SEXHKIAZEIE{EF Trivelpiece-Gould 7K
BERITAF RIS
AT BB x(EHK O ERY
1) ChEFRHERE R B AT 7R, 65t 100190)
2) CREFREERE RS, 65T 100049)

F5 AR 3 P VAR IR S S DAL, e S I vt A B AS % o e A4 8 1A R 42 O A L,
AR B A5 B A v SR AR R FEURE R R % ) e M e, R P A 45 8 Ak b BRI AN R A £
BOC &R, BRI TR (Bo <100 G)  HH 4525 (no =1 10" em™®), 1<% (p <5 mTorn) 4 N g jied 5
Trivelpiece-Gould (TG) ¥ 8] )3 BORE & 0% 22 S AP AT =N A [ B (=0, -1,+1) (1) RE s UTAR R 2. B 9T
SRR fEw/27=13.56 MHZ. Ti/Te,= 0.1ZE R T, UL MAIR TR S5 TG B 18] AR T &
P B E E 0L B R ) B BT B s TR UR TSR N, B R G OK, MR e A B TR
TS I TG AE B UIRA G 58, TG m=O0RLAE BEAN B AR 48 £ SR A, A2 AE — AR B Per, p<pert
WIE R e £ T Ae BDUN, p>pei il B £ 3 BE B DT

KRR HURLDG, OHURE, LSRR TR, RERDIR
PACS: 52.35.Hr, 11.55.Fv, 52.25.Xz, 92.60.hb

1 3

|

AR 37 5% P VA LR — L b MR E J8 5 38 - AR L PR P — R 0 A, DR 6 AW S 7 A
RGN | ARRA CERRSINR . FIRNL R mikfe CRir %8s ki
P FLF B BESE AR B AT L 2 SR 20 i 5 TR O R S SR e T I A Y
KB FE 77100 4 %2 5T, 1992 4F, Chen EHEATHARINEE (2 KW WOR IS IE I Hi B8 7= A v 2 P
(~3x10™ em™) MEEI S B8 TR L6 o - BRI ZEAICRE (50 G ) AW £ J= 3 2% 2
H (~1.7x10% ecm™) MG, IEEL IR E RN Trivelpiece-Gould (TG) HL-F[RIER, {H
KB HAT AN E S AT . 1997 4, TR (<100 G) 15T, Chen 2575 S26 ULl £
~10" cm P BT TR E, RN A IR R X AR e S TG i A RS & ke e,
2004 4F, fEARHIS (<100 GO Z1F T, Sato S5k = Al LASUA SR IER ) |m| =1 /s AR R 20 3EAT

"EF AR E AL HME S EOH2132702) %% B i .
TS EEE . E-mail:beiste@163.com



T AR SE S, 25 BRI AT OR IR RS m = +1 A B AR R R R TE L S A R T e
g7 1 g J 5 1 PE VA, (RIS R P Bk AR R 1 IX — 35 I L M. 2007 4F, Sato S5 7E K
oI E] /N T 100 G 1ETE N MG 5 BEVEE IR, R IR SR 1) — g g it BRI BHJé
(Landau damping) #Liill ;=42 55 B 44, 8t SE A2 AR S H T o - A, [RJINT R LG B IE
BELJB AT 5% 7 1 B - rh 4 S B - Rl AR R T, 2019 4, fEARREY (<100G) TR R,
Yadav &5 7£ 250 H R IR £6- 55 B8 TR G AR & Wi AR SV R T 3 0, 7E 25 G IHTE T,
MR A S AR B AR AL, RSB TR & CR M 60% 1K) 80%M°. H A, 2015 4F,
K H Boswell K4k, Wang &5 7E 55 46 HHOULM 21 =4 S A5 D 28 )0 100 B3 K 2] 250 LIS 73 7l £
40 ~55 G 5110 ~165 G At HHLXUE LG EIL R, Tl HELIC ARG AN TH R L U3 R T~ B o
BELJE R TG BB R, 2017 48, SRAIND #5 R R 28, A4+ R S5AEAR G (100 G 441 il
S 6 30T SIS B T 1) A 170 AR 340 40 T S R kT T M e 51 ok i T8 2024 4E, RHIm=0
Single-loop Kk, TEAKHIY) (<100 G) 254, Xia S5 1EG S 2 1A S50 UL 21 %02 P Vs (5 2
%, FIFH B RO MR S — A 5 BB S B - TG R & i 8L 2025 45, Li 461G
Wiy (<100G) . K% (1x10" ecm™) RAKSE (0.5 mTorr) Z&4F N, Bk Hr KIS T
TG m=0 B, B 7R A R Ty, << LI BHIERAJE 32 3 D3 yTAR, 1y, >> 1B filh 8
Jé S rh R AR,

