA T - VEBHTIRH I ) SHEFOEGOFFE
WeHTHLLBREND, T, GEETFROBRFABEIHILEEInOER
NEICH LT, EEenBE THRMFAEICHEL, »o8nERE 2T EAHL D
KéotoE%%%ﬁml%w¥~ﬁﬁuvﬁxwlwﬂﬁtl<—&¢éoOi
DN, BULZEEETREA NI AT AT 1 —DilEOPIhHirEELLND,

BEIH
[1] B.V.Chirikov, Physics Reports 52, 263(1979)

{2] J.M.Greene, J.Math.Phys.20, 1183(1979)
[3} A.J.Lichtenberg and M.A.Lieberman, Regular and Chaotic Dynamics,

2nd ed., Springer-Verlag(1992)



H10d ¥4

TYLIN ONIHDINNd
¥3LD3L30 YOLINANODIWIS / , Eg IAVMOYUDIW
ZHOGY'T

S———— e —— — |

AE EE H3ZI¥VI0d ¥VINDYiD

¥3133130 ¥OLDNANODINIS

- =
=

=l
><]

Jojeuwllnjjo

diNnd 93

380dd dINWONVY]




i

(spun-qie) 3 -

20

—1.086)

A (kt

~'7‘.._

~
=
~

X 2

(sywun-qie) 3



106;3 I | T T E
F O 1.5kW .
© " Fo 25kW 8 o 1
8 ': Q D .
~10°F g o
w L o .
5103k 8 =
S F O :
©. ol |
+10 = E
- = o :
107 A l ] | | |
1 1.02 1.04 1.06 1.08 1.1

| R

m
7 3




TOTH/F =091, 9.0x10°Torr Y #/f =0.95. 0.5x10°Torr

/£ =091, 1.0x10°Torr TUXUF/f =0.95, 1.0x10°Torr

Al
-

S
T

“Maximum Energy (keV)

U

3 4 5 6
Input Microwave Power (kW)

N

Curve Fit (Power)

——y = 5.4547 * xA(1.3144) R= 0.92321
— -y = 3.9497 * xA(1.0179) R= 0.9891
----- y = 15.456 * xA(0.34736) R= 0.94928
--------- y = 6.7222 * xA(0.54545) R= 0.92822




Counts(/30sec) Counts(/30sec) Counts(/30sec)

Counts(/30sec)

-

r= 0.0cm

10* +

102 F g™ N

r= 2.4cm
10 4

1
2 5 10 15
r= 3.6cm
101 ]
3
‘.":"r"'{ L
i ‘f-‘j",ﬁ'::‘\".' . . .
10% |- ’%p:ly",-‘.n;; ’1‘ -
1 l
2 5
] r= 4.8cm
101 L ' -

15

Encrgy(keV)

%5




Total counts (/ 30sec)

lll[l]lllrlllTT]ll]ITIIIIIIITII

- : -

—
o
o

)| l'lllll[
1 lJlllIl_

T
A

—
o
B

llrilll
1 llllll

lllll]lllllllllLlLngLlllIIIIlIl

-80 -60 -40 20 0 20 40 60 80
Radial position (mm)

% 6




}.—l
-
S

10° b

Counts * Energy (keV)

|
-
e

10 100
Energy (keV)

——y =2851.9 * eA(-0.17045x} R= 0.94439

% 7




Orbital Stochasticity % |/ L /- BiE 7' 2 X < G4
Lg%

HHKET S XTHRE L 2 —

BIBHLADEBILBVWTSAN—2 75 AE0OH LIADEBN O 75 X< 2§
TAHILE, "V 773 AXATOHLADRUETLILETHEICEETHLI ENRHbL N
Twb, HLRADEEND 77 X7 DHH 3R 2 o0& EHE->TwE, —2EH L
ADEEP SHELTL 277 ATHFIC LB ¥4 N— dE~OBAHTOERTH Y,
b2 LRADHBNTER SN E - T I X RAMY DN s 75 X<dEE
~DHHFOMETH S,

FyTAIT—Hr<1 0T, ALADEHEPLOWBFE TSI ATHFICLE->T T
YETV— ROl 2B S RBEIV 2 RETOM LADFIRA~OHHAIGE S 1
THEH, ECRHEFIR LI 79— LADTHFREHGTLS -T2 04y o
WA T RAEDHERFA PSR TWA,

CCTRFLVALADHREND 77 = ofliEicovT# 2 %5, Magnetic Divertor
ETREN B DT, BMITOTARAY Y FALI T —CBWTTI X2 nEELIcFIH X
Wi, I NVERELICHL TRHIBOME L KR S-S, VBOFEREIIKELEE
EVERBICERT 5, M FECOFELEAT 5 L&, WIBRAZENE, BIb, @R
— X7 P OBREESEN TR TFREIKE (BT S L9124 2 (Orbital Stochasticity &
FEE) o 2F VBDBRICHE - THE I XTI LT, F0HEBTTI AT O
BREPLHEIEIY, TV FTV— I ~ORAFLE NS T35 X2 F A DM A
HHshasLdicks,

2. ETF N
Z D Orbital Stochasticity & FIH L 2RFHIEICBI L T, Az BEstEETVicon T
I Bo MM T RERREFEXN= 2 — + Y OEHHEX

4,

d e

—pyp=—7XB

dr " y . (2)

Thb, CCTREEHORSIEL LW ERTE, LW nid, BEEOEB RS



HERDBDE—DOOFRBEETHS L. F-ARRBAELLLTIVIRAFY b i
WMOEHLENS N, 0L RFTHAFECHEETERSCREREI T TR,
SRIBBIE 2 D OMEERL» LELNARGOMTEALND LT 5o

B(r,z)= ZB,- (r,z) , (3)
i=1,2 '

K4 OBBESIEABRT AW TRRTELLNS,

“B 52 —r? -z
=Kwnfiﬁﬂﬂm“ﬂmeF+ﬁE“n’ @
B z/r‘ a’ +r? +2°2 |
= [(a+r)0 4z ]1/2 { ( )+ (a-—r)2 +z E(k)} » (5)
4ar
k= . 6
\[(a+r)2 +2z2 ©

ST, BERFRE L, RUE2HoRERHBT TH S,

72 dé

Kk)=
I \/1 k231n 0

E()=[""?\1-k%sin> 046

ZoOMEEHREBIIHEL, IRERORISKEEMFFS I LICL o T, FigliRT
&I LRABAI e HOBIBEN £ 1ES 2 E2HR D, Fig 1OBDRIZ: k@ﬁﬁﬁ@
FRALHBATELND,

=== ' @

Fig2id, 2 O00HHBRIH L TRSOKREEB2::0BBELTRLALDTH S, 2D
ML LTEDZ L, FOFORITIE, RIBEOKE SHzOSHREABICE T WA &2
S5



R(z)

60
50
40
30
20

10

100 200

Fig.1 €7 NVESERAIC B 2REDBS4

300



0.2 ' - - T
B(2)
o1r : 7
O N 1 " i 2
0 100 200 300
A
0.2 *

B(2)

0.1

0 100 200 300

Fig2 W% 07%B(z)



3. 5TRER

L7zb0TdhHib,

KiZ, COLILEEBPTOT 7 ARKTOMEOFEZLREE RS, Fig iR DT
WIY F7L— MDLEEORVEA LA BFEIBRE BT 5 75 AT OWE L R

0.02

c.o1r

Y (t)

