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This article presents the physics for determining an appropriate helicon plasma source for the linear experimental
advanced device (LEAD) through tripartite mutual verification encompassing theoretical analysis, code simulation, and
experimental validation. Using the HELIC code, plasma excitation processes were simulated with three antenna configura-
tions: m = 1 half-helix, m = 1 Boswell, and m = 0 single-loop helicon antennas, and complemented by theoretical analysis.
Key parameters including plasma impedance (R}) and energy deposition profiles along radial (P) and axial (P;) directions
were comparatively analyzed, revealing significantly enhanced Rp, P, and P; values for the loop antenna configuration as
compared with other configurations. Wave propagation equation solutions predicted a primary plasma generation layer at
the antenna center; numerical simulations identified an additional plasma formation region at the antenna boundary, indica-
tive of edge Landau damping effects. Interestingly, stronger axial magnetic fields do not necessarily result in higher plasma
densities, especially for m = 0 antenna configurations. Experimental validation conducted with an m = 0 multi-loop plasma
source confirmed these findings. Both theoretical analyses and experimental studies on large-volume plasma generation
utilizing this innovative source elucidated the underlying mechanisms responsible for the remarkable low mode transition

threshold of 150-watt input power and demonstrated significantly enhanced plasma confinement properties.
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1. Introduction

Compact plasma devices serve as valuable auxiliary sys-
tems that complement large-scale fusion facilities such as
tokamaks and stellarators. Linear plasma devices have gained
prominence not only for plasma-material interaction stud-
ies but also for fundamental plasma physics research. Un-
like tokamaks, linear devices require external plasma gen-
eration within their vacuum chambers. The critical compo-
nent enabling this is the plasma source unit, with various
configurations including hot cathode sources,!'! arc discharge

2l and microwave-driven sources.’l Among these,

sources,!
helicon plasma sources have emerged as particularly effective.

The development of helicon sources originated from
Lehane’s pioneering work,!* operating through a distinct
energy transfer mechanism: injected radio-frequency (RF)
waves undergo mode conversion from inductively-coupled
electromagnetic oscillations to helicon wave propagation, ac-
companied by enhanced RF power absorption. The system’s
performance critically depends on antenna efficiency, which
determines the effectiveness of RF-to-plasma energy coupling.

Various antenna configurations have been implemented in lin-
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ear devices, with notable designs including the Nagoya type
111, 15! Boswell,[®! and half-helix!”! antennas — all character-
ized by azimuthal mode number m = 1. While the fundamen-
tal m = 0 configuration (simple loop antenna) appears con-
ceptually straightforward, [®) its application remained underre-
ported until recent successful implementations in plasma pro-
cessing testbed (PPT)!®! and plasma assembly for non-linear
turbulence analysis (PANTA)!% experiments.

Conventional helicon sources typically employ a dielec-
tric (glass/quartz) discharge tube concentrically surrounded by
the antenna structure, forming an integral part of the vacuum
system. Shinohara’s innovative flat-spiral metallic antenna

11121 eliminated the dielectric tube, offering practical

design!
advantages for out-vacuum maintenance and positional ad-
justments without breaking the vacuum vessel. Despite the
widespread adoption of helicon sources, a systematic compar-
ative analysis of m = 0 versus higher-order mode antennas is
still lacking, especially in the context of tripartite validation
through theoretical modeling, numerical simulations, and ex-
perimental verification.[!3]

This study presents an m = 0 helicon plasma source em-
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ploying a planar multi-loop antenna design, developed through
comprehensive electromagnetic simulations and theoretical
analysis of wave energy deposition characteristics across dif-
ferent antenna configurations. The optimized antenna system
exhibits enhanced coupling efficiency, producing azimuthally
symmetric plasma modes.

