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THETERESL (FEX) Controlled Experiment on Dynamics of Vortex, Turbulence and
Structure Formation in Long-range Force System Using Non-neutral Plasmas
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MR OBEEE (330) : Pure electron non-neutral plasmas are employed to explore vortex dynamics,
turbulence and occasional formation of highly ordered structures during multi-paths of relaxation in
two-dimensional flow perpendicular both to externally applied magnetic field and to the electric self field.
New aspects in the co-operative and competitive interactions between coherent vortices and turbulent
fluctuations leading to highly ordered vortex arrays are discovered as well as frequency-shift in the

eigen-mode oscillation characterizing eventual equilibrium distribution.

SN IR E R
(EAHAL : 1)
[ERESE LiEERES & Ft
200 7HE 2, 500, 000 750, 000 3, 250, 000
200 8 1, 700, 000 510, 000 2,210, 000
200 9% 1, 700, 000 510, 000 2,210, 000
FRE
FE
ik 5,900, 000 1,770,000 1,670,000

WHIEsT 8 - B Rk

P& O3 F - fiH - 77 A< B - 7T A< R
F=U— R FPET T XAv, RO E, BRFMEE, BEZEROBI%E, A0,

[ =

1. WFFERRAG SO 5

AR 104 EE L Bl L 7 M7 F R~ % T
W EEBIOBIEE, IR ORkGI R %

2T, Ao EREELHE LSO, E
PR 2R R 03 - ELIIRRE 2 B Tl 4y
MHICE D WMBICB W THEH 2 XA T I A



OE R Z AL CE. £ OREFEfRIT
mm@@@fu@<,@¢f@ﬁ@%&$a
NZTERL - #EFFT D Z M AWEsh. &£

EERFHINEDBRFRIC L - T, BRARRGE
TET B BOEHERR BB WA DO TR b RS
L7z, AGFHECIE, RFFOEFEIREA il
(LT, IR A OB s 2 B L
DO, ZNETOLZHMNFEELHET H I &
ZHE L.

2. WO EW

(1) —HkBEY; & FETE AL /AT
FHEILE CES
ZOWNDOIMMEITEFEEIHIT S, OF

Y, mEEEF ORIRIA L & ST H
AR - I RROBEF oM E R E L

(CHife S 7cE

TRV VAR S S I S 72 0, mERT
Bl 2 BHHNTTER T 2 e, RESRIED
Wb 7iE T xofﬁ®¢é._@ﬁﬁ&%
T R D IR R R BH U et 9 2 R S HUMRT 2 86 1
DifE & LTz,

(2) 7T X<iF, BENELS, T —RERE

Yo+ RV EN o3 A ) OERERENTIE, R
FEAE 1 DRGIR C[BlfiskE RN I — R T
S3AiT %D (2R ZPenning g & MES) Z &N
HERAZE DN TWD. ZONMICEA i
%) (Dubin mode) DOHEA LT, Pk
CREZITMIT A Z LN, KWET T A<
xt3 2 FEEAEHRE & LT, SRR et
WEIRS A SN TRz, RIFFEIL, HEx
RARE ZHE LT, MSEBRAVSIIG )N D 2 ORHL
ERGEL, Z OFHAEOEEE 2 & &I
22 &aH20OMEE L.

(3) bR 2 BREICEEE LT, Fox DEERIC
AW TARATBER BRI S IV TRTZ DX, BH
D~ 7 afiE & ORERIR TR 2 ) %
EET 5L EWEOIGFTHo72, ZD2
OOMED R &KEN %, EREeX—2L L

TEBMICEBRT A LEZFEIOREL LT

(CE > ToRIEDIRNZAED.