-0.01 7

-0.02

0.02

0.01

()

-0.011

-0.02

0.02

¢.01

v(t)

-0.01

-0.02

A L
1104

Fig3(a) K THEICBIT By, vy, v,



y(t) x(t)

2{t)

Magnetic Momeni

60
sofF
40 F
aol
20
10

-10

200

150

100

50

WAL L LA A B AR A LA

Ladag

gl aagalag

o

2 .
1104 2 104 3 104

30

20{

15

-5

Fig.3(b) RFHBEIZBT5x,y,z, U



TEGXIHWFBVBOREVFEIBICA oL &, BRE— XV POWSALEMIKAE ¢
B, HTRVBOKZIVWHEEBICHESRATLE ) 35949 2, 1=0Tx(0)=6cm &
HREL-E EOFERR (D95 X — 5 I3Fig3tFAL) %Figdicit. Fig3s FA#
KHESKE— XY P OMBRIAEROBRICL D | VBOKE WK TH FRBERESRT
Wi EHgh b, |

0.015 T T

0.019

0.005

V,(t)

-0.005

-0.01

200 - ' . T -

150} .

z(t)

100 |

50 .

2 104 3 104

Magnetic Momenl

o 1 104 2 104 3 104

Figd R TBEICBITBv,,z, U



Fiz, 1=0Tx(0)=2, dcm» & L2 L FOFEER (/37 A — FEFig3L R L)
LbFig5SIORT . Fig3 b ABRCERET— A ¥ FOWMBARROBAFREL, TIPD
BFHMBENEEL TV T TP 5

0.015[

0.01F

V(1)

I
o
o
o
o

1

s
-
v 1 104 t 2 104 3 104

2cm

150 | o 4cm

1.4 v T T
1.2

0.8
0.6
0.4
0.21r

Magnetic Moment

-0.2
o)

Fig.s R THEICBT Dv,, 2z, U

L. IHFOELIECEF TR, VBOKEWHRORTI/IX< ELTE D
DEIBELIEVETEZONEHALPIC LTV TFETH S,



AT LI T—ICBIBENKIBRE T— N
kg -+
MEAF TS AR 4 —

1.1 32U0®»IC

Fr7Th I 7 —TREABIZH 8B IMDA + XD LAk, BEEOMMIZTK
SNBEREIM L TEOBRREIC L o TREND, ZOBETEFIBIELEE DS b
T BWBEENN Lo TAMICALAD b D, BUMLADEHETE, 79X
WTOWMEE—A Y POREMEF VA I T —HBESHECADOBRA I LT R i
CADEF A RIERIZUFE S NED I &S Pastukhov[I 2 & o THBRM IR, F7-
FERIZ b AL N TV, |
CDAF OB CAD BRI+ B3I 5T CohenEl2 L o T E HL. R
ECRHE 7V [21RFV ECRHE FIVBIEFE LR SN2, LALEDS, CTREDEF
WTRECHBETELWTF— b BHETLIENT <] 0 DEBEED LS h o T W
Bo INETRT 2-D0H LOWRHADP WL OPEENT VLD, 22 TIREMNERKIC
SA2MARORTNTG » AHBRRBEHAIERODREE T ) ANFBITIC OV THE +
Bo FLIOREFEMRELTFY 7 MESOARLEEBIZ L BREEHXEZR, 20
IEBARBIC TR 5 4 U BEXB Y T IS & BB ORELMHBETY AR S & |
PARZIIBAUHERIZBEUL A LAOBMICET A E — FiEBREINEL 2
LEFET,

2. ZFAMMLEEEE L -BEHERETS IV
FyT LI T =TI, ECRHTERSINLG 77 7V OEIPVWEFOEE A4 VB L
AOBUOHREELT bo 77 FBFEEn R T 58k R[4

int:—ﬁ-+n—“G+lirDint ) (D
ot T Tp ror or

THA6NSE, SZTnE3MLADENPOY —7 COT 5 VEFERTH Y, $in,
EEN I TOPREPODGEL2VEBETF OBEETH 5, B3 77V ETOHH O E
CADERMTSH D, GliRe D/T >>1 DB

IT ed |
G=_|—+ — '
Tu exp( Tt ) , (2)



THEZLbNB, REBMNHRTORS BN Y- TOMBLEOIT—THY ., 12T\
TENENT IV BTFRELBEETRETH S, ¥ L TDREFAILEOILERE
¥ET, MUADERGIE, 7271 00L& IIR<ITHE, Re®d/T>>10kK

-\[}E ed ed
Tp=—T R)—exp(—) ., 3
P 4 eeg( ) T[ P( Tt) ()

TH 26, £F72ReD/T <<1 DK

N
Tp = Tx Tee [eXp(-‘%’) -1] | (4)

CEEBRD, DIT. LAETF-BFOWHEEETHY ., gRILI 7B LR
ODMBROKESERL TV S, .
SEERETIE, ny=an, (0=%H) LBE. ID=EHUZRKET L L.

1d d aG -1
. ¢ T
rdr dr D1p

n=0, : (3)

FELNE, ZOG)RIEaG>112%F L Twell-behaved 3 x 0. Z DN BEADHER &
HidLr=0Tdn/dr=0, 77 X<iir=aTn=0TH5 21 6Nb, 22T, n(rn=nof(r).
T (=T h(NERET % & . T NEMKIFEL T (N=1h(NPUANLET I LHT &
3o 2blzed/T=58. T/T,=EH*EETAH L. ORIXRDEHEH X

_—Q‘—fﬂuW:O , 6)

CRET B . (=rla=0Tf=1. dfidr=0. # {=1Tf=0DH Fdelh & EAEphsked
SRT. REMIIENOY RET 2 R

Dtpg _ Tpg
> =7

aG —1=p , , (7)

BELND, SITT, =a’/ uDTh B, BEDRFESMEIL L Th(r)=expl—(r/a)?]



PIRE LR, BEBUIFglZRENE LS RETED,

c N O OO
|

Fig.| EHEUDL alkTFHE

QRETHVWBE, MEAPL

L)) T T
€ o[ [t e fROy) ®
T, n, VT, Ty -

PEONE, ZAMOHE LADEBM G MOB CADBEIZE L TS5k & v,
Bit, Tpy/ T, <<1TH LW, CohenDFFVECRHE FIVDFERTHLIBERL YT~
RIZPFRBENDLZ &9 h b, £ LTEFMIERD S 2HRL2EZFE CADER O
NRIIBLADBEMNOE KEL TR NG5,

¥ 7:RFEENE 12 L 2 B ML S H 5354 . Fokker-Planck 12 3 D ENT 52 % J v
HE, @XIEFIZRRDL ) IC—ILENRB[5].

eCD | nt Tu TPO Fl
gl Pugatrogh gy 9
= [ Ty | ®

Z 2T, AISRFEREVILHURE L HRILBURE L DL EFET . 9K D 5 A=00EHR T@)R
PHBREND W00 5, ARZADHRIBE LADEN O KEL T B I LHGHh
Bo BRPHLEZONLBMDKRE LEFig2llRT o (n/n)T/T)V2=2%15E L., %
72 QYHEIER IV Y < VHITH 2 b BEMOKE SPy=TIn[(n/n T JT)2TH 5,
S OOXDEHNTERIG, FEKFEOHIEIY ¥ 74 3 7 —ORBRER T KB BT
EDHIZENGHo7:(6].