2. Experimental setup

The linear experimental advanced device (LEAD) repre-
sents a medium-scale linear plasma facility with unique struc-
tural characteristics (Fig. 1(e)). The system features a distinc-
tive two-segment cylindrical configuration comprising dual
vacuum chambers with respective inner diameters of 400 mm
and 900 mm, interconnected through a gradual conical stain-
less steel transition section. The primary vacuum chamber
(400 mm diameter) incorporates specially designed plasma
limiters that enable dynamic control of plasma column con-
finement. Through adjustable limiter configurations, the op-
erational plasma diameter can be precisely regulated within
a 100400 mm range to meet specific experimental require-
ments.

Prior to the construction of the LEAD device, two preva-
lent m = 1 helicon antenna configurations — the Boswell-type
(Fig. 1(a)) and half-helix type (Fig. 1(b)) — underwent com-
prehensive evaluation. The HELIC code is a classical pro-
gram for designing helicon antennas, focusing on analyzing

electromagnetic wave propagation in cold plasma. Although
more advanced programs such as COMSOL multiphysics can
simulate detailed helicon discharge dynamics, the HELIC pro-
gram provides a quick, simple, and straightforward method to
evaluate antenna behavior under user-specified plasma param-
eters. Numerical simulations employing the HELIC code!'¥!
were conducted for both antenna designs, incorporating ac-
tual LEAD operational parameters including vacuum vessel
dimensions, magnetic field strength By, and target plasma den-
sity n.. For comparative analysis, simulations also included
the fundamental m = 0 single-loop configuration (Fig. 1(c)).

Fig. 1. Schematic of the plasma source configuration at the left termi-
nus of LEAD, featuring four helicon antenna candidates: (a) m = 1 mode
Boswell antenna; (b) m = 1 mode half-helix antenna; (¢) m = 0 mode
single-loop antenna; (d) m = 0 mode flat multi-loop antenna (quartz tube
excluded). (e) Operational schematic: (D) The multi-loop helicon source
maintains axial mobility (red arrow) for optimal coupling with the vac-
uum vessel’s quartz window @; Q) diagnostic access port for Lang-
muir probe insertion to measure plasma density; () fast-framing camera
aligned with the axial viewing direction (red arrow); (3) orange-colored
magnetic confinement coils. The yellow dashed arrow indicates the axial
Z coordinate direction.

15f (a) 151 (c) /
— ~ 10} —
g —— Loop \Ci —— Loop \CE}/ —— Loop
. 101 —— Helix . —— Helix - —— Helix
& —— Boswell & 5[ —— Boswell & —— Boswell
0% 3 4 5 3 4 5
n, (1013 m=3) n, (103 m=3)
(e) —— Loop —— Loop
10}

40001 —— Boswell —— Boswell
cg &E“ —— Helix g Jgmt |~ Helix
= = e 18 m!
£ 2000} = - =
= = B
A A

OFL, . . , (0]t ‘ . . . y ara . .
0 0.05 0.10 0.15 0 05 1.0 1.5 2.0 2.5 3.0 40 60 80
r (m) z (m) k (m™)

Fig. 2. (a)-(c) Comparative analysis of plasma impedance R, across three antenna configurations under axial magnetic fields By of 200 G,
1000 G, and 1500 G, respectively. (d)—(f) Energy deposition: (d) radial profiles P, (e) axial profiles P;, and (f) spectral dependence P, as a

function of axial wavenumber k.

Figures 2(a)-2(c) present comparative analyses of plasma
impedance R), for the three antenna configurations under axial
magnetic fields By of 200 G, 1000 G, and 1500 G, respec-
tively. Notably, the m = 0 loop antenna demonstrates con-

siderably higher R, values across all magnetic field intensi-

ties compared to its m = 1 counterparts. However, this con-
figuration exhibits an inverse relationship with magnetic field
strength, showing marked R;, reduction as By increases. The
Boswell antenna displays moderate enhancement proportional

to the magnetic field, whereas the half-helix antenna maintains
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stable impedance across the tested By range. This compara-
tive study reveals that m = 1 antennas generally exhibit much
lower R), sensitivity to magnetic field variations compared to
the m = 0 loop design. Despite its By-dependent impedance
characteristics, the loop antenna maintains a clear advantage
in plasma excitation efficiency for LEAD applications.

