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An electron energy probability function and a rf magnetic field are measured in a rf hydrogen helicon
source, where axial and transverse static magnetic fields are applied to the source by solenoids and to the
diffusion chamber by filter magnets, respectively. It is demonstrated that the helicon wave is reflected by
the rapidly bent magnetic field and the resultant standing wave heats the electrons between the source and
the magnetic filter, while the electron cooling effect by the magnetic filter is maintained. It is interpreted
that the standing wave is generated by the presence of a spatially localized change of a refractive index.
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The helicon wave is one of the fundamental Whistler
waves in plasmas [1–3]. The wave fields efficiently heat
electrons in plasmas and yield highly ionized plasmas for
wide ranges of parameters such as neutral pressure, rf
frequency, and magnetic field strength [4–8]. Some aspects
of the wave behaviors have been well understood by a wave
dispersion theory incorporating boundary conditions of the
metallic and/or dielectric walls [2,3], while some experi-
ments have shown the helicon wave in unbounded plasmas
[9–11]. Because of the boundary conditions or antenna
configurations, a standing helicon wave and the resultant
high density plasma are sometimes formed in artificial
plasma devices [1,12–15]. The wave propagation and
absorption in nonuniform magnetic fields have also already
been investigated [8,16]. It is typically assumed that the
characteristic length of the variation of the refractive index
is much longer than the wavelength, i.e., the Wentzel-
Kramers-Brillouin (WKB) approximation [17]. Since the
dielectric tensor in cold plasmas depends on the local
plasma density and the static magnetic field, the refractive
index spatially varies for cases of the nonuniform density
and magnetic field. Under the WKB-approximated situa-
tion, a ray tracing analysis can provide the trajectory of the
wave, where the wave is refracted by the nonuniform
refractive index [18]. On the other hand, nonuniform
profiles of the dielectric constant with a comparable or
shorter scale length than the wavelength have given rise to
inherent characteristics of the wave propagation regardless
of the presence of the plasmas, e.g., wave mode conver-
sions in plasmas [19,20], and a wave band gap in photonic
crystals with no plasma [21,22]. It has also been demon-
strated that the periodic structure of the plasma density with
a similar scale to the wavelength yields metamaterial
characteristics [23]. The situation in which the WKB
approximation cannot be applied might sometimes appear
in artificial rf plasma devices, e.g., the localized jump of the
plasma density due to a current-free double layer [24], and
a rf negative hydrogen or deuterium ion source having a
magnetic filter (MF) [25,26].

The negative ion source is a key technology of the
neutral beam injection (NBI) heating [27–29] in thermo-
nuclear fusion plasmas. The ion sources typically consist of
a plasma production region, the MF region having the
vertical magnetic field, and beam extraction grids. The
negative ions are mainly produced at the first grid (called a
plasma grid) contacting to the upstream plasma, via
reactive surface processes of the hydrogen or deuterium
positive ions and excited atoms with the low work function
materials [30,31]. Since the negative ions are destructed by
collisions with high energy electrons, an electron temper-
ature has to be reduced near the plasma grid by the MF
[26,32]. On the other hand, densities of the positive ions
and excited atoms just upstream of the MF are required to
be high for the high production rate of the negative ions
[25], which can be obtained for a high electron temperature
due to collisional processes. Therefore, both the high and
low electron temperatures upstream of the MF and near
the plasma grid, respectively, have to be maintained for the
negative ion source. The rf plasma source is also one of the
options for performing a longtime operation of the NBI
[25,28]. Combination of the helicon-wave discharge having
an axial magnetic field and the MF is also one of the
candidates to yield the upstream high density plasma
[33,34]. Since the dielectric tensor in plasmas under the
magnetic field is anisotropic, the refractive index strongly
depends on the magnetic field direction as well as the
magnetic field strength and the plasma density; hence, the
refractive index under the complex magnetic field is
expected to be very nonuniform and to yield unexpected
wave characteristics for the non-WKB-approximated
configuration.
In this Letter, a localized electron heating due to a

standing helicon wave, which originates from the wave
reflection by rapid change of the refractive index, is
experimentally demonstrated by a combination of the
helicon source and the downstream MF, where the scale
length of the spatial variation of the refractive index is
shorter than the wavelength. By incorporating such a
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magnetic field structure, both the electron heating in
front of and cooling within the MF are simultaneously
demonstrated.
Experiments are performed in the hydrogen helicon

