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Key Issues for Plasma Sources ik iudios

% Helicon Source is Promising !

1. High-Density: e.g., High-Speed Processing =
> 1013 cm~ w/ Flexible Operation

ICP, SW, ECR <10 ¢cm>3, CCP< 10" ¢m?3

2. Large Area or Large Volume: Efficiency & Flexibility

D<15cm =74 cm, V<0.1 m’= 2.1 m°

3. Low Aspect Ratio: Efficiency for Application
A=L/D=0.5 = 0.075 c.A=R/a
Characterization: Importance Zil g;;

Production, Profile, Wave Structures “=————-

% High Beta, Flow: Structure and Instabilities (Fusion, Space Plasma etc.)



Highly Efficient

Helicon Wave Plasma riasiaproduction

Bounded Whistler Wave = High-Density Plasma
W, << 0 << ®,, ~MHz, KW = 1013 ¢cm3

Wide Operational Region

Promising Plasma Source: Many Applications

1005 a=>cm & E
[ m ]

Large Diameter
Possible

* JERBER. WiERK

ER=EER, JotX,
BRtE (eg, ATIL—%)
ﬁx l/_-lj:_s
FHISATEFY VY
75 AT/ HEA ...

e

Dispersion Relation

2
Ww> ]
pe

WeeC?

f (MHz) n (10" em™)/B (kG)

ke (ke + k) = [



Examples of Application

Nuclear Fusion Plasma Thruster Basic Study, Space
Plasma Slmulatlon

HOW IT WORKS

SHEILA (ANU) VASIMR
B. C. Zhang et al, POP (1995). | | F. R. Chang-Diaz et al. (NASA)

+ Heliotron DR, TJ-K

Industrial Application

Etching Device .
T. Tsukada et al., JJAP (1994). |<=

PWI (Ceramics)
S. Shinohara et al. (2009).
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LMp Applications (No. 1)

Low Density
(Voltage Biasing)

I. (arb. units)

) 3

I (arb.units)

18

Profile Control

Y1) - — .

0.010 [

0.005 |

(7<)
Mach Number

Phys. Plasmas
(2001)1154.

0.000 L2

Plasma Processing

Density Transition | pusion

Hysteresis
(Statistics)

Phys. Plasmas 9

ame (3¢9 (2002) 4540.

Plasma Flow Control

/ ‘ 78 10

'*"\ 'Ve'l'dcity' Shear

/ ! Vyv.v =150V

vy
K3 13

Y (cm)

v Fusion
" .llsA 2 4 .-1.0‘ A 3 " é 2 a a2 Lou
r (cm)
I \O\I 1 |

le Orbits

\

Partic

.

Xe Ion

Jpn. J. Appl.
1 Phys. 46 (2007)

20 -15 -10 -

0O 5 10 15 20 4276.

X (cm)

Mass Separation

wCi r

(=14 /1 —4E,/rB.w:)
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107’
10°®
107°
10»!0
10-||
10*!2

- Power Spectra

10-3

power[arb.unit]

BI[G]

1000 . 10000 2 100000 SPR (JSPS)
P.I.: Prof. S.-1. Itoh

Frequency (kHz)

Poloidal mode number

Mode Coupling Poloidal Mode
(Nature Phys. 4 (2008) 721 etc.)

PWI (Ceramics)

Basic & Application Studies % Linear Machine

Fusion, Basic Plasma, Propulsion, Space Plasma, Processing ...
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The Largest Helicon Device

(Third Type)

(43 cm?®,0.5-4 Turns)
(Outside Quartz Window)

(b) 0]

150 -

B (G)

From End, Viewing Antenna

100 -

50

(a) Langmuir Probes Magnetic Probes

D /BRI X XXX M X D X
— ST T
«»2 Plasma \ Ar 173.8cm

[ == "N == SR = -

" K <
>mat-spm | RRRRRERRE KRR R
Antenna/

Turbo \ 14 Magnetic Field Coils

Separate Coil | Pump

z=0cm

z=486 cm

A

400

500

12



p-1em  Excellent Production Efficiency. vs. 7,

5 Helicon
107 R
O  ®3[1/en’3] B: 3m"."+20&| cﬁ
O ¢3[1/cm”3] B:3my+404
¢ ¢3[tiem” 3] B:amy+B04A Py
B A ©3[1/em”3] B:3mV+804 (9
102 L _
. Densi m :
~ [ Dens ty Jump )
'E . P, increases
10 |
\3 Wlth B antenna D@w
O
» OD 4
~ © |
1010 E- N é ﬁ ICP -E
:’ CCpP L=81cm
109 L 3 aaaaal M 2 aaanal M r 2l 2 : 3 32311
1 10 100 1000 10000
] P, (W)
Only 3 uW/cm? (z, = 45 cm)

cf. ICP: ~10!2 ¢cm3 (L = 10cm)

n, close to 10!3 cm
w1th P. <4 kW

inp

‘ L =486 cm

Excellent Production Efficiency of

n, (em™)

(z,=3.8 cm)

10* Q. gQQQG‘L 5.5 cm

~ 1015 Particles/W
10" s
~1012 ¢m3
1012 ----------------------------------
10" Smallest 4 r=0cm
o 0f0.075 PO
10’

10 100 1000

inp (W) 13



Particle Production Efficiency®xp)

Loss Across the Field

Small Radius «
Long Axial Length L

Weak Magnetic Field B

N,/ Py, a?