In addition, with increasing axial magnetic field, R, under
low-density conditions exhibits significant fluctuations. This
suggests that the discharge could become unstable in high
magnetic fields due to potential plasma instabilities. Experi-
ments also show that the plasma scintillates for B > 1000 G.

2.1. Theoretical interpretation

For helicon waves propagating in a cylindrical plasma

column, the magnetic field components can be expressed as!!’]

Br =A |:(k + kz)Jm—I (krr) + (k - kz)-]m+1 (krr):| )

Bo = 1A | (k+ k)1 () = (k= k) (ko) |, (D
B, = —2iAJn(k,r),

where B, is the radial magnetic component, By is the az-
imuthal magnetic component, B, is the axial magnetic com-
ponent, A is the amplitude, £ is the total wavenumber, &, is the
radial component of k, k, is the axial component of k, and J,,
is the m-th order Bessel function.

For the configuration shown in Figs. 1(a)-1(c), where the
helicon source consists of a quartz tube surrounded by an an-
tenna, the insulating boundary condition requires the radial
magnetic field to vanish at the boundary

Br(r = a) = kam (kra) =+ kZJi/n (kra) =0.

For the m = 0 mode (using a copper loop antenna with
radius a = 150 mm), this simplifies to

Jo(k-a) =0,

yielding the lowest radial mode solution

3.83
k=" =2553m . )
a

The energy deposition can be expressed as

, 20%%¢ ( k g
(J:Ez) = ysz (Hokr-]m(krr)> ) (3)

& a)p

where j, is the axial current density, E, is the axial electric
field, @, is the plasma angular frequency, and Y is the total
effective collision frequency.

Equation (3) predicts concentrated energy deposition at
the plasma core (r — 0) for the m = 0 mode, consistent with
the prominent central peak observed in Fig. 2(d) for the m =0
loop antenna. However, the secondary deposition region near
the tube edge (r = a) deviates from this prediction, which can

be attributed to edge heating through Landau damping, '] to
be experimentally verified in subsequent sections.

The plasma dispersion relation is given by!!”}
)
Kk, = /K2 + K2k, = e”;’% )
0

Through simultaneous solution of Egs. (1) and (3), two
key relationships emerge: (I) reduced antenna diameter a en-
hances plasma density under constant axial wavenumber k,
and magnetic field By conditions; (2) increased k, elevates
plasma density within fixed tube size and By.

Figure 2(f) presents the simulated k,-dependence of en-
ergy deposition P;,. The m = 0 loop antenna exhibits a dis-
tinct P, maximum at k, ~ 18 m~!, significantly exceeding the
m = 1 antenna values. This aligns with conclusion Q) and ex-
plains the superior energy deposition efficiency of m = 0 con-
figurations shown in Figs. 2(a)-2(e). Comparative analysis of
m = 1 antennas reveals the half-helix design achieves higher
Py (peaking at k, ~ 16 m~") than the Boswell-type, consistent
with its enhanced deposition performance in Figs. 2(a)-2(e).

2.2. Experimental results

2.2.1. Source developing

Following comprehensive analysis of antenna perfor-
mance through numerical simulations and theoretical con-
siderations regarding m = 0 loop, m = 1 helix, and m = 1
Boswell configurations, the m = 0 loop antenna was selected
for the LEAD experiment. This decision was based on its
superior impedance (R),) characteristics, enhanced energy de-
position capabilities (Pr/}’nmml and P,), and structural sim-
plicity. Drawing inspiration from Shinohara’s spiral antenna
design,!'! we developed an m = 0 helicon source featuring a
concentric circular loop antenna (Figs. 1(d) and 3(a)).

The final implementation comprises four concentric cop-
per loops with progressively increasing diameters of 80 mm,
160 mm, 240 mm, and 320 mm. Unlike conventional de-
signs that surround quartz tubes, this antenna is positioned
externally in direct contact with the vacuum-sealed 340-mm
quartz window (component @ in Fig. 1(e)) at LEAD’s ter-
minal end. This innovative configuration achieves complete
vacuum isolation without any direct vacuum connection to the
vessel while incorporating integrated water cooling channels
for thermal management during operation. The modular de-
sign permits flexible electrical connections between loops via
adjustable copper busbars, though the outermost 320-mm loop
remained disconnected in the present experiments to prevent
arcing with the 340-mm quartz window periphery.