A T R PEIR W] DA B, IR % R AR I R AR 2250 G — 1R R 3R R, R A 38
ANSZLG W 7 T AEBE— BT 78, A SCAEAR L % B AR ST S RO -, A5 B IRSE & TR re ok &
BERURIH ARt G R, 62 /T ChenU g SEBGHT o0 LiCORHS I 78 TARSERILE, B3 — b 7E 36
JZHE TR A TG IWRT =AM R (m=0, -1,+1) 7ERR37 % EIEE P PrE M, o
5] TG 3 m=0 A I BAE AN R U TAR P L 48 = Ay, B TR, SURAE DE 1 BHIETR
JE RHRlEFE BELJE fr 2 76 L B R T 5 55 B8 1A FEL -\ m iR R G BBl N S R B UORR. UBIE T 4 SR 9 FRATT
B4 T BRI 1 2 TR V(I R AR T T AR
2 BipER

WER G IR T P AR SR B TR IR AE N M i % B=Bg, F, S TR NS r =a 4%k
WIRE O FE. RS S A B AL BT, 1210 55 B A BRI S 40 AT, MBS 1A
A PRIEE. B R B E LR,



free space

»

glass tube

plasma column

P 1A AR 1 48 T s 5

Fig.1. Cross section of plasma column.

RAFFALKE R (r,0,2), & Bl BA R M) 3T 2 i FL AL

vé:-% 1)
VxB=-12K.E @)

1925 T FL I 17 70 B (V0 e 3 g A -

2 2 2 [ E _
(Vl+kl)(Vl+kl)(sz—O ©
oot m R AETBUEG o AUEHUR K RNFIHA K, AR, 65 1 T T A R
O 0 R T S T A

kK Jjx, 0
K=|-jx, x, 0 (4)
0 0 «

e, i v i, B, 2B rBK R 32 S R e
TETCS . BB T e, B 1 — R O R T 2o 22,
K K +KE[ K (i, +5,) kg (1,56, + RL) |+ 5, (K2 KSR ) (K kL) =0 5)
S, ko = 0f CNIUEMAL ¢ I Rk ks L=k, =, FEMNER S U
W, B o, << w<a,, (5) JEILA Whistler 35 4 e 27



2 2
LR e (6)
K, o(w+ jv, — o, coso)
Hr, cos@=k, [k, k=yk?+k> NEBEL R (6) X, BRCT SIEK BPAME, ©A115 5
Xt Whistler 35 it P AN AR 2043 52«

k f
Kem ES — §|:1$ 1-4 kg;g;z :l (7)
z%p

b, o= (04 v) @, 6= 0] @, 5, =Cl o, WEE TR
5 B LB T U A R s R S T L S, W 07 A%
B T OB DCBURAN 1 11218 (0 LB A, SRR (3) 3R, 3 BI0 T R DO 1 th 2
ORI 5 245345 4 22 29
(2) HHTHEHR
B,y = fudn (Kunl)+ 9ndn (Kirer) (8)

f k '
Be,p :_kimH |:m - ‘]m(ki,Hr)+kaL,H‘]m (kL,Hr):|

r

_ﬁLPm ©)

0, (kuror) ook, (,rer)|

2
kJ_,TG

WAL

rp 2
kJ_,H r

jg_m[%\]m (kLVTGI’)+ ksz_,TG‘]m! (kJ_,TGr):l

2
kJ_,TG r

I (Kpr)+kk 0 J, (kLHr)}+
(10)

S, £, 5 g, SRS R BB, = kG, K AT, g = KE K 5 3,0) amE 2%
T SE AR B L.
(b) HERAKR

BZ,V = jhka,VHr%l)(kJ_,Vr) (11)

B, = ihy H®O (K, 1) (12)
| : |

Br'V 3 hmklvar(nl"(kLyvr) (13)

Hor, h AR E R Bk, = kS =K 5 HP () S mBi e =2 DUIE R s 5L



Ped, R FIL FAAE, BESAHTE Sy FHH v = agbie 4.