. —3—



NTTeg(R)/ 41,

Fig2 R TEOLNZBEMOEMBIERIL Y < XANIL 2BEG & DHE

3. EURASBRLOUHE— FEB LRI TRIHET L

O TRES RO R B OOMKTH B BAEE LD, BB
R Th B, FRMEN A HE L SEBY TRICL S ) 7 NESORBORELY
RETY ANT, EHMEHBDIH LT

Dy
D= >
1+ k(ed/T;)

(10)

IRET B o T, WEREDII BN OOKE SITKF L TELT 5, B LADEH
IR LTREREAVEILICT S, H2HEREKIZLTRLNS®), ¥ 713

ed n, |T, Tpo '
exp()=—— [+ 1
MT) ﬂ( TL) | an

t ny

. OB LA R T OB I OR U5k o5 T B QOBIB T B 720
BN QOIFEEIHEELRERIC > Tnd, IR b@RATZEADALLRKOLNL



 Fig3 BUADEMOIZET 23— FigR

0.8 0.9 1

Fig.a EAMBLADKET OV 7



B L ADENOOFIIEMEZIRABVETRL, Fig3llRT L) lH /137 A -5 DERK
R L TCHBEIC BV CHEBEIC R A &0 Pb, ZHIE =228 BLUH
T FEBORRINCEAML TVWH L) RS, TORLADEMOOLUHE - M
BIfEo T, FigdllRT &) CEFHOBMLADKBHT VY 7$25 281k 5,
FGORPLSE LI, HMAMOFUADER AR ENOOERIZF>TY Yy
YTEBRI LA, o T, ZOBHUADEMOOLUHE- FERIZL > THLAD
B OBRELUEIFFONLEI LIRS,

4. HEH VIS

AR LT, 7IXTORARSHETM)ANI Y »FLIT-IXBTAHLVEAL
AOBRIHROBHE BN Uz FEEICHELSI NI ETVERWAD, BoRFER
FIEFICD oL bH LWL IR R B, T REFABMEOUHABIN LTI &
Gk e AEERBOEXB Y 7TRIZ L2 RENMIR T TF VIR ANRSE Z LIZL - T,
MUADEMICETAUHE — FEBORBZI DELWREEZR L, BITETLVEE
WS L T FETH D,

REICHE®R L LERBLTHWTWIHEKRE ST AR L Yy ¥ —DOhF 4 IEHE
LEd. T, KGEO—BILFR 6 FHECHERHETREMBE (—RMREC) 24X
AR THLIEAMERLTE

SENM

[1] V.P. Pastukhov: Nuclear Fusion 14 (1974) 3.

[2] R.H. Cohen, I.B. Bernstein, J.J. Dorning and G. Rowlands: Nuclear Fusion 20
(1980) 1421.

[3] R.H. Cohen: Phys. Fluids 26 (1983) 2774.

[4] H. Hojo: J. Phys. Soc. Jpn. 62 (1993) 4148.

[5] H. Hojo, T. Hatori and S. Miyoshi: J. Phys. Soc. Jpn. 59 (1990) 789.

[6] Y. Yasaka, O. Sakai, H. Takend and H. Hojo: Nuclear Fusion 34 (1994) 1263.

[7] S.1. Itoh and K. Itoh: Phys. Rev. Lett. 60 (1988) 2276.



BRBT5X=0 e 27 Y ¥R BRI EIRE)
Hysteresis and Low Frequency Oscillation in Gas Discharge Plasma
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School of Science and Engineering Waseda University, Tokyo, 169-50
Abstract

The current-voltage characteristics of Ar plasma-sheath system with thermoionic cathode exhibit hysteresis,
and the system shows low frequency chaotic oscillation. Assuming charge distribution spatially that fons have
uniform, beam electrons from hot cathode have an eiponentia]]y decreasing distribution, and plasma electrons
have Boltzmann distribution in thermal equilibrium, we analytically solve Poission equation by using linear
approximation. The motion of ions in this potential is calculated numerically, and period-doubling bifurcation
and chaotic oscillation are obtained for a region of parameters. Next, a hysteresis phenomenon is discussed by
the rate equations with source terms. However, the stationary solutions do not exist in reasonable range, and an
example of systems is unstable. We also discuss the phenomenon in a view point of cooperative effect, that is, in
the case that the reaction coefficients depend on the density thorough the temperature. The problem also remains
in this case. Therefore, we try to describe the temperature change by thermodynamics. In this way, we treat the
change as the thermoelectric phenomenon. As a result, it is shown that the dependence of the temperature of the
electric field is divergence and that the mode jump exists.
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Nonlinear phenomena related to ionization instabilities
in glow discharges

Tetsuyé Akitsu, Eiji Ogawa?), Takayoshi Ohtsud),
and Hidenori Matsuzawa
Dept. of Electrical Engineering & Computer Science,
Yamanashi University
Takeda, 4 Kofu, Yamanashi Pref. 400

- Japan

1. Introduction

Double layer, soliton. Under the light of plasma physics, novel
understanding of the lightning discharge is in progress. The history of the
experiment by B. Franklin is well known. Nevertheless, the laboratory
experiment is still needed to clarify several interesting questions left unresolved:
the return stroke propagates at extremely high velocity that approaches to one
third of the light velocity. The breakdown in atmosphere should involve some
mechanism for self-acceleration.

The breakdown of lightening discharges is so capricious and dangerous
that experiment should be scaled down and some interpretation is necessary. The
major difﬁculty of the atmospheric discharge arises from the -electrical-

negativity of the discharge medium. In the abundance of oxygen and the
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b) Present address: Data Storage & Retrieval System Division, Hitachi Ltd.

Kozu-2880, Odawara Kanagawa Pref. 256 japan



moisture, low energy electrons are trappéd by the negative ions. The relative
density of free electrons becomes smaller than the negative ions.

Recently, glow discharge is widely used in the reactive etching. The plasma
assisted process is becorning important in the synthesis of the compound
semiconductors and opt-electronic device. Thus, the basic research in glow

discharges can find new applications in the semiconductor industry.

2. Ionization instabilities in SF g spark

Sulfur hex-fluoride SFg is widely used as a gaseous dielectric and arc
quenching medium in high voltage engineering. Its excellent electrical
insulation characteristics are closely related to the electron attachment in the
discharge medium. Lately the use of SFg in the dry etching has become wide
spread in the semiconductor industry. The growth phases of the ionization
instabilities are similar to the observations that takes place in the pre-breakdown
in a shorter time scale. During the propagation of stepped leader channels and
the return stroke, the rapid extension of ionization can be observed.

Figure 1 describes the outline of the experimental arrangemeﬁt. The spark
discharge was initiated with self—breakdown between two hemispherical
electrodes. The size of the plasma column was 10 to 50 mm in length and the cross
section 1 to 7 mm 2. The electric discharge circuit consists of a capacitor (0.094 uF)
and a low inductance resistor {(291.3 2) The plasma light was observed with an
optical lens system. The spatial distribution of the intensity was observed with an
image converter, IMACON 790. An optical filter, R-60, removed the spectral
emissions shorter than 600 nm. The axial variation of the floating potential was
measured with an electrostatic probe made of platinum wire, 0.1 mm in diameter.
The lateral surface of the probe was covered with soft glass and the polished

collecting surface was inserted to the peripheral region of the plasma column.
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After the breakdown, the intensities of spectral emissions of neutral
fluorine, 685.6 nm abruptly increased in intensity at a critical discharge current.
Figure 2 (a) shows the temporal evolution of the discharge current and the
spectral emission. The intensity of the emission of singly ionized sulfuric ions,
545.4 nm showed contrasting decay. To the best knowledge of the author, the
decay of the thermodynamic temperature causes the change of the dominant
species of singly ionized sulfuric ions such as S+ to S2% in the SFg discharge.