2.2.2. Results and interpretation

Figure 3(b) demonstrates typical plasma discharge pat-
terns under moderate power input (hundreds of Watts) using
the three inner loops. The observed luminous structures —
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three distinct concentric rings and a central bright spot — ex-
hibit precise spatial correlation with antenna geometry. These
features provide direct experimental validation of the simu-
lated energy deposition profile shown in Fig. 2(d), confirming
two key mechanisms: (I) peripheral heating through Landau
damping (manifested as annular patterns matching loop posi-
tions); (2) central power deposition predicted by Eq. (3) solu-
tions. Notably, all luminous features localize near the quartz
window’s vacuum interface (z ~ 0 region), experimentally cor-
roborating the theoretical deposition profile in Fig. 2(e). The
characteristic blue-core emission spectrum further confirms
wave-driven discharge operation.

Fig. 3. (a) Multi-loop antenna configuration implemented on LEAD.
(b) Captured discharge phenomenon exhibiting three distinct bright cir-
cular bands with a central bright spot.

It should be emphasized that the previous analysis em-
ploying Eq. (1) assumes an insulating boundary condition,
specifically derived for the single-loop configuration where the
loop encircles an insulating quartz tube. This configuration
imposes the radial magnetic field condition

B.(r=a) = A[(k+k;)Ju_1 (ker) + (k— k) Tyt (k7))
= 0. ()

For the multi-loop antenna system, however, the loops
are externally mounted on a vacuum vessel with a diameter of
400 mm, significantly larger than the loop dimensions. Cru-
cially, the three distinct plasma bands observed in Fig. 3(b)
lack an insulating quartz boundary. Instead, each loop (or
equivalently, each plasma band) must satisfy a conducting
boundary condition, as plasmas inherently behave as conduc-
tors. This requires the azimuthal electric field to vanish at the
boundary: Eg (r = a) = 0. By invoking the field transforma-
tion relation Ey = (—®A/k) By, this condition translates to

Eo(r=a) = (~0A/K) | (k+k)Ju-1 (k1)

(k= k) It (k,r)} ~0. ©6)

Notably, this equation is mathematically identical to
Eq. (5). Consequently, the physical interpretation derived from
the single-loop insulating boundary condition remains valid
for the multi-loop antenna system, despite the transition to a
conducting plasma boundary.

2.2.3. Comparison experiments

A multi-ring antenna with flexible connections between
four concentric rings was built to compare different antenna
configurations in further studies. In this article, most exper-
imental results are obtained with a multi-loop configuration
in which the three inner rings are connected in series. We
compare the density profiles between single-loop and multi-
loop configurations. A conventional m = 0 loop helicon source
with 170 mm diameter has been installed on the left port of the
LEAD vacuum vessel as a reference configuration for compar-
ative plasma generation studies.

Figure 4 presents radial plasma density profiles obtained
from both antenna configurations under comparable opera-
tional conditions: argon working gas at 0.7 Pa pressure, 2 kW
RF power input, and 1000 Gauss axial magnetic field. The
density measurements were acquired using a mid-plane Lang-
muir triple probe inserted through the side diagnostic port (lo-
cation Q) in Fig. 1(e)).

&> 10
IE ——Multi-loop
w sl —e—Single loop
=
Z
g 6r
>
X
i
[
el
E 2
n
= )
~ 0
0 20 40 60 80

Radial coordinate r (mm)

Fig. 4. Comparative density profiles of LEAD plasma generated by con-
ventional single-loop (blue) and multi-loop (red) helicon antenna config-
urations.