B, o =B,y (14)
By o l-a=Boy |- (15)
B p =By |- (16)
BT A R B m A AE R 1) ok R,
|QM| =0, (R, 0=1,2,3) a7
Hrbous Q,, AR ET
®1AREBEHBORRITTER
Table 1. Elements of eigenmode dispersion relation
Q,, (=1 (=2 (=3
A=1 In(k, 4a) JIn (K, ca) —Jk Hy (k)

R=2 | K e M3 ) ko, @l (@) || [ M3 (ko) ok geady (kred) | | 3kE ok remHE (K, @)

R=3 | Ko | M 3 (k) ok, ady (@) | | K miedi o) +ok ready (kyred) | | k2 k? ok aH 2 (k)

R, R Q1T 3, AEIRHIR B, 08 ATEISA A, FHREE T SR AR e
B T S AR,

P =%a)goj;joz” |m|:K'J_ (\Er,pf +\Eg,pf)+2xZ Re(Er,pE;’p)+K,,‘Ezypﬂrdrde (18)
Hob, E, o By, BIE, , AMBONSER TR 05 . AR U= s i
BHE () kD | E), ME, , I
Ao, G RHAWM 2 EAT IR S B TEE N a=3em AR & (EPJR
THRERA=40) , B THRHEE N, =1x10% cm?, R f =13.56 MHz, &1 5 H 7Y\ A5 F
AT, /T, =0.1.
3 BEHHESHERS R

FETC T BB TR AL FR I Whistler i 38 # A (E AN 70 3 B AR PR IV H il 40 3¢
( Electromagnetic branch, EM branch) H1H 45 & FU4F 14 (1) i FL 73 3 (Electrostatic branch, ES
branch) , fEH FEIE T, WML SCEAC IR, B  SCHEMACNTGE, E2HNT,=3eV .
B, = 24 G Z & 2k N AN AR AE W B [ Whistler i (58056 &. 24 E p =1 mTorr i, | B A %0, 76



MHTE AR, Whistler i (EM 43 3 SES 73 A7 #E, HNA 4 XAER A S Z (mode
coupling surface, MCS) KABERF A, HEMCSALRT B (11l S\l e #y (k,, =0.77 em™,
K o =17cm™) ;BEESEMMIER (1—3—>5mTorr) , AT LU Hilf T 200 & 2 (167 B R A4
TRFEAMN, In A BHEK, , BT K, n SR A DEOE A/, TR USRI R E R T
Whistleri 9 M85 X 73 S B0 A% 5 1A M1 37 70 A1 G5 ), S 0K R AR 40 i IR X AT g e U ) AR AL s
I FEURL 1A /T FORE g o SR ) B AR, T A 45 R R QA R AR R AR T .

5
4 L
TE ES branch
(]
~ 3 B T
’-14 p=1mTorr
e
= 2} p =3 mTorr
1 -
EM branch
O L 1 L L 1
0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
k_/ em”!

2 X Whistler I 0GR (11510

Fig.2. Impact of neutral gas pressure on the dispersion relation of Whistler waves.

6

5l — p=0.5mTorr TG wave branch &=
p=1mTorr *

4 L
MCS

Saa
)

Real(kl)/cm'l
w

N
T

Helicon wave branch

(o] —_
%) T

20 40 60 80 100
B 0 /G

K 3 MR 5 TG [ B SE AR BE A 1) L A A RS P2 Uk p=0.5 mTorr (56£k); “Utp=1 mTorr (HZ4k)
Fig.3. Dependence of real part of the perpendicular wave number of helicon and TG waves on axial static magnetic
field for different neutral gas pressure: p=0.5 mTorr (solid line) and p=1 mTorr (dot line).

LTI R, FEH T2 LA, Whistler 35 6 B R 53 SORT L3 32 23 43 T AX D 08,



BTG, £k, =03cm™. T,=3eV. y =1Z8%MH T, E3GH T ARSIEMELMS T i
YRR T G I8t PR T 0 A 1 5 B P A8 AR T (PRI 52264036 p = 0.5 mTorr (1 T, IR 4R AREE
p=1mTorr (&I | ElIEIT AN, TG AR i) 50 SIS X T M Ui A8 17 e 9, X — Uy
e 5 R e E S B P ) R R URURE A — B, RIUARR T UBiE N, TGl T —Fh iy,
TE 1) 55 B MR P 0 s 52 e IR ) 2 0, 9 U8 0 4 K 23 B B U RR T 45 B T A 1L R X 3
TR Y5 U 2 B0 EH A B VR, HG R DAY N 36 8 AR A o X BBl 3, H5-08 (1 K30 3 e = AR AE
e X3, HR, AEIBHR AT LRI, fA7E— I SR 1E By, . MR IEE S TGIKTE B, = B, oK
WA, 762 RER N 1K T, Suwon Chot H I FREAME N By, = 2k, (nym, / &) 1k, .