[ PrejsentDevice 1
100 E T Use of Spiral : 3
- YP
§  Error Antenn7
o 10} o
> g
@
. [ & & 1 |Internal |
k= 1JAntenna
a1 P ; :
- : 6 | |Archimedes:
) - S -
Z | “Smaller
0.1 "Demes e —
0.0001 0.001 0.01 0.1
O ) a’ (mz)

N /P (10"/W)

Loss Along the Field

Large a

Short L
Strong B

N,/ Py, o L

100 £

Present Device:

Very Large Diamete
Py, ~ a few kW
= sy,
l y
0.1 W 2404
1 10 100

As low as 4 =0.075 L (cm)

14



. Basic, Fusion
ngh Beta Effect & Space Physics

o, Beta = Plasma Pressure / Mag. Pressure
* MHD Conditions Industrial Application: Efficiency

Normalized Scale Lengths (p/a)
Hall Parameter (£, 7)
Resistive Time (Characteristic Time)
cf. Mag. Reynolds Number

+ New Findings !?

% Diamagnetic Effect:
Spatio-Temporal Structures
(+ Particle Behavior & Excited Waves)
cf. Magnetic Hole

Y Induced Instabilities:
Mirror, Fire Hose, Alfven Ion Cyclotron,
Drift Alfven Instabilities ...

% Initial Try of Reaching High Beta Value with Low Magnetic Field
cf. % Low Aspect Ratio s




Large Diameter (Helicon) Device

Up to 0.16 m3

Axial Length L: 9.5 — 126 cm

40 cm 1.D.

RF Power
Supply

-WI X

Ar Gas

High Speed Camera

' li_l

>

Langmuir
Probe

End Plate

Matching |
Box

Langmuir

1HR N

To Pump ¢

Y Probe
111
-40 0

Flat Spiral Antenna:
18 cm?, 4 Turns

80

| 4I0
z [cm]

120

1 +-20

A wat Kyushu Uniyv.

RF System & Results
S. Shinohara et al.,
10 r[cm] Jpn. J. Appl. Phys.
35 (1996) 4503.
Plasma Sources Sci.

Technol. 10 (2010) 052313.

Ar: 3 mTorr — 10 mTorr
RF Frequency: 7 MHz
RF Power: S kW
Discharge Duration:

~12 ms (10 pps)

16



Beta and Density in (P, ., B) Space

MHD Conditions:
Larmor Radius, €, 7, Skin Time

High Density > 10° cm3

10 n, [10
\

cm]

= 8

ﬁ >

T =6
- _‘,-"'- ) ‘ :.. e -. -‘ Ll |’
a. \

10 B (G) 100 . >

[ Contour of Beta ] £F
(Ratio of Plasma Pressure to Mag. One) 0 20 Ba4?G] 60

£,<0.76
High Beta: Structure and Instabilities [ Contour of Electron Density ]

(Fusion, Space Plasma etc.) 17
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4. SBOBE - AN)IVTSXRIZLBE#H

LN 2 SEET I A PEEDEE
~MHz, kW = 1013 cm>3: 185U B ERfEIs &I FE

|:> FHRXA—F: Ao 10 90
BEEEEDERE S REDRE

. BEEETSXAVR
MEAITSXTER  of. S EIHE

BE 35

TS5XT—EHEER cf. APSEDAS (Helicon)
1. EEETSX - ~

BsinE o FHEREREHE 2 F T LSS
L BER—4F5ZT sl
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I. B2 7 9 A<k

VI 7 9 R<E0 | o s

BitiRR OK  HRiE

IRIKFR SHEILA
+ TJ-K, Heliotron DR ...

MEDETT
BR%R?
FMimR OK 7IATE  ¢f. TDC, GD, Baking
7 7 A= —REM B/

gt cf. APSEDAS
e  (Helicon)

LMD, SMD, HFD

cf. Ceramics

20




I S EE 7 2 A =il i

=507 S Z‘\?‘}jﬁi e.g., SEMBEE/NA T RE

N

Mm% OK

il 5 ) 7" A= Ui

B R OK  eg. BT 5 XATikEE
(ZaoxH b)) B~

3 17 & &2 TE 1 Hl ]
B cx. STHE. AR
T ﬁ%*;li e.g., N, ~ 1012 m-3
j7 x-?*i?*ﬁ%ﬁ (é%}lgg)m/s c.f. ICR




I JRX—% 7 7 A=

U= Sy
11| RZERYT

N—H il

ﬁ = De / (Boz/ 2,[40)

% B%/2u, + p, > B2 2u,

€ — 1k 7E R T D

150

(a) e N
N
o © \\
o
100 —\ e ® L g |
o~
<< °
50 |- 3 * y=107? >’\\
°
—_— v¥=10
R
o
0 S N
0 0.01 0.02 0.03
BJ.

