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Diamagnetic:properties of charged particles:
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« ECR heating (w, . (E ﬁ) ~ @ (applied electromagnetic waves))
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Figure 6-10 Breakdown electric fields in helium as a function of
value of transverse magnetic field for different pressures at 3.1
Gc/sec with A = 1.51 cm. ==
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FvET4—HDECR
Bardet, Consoli and Geller (1965)
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Fig. 5 Représentation du mécanisme d’ent:.inement et profil réel relevé expérimentalement du poten iel
flottant du faisceau.



Vacuum & Operating pressure on ECRIS

Vapor pressure [Pa]

Fe Melting point 1540°C
= Vapor pressure 2.6 Pa

Operating 1012 Pa

pressure  n,=1019-22 m3

¥ 1N process

plasma

I

" Operating 1053 Pa
pressure n0:1015~17 m-3

|
1000

Temperature [ C]

4 in ECRIS l

~cutoff n,



. Sﬁ—ﬁi%l:&%ﬁ@*ﬂi—ﬁ‘lﬁ&%ﬁfﬂ (Plasma confinement)

PLASMA COIL CURRENT

1
“mv?

= const.

HRE—Avby M=

EE)TRILF—E 1, 1,
E=—my, +Eva = const.

Larmor#4&: r,_ =v /a,
e e Bk Y Ao0OrOVAREIRE: o, =qB/m
(B BBy BRE: f= o, /2r)

w
/\_/\ -Magnetics & Equilibrium:
A.l. Morozov and L.S. Solov’ev, "The structure of magnetic

B(z) fields™; Review of Plasma Physics Il
V.D. Shafranov, "Plasma equilibrium in magnetic field", ibid.

Bl
|
\ /}\ - Mirror Confinement: ibid, XII
Bof- ;
Im




Confinement:
Minimum B configuration (#& /N5 ER0)*
* Mirror + Multipole field

F.F.Chen, ‘Introduction to Plasma Physics , Chapter 9.
*EKBES, [#HE DD TSI VY (1987)0.23, 206, 475, 511
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Upper steam _ Down steam

Microwave(uW) launcher/antenna

lon beams

D
3
D

Base pressure: 10-°-6Pa (10-"-8Torr)
Octupole Operating pressure: 10-4~-5Pa (10-6~"Torr)

magnets  ECR zone

ST—HIS + SIS B/ NEISER L
Mirror field + Multipole field : Minimum B Configuration
uW launch to ECR zone (points) at bottom of mirror field

—INEUE

5 FF R BB S - All magnets & f-variable



Multipole and Race-track fields
- our experience in ECR process plasma -

:Q'.‘ e ,g&
BACE7 —F S5 — RS




Design Aspects
M Cylindrically Comb—Shaped Magnetic Field

B New aspects against
conventional ECRIS !

mirror field
Multipole magnets

enough particle-confinement to produce multicharged ion— feasibility of new application

+




Cylindrically comb-shaped magnetic field

Octupole-magnets

Ring magnets

Iron yoke

Cylindrically comb-shaped magnets

200mm¢
3.4.2 AEEIREIE DEE, MAMNMIEKI—VICIYEREIBZRELTLS.



Tandem type ECRIS

First stage Second stage
Fixed ECR zone ECR zone controllable
+f variable » B varable

Conductance plate
& Einzel Iens{ELFS}

2450k lz rod antenna
X 45Hz |0GHz waveguig

“ To beam line

L-shape antenna W Selitteiatiat ) Ny 2 &r‘!

 —" Ny = RN L VAN Tt

R 5 Ut w, ............... y
11-13GHz T s TRV ¥ AR ] —
or 10-18GHz N R, 1..,
wavegude ‘ '

' Ex[racmr glectroge

Large bore extractor

with multi-hole with single hole
Cylindrically comb-shaped magnets Electromagnetic coils&octupole-magnet

% 3.1.1 Z2F LA ECR A # IR OPIREX




Production: Microwave (uW) discharges Electron Cyclotron lon Sources
NIRS Kel3T®M2f waves exp
(2016.0615-17 & 1121-25)




Panoramic view of
our ECRIS(O.U.)
2025(R7)0218
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UW introduction system

I 1 1 R [
r 1st stage | 2nd stage | Beam line & IBIS i
€ > - >
: : 106 Hz 2 45GHz :Rﬁﬁ;‘ ;:ncl coils . :
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Nishiokada, T. master’s thesis (2016)Osaka Univ.



uW Launcher / Antenna / Window
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Guided wavelengths in circular cavity resonator

1 1 1
— | (1)
2 2 2

A /lg /lc

A: The free-space wavelength

. : The cut-off wavelength and is given by A4.=2raly.
y Indicates the n-th eigen mode value of the
differential m-th Bessel function for the circular
transverse electric TE.,,, and one of the m-th
Bessel function for the transverse magnetic TM,,
modes microwaves. Similar relationship stands up
at various frequencies of the microwaves.
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Charge state distributions (CSD) of extracted
multicharged ion beams

#2001/7/3No.1 ﬁwmffol
* Typical CSD At 510 D L onimie
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Extracted ion current [A]
S
0 <

—
Ol

10

He' ﬂ
Ar
Ar7+
Ar8+
Ar?+ f
Ar l ‘l *
‘ d
—~4,/

#961128No.3
Ar (He mixing ratio: 0.5)

6.2x10"4Pa, LW power 175W

12+
Ar

Ar

5+

Ar

3+
Ar

4+

B o< m/q



Typical plasma parameters

* Langmuir probe




T.~15[eV]

| /’7 10
<
44071 g
=
1))
o
—
} } t 1072
-125 - 5 -50 5[0
-0.1+4 Vprobe [V]
1103

Fig. 4. Measurement of the electron temperature by means of the Langmuir probe. The probe is mounted at a
distance of 0.2 m from the resonance point on the axis. The experimental conditions are nearly the same as in
the experiment conducted in extremely low pressures with the source plasma (Fig. 3). The thin line and the
bold dots represent the probe current (,) and the electron current (I.), respectively. V. denotes the voltage
applied to the probe. The electron temperature is deduced from the slope of the I.-curve. It indicates that the
electron temperature is about 15 eV and that a high component exists.

Y. Kato, et.al, Journal of the Physical Society of Japan, Vol.64(1993)p.1221-1232



Note:
n.: n, (fromlatV,), n, (froml atV,)

T, T, (from I fitting) & T (from EEDF)

V,: V(cross point of I and I, fitting),
Vg, (from Viand T,),
& Vg (from ion beam)

Ko [) pm (M
2e " 21Tm,

The EEDF g.(V) is identified by

Voo = Ve —=Vw =

ge(V) = % m del (1)

where m, S, V are the electron mass, the surface area of the probe,
and V =|V, -V(|, respectively. The V; is the plasma space potential.
The method is available to any type EEDF of plasma. The g.(V) is
calculated from by means of numerical differentiation with several
smoothing by the method of moving average. The electron density N
from the g.(V) and the effective temperature T from the g.(V)and
the N can be written as

N=["g.(V)dv, (2)

2 00
Teff = mfo el - ge(V)dV, (3)

In this study, the g.(V) is evaluated in term of correlation of the N, the
T electron density n,,, n,;, electron temperature T, from the probe.
Te, Neer N, and V, are estimated from the conventional probe analysis,
where n., and n, are calculated from I and I, respectively. The

1S7

. (V) is also identified by normalized g, (V) by the maximum value.