B S, o EEAS [0 A RS 2 P 1] 50 S 3 M T AR IR, 70 R 738 A o MR e U8 5 T G A o g
B 2, WA U p RS OR, B A ) SR S Real (K ) 7870, T TG RIS 1 8 s
5 Real (K, 1¢) 28K, 1%L 2510 3 B (¥ S50 T DA S o503 46 8 -k vl v T gt B A =X ¥ 3 23 A
IR, T 5 R e m AR AR

(a)

10™ 10 10

T /eV
ez



(b)

p=1mTorr

p =3 mTorr

1

10° 10
T . / eV
B4 (a) FHIE 5 T\ ) G 2 EL AT (b) BAE BHJE AT [t T\ 0 B AR (R 1
Fig.4. Dependence of the (a) ratio of phase velocity to electron longitudinal thermal velocity and (b) Landau damping
frequency on the electron longitudinal temperature.

B3 FH A g M2 g ip 55 B8 1A b i B B BB AL 22—, FLAE SR g R T AR I AR 4y
0 F . AR EE B A R v = (@S2 Re [— ] 12/(&,)] (Ferh v 3 B LB %,
Co=Vy Iy V, =0l k)P, A TR 5 R B, =48G « y, =15 &M FARRE 5
TR E 2 Lov [ vy, BT LB T v, B P 0L FE FO 28 LB . AL () T DA 581,
R THRIEET,, €(0.1,10) eV WA, FEE B THREREZ IR, v, /vy, , GBS, BIE
FE— TR I BT, , LI FAE AL, WARE 5 T 1) A 2 b A e R
4, B4 (b) FTLAE 2, fEAH R BT EIC Bl A, BEE T, , B3GR, WREFESR v BRI
St R IR a BN B Ja PG KRS 1L, [RIARE, ARAE — DT I P T, , ., ESm e AL, B
EFHESAR v BAS HR/IME. BeE B4 (a) 54 () /TBURIL, v, vy TBE B KAE S v TRAE
I 5 /MBI P 5 08 I PR FEL 7 2 e 3 M A T, 33X A2 DRI DB P AP 8k 78K T HL 1 2 i) A 2
B 5 T AR S B R B R BT RS ; Lk, IERT LA 2, AT, , i LA AR

BTG R EA AT RRE, BV /vy, , SRS, TS PEJE SR 2 25 SR K, XU B 2 e i A%

R BB L TN A FAGE LN, 3 5 R T 2 T A SRR A P 3 B0 R B A T MRS AN B
fJa, W4 (b) i BLE 2,00 B AR BT BE e A5 HAT 2 2% i 52, BEE SR IHE K, BAE
JESRAR BB G 558



x 10

0.8

06+

/W-m™

abs

0.4
m =0 mode
m = -1 mode

m=+1 mode

2 4 6 8 10
T /eV
ez

35 p=3mTorr

g
- 3}
=
= 2.5+
Q-:g m = 0 mode
27 m = -1 mode
159 m = +1 mode
1 1 1 1 1
2 4 6 8 10
T /eV
ez

K 5 RJEs m=0,-1,+1 ff AL TR YU BE i T AR B R (@)K p=1 mTorr; (b)<JEp=3 mTorr
Fig.5. Dependence of power deposition of the m=0,-1,+1 azimuthal modes of helicon wave on the electron
longitudinal temperature: (a) neutral gas pressure p=1 mTorr; (b) neutral gas pressure p=3 mTorr.

T LS, RN B, =48G . 4 =012 2% F, B4 H T IBhen
m = 0,~1,+1 =/ Ay [ D 28 R FL - 0 v B (78 AR . AT P T DU 38, 76 FL AT
JET,, e (L, 10) eV G lE P, B s 1IR3 K, =AM I D 26 TR B e N G 1 K, 8
T,, =1.5eVMHEfFEf/ME, £T,, =10 eV ABUFHOE,; Hk, 78 i ROR T S5 5 14 i 11
FET,, e(3,8) eV il Py, T LLAE B, m=+1 B Th R UTAL 598 SHRL, 4 R A

(1—>3mTorr) , BEA KIS (a) 55 (b) ATEAR I =AM T I Th R TR 4980, BRI IR R
MR m = +1 A T IR PIRIX — KRR



x 10

m = 0 mode

m = +1 mode

° . 4r
=
% 3 m = -1 mode
S
a2
1 p=1mTorr
0 1
2 4 6 8 10
T /eV
ez
x 107
9 ;
8t (b) m = (0 mode
7,
"."E 61
= |
£ 4] = -1 mod
a, m mode
3 MNe
ol p =3 mTorr
y

2 4 6 8 10

T o /eV
Kl 6 TG m=0,-1,+1 A B H) DR PR B A m 8B O R () p=1 mTorr; (b)<JEp=3 mTorr
Fig.6. Dependence of power deposition of the m=0,-1,+1 azimuthal modes of TG wave on the electron longitudinal
temperature: (a) neutral gas pressure p=1 mTorr; (b) neutral gas pressure p=3 mTorr.