(b)

B [rel.unit]

-
T

~

Ty
Lo i s8

0 0.4 0.8 12 16
BT/ T)?

cf. AIC (GAMMA 10)

pERBHRBIOBI o : oL

i - R

b0y

Larmor Radius < Plasma Radius
Q2 7<1 (Ion), >1 (Electron)
* 7= W, O a*> < Discharge Duration
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JE7' 5 A2 PFIADIRH  * mE#xs

~MHz, KW = 103 em3: &30 % . &% H 6
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IEA
AJXF—aqd)L

S5t

mEEhsrs AW

‘ l[umuw‘f

S9tEF 1.5m
LIF

: 5 A — F L—+—
= 77+ kA
IRAAS T ips 1.5m#y%EE  (TOPTICA) : 05W

III. TNt 668.6 nm (#3¥442 nm)
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HAIR e R BRI EATF X~ (CCP)

AT A

[KEREE : o — RITLEREHINEL,
EeERE, RE TR

RF Power 777‘

Supply Vacuum
Chamber

Plasma Production

—

777

Wafer

fR& RHEMEMREER T T X

(ICP)

BRI ESTHE  — R (HROFE,

BETEES), BEVY T

Gos hlel\

,\
o
—

Ground
/;hisd

09

~\Trimmin 3

géadmﬁ\\_}
o

capacitence

000

__-Moich Box

Spiral Coil

it Faradoy shield
\I (opticnat) N
Tuning )
impedance ] :;ﬂ"‘,‘;‘r ~—
! Dielectric
vacuam
vessel
AF
"Q
£ =
Lo pump =
| i
(c)
RF Power In —
Quorlz
Vacuum
Window
Gos

Inlel
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: -—
__ i
- !
[-] Permanent
Holder Magnels
]

J. Hopwood, Plasma Sources. Sci. Technol. 1 (1992) 109.
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Magnetic Fieid Coiis X

@ Gas Feed Subsirate
e

Plasma

Microwave
(f = 2.45 GHz) Production m—
Quartz

Magnetic Field Lines

IR

To Pump

Y

Window @

Electron Cyclotron Resonance
: (B = 875 G)

Axial Magnetic Field

C Position

BRI 2B A 7 o ho o 3hg

77 A= (ECR) : FEHhkSH™

ERmE., BRE—
?‘.

S. Shinohara: Jpn. J. Appl. Phys. 36 (1997) 4695.

(a)

(<)

(d)

Leuncher
¥ Suriace Wave

Suface Wave

Surtace Wave

Launcher
Surface Wave

xR EmME T T A<JRE (SW)
RE B

NRR TREW TS X2OERE FOIEA
T2 A7 MEAERTE 72 (1996)621.
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[ xA v AT —HOHE ]

BICLBHAER :
ERERE T oEk

crested. The channels A, ¥, cod O

reder to the sigual
Frey § %o marked in Fig

F.F. Clom. : Lalisduclion fs Claana. Elpoico ( Ulanum. Ctas ; N, 175%)

R WAVE 151
Wases 10
Nesng:

i L WAVE |
: '\/ |
K l |
c? ' S |
§§ &
: ‘4.----.. (F) ﬁ. Q‘. l- ﬂ-
. " W e
0 —

L}
—_——

The v3/c” v w diagrams for the L and & waves. The negions of ncageopagation  FIGURE 4.39
[eadt” < 0) bave net been shaded, since they aie Jillenut fur e tww waves,

0 1 2 3
1 {sec)
Actual spectrograms of signals choming .
vature caused by the Jow- hunchdlhc‘::::o
dispervion relstion (Fig. 4-30), At ench timse & the receiver

with time thes indicases o descending glide tene. [Couries
of D. L, Carpenter, J. Cooophys. Res. 71,695 (1968)) :

EE 2 bIERE A~

T Sww

|

|

| Wy P )
|
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~Y o ROMEE

[ Propagating Region of Helicon Wave |

T o

S=0

re=ps Helicon Wave

Upper hybrid resonance

- W v e T -

Electron
cyclotran wave

lon cyclotron resonance

lon cyclotron wave

Alfvén waves

by Stix

by Lieberman & Lichtenberg
= Bounded Whistler Wave
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History & References

1962-: Lehne & Thoneman, Proc. Phys. Scr. 85 (1965) 301.
1970-: Boswell, Phys. Lett. 7 (1970) 457.
Plasma Phys. Control. Fusion 26 (1984) 1147.
Chen, Plasma Phys. Control. Fusion 33 (1991) 339.....