2m (2eV)1/2 d?1,

1600 3 015/06/30 P
_ 1200 5 10x10%Pa 7
< 800 F y=0mm
= 400 | 100 W/ 5W /
] /." Iis
0 v
10
n.=8.1% 101 m3
= 10¢ { T,-8.1cV ;
=~ ; V,=182V
| (1] S |
6.0 : : ' f
p— 5.0 ...ﬂ_.
Loo40 | HES
o 3.0 F B i
QJiN 2.0 § .":-
iR ' |
SIETEY ) — —
1.0 : - - —
-90 -60 -30 Vp [V] 0 : 30
= 1M —15%105m? VY
g T.p=12.4 eV S
E 108} ~
= o P _-“'ﬁ
st CooEn T a
1012 . e L e . . . a
-110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10
40

Nishiokada T, master's thesis, 2016(Osaka Univ.)

-Sampling points:
typicall 2000 points



10°
10"
= 10°
5
§ 10
.2 k
10
-3
Hll B U S
(Bremsstrahlung)
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Formation of ‘potential well’

] I s I =
¢ axial ]
7 #961101S1~3_
Zw,“ 1
S ! ol
I \“\;: N -
2 "%:‘59% .
n / % P
~radial =
L 496122781 T

l T -
1 5 10 15 20
hv [keV]

(znmejizznhn_ ( Ej Kato, et.al, RSI, 69(1998)1179.
h e igﬁeXP'—kBTh

Plasma potentials V [V]

100

Ny A N 0
o O O O

[E—
o O
o O

Ny B
o O

#970112

(a)

. 5.94x10‘4 Pa

&

#970110

o))
-]

1.16x1073 Pa

Existence of resonance
electrons

N

Change of ambipolar
diffusion in side mirror field
by excess A (~10°%"7)of
charge neutrality

N

Formation of potential well
(Y. KATO et.al.,
Rev.Sci.lnstrum.,

69, 1998, 1176.)

CF1.divergent field
N

Formation of potential
hell:

100 200 300 4OO 500 kaneko et.al, PRL, 80,

Z [mm]
ibid 69(1998)1176.

1998, 2602

CF2: ‘After grow effects’ ( Potential confinements !)



- Ar Rate Equations;
dny
ar

1
= nOSO—nl[Sl +52,+ 53, + 0, + ‘TJ
dn,

dt

dn4

i
dt

in
dt
j=7~18

dn.
L 3EN ) R\

1
L =n_ J_l—nj[sj+ocj+01j+c2j+E

J

. ChargelSNeutrality :
ne = D Zn

=1

Sz+522+S32+a2+C12+T—

1

S5+ 0+ Clg+C25+

- nOS6O+n4S24+n5S5—n6[S6+a6+ Clg+C2 +

18

+ny [0y +2- Cly] +n,C24+ Z nCli+0,

=3
18
+ny o+ Cly+C23] +20,C2y+ Y n,C2+ Q)

2 =5

1
nyS3q+n,52, +n282—n3[53+823+a3+ Oty # €24 4 1_3] +nyloy, +Cl,] +ngC2+ 0y

i 1
S, +52,+0,+Cl + c24+1—4}+n5 [og + Clg] +ngC24+ 0,

i 4
T

5} +ng [oc6+ Clel +n,C2,+ Qs

1
T—J +ny [0, + Cly] +ngC2q + O

}+nj+1[aj+1+C1j+l] 1, 5C2 L5+ 0,



- Neutral density balance;

an, SV,
a4 " v3 J

. Rate coefficients;
Single ionization
S; sne<jo;+ (Yhi = 0~17
Radiative recombination
ocj Ene(jcs';'+ 1v),j =1~18

Charge exchange
single electron capture

= C 1 = ~
Clj_no(vi)jcj_l,J =1~18

double electron capture
N i N

6 i 3 18 & 18 A
(Mgpus— o) — ne<§106jve>n0 +1( O VI, - no(vi{ ;zjcj It _Z (o) 2nj}

j

Multiply ionization

e
rSZJ- =ne(j0j+2v),J =0~4
& i gL
s i g
) S4j =ne(joj+4v>,3 =0

iy i
S5;=ne(0, , V)i =0

A i e
\ S6j = ne(jcj +6v>,_] =1



Multiply Ionization Effect on C.S.D.

» Fitting Formula........ Belfast Group

1

N z
G (E) = E{Aln(E/I) + ZBi(l—é) }
=1

i

E: electron incident energy (eV), I: ionization potential (eV); sum-
mation of step by step ionization, A,B;: fitting parameters by the least
square methods (in units of 10’13eV2cm2). N=5.

* Cross section data quoted from AMDIS database (NIFS)
PR Tt T T S BT e
At s pa®, MY ki

Ar + € ----- > Ar>* + 3e”
40 n 1.6
ms =2.77 %

‘G 30} I
5 12p
S 0} 0.8}
b 5

10 04}
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Outline of Modelling for Multicharged Ion Production

ECR plasma
5 Extraction N. Vn.
- =
N : T Ti
—> O,
————— — ]
—>» O 1
¢ Vn;
= i
* Dominant collisional processes;
xi—Zi'«A‘e—e }\'e—i A’e—N )‘i—N L

* Ion diffusion along magnetic field (z-axis) with plasma potential (Vo)

* Simplicity; density gradient Vn, and electric field E are constant along z-axis
using mean values of n; and V,,,c and characteristics length; /

* Ion confinement time; T;

-3/

1/2
pot
fed-Todk T f

zn =

* Atomic processes

- Ionization: step-by-step; direct and E-A (Arnaud-Rothenflug formula)
multiply; using analytical formula by fitting the experimental
cross section data
- Recombination: radiative and dielectronic (Shull-Van Steenberg formula)

- Charge exchange: single and double electron capture



I [A]

107

107 |

109 |

Experiment 91.9.24No8

One Component
Temperature
T.=30eV

with multiple ionization

T.=30eV /

without multiple ionization

Two Component
Temperature

T,=30eV, T, = 1keV
o=0.15
with multiple ionization

'/Te =30eV, T, = 1keV
a=0.15
without multiple
ionization

\

101

6 7 8 9
Y. Kato, et.al, Journal of the Physical Society
of Japan, Vol.64(1993)p.1221-1232



Table I. Typical calculated results of ion density and mean free path.?