10



0.6

0.57 ha m = () mode |

m =+1 mode

abs

/P
o
»

abs,m

P

m = -1 mode

2 4 6 8 10
T /eV
ez

K 7 kp=3 mTors& ' T TG m=0,-1,+1 f [l i) D 3 PO o ELBE HE 7 A AR P AR R 2R
Fig.7. Dependence of power deposition ratio of the m=0,-1,+1 azimuthal modes of TG wave on the electron
longitudinal temperature for neutral gas pressure p=3 mTorr.

e LT, RS ESHES®EAMT, K64 H TTGH m=0,-1,+1 =AM M Ih 2%
YRR B HEL T2 il 2 (AR AR . A6 () W] U B, Bl A -\ )i B B3 K, = AN A i,
m = 0, —1 ff [ 452 (1) D FR PTAR S 980/ 5 38 K5 /DS, 170 m = +1 A IR ASE (1) T 3 SO AR D 2 38 K ik
AN K, ET,, €(3,8) eVIBE P, 7 LUE FIm = 0 BEAE D2 UTR 40 S S AL, S R R

(1—>3mTorr ) , 6 (b) b fF A LRI K, m = 0,—1 i )45 1) Dh Ze T AR S o/ Jis 1
R, 10 m =+ A ) DA TORR N B 3 ok, S — 2, 745 T TG m =0,-1,+1 =™ fif Ia] A2
RN o OBl H 7 ) i P R AR AR I, NIRRT LB B, £E T, =1 eV AL, m =0 1 D30T
B L H A W R, 29 AN Th 2 TR AU 51.5% ( Py .o /Py, 0515 |, BET,, 13 K,
P, meo | Paps SBEHTIN, H 5e 4 F2 € HEFFTEA4%; T m = -1, +1 B AN B D3 TR o e, 18
T,, €(3 8) eV Vi N, m=-+14f F#E DI IIA G LE L 4ERFAE 32%, m = —1 A [ D3 TR
L2 YERFIE24%. X 25 R AR A TT A TG m = 0,—1, +1 =A™ A [ BBl FL -2 m] IR
JE AR, 1B R 238 m = 0 B 2 S T IR — 45k

11



D @

-3

P /Wm

abs
0.05 0.1 0.15 0.2 0.25
8 WRBEHm=+14 R TR GIAAR | 4345 (@) p=1 mTorr, y.= 0.1; (b) p=3 mTorr, y.= 0.1; (C) p=5 mTorr, y. =
0.1; (d) p=1 mTorr, y.=1; (e) p=3 mTorr, y.=1; (f) p=5 mTorr, ye=1

Fig.8. Radial profile of power deposition for the m=+1 azimuthal mode of helicon wave: (a) p=1 mTorr, y.= 0.1; (b)
p=3 mTorr, .= 0.1; (c) p=5 mTorr, .= 0.1; (d) p=1 mTorr, y.= 1; (€) p=3 mTorr, y.= 1; (f) p=5 mTorr, y.= 1.

(° (. (C)@

12




abs W.m-B

T T
B T
0.05 0.1 0.15 0.2 0.25 0.3

K9 TGHm=0f AR R FTARAZ [ 7346 (a) p=1 mTorr, ye= 0.1; (b) p=3 mTorr, y.= 0.1; (c) p=5 mTorr, ye= 0.1;
(d) p=1 mTorr, ye=1; (€) p=3 mTorr, y.=1; (f) p=5 mTorr, y.=1

Fig.9. Radial profile of power deposition for the m=0 azimuthal mode of TG wave: (a) p=1 mTorr, y.= 0.1; (b) p=3
mTorr, y.=0.1; (c) p=5 mTorr, y.= 0.1; (d) p=1 mTorr, y.=1; (€) p=3 mTorr, y.=1; (f) p=5 mTorr, y.= 1.

