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A low-aspect ratio, high-density helicon plasma source with a large-diameter of �74 cm that

utilizes an end-launch flat-spiral antenna has been characterized under three different axial

boundary conditions. Whereas one end of the device is a quartz-glass window through which an

excitation rf wave is injected, the other end is a movable plasma terminating plate of three different

kinds: (1) metal with small holes, (2) solid metal, and (3) solid insulator. Using this movable plate,

the device aspect ratio A (device axial length/device diameter) can be reduced to �0.075

corresponding to the device axial length of 5.5 cm. The plasma production efficiency (PPE, defined

as the ratio of the total number of electrons in the plasma to the input rf power) and helicon wave

structures are examined for plasmas with various aspect ratios and boundary conditions to

characterize our helicon device. Even for the lowest aspect ratio case (A �0.075), a plasma with

the electron density of 7.5� 1011 cm�3 can be produced. The PPE of our device is higher than that

of other helicon devices that utilize winding-type antennas. Discrete axial wave modes, which can

be explained by a simple model, have been identified for helicon waves excited in our low-aspect

ratio helicon plasmas. A comparison between the experimental results and helicon wave theory

suggests that second order radial modes must have been excited when the electron density is

sufficiently high. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3701558]

I. INTRODUCTION

Plasmas can be produced very efficiently by using helicon

waves, or whistler waves propagating in a bounded plasma

region, whose frequency is xci� x� xce, where xci and xce

are the ion- and electron-cyclotron frequencies, respectively.1–4

Because it is possible to easily obtain high-density

(�1013 cm�3) plasmas with high ionization rate (several tens

of percent) under a wide range of magnetic field strength in

helicon-wave discharge, helicon plasma sources are suitable

for various plasma applications, such as basic science

experiments,5–7 developing magnetoplasma rocket engines,8,9

plasma processings,10,11 and fusion related experiments.12

A low-aspect ratio plasma source with uniform density

profile is especially useful for such applications like plasma

processings and plasma thrusters. Here, the aspect ratio A of

the device is defined as the ratio of the effective axial length

(in our case, the distance between one end of the chamber

and the plasma terminating plate, see Sec. III) to the device

diameter. In plasma thruster application, for example, the

thrust can be increased by simply increasing the plasma di-

ameter. Therefore, using a low-aspect ratio plasma source

with a large-diameter is very advantageous so as to decrease

the overall thruster size and cost. In addition, there must be

an optimum way to axially terminate the plasma for each

application. For instance, the axial boundary should be an in-

sulator for the production of thin-solid films in a plasma

processing field.11 If one wants to construct an ion source

(an ion thruster is one), the axial termination plate can be a

metal plate with small holes or a metal grid so as to extract

ions out of the plasma source region. The above two points

have motivated us to perform our current research of low-

aspect ratio, large-diameter helicon plasmas with various

axial boundary conditions.

In our previous research, high-density helicon plasmas

have been characterized using the Large Helicon Plasma

Device (LHPD, �74 cm in inner diameter and 486 cm in de-

vice length) at the Institute of Space and Astronautical Sci-

ence, a division of the Japan Aerospace Exploration Agency

(ISAS/JAXA).13–16 The LHPD has been converted into a

low-aspect ratio helicon plasma source by installing a mova-

ble plasma terminating plate inside the vacuum chamber in

order to effectively shorten the plasma axial length.17,18 The

lowest aspect ratio achievable is A �0.075. Previously, the

experiment with a low-aspect ratio helicon plasma source of

A �0.5 was conducted using an end launch antenna and a

wafer platen.19 In another example, using a single loop

antenna and a conductor plate, helicon plasma characteristics

were studied in a short axial length device (down to 10 cm,

A > 2).20 However, as far as we know, the characteristics of

helicon plasmas produced with a low-aspect ratio device of

A < 0.5 have not been fully investigated yet.

In this research, the characteristics of low-aspect ratio

helicon plasmas (0.075 � A � 6.6) are successively studied

by using three different types of termination plates to shorten

the effective plasma length: (1) a metal plate with small

holes, (2) a solid metal plate, and (3) a solid insulator plate.

The radial and axial profiles of the axial component of the
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excited rf magnetic field were measured in order to investi-

gate the characteristics of excited helicon waves.

The outline of this paper is as follows: In Sec. II, the

general theory and our definitions regarding helicon waves

in a low-aspect ratio helicon plasma source are described. In

Sec. III, the experimental setup and diagnostics used are

described. In Sec. IV, the experimental results for various as-

pect ratio cases (0.075 � A � 6.6) of large-diameter, high-

density helicon plasmas are presented for three different

axial boundary conditions under various input rf powers and

magnetic field configurations. Some discussions regarding

the results are also given. Finally, a concluding summary is

given in Sec. V.

II. THEORIES OF HELICON PLASMAS

In this section, we describe (A) the dispersion relation of

a helicon wave with m¼ 0 azimuthal mode in a uniform

plasma and the expressions for the excited rf magnetic and

electric fields associated with the wave, (B) the axial mode

number of a standing-type helicon wave excited in a low-

aspect ratio helicon plasma, and (C) the plasma production

efficiency in a low-aspect ratio helicon plasma.14

A. Theories for helicon waves in plasmas with uniform
electron density under a uniform magnetic field

For a cylindrical plasma immersed in a uniform dc mag-

netic field, the basic equations for the helicon wave fields

can be given by21

r� E ¼ � @B

@t
; (1)

r� B ¼ l0j; (2)

and

E ¼ j� B0

en0

; (3)