Neqtra}
Ar ion density 7, [10"° m™?] d;rll:;% ;n Mean free path [m]”
[1015 m—3]
n, n; n; Ry ns Ry A'e-eC) AeN AiN A g 5 kd) Ay 5 ke) Ay 5 ke)

17.6 10.8 3.18 0.32 0.01 42.4 2.46%10* 2.26x10* 3.68x10' 9.74x10' 3.35x10°2 8.75x1073

a) Input parameters; n,=5x%10"°m >, 7.=30eV, ny,=1.32x10" m? (Pressure outside plasma is 5.3 x 10 * Pa),
T;=0.5eV, 0,=2%x10*m’s™!, 0,=1x10¥*m™>s™', and V,=10V.

b) Mean free path: A=v,,/v, where v, and v denote thermal velocity and collision frequency, respectively. Subscripts e,
N and i represent electron, neutral and ion species, respectively. Subscripts 3 k, 1 and 2 denote the summation over all
ions, Ar'* and Ar?" species, respectively.

n.ln A
- ~12_° e
C) Ve.=3.01 X 10 T
€
2
- Z nZ,InA., Y. Kato, et.al, Journal of the Physical Society of Japan, Vol.64(1993)p.1221-1232

d) V.5 ,=4.21X10 T

% Ref.
e) Equation (6). Transports:

B.A. Trubnikov, "Particle interactions in fully ionized plasma’, Review of Plasma Physics |
S.l. Braginskii, ‘Transport processes in a plasma’, ibid.
L. Spitzer, Jr, "Physics of fully ionized gases’, Chap. 5



Biased dick methods

Diffusion pump
(3000 1/s)

Insulator

4
Gas inlet

Coil C

2.45GHz,
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Coil A
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Smmé
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Empirical improvement methods |

#010727004
+
L Ar2+ Ar Fe+
- 3
] Fe Fe2+
| Ar3+4 l
- +
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F Fe ke
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- \
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Empirical improvement methods 115

Low Z gas mixing Ar/He Ar: 0.192scem
10+ He: 0.035sccm #2021/06/08
Gas: Ar, He Ar pressure: 2.0 X 104[Pa] 1,/I4/1-:150/150/1~4]|A]
Slit:mm  Microwave power(in/ref):100/10~20[W] (Rod) Pure Ar Art
Opt. Ar® Ar/He mixing
105" 3 2
- He"* h q:l
— 4
= ﬂ 5 ﬁ \
— 106 |
=
= 107 | 7 ﬂ
% : i
m 108
10°
10-19 “

B x.,m/q



Iq+[107%A]

Iq+[1070A]

Iq+[10°°A]

#980215.005

#980215.003

#980215.001

t [ms]

Y. KATO et.al.,

Incidence PuW [mV]

Incidence Puw [mV]

Incidence P,y [mV]

lon Implantation Technology-98, Vol. 1, 1999, pp. 448-451.

Empirical improvement methods IlI:
After grow effects & uW moduration

Generally T;; (ion-ion collision time) << t; (life I1m<, of a high charge-state ion) << 1; (equi-
partition time between electrons and ions).

In a one-dimensional model, we can say that the pressure force balances the electrical one on
an ionic species between the central plasma and the edge of this one.

Is ICR available to

= n (Z) I’\T ( ) qe Sq) ( ) " :g(lllruclmr) . .
A 5 Pt increase multicharged
So A ! . .
ke ' i ion currents by relaxing
ﬂ 8 q 1.(z2) = k7~ ¢ (2) (hot clectron) .
. N potential well?
where
gedd
ng (2) = (O)exp( kT ) 7

' Sheath

—B

where ¢(z) is the axial potential distribution, ng and T are the density and temperature of ¢ charge
state ions, respectively.

Sheath |
z=0

#980213006~011

Dun.ng the steady-state operation the flux of ions coming to the edge of the central plasma is pro- #980215001,002,004
pOl'IlOI]ﬂI to T T T T T
geAd <> 70F i
exp (=) . 20 ;
kT s
o 50F 1
>
= i .
. . . : or . X 0.128ms pluse 1
At the end of the microwave pulse, the electrical plugging effect disappears due to the cance- & duty 50%
lation of the potential well Ad, so at the beginning of the afterglow process the ion flux increases ~< 3.0 | .
for a short while. —
If we neglect the increasing volume effect we must verify that -?43 .
/ &
tor T 15F ;
afterglow _— (qud))' 0‘2 6.1ms pluse
Isteady—stac kTq ~ duty 50%
1.0 i i i :
If we have an homogeneous density and temperature for any ionic species, this ratio must be 6

proportional to exp(g).
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Typical time behavior of cw & pulse mode microwave
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Empirical improvement methods 1V:
Two (multl-) frequencies feeding

(a) Extractor 3000 ¢/s

CE1-CE3 ApDiffusi
2.45GHz(Max 1.3 kW) :——,mﬂ- . iffusion pump

Coaxial window CW [RF O
1y L — Second stage
= a ' < i > Main chamber
[

i \
Tl AL
N | S— ! (/1 [ 1
11-13GHz (Max 350W) T Cylindrically comb- \
WR-735, TWTA CW&Pulse Shaped magnet Langmuir Faraday cup

b Mobile . _— probe
( ) plate tuner )
........... _

A A
Nemji=a e
Meshed plate == Extractor

: | CEI1-CE3 :
-0.5 0 0.5

Quartz window

>z [m]
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Overview of electromagnetic (EM) &
electrostatic (ES) waves in magnetized
plasma and ECR efficiency



Brief theoretical background I: Analysis scheme of EM waves in the ECRIS
can be summarized very roughly (assuming ‘cold plasma approximation’)

* Equation of motion under B

T T T T T T T T T T T T T T 1
! kX E = wuyH, (o) l 1
l fx H = -weky - E (p) i * Electrons Including ions
| . . . . .
| _ - | * for fast-time varying v 2 for slow-time varying field
| kx (kxE)+kilg-E=0, @ || « (ECRRUHR) € ’ (ICR&LHR)
fptuptuptuptuytuptuytuptuytupinyinpinpinpiupty iyttt ey~ ———— 4 y_ Vv — T T T T T T T T T T T T T T T T T T T T T T T T 3
: K —jK | K7 0 —Kxkz | | Ex k. —Jrx  O]|Ex I
' e *  Current density J | 2 412 E| = 2| ol|lg| |
| where kg = “/c, €, = g9k, = &9 | JKx KL urren. ensity ! 0 Kx + Kz 0 Ey[=rq|lx KL Ey[ 1
| 0o 0 |k 0 2 || 0 0 x/|E| |
X'VZ X z Z I
I__________________________________:>\4 * '____:l_ ______________________________________
oo ~_ *  Maxwell’s curl Eqs [T T ST T T T T
d 1 w? _q w3 ' N%cos?60 —kx, —jky  —NZ?cosfsinf |
and k, = Z]m K 2 wlw—con) I  Dielectric constant é‘OKp componen’dl det s N2 —x, 0 =0 i
1- ZJ'F’ K, = E(KT- + k), kx = %(Kr —Kp), € = (|Z—’:|), w /': _Nzcos_HsinH_ 0 _ Nz_sinze — Ky |
J I Eq.(r) is the dispersion equation, which relates k = kN, w, and 6. !

J =¢ (for electron), i(for ion), @ (@,;) and @,(®,,) represent
the ion and electron cyclotron (plasma) frequencies,
respectively, g; represents charge of electron (j=e) and j
charge state ion species, and 7 is the imaginary unit. k| , Ky,
K/, Ky and k; are the dielectric tensor elements.

d det | left-hand side | =0 - '

z |
B, R-wave

« @=0(B//k):

Direction of rotating E

e R-& L- cutoffs

e PO, R-wave(ECR), L-wave(ICR);

@ /Vi BB, g;cl N )(K//—stinze):jkx(stinZH —K//): i
. E.E L & (N7 )N cos6sing D
« Dispersion relation are decided. tan26 —(;ﬁ/g;gcjl(\f_jg) (v)
\ 4 Z
= 7/2(B L k): lz”i O-wave
O-wave(interferometer)
Summeraized & X-waves(UHR&LHR) Summeraized ?_y
to CMA daiagram R-& L- cutoffs to CMA daiagram x/ B, - X-wave

v

Rotating E(either direct

Arbitrary 0& V- E =~

0&VXE=DO0
Helicon waves*

*a superimposed wave of multiple
low-frequency Whistler waves
propagating at a constant angle 6.