3. WFEDHE
1) FHFE OS8R % 51 THERR L 7= @igRE D
W77 A~DEMNT v TS, 2
B TR, 21O — KRGS IC I » T, 27
fE D P B BB S 24mmBIfRE T~ B, a7
TEAR DN o3 AT A e O Bi% & L CHIlE - &
FRCE S, 3TEOEFIRELY 2 R HY 22 5
ICRIREESE D Z L2k Y, SERuHy
MaBBER R TE 5. M TRFED
BWVERE N T > T DRIT, T OYISA D
b HRBENREMET DY, SMICERE L7
(1us —1000s) Z i L7 1% B FEEE 2 4%
L CTRENBTIR - THiH &4, 5-7. 5kV THILE
D%, WR600nm THEIET HHOLHEICHES 5.
TS E T BT B L 7o RS 43R 1, CCD
A A7 CEHNT % . 223 fRRE I3 & C 8um
/pixel, FHALSERIT 2048x2048 TH 5. BT
DOREITERE LTRETE D720, KEEH
DFEEDIRITTI AN & W TIRETE D,
(2) HhITMICES] S 7o BB OV < D
WEF B S TNT, BFEEDOES
XN HEMICHFEINHEMGER & LT
Mshd., ZhaeBfie L <, ooy
W BN 34 % P JE B 5> D — B IR E T
5t@@ﬁﬁ%ﬂETWﬁUfAi%%ﬁﬁ

Thd. WTETIE - JE AN B S
EAREEZ, 1M$E§E%O T TRIMELEE 525

LT, EAHOHEGRETHD.

4. WFFERHE

(1) ZIRICELIR OREIE AT -

@ WA & LT, MR OB E GRE)
SAERET D &, EHTMOFEEDLE D 1%

HAl (V7)) ICE-oTREEERD. 2
DEFEDOER ORI, MIEGRHICHE S T —
RECOWNETE I HI3E 1 sD D HIZ TRl L
T, BAROMIRDEEZATHHL, T<IC

MEOBERNEED. ZOAKITHEST, &
HE PE DR 3 AT OF IR & TR L, &



BAZITHRICTE R FFO— KOOI ED.

ZOIEREBERIC BT, M1 AR Tan <,
e BE DFRAR 3 A R OB SR - T, K
BEDO7 474 Mrlsh, BEEEIZLD
FlEIEEE oD, WU E AT T, &
W & EEE 2R D, [FEERmLO]
@ ZDOFAF I Y AL FROELTIREE & 5
T, 22 %&Fouriersfif L C, HEZER O~
RNF =AY MVEGR)E LTHET L, K
LT RN F =AM OBELIRERMICHE
L, AT MLORIITEREMICIEN S .
Z OFAPEIX ZROTEIR OB I & —B L
TWh. LrLans, EHzEmicsis=
FNF—ANT B LT, BEERAYIC I
Bkt LCTER)=k— "L RIh, EFILITIC
KLU THERIT =3, 25137 THHD, FE
MIZiXa=5L725. ZOBRITL, BEREE
REFEIAOIZIB D B X = L—3 2 T HBEIC
FERINTEY, BFHMD (coherent ) AL
DD FNF—ERMDFE Th L LR S
Tz, Z Dcoherentfiiy & REM 72 LI
SEET D Z EIE S e o T, [EEFRXO]
@ BT — %1%, coherent,incoherentfi%sy
INERINCHER YT CND Z L &R LTz, £
DFEMTICILZE 53 fRBE & Fourier/3AT % iz
SHLZENHENITHS. £ T, Wavelet
EEEZEAT S 2 & el BERam @]
Z DFEHTIEIZ K Dt 4 U3, RN
(o) A A EBRELEDED) LT —HD
Ref 2 (fEm) 2R L, SATOLMITIE
[ZHID LTV oz A — T BT D E LSy
fikRYT. FAT—VOBESHEZINZED
®oHEEMOILT =X HH/BLT5H. KENT
1%, 73,4 (J55,6) DA —/L) coherent
(incoherent) FANICIETH. T baeT
MzebEL L, FRLOTRLF =AY
NVE () 13@Izib 7= 7 — U =f@ht & [7 ©
FERIZH PN D,

Loguw (Z:(x, ) (%) e’ bl

o J=3 j=6

- jlz-‘l

A

M1 (RO, @Lv]
@ coherent/f sy DRI T ITRD & 51247 -
o, ETRTOATr—/L, RO TOEZLER
N8 O & F T wavel et EBAMRER D —F %,
K& ZONEIZAFXT (cumulative enstrophy) ,
MDD % coherentfitsy & 723 . LT,
ZOLDZRy LI 2y ETnTh, B
DT RN X =AY NLVTERTE, Zh
ZRHEAHT D o 13 nD N & & BT b
9 5. incoherenti{riZxtd 5 a1d3. 4705
L. 2% CHGEMIZHEA T2 —75 T, coherent
ST T S NIRRT 5 23, =350
(AR 708D & n . 2 ORFEAY 7R X Sy
FRIZF W CTincoherent il miT a=3& 720, &
HELR Z RO T 2RI 8T 5. 2ok
NS T BT ELIR R 1T, BT T LD
T ZZHEICHEBT D 2 &7z,