where E, B, and j are the small perturbations of the electric

field, the magnetic field, and the plasma current, respec-

tively, e is the elementary charge, n0 is the unperturbed back-

ground plasma density, and B0 ¼ B0ẑ is the axial dc

magnetic field, where ẑ stands for the unit vector in the axial

direction. Under a normal approximation for the helicon

plasma conditions, xpe � xce (xpe: the electron plasma fre-

quency), the displacement current can be neglected in

Eq. (2). However, this does not exclude the slow (Trivel-

piece-Gould) wave solution. Equation (3) is derived from the

equation of motion for electrons in the so-called helicon

approximation. Here, the E�B drift is retained, whereas the

polarization drift is neglected; this does exclude the slow

waves. Generally speaking, the inclusion of the slow waves

is needed for an adequate interpretation of experiments (e.g.,

Ref. 22), but it is not the case for our experiments discussed

below. Indeed, quasi-potential slow waves are not directly

excited by the antenna, in contrast to electromagnetic helicon

waves and can arise only through two kinds of the mecha-

nism for the mode conversion of helicon waves.23 The mech-

anism of the first kind is the surface mode conversion that

occurs due to the abrupt plasma edge polarization near the

radial wall of an insulating chamber. This mechanism is in-

valid for our experiment where the plasma is confined in a

metal chamber, contrary to an insulating chamber as in

standard helicon sources (e.g., Ref. 22). Also, the plasma

density is very low near the chamber wall. The mechanism

of the second kind is the bulk mode conversion that occurs

when the condition for the coalescence of the helicon and

slow waves, kz < 2ðx=cÞðxpmax=xceÞ (xpmax: the maximum

plasma frequency at the center),23 is satisfied. Under this

condition, helicon waves are peripherally localized and do

not appear near the plasma center. As long as all waveforms

observed in our experiments are centrally localized, the

mechanism of bulk mode conversion is apparently invalid.

Thus, the helicon approximation, which ignores the slow

waves, is quite adequate for the interpretation of our experi-

mental data.

If the first order wave quantities are assumed to follow

the form exp½iðmhþ kkz� xtÞ�, where m is the azimuthal

mode number, h is the azimuthal angle, kk is the parallel

wavenumber, and x is the wave frequency, the axial compo-

nent of the wave magnetic field ~Bz can be derived from the

following partial differential equation21

@2 ~Bz

@r2
þ 1

r

@ ~Bz

@r
þ a2 � k2

k �
m2

r2

� �
~Bz ¼ 0; (4)

where a 	 xx2
pe=ðkkxcec2Þ and c is the speed of light. Here,

the perpendicular wavenumber k? can be defined by

k2
? ¼ a2 � k2

k: ð40Þ

This relation actually gives rise to the dispersion relation for

helicon waves with the m¼ 0 azimuthal mode,

k2
jjðk2
jj þ k2

?Þ ¼
xx2

pe

xcec2

 !2

: (5)

The perpendicular and parallel wavenumbers depend on the

strength of the background magnetic field, the electron den-

sity, and the excitation frequency via the dispersion relation,

Eq. (5).

The solution for Eq. (4) is a Bessel function of the first

kind of order m, Jmðk?rÞ. The boundary condition is given

by ~jr ¼ 0 (or ~Bh ¼ 0) at the insulating radial boundary and

by ~Eh ¼ 0 (or ~Br ¼ 0) at the conducting radial boundary.

For m¼ 0 mode, the boundary condition for both cases can

be written as

J1ðk?jaÞ ¼ 0: (6)

Here, k?ja gives the jth root of J1, k?j can be treated as the

jth order perpendicular wavenumber, and a is the effective

plasma radius.

For a cylindrical plasma with an infinite axial length, the

excited rf magnetic and electric fields associated with the

m¼ 0 helicon wave21 can be expressed by

043504-2 Motomura et al. Phys. Plasmas 19, 043504 (2012)



~Br ¼ �CkkJ1ðk?jrÞcosðkkz� xtÞ;
~Er ¼ Cxða=kkÞJ1ðk?jrÞsinðkkz� xtÞ; (7)

~Bh ¼ CaJ1ðk?jrÞsinðkkz� xtÞ;
~Eh ¼ CxJ1ðk?jrÞcosðkkz� xtÞ; (8)

~Bz ¼ Ck?jJ0ðk?jrÞsinðkkz� xtÞ; ~Ez ¼ 0; (9)

where C is a constant. We note that, in order to derive more

realistic wave field profiles, damping effects,21 such as the

damping lengths of the Landau damping LLD and the elastic

collisions Lcoll, must be taken into account.

B. Helicon wave fields in a short axial length plasma

For a short axial length helicon plasma, the axial struc-

ture of helicon wave is strongly affected by the presence of

axial boundaries, and the wave is essentially a standing-

type.17,18,20,24 Experimentally, the wave amplitude always

becomes zero (node) at a conductor boundary, whereas that

becomes local maximum (anti-node) at an insulator bound-

ary. These results are consistent with the following wave

boundary conditions: ~Bz ¼ 0 at a conductor while @ ~Bz=@z ¼
0 (and ~Bz 6¼ 0) at an insulator. In our experiments, one of the

ends is always an insulator [i.e., the quartz-glass window for

the wave launching antenna, see Fig. 2(a)], whereas another

end (a plasma terminating plate) is either a conductor or an

insulator. When the termination plate is a conductor, pro-

vided that the effect of surface waves near boundaries is neg-

ligible, we can obtain Lp ¼ ð1=4þ l=2Þkklðl ¼ 0; 1; 2;…Þ;
where Lp and kkl are the plasma length and the lth parallel

wavelength of the helicon wave, respectively [see Fig. 1(a)].

Then, we can define the axial mode number, nIC, as

nIC ¼
Lp

kkl
¼ 1þ 2l

4
ðl ¼ 0; 1; 2;…Þ: (10)

Similarly, if the termination plate is an insulator, we have

Lp ¼ ð1=2þ l=2Þkklðl ¼ 0; 1; 2;…Þ; [see Fig. 1(b)]; then, the

axial mode number nII can be defined by

nII ¼
Lp

kkl
¼ 1þ l

2
ðl ¼ 0; 1; 2;…Þ: (11)

C. Plasma production efficiency of a low-aspect ratio
helicon plasma

Using the definition of the plasma production efficiency

(PPE, defined as the ratio of the total number of electrons in

the plasma to the input rf power) in Ref. 14, the PPE of low-

aspect ratio helicon plasmas has been examined in our

experiments. In general, a steady-state plasma production is

a result of the balance between the plasma loss and genera-

tion. If the plasma loss is dominated by the ambipolar diffu-

sion, the ion diffusion mainly determines the actual plasma

loss. If the ions are magnetized by the axial magnetic field

and the device has a short axial length with a large-diameter,

the plasma production efficiency can be restricted by the

axial ion loss. Then, the input rf power Pinp is balanced by

the outgoing energy flux of 2pR2WnsCs along the axial mag-

netic field lines toward the both ends of the chamber. Here,

R is the device radius, W is the mean energy to produce an

ion-electron pair, ns ¼ f �ne is the electron density at the

sheath edge, f is a numerical factor, �ne is the average bulk

electron density, and Cs is the Bohm velocity. Introducing

the total number of electrons in the device, Ne¼ �nepR2L,

where L is the device length, we obtain the PPE as

FIG. 1. Idealized helicon wave patterns of ~Bz in low-

aspect ratio helicon plasmas. Cases for two different axial

boundary conditions are depicted: (a) Insulator (left-hand

boundary)-Conductor (right-hand boundary) case [see

Eq. (10)] and (b) Insulator (left-hand boundary)-Insulator

(right-hand boundary) case [see Eq. (11)].