ECR & ICR & LHR theoretical background

Dispersion relations, resonances and cutoffs

The dispersion relation of electromagnetic (EM) waves in a homogeneously
magnetized plasma with a z-axis magnetic field in a Cartesian coordinate system is
given by the dielectric tensor in the cold plasma approximation including the ion
contribution as follows.

K, —iky O
€ = €y = €o| ix KL 0], (D
0 0 K//
w2 w2
where Kk, =1 ZJW 1—21-@(0)_—2);%]), Ky Z] wza K, =
%(KT + K1), Ky = %(Kr —K), € = (|Z_j:|)’j =e (for electron), i(for ion), @, (®,;) and

@,(@,,) represent the ion and electron cyclotron (plasma) frequencies, respectively,
and i is the imaginary unit. K, Kx, K/, K, and k; are the dielectric tensor elements.
Here we use an expression similar to that of Lieberman.® €jis the permittivity in
vacuum, and ¥, is the relative permittivity tensor.

When the wave vector k (magnitude |k|= k) of the electromagnetic wave propagates
in the direction forming an angle of ¢ with respect to the magnetic field B, the
dispersion relation of electromagnetic waves in magnetized plasma in cold uniform
plasma is given by the following relation.

(1, sin?6 + K ycos?O)N* — {(, % — Ky ?)sin?0 + i, (1 + cos?0) JN? +
(k2 — 1Py =0, (2)

where N (=k/k,=ck/ , k, is the wavenumber in vacuum) is the refractive index.

The magnitude of the wave vector k in directions perpendicular and parallel to the
magnetic field, respectively, and ¢ and o represent the speed of light in vacuum and the
angular frequency of the electromagnetic wave, respectively.

The following relational expression is derived from Eq.(2).

(Vi) (V)
(N2—k ) (K N2=KrK))

(3)

tan%6 = —

Assuming that 8= 0, the numerator on the rightside of Eq. (3), the dispersion relations of
right-hand circularly polarized waves (R-wave) and left-hand circularly polarized waves
(L-wave) are derived as follows.

2 2

S ik Sekied Vo7 )

It is shown that electron cyclotron resonance (ECR) and ion cyclotron resonance (ICR)
exist in the former and latter, respectively.

2 _ [ ) B
Ny = Kr Z] w(w+ejwc;)

Also, from N? = 0, N? = 0, there are cutoff frequencies @, (R-cutoff) and e, (L-cutoff)
for each wave propagation mode, considering the contribution of only electrons for ECR-
related high frequencies, it is derived as follows.

Weet /w§e+4w12,e —Wcet ,w§e+4w§e
, (6) :

2 2 (7)

Considering the density dependence of electromagnetic waves at specific frequencies from
the low-density region to the high-density region in the plasma, we encounter the cutoff
density limits of O-cutoff, R-cutoff, and L-cutoff, respectively. When the microwave
frequency is 2.45GHz, the O-cutoff limit density is about 7.5 X 10'*m-3, and the L-cutoff
limit density formed near the center of the mirror in Osaka University ECRIS at the same
frequency is about 2.5-3.5X10'm3, and these values are in good agreement with the
measurement results.

wR = wi, =

2-1. X-mode resonances
As a resonance phenomenon related to X-wave, there is upper hybrid resonance (UHR),
Wiy = Wl + Whe 4
in the high frequency region.
In addition to @y, a lower hybrid resonance (LHR) appears at the frequency wppy(wpy <
wce) 1n the low-frequency region because k; = 0 when wf)i > wgi.
By using wg; K 0 K Wee, Wpe~Wee» Wpi~(M/m) 2wy,
1 1 1
——=—t (5)

WLH  Wpj WceWci

ey At~ A



CU"' O{f & RBSOnanCe (for common understanding)
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The four principle wave modes (O, X, L, R)
& their dispersion relations

Left-hand circularly polarized wave (L)

(6=0)

|CR (Uci = (URF

Ordinary wave (0)
(6=m/2) B Z

Interferometry (Ex No rotation

/ky

X

Right-hand circularly polarized wave (R)

(6=0)

(6=m/2)

ECR: Wee = WRFE

Direction of rotating E

y
X
Extraordinary wave (X)
z L2 = 02 2 _ .2
B A UHR: Wiy = Wee + Wpe = WRF
0 Rotating E(either direction)




Wave launched towards
a magnetoplama

O wave
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- ElectroMagnetic(EM) » mode converting & enhancing
Internal Electrostatic(ES) waves

— Langmuir mode (Lm)

2 2 2 .
¢ (,()Lm = (,l.)p +k2 vth CF

. Geller R 1996 Electron
— Bernstain mode (Bm) 5 Bessel function Cyclotron Resonance lon
2

2 2 @p 2 2 —N- Sources and ECR Plasmas
. — 1 (_) E. (k -->m=0:UHR = ) )
“pm = W [ o) ( B PL )] ym=0 first ed.; Institute of Physics,
« Cut-off free, as well as Whistler mode (R-wave) Bristol and Philadelphia, IOP
dw Publishing Ltd., UK,
>~ Vth (very slow)& Cyclotron damping ef ficiency (high) Chapter 2, p.162

— Parametric decay:

« Plasmons, Phonons, Cavitons,-- Chen F F, Introduction to
. .re 2 2 2 2 Plasma Physics and Controlled
Optimum conditions.w,,; ~wg, ~w, twc Fusion,
. ~ 2nd Edit., Volume 1: Plasma
Dense pleismas. w'”/ Ll ~ ~ Physics, Plenum Press.,1984,
— yd)RF/ CURF ~ y-fh/mwinfernal (wRF"ma)in-ferna- ;tRF"ﬂ'im‘ernaI) Chap.7.10.3, p.278.

— wyy~2w..(from simulation results by Lin et al)
Accessibilities



Accessibility conditions of EM wave propagation
to understand resonance & cutoff limitation

ECR efficiency & uW modes applications



Behavior of Microwave modes in
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Recalling mode analysis
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Typical plasma parameters on the 2" stages

#2013/5/24 #2013/5/24
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ICIS 2015, New York, U.S.A. 23-28 August, 2015

Electrical, Electronic & Information Eng., Osaka Univ.
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Normalized Beam current
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Efficiency of ECR |

(£, & A within the resonance zone is constant !)
 The average energy gain

per pass is Cf: fP2Ad g=¢E%/2 T

ﬂezEZ W
W — r
7 molalv

res

 The absorbed power per

________

unit area, or energy flux _ z
Zres
2 2
e E .
S..p = —  (collisionless)
maole

Refs: E. & A is not constant;

. 262 E2n ooz o Il. Wentzel-Kramers-Brillouin (WKB) wave expansion
S, = " tan " ( ‘ ‘ ) (collisional) (dr/dz<<1)
ma)\a\ Vv IIl. Budden (1966, Radio waves in the ionosphere)

m

Ref: Lieberman M A and Lichtenberg A J, Principle of Plasma Discharges and Materials Processing,
2nd Edit., A John Wiley & Son, Inc Publications, 2005, Chap.4, pp.110; ibid, Chap.13, pp.514.
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Fundamental ECR

2nd harmonic ECR

Fundamental ECR
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a Resonan‘lon Source

umura, Takayuki Omori, Wataru Kubo,
ihara, and Shuhei Harisaki

nte
otivati
ical bac
\ental progres

ummary & perspective ICIS2019, Lanzhou, China,



Experimental apparatus
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& Behavior of plasma image depending on Coil C current
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@ Accessibility condition of 2.45GHz microwave propagation Q

OSAKA UNIVERSITY

Second Stage

Coil A Coil C Coil B CMA diagram (2.45GHz)
0.12 | R,L,X,0 R,L,X
Antenna

9
Antenna

2.45GHz

Lcutoff

................................