(2) 3R & 991 & O AAEMIC X 2 Br i
DGR -

O AR OITEARTERZEMEIC L0 R

%43Ai1E, coherentffy & 5 2 L b HERFIFRE
TR 22wy (10w sFEFE) . 22 C, #II%M:
& LC, coherentfift/y DEME # HIZE DT
e B O SR - oy AT R e FE A 7 Bl B



WCHBER I, SRIRECA 2 PHE e oo A
DEFEE B2 70 LoUIZERE LT3 A 1220
T, ZOHSL LA IR O 288 L7-.
(R KL ®]

@ e I AR I DTSRRI

ImsFEE DI R 75— /)L C, (B T LI5S

WCARL, WL AT, ZokRke
ICE ROk & 2 REHIFRITEMT 5. L
2 LB XU, 2 oA W EE I b
DN —ERIRREH A 77— L TR A IR Z 50
Tievy. HHIOIEFEHERRERIZ IV Tl ok
FEDONLEBIRITELHECE BT 2%, & 2R
(SR BRI FRE O O ERS (DA i &
FES) ZJER L, ROBENFEAET HETIE
WEFOICHERF SRS, Ly, Bk L%
OFERESNCB T, FaEDHA (095%)
ZEWERFIR-E TR S D, oF D, —H
SRR S LD & Z ORIBILE < MRS
DN, &2 THELHERRIEAIE STl
SROSELHEC By X B D BELIRE N MR E D &,
FERTOMIC A & FEESINZE T L, RO M
RIS LIRS D, Z ORffRE A
s &, ZoRE &imf_ﬁJMT%
L. IRTOWRET D LIFRLT, —o0H
FLREEOH CTHANTHRT 22 L bbb D.
@  IAER ORI KT 5 E RO HF 52D
WTRRLEZZEF®RO LB THhD., R
BEERENIERY OGRS EENDET
DORFNFELS, — WS 2T 2k D%
T2V, BV D L, TREEEHOTIE
&, imAE S AR T D £ TIZE < Ok A
EINERMERY, £XFES TSRO S
WRICHET 5. TR T, SR E RS
FOMERFICE RS 20089 &, BRI
FERTIREY . BRIy i oR sz
RET 55, —HEE S LB S D Fm T
REENEVIEEEMET 5. ROk ORI
Fi 4 % [ E L Cl S EOm S 2 B 2 7o ER

(23Tl St 2 AT 2 ik DB & s iy
ficxt LGtk L7 — & #2127 7. T
MOFE D E IS U TRFMER S K & < E#)d
DN, HEHICELD &, AR OEILRGE R
Tk LTRSS 3 5. E72ild o s
Bl REENmWTI AR L 25,

5 ne(t) = ( 0) — 7 ln(f/fn)
:Rd | D ravos [ ¢0 2
- : P
9 -_.’..\. = O BGVD2 45 3_
ol e 1A :sevoi |21 5
(¥] e * Macuum | 02 =
gt of &
g | 1 |
E- R 1 I 1
I |11
o | SN Atk ©
a 3 — .
£ |
: 0 rl | sl Il
£ o 1 10 100 1000 10

time (ms)

X 2 [FEEHRILO® LY ]

@ PR EEDRWES, RO
MO% (T -13%) (Al L CRuficiEd ¥
D. VAE AR B DR RTE Bk & & < EhELIRE
HOWEB S LTV D CEfEIND . F
i LOTHRARIZZ ETH DA, Wi (FlZ
JEM D L coherentpksy) @ B CAREIZEIE O
WAME DRI LD ETBAEMIC L TR L
TN EES BEHOmIIKIET 5. it
BB AR T 200 5, kDAY 0 A3/
SSBEREHWIZERMFEITELS 25, WH
DA OFEIRE LT, it J& PHIZ DM
Z (vortex hole) 23 TERL S 4L, TfEIIREFRED
A OALERMRICE DA < 2 EI3BEICR A I &
S>THHl =T 5b.  (Phys. Plasmas, Vol.10,
2003, pp.3922-3926, Phys. Rev. E. Vol.68, 2003,
pp.016404.1-6.) A RIOHFZERE (1D+(2) 1%
INOEREWINIHIFT D RERAT v 7L
otz [FEEFwRILO]

