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WFFER R OMEEE (FE3) : We applied metamaterials, whose concepts and functions have been
extensively explored for these years, to high—-density gas—discharge plasma generation.
Negative—permeability spaces were designed and achieved by metamaterial structures, and
injection of microwaves at several hundreds of watts into these spaces led to generation
of high-density plasmas with negative permittivity, which was confirmed by plasma
diagnostics. States with simultaneous negative permittivity and permeability led to
dynamic generation of negative-refractive—index states, and generation processes were
in strong nonlinear systems. This study allows us to propose novel plasma sources and
to verify new techniques of nonlinear metamaterials for industrial activities.

AT AERR
(AL 1)
ELfEE Y RIEEEN o @t

2010 4R 4, 600, 000 1, 380, 000 5, 980, 000
2011 4EHE 7, 700, 000 2, 310, 000 10, 010, 000
2012 4EHE 800, 000 240, 000 1, 040, 000

R

R
e 13, 100, 000 3, 930, 000 17, 040, 000

e E . BmREs
B OSE « fiH : T RASRFE - TITARE (T X<nH)
F—U—R: FIXvw, AXTFTUTI, AREITER, BILE. 58 T8E

1. BRGSO 5 NF T, A% bZORMERIC I L T£<
ITHE, BGRB8k 72 J8 Wi & DOFRENHFENT WD, TORTHERIC
LD, BEfRERT A—=Z L LTV HME EARMEITRNA &7 DRRBIL, BAR TE
BEBADLRMEERT T AX~<T U T Iv] O SNAMEH A WIT AT L7 5E L
ZEN MR IERATH D, &FFOEBEN L CERIATBEZR T B CIZEBARARETH Y |
2 < RFES AL, FTBGHIN THAT OHER D I FOISHAEE LTHEMNERIZT 7 v M




TRV AR EORBWIRVRER & 5, T
R EALTDHEDITITERKFIIBIT D
BEENDBER () EBBIR(u) M n =62
p't X0 ELEIRFICARE R DLEND
V. BEITAFEREOABHRIKL RO
W EZ W TR ETHFEPRIOND
[z X, R. Shelby et al., Science 292,
77 (2001) ],

Frx b T TIIAZ~T U T EEICZLY
ADBITRREOFEBUZRKI L TNDH 0, £
TR EROTELFRELRY AOFEFRIK

BERET 7 AL VEIALEL, $hbb,

T IR DFBERIIEEEEOLE T T X
< EARBMU T CRAERDZZERMLNTE
0. XIST 5 BRI OB ICRB W T, &
BOBMMESENDOA v F 7 2R (L) — K&
©) HAHIRHBIC L 5 ADHRFRIREL D
HEDRTADORBITRIRENEBL I N, 2
DEINCAXZ~T I TILOMEIELTT T
A== HWLHNT AP ORETH 5,
AWIENZBNT, A T2 DT T X~ % F
ALEAZ=T VT VEESLICHERE
S SHICETEDD I EERELIEW, T
bbb, L-C HETHEEENALR->TVD
JE BB D BRI & B HRRE EE IIRRE T
e &8, IE<ITENIC X0 AL 5 IERIEE
BEHET 5, 2F 0., &ROBMESEIC X
D L-C LENEZ > TWVDHE X, ZOBEME
DEINIFEETFIEPCEZOND, T
He. HOHRELU LD RBITR2ERERE &
ST & EIT, REYEE DO AR 22 R S e ok g
LCT T A~AERICED & THEN, ADH
RIREN A OFERIREL TR T D,
DX DR T T R S ORI
WHICH DO A Z~T )V T LVESG L LTl
HOREE 72208, [FIRFCHICIER IR
XRT VL= AN—%fE) 7T X~ ks
s, @, BlziE 2.45 Gz O~ A7 1
WERANWCTT T XA~EERTHHEE, KT
X577 A DBEBAEEITH 10" em™® THA
IHEid, ZIUXEBE OGN, ZDJE
WD 77 A< Es (BETHEEORE) &
B S W S N8 1 Y e A s Wl N2 '
L. BEFEEOT T A~E2HB5-0ORE
H7RfEE L lr o T e, RTIRESIN TV
REWIC LD T T A~EFRREOFEITZ
DM % S DREFNT 5 2, AEH R
ELR, S HIZFEMICIRRS & Z Ok
SUELIIFERDENSAICLEDLERT
HY . WEITBHRNIETH D7D EITRN
EENOE LD Z L TR R ATRE & 72
b, FNUIK LT, KT7T A~ AERRIEICK D
& ORI & X IE SRS BRI O A -
7T AR L0 kOB E L ET
RIS BT HBELEDD I EMNATRE L 72
Do