20 40 60 80 10 12 14
16ym1-3
n, [x10%m3]




2.45GHz |

SA

ECR |

~ -20A

- 0A

| -30A

| -35A

" -40A

508




Our trials for improving performance |

Upper hybrid resonance (UHR)



Upper hybrid resonance experiments
by using two freguencies

- the 1st try: 9-10GHz (twice)
-the 2 try: 4-6GHz



Schematic diagram of ion beam current enhancement
experiment with X-mode UHR heating (2" Exp)
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Photograph of ion beam current enhancement experiment
with X-mode UHR heating

* February 17, 2016: First beam extracted after relocation of device & Lab. (Jan. 27 — Feb. 2, 2016)
* March 18, 2016:lon beam current enhancement experiment by UHR heating superposition




4-6GHz X-mode microwave accessibility

In real space (Longitudinal section) On the CMA diagram
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 These accessibilities are evaluated using actual measurement results.
« The correspondence on the CMA diagram is also confirmed.

« Though waves become evanescent in the region between R-cutoff
(green lines) and UHR layer, they can penetrate this region and reach
the UHR because the thickness of the region is estimated a few
millimeters in real space.



4-6GHz X-mode microwave experiment results

Typical CSD (CW-operation)
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Increased ion beam current by introducing X-mode microwave are confirmed



4-6GHz X-mode microwave experiment results
Typical CSD (CW-operation)

— #2016/03/18
3- I I I I I I
% 4 t 1 Higher charge states tend to increase significantly
S 2 | ->Confirmed with good reproducibility.
= Increased about 4.5 times with 61" charge state
S 92l i
L
©
0: 1 | | | | | |
2.45GHz:60W
5.6GHz: 14W

z 106 | —
3
e 107 F |
§ /I\/Ieasurement condition h
2.45GHz:60W I, g=150A, I-=2A, 5.3~5.9 X 10*Pa
Viy=10kV, Slit:9mm
10_8 1 1 1 1 1
0 1 2 3 4 5 6 7 - /




4-6GHz X-mode microwave experiment results

Electron energy distribution function (EEDF) measurements
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Earthquake occurrence at 7:58am on June 18, 2018)

* An earthquake of magnitude 6.1 with epicenter of North Osaka at 7:58 on June 18, 2018 occurred.
* The Iaboratory was on the 6th floor, so the damage was enormous
: = il A Zamaged due t¢
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X—-mode Exp. in ECR high power region:
Typical Xe9t CSD
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X-mode Exp. in ECR high power regions:
Xe?* currents & normalized CSD
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X-mode Exp. in ECR high power regions:
I, & n, profiles
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X-mode frequency dependence
in ECR high power region
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ABSTRACT

We insert two probes in the upstream and the downstream regions with respect to the electron cyclotron resonance (ECR) zone which is
formed at the center of mirror fields. We measure simultaneously plasma parameters in those regions by each of them under the same oper-
ating condition. We measure ion saturation currents [j; and electron energy distribution functions at two positions. We obtain measurement
results that suggest the more efficient ECR on the side closer to the microwave-launchings than those on the other side. It is consistent with
the accessibility condition of the right-hand polarization wave. We also compare the charge state distributions of Ar ion beams extracted in
the case of launching microwaves from the coaxial semi-dipole antenna and those from the rod antenna. We observe the higher multicharged
ion beam currents at the low microwave powers in the case of the rod antenna than those in the case of the coaxial semi-dipole antenna. We
also confirm stable increasements of ion beam currents at considerably high microwave powers in the case of the coaxial semi-dipole antenna.
Based on the experimental results, we propose a new microwave-launching method, “dual-ECR heating” and report its preferable preliminary
experimental results in this paper.
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measurement by them. We measure plasma parameters, i.e., ion
saturation currents [ and electron energy distribution functions
(EEDF) in two cases of the microwave-launchings from the coaxial
semi-dipole antenna and the rod antenna. We obtain the experi-
mental results which indicate the occurrence of the more efficient
ECR on the side closer to the microwave-launchings than that on the
other side. We compare charge state distributions (CSD) of extracted
ion beams in both cases. The multicharged ion beam currents are
higher at the low microwave powers in the case of the rod antenna
than those in the case of the coaxial semi-dipole antenna. We also
observe instability of ion beam currents and their decrease at high
microwave powers. On the other hand, we observe stable increase-
ments of ion beam currents at considerably high microwave powers
in the case of the coaxial semi-dipole antenna. In this paper, we pro-
pose a new microwave launching method, which we have named
“dual-ECR heating,” based on experimental results and some esti-
mations. In near future, we are going to conduct UHR, and other
waves heating experiments under the condition that ECR will be
optimized.

Il. THEORICAL BACKGROUND AND EXPERIMENTAL
APPARATUS

On the basis of the RHP wave dispersion relationship for the
case of no collisions and infinite mass ions, the RHP wave refraction
index Nr can be written using the electron plasma frequency fpe and
the electron cyclotron frequency fee as (1),

S
TG T =

where f is the frequency of the microwave (fixed at 2.45 GHz), v, is
the phase velocity of the RHP wave, and c is the velocity of light.”
The ECR occurs when the f is the fee (N = oo). The cutoff frequency
of the RHP wave fg (N, = 0) is defined as (2),

f fce + \/ fce2 + 4fpe2 (2)
B=

2

N2 = () =1

Figure 1(a) shows the typical mirror field in the ECRIS. The

vertical and horizontal axes show the magnetic field strength B and

ARTICLE scitation.org/journalrsi
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FIG. 1. The typical mirror field in the ECRIS (a). Diagrams showing typical disper-
sion relationships of the RHP wave at (i) in the mimror field (b) that at (ii) (c), and
that at (iii) (d).
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FIG. 7. The comparison of [;; profiles in x-direction measured by LP1 and LP2 at
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ity conditions of the RHP wave, i.e., the ECR-zone (the black line) and the R-cutoff
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FIG. 8. The comparison of /;; profiles in x-direction measured by LP1 and LP2 at
typical I; values in the case of the rod antenna (a). The accessibility conditions of
the RHP wave, i.e., the ECR-zone (the black line) and the Rcutoff (the red line) in
the x-z plane of the vacuum chamber at typical /; values (b).
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PHYSICAL REVIEW ACCELERATORS AND BEAMS 22, 043402 (2019)

Resonance surface, microwave power absorption, and plasma
density distribution in an electron cyclotron resonance ion source

M. Salahshoor and M. As]aninejad*

Institute for Research in Fundamental Sciences (IPM), School of Particles and Accelerators,
P.O. Box 19395-5531, Tehran, Iran

M (Received 28 September 2018; published 12 April 2019)

Resonance surfaces for a 2.45 GHz electron cyclotron resonance ion source are investigated. In addition
to the typical flat-B and mimimum-B profiles, we have investigated on two new magnetic field structures,
namely the torus zone and the double zone configurations. The impacts of such surfaces on the microwave
power absorption are discussed. Furthermore, the uniformity of the ion emissive surfaces in connection
with the resonance surfaces 1s examined. Different configuratons for absorbing microwave power and
simultaneously for producing uniform ion density distribution near the extraction wall of the source are
discussed.