(3) TR OIS 5 X~ 0
FARD (BRI



O —kRiESS & iR BN TR S D

Penning traplZ3su T, E{REE N HEVG AT,
RENE 7 OWRIZAWT, EFRHET 7 X+
D AIEHEFE R D — AR L 72 5 Z & 73
HERAIC TR S, FOZYPERF 2 D IR

THHER SHL TV 5. (Phys. of Plasmas, Vol.13,

2006, 112109) = ?>Penning V-1 /5 A7 % K-
TAEELEAEY XD L, —BERICRE
% [E A #2E) (Dubin mode) DIFEN T E & h,
A IRB) O IEREEABL N D, BRI
RO RFE Y D5E R T7 £ OFHINC 6
HAENTE ., HIZomRppligss bl
BAIIE, EARBOERE - HiREm oS
N T AR LD EMREN TR, K
WFFEDER K%, Fox DR EPEREDFHIEL
it & fRAT FIEAAA G DT, B (D+(2)
D ZIRTT A H YRR LT, = IRou/m i O s
R BT Z & lcdh 5.

@ Frex OERIC L, S oAk
X U Penning Pl N7 A X EREL, THKY
RF %Dubin mode frequency® [ il % &l
LD L, ZOZEITIREOFHHMED & FF
fili &4V 5 B 7 MR TIfFIZ ERE
LD Lot

@ ZTDOEWOFIKE LT, (a) %02
D 35IEEDNLEIZ D 5 ERBEFHE S D
BB L 7T X~ A RO F EAE R
(Phys. Plasmas, 102106 (2007)), (b) E{fhED
TR K o Ta T & 7 DHE SR O JRIE i 0
JE % FHT AR R BE D~ —EBIERL (Phys.
Plasmas, 112109 (2006)) (ZfE 9 1077, (c)
Fitting OXIRI- D —ARE /AR D DEI
DO TR BT L RMEBEFZORE, D3
iz, BIREMEY N 7 > 7 & VTR
DFEBR L0 SN HIE 22 il A 0 % CREMIC &
BL, ZHICHREAE - BE I 21—
VEREBINL TRET L.

@ MFtOFER & U QXEMBAR R E
STV, (a) BIRBED B ER RO
T, EEEEKICR L QI8 & T 580 %
RO L NS, EHEOFRE LT
A SIS, (b) D —ZRIZHOW T,
Z O HITBR & FJE LW IR TS DA
TEBM 72T D0 E 9 DAfEE LT
W (o) DI OHICIE () b (b) bE RS,
® ZNETORTNEE VD DIFKRDIE
WThbd. BLEDLNT v FIZBNTERIN
LIETMET T A~ DEARE Z LR E LT,
Dubin mode%-{ifi 7= 9347 (BEME L, [Aldsks ]
) RO DH L, FEBNNGEM L2aMmIc
BT, MR DO®mEBEICY T b LR
MEFESND. 6o T, BEARS XV IERE
BN BE oA 2 I3 2 BRIk n Yy 7 &
£V BARI 72 5y B BR 208 U CE D 9 a3
WD, ZHEFERDIBFOARD LS.

(4) WiFEF 7T X~OHIZRET D2k T
W - SLIRIER) 2 HE S BT 2 T2 RS & PR
ZOIZBNTHEL, fRXOICE LD,
WIZ, MBS T A~ P+ 5N
global 2 1#3&E 2 A4 5. Z Ot Tk & Sk K
F L OIEFRICIHBNT, R 7 MEOE
FEMTICE L, R OMEE RWE Lk

5. ERFEKRE
(WFFERER . AR 43 K O 7R3 |2
TR

GdEstams) (R 114
@ Y.Kiwamoto, Y.Kawai, Y.Soga, J.Aoki,

"Turbulence and structure formation associated
with vortex dynamics in a non-neutral plasma
flow", Plasma and Fusion Research, Special
Issue (ITC 19) , 7pages (2010.12F) . &FHiA