Now, More Than 50 Papers Per Year !

X R Basic StUdy :Application
/ 52&%@%3“

Electron - e BUTSURI
cyclotron wave o LR R e e

2009va64~o

/
/
/ : L << <<
o |/ Whistler (1) @,
N ___ Lower hybrid resonance
ol I A ——— > Boundary
// lon cyclot
w FA——— e — = e ———

(by Lieberman & Lichtenberg) k

Alfven waves

Review Papers e.g.,
Chen, Phys. Plasmas 3 (1996) 1783.
Shmohara, Jpn. J. Appl. Phys. 36 (1997) 4395, J. Plasma Fus. Res 78 (2002) 5
Memoir in Physical Society of Japan 64 (2009) 519.
Shoji & Sakawa, J. Plasma Fus. Res. 74 (1998) 29.
Boswell & Chen, IEEE Trans. Plasma Sci. 25 (1997) 1229.
Chen & Boswell, IEEE Trans. Plasma Sci. 25 (1997) 1245. 31




Various Types of Helicon Antenna

cf. Internal Antenna

Mostly (a) — (e):

Loop Antenna w/o Helical Pitch around the Small
b S ¢ Insulation Tube
O b Yy (d) (Side Wall)
Vel = A
S T,
Saddle Coils Type 111 Antenna
/ For Large

\ Plasma Diameter

Helical Antenna

3\ (End of Chamber)
w/ Half-Wavelength S — 7

Flat Spiral Antenna

D<15cm = 74 cm, V<0.1 m*= 2.1 m?
S. Shinohara: Jpn. J. Appl. Phys. 36 (1997) 4695. 32



F. F. Chen, Plasma Phys.

DisperSiOn Relation Control. Fusion 33 (1991) 339.

expli (k,z+m 0- wi)]
W.; << W << D, a=(0 /k,) (0,2 0 ¢)

IR IILDFER + — LSz —LDX
VxE=-0B/ot

— > 2 2 2

iwB =VxE =Vx(jxBg)/en,

VxB=gu,]) = (B V)jfeny = (ikBofeny)j
E=jxB,/en, 75 XIDER (RE) FRE
3 EFIZEFAES EXBKY TR
VxB=oaB j!! B : Force Free (& NHI5ECHL)

Bessel Function Dfi2 = HRBHES  HEHEEVF. AEREF

* FHREEA : AJIAVEK (RK) & TCGEGER)

FIWRILES S BERNHEST

S. M. Mahajan & Z. Yoshida, Phys. Rev. Lett. 81 (1998) 4863. 1
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H&w : Dr. Shamrai m\e

e
<
R DRI K 5 77 A< BT TV Antenna

77 AT OPEIBIR © JLFEVIPRAAT I BBRTR >
£ - —IN ky (e @) é
S8R & B — 3 : :
e - 3 -
T T T IO T A —F K e N\ «
S. Shinohara & K. P. Shamrai, Plasma Phys. Control. Fusion 42 (2000) 865. Tup [

K. P. Shamrai & S. Shinohara, Phys. Plasmas 8 (2001) 4659. Radial position
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[ Eloctic Fild Fatlinn, for Helican Wore ]

We; <<‘0”)<< W << e

wxg=db
BP:(.J-\ '()J“'l
J B.“‘(CIJ‘-!'C;J-“)
e . Ba b C.\Ju

[nstantancous clectric ficld pattern for an m = +1 helicon wave in space

<f. Badmoell

Instantancous electric ficld pattern for an m = 0 helicon wave in space

F.F. Clon. , Blasma Rlys. Cobul Fuaiom
8 a1) 339,

B (arb. units) B (arb. units) B (arb. units)

B (arb. units)

[ ~V a2 OREERS

G0 DEF R ZE4E]

0.4 .
(a) 8 {t = 0.1 ms}
-0.2 i
0.4 v v
. (b) ARG {t = 0.3 ms)
0.2 h ) -
0.0 :
L J
0.2
1.0 T — g )
. (c) L. t=18ms) |
B AR
0.5 - '/' -
' / \
oo .7 .
L B. n‘
0.5 A A
1.0 vy
(d) Paraboll
0.5 | B, __/»-.""“'.-._ Dom‘;:y Brofile _
0.0 — N
| .- " B’\._ ‘
-0.5 . A "
-1.5 -0.5 0 0.5 1 1.5
Normalized Radlus
A o
S. Shinohara, Y. Miyauchi and Y. Kawai: E\%“m & iﬁ .
Jpn. J. Appl. Phys. 35 (1996) L731. N\ &/VEREKL