DOI: 10.1103/PhysRevAccelBeams.22.043402
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Efficient R-wave excitation with 4 pillars helical antenna
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Photographs of setting situation (2024.02.03)
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Electron energy distribution functions (EEDF) &
eetonterroasHrerrents



§ 3. Experimental Setup

The 2" stage of the tandem type of ECRIS (Osaka Univ.)
(has just moved it’ s site & reconstructed)

Measurement Apparatus
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Y i LPI
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(z =0~400mm)
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Magnetic field lines flowing to each z cut—surface through

ECR zone on the 2" stage
Coil A Coil C Coil B




B. Typical Z-Profile’ s Survey of Plasma Parameters

Microwave power : 30W
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D. Dependences of EEDF s against @ Typically at Several
Z—Profiles. Microwave power:30W 1, 5=150A, Ic=0A
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F. Magnetic Flux Density and Mirror Ratios along to Field Lines.
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F. Magnetic Flux Density and Mirror Ratios along to
Field Lines.
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A. Typical GSD of Mulicharged Ion Beam and Correlation
between 7_ and 7. with Average Charge

Microwave power:100W 1,5=150A, I-=7.5A
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Typical charge state distribution (CSD) of the extracted multicharged ion beams from
the 2nd stage of tandem-type ECRIS in Ar gas case (a). The correlation between with T,
and T with averaged charge of ion beams (b).



(a)Previous ECRIS for Fe@C\(Case II)
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(W48 Case Il Experimental Results
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Brief theoretical background

In the electromagnetic waves propagating along the magnetic field lines, there exist right-
hand polarization wave (R-wave) and left-hand polarization wave (L-wave). There are cutoff
frequencies o, (R-cutoff) and «y (L-cutoff) for each wave propagation mode, and they are

derived as follows:
Weet /w§e+4w12,e —Weet /w§e+4w12)e
= w) = .

wr - ’
2 2
Resonance phenomena related to X-wave include high-frequency hybrid resonance (UHR)
and low-frequency hybrid resonance (LHR) as follows:
2 _ 2 2 1 _1 1
“un = @ce ¥ e o 0h | weeva’

where, @iy and a,; indicate the electron (ion) cyclotron frequency and the electron (ion)
1/2

lasma f =L =% = (=), and "(qzezn)
plasma frequency, wee ==, @i =, wpe =\~ ) - and wp = (T

In the wave propagation of the frequency @ microwaves in the magnetized ECRIS plasma,
when O-cutoff density is n, and the magnetic field strength corresponding ECR is Bgcp,

R-, L-, and UH-cutoff densities n, n,, and n, are expressed by the following equations:

Ner = N (1 — chR) (*), ng=nc (1 T B:CR) » Meu =N (1 - (B,fCR)Z) '

(*) for R-wave coming from B/Bgq < 1)

P4



Axial distribution measurement of plasma
parameters in ECRIS by LP3 (z-direction)

Langmuir Langmuir

y (L_‘ z COll A probe probe COll B

(LP1) (LP2)

Octupole _ Extractor
magnet\ Coil C (E1, E2)
A B /
T =t Ae B &8 PO
AV - il T
Dz R R A e
=a T A {3 AR = T T Sector magnet
Plate tuner # A B’ Einzel lens 1~3
7=-440~-490mm rod antenna IR Faraday cups
LP3 Wave guide for
7=-451~-51mm_ 0.25 rod antenna Plasma
y LP3{movable region Electrode
0.2 ! | (PE)
EO.IS :
Q0.1 . By for
0.05 , | 2.45GHz
0 LP1 | :-20A: LF2 .
-500 0 500
z[mml]

Figure 4. Top view of ECRIS(Osaka Univ.) with LP1, LP2 and LP3.
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Axial distribution measurements of plasma parameters in
ECRIS by LP3 (z—direction)
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e o9
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Figure 5. Measured axial (z) profiles of n (a) and T.(b).



—— ECR — UHR — O-cutoff— R-cutoff— L-cutoff

P, =10W 80

x[mm)]

Appearance/
disappearance
of resonances
& cutoffs
according to
microwave
powers & n,

x[mm)]

10t
1017 \
10 |
10 |
14,
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R > d
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Figure 8. The x-z profiles of n, (left side) and the contour plots of the corresponding
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various resonances and cutoff (right side) on various microwave powers.



Accessibility condition on real space & CMA diagram

Overdense

(a) Low power (P,.:40W)

"5 0- toff
0:12 o cuto
5 Rod AW D F
! O-cutoff e L-cutoff

X
= 40 | antenna \
E Pass:Sem ' ] 'E:‘O.OS WF—0 ECR
SS. o | 1 \ D
= Coaxial \—J [vﬁ\_\ .
40 I~ semi-dipole 0.04 \

antenna 1y, pllcE150/14A B\ G
-80 1 R \\\
-400 -200 0 200 400 cutoff \
z [mm] 0 1 2 3
. n[10m-
(b) High power (P,.:200W)
80 l 0.2 A\ [9; °“‘°ff D
— 40F O-cutoff NP, L cutoﬁ'ﬂﬂ
g ‘ e Q L-cutoff P 5008 \\ - ECR
— 0 Pass:Semi ( Q \ X N
" 40 F q [ﬁ
ECR L p/Ic:150/14A 0.04|g \
-80 — ' ' ' R.\ Non-propagation region
N '\
-400 -200 0 200 401 o \l/ for all modes
z [mm)] 0 1 2 3

n,[107m3]

Figure 9. The accessibility condition in the real space of ECRIS (left figure) and in CMA
diagram (right figures) at the microwave power 40 W (a) and 200 W (b), respectively. P13



Avoiding the existence of the “G region”:
What should we do?