2. WO HB
AWFZECIE, & D OB NG T T, L-C
EALIE#EEO T LGB W T T T R
~EREADEITRIREA FIRFICEBL L, £
O2WrE et RE L L TCoOIGHE R
T5, XVFELIL, L-C BEY RS IS
JE OB 72 FHIRE SR L v 220 . F ZICHHE
JEAREEINIEIE— T 2 BB OB ORI
ETIE~A 7 all) AT 5, BRI HA
HENAREICITT R VX —RNER L, 22D
FOT VA MEEIXESANEREEAL L, B
WRITEE L 7o T 5, BB ZHE 2 7= B
B xR X—IEBETTT T X~ 24K
L. TRAX—NEE D2 L CEBIKEE K
TOFEBRPALRD, 5, ZOREL—
KTOERMEITRITIESR (A) &40, &
B I IREERN TOBIMZBIE L, kx L2
WM& TT I A~ LR LUEITREZAL L
PR HHITTS (K1), fEEE LT, JEH
BEEZRELSMZDEEBEET T X~ PNAERK
THETREIND, Thbb, TRk H>7%
HARN 72 B2 4817 CTHF9E 21T 9
(1) L-C HREEORFHB LT T X~ Ak
DIFE
(2) 7T X=RF A —H 554 OZ W
(3) BTLyIRIANyF 7ot REEDRH
i

3. WrFED kL

AMFRIZEBIT 5, AJRITRIEOFHBLL D
i, BI O 77 X~ A RiEOwEL %
L. L TFTORMRHMNEZE T 5,

F9 “L-C LIEEDHRI B LIONT T X+
D FEIE” E4TV, L-C B EORE -
VERL A TS T2, TOT LA EEZ BT ¥
UNR—IZERE L, KRENDLZD 1/100 FEE
DJESFPHTD 7T X~ E K OREF % BT
T 5, FIFC, VNA (X7 by hU—
T FTAY) PEIC X EEEESIEDER
RESTRZENT 5, RIZ, 77 A< /RT R
— B AT DOZWEAT 5 T2, IR/ NT A —
B AR DWE & AR 7 o — 7 Lo L
— VI HIEC L 0TV, BRI TR L
AR BB BE S AT O AT T 21T 5. Feth
WIEfE LT, “BF LoV FTak
AEEE DR ATV, TIROE T LUl
B 72 iE R 2R ET 572 CRRIES T
R T D HiEE ML 5,

4. BFZERCE

(1) L-C HRHEEDOFHB L O T X~ Ak
D IR

BEDAZ2T Y T IAMFRICBWNTIL, &
WP D' SIS <, BB ORI £ B
HOEE N X DIREEZ W > TV D,
Tkt Ly AR TIE, BT 2 BRI O E
TI3 @ < Te o TRIZIERIDS L U L7272 &