FIG. 2. Experimental configuration. (a) Schematic drawing of the LHPD at

ISAS/JAXA. Only the portion used for low-aspect ratio experiments is

shown. (b) Axial profiles of the background dc magnetic field, Bz, for vari-

ous values of the separate coil current Is. The main coil current Im is fixed at

50 A.
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PPE ¼ Ne

Pinp

¼ L

2WCsf
: (12)

If we adopt the following numerals: f¼ 0.2, Ti¼ 0.05 eV,

Te¼ 3 eV, and W ¼ 70 eV, then, using Eq. (12), we obtain

PPE ¼ Ne=Pinp � 0:1L ðcmÞ (1013 W�1).14 On the other

hand, the PPE is proportional to R2 in the long axial length

case (high-aspect ratio case), since the radial plasma loss

is dominant in this case.14 Thus, using measured density

profile we can estimate the PPE’s for plasmas with various

axial lengths applying the above simple scaling.

III. EXPERIMENTAL SETUP AND DIAGNOSTIC
TECHNIQUES

Figure 2(a) shows the LHPD at ISAS/JAXA whose

inner diameter and axial length are 73.8 cm and 486 cm,

respectively. The external dc magnetic field is produced by

the 14 main coils and the separate coil whose left edge coin-

cides with the axial position of z¼ 0. The 4-turn flat spiral

antenna,13 �43 cm in diameter, is connected to an rf power

supply [maximum output power of 5 kW (in a pulsed mode)

with 7 MHz excitation frequency] through a matching box

that utilizes a split tank circuit. The antenna is expected to

launch waves with the m¼ 0 azimuthal mode. The magnetic

field configuration in the plasma generation region can be

varied by controlling the separate coil current Is as shown in

Fig. 2(b).

A movable plasma terminating plate is installed inside

the vacuum chamber in order to limit the axial plasma

length. The terminating plate is electrically floating and its

position, zE, is adjustable between 5.5 cm and 125 cm. Three

different kinds of terminating plates were used in our experi-

ments: (1) a stainless steel plate (the diameter �54 cm) with

small holes (the hole diameter¼ 1.5 mm, the center-to-center

separation of neighboring holes¼ 3 mm, and the geometrical

transparency �35 %), (2) a solid stainless steel plate (the di-

ameter �54 cm), and (3) a solid insulator (mica) plate (the

diameter �50 cm). The working gas was argon with a fill

pressure pAr of 0.75 mTorr unless otherwise stated. A typical

electron temperature was Te �3 eV, which is consistent with

the previous results obtained in the LHPD.13

Two magnetic probes are used to measure the axial

component of the excited rf magnetic field, ~Bz. Two Lang-

muir probes are used to measure the spatial profiles of the

ion saturation current from which the electron density is

deduced. Their probe shafts are inserted into the plasma

from the end flange of the antenna side and are bent into an

L-shape so that the probes can radially scan the plasma [a

scannable radial (or horizontal) range is x¼� 35 �35 cm]

by rotating the probe shafts. They are also axially movable:

z¼ 0.5 �80 cm. Each magnetic probe consists of a one-turn

loop with oval shape, �13 mm in long axis and �8 mm in

short axis. One of the Langmuir probes is a cylindrical type

(0.8 mm in diameter and 3 mm in length) and the other is a

one sided disc type (3 mm in diameter). The Langmuir

probes are negatively biased so as to measure the ion satura-

tion current whose value is used to estimate the electron

density ne. Although we did not make extensive measure-

ments of the electron temperature Te profiles, the estimated

error due to the Te variation in determining ne from the meas-

ured ion saturation current is within �20% based on the pre-

vious results of Te¼ 3� 5 eV. We note that Te tends to be

lower in the outer region of the plasma than in the central

region where a typical value of Te is �3 eV.

For measurements of the spatial profiles of the axial com-

ponent of the excited rf magnetic field, ~Bz, the rf antenna cur-

rent, ~IA, is used as a reference signal: the relative amplitude

and the phase of ~Bz with respect to ~IA, i.e., j ~Bzj=j~IAj and urel,

are measured. For the measurement of the antenna current, we

use a current probe (Pearson 6600) in the matching box. The

input rf power Pinp to the plasma is defined as Pfor�Pref,

where Pfor and Pref are the forward and reflected rf powers,

respectively. The ratio of the reflected rf power to the forward

rf power, Pref/Pfor, is typically much less than 0.2.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Electron density ne vs. input rf power Pinp for
various axial lengths and boundaries

Before presenting the characteristics of helicon plasmas

with short axial length, we show the results of the electron

density ne as a function of the input rf power Pinp for plasmas

with the full axial length (486 cm, corresponding to the as-

pect ratio A of �6.6) in Fig. 3.17 The data for each frame in

FIG. 3. Electron density ne as a function of the input rf power Pinp for the

full axial length (486 cm) case.17 The separate coil current Is is varied from

0 A to 100 A, effectively changing the degree of convergence of the back-

ground magnetic field near the antenna region. The Langmuir probe that

monitored ne was located at x¼ 7.5 cm and z¼ 31.5 cm.
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Fig. 3 was taken for the different magnetic field configura-

tions [as shown in Fig. 2(b)] realized by varying the separate

coil current Is. We note that increasing in Is alters the mag-

netic field configuration near the antenna from a convergent

pattern to a divergent one. It should be pointed out that the

end flange of the vacuum vessel is made of stainless steel

and no plasma terminating plate to limit the plasma length

was installed for this series of measurements. The Langmuir

probe to monitor the electron density was located at

x¼ 7.5 cm and z¼ 31.5 cm. The vertical bar in each frame

indicates the threshold power Pth at which the density jump

from an inductively coupled plasma (ICP) (Ref. 25) to a heli-

con plasma (HP) occurs. When the density jump was not

clear, the threshold power was estimated by monitoring the

abrupt change in the plasma impedance. It can be seen that

the electron density reaches �1013 cm�3 in the high-density

HP discharge regime. It can also be seen that the threshold

power Pth increases (at the same time the position of Pth

becomes clearer and easier to identify) as the separate coil

current Is is increased (i.e., the magnetic field strength near

the antenna becomes larger) up to 80 A. Further increase in

Is (to 100 A) suppresses the density jump for Pinp � 4 kW.