source attached to a diffusion chamber [Fig. 1(a)], where
the vertical magnetic field called the MF is applied to the
diffusion chamber. The helicon source consists of a 70 mm
inner diameter and 175 mm long ceramic tube wound by a
four-turn m ¼ 0 mode loop antenna, where the upstream
side of the tube is terminated by a grounded flange (z ¼ 0)
and m is the azimuthal mode number. Hydrogen gas is
introduced from the upstream side and the pressure is
maintained at 1 Pa. Two solenoids are centered at z ¼ 40
and 140 mm and a dc current of 40 A is supplied to each of
the two solenoids to provide the axial magnetic field. The
magnetic field strength Bzsol provided by the solenoids on
the axis is plotted by a solid line in Fig. 1(b). The axial
magnetic field on the z axis is about 15 mTand decreases to
about 3.5 at z ¼ 250 mm. Two rectangular permanent
magnets (PMs) are located outside of the chamber.
Figure 1(b) shows the x component of the magnetic field
BxPM provided by only the PMs for the axial locations of
the PMs of z ¼ 250, 230, and 222 mm, which are labeled as
configurations A–C, respectively. The actual magnetic field
is given by a sum of the fields provided by the solenoids
and the PMs; the calculated two-dimensional profiles of
the local magnetic field strength and the vector for
configuration A are shown in Fig. 1(a). The magnetic field

lines are rapidly bent over z ∼ 200–250 mm by the pres-
ence of the MF. Beam extraction grids are located at
z ¼ 340 mm and grounded in the present experiments. The
rf antenna is powered by an 8 MHz rf amplifier through an
impedance matching circuit, and the rf power is maintained
at 4 kW.
An axially movable rf-compensated Langmuir probe

(CP) is inserted as shown in Fig. 1(a). An electron energy
probability function (EEPF) gpðεeÞ is obtained by an
analogue differentiation technique, and εe is the electron
energy [35]. Figures 2(a) and 2(b) show the measured
EEPFs along the z axis for configuration A (with the
solenoids and the PMs) and the case with no MF (with only
the solenoids), respectively. The clear difference between
the two cases is seen in the EEPFs taken at z ∼ 220 mm; it
is found that the high temperature electrons exist around
z ∼ 220 mm only for configuration A. On the other hand,
the electron temperature at z ∼ 300 mm for configuration A
[Fig. 2(a)] seems to be significantly lower than that for the
case with no MF [Fig. 2(b)].
An effective electron temperature Teff is obtained by

integrating the measured EEPF [35], while the plasma
density np is estimated from the ion saturation current. The
axial profiles of Teff and np on axis are plotted in Figs. 2(c)
and 2(d), respectively. For the three configurations (A–C),
the localized increase in Teff at z ∼ 200–220 mm is seen in
Fig. 2(c). Although the plasma density gradually decreases
along z inside the source tube (z < 175 mm), an increase
in the plasma density in the high temperature region
(z ∼ 220 mm) is detected as shown in Fig. 2(d).
Therefore, the high density plasma around z ¼ 220 mm
originates from the ionization process by the high temper-
ature electrons existing there. At z > 250 mm, on the other
hand, the effective electron temperature is found to
decrease along the axis, which seems to be due to the
MF effect, as reported previously [26,32]. It should be
mentioned that the high electron temperature and high
density region downstream of the source moves together
with the MF. For the case with no MF, the high temperature
electrons and the high plasma density around z ∼ 220 mm
cannot be observed. Hence, it can be deduced that the
localized high temperature electrons and high density
plasmas downstream of the source arise from the presence
of the MF.
To reveal the relation between the electron heating and

the rf field, the axial profile of the rf magnetic field is
measured. A rf B-dot probe detecting the z component of
the magnetic field is inserted instead of the CP. The rf
antenna current is simultaneously measured by a Rogowski
coil as a phase reference.
Figure 3 shows the axial profiles of the amplitude

jdB=dtj of the B-dot probe signal and the phase difference
Δϕ with respect to the antenna current for the same
conditions as in Fig. 2. For all of the cases, jdB=dtj
exponentially decays along the axis in the region of
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FIG. 1. (a) Schematic diagram of the experimental setup
together with the contour plot of the magnetic field strength
and arrows showing the local magnetic field vector for configu-
ration A. (b) Axial profiles of the axial magnetic field Bzsol
provided by the solenoids and the vertical magnetic field BxPM
provided by the PMs for configurations A–C.
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z < 175 mm. For the configurations A–C with the MF,
the localized increase in jdB=dtj is detected at
z ∼ 175–230 mm; a wave node seems to exist at
z ∼ 175 mm, e.g., clearly seen for configuration C.