RRFHERERED

BANERE :j,=00r=0)= B=0
IERMNERK . E,=0=> B.=0

maJ,(k,a) +kat’, (k,a)=B.=0
J(k;a)=0 (m=0)
Jikya)=(kyaky/20) (T,-J)  (m=1)
B, .= (-k/w)Ey= 2A/T)|(malr)J (k, r)+kJ’ (k| r)] cos(mO+kz-wt)
By= (K/w)E = -QA/D|al’ (k, r)+(mkir)J (k, r)] sin(mO+kz-wt)
B, =2ATJ (k| r) sin(mO+kz-wt), E,=0

L m=o

B .=-AkJ,(k, r) cos(kz-wi) E = Aw(a/k)J (k| r) sin(kz-wft)
By=-AaJ,(k, r) sin(kz-wt) Ey=AwJ(k, r) cos(kz-wft)
B,= Ak  Jy(k, r)sin(kz-wr) E,=0
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Double Beltrami

VxB=aB j!/ B : Force Free (3 NW35HECG)

Bessel Function : S BHES : ¥EMEBE > F. KBXRELGE
* BREBA :AYIY (TGE) : B (BR)

BITILRJLFSS S. M. Mahajan & Z. Yoshida, Phys. Rev. Lett. 81 (1998) 4863.
7Z.. Yoshida, S. M. Mahajan & S. Osaki, Phys. Plasmas 11 (2004) 3660.
Two Fluids: Hall MHD (Macro & Micro scales) (Ion Skin Depth, Cyclotron Motion)
1 d 1
E+V,XB+—Vp,=0 —l-l-(l V)l——tE-i-lXB)——Vp,
en ‘r M Mn
I, =V X(UXxQ)=0 (j=12) Q,=B, Q,=B+eVXV,
3 U=V—-eVXB, U,=V.
U=mw,Q, (j=12) VXG.=N.G,,

1 L ‘ —
ANo.=—[(b—a YY=\J(b—a ')*—4(1—b/a)]

$ Tl
B=C.G.+C_G_,

V=(a"'"+eN)Ci G +(a '+eN)C_G_ 3



HRONY 27T A<PRDHER « Rk & H/NEETOER  (ERRBERT)

Comparison of Helicon Source Size |

e Large Diameter/Large Volume

JAXA(ISAS): (75 cm¢, 486 cm') (New) (Spiral Antenna)

Kyushu Univ.: (45 cm’, 170 em') (Spiral Antenna)

NM Tech.: (43 cm¢, 400 cm') ALPHA (Antenna Array) Small Plasma Radius
MPI: (40 cmq), 400 cm') VINETA Small Plasma Radius

UCSD: (20 cm®, 250 cm') CSDX

Australian Nat’l Univ.: (20 cmq), 50 cm') + (90 cmq), 250 cm') WOMBAT
Auburn Univ.: (15 cm¢, 250 cm') ALEPSI

Ruhr Univ.: (15 em’, 200 cm') + (60 ecm®, 100 cm') (Multipole, Weak Field)
WVU: (15 em’, 157 em') HELIX + (200 cm’, 450 cm') LEIA (Weak Field)

e Small Diameter/Small Volume

JAXA (ISAS): (2.5 cm’, 4.7 em') (New) (10 - 100 MHz)
Nagoya Univ.: (4.5 cmq), 10 cm)

WVU (6 em®, 15 em'): CHEWIE (Low Density)
KAIST: (5 cm’, 30 cm') (98 MHz)
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LMp Applications (No. 1)

Low Density
(Voltage Biasing)

I. (arb. units)

) 3

I (arb.units)

18

Profile Control

Y1) - — .

0.010 [

0.005 |

Peaked & Hollow

- P

' ) ;

Z

g

Phys. Plasmas 8 §
(2001)1154.

0.000 L2

Plasma Processing

Density Transition | pusion

Hysteresis
(Statistics)

Phys. Plasmas 9

ame (3¢9 (2002) 4540.

Plasma Flow Control

/ ‘ 78 10

'*"\ 'Ve'l'dcity' Shear

/ ! Vyv.v =150V

vy
K3 13

Y (cm)

v Fusion
" .llsA 2 4 .-1.0‘ A 3 " é 2 a a2 Lou
r (cm)
I \O\I 1 |

le Orbits

\

Partic

.

Xe Ion

Jpn. J. Appl.
1 Phys. 46 (2007)

20 -15 -10 -

0O 5 10 15 20 4276.