Our finding that the value of Pth increases with the increase

in Is (i.e., with the increase in the magnetic field strength

near the antenna) differs from that by Keiter et al.26 who

observed that Pth decreases with the increase in the magnetic

field strength. However, it seems inappropriate to contrast

these findings because the experimental conditions for two

experiments are substantially different from each other. First,

Keiter et al.’s experiment26 was performed with a standard

helicon source excited radially by using a shell-type antenna

wound around a dielectric chamber, whereas in our experi-

ment, the source was excited axially, by a planar (or flat-spi-

ral) antenna located outside the dielectric window at one of

the ends. Second, Keiter et al.26 observed the density jumps

at high magnetic fields only, 
500 G, whereas in our experi-

ments the magnetic field strength near the antenna was

. 200 G in all cases. Finally, Keiter et al.’s experiments26

were carried out in uniform magnetic field configurations,

whereas we used considerably non-uniform magnetic field

configurations in our experiments. Just the latter circum-

stance seems to be decisive and enables qualitative explana-

tion of our results in the following way. It was found for a

large-scale helicon plasma27,28 that if the magnetic field lines

under the antenna are inclined to the dielectric wall surface

(or to the surface of the window at one of the ends in our

case) at an angle h exceeding the resonance group velocity

angle, h > hgr ¼ sin�1ðx=xceÞ, the rf power goes from the

antenna into the plasma almost along the magnetic field

lines. In our experiments, this condition is satisfied in the

whole range of Is variation. The magnetic field lines are most

convergent from the antenna to the center of the chamber at

Is¼ 0; with increasing Is, the degree of convergence

decreases and changes to divergence at Is > 20 A, as is clear

from Fig. 2(b). Consequently, the power deposition is most

concentrated near the axis at Is¼ 0, which apparently makes

the density jump possible at lowest input power Pth and

spreads out of the axis with increasing Is, which postpones

the jump to a higher Pth.

Interestingly, however, Shinohara and Yonekura29 found

that the behavior of the density jump is quite similar to ours

in a wide range of uniform magnetic field (0 �1 kG) even

with the use of a double loop antenna. According to a theo-

retical consideration by Shinohara and Shamrai,30 this is at-

tributable to the fact that the argon fill pressure in the

experiments performed by Shinohara and Yonekura29 was

rather high (�50 mTorr).

Next, the experimental results obtained for plasmas with

a plasma terminating plate installed inside the vacuum vessel

to shorten the effective plasma length are shown. The axial

position of the plate zE was variable, and three different

types of plates were used (as is described in Sec. III) for the

measurements.

Figure 4 shows the electron density ne as a function of

the input rf power Pinp for the cases of three different

axial lengths [(a) zE¼ 54.5 cm, (b) zE¼ 34.5 cm, and (c)

zE¼ 5.5 cm]. The conductor plate with small holes was used

as a plasma terminating plate. The position of the Langmuir

probe was at (x¼ 0 cm, z¼ 25 cm) for the zE¼ 54.5 cm case,

at (x¼ 0 cm, zp¼ 15 cm) for the zE¼ 34.5 cm case, and at

(x¼ 0 cm, z �4 cm) for the zE¼ 5.5 cm case. Similar to the

full length plasma case, even for the shorter axial length

cases [except for the shortest (zE¼ 5.5 cm) case with

pAr¼ 1.5 mTorr], the density jump is observed, and the value

of Pth tends to increase as Is is increased. For the shortest

(zE¼ 5.5 cm) plasma case [see Fig. 4(c)], the density jump

FIG. 4. Several examples of the electron density, ne, as a function of the

input rf power Pinp for low-aspect ratio plasmas (A � 0.075, 0.47, and 0.74).

The device aspect ratio was changed by varying the position of the plasma

terminating plate (a conductor plate with small holes), zE. In Fig. 4(b), the

open and closed circles are the data taken for the Is¼ 20 A and 60 A cases,

respectively.17 In Fig. 4(c), the open circles and the closed squares show the

data taken for the Is¼ 20 A and 0 A cases, respectively. The argon gas

pressures pAr used are 0.75 mTorr for Figs. 4(a) and 4(b) and 1.5 mTorr for

Fig. 4(c). The Langmuir probe to monitor ne was located at the center (x¼ 0 cm).

The axial positions of the probe for Figs. 4(a) and 4(c) are at z¼ 25 cm, 15 cm,

and� 4 cm, respectively.
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is observed for Is¼ 0 A with a higher neutral gas pressure

(1.5 mTorr).

Figure 5 shows the electron density ne as a function of

the input rf power Pinp for three different axial boundary

conditions realized using three different plasma terminating

plates: (a) a conductor plate with holes, (b) a solid conduc-

tor plate, and (c) a solid insulator plate. The plate position

for all three cases was zE¼ 34.5 cm. The Langmuir probe

was located at x¼ 0 cm and z¼ 15 cm. For all cases, the

position of Pth is easier to identify for larger Is. The behav-

ior is similar to those observed in Figs. 3 and 4. The maxi-

mum ne attained after the density jump exceeds 1012 cm�3

for all boundary cases. In the region of the HP discharge at

Is¼ 20 A, it can be seen that the peak electron density

increases significantly from Figs. 5(a)–5(c), indicating the

axial boundary dependence of discharge characteristics.

This tendency can be seen more clearly in Fig. 6 as

explained in Sec. IV B.