N T ENTEM L T RS m = +1 A AR TG Jm =0 B R R IR, A5 5
FIE 6 M Z BT, K 8 FIE 9 2 leh T IEHERE m=+1 M S TG il m=0 A M &
[ BE U IE, TH S R BB SRR, 1B m=+1 A A TG B m =0 f B
R H TR I R DX 3Bl T DA 558 25 - oo DX i) 300 5 [X 3RS 3 8 25 1) X300 2 8 m = +1 £ 1)
LR Re B PURR E I R X ARYE, 11 TG ¥ m = 0 1 A AL Be B UTAR B A [0 AR 60T B8 g
m = +1f A, XL 8 A E IR S M R (4= 0.0) FHEFRESHFEME (g=1) FHMHE
T RS R, FTRLRI g, (B AR A 225 2503 T MR @ m = +1 A1 I AL AR ) R £ 1o () A 00
FUERJEE ; 5T TG B m=0 A 1A%, B 9 W o115 B 45 [ S PR R 7y, AR A AUAN 508 T 3 i
EPURTEAR ] (. DL Tk S g 0 s AU 1 BSU 6 TR R ek m = +1 M AR TG Jim =0
A DRSS B B OB R M LG Y5 1 B2 ), 7 S8 Fhed R v v IO e o5 SR A T R e 4
BTk LRI 1) B TR 4 A

13



p =3.5 mTorr

‘ p =2.5mTorr

2 4 6 8 10
T /eV
ez

K10 TGHm=0 B Th R PTARBE 7 LR R AR RlEA%FHJE (PRidSELR); BB E (RELL)
Fig.10. Dependence of power deposition of the m=0 azimuthal mode of TG wave on the electron longitudinal
temperature: collisional damping (marked solid line); Landau damping (dot line).

A 5 A 6 i LRI, 16 41K (B, =48 G) « L FIRE S MR (1,=0.0) 8%
PEF, TG I m = 0 BLAE RE R YU 48 £ S HAL. A T SEINVE4HHL T % TG % m = 0 B RE R TN
Fetk, B 10 25 H 1 el R JE A BTE R JE 51 RS e BTN E g R (I b R AR BITE RE JE 3L
R REE TR, Tk 5 B TE BB i A s AN R Rl R (v, = 0), Wi R E BH e Bof i) e & T
2 W — 5%, BP0/ = S SR ARG AN R RS AR SR A T Rl B SR BUE R RE R DTRD , i BT
5N, FEHRTHRIERIE T, , e (1,10) eV i P, A4 [ e F1 B TE BE 8 SU6E 1 g B DR E A R K HEL T
[ i B2 S R P o 40 Ay, BIARAE — AR TR B BB T, , ., IR T BUEME, AlEHEREJE 568
EYUH, m T ULBME, BB S 3 SR BV, B UL p KIBER, BBMET,, R HIK, 4
H M 2.5 mTorr 3#4K%) 3.5 mTorr b, SbH-F AR RIET,, 2.4 eVIIKEI34 eV; FHHHEE
HI2, I 10 g B T LLE B, AAAE — DM im SV UEBIE p, CARTZE %A T ibin UL =
{8 p, =45 mTorr ), 24" E KT Su R, 4 BH Je S0 10 R R UTARAE B B 20 1) I 2 S
P 4 2 Sy, RIS R DU I, B SO A 2.5 mTorr 3% K 2 4.5 mTorr , filf 48 BHJE S 1 ae &
YOBLZH G 58, 3X AT A2 OB U AR R, FL 7 55 ik T i ) R AT A AN R, 3
HUE 2 (13 A Tod i i 5 v R TR iR R RN S B A

14



A.
Q~3
Vv
5
g
ﬁ
100
(b)
90
o 80
Q70
60
50
2 4 6 8 10
T /eV

Kl 11 TGEM=0 A B JH — IR JIURTE(Bo, Te,) ZETHBI M0 (a) =4Eor40; (b) —4E A1
Fig.11. Normalized power deposition profile of the m=0 azimuthal mode of TG wave in the (By, T.,) parameter space:
(a) three dimensional; (b) two dimensional.

NT EATHERAR TG ¥ m = 0 £ LA AL EVTR UM, 7EAC-UR (p =1 mTom) . 11 FiRE
SR (7= 0.0) B R AT, B 10 4t 7 by L ELJG N 308 BELJE S 0 R R LB

(B, T,.,) AT ATREE, T 345 280, B s v, T2\ 5 R S R R LB
R, T, ZER AP TR T, , e (L10) eV 56 FEL Y, U Rl U 8 e TR,
7E.B, > 60 G Vi [El /Y, B T, , (93K, B AERRUUBLCIRGS, J5iZ Wi R Ti7E B, <60 G Y,
BT, WK, WA RUUBUEIRES, FEEWINGE, U5 USRS, 1T LU B, SRR