Furthermore, Δϕ at z ∼ 175–225 mm is found to be fairly
constant for configurations A–C. These two data imply the
presence of the standing wave at z ∼ 175–225 mm. The
standing-wave region is found to be shifted upstream when
moving the axial location of the MF to the upstream side, as
well as the electron heating region in Fig. 2. This shows that
the standing-wave structure originates from the presence of
the MF. Since the standing-wave region corresponds to the
localized high temperature region (z ∼ 220 mm), the local-
ized electron heating and the resultant ionization can be
concluded to be due to the presence of the standing wave.
With no MF, on the other hand, the standing-wave structure
is seen at z > 220 mm, which seems to be due to the axial
metallic boundary of the beam extraction grids located at
z ¼ 340 mm. Based on the above-mentioned wave char-
acteristics, it is discovered that the rapidly bent magnetic
field structure plays a role of the axial boundary in the wave
propagation, which causes the standing-wave generation.
An axial boundary or rapid change of the refractive index

is required to have a standing-wave structure by the wave
reflection. To qualitatively discuss the wave reflection by
the bent magnetic field, a local refractive index Nz is
calculated from a cold dispersion relation with the given
magnetic field structure and the measured plasma density,
where the wave number is assumed to be in the z direction.
The dispersion relation is

AN4
z − BN2

z þ C ¼ 0; ð1Þ
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FIG. 2. Measured EEPFs along the z axis for cases (a) of
configurationA and (b) with no magnetic filter. (c) Effective electron
temperature Teff calculated from the EEPFs measured along the z
axis. (d) Plasma density np along the z axis. The open squares, filled
circles, open triangles, and crosses in Figs. 2(c) and 2(d) are taken for
configurations A, B, andC, and with no magnetic filter, respectively.
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FIG. 3. Axial profiles of (a) the amplitude of the B-dot probe
signal jdB=dtj and (b) the phase difference with respect to the rf
antenna current.
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where A, B, and C are expressed as

A ¼ ðS sin2 θ þ P cos2 θÞ;
B ¼ RL sin2 θ þ PSð1þ cos2 θÞ;
C ¼ PRL;

R ¼ SþD;L ¼ S −D;

with the elements of the dielectric tensor (S,D,P) including
both the electron and ion terms [17,36]. θ is the angle
between the z axis and the local magnetic field vector. The x
profile of the plasma density is assumed to be uniform for
further simplicity in discussing the essential physics.
Figure 4 shows the x − z profiles of the calculated Nz for

configurations A and C, and with no MF. As seen in
Figs. 4(a) and 4(b), the rapid change ofNz is formed around
the MF, and the axial location of the rapid change of Nz
follows the location of the MF. This rapid change of Nz is
not seen for the case with no MF, as in Fig. 4(c). More
addressing Figs. 4(a) and 4(b), the large value of Nz near
the MF region corresponds to the lower hybrid resonance.
However, the wave behaviors near the resonance layer,
such as the large wave number, have not been observed
here. Since all of the regions—the high density region, the
localized electron heating region, the high density region,

the standing wave region, and the region of the rapid
refractive index change—follows the location of the MF, it
can be deduced again that the wave is reflected by the local
change of Nz and the resultant generated standing helicon
wave heats the electrons efficiently, unlike the heating at
the resonance layer.
It should be mentioned that the measured rf magnetic

field is the superimposition of the inductive antenna and
wave fields. The larger amplitude inductive field at z <
175 mm does not give efficient electron heating, while the
downstream standing wave yields the high energy elec-
trons. Although the helicon-wave heating is considered to
generate the energetic electrons via some heating processes,
e.g., in Refs. [20,37], the detailed heating mechanism by
the standing helicon wave is still unclear and demands
further study. Moreover, the present configuration seems to
behave like a wave resonator by the presence of the rapid
change of Nz. The simple wave theory used here cannot
well describe the wave field due to the boundary conditions
and the non-WKB behavior near the MF. Therefore, more
detailed numerical analysis, such as a finite-difference
time-domain method and a two- or three-dimensional
measurement, is required to achieve further understanding.
Because of the above-mentioned wave reflection by the

MF, the decay of the wave amplitude within the MF occurs
as seen at z > 250 mm in Fig. 3(a), which can prevent the
electrons from being heated near the beam extraction grids.
Actually, the electron cooling within the MF is also
observed in Fig. 2. Hence, the present experiment simulta-
neously demonstrates the electron heating and the resultant
ionization upstream of the MF, and cooling within the MF.
In summary, the rapid change of the refractive index for

the rf wave is introduced into the helicon plasma source by
using the MF. The wave is reflected due to the presence of
the local (nearly discontinuous) change of the refractive
index, which is induced not by the physical boundary but
by the rapidly bent magnetic field. The resultant standing
helicon wave is observed and the electrons are heated by
the standing wave. The wave reflection induced by the local
change of the refractive index yields the absence of the rf
field within the MF; hence, a low electron temperature is
obtained there. These features seem to be the inherent and
novel characteristics in helicon plasmas which have a
nonuniform magnetic field structure.
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FIG. 4. x-z profiles of the refractive index Nz for cases (a) of
configuration A, (b) of configuration C, and (c) with no magnetic
filter, where the measured density profile in Fig. 2(d) and the
calculated magnetic field vector are used for the calculation.
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