B. Electron density profile and plasma production
efficiency

Figure 6 shows (a) the radial and (b) the axial profiles of

the electron density ne for three different axial boundaries

(zE¼ 34.5 cm and Is¼ 20 A) in the HP discharge regime

(Pinp¼ 3 �4 kW). The radial and axial density profiles were

measured at (a) z¼ 15 cm and (b) x¼ 0 cm, respectively. It

can be seen that the maximum density in the case of the insu-

lator plate is much higher than those in the other cases. The

effect of nonlinear diffusion discussed in Ref. 31 might be

responsible for this triangular density profile for the insulator

plate case.

When we discuss the utility of a plasma source, having a

good PPE, Ne/Pinp (see Sec. II), as well as the capability of

controlling the density profile, is very important. Here, Ne

can be evaluated by integrating the electron density over the

plasma column, i.e., Ne ¼
Ð

nðr; zÞdV ¼
Ð zE

0

Ð R
0

nðr; zÞ
2prdrdz. When the plasma is immersed in a strong axial

magnetic field and its aspect ratio is low, the dominant factor

to determine the PPE is the axial plasma loss rather than the

radial plasma loss (see Sec. II).14 In such a case, the PPE is

in proportion to the axial plasma length [see Eq. (12)]. Figure 7

shows the PPE as a function of the axial position of the

plasma terminating plate zE, which is a measure of the effec-

tive plasma length, for three different axial boundaries. For

the data plots shown in the figure, Pinp is between 3 kW and

4 kW. The dependence of the PPE on the type of the axial

boundary is not strong and the PPE linearly increases with

the increase in zE. We note here that the values of Ne for all

three different boundary cases (with fixed zE and Pinp) are

approximately the same in spite of the significant difference

in radial profile between the insulator and conductor bound-

ary cases as shown in Fig. 6(a). This is because of the fact

that the contribution from the central region of the plasma

column to the result of integral (Ne ¼
Ð zE

0

Ð R
0

neðr; zÞ2prdrdz)

is reduced in the cylindrical geometry where the volume ele-

ment dV ¼ 2prdrdz / r. In addition, the electron density

decreases steeply from the center to the radial wall for the in-

sulator plate case [see Fig. 6(a)]. The dashed line is drawn to

fit the experimental data, which gives PPE¼Ne/Pinp �0.035

zE(cm) (1013 W�1). This experimentally obtained PPE for a

low-aspect ratio helicon plasma using a flat spiral antenna is

FIG. 5. Electron density ne as a function of the input rf power Pinp for three

different kinds of plasma terminating plate: (a) a conductor plate with small

holes,17 (b) a solid conductor plate, and (c) a solid insulator plate. The axial

position of the plasma terminating plate is fixed at zE¼ 34.5 cm (A � 0.47).

The open and closed circles show the data taken for the Is¼ 20 A and 60 A

cases, respectively. The Langmuir probe to monitor ne was located at x¼ 0

cm and z¼ 15 cm.

FIG. 6. Radial [(a)] and axial [(b)] pro-

files of the electron density ne for three

different kinds of plasma terminating

plate. The position of the plasma terminat-

ing plate was zE¼ 34.5 cm and the sepa-

rate coil current was Is¼ 20 A. The input

rf power was Pinp¼ 3 – 4 kW. The radial

profile data were taken at z¼ 15 cm,

while the axial profile data were taken at

x¼ 0 cm.
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smaller than the PPE estimated by using Eq. (12) by a factor

of �3. The comparison between other helicon devices14 and

the present one indicates that the value of the PPE for our de-

vice is quite high even for the cases of shorter effective axial

length, zE & 12.5 cm (A & 0.17), suggesting the effective-

ness of using a flat spiral antenna for the production of a

large-diameter plasma. Moreover, it is quite advantageous to

use a flat type antenna for the production of low-aspect ratio

helicon plasmas because of its easy handling and the ease of

having a large-diameter plasma by simply making the

antenna diameter larger.

Figure 8 shows the two-dimensional profile of the elec-

tron density in the case of the insulator plate with zE¼ 34.5

cm at Pinp �3 kW. Here, the experimental data were taken

with the spatial increments of Dx¼Dz¼ 2 cm. In the plasma

production region, which is in the left hand side of the insu-

lator plate, the maximum ne is �6� 1012 cm�3, and the axial

density profile has a weak peak near the quartz-glass window

in front of the antenna (z�0 cm) and a strong peak at z�20 cm.

In order to fully understand the observed density profile, we

must understand the relationship between the rf power

absorption by the plasma via the helicon wave, the plasma

production due to the surface wave excited by the flat type

antenna, and the magnetic field configuration. This is left for

the future work.

Outside the plasma production region [the right hand

side of the insulator plate (z > 34.5 cm)], the maximum ne is

�2.5� 1011 cm�3. The hollow radial density profile can be

realized as a result of the plasma flow (or leakage) through

the gap between the inner surface of the chamber and the

plasma terminating plate (jxj ¼ 25� 36.9 cm, z¼ 34.5 cm).

In other words, the plasma is solely produced in the left hand

side of the insulator plate (z < 34.5 cm). The structure of the

helicon wave under this electron density profile is presented

in Fig. 9 (see the Sec IV C).

C. Excited rf magnetic field (the magnetic component
of the helicon wave)

The radial and axial profiles of the helicon wave in a

low-aspect ratio helicon plasma are measured in order to

investigate the characteristics of the plasma. In this subsec-

tion, the rf magnetic field (the helicon wave) structures

excited in the plasma production region are described with

FIG. 7. PPE, Ne/Pinp, as a function of the axial position of the plasma termi-

nating plate, zE, for three different kinds of plasma terminating plate. The

input rf power was Pinp¼ 3–4 kW. The dashed line is drawn to fit the experi-

mental data.

FIG. 8. Electron density, ne, profile in the x–z plane

(the figure in the left-hand side) and the radial ne pro-

files at z¼ 36 cm, 40 cm, and 50 cm (the figure in the

right-hand side). The plasma terminating (solid insula-

tor) plate was located at zE¼ 34.5 cm. The input rf

power was Pinp � 3 kW.