Figure 2 shows a streak photograph of the enhancement of the spectral
emission. The periodic modulation of the intensity corresponds to the motion of
the ionization instabilities generated at the anode surface.

Figure 3 shows a typical fluctuation of the floating potential (the upper
trace) and the intensity of 685.6 nm. The electrostatic probe was inserted into the
peripheral region of the plasma column. The optical measurement was focused
onto the center at the same axial position. Using the velocity of the ionization
wave, the fluctuation of the potential can be interpreted as the spatial
distribution. Superposing Vp on Vg, the axial distribution of the electric potential

was obtained. Curve C-2 in Fig. 3(c¢) shows that the plasma column is divided into
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(d} The enhancement of the optical
emission and subsequent growth of
ionization instabilities observed in a
streak photograph. SFg at 10 Torr,
A-K gap 40 mm.

The enhancement started at the
anode surface followed by the
cinsecutive enhancement in the
plasma column. a: the dark plasma
column, b to ¢ the enhancement and
growth of ionizaticn instabilities. d:
the onset of the periodic generation
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anode surface.
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The spatial-temporal variations of the emission intensity for the

upper streak photograph measured with a flying spot scanner.
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(a) Fluctuations of the floating potential and the spectral intensity. (b) The axial distribution
of the floating potentials sampled after the first ionization wave front. (¢) Fluctuation of the
floating potential Vp (curve C-1 and curve C-2), the strength of electric field E (curve C-3)

and the intensity of 685.6 nm (curve C-4) in SFg at 10 Torr.A-K gap 25 mm.

recurring high field and low field régions that is similar to the moving striations |
in stationary glow discharges. The axial variation of the averaged floating
potential was 9.92 V/mm, corresponding to 400 Td (in E/N, where 1 Td = 10-21 vm2;
E is the electric field and N is the number density of neutral gas)

Finally one can find the localized increase in the strength of the electric
field (Curve C-3) and in the 'intensity (Curve C-4) propagating towards the
cathode. Apparently, the non-linearity of the ionization term should balance with
the dissipation to maintain the shape of the high field region.

An increase in the strength of the electric field caused the enhancement of
the spectral emission. [Ref. 1] The thermal expansion of the plasma column was

suppressed with the series resistor. When the thermodynamic temperature is



raised slowly, the thermal rarefaction of the neutral gas density should be
involved in the estimation. Figure 4 (a) shows the simultaneous increases in the
floating potential and the intensity of the spectral emission (the lower trace).
During the short time period after the enhancement, the intensity of the plasma
column is very uniform. The intensity of the spectral emission increased at the
entire pan of the plasma column except near the cathode. In the initial discharge
phase after the breakdown, the gradient of the floating potential was 4.5 V/mm
(Curve C-1, the cathode reference} and 9.5 V/mm (Curve C-2, the anode
reference) After the enhancement, the gradient of the floating potential
increased to 53.2 V/mm (Curve C-3) The thermodynamic temperature can be
estimated form the change of sulfuric ions, namely 4500 K. The thermal

rarefaction of the neutral gas density should be taken into account.
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electric field after the enhancement.
{(a) The intensity (685.6 nm.) and the plasma potential (b} The spatial distribution of the
intensity and the plasma potential along the axis. in SFg at 10 Torr, A-K gap 25 mm,



Now, we can estimate the density of free electrons during each discharge

state, using published swarm data for SF¢. In Fig. 5 (a), we present a typical

example for the spatial expansion of the plasma column and growing ionization

instabilities. Figure 5 (b) shows the intensity profiles along the diameter and

along the axial distance Z.
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Figure 5 The spatial expansion of the plasma clumn
and growing ionization instabilities

(a) The framing photograph of spark discharge in SFg
at 10 Torr, A-K gap 30 mm. (b) Intensity profiles.
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In Fig. 6, the current density jp and J¢ were estimated at the center of the
plasma column as functions of the electrode gap. The cross sections of the plasma
column Sp and 5¢, were estimated from the full width half maximum of the
intensity profiles of the framing photographs. The radial variation of the
discharge current density was approximated with the form:

I

- a
F; a-r B x R
J(r)= ( ) 2, < 10 1/!
a - =~ I z
iy S S
where i= O or €, a is the radius of the - L Ic
o
plasma column. -
— 0 1 1 1 |
o
£ b
Figure 6 Decrese in the current E 5+ - I s
— I/u_ -
density at the expansion. (a)The O /L 1 _]_ c
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(b) The cross sections of the plasma c T.
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the expansion S¢. {c) The current E 0
densities in the initial discharge Jp 2 i ' T
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(&) 1\
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- i J
=] }\"—-.C—-z-—o-"'—l-
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0 1 1 1 i
0 40
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After the enhancement, the strength of the electric field becomes five
times greater than the initial value, thus the electronic velocity significantly
increases. In the constricted discharge, the strength of the electric field is 400 Td
and the drift velocity of free electrons can be estimated at 2 x107 cm/s. After the
enhancement, the drift velocity increases to 7x107 cm/s. The E/N dependence of
the electron drift velocity is summarized in the supplementary data. The

dependence was extrapolated to 2x103 Td using the relation a.



At the same time, the spatial expansion of the plasma column causes
significant decrease in the current density. In the present case, the current
density decreased from 21.7 =4.5 A/mmZ to 2.9 = 0.2 A/mm2. Supposing the
quadratic form for the current density profile, the inidal density of free
electrons was estimated at 6.5x101% - 8.4x1014 cm™3. After the enhancement, the
electron density was estimated at 2.4.x1013 - 3x1013 cm™3. The results are
summarized in Fig. 7 as functions of the temperature of the discharge medium.
The increase in the relative concentration of negative ions compensates the
decrease in the electron density. Thus, the present observation of the ionization
instability holds a unique position: the breakdown in balanced space charges of

negative ions and positive ions.
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The branching of the spark discharge is one of the well-known
characteristics of the long gap SFg spark. In Fig. 8, we present a typical example

for the ionization instabilities propagating in a zigzag discharge channel.



It should be noted that the consecutive branching of secondary
avalanches, in the pre-breakdown stage, caused the zigzag profile, not the
magnetic repulsion by the discharge circuit.

From the view point of the plasma physics, the study of the electrical
discharge has just started. In weakly ionized discharges, the ionic motion is
strongiy damped by collisions. In the experiment in electronegative gases, the
role of the negative iohs in the ionization instability has not been explained. The
double-layer type potentials of the ionization instabilities are originated in the

collective motion of the electron swarm, completely different mechanisms as the

double layers in the laboratory plasmas.

Delay time: 36 psec. Framing rate: 1 frame/1 usec.

lonization instability

Figure 8 lonization instabilities
¢/ ) \'*') \'_f) ) \W . propagating across a zigzag discharge
Coulomb force ] Hk channel and a schematic image of the
ol ) ) branching in the pre-breakdown

stage. SFp at 10 Torr, A-K Gap 40

mn.