(B, =50 G, T, =7.6 eV) A HU /UL, i3 581 10 /8% iy B bl — 5 (FE 10 o S e 2k AR S
H BT LS SR U RE REVURE T, ~8 eV AL M) | 3 o5 4SR0S 76 T A (8 B

%5 (K9 B,=48G, K 10 B, =50 G) VLKAl e PR AE DI HHa s (11
15



TR RE TR Py B S fillftE B JE B0, RIS, 3% — 3Bl — B 45 R R W b BIE FH JE
HUEHBEEDUR G 8 T AL FoJm, MBI Al UKL, AFE— > i 26 X0 OV 11 He] A
B X — KX I# T (B, =50 G,T,, =2 eV) &, &1 (B, =100 G,T,, =8 eV) £l) , XK N1
3K X I R FELJE AR A FELJE RN e oM 58, 5 S50 e BTN 5 B de /) IX SRR 7 M 45 R W,
TEARHEA ST R, W LU A B SR FE R TT TG U m = O AR AR TR (0T I8 1 L 72 7 i
JE

4 25

(RGP VEAE LR — B ARG S5 B 1R o (18— A% O IE TR L, o LA BER 2 T P R
A BT IARAS _E A8 7- R e 5 8 5 AR R TBOR AL I . A SCAE Bl — M PR TR A5 8 7 1A/ B K B A Y
AN B TR L ) — B HCR &R, B i T IR S R (= 0.0) - (KIS hag
LA R TEEAN Trivelpiece-Gould (TG) AR AR G 4P, B 704 1 TG i m =0 A [
MIRERDIRRFIE. BEFCEIRERM] 1D AR M Whistler 35 K FLIE 73 5055 5 L S22 8] IS
KA G R R A B, TR IR TR S5 TG i MBS ARt . BN & 20 B A
A EEOIEAE. 2) X T IRIEEAN TG B AT =M A (m=0, -1, +18) | LK FEEHE
AU HIBE R, BRE A B B DI UB M ISS, T TG A Ae S DI I 5it; SR, m = +1 82
STREETUM, MAE TG B, m=0BRe RT3z BRI m = +18A1 TG 37 m = 0 F Y
AE B ITORE (L X 34 B 0 P PR 084 K [7) 55 8 1A 1 2 X 3iR8 20, TG i m = O BEAEHE D BE TR
w2 A, AR B B AT BT FHJE S0 ) BE S UTARAE AN R L 2 1 T BV TR P o 40 e 3
fir, BB U K, iffi P JE S 20 e R DT IZ A G 5, B 2k I I S AE, mikdE FE e
JREFREETUR. 3) X TG #m =0, AT EA T, Hhiflf e MRIERLE 51 E2 i) A & i
BUEWLIRZ) 7950 G« HLTHNAIIELEE 2009 LA HE 7 ORAS R HE I UREAEL. X 28 70 M 45 RO BR AR
Wy FEAE DL G AR ML 1 BV STHF, O BE T R FURR e ipd i F I R 45t T R IE S

S 3

[1] Shinohara S, Nishida H, Tanikawa T, et al. 2014 IEEE Transactions on Plasma Science 42 1245
[2] Bathgate S N, Bilek M M M, Mckenzie D R 2017 Plasma Sci. Technol. 19 083001
[3] Shinohara S, Kuwahara D, Furukawa T, et al. 2019 Plasma Phys. Controlled Fusion 61 014017

[4] Papavramidis K, Vogt C, Gutierrez E, et al. 2025 J. Electr. Propul. 4 60
16



[5] Tarey R D, Ganguli A, Sahu D, et al. 2017 Plasma Sources Sci. Technol. 26 0150009.

[6] Sudit I D, Chen F F 1996 Plasma Phys. Controlled Fusion 5 43

[7] Chen F F 1992 J. Vac. Sci. Technol., A 10 1389

[8] Chen F F, Jiang X, Evans J D, et al. 1997 Plasma Phys. Controlled Fusion 39 A411

[9] Sarra-Bournet C, Charles C, Boswell R 2011 Surf. Coat. Technol. 205 3939

[10] Voronin S, Vallé C 2024 IEEE Trans. Mater. Electron Devices 1 49

[11] Soltani B, Habibi M 2017 J. Fusion Energy 36 152

[12] Del Valle J I, Chang Diaz F R, Granados V H 2022 Front. Phys. 10 856221

[13] Baldwin M J, Nishijima D, Patino M 1, et al. 2023 Nucl. Mater. Energy 36 101477