XWCEDEIRBENAEL D, &I BLE
THFIEEIT 72, DF V., BREOZ LY
—NEL b e, EITIZFOBRESITEY
TR EENEINTHZERBLLN, £
YT B EFEROEEE L CERIE S
DRETNENT D, ZOBICEVERTT
A BEOEL L FEROENEL D, =
DX RIEBIGRBFEN E D X 5 7 ks c /4
U5k, Blim & EBROMmE TR,
F9. BHERAICIE. 2RITHRY A XDHA
DB RGRZEMNT R L CEAf 75 CEMIE O
G DORET-Z2 1, Z OEBRIREIC L0 221
DEBAREDIED . S HICEBEICHES 7
R R CZEM OFERNE(L LT, BRI
DG~ Z KT T, LW RERE LT,
FEATIRAR 2 F N T BRI S IRICBE 3 2 Efil
LT T X DRL A NT AT T DB
A E N DB ERNP L IZKD SN D DT,
ZDFEBRNGE L L 72 D00 % )1 E Rk
WL T7ry b7z, fERELT, K2
DX 94X (bifurcation diagram) 7%
HBohiz, BAOBBERZEMOFLERIZEBWT
X, RAERBRGEERERDT L — R
NGBS %R, Thbb, ERIH S BRI
OERPHEIML TN &, SAB & 20
L ST AR (ZO%E, FIUTADOFHE
FARBEIZEAM) 2ME Uy, —5, ADBER
R OB W TRIEITHRZICHER
NEA LTV, oI R, b Lk
s 7T X< BN R ENR, ADERSR
ZeM O JEITRITEE B FEH (A) 128k L
CTEMRICRZTFT Lo, 5 & ERK
B AITIRA IR ODEIZIR N T 5, 2F 0, 5
BT A (phase portrait) 1ZHEVY,
RV — RORERKEZ “ b Big”
DEICEMERDENT D EBZEZHND,
—J5. EBBHE LTI, ADBRIERZEM
Z 2@y El) 7 RER (DSRR) 7 LA OFf
BREEICEVEBL, F2I2 2.45 GHz - &
100 W o~A 7 aiza AF Lz, L 0EEmc
%, K3IERT L HIC, MEREREERE =
EEZET ¥ UN—OHIERE L, ORI
F MRS AR R E L CAS - 8 - BiaE
HEBR Lz, 568, M3ITRTIIHIT,
F9 DSRR 7 LA ONEIZTT T A~k %
BIRTAHAHAINT T X bORNENIFITE
Y-zl sniz, £/, 77 XA~ A ftE
W, KRBT B &SR ERE S 3
KLT, BEDOT T R EROBEIT. 7T
R RN TEBME N T T A~I12 X0
WY SH, B 2 w9 5117
R, FERLITHORERTHD, Tk, K
1 CPRLEX YT, BOBBRZER ORI
N, BETH - TIRRED B EE A~ LT
T EERIELTEY, BITERSAL ST
HEHER S D,

(2) 7T RA=8T X —H A7 DLW

ERoOLIICEREINTZT T A=ITon
T, ¥4 7 aEOFERE SO LA GHERT
LHEFERPNAORBEE ST A~ Lo T
WAHZ ERTHESINDN, EREITT T X=X
T A — X ORFZER A 2 WE L CHERBZAT
>77,

P, AT 2T T a—T7 2R L
T, BHEEDOZEM A E = ORZ L2 I
E LT, KAl TE91, w47 v Ab
wWAOHEME, Afm (z = 0 mm) ITEEDE
FEEO FARERE, K<L T0Wb, £
LT, AHES 15 mm O F TIlEFHER
NEADIRREL 72> TWNWD Z Ebnd, Fi2.
EHRAREEEFEEOBRBREARD L, 0.3
ms LARTOIRE ] - VB EIRAEL . 0.4 ms LA
HBOKET] - @mEEREIL, HAHNICRRD
T— FREBICH D Z LR S, FHIEX
2 E T L7 IR I BL 3 Bl AL T
HHDOEHESND,