Wy ® O-CUtOﬁ g oy

ce " ci
2 r 1

= |
/ N\ |
‘ } 0=
\\ 5 :

i

Increasing B —

Simulation researchers also
began to issue CMA on ICIS2023,
via our oral presentations on
ICIS 2019&2021 conferences

Non-propagation

Quarted from Lieberman AM and _
region for any modes

Lichtenberg J A 2005 Principle of
Plasma Discharges and Materials
Processing, 2nd Edit., A John Wiley &
Son, Inc Publications, Chap.4, pp.122.
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New candidates for further enhanced producing
multicharged ions on ECRIS

* Advanced high-frequency resonance via
conversion from electromagnetic to
electrostatic waves:

— Upper hybrid resonance (UHR) heating

* Applications of new low-frequency resonances
without density limit:
— Lower hybrid resonance (LHR) heating
— lon cyclotron resonance (ICR) heating
* New microwave feeding methods:
— For example: Dual-ECR heating (bidirectional )
+ o : EBEP (el. Beam) P15



Current limitation by instabilities

Trends of European ECRIS’s society

1OP Publishing lasma Sources Science and Technology

Plasma Sources Sci. Technol. 23 (2014) 025020 (8pp) doi:10.1088/0963-0252/23/2/025020

Beam current oscillations driven by
cyclotron instabilities in a minimum-B
electron cyclotron resonance ion
source plasma

O Tarvainen', | Izotov’, D Mansfeld’, V Skalyga®~, S Golubev’?,
T Kalvas', H Koivisto', J Komppula', R Kronholm', J Laulainen'
and V Toivanen*

! University of Jyviskyld, Department of Physics, PO Box 35 (YFL), 40500 Jyviskyli, Finland

? Institute of Applied Physics, RAS, 46, Ul‘yanova St., 603950 Nizhny Novgorod, Russian Federation

¥ Lobachevsky State University of Nizhny Novgorod (UNN), 23 Gagarina St., 603950 Nizhny Novgorod,
Russian Federation

* CERN, 1211 Geneva 23, Switzerland

E-mail: olli.tarvainen@jyu.fi



Our trials for improving performance V|

Low frequencies resonances :
lon cyclotron resonance (ICR) :
Please refer to Fujimura-san's oral presentation!
Lower hybrid resonance (LHR)
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Mo IH colls coverd Al,O, beads & Home
appllance |H power supply

Induction heating vapor source (vacuum coil type) in Osaka univ.(2005 Summer)



We have achieved the heating
+empera+ure up 1o 2068 K.

(a) Serial and Parallel
Dummy oil : SPD G auge

with water cooling
' Cll Evaporator Viewing port
S Ty | | ] -

I | ” UJ

Vacuum chamber

— = H
Il " Z
RF power [ depositiofi Non contact
sssss e TMP| monitor shutter thermometer
(b) Inslated IH coil 1 (movable)

Transformer: IHCT OSC:Oscilloscope
CT:Current Transformer
TMP:Turbo Molecular Pump

1307°C 1562°C 1661°C 1721°C 1795°C
1580K 1835K 1931K 1994K 2068K




What is new in 2020-2023 under COVID-19 Pandemic ? No.2 ¢

. . OSAKA UNIVERSITY
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Xe’* vs pulse duration in pure Xe & Xe+Ar

(a) (b)

Gas:Xe #20/10/27 Gas:Xe, Ar #20/10/27
3.5 6.0 ;
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Fig. 4. Xe’* vs pulse duration in pure Xe & Xe+Ar
ICIS 2023, Victoria, BC, Canada,

16-22 September, 2023 Electrical, Electronic & Infocommunications Eng., Osaka Univ.



Setting of ICR antenna to ECRIS & mirror field distribution

Coil A ) Coil B
ICR Coil ICR Coil

for 30~50kHz movable range  Rod Antenna
for 2.45GHz

L
-

Microwave Shield Coil C
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Magnets
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Beam line
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1,:15:1=150/150/8A

. Ar ICR zone \

(40kHZ)

-800 -600 -400 2200 0 200 400 600 800
Z [mml]

Fig. 6. Installation of ICR antenna at ECRIS (Osaka Univ.).
ICIS 2023, Victoria, BC, Canada,
16-22 September, 2023 Electrical, Electronic & Infocommunications Eng., Osaka Univ.



ICIS 2023, Victoria, BC, Canada,

16-22 September, 2023

for
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T ICR Coil |
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ICR Coil detail figure & photographs

1-. . ' N £

o _—
< 4 -

Fig. 7. ICR Coil detail figure & photographs

Electrical, Electronic & Infocommunications Eng., Osaka Univ.
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Low frequency RF power supply & RF introducing part
into ECRIS
a

-

@ Controller ST 1% ;ﬁ

. IH power Supply

IH Power Supply
—>ICR Coil

%\m

'\NNN

Fig. 8. Low frequency RF power supply & RF introducing part into ECRIS

ICIS 2023, Victoria, BC, Canada, Electrical, Electronic & Infocommunications Eng., Osaka
16-22 September, 2023 Univ.
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Xe’™ & <@ in case A (/,/ /] ,=150/150/8A)
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Fig. 10. Xe™ & average charge state <g> in case A (1,/15/1:=150/150/8A)

ICIS 2023, Victoria, BC, Canada,
16-22 September, 2023 Electrical, Electronic & Infocommunications Eng., Osaka Univ.



ICR Exp. preparation status

* RF AMP -Matching box*Isolation transform (20kHz—1MHz, 300W,
(Opt.40kHZz&400kHz)):
e Ordered 23 Dec. 2022(R4), delivered 14 July 2023(R5)
* Adjustment according to load 21 Feb. 2024(R6)

* ICR antenna (108 ® 6turn 4 @ Cu pipe covered by ceramic spraying):
e Ordered 28 Sept. 2023(R5), delivered 14 Jan. 2024(R6)
* Installed to ECRIS 3 Feb. 2024(R6), two Helical antennas at the same time.

e Currently in progress:
e Ar+He+RF(400kHz) with &

- & LP1&2: Serious contamination with impurities

* Confirm the heating effect of He+ , Changes in plasma parameters are not obvious
* Ar(40kHz): relaxations of potential well are not clear.

» Xe+Ar+RF(40kHz): slightly effective & confirming Ar+ heating & parameters’
changes not clear

¢ Xe+tHe+RF(40kHz): drastic effects
Please refer to Fujimura-san's oral presentation!
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Please refer to Fujimura-san's oral presentation!
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Brief theoretical background Il:

* Dispersion relation of lower hybrid resonance (LHR):

-2 2
N ~ ~ 1/2,, .
‘U%H a)pi WceW i Wpe~Wce, Wpi (M/m)*“w,
I3 -
n.=2X10 "m™ (at over density)
5%10° it 5%10° g g 5%10° T
Bl Bl JBL,
|| 13.56MHz: | 13.56MHz: | 13.56MHZ: |
1x10 T 110 —1— 1x10° ;
eti | ¢ e | . ;
N 107 ot L 5xa0 ArT L A ] g7 ;
E CH .l E Xe3* Xett
N U A I M R s S (RO SO . S T s e - :
= i : : Ar"“ ........ Xe ........ ......... .................
g | a0 - 14107 T e
5%10 T Ko | 5%10° 5x10
1x10° 1x10° 1x10°
5x10° A 5x10° i & 5%10° A ‘
0.01  0.050.1 0.50 1.0 0.01  0.050.1 0.50 1.0 0.01  0.050.1 0.50 1.0

By using available13.56 GHz RF source in the initial experiment,

The |B| around our 2.45 GHz ECRIS (|Bg-;|=0.0875G) is about 0.1-0.3 T.

lon species in which the LHR region exists are ones lighter than C*, Arz*~, Xe3+~,
In our ECRIS, averaged Ar <g*> is about 2~4, so the LHR is sufficiently possible.