©@ K.Kawai, J.Aoki, Y.Kiwamoto, "Axi

-symmetric eigenmodes of spheroidal pure

electron plasmas”, Plasma and Fusion Res,



Special Issue (ITC19), 4pages (2010.12 )
HHH

@ Y. Kawai and Y. Kiwamoto, “Elementary

processes of free-decaying two-dimensional
turbulence in magnetized pure electron plasmas”,
Plasma and Fusion Research, SERIES 8,
pp.0944-0949 (2009). A FHiAT,

@ Y. Kawai, Y. Kiwamoto, Y. Soga, and J. Aoki,

“Turbulent Cascade in Vortex Dynamics of
Magnetized Pure electron Plasmas”, Non- Neutral
Plasma Physics VII (AIP Conference Proc. 1114),
pp. 108-113 (2009). ##Ht

® Y. Kiwamoto, J. Aoki, Y. Soga, M. Nakano

and Y. Kawai, "Isolated Confinement and Control
of Non-Neutral Plasma and Application to Anti-
Particle Physics and Atom-Technology", Proc. of
International Interdisciplinary —Sym. on Gaseous
and Liquid Plasmas, pp.15-20 (2008). #%5ic

® Y.Kawaiand Y. Kiwamoto, "Wavelet

analysis of turbulent structures in a magnetized
pure electron plasma"”, Physical Review E, Vol.78,
036401-1~8 (2008). A7t

@ Y.Kawai, Y. Kiwamoto, Y. Soga and J.

Aoki,"Propagation of axisymmetric Trivelpiece
-Gould mode along vortex columns generated by
diocotron instability", Physics of Plasmas, Vol.14,
No.10, pp.102106-1~5 (2007). £ #Ht

Y. Kiwamoto, N. Hashizume, Y. Soga, J._

Aoki, and Y. Kawali, "Formation and Relaxation

of Two-dimensional Vortex Crystals in a
Magnetized Pure Electron Plasma ", Physical Rev.
Lett, Vol.99, pp.115002-1~4 (2007). & FHiA
© Y. Kawai, Y. Kiwamoto, Y. Soga and J. Aoki,

"Turbulent cascade in vortex dynamics of
magnetized pure electron plasmas", Physical Rev.
E, Vol.75, No.6, 066404-1~6 (2007). & #Hih

(FxyeR) (GH191F)

@Y. Kiwamoto, "Turbulence and structure
formation associated with vortex dynamics in a
non-neutral plasma flow", Plenary paper at
the 19™ International Toki Conference, Dec. 8,
2009 at Toki in Gifu-ken.

@ Y. Kawai and Y. Kiwamoto, “Elementary

processes of free-decaying two-dimensional
turbulence in magnetized pure electron plasmas”,
The 14th International Congress on Plasma
Physics, Fukuoka International Congress Center,
Fukuoka, Japan, September 8-12, 2008.

@ Y. Kawai, Y. Kiwamoto, Y. Soga, J. Aoki,

"Cascade process of two-dimensional turbulence
observed in magnetized pure electron plasmas",
at the 9th International Workshop on Non-Neutral
Plasmas held at Columbia University, New York,

USA on June 16-20, 2008.

[# ]
WHPERE (FF9EH A - B - B B3sE T o
KEEBRAE) A3 - BLIE - W& R OBFFEIC*]
LC, 5630 HAYIFZAH TREVEZHE,
(2009.3)

6. WFIEhERR

(D) WFFe A

BsA Z&+ (KIWAMOTO YASUHITO)
RS « KPR - BREEFHFZER - 4
AR

FgeE 355« 50018040

(2) WHge sy

Pk b HERE (SAKAGAMI MASAAKT)
AR« KPR AT « BREEAHFIER « 2
2

FgeE T3« 70202083

AT 5BE (KINOSHITA TOSHIYA)

AR « KREBEAR - BRECAMFICR) - Uk
B

HFge 8% 5« 80452259

Wikt E  (ICHIMURA MAKOTO)

B KT « REFEBEEEEE R IER - 2
£

WF9EE %5 : 10151482

(3) WFZel J17

W PEdH (KAWAT YOSUKE)

THBREE « KEFEBEAM « BREEFEIFEFR - K
PR AR (H. 22. 3. “AALEUS2R2)