Fo, FHOWEEL LT, HEEE = A
WL — Y% W T8 B EE DR R H AT
ST, A7 a7 T X<AIcHW - Ar
T ADWELZTEFHEIL AT DOWT, &8 s
WZBWTEDORILA~T MVOREEAT S
7=, ERAEEa LTI —VEeTOX A Y
YrENEae—L b B REL—
BT UHN—FEDOL—HHE LT, WHFOE—
FEABHT D Z L TILA Y 2oL A
X7 MVEFENETHZ LTS L, E
BRIZPL BElzak R 7= K S 7e~A 7 m Bk~
FTAICH L CHEEZEHA T2 25F
TIEEL o720, ZTOFAMEZ T Z &
NTEREEZTNED,

B) BrL VAN F Tt RAEEDRH
7%
EEEOISHAFREL LT, BZEF v o R—H
TO~A 7 vl EE ST X~ FILEER
FACBWTHEHELEZ NN, —HTEDH
W2 DT T AP aekkx e B IZIc T 5
7280, BFL PRy F T o ZAAEE A
LT,

2T, RREDT LA HTANTA
I ST A ERT 570, TROE
LU UNIZ, EREQ) THWEo LREEOA
DBGERDOAZ<T ) TIAEEZRE L., ©
CIKRKET NI T AEH AL - A%
ALK, T5&. $ 100 WO ANE T
L. REY—TEHd20n~A 7 vfioRKLET
T AR Lo, KD EERR & % il
IbTH52ET, BFLYIEWIRSIZATF
AHE Y — VLK Y RRE~A 7 a5
A< BNRHRTRE L 725 LHERI SN D,



plasma P >
on turn—on// @f (@
EM waves

propagation resong p@
7 i

= =/

t@ ’ DSRR
+ “(SRR) - (SRR) - (SRR) -(SRR)
f:‘ + - (plasma)+-> - + . (lnductapce L
N +(real) - (real) imag.” - imag. imag. g)capacnance

®1. AWK THETEEE (AFER) 7
T R~ RO, DSRR 7 LA N EREHE %
BEL, ERTTAVHOHEREAL L,
W LCREMOBITRP AL 2D, R
DGR & @HEE T T X~ PRIETTT 5,

-20 T
Phase portrait
«— Bulk
15 <--- Edge
e i
£ -10 1 ]
2
E
o 5 ‘ 1
o !
H 3 Bulk
0.2 1 5

Initial Electric Field E_ (arb. unit)

2. 77 X=MOFERE O (AH) &
REEOBETER L&D, FHREE L%
KILT D7,

Vacuum chamber

e 1
Directional coupler }

i
i
1L I ! | I 1&1_{ | images
2.45 GHz T oot L MTTTTTTTTN Trans, O>
amp W mer et
|| I [ 1l i 1) Sh
3stub tuner 7/ <waveguide> j\short
Directional | termination|

coupler

LR
| "

L L T T
Vi |

"
v

I

3. EFEoERICBITAMEERR L A X2~
T YT NAEE, AT, AZ~T VT IVET
B SN - AB R B 2 r T,

:

—m—z=6mm
—»—z=10mm
—&—z=15mm

T
T
Ak /'\'__'/"_"/

[

02 04 06 08 1.0
Time (ms)

WE ) —¥—z=20mm
S .//'“—4 z=25mm
= //l ./

= .

2 10 /ﬁtiu,o_ﬁ,//‘i_ﬂ‘iﬂ.