X (cm)
Mass Separation
Wi /
(=14 /1 —4E,/rB.w.) 40
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The Largest Helicon Device (No. 1)

Up to 2.1 m’
73.8 (75) cm L.D. (O.D.)
5.5 — 486 cm Axial Length: L

Ar: 0.75 mTorr — 7.5 mTorr
RF Frequency: 7 MHz
RF Power: 5 kW
Discharge Duration: 12~40 ms (1 pps)
End Plate: Transparency ~35 %

(SUS: Punching Plate 0.5 cm?) 2 P
(or Plate w/o Holes or Mica Plate w/o Holes) 151

FHMZHARFERRS

Japan Aerospace Exploration Agency

Refs. Antenna (Outside)
Rev. Sci. Instrum. 75 (2004) 1941. - :
Phys. Plasmas 12 (2005) 044502 & 16 (2009) 057104.
Thin Solid Films 506-507 (2006) 564.
J. Plasma Fus. Res. 8 (2008) 00006. .
Plasma Sources Sci. Technol. 19 (2010) 034018. .
Memoir in Physical Society of Japan 64 (2009) 519. Helicon Plasma

(Blue Mode)
4

cf. Archimedes Technol. G. 1



LEPD  Very Large Diameter objectives

Large Volume
= Fusion, Basic Study (Space Plasma Simulation), Application

Low Aspect Ratio A (So far 4=L/D > 0.5) ¢ A=R/a
= Plasma Propulsion & Processing
cf. Boundary Condition (Axial Direction)

XN X X % Development
Protile Control
RF Noise Free Production Scaling

Wave Structures

LHPD: Large Helicon Plasma Device

Antenna e Excellent Production Efficiency

e A as low as 0.075 (5.5 cm Length)

End Plate

42



Particle Production Efficiency I (Calc)

Scaling: 12th Int. Cong. on Plasma Physics (2004) p. 179. hal-00002013

Loss Across the Field Loss Along the Field
Small Radius a Large a
Long Axial Length L Short L
Weak Magnetic Field B Strong B
Ton: Weakly 2
Magnetized N,/ Pinp xd N/ P inp = -
0 ) n,/P,,oc1/L n,/P,, < 1/a
P,, =Qma)(L) (D; Vn)E P,, =n,C,EQna’)
= N,/P,,=a*/48D,Ef = N,/P,,=LI2CEf

N,: Total Number of Electrons, n;: Edge Electron Density
f: Form Factor (n,= fn,), v, : Ion Collision, C: Ton Sound Velocity

1

E: Energy to Produce Ion and Electron Pair, D, | : Ion Diffusion ~ KT, /m, v, 43



Radial Density Profile Control (& =486 cm)

n, (10" ¢m™)

1. Field I

0-7 v L] A ] T T v ° .

[ (2) Full 4-Turn (ner HV) Configuration m e J
06} P X B +1 - AL \ . g S B
st/ /\ o 140G oA NARNEXXENEERRN

- ¢ A\ ’ o | bservation

[ o \ % Observation Window
04} / N e i Window _ |

A N e e o
0- | o) inp_ ] o.d. T y,

T/ \ N . ARE KPR R X
02k \o\ \o\ i Olare'n:tion -

i 490 W o‘o\o . ] Main Field Coils Langmuir Probes maow Field Coils
o1t Convergent ol

[ \8\5:0 486 cm
00 . 1 . ! . 1 . 1 . 1 o)

-20 -10 0 10 20 30 40
x (cm)
2. Antenna
Configuration

Importance: Processing, Fundamental Study ....
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Radial Density Profile Control (& =486 cm)

n, (10" em™®)

n (10" cm™)

1. Field

Configuration

I

/\m MagRelicProbes “ 1 . B

Observation

| AT

i " Spiral

ey o i-IE it Antenna
N R XOHRN |
Observation

Window Separate

us Langmuir Probes

o/ m— ———
(@) Full 4-Turn (Inner HV)
06 B [ 3 /O"O Bm + Is
J \°"~-\'\-\. —0—:140G+ 0A |
05F J / § A\ —®:140G+16 A -
L d .\.
O, ~e
0.4} o/ \, \
03k / \o '\.Pmp: 760 W
_ Vi %X
0.2 \0\0 N
i 490 W ™o
o1+  Convergent ol
R 8.
~8s
00 " 1 2 1 N 1 . 1 . 0
-20 -10 0 10 20 30
x (cm)
0.7
o6l (B) B +1:140G+16A
- ! —&— : Quter 2—-7
A (OutP
05 e Wy

03

0.2}

i .\. —D—:Irlnr
0.4_- _/'/ \.\’ &

0.1 P 374W oo Qﬁ\ ]

< M
00 R 1 . ! . 1 . 1 M, |
-20 -10 0 10 20 30

x (cm)

« HV Point
« Connection Position

486 cm

===

(Outer HV)

‘T@ Outer 2-Turn
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EndEffect.  Wave Structures I: Ez(r,z) (L =81 cm)

Good Agreement
0.5 (a)
N Calc.
=) ] -
£ 3
St N
< 00 5 VP T
o E
= . o
1 ] Z 1 __._;_'—':;/:‘
'0’5_10 0.0 | 0.5 | 1.0
Normalized radial position
2 -
0.5
S e 1]
= =
< 0.0 S o
— ]
o E
1" 2
-0.5 ] -2 I//I 1 1 1 1
0 0 20 40 60 80
Source z (cm) End Reflection z (cm)
1.9 kW, HV in, 2-Turn, I, = 60 A Amp. Ratio (2nd.)/(1st.) = 0.51 , Phase diff. = — 6.5 degs.

cf. High Radial Modes @ z= 51.5 cm, Reflection: 50 %, Coll. & Landau Dampings



~

Standing Wave g
Like Pattern  YVave Structures 1I: B (z) (Short 1)

Lower Axial
Mode Number n,
Decreasing Length

N

End Plate

B /1, (Arb.U.)

