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Abstract. Discharge modes separated by density jumps in a helicon plasma source were
controlled successfully by changing the antenna wavenumber spectrum with a two-loop antenna,
in addition to varying the filling pressur® and the magnetic field. For the case of wave
excitation with the anti-parallel antenna current direction, the threshold pBwéor a density

jump, regardless oB and P, was larger than in the case of a parallel direction, Bacdbecame

larger with the increase i in both cases. From the excited wave structures, it was found that
the helicon wave plasma was observed after the jump with the high field, while with the low field
regardless of the density region or with the high field before the jump, an inductively coupled
plasma was found. No indication of a major role of the lower hybrid wave and Trivelpiece—Gould
wave on the plasma production was observed.

1. Introduction

Methods of efficiently producing plasmas with high electron densitgt low filling pressure

are urgently required for many applications, such as plasma processing and confinement
devices. A helicon wave source with up to the order of 18 cm=3 [1-4] is a very attractive
proposal, and many empirical and theoretical characterizations of this wave, as well as extensive
investigations of the plasma performance have been carried out, with the diameter ranging from
several centimetres to several tens of centimetres [5—34].

However, due to some difficulties in making temporally and spatially resolved
measurements, such as reducing radio frequency (RF) noise, there still remains an open
question to be answered as for the production mechanism. Proposed candidates are electron
Landau damping [2, 5, 6, 14, 30] (electron beams are important but this damping was discarded
recently by Chen and Blackwell [34]), collisional damping [2, 5, 6, 10, 15], presence of the
lower hybrid (LH) wave [26—28] (this wave is considered to alleviate plasma production) and
the Trivelpiece—Gould (TG) wave with short wavelength [19, 21, 22, 24, 31-34] (theoretically,
TG waves exist in the low field and low density regions or mode conversion from the helicon
wave to the TG wave may be important).

Therefore, identifying this physically interesting but probably complicated mechanism is
important in order to understand and control the plasma behaviour in this promising source.
To understand this mechanism, we must consider the nonlinear, hysteresis behaviour of the so-
called ‘density jump’ (see examplesin[7,12, 18, 29]), which is observed between the discharge
modes from lower to higher densities in this source. This jump is characterized as a steep,
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abruptincrease in the density within atime scale shorter than several hundreds of microseconds,
and occurs above certain threshold values of the RF power and filling pressure. The sudden
transition may be a clue for the total understanding, in the future, of the helicon wave produced
plasma source from the plasma generation to sustainment phases. Note that this jump is
considered to be a universal plasma phenomenon, which is found in, for example, DC [35],
inductively coupled plasma (ICP) [36] and RF plasma discharges in fusion devices [37].

In previous work [12,16, 17,23, 29], we have demonstrated that the helicon wave was
observed after the density jump and carried a considerable part of the injected RF power. This
conclusion was made from a detailed analysis of the excited wave structures. In the most
recent work, the discharge regime was changed by the initial trial of controlling the antenna
wavenumber spectrum [29], and the results were compared with ICP discharges,which have
no magnetic field.
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Figure 1. Schematic view of the experimental apparatus.

In this paper, we successfully demonstrate the control of the discharge regimes by
considering the importance of exciting the component of high or low wavenumbers. A
two-loop antenna, with parallel or anti-parallel RF current directions, were used in a wide
range of magnetic fields (0 G B < 1000 G) for two argon gas pressurd® & 6 and
51 mTorr). Furthermore, in the individual regimes, the dispersion relation and wave structures
were investigated, which led to the conclusion that after the jump with the low field or before
the density jump regardless of the field, ICP (or capacitively coupled plasma (CCP) [36] in
the lower density region) was produced. On the other hand, after the jump with the high field,
only the helicon wave plasma was observed. No major contributions from other waves, such
as LH and TG waves, were suggested in our experiments.

This paper is organized as follows. In sections 2 and 3, the experimental set-up and the
dispersion relation for our experimental conditions are described, respectively. Results of the
plasma performance and the excited wave structures considering the helicon and TG wave
dispersions are presented in section 4. Finally, section 5 contains conclusions.
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Figure 2. (a) Antenna structures using two loops (parallel and anti-parallel antenna currents) and
(b) power spectra of antenna wavenumpé; )2 for both antenna configurations.

2. Experimental set-up

The experimental system is shown in figure 1. The Ar gas was fed into the left-hand side of the
Pyrex tube (5 cm inner diameter and 100 cm total length), which was connected to the vacuum
chamber (45.7 cm outer diameter and 170 cm length). An axial magnetic field was applied.
The RF frequencyf and power were 7 MHz ang5 kW, respectively, and the power was
pulsed wih a 2 mswidth and a duty cycle of 1/16 to prevent thermal damage to the antenna.
The RF power supply was connected to the antenna through a directional coupler, which picks
up the incident and reflected power, a matching box and monitors for the antenna’s voltage
and current. Plasma parameters (typical electron temper&iwe4-8 eV in a wide range

of ne = 10°-6 x 10'3 cm~2) and excited wave fields were measured by movable Langmuir
(0.1 cm radius with 0.3 cm length) and magnetic (one-turn loop with 0.5 cm diameter) probes
inserted into the plasma, was calibrated by the 70 GHz interferometer.