)

-g ‘A\A /

=]

=

5]

@

18]

—_

0.
F:) &
o

4. w427k (2.45 GHz) DASTEITR
K OB COETHE ORI B,

5. FleRFiHLE
(WFgef . WIges a3 K OB 728 1
LR

GERERms) (R4 1)
@D 0. Sakai, T. Shimomura and K. Tachibana,
“"Negative refractive index designed in a
periodic composite of lossy microplasmas
and microresonators,” Physics of Plasmas,

@A, vol. 17, 2010, pp. 123504-1-9.
@ 0. Sakai, S. Iio, T. Shimomura and K.
Tachibana, “Experimental and theoretical
characterization of plasma
metamaterials,” Transactions of the
Materials Research Society of Japan, %t
WA, vol. 39, 2011, pp. 449-454.
® 0. Sakai and K. Tachibana, “Plasmas as
metamaterials: a review,” Plasma Sources
Science and Technology, &4, vol. 21,
2012, pp. 013001-1-18.
@ K. Urabe and 0. Sakai, “Absorption
spectroscopy using interference between
optical frequency comb and
single-wavelength laser,” Applied
Physics Letters, ®gif, vol. 101, 2012,
pp. 051105-1-4.

(Fa%R] GHorh)
@D 0. Sakai, and T. Shimomura, ”Anomalous
response of lossy plasmas immersed in



metamaterial structure in the microwave
range,” The 63th Gaseous FElectronic
Conference and 7th International
Conference on RKeactive Plasmas (Paris,
France, October 4-8, 2010) (Abstracts, p.
45).

©@ 0. Sakai and S. lio, “Bifurcated
permittivity in a field-dependent
metamaterial via discharge plasma
generation, ” The Progress in

Electromagnetics Research Symposium 2011
(Marrakesh, Morocco, March 20-23, 2011)
(Abstracts, p. 26).

@ WHHE A, [EEREOBEGRAENTICL S
727}5?TJTW®% R (AR
). %520 [A] H A MRS 2465 R Yo A (B
e, 201041E 12 H 20 H),
@ 0. Sakai, S. lio, K.
Urabe, “Plasma generation via propagating
waves in metamaterial structure,” 6th
International Workshop on Microplasmas

Imanaka and K.

(Paris,  France, April 3-6, 2011)
(Abstracts, p. 48).
® 0. Sakai, “Emerging aspects in a

plasma—metamaterial composite, ” Xxx
General Assembly and Scientific Symposium
of International Union of Radio Science
(Istanbul, Turkey, August 13-20, 2011)
(Abstracts, p. 64).

® 0. Sakai and D.-S. Lee, "Deformation of
surface waves propagating on
2-dimensional metamaterial structure,”
The Progress in Electromagnetics KResearch
Symposium 2012 (Kuala Lumpur, Malaysia,
March 27-30, 2012) (Adbstracts, p. 67).
@ 0. Sakai, “Tunable and nonlinear
metamaterials activated by gas—discharge
plasmas, ” The Znd Japan—Korea
Metamaterials Forum (Tsukuba, Japan, June
28-30, 2012) (Abstracts, pp. 42-43).

0. Sakai, “Plasma metamaterials for
novel 1interaction between plasmas and
waves,” The 39th IEFE International
Conference on Plasma Science (Edinburgh,
Scotland, July 8-12, 2012) (dbstracts, p.
118).

@ 0. Sakai Y. Nakamura and S. Iio,
“Transition to negative refractive index
in plasma metamaterial with negative
permeability,” Proceedings of The Sixth
International  Congress on  Advanced
Electromagnetic Materials in Microwaves
and Optics (Metamaterials’ 2012) (St.
Petersburg, Russia, September 17-22,
2012) (in CD-ROM).

(XF) G2 )

@ Osamu  Sakai, Intech (Ri jeka),
“"Propagation of electromagnetic waves in
and around plasmas,” in Wave Propagation,
edited by A. Petrin, 2011, pp. 331-352.
Qi E M., v—=2ar—HR GER).
(X %<7V 7/ 1), 2012, pp. 89-98,

(£ Dfth)
R—= b=
http://plasmal. kuee. kyoto—u. ac. jp/osaka
i/

6. WFITHERR

(1) pFge s
HEH B (SAKAT OSAMU)
TR « TR seR) - #edas
a5 30362445

@) WF7ErHE AL

(3) MRS A EHEL