Electron avalanches



3. Quasi-periodic oscillation in He glow discharge

One of early researches on chaotic phenomena in electrical discharge was
studied in a neon bulb by B. L. Van der Pol and ]. Van der Mark?2) in 1927. The
characteristic of the forced relaxation oscillation in the Ne bulb circuit was
studied in more detail by K. Masutani, K. Hashimoto and A. Yoshikawa 3} in 1990. In
the electrical discharges in small Ne bulbs, however, the distance between
electrodes is insufficient for the growth of ionization instabilities. The
experimental researches on chaotic phenomena have been carried out in beam
driven plasmas and in voltage applied ion sheath, Most of these works studied the
chaotic motion of charged particles, in large plasma sources. 4-6) The chaotic
fluctuation in the glow discharge was reported by only few researchers.

C. Wilke, R. W. Leven and H. Deutsch’) reported the experimental
observation of the sequences of periodic, quasi-periodic and chaotic state of
externally forced periodic oscillation in positive column of He discharges. T.
Braun, ]. A. Lisboa and R. E. Francke reported the cascaded period doubling in
electrical discharges in He spectral tubes. 8) The quantitative measure of the
chaos, such as the fractal dimension, was not described in their original report
and unknown periodicity was included in their model for the electrical discharge.

The forced randomization is frequently explained using a dispersion
relation, ko = constant: the excitation of harmonics in frequency and in wave-
number, 2w, w/2, k/2, and 2k. The harmonics is generated due to the non-
linearity of the ionization term that grows in the direction of group velocity,
towards the anode. Moving with the same phase velocity as the fundamental mode,
these harmonics can be represented as a virtual wave on the dispersion curve.
Waves with multiple harmonics in frequency and wave-numbers can therefore
be excited on the actual dispersion curve. In narrow discharge tubes, however,
the effect of the non-linearity of ionization term becomes ineffective. In the

present experiment, the perturbation of the discharge current is rather



sinusoidal at low discharge current, When the discharge current was raised very
slowly, the intensity of the optical emission started to fluctuate in a complex
manner. The primary oscillation at f; was perturbed by the onset of secondary
oscillations: a low frequency peak at f7 and side bands at f} - f2 and f] + f2. In a
typical case, f7 = 282 kHz, £2=77.5 = 0.5 kHz and f1/f2 = 3.66. When frequency of f7
approached to 1/3 of fj, the ionization instability showed complex and non-
periodic fluctuations. _

Figure 9 shows the experimental apparatus. The discharge tube was made of
Pyrex, 3 mm in internal diameter and 93 mm in length. The wall temperature was
stabilized with the water circulation, because the reproducibility of the present
experiment was very sensitive to the gas temperature, When the discharge gas
| was heated up by the discharge current, the slower wave was suppressed by faster
waves and the chaotic state was overridden by another sinusoidal state.

The discharge gas was He with 99.9995% grade and the absolute pressure
was measured with Baratron-122A. Discharge electrodes were made of 99.99 9% Ni
vﬁth 4.2 mm internal diameter and 15 mm in"length. The discharge curreﬂt was

controled with a power supply: maximum 2 KV, 45 mA.

HOLLOW CATHODE

k2

Figure 9 Experimental setup for the He glow

discharge in a narrow discharge tube.



In the experiemnts described in the following part, the point-wise
correlation dimension was calculated as a quantitative measure for the complexity
of the fluctuated discharge current. 9-10) The spectral analysis was carried out
using a spectrum analyzer, ADVANTEST, Model R3261A, and compared with the
result of the data processing using the MEM (the maximum entropy method), the
Burg algorithm|[Ref. 11}

The fractal dimension was determined with the method proposed by
Grassberger and Procaccia 12) that furnishes the most practical method for the
approximation of the dimensionality of the attractor measure: the dimension v
was determined from the asymptotic behavior of the integral correlation

function, c(r},

:
Cry=tim — 3 Hr x. - x)})
= N° &

where,

|va —E"=max {tw, —z,-|, l<j <d}.
The parameterd is the embedding dimension. H is the Heaviside function: H(é) =1
for z=0 and H(z}) =0 forz<0.

Using this algorithm, the fractal dimension was successfully calculated for
known attractors: Henon, Lorentz and the Rayleigh-Bernard convection in °
hydrodynamic turbulence [Ref. 13]. NZ calculations, however, are needed for N
sampled points, resulting in large numbers of the total calculation. Thus, in the
present work, L sample points were randomly chosen and the amount of the total
calculation was reduced to LxN, where N=2000 and L= 100. [Ref. 14]

Figure 10 shows variation of the correlation dimension and the amplitude
of the perturbed discharge current in He glow discharge as functions of the
average discharge current. The discharge tube was replaced with a sealed He
spectral tube. After the breakdown, the anode voltage was'rapidly decreased to the

lower limit of the stationary glow discharge, then gradually increased.
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When the average discharge current became greater than a stable limit,

26.2 mA, nearly sinusoidal modulation appeared in the_discharge current and the
optical emission from' the plasma column. The two-dimensional phase space
trajectory of xn Vvs. Xn+an was generated from 2000 sample points. One cycle of
the trajectory was made up with 66 sample points and An = 4. With increasing the
anode potential, the average discharge current increased and the oscillation at f]
gradually increased in its amplitude. The spectrum showed higher harmonics at f
= nf1 , where n =2,3. During the periodic oscillation, the correlation dimension
was 1.15= 0.5. The increment of 0.15 should be attributed to the thermal nois in
electrical discharges. |

At a critical discharge current, a secondary oscillation appeared.and the
phase space trajectory became scattered, as in Fig. 10 (c). When the discharge
voltage was raised further, the wave form became more complex, as in Fig. 10 (d).
The correlation dimension increased to 1.7+ 0.5.

Figure 11 shows the relation between the primary and secondary
oscillations in typical quasi-periodic state. In Fig. 11 (a), one can observe the
fundamental mode P at 297 kHz (282.6 mV), the second harmonics P2 at 590 kHz
(61.87 mV) and the third harmonics P3 at 888 kHz (16.13'mV) at discharge
current, Ig=29 mA. When the discharge current was raised further, side peaks
appeared in the frequency spectrum in Fig. 11 (b): SP] at f1 -f2 =241 kHz
(892.49 mV) and SP7 at f1 + f2 = 328 kHz (90.81 mV), wi'lere Pi: f1 = 284 kHz (423
mV) and P7: 562 kHz (118.8 mV), f2. =43 .5 = 0.5 kHz (not observed) and f1/ £2 = 6.6,
at Id=31.65 mA.

In Fig. 11 (c) one can observe a iow frequency peak at f2 =775 £ 0.5 kHz =
80 kHz (158.2 mV) and side peaks: SP1 at f] - f7 = 205 kHz (203 mV} and SP2 at
f1 + f2 = 360 kHz (179.8 mV), where the frequency of fundamental mode P} f} -
282 kHz (316.6 mV) and f1/ f2 = 3.60, at Ig = 32 mA. When the discharge current

was raised slightly, the discharge current started to oscillate in a extremely
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complex manner and the spectrum became broader as in Fig. 11 (d) at I4 = 33.89
mA. The oscillation of the discharge current became periodic in Fig. 11 (e) -- (f),
at [d = 33.90 mA (W1) and 35.26 mA (W?), respectively.