FIG. 9. Axial profile of � Bz=j� IAj Bz=jIAj for the case of a solid insulator

plasma terminating plate at zE¼ 34.5 cm with Pinp � 3 kW (the same experi-

mental conditions as those used in Fig. 8). The magnetic probe was located

at x¼� 5.9 cm. The red dots indicate the positions of measurements and the

red curve is drawn in order to delineate the wave pattern. The blue dotted

curves for z < 34.5 cm are drawn using Eq. (14), which models our result of

a standing-type wave with damping effects. The wave reflection coefficient

at the plasma terminating plate is R � 0.67 for this calculation.
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the effects of different axial boundary conditions and the

electron density profiles.

The red curve with the red dots in Fig. 9 shows the axial

profile of the excited rf wave structure measured by a mag-

netic probe at the radial position of x¼� 5.9 cm in Fig. 8.

The axial profile of the excited rf magnetic field is derived

from the amplitude j ~Bzj=j~IAj and the phase difference urel

between the magnetic probe signal and the antenna current.

Assuming simple sinusoidal oscillations with the frequency

x=2p¼ 7 MHz, the spatial and temporal behaviors of the

wave can be described as

~Bzðz; tÞ=j~IAj ¼ ðj ~BzðzÞj=j~IAjÞsin½urelðzÞ þ xt�: (13)

The red curve in Fig. 9 corresponds to the spatial profile of

Eq. (13) at t¼ 0. The red dots indicate the positions of the

measurements. The curve is drawn as a representative wave

pattern.

As shown in Fig. 9, the observed wave structure in a

low-aspect ratio helicon plasma is a standing wave type due

to the effect of the wave reflections at the plasma terminating

plate (z¼ 34.5 cm) and the quartz-glass window of the

antenna side. When both axial boundaries are insulators, a

standing-type helicon wave with damping effects, ~Bzðz; tÞ;
can be phenomenologically described as

~Bzðz; tÞ ¼ A1ðzÞsinðkkz� xtþ /1Þ
þ A2ðzÞsinð�kkz� xtþ /2Þ
þ A3ðzÞsinðkkz� xtþ /3Þ
þ A4ðzÞsinð�kkz� xtþ /4Þ; (14)

where A1ðzÞ and /1 are the amplitude and the initial phase

angle of the injected wave, and fA2ðzÞ and /2g, fA3ðzÞ and

/3g, and fA4ðzÞ and /4g are the amplitudes and the initial

phase angles of the waves of successive reflections at the

plasma terminating plate, the quartz-glass window, and the

plasma terminating plate, respectively. The spatial dependen-

ces of all amplitudes reflect the wave damping effects. There-

fore, the amplitude AiðzÞ, where i¼ 1, 2, 3, and 4, can be

written as AiðzÞ ¼ Ciexp½�ImðkkiÞz�, where Ci is a constant,

ImðkkiÞ ¼ 1=Ltotal is an imaginary part of the axial wavenum-

ber, and Ltotal is the total damping length as is described below.

Only three successive reflections at the axial boundaries are

taken into account in our calculation since the amplitudes of

the waves due to further reflections become negligibly small

because of the damping effects. Because we have insulator

boundaries, the phase of the wave is continuous at each bound-

ary when the wave reflects there. Since the wave can penetrate

into beyond the insulator boundaries, the wave reflections at

the insulator boundaries are not total reflections. From the

FIG. 10. Axial profiles of ~Bz=j~IAj (x¼ 0 cm) for helicon plasmas with various aspect ratios, A � 0.075, 0.17, and 0.47 (i.e., various zE’s), and different

types of axial boundary condition (i.e., different types of plasma terminating plate). Twelve solid curves in each frame correspond to the spatial profiles of

Eq. (13) at different t’s during one rf period while the red curves with red dots correspond to the profiles of Eq. (13) at t¼ 0. The input rf power used was

Pinp¼ 2 – 4 kW.
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data we estimate the reflection coefficient as R¼A2(zE)/

A1(zE)¼A3(0)/A2(0)¼A4(zE)/A3(zE) �0.67. This value is used

to calculate the wave structure using Eq. (14). In order to

include wave damping effects, the total damping length,

Ltotal ¼ ImðkkÞ�1 ¼ ð1=Lcoll þ 1=LLDÞ�1
, needs to be esti-

mated, where LLD (Ref. 21) is the damping length due to the

Landau damping of the wave and Lcoll (Ref. 21) is that due to

elastic collisions between electrons and ions as well as elec-

trons and neutrals. For the experimental conditions of Fig. 9,

we find LLD �1 m and Lcoll �5.5 m assuming a Maxwellian

electron distribution function with Te¼ 3 eV. The resultant

Ltotal is then �0.8 m that is sufficiently longer than the device

length. Using Eq. (14) with Ltotal �0.8 m, the axial profiles of
~Ezðz; tÞ are calculated and plotted in Fig. 9 (the blue dotted

curves for z < 34.5 cm) for twelve different phases so as to

clarify the temporal variations due to rf oscillations. Here, the

wave amplitude is normalized by the maximum value of the

experimental data at z¼ 32 cm. In our calculations, a uniform

axial wavenumber estimated from the experimental data is

assumed. In particular, the phase differences measured at two

axial positions, urel1 and urel2, are used to determine the axial

wavenumber kk ¼ ðurel2 � urel1Þ=ðz2 � z1Þ, where z1¼ 0.1 m

and z2¼ 0.34 m. The blue dotted curves in Fig. 9 are drawn

using the model equation (14) at various values of t. It can be

seen from Fig. 9 that Eq. (14) (blue dotted lines) recovers the

experimental data (red curve with red dots) in z < 34.5 cm

fairly well. The slight difference between the results of the

calculation and the experiment near the plasma terminating

plate can be attributed to the effect of theoretically predicted

surface waves.24

Outside the insulator plate (z > 34.5 cm), the excited rf

magnetic field behaves like an evanescent wave generated in

an ICP, whose e-folding decay length is �1.8 cm corre-

sponding to the skin depth including the collision effect.32

The helicon wave cannot propagate into the region outside

the insulator plate because the helicon dispersion relation

cannot be satisfied in such a low density plasma there. As

mentioned before (Fig. 8), it can be concluded that the

plasma production is restricted in the left-hand side region of

the insulator plate (0 < z < 34.5 cm).