Calculation

0 5 10 15 20 25 30 35 3 q2f

0.2F

-
N AN /D 2
N AN\ z(em) 2
0 “"' \ et , S
NN < oo}

LGRSO S0 End Plate
ENUNS PN )3

. "Q‘Q"h \Q" 34.5 cm
Calculation

l

B

-0.4F
Antenna Side: Loop 4
End Plate Side: Node

4

en=1/4+p/2  (p: Integer) S8 e e

« Agreement with the Dispersion Relation (1.5 mTorr)



Axial Electron Density Profiles

Short Axial Length _ Uniform Field \
) [T N,/ Py L

/ 30 cm : lOOE v —r———r — .C.j.’:

i ER
. :c 10?
. N, )@ 7o ¢ Lupp
' O
. ok e
Py :2KkW 7
BIT,F :50G - b (em)
10 cm PAI._: 10 mTorr ]
a3 3 1 3 3 3 3 1 3 32 3 3 1 3 3 3 3 L 3 3 3 1 3 3 3 4 2
0 5 15 20 25 30 ne/ Py, & 1/a
zlem] =0cm) A as low as 0.25

Even Though Short Length of L ~ 10 cm, High Density ~ 1013 cm3
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Beta and Diamag. Effect in (P,., B) Space

1
s
e
4 .
-/ [
ol )/
. ;

—r— ¥ i
- v % 1 & -
g D
_‘;_?;'2
e
.4

A S

,1!
VAYAV,
AL

AV,
AV,
TR
T

$,<0.76 Small Diamag. Effect: AB/B < 4.5 % (cf. 50 %)

X B 2uy + p. > Bf/2u, &=

Larmor Radius < Plasma Radius
Q2 7<1 (Ion), >1 (Electron)
% 7=,0 a® <Discharge Duration
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75 XA HEEDH

RoMSWinglee, T. Ziemba, J. Slough, P. Euripides,
Univ. of Washington

'ASA, MSFC
Weilomlinson, J. Cravens, J. Burch, SWRI

Create a magnetic bubble around and attached to a spacecra

Propellant

et

BEE—IL (FYUhuR)

R—ILER
R—ILRSRE—

(RTTHEH) Electromagnet Acceleration Coil

~
\N- /.
Ar Gas = t—-------i(
/”
ROV—=2 TotN Fat ]
4 @élJy§F 5“:)~yl~‘ délj‘_‘ll"
= i i Glass Tube RF Antenna

AZ2T 000
(E&EH)

> &>

BHEE &R
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SETSAIHETODO Y b (D)

TERD MR 77 2 < HEitE
(75 A & A : EREE L)

——— )\ BFied
COVS

Working 1T 5 3

Gas o=~ "rESERET
’ O uzEwkih
ANy BRETSATER 3 ST

FET AT T LB
(75 X YHEE) SRS + SEAETE R HE

RV 7 T A2 —REH B AEH
SN ERTET)

CRA Az u D

VASIMR (NASA)
) ‘ Helicon
Ry = +ICRF




(emzn sawn o) oI T I X THELE  Hinon biaona

Initial Try of New Propulsion Scheme cf. NASA ”VASIMR”

Y a v ENIEER 77 A~ea v by Y v ORI
ILRERETE (A). (B). (C) HFDEM

WA, &8z, PIHAERGR. iARHEEEZ., VaHfEZd%.
Shamraif# I 55 & 658

O
Payload gpeci’ist 4
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2.5 cm L.D.
High- Dens1ty Plasma Production @maiest o)

(Hellcon) °® : ~2%x1013 em3
1013 R Y ® k| .
: | , i Achieved @ 500W
Density Jump I
& 107F
. oo
E . (ICP)
=@ 10" o .0
* (ccp
T
1013 ¢m?3
| Pinp (W)

(27.12 MHz, 0.5 mg/s, 800 G)

Antenna Loading
in (B, n,) Space
(Calc. By Shamrai)

Plasma Density (107 eni”)

o N

0 200 400 600
Magnetic Field (G) 800 G




RETSXATWETOOT I b 55T

METENR 72 70575 72 & )