In Fig. 12, we present a typical example for the chaotic state of the
ionization instability, observed in He glow discharge at 2.4 Torr. The correlation
dimension was determined from the gradient of ¢(r) (x rv ) in the logarithmic
plot at r = 40 to 200 bf the asymptotic behavior of the integral correlation
function. The phase velocity of the primary instability was 2.3 x 103 cm/s, the
frequency was 267.4 kHz. The potential difference across the wavelength was 24.5

= 0.5 V. This result is approximately equal to the first excited potential or the



Figure 12 Chaotic state of the
ionization instability and the
integral correlation function, C(r)

.{a) A typical wave form of the

chaotic oscillation of the discharge
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ionization potential (24.5 eV). These characteristics of the primary instability
agree with the observed characteristics of the r-wave. [Ref. 15-21]

In the present experiment, the randomization of the wave can not be
explained using the excitation of harmonic in the frequency. Apparently, the
chaotic state was found to be originated in the secondary oscillation’s f7 that

continuously approached to 1/3 of the primary instability fj.
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Renormalized Perturbation Theory for Toroidal
Helical Magnetic Field

G. Gnudi and T .Hatori

National Institute for Fusion Science
Nagoya 464-01, Japan

Abstract

We derive a Hamiltonian for the toroidal helical magnetic field in the vacuum using a
perturbation theory based on the Lie transform.

1 Introduction

In this work we propose a Hamiltonian model for the toroidal helical magnetic field in the vacuum.
The field possesses magnetic surfaces in the proximity of the magnetic axis, while in regions far
from the magnetic axis such surfaces do not exist. In the region where magnetic surfaces exist,
a magnetic field line always stays on such a surface, while in the region where magnetic surfaces
do not exist, the magnetic lines are no longer confined on a surface and exhibit chaotic behavior.
The existing research in this field is based on numerical calculations about the structure of the’
magnetic field, but many numerical methods do not respect the intrinsic Hamiltonian nature of
the magnetic field lines system, in the sense that the numerical schemes are not symplectic (since
the divergence of the magnetic field is zero, the magnetic field lines system can be treated as a
Hamiltonian system, and the flow is symplectic). When non symplectic numerical method are
used to investigate Hamiltonian systems, secular errors that limit the reliability of the results
when the system is integrated over long times appear. On the other hand, by constructing a
Hamiltonian for the field, the divergence-free property is rigorously respected and is possible to
use symplectic integration techniques to solve the equation of motion, techniques which are {ree
from such secular errors. The research approaching the toroidal helical magnetic field problem
from the Hamiltonian point of view began with refs. {1] and [2], and continued with ref. [3]. In
ref. [4] an explicit form for the Boozer’s magnetic coordinates in the first order toroidal correction
to the cylindrical helical magnetic configuration has been obtained and in ref. [5] an integrable
Hamiltonian has been derived. In ref. [6] a third order Hamiltonian has been obtained using Lie
perturbation techniques and some numerical results have been presented. In this work we improve
the results obtained in {6] by introducing a more realistic unperturbed Hamiltonian.

2 Magnetic Field Lines as a Hamiltonian System

The starting point for the construction of a Hamiltonian model is the general scalar potential
satisfying the condition V?¥ = 0, regular at £ = 0, and allowing for an axial current (refs. [7],



[8])

+00

¥ = I(P + (1 — fCOS 7])]/2 Z almUIm(f)e“n-&-imw: (])
lm=~o0o
where
Un(€) = £712Q", (1/6). (2)

The coordinates £, 7 and ¢ are toroidal coordinates, in terms of which the Cartesian coordinates
are z = {sin /(1 —€cosn), 2 = (1 —£2)/2cosp/(1 — £cosp), and y = (1 — £2)1/2sin /(1 — Ecos 7).
Units are selected such that I = 1. The coefficients aym are arbitrary provided that a, = Al (1)
The function Q% is the modified Legendre function of second kind. From the potential ¥ the
component for the vector potential for the divergence-free and curl-free magnetic field are obtained
as explained in ref. [8] and the vector potential can be written as

A= amAf A7 + 3 aim Al Y 0 AL), )
lm lm i

We select the harmonics (I,m) and (/,0), that is we consider the potential
A= (A", AT + €A™, ' AL), (4)

where € = ain, € = ag.
We choose a gauge such that the £ component of the vector potential vanishes, that is we
choose the gauge function to be

S=—¢ f dEA™, (5)
and therefore

A= (AT + cAlm ¢ / déd, Alm)dn + (€ A — ¢ / déd, Am)dyp. (6)

We now introduce the new variable 6 = 5 + (m/l)¢, where [ is the poloidal multipolarity and
m 1s the number of field periods, so that we obtain

A = [AT+elr — ¢ [ deo, Alrldo
+He'AD — (m/D(AT + eAlm)
—e [ d(@, AL ~ (m /D)0, A7) dep. (1)

We will use the notation A = v = v4df + v,dy, and v will be referred as the I-form.

Now, to construct the Hamiltonian, we will use the following strategy. First we expand v in
Taylor series v = v°+ ey +¢*y* + - - -, then we use the Lie transform to transform - = (0, v, 7,,)
into a new quantity I' = (I'y,T'e, T,) which depends on the new variables ¥, © and ¢ and such
that I'y = 0 and I'e = ¥. The quantity I' also will be in the form of a perturbation expansion,
['=T%4 " 4 €T? 4 ---. When this is accomplished, the variational principle for the magnetic
. field lines equations becomes !

5 f (TdO + T, dy) = 0. 8)
Comparing with the Hamilton principle
5f(pdq ~ Hdt) =0, (9)

we see that —I', is the Hamiltonian, ¢ the time and © and ¥ are analogous to the position and
momentum coordinate.

The equations for the magnetic field lines can be obtained from the variational principle & [(Aydz? + A,d2? +
A3d23) = 0 .



3 The Lie Transform

In this section we briefly describe the Lie transform. For a more complete description the the
reader is referred to the original papers ([9], [10}, [L11], [12]) and to refs. [13] and [14]. The Lie
transform allows us to transform the expansion, according to a smallness parameter €, of a quantity

7(2) =1°(z) + e (2) + €97 (2) + -+, | (10)
which could represent, for instance, the magnetic vector potential, into a new quantity
N(ZY=T%Z)+IY(Z)+ ET4HZ) + - - -, (11}

where «y and T are related by

1'10 - 70

I = dS'— L0+ 41, .

1-\2 — dSz - Lz,yo +72 _ L‘E,Yl + %(Ll)z 0,

I-\S — dSB—L370+73+L2L17°—é(L])37°—L%] +%(L1)2'7] _L172,
and so on. The quantities v, T, z, Z and L are in general N dimensional. The superscripts rep-
resent the perturbation order and the subscripts the components. 5™ represents a gauge function
that does not alter the equations of motion. The operators L™ are defined by

(L") = g2(8uvs — 0u))- (13)

The quantity ¢" is called the nth order generator of the Lie transform and it is the quantity that
connects the old and the new variables z and Z. The general form of I' is therefore

[* = dS* — L"+° + C", ' (14)

(12)

where C™ is calculated from 4™ and from the results of the preceding lower order calculations.
The N components g* and the scalar §* can be chosen as to bring the N components of I'" into
some desired form. For our particular case N = 3 and it can be shown that if the generators are
chosen as ,

g; = 0,

g5 = —0u5" —C3, (15)

g = %S*+Cy,

then only the ¢ component of I is not zero and it is given by

T = 8,5 + (m/1)3S™ + O + (m/1)C}. (16)

Thérefore, if at every perturbative order n we choose the generators according to eq. (15) we
can construct systematically a Hamiltonian.