The comparative analysis reveals significantly enhanced
plasma density generation by the multi-loop antenna despite
equivalent power input, indicating superior plasma excita-
tion efficiency and improved antenna-plasma energy coupling.
The multi-loop configuration comprises three concentric loops
with radii ¢; = 80 mm, a; = 160 mm, and a3 = 240 mm.
Applying Eq. (2), the corresponding radial wavenumbers are
calculated as k| ~ 48.78 m™!, ko ~ 23.94 m™!, and k3 =
15.96 m™".
substantially exceed the conventional single-loop value of k, =
3.83/0.17 m~! = 22.53 m~! (derived from Eq. (4)), while
maintaining equivalent axial wavenumber k. This enhanced

Notably, the dominant k,.; and k;» components

radial wavenumber spectrum provides the physical mechanism
for the observed density improvement.

Notably, in plasma excitation governed by Eq. (4), the ax-
ial wavenumber k, demonstrates greater dominance over the
radial component k,. Unlike m = 1 antenna configurations
where k;, is structurally constrained along the axial direction,
the m = 0 loop and multi-loop antennas permit unrestricted
k; values. This inherent flexibility in wavenumber selection

125202-4



Chin. Phys. B 34, 125202 (2025)

potentially enables m = 0 helicon sources to generate higher
plasma densities, as evidenced by the comparative analysis in
Figs. 2(a)-2(e).

However, the unconstrained nature of k, in m = 0 con-
figurations may introduce operational complexities. The ob-
served impedance reduction R, with increasing magnetic field
This
phenomenon provides a possible explanation for the non-

in Figs. 2(a)-2(c) suggests significant k, variations.

monotonic plasma density dependence on By observed in
LEAD magnetic field scanning experiments (Fig. 5), which
deviates from the conventional predictions of Eq. (4). The re-
sults in Fig. 5 are restricted to 200-1250 G due to the achiev-
able stable discharge limit (1250 G). Exceeding this threshold
induces plasma instability. In contrast, m = 1 antenna systems
exhibit more stable performance characteristics due to their
fixed k; values, as demonstrated by the relatively weaker R,
dependence on By shown in Figs. 2(a)-2(c).

A 10
| 550 G
& 650 G
el Q! 750 G
[=) -850 G
= 950 G
) --1050 G
s 6 1150 G
> 1250 G
=2
g 4r
[
o
®
£ 2
1}
S
A . . .
0 20 40 60 80

Radial coordinate r (mm)

Fig. 5. Evolution of density distribution characteristics in LEAD plasma
under varying magnetic flux density By. The plasma density exhibits a
positive correlation with By of lower than 850 G.

3. Discussion and conclusion

The m = 0 multi-loop helicon source serves as the pri-
mary plasma generation system in the LEAD experiment.
By leveraging the distinct plasma excitation characteristics
of concentric loops with varying dimensions, this inno-
vative source achieves steady-state plasma densities up to
4 x 10" m~3 at an axial position z = 1.5 m from the source
plane, operating at 6 kW RF power with argon background
pressure maintained at 1.95 Pa.

Numerical simulations and theoretical analyses provide
dual insights: they elucidate both the plasma excitation effi-
ciency variations among different helicon antenna configura-
tions and the characteristic density profiles generated by the
m = 0 multi-loop design. These findings establish a frame-
work for systematic performance enhancement for the m = 0
multi-loop helicon source.

The antenna’s operational superiority stems from its
unique m = 0 excitation geometry (as predicted by Eq. (3) and

illustrated in Fig. 2(d)), which enables two critical features:
(D efficient mode transition of large-volume plasmas from in-
ductive coupling to helical wave propagation at remarkably
low power thresholds (~ 150 W); ) plasma generation effi-

ciency reaching 30 x 10'> W™, approaching the theoretical

upper limit predicted by scaling laws. 8]

This multi-loop architecture creates distributed edge en-
ergy deposition layers through sequential loop interconnec-
tion. The self-regulating power distribution among loops in-
dicates optimal impedance matching and plasma-wave cou-
pling for each individual loop. This synergistic configuration
enables multi-layered plasma generation, producing steady-
state large-volume plasmas with enhanced radial uniformity
which improves confinement and suppresses turbulent trans-
port through minimization of radial density gradients.!°!
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