+ HMEBENY 277 A

a2 = 2 .
Plasma e BTBHGEETEGERR g
IEIE@%*% (REF) e.g.. PIC, Kk ...
(FEXFR) AAMETR 7= -+
FZ =j9XBr0 4:5 '> ~ IonDensItQ
S
+ D7 % o
JERAs B, XTI LT— . — |
B~ foroE-—749n .. @ e
L Plasma 0.0 l. Ox/Zé‘(()) 3.0 0.0 1. Ox/752 3.0
n . - . \ E%E% TEE
' = + ~ ~ — /
/. K Bl + S 2 b —% 3 B El

b~/ AAs PR T

N o

Antenna
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° f. FRC:
ZSpQAZ:lli/Il\(/)[tf;mura et al. PrOp lllSlOIl SCheme (I) Nlicl. Fusion

RMF: Rotating Magnetic Field
r B:'F\m

Plasma column

Inomoto, 2008
E-(jxB)en,=nj
Rotating Magnetic Field (w) B, ~ exp(iot)

VXE=-0B/ot
Inductive Electric Field (0)  E, ~ exp(ix) Resistivit
_ _ (Collision%
Axial Ohmic current (®) J. ~ exp(ior)
nonlinearity
Azimuthal current (DC) Jo, ~<J xB, >

radial B field
Axial Lorentz force (DC) Fz

‘Rotating Magnetic Field: Jones, 1979; Hugrass et al.,1980; Hoffman, 1998 efc

Penetration Condition of the RMF into a Plasma Our Second Type

Axial Force F « nwB R’ (Outside of V.V)



% Multi Loops: Azimuthal Current Iy(@) (&4
X Mode Disp. Relation — ., R
111 (kz = 0) - - 7, \\
Boundary Condition Propellant : T 7=\
RF Antenna| | (Glass Tube Brdg xBr
I, . (w) : External Current Electromagnet] ~ Ij:::eleration — ! b
j (r,w) : Induced Current Density [Tk et of 20041 Jr,w)
= C(r, w) I, w)/wR? .
C(r,w) : Response Function F(w) = j;L dz|, 2mrdrj(r,@)B,.(r)| yat period
100 3 T T T T 3 S [
(Propagation: w/w, z <1) é 10_18: : 0.1 (N)
S 10" 3 (D/(DLH:O'OI E E | ZE Example Fmax (w) = ]ext (a))Brm
g 1 Z
=) 1
§ 107F 5§ g 4 n=10"(cm?)
2 i E = {B._=100(G) o< r
- 107 L - 1 I,=10(A)
: v/l | Jun=1 (MHz)
i \1'\’10 V/(X)LHZI : 10-3 nnnnnmdl_n nnnnnfl_n noanawdl_n nnanmdl__n_n_nnnnd
10°7 | | | | ' 10° 102 10" 10° 10° 107
0.0 02 04 06 08 1.0
Normalized Radius Wave Frequency (MHz)
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REF

Rotating
Electric Field
(Lissajous)

Electron Motion

¢E, 1
ux 5
mJc, )

y ¢E, 1
y m ‘/( . )2

= sin( t

= cos( t

ek,

R

Y (@, o) +v2

)

Magnetic Coil

)

Plasma Production
4 N\

Amp{| S.G.

1l

M.B.

- J

/ "

A

M.B. ||M.B.
[l Il
Amp

O

Amp

I| | — F.G.

\_ J

Plasma Acceleration

Mach Probe pgwnstream

Propulsion Scheme (ILI) vy 7o Nishida era

R.P. | |R.P.| | R.P.

6.5 cm D.P.

Vacuum Chamber

Effective Electron Larmor Radius
R,=F / wB_,

cf. Diamagnetic Current 58



it 2%
IXeSR M) 3180(s]
HEMERDE 51 [%]
25 [mN/KW]
RMF LEHE S 150[s]
HEXERDZE  0.01 [%]
0.1 [mN/KW]
H
M) > 10
S ~ M5 (r~26%)
n > 5~101%
RMF antiiyal 1500(s]
fEEERE 20 % DLk

20 [mN/kW] P I
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Helicon: Future Potential Contribution

{ Nonlinearity — Complex/Structural Formaﬁon}

Nanotechnology/Materials, Environment,
Information/Telecommunication, Biotechnology ...

[ Industrial Application ]

| Basic Physics |

Self Organization
Density Transition
Velocity Shear
Turbulence

High-Beta, PWI
B;ﬁndai; ,Layer Excitation of Various Waves

Magnetic Reconnection Magnetosphere

Pre-ionization Gas Laser... % Propulsion
Wall Conditioning KXoy Dust (B, n, ...)

Neutron Source ... BSEgE. S8 W Astrobiology (Biopolesis)...

Fusion SRR .l | Space Physics

bR S

Solar Wind
(Imitation)

TSARRERR

Nagoya Univ.)
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International Thermonuclear Experimental Reactor
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