4 Taylor Expansion of the Potential

The form of the various terms appearing in the magnetic potential is (ref. [8])

AT = (1/2)l(1 = cosn) ™ In(FEEFT) + (1 = cosy) ™ (=),

'A?" = mE(l—EéOS n)Uim(é)an(l — §cos W)lneﬁwimw: -
Ay = o n‘)f(l — £%)0(1 — {cos TJJUQUIm(ﬁ)eﬂH‘T“’a
AL = — [Sdz[z(1 — zcosn)] T Ui(z)dy(1 — zcos )}/ et



We consider ¢, ¢ and { as smallness parameters of the same order, and we expand the 1-form
in the variable £ about the point { = 0. The functions Upn(€) admit the integral representation

Uim(£) = ﬁlmfl(l - fz)—mﬂ ,/; dt(sint)*(1 + £ cos t)m—l_m.

The quantities U;, are constant, and the only values that we will need are U9, = 1/2, U2, =
(m?)/8, Uk, = 0, Uy, = 0 and UZ, = 35/96. It is also convenient to let ¢ = ib. As discussed
in section 2, we use the notation A = 4. We also notice that sometimes we use v to denote the
complete 1-form y = ,dz#, but it should be clear from the context which particular meaning is
intended. We let [ = 2 and introduce the new variable § = 7 — (m/2)p. We now separate the
1-form into an umperturbed and a perturbed part as

(€, 8,m) = 3(£,0) + Av(£,6,7), (17)
where 4(£,8) is defined by ,
¥(£,0) = (U%]ﬁ dny(é,0,7). | (18)

Now, expanding in Taylor series with respect to the variable { we obtain for the umperturbed
part of the 1-form

b 35

= ]‘ 2 § i 2 bkt 4
Yo = 26 + g - m(SUlm - 16U1m)cos(29)£ 1 (19)
“and for v,
o = (5 + W2, cos(20)? ~ (m + B(2UZ, — UR,) cos(20)¢". (20)
For the perturbation part we obtain ‘
1
As = 5 cos(m)€?, @)
, m
Aryp = €Uf, sin(n)é” — 5 cos(n)e” | (22)

5 Unperturbed Hamiltonian

As discussed in the preceding section, we write the perturbation expansion of the 1-form as

7(6,0,m) = 3(£,0) + Ay(€,0,7), (23)
where (£, 8) is defined by :
27

3(6,0) = (1/27) [ dny(&,6,m). (24)

Now, it we perform the change of variables
Yo(£,0) = —¥p(¥), : (25)

0 d ! ! !

O(¥,,0) — 0o = A @‘re(f(%ae ),0")de’, (26)

C—83—



then the umperturbed part of the 1-form becomes
7(£,0) = ¥dO — ¥y (b)dp + dS, (27)

where S is a gauge function. We have therefore put the umperturbed part of the 1-form into
Hamiltonian form. Let us now see how we explicitly perform the change of variables defined
formally in eqns. 25 and 26. From 25 we see that

To(&:8) = =B(0)E" — e(0)¢7, (28)
where a(6) and B(6) are given by

o= %m — b(2UE, — UP, cos(26)), (29)

8= —? — B2 cos(26), (30)

and from 25 we obtain therefore a second degree algebraic equation for £ which has the solution

£ = (20)7! (— + /B + 4a¥,). (31)

From 26 we obtain

6 d ,
0-0 = /60 G108 =

= [ 2+ /R ) =
v, ¢ d

@ o [2)6" + (3/8)¢" + - )do’ (32).

Keeping only the lowest order in ¢ and using 31 we obtain -
dv, (¢ 1

dip Jeo (2,/8% + 4all,,

Choosing the negative sign, and letting w = ﬁ;@b we obtain therefore the form of the change of

variables, namely
£ = (20)7H(=8 — /87 + 1a¥,), | (34)
o 1
O—-0=-(1/2)w de’. (35)
b0 2/ + day)
To explicitly obtain # and £ in terms of the new variables, we need however to perform some more
manipulations. Considering the radical in the above equation and performing some trigonometric
manipulations, we write '

O—6y== do’. | (33)

8% + 4a¥, = By + Bysin(9)?, - ~ (36)
where
2 3
B = T BUR - SbUR, + Jm¥, — 460,207, - UR,),
By = —4bUR." + mbU2, + 869,(2U2, — UL), (37)



and therefore
1

(1/2) A J(Bi + B, sin(ﬁ’)?)dg, B

G—@U =

w o ff 1 / .
= 173 VB, feo \/(1 — P2 sin(@’)2)d0 , (38)

where P? = —B,/B;. If we now set ©¢ = 0, we have

(1 /2)\/—ui_mF(P, 0), (39)

where F(P, 8} is the incomplete elliptic integral of the ﬁrst kind. We can mvert the above relation,

obtaining
sin(0) = sn(P. 2‘@@), (40)
and
cos(8) = en(P, 2\/5?19), | (41)
where ¢n and sn are the Jacobian sine and cosine functions.
5.1 Rotational Transform
From the relation ,
0 — 0 = —(1/2) \/E/% \/1-stm T )da’, (49
putting © = 27 and Gy = 0 we obtain
! i’ (43)

=275 / (= Prsin(6)2)

from which we cbtain

/B[ i do/). (44)

p? sm(B’ 2)
We notice that since B; = B;(¥,(¢)) and P = P(¥,(3)), w can be considered a function of the

variable ¥,
6 First Order Hamiltonian
The first order correction to the umperturbed Hamiltonian is given by the expression
H'= -T, = —Ay, —wAy,. (45)

After the change of variables (£,6) — (¥, ©) we obtain the following expression.

)

(% + 24/ By + Bzsn?)(cn cos(%(p) + sn sin(%g@))fg

I = U2 (sn cos(-?tp) — cnsin(



where for the Jacobi sine and cosine function we have used the abbreviations

2B,
73

); (46)

sn = sn(P,

2/B1
en = en(P, wle). (47)
Besides
m? m 3
B, = o+ WUR %~ Ebu,% +5m¥p —
46, (205, — Up),
By, = —45UR," + mbUf, + 80, (2UF, — ULy),
P2 = —Bg/'Bl, . (48)
£2 = (20)" (=8 — /By + Bysn?), (49)
o= —l%m — b(2U2, — UR.(1 — 2sn%)), ' (50)
8= % ~ BUC (1 — 2sn?). (51)

The total Hamiltonian 1s given therefore by

H=",)- ngp(e’ U, (). ¢), (52)

and since the dependence on the variable ¥ occurs only through Wp{¢), we can write the Hamilton
equations in the form

. d : _
U, = w(\I'p)%FL, | (53)
. d
6 = (W) ~w(B) 35Tl (54)

Since we know the explicit form of w(¥,), these equations allow us to determine the dependence
of © and ¥, on the azimutal angle .