Guiding principles of saddle-coiled antenna for LHR via excmng

helicon waves E’ (Z)A _ Model n
> i /

‘.4 - Actual

112 \
A1/ 1/2

Comam,

:--..‘......-. auw
s

J / « Assuming the ideal antenna E., has sharp J-
function peaks at both ends of the coil, we

Y consider the following electric field:
\ lg lg
LHR\{egion/ E.(2) = E, Az [5 (z + §> ) (z — E)]
w 1 X ~ A ',' . ’ ,/' \\
S . La Ex(kz) :" ‘

\
]
1
1

Helicon wave modes: mixtures of EM (V- E =~ 0) j
and quasi-static (V x E ~ 0) fields having form:

\
\
\

I ———.

- —
R ———
J

E,H o< expi(at-k,z-mo), % 9% 57 ° k.
where integer m specifies azimuthal modes. [, L L,
Assumption: uniform n, and the boundary « By Fourier transforming and squaring, the
condition (Chen[9]): spatial power spectrum can be obtained as
Mk (ko R) + k j ] (kK R) = 0, follows: E2(k,) ~ 4E; " (Az)?sin? "Z;a

where J,," denotes derivative of Bessel function J,... \when k,~l,, 37l,, etc., and then when 4,2l ,

Here we apply a typical saddle-coiled antenna with ~ 21_/3, efc., the antenna is well coupled to the
m=1 mode excitation according to Leiberman. [7] hellcon mode and E2(k,) is maximized.



Wavelength matching condition for  Dispersion relations of helicon modes:

. . Fast wave(N, : small (k, < k)): /
helicon wave excitation ast wave(N: small (k, = ky)
(This fig. shows dispersion relations for c?ky. /kuz + ki = 0whe / Wce
typical densities & 13.56MHz RF freq.) Slow wave(N, : Large (k. > k)):
105 avy
Slow wave wgea)ge ki
W = 2 2
104 Wpe T Wee ki
ne =2.0 X 107[m3]
- 103 Fast wave (Overdense)
Ii n, = 5.0 x 101[m3]
— L o N —r 1256[m_1]
2 102 C
------------------------- 62.8im™'] (1, ~0.05~0.1m
o | * Considering
the plasma
1 diameter)
0 10 20 30 40 50 60

ky[m™]
« Assuming the wavelength of the radial electric field is about A, =0.05~0.1m, i.e., k; =125.6~62.8m"%,
considering the plasma diameter.

« \We aim to excite helicon wave at high density n, = 2 X 10 m= in high microwave power operation,
we obtained the corresponding k,,=26.0~44.5m, and 4,=0.24~0.14.

* By using EZ(k,) maximized conditions (k,=l,, 341, etc., and then 4,=2l,, 21./3, etc.), We determined
the axial coil length I, = 0.12m and the radial length I, = 0.1m actually.



Saddle-coiled LHR antenna exciting helicon wavesn

630

‘ Helical Antenna
(@)
H

] I (] E ]
Saddle-Coiled LHR Antenna o

Mo diameter : ¢p1mm é B for Waveguide (2.45GHz)
Bell-shaped beads (cover) ' 7 Q D B B Q E‘ — &
inner diameter : ¢p2mm g g
outer diameter : ¢pSmm y o @1{] = ;Tli
| Le |LQ {e] (o]

1
|

1 I 1 1 [
N o ol lol 1ol o
e L Plate-Tuner ——  Water-Cooled Current
Input Terminal
700 (13.56MHz)

Helical Antenna

.
s = -
- 1 :
Do
;

L s e Plate-tuner
LHR Antenna ' Helical Antenna

Connections of the saddle coil are made behind the plate tuner,
so as not to affect the X-mode electric field as much as possible.

Please refer to Y Kato, et, al, Journal of Physics: Conference Series 2743 (2024)
012004 doi:10.1088/1742-6596/2743/1/012004




13.56MHz RF power source & matching box 10

Matching Box

Installed in vacuum chamber
Saddle-Coiled CoTTTTTTTTTTT T

LHR Antenna 13.56MHz RF P Matching LHR
RF Power T
SUpply @ ‘

power source Box antenna

ECR Plasma

Measurement

* RF in/ref power

* Pressure in vacuum chamber
* Probe (n,, T, V., EEDF)

Max. incident power: 1.4kW

'00V 3¢, floating from ground,
water-cooled

- Vee=10kV We conducted the initial experiment from February to
March 2021 by fabricating the RF lead-in, after initial ICR
- and measurement experiments to verify L-cutoff.

— e : - . e
YA =  —— : We' . > Y@ \1 Feedthrough for
Matching Box | - [ P - B 4 L sy  Dlate tuner

Water cooled coaxial
windows & coaxial-to-
waveguide converter




Beam Current [pA]

Typical CSD (in first experiment (best condition)

It indicates the effect of RF application with good reproducibility.

Average Charge State
<¢>=1.78(13.56MHz OFF) <¢>=1.99(13.56MHz ON)

#2021/03/12, No.012&013

2
10 MPressure : 1.3 X10°Pa 13.56MHz ON(P,,=150W)
2.45GHz P, /P,.{(Helical) : 120/75W
10 | 245GHz P, /P, (Rod) : 110/10W 3 2 g=1
Vo : 10KV OFF
1 | Slit : 10mm 6 Q
101} o ﬂ H
, il |
102} |
H
103} J
104 |

0.05

0.1
B x\m/q|[T]

0.15

As we later found out from probe measurements, the n, was quite high near the L-cutoff.
The RF application clearly increases multiply charged ion currents and shifts the average charge
state to the higher side, and these results suggest an increase of the electron temperature T,.



Ar’* beam current [ X 10-8A]

The Low Frequency RF Power Dependences of

Ard+%* Currents.

2 #2021/03/12 6 1.2 #2021/03/12
>
-!oo I I | T N
J 5 + =
1.6 | s £
o e
4 5 32
1.2 ¢ e g
-
3 3 2
0.8 | = g Ar**
12 % B
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RF input power [W] RF input power [W]

From 100W to 150W, the charge state clearly shifts to the higher side.
It suggests an increase of T, due to LHR based on helicon wave excitation.



We Measured Electron Energy Distribution Function
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A distinct shift to the higher energy side was observed in the periphery compared to that in the center.
This result has a good correspondence with conventional T, measurements. From the later accessibility considerations,
it corresponds to the presence of LHR region in the periphery, suggesting the increase in T, due to the LHR.



Typical Probe Measurements (high RF power)
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Accessibility Condition
(corresponding to the best condition CSD)
n.= 2.50 X 10*’m-3 (obtained by measurements as the same conditions )
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Because the average charge state is about 2+~4+,
the LHR may be generated by the X-mode electric field of the helicon wave.

The electron heating by the LHR should be effectively contributed to produce multiply charged ions.
This result shows a good agreement with the result of EEDF and the T, measurements.



Future aspects for further improving their
performances

Increasing freq. & B,
and multi-frequencies including dual-modes with helical antenna exciting R-waves

‘Plasma diagnostics’: European trend of ECRIS
Additional Electron (or plasma) beams
Measurements on high performance ECRIS’s
EMS emittances and lon sensitive probes & multi-grid FC



Summary

* Acting directly towards 91
 Enhancing ECR e
* Overcomingf
L R-
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