[14] Sato G, Oohara W, Hatakeyama R 2004 Appl. Phys. Lett. 85 4007

[15] Sato G, Oohara W, Hatakeyama R 2007 Plasma Sources Sci. Technol. 16 734

[16] Yadav S, Barada K K, Ghosh S, et al. 2019 Phys. Plasmas 26 082109

[17] Wang Y, Zhao G, Liu Z W, et al. 2015 Phys. Plasmas 22 093507

[18] Niu C, Liu Z W, Yang L Z, et al. 2017 Acta Phys.Sin. 66 045201 (in Chinese) [4*/&, XIE4, &
FNES, 45 2017 PP~ 66 045201]

[19] Xia Z, Zhang T, Cui Y, et al. 2024 Phys. Plasmas 31 083504

[20] LiW Q, Tang Y N, Liu Y L, et al. 2025 Acta Phys.Sin. 74 155201 Cin Chinese) [ZESCHK, JH 2 4,
XIFERE, 55 2025 Py %4k 74 155201]

[21] Swanson D G 1989 Plasma waves (New York: Academic Press) pl155

[22] Chen F F, Arnush D 1997 Phys. Plasmas 4 3411

[23] Li W Q, Zhao B, Wang G 2020 Acta Phys.Sin. 69 215201 Cin Chinese) [Z=3CHk, #xk, FHI
2020 )34k 69 215201]

[24] Shamrai K P, Shinohara S 2001 Phys. Plasmas 8 4659

[25] Cho S 2006 Phys. Plasmas 13 033504
[26] Loewenhardt P K, Blackwell B D, Boswell R W, et al. 1991 Phys. Rev. Lett. 67 2792

17



Impact of neutral gas pressure on Trivelpiece-Gould wave energy
deposition characteristic in low magnetic field density peak *
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Abstract

Full understanding of the basic physical mechanism behind the low magnetic field density peak phenomenon
is crucial to realize a simple, low-cost and high-performance radio frequency helicon plasma source. Although
research on this nonlinear phenomenon has continued for many years, there is still no unified conclusion among
researchers on its explanation, and further research remains to be conducted both theoretically and experimentally.

As a further theoretical attempt to fully figure out the basic physical picture behind the low magnetic field
density peak phenomenon, in this paper, the influence of neutral gas pressure on Trivelpiece-Gould (TG) wave
energy deposition characteristic in low magnetic field density peak phenomenon is investigated. Within the typical

parameter range of low magnetic field density peak phenomenon, i.e. , wave frequency w/27=13.56 MHz, low
magnetic field (By < 100 G), moderate plasma density (ny=1x10"* cm®), low neutral gas pressure (p<5 mTorr ), ratio of

axial ion temperature to axial electron temperature T;, /T¢,=0.1, by employing the general warm plasma dielectric
tensor model and eigenmode dispersion relationship of electromagnetic waves in magnetized plasma, the mode

coupling characteristic between helicon and Trivelpiece-Gould (TG) waves, and power deposition properties of

helicon and TG waves for the first three azimuthal modes (m =0, -1, +1) are theoretically analyzed. Analytical results

suggest that: 1) the intensity of neutral gas pressure not only has a significant impact on the mode couplin

characteristics between the electromagnetic and electrostatic branches of Whistler waves, but also significantly
alters the mode coupling characteristics between the helicon wave and the TG wave, mode coupling surface (MCS)
position and amplitude of the perpendicular wave number of helicon and TG waves. 2) Regarding the first three
azimuthal modes (m =0, -1, +1) of helicon and TG waves, under low-pressure conditions, as pressure increases,
energy deposition by helicon wave gradually weakens while increases by the TG wave; the m =+1 mode dominates

energy deposition for helicon wave, whereas the m =0 mode dominates energy deposition for TG wave; as pressure

increases, the peak energy deposition regions for both the m =+1 mode of helicon wave and m =0 mode of TG wave
moving toward the edge region of the plasma column; the TG wave m =0 mode plays a dominant role in whole

energy deposition process, more specifically, energy deposition induced by collisional and Landau damping

dominates for different electron temperature ranges, as pressure increases, collisional damping induced energy
deposition intensifies until the pressure value surpasses a critical threshold, above which the collisional damping

becomes the absolute dominant mechanism in whole energy deposition process. 3) For the m =0 mode of TG wave

under low neutral gas pressure conditions, energy deposition resulting from collisional damping and Landau

’f Project supported by the HeGaoJi Program-of China (Grant No. EOH2132702).
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damping peaks at a magnetic field of approximately 50 G and an electron temperature of a few electron-volts.

These analysis results provide theoretical support for understanding the low magnetic field density peak

phenomenon and offer new evidence for a more comprehensive understanding of the helicon discharge process.
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