In Figs. 10 and 11, the spatial and temporal behaviors of

excited rf wave structures under various experimental condi-

tions are shown. Twelve solid curves in each frame corre-

spond to the spatial profiles of Eq. (13) at different t’s during

one rf period while the red curve with red dots correspond to

the profiles of Eq. (13) at t¼ 0. The dots indicate the posi-

tions of measurements and the red curves are drawn in order

to delineate the wave patterns. Figure 10 shows how the heli-

con wave structure ~Bz=j~IAj changes as the effective plasma

length is varied in low-aspect ratio plasmas. The experimen-

tal conditions are: Pinp¼ 2 – 4 kW and zE¼ 5.5, 12.5, and

34.5 cm (A �0.075, 0.17, and 0.47), respectively. For the

cases of all kinds of boundaries, it is found that the axial

mode number increases with the increase in zE. We

FIG. 11. Axial profiles of ~Bz=j~IAj (x¼ 0 cm) for low-aspect ratio helicon plasmas with different values of electron density at the central plasma region, nec, under

three different types of axial boundary condition. The position of the plasma terminating plate was at zE¼ 34.5 cm (A � 0.47). The value of nec was varied by

changing the input rf power Pinp. The thin solid curves and the red curves with red dots are drawn by the same manner to that described in Fig. 10. Plasma termi-

nating plates used to examine the axial boundary effect were: a conductor plate with small holes [figures (a) with Pinp � 1 kW, (b) with Pinp � 2 kW, and (c) with

Pinp � 4 kW], a solid conductor plate [figures (d) with Pinp � 2 kW and (e) with Pinp � 4 kW], and a solid insulator plate [figures (f) with Pinp � 1 kW and (g)

with Pinp � 2 kW].
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summarize the axial mode numbers derived from Fig. 10 in

Table I. The values of the electron density at the center of

the plasma region (x¼ 0 cm and z¼ zE/2), nec, are also

shown in Table I. The results agree well with the axial mode

numbers obtained using Eqs. (10) and (11). We can see that

the amplitude of the helicon wave becomes zero at the con-

ductor boundary [see Figs. 10(a)–10(f)]. On the other hand,

as can be seen in Figs. 10(g)–10(i), the amplitude at the insu-

lator boundary is slightly less than the local maximum.

How the axial profile of ~Bz=j~IAj changes with the elec-

tron density at the center of the plasma region, nec, is shown

in Fig. 11 for three different axial boundaries. The value of

nec at x¼ 0 cm and z¼ zE/2 is varied by adjusting the input rf

power Pinp. The axial position of the plasma terminating

plate is zE¼ 34.5 cm (A �0.47). The axial mode numbers

estimated using the data shown in Fig. 11 are summarized in

Table II. It can be seen that the axial mode numbers (the par-

allel wavenumbers) increase with the increase in the input rf

power Pinp or the increase in nec. The behavior is similar to

what one can expect from the helicon wave dispersion rela-

tion for an infinite cylindrical plasma immersed in a uniform

magnetic field. In addition, the experimental results (not

shown) show that the axial profiles of ~Bz=j~IAj can be altered

by changing the magnetic field configurations. The axial

mode number (the axial wavenumber) increases with the

decrease in the magnetic field strength. The behavior is also

consistent with what one can expect from the helicon wave

dispersion relation for an infinite cylindrical plasma

immersed in a uniform magnetic field.

In Fig. 12, the electron density averaged over the z-axis at

x¼ 0, �ne, is plotted against the experimentally determined av-

erage parallel wavenumber kk for the case of zE¼ 34.5 cm

(A�0.47). The black squares and the blue triangles correspond

to the data points for the cases of the conductor plate with

holes and the solid insulator plate, respectively. The data were

obtained with plasmas in the helicon discharge mode. When a

plasma is produced in an inductively coupled mode, not in a

helicon discharge mode, the observed rf fields are in an evan-

escent state. On the other hand, a plasma produced with the

input power P > Pth (the threshold power for the density

jump) is always accompanied by a propagating wave activity

which is helicon like along the axial direction as shown in

Fig. 12. The solid curve shows the dispersion relation of heli-

con waves with a¼ 21.5 cm (k?1¼ 0.18 cm�1) using Eq. (5).

Here, as an effective plasma radius a, we adopt the radius of

the flat spiral antenna (43 cm/2¼ 21.5 cm). This is based on

the fact that the full width at half maximum (FWHM) of meas-

ured radial electron density profiles in the case of a conductor

plate with holes [see black squares in Fig. 6(a)] is�43 cm.

In the cases of the conductor plate with holes and the

solid insulator plate for kk < 0.25 cm�1 (for which the input

rf power is relatively low), the experimental data lie on the

helicon wave dispersion relation. On the other hand, the

data for the case of the insulator plate with kk > 0.3 cm�1

deviate from the helicon wave dispersion relation with

k?1¼ 0.18 cm�1. This discrepancy is most likely due to the

uncertainty in estimating the perpendicular wavenumber.

Figure 13 shows the radial profiles of the electron density

[the first row of the figure: (a) and (d)], the amplitude of the

excited rf magnetic field [the middle row of the figure: (b) and

(e)], and the phase difference [the third row of the figure: (c)

and (f)] for the case of the insulator plasma terminating plate.

In the case of lower input power (Pinp �1 kW) corresponding

to the data of ð�ne; kkÞ � ð2:5� 1011cm�3; 0:21cm�1Þ in

Fig. 12, the radial profile of the electron density [Fig. 13(a)] is

almost flat near the plasma center, and the amplitude [Fig. 13(b)]

and the phase difference [Fig. 13(c)] of the excited rf

magnetic field show a good agreement with those of an ideal

helicon wave, J0ðk?1xÞ for k?1¼ 0.18 cm�1, obtained from

Eq. (9). This result is consistent with the fact that the experi-

mental data lie on the helicon wave dispersion relation as

shown in Fig. 12.