7 Conclusions

We have derived in this work a Hamiltonian for the toroidal helical magnetic field in the vacuum.
In refs. [6] the Hamiltonian has been constructed starting from a direct Taylor expansion of the
magnetic potential, without any preliminary separation of the magnetic 1-form into unperturbed
and perturbation part. In this way the form of the corresponding unperturbed Hamiltonan result
to be very simple. In fact it turns out the unperturbed Hamiltonian is given by H® = 2¢% By
preliminary separating the magnetic 1-form we are able to obtain in this work a more realistic,
yet still integrable, form for the unperturbed Hamiltonian. We expect as a consequence a betier
convergence of the perturbation series. Numerical integration of the Hamilton equations using

symplectic methods is 1n progress.



Acknowledgments

The authors thank Professor Tsuguhiro Watanabe of NIFS for many valuable discussions. G.
Gnudi wishes to acknowledge the Japan Society for the Promotion of Science for the financial
support.

References
[1) M.N. Rosenbluth, R.Z. Sagdeev, J.B. Taylor and G.M. Zaslavsky, Nucl. Fusion 6, (1966) 297
[2] N.N. Filomenko, R.Z. Sagdeev and G.M. Zaslavsky, Nucl. Fusion 7, (1967) 253 -

. [3] Y. Tomita, Y. Nomura, H. Momota and R. Itatani, J. Phys. Soc. Jpn. 44, (1978) 637

{4] T. Hatori and T. Watanabe, ”Nonlinear Dynamics and Particle Acceleration” AIP Conference
Proceedings No. 230, Particles and Fields Series 45 (1990) 79

[5] G. Gnudi and T. Hatori J. Phys. Soc. Jpn. 62 No. 6, (1993) 2030

6] G. Grudi and T. Hatori Hamiltonian Chaos Studied with Symplectic Integrators in the
Torordal Helical Magnetic Field, Proceedings of the International Conference on Dynami-
cal Systems and Chaos, Tokyo, May 1994

~[7] P.M. Morse and H. Feshbach, Methods of Theoretical Physics, McGraw-Hill, New York 1953
[8] J. R. Cary, Phys. Fluids 27(1984) 119
[9] G. Hori, Publ. Astr. Soc. Jpn. 18, (1966) 287

[10] A. Deprit, Cel. Mech. 1, (1969) 12

[11] A. Kamel, Cel. Mech. 1, (1969) 190

(12] J. Henrard, Cel. Mech. 3, (1970) 107

[13] J.R. Cary, Phys. Rep. 79 No. 2, (1981) 129

[t4] J.R. Cary and R.G. Littlejohn, Ann. Phys. 151 (1983) 1



oz — Y —RABREBIINETS2AT A

aF RB. @B X. E.B.Waltwan®
KT KFER AR

A Center for Advanced Space Sensing, Naval Research Laboratory

Chaos in the Fluctuations of the Flux Density of Radio Waves from Quasars
N.Tanizuka., M.Takano, E.B.Waltman®
Integrated Arts & Sciences, University of Osaka Prefecture
A Center for Advanced Space Sensing, Naval Research Laboratory.
Washington, DC 20375-5000, USA

Abstract

The fluctuations of the intensity of microwaves of twenty eight quasars
observed daily for 1024 days are discussed by FFT spectral analysis and

a return map method.
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Publication List of NIFS-PROC Series

NIFS-PROC-1 U.S.-Japan on Comparison of Theoretical and
Experimental Transport in Toroidal Systems Oct. 23-27, 1989
Mar. 1990

NIFS-PROC-2 Structures in Confined Plasmas —Proceedings of Workshop of
US-Japan Joint Institute for Fusion Theory Program— ; Mar.
1990 '

NIFS-PROC-3 Proceedings of the First International Toki Conference on
Plasma Physics and Controlled Nuclear Fusion —Next
Generation Experiments in Helical Systems— Dec. 4-7, 1989
Mar. 1990

NIFS-PROC-4 Plasma Spectroscopy and Atomic Processes ~Proceedings of
the Workshop at Data & Planning Center in NIFS—, Sep.
1990

NIFS-PROC-5 Symposium on Development of Intensed Pulsed Particle
Beams and Its Applications February 20 1990; Oct. 1990

NIFS-PROC-6 Proceedings of the Second International TOKI Conference on
Plasma Physics and Controlled Nuclear Fusion , Nonlinear
Phenomena in Fusion Plasmas -Theory and Computer
Simulation-; Apr. 1991

NIFS-PROC-7 Proceedings of Workshop on Emissions from Heavy Current
Carrying High Density Plasma and Diagnostics; May 1991

NIFS-PROC-8 Symposium on Development and Applications of Intense
Pulsed Particle Beams, December 6 - 7, 1990; June 1991

NIFS-PROC-9 X-ray Radiation from Hot Dense Plasmas and Atomic
Processes; Oct. 1991

NIFS-PROC-10 U.S.-Japan Workshop on "RF Heating and Current Drive in
Confinement Systems Tokamaks" Nov. 18-21, 1991, Jan. 1992

NIFS-PROC-11 Plasma-Based and Novel Accelerators (Proceedings of
Workshop on Plasma-Based and Novel Accelerators)
Nagaya, Japan, Dec. 1991, May 1992

NIFS-PROC-12 Proceedings of Japan-U.S. Works'hop' P-196 on High Heat

Flux Components and Plasma Surface Interactions for Next

Devices; Mar, 1993



NIFS-PROC-13

NIFS-PROC-14

NIFS-PROC-15

NIFS-PROC-16

NIFS-PROC-17

NIFS-PROC-18

NIFS-PROC-19

NIFS-PROC-20
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1993 £ 7R :
NIFS Symposium

"Toward the Research of Fusion Burning Plasmas -Present
Status and Future strategy-", 1992 July 15, National Institute
Jor Fusion Science; July 1993 (in Japanese)

Physics and Application of High Density Z-pinches,
July 1983

BAERE. #% T77 XvyROER,

PRSER BERFRRE

1994F 2H ‘

M. Okamoto,

"Lecture Note on the Bases of Plasma Pysics”
Graduate University for Advanced Studies
Feb. 1994 (in Japanese)

REE Maris
SPESSEE BRSR IR LRI
MASHEES

P77 XD+ AR, _
"Interdisciplinary Graduate School of Engineering Sciences”
Report of the meeting on Chaotic Phenomena in Plasma
Apr. 1994 (in Japanese)
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"Assessment of Fusion Reactor Development”
Proceedings of NIFS Symposium held on November 29-30,
1993 at National Insitute for Fusion Science" Apr. 1994
(in Japanese)

"Physics of High Energy Density Plasmas Produced by
Pulsed Power" June 1994

K. Morita, N. Noda (Ed.),

"Proceedings of 2nd International Workshop on Tritium Effects in
Plasma Facing Components at Nagoya University, Symposion Hall,
May 19-20, 1994", Aug. 1994
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K. Abe and N. Noda (Eds.),



NIFS-PROC-21

"Research and Development of Metallic Materials for Plasma
Facing and High Heat Flux Components” Nov. 1994
(in Japanese)

HEA : BH B (ARXTEE) . &F &9 (MUERXEEEH)
TR T T X7 LFREDOBEERICET S ZRBEOMR,

HREHE '

K. Morita (Nagoya Univ.), T. Kaneko (Okayama Univ. Science)(Eds.)

NIFS Joint Meeting "Plasma-Divertor Interactions” and
"Fundamentals of Boundary Plasma-Wall Interactions”

January 6-7, 1995 National Institute for Fusion Science

Mar. 1995 (in Japanese) :