In the case of a higher input rf power (Pinp �3 kW) for

the insulator boundary corresponding to the data of

ð�ne; kkÞ � ð4:5� 1012 cm�3; 0:42 cm�1Þ in Fig. 12, the ra-

dial profiles of the electron density [Fig. 13(d)] and the

amplitude of the excited rf magnetic field [Fig. 13(e)]

become peaked. It is found that the helicon wave with the

perpendicular wavenumber of k?2¼ 7.02/a (Refs. 33–35 for

a¼ 21.5 cm can well explain the observed wave amplitude

[Fig. 13(e)] near the plasma central region. The phase differ-

ence data [Fig. 13(f)] also qualitatively agrees with the theo-

retical predictions (i.e., the phase difference increases from 0

to 360 in x < 20 cm). This result suggests that the helicon

TABLE I. Axial mode numbers and experimental conditions for Fig. 10

zE ¼ 5.5 cm zE ¼ 12.5 cm zE ¼ 34.5 cm

Conductor plate

with holes

(a): nIC � 1/4

nec � 4.5 � 1011 cm�3 (b): nIC � 3/4 nec � 6 � 1011 cm�3 (c): nIC � 5/4 nec � 8 � 1011 cm�3

Conductor plate (d): nIC � 1/4 nec � 3 � 1011 cm�3 (e): nIC � 3/4 nec � 1� 1012 cm�3 (f): nIC � 7/4 nec � 2 � 1012 cm�3

Insulator plate (g): nII � 1/2 nec � 7 � 1011 cm�3 (h): nII � 1/2 nec � 4.5 � 1011 cm�3 (i): nII � 3/2 nec � 4 � 1012 cm�3

TABLE II. Axial mode numbers and experimental conditions for Fig. 11.

Pinp � 1 kW Pinp � 2 kW Pinp � 4 kW

Conductor plate with holes (a): nIC � 3/4 nec � 2 � 1011 cm�3 (b): nIC � 5/4 nec � 4 � 1011 cm�3 (c): nIC � 5/4 nec � 8 � 1011 cm�3

Conductor plate (d): nIC � 5/4 nec � 1� 1012 cm�3 (e): nIC � 7/4 nec � 2 � 1012 cm�3

Insulator plate (f): nII � 1 nec � 1 � 1012 cm�3 (g): nII � 3/2 nec � 2 � 1012 cm�3
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wave with higher perpendicular wavenumber might have

been excited in the discharge regime with higher electron

density. The effect of the non-uniform radial electron density

profile presumably plays an important role in the helicon

plasma production36,37 as well.

V. CONCLUSIONS

Low-aspect ratio (0.075 � A � 0.47), high-density

(&1012 cm�3) helicon plasmas with a large-diameter

(73.8 cm) have been successfully generated under three

different types of axial boundary conditions that are real-

ized by using three different types of plasma terminating

plates: (1) a conductor (stainless steel) plate with small

holes, (2) a solid conductor (stainless steel) plate, and (3)

a solid insulator (mica) plate.

Under all axial boundary conditions examined in our

experiments, the “density jump” to mark the transition from

an ICP to a helicon plasma (HP) has been observed even for

the lowest aspect ratio case (A �0.075 for zE¼ 5.5 cm). A

typical value of the electron density after the density jump is

1012–1013 cm�3. The discharge mode after the density jump

(ne & 1012 cm�3) has been identified as a helicon-wave dis-

charge through the observation of helicon waves in plasma.

In order to examine the utility of our low-aspect ratio hel-

icon plasma device, we have determined the number of ion-

electron pairs produced by unit input rf power, i.e., Ne/Pinp, a

measure of the PPE. It has been found that the dominant

plasma loss mechanism is the axial diffusion and the PPE

does not depend on the character of the axial boundary. The

PPE simply increases in proportion to the axial plasma length.

For low-aspect ratio (A & 0.17 for zE & 12.5 cm) helicon plas-

mas under all boundary conditions, the PPE is �2� 1012 W�1.

In order to retain the high PPE even in low-aspect ratio heli-

con plasmas, the use of a flat type antenna is advantageous

because having a large-diameter plasma can be easily real-

ized by simply making the antenna diameter larger. It can be

concluded that our low-aspect ratio helicon plasma source is

very useful for various plasma applications that require high

plasma density of &1012 cm�3.

In order to understand the characteristics of helicon

waves excited in our low-aspect ratio helicon plasmas, we

have measured excited rf magnetic fields to examine the hel-

icon wave structure. The observed waves are a standing

wave type and the wave structures are strongly dependent of

the nature of the axial boundary. Discrete axial wave modes

have been experimentally determined, and the results are

successfully interpreted by using a simple model under the

assumption of a uniform axial wavenumber. The helicon

FIG. 12. Axially line averaged electron density �ne (x¼ 0 cm) plotted against

the experimentally determined average parallel wavenumber kk for low-

aspect ratio helicon plasmas under different axial boundary conditions. The

position of plasma terminating plate was at zE¼ 34.5 cm (A � 0.47). The

squares correspond to the data taken using a plasma terminating plate made

of a conductor plate with small holes. The triangles correspond to the data

taken using a plasma terminating plate made of a solid insulator plate. The

solid curve is a result of the calculation based on the helicon wave dispersion

relation for a uniform cylindrical plasma with a radius of a¼ 21.5 cm (corre-

sponding to k?1 ¼ 0.18 cm� 1).

FIG. 13. Radial profiles of the electron

density, ne, [(a) and (d)], the excited rf

magnetic field, j ~Bzj=j~IAj, [(b) and (e)], and

the phase difference between the phase of
~Bz and that of ~IA (the reference signal),

urel, [(c) and (f)] for low-aspect ratio

(A � 0.47) helicon plasmas. The plasma

terminating plate used was a solid insulator

plate located at zE¼ 34.5 cm. The input rf

powers used were Pinp � 1 kW for (a) –

(c) and Pinp � 3 kW for (d) – (f). The

measurements were carried out at z¼ 25

cm for (a) – (c) and z¼ 15 cm for (d) – (f).

The red dashed curves in (b) and (e) repre-

sent the Bessel functions J0ðk?jrÞ with

j¼ 1 and j¼ 2, respectively.
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wave dispersion relation, that includes the effect of a first

order perpendicular wavenumber only, can well explain the

characteristics of waves for kk < 0.25 cm�1 (associated with

relatively low density helicon plasmas). When the plasma

terminating plate is an insulator and/or the plasma density is

relatively high, the radial profiles of the electron density and

the wave amplitude become peaked at the plasma center.

Our analysis strongly suggests that the results can be

explained by including the effects of higher perpendicular

wavenumbers in the analysis of helicon waves.
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