The widthd of each loop (made of copper, 0.03 cm thick, which was wound around the
tube), was 1 cm separated by= 2 cm, as shown in figure 2(a). Inthe case of the parallel (anti-
parallel) antenna current direction, the first peak (zero) point of the power spegttkn?
using an antenna current of is at the parallel wavenurkber 0 cmit (0 cmi™?) and reaches
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Figure 3. Electron density:e as a function of parallel wavenumbker under different magnetic
fields with azimuthal mode number = 0, the first radial mode and frequengy = 7 MHz
(calculation).

zero (peak) value at@ cm (1.4 cmi?) (see figure 2(b)). Here, the assumption of a uniform
profile of the RF current in the antenna was confirmed in a previous experiment [29].

3. Dispersion relation

We use the cold-plasma approximation [38] to calculate the dispersion relation for our
experimental conditions. Note that the calculation results hold in all the density regions and
for different magnetic fields. Figure 3 shows the dependenggafi k, for different magnetic
fields. For this calculation, we used the azimuthal mode number0 [2] and f = 7 MHz
with the first radial mode (plasma radius= 2.5 cm), i.e. the perpendicular wavenumber
kperp=3.8/a = 1.5 cmt. From this figure, it can be seen that above the fRlq, at which
f is equal to the lower hybrid frequengyy, there is a density gap. The density changes from
9.4 x 10'9t0 6.8 x 10t cm3 at B = 1000 G.B_ is about 680 G angi 4 can be expressed
approximately as the square root of the product of the electron and ion cyclotron frequencies.
With the high field greater thar100 G, the increase in. causes, to decrease (increase)
in the lower (higher) density region of the TG (helicon) wave excitation with a fixed value of
kperp (Se€ figures 4 and 5 to distinguish the TG wave with the hjgh value from the helicon
wave with the low value). For the case of the low field (less th@00 G) and low density,
is weakly dependent om.. Typically, after the density jump tee = 102 cm~3, k. values of
6.0, 1.5, 0.2 and.057 cnt! are required aB = 5, 30, 300 and 1000 G, respectively. From
figures 2 and 3, the configuration of the two loops with parallel (anti-parallel) antenna currents
is considered to be favourable to excite the helicon (TG) wave under the high (low) field. When
the second radial modég, = 7.0/a = 2.8 cm™1) is used instead of the first, the dispersion
curve in figure 3 extends right (left) in the lower (higher) density region, and the density gap
at B > By becomes larger (see figure 13). In summary, as far as the low radial mode is
concerned, the helicon (TG) wave can be excited in the high (low) density region, but we must
note that a low, value, for example<0.1 cm~* (wavelengthi. > 63 cm), is unrealistic in the
experiment since the excitedis comparable to or larger than the axial plasma size.

When the proper values @ andne are chosen, wittB < By, we obtain the lower
and higherkperp values, corresponding to the helicon and TG waves, respectively, as shown
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Figure 4. Relationship between perpendicular wavenumig, and parallel wavenumbei,
under different electron densities with magnetic figldqual to (a) 1000 G, (b) 300 G and (c) 30 G
at frequencyf of 7 MHz (calculation).

in figure 4. However, only one solution @ferp, typically a helicon wave, can be found at

B > By, for example, when, is higher than several times #@m~2, with B = 1000 G (see
figures 3 and 4(a)). On the other hand, at Bvand lowrn,, only the TG wave can existkyerp

is larger than the value obtained with the first radial mode. Figure 5 shows the relationship
betweenkyerp andne for a fixed value ok, . It can again be seen that the TG (helicon) wave
exists in the low (high) density region with a higher (lowkg, value, and a higher value of
kperpis obtained when the value ot is fixed andk; is increased. For the case Bf< By, a

smooth connection between the helicon and TG waves is observed, which can be expected to
play a part in direct mode conversions.

So far, a uniform density profile has been assumed in deriving the dispersion relation.
Density peaking causes a decrease,irfior a fixedne value in the helicon waver{ = 0
mode) from calculations [7]. This is understood to mean that the larger effégtiyevalue
(in other words, contraction of the plasma radius) is equivalent to density peaking [9]. As was
mentioned above, the dispersion curve extends right (left) in the lower (higher) density region
with the higherkperp value (see figure 13).
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Figure 5. Relationship between perpendicular wavenunibgs, and electron densitye under
different parallel wavenumbers with the magnetic fiBldqual to (a) 1000 G, (b) 300 G and (c) 30 G
at frequencyf of 7 MHz (calculation).

4. Experimental results

Figure 6 shows the relationship betwegrand the input poweP, (the difference between the
incident and reflected power), for two cases (parallel and anti-parallel RF current directions) at
P = 6 and 51 mTorr and foB in the range of 30-1000 G, was measured in the centre of the

tube at an axial distance of 0.5 cm from the edge of the antenna and no large change along the
axial direction was observed [29]. & = 6 mTorr, there were density jumps Bg increased,

and the threshold powePy,, for jumps became larger with the increasebin However, Py,

was smaller aB = 1000 G than aB = 650 G. Then, change in this jump aP = 6 mTorr

(figure 6(a)) was somewhat smaller tharPat= 51 mTorr (figures 6(b) and (c)), and the reason
why the second density jump from #0to 102 cm—3 ranges withB = 100 G was mild at

P = 6 mTorr might be due to the difficulty in the tuning of the impedance matching. The first
jumps, withB = 30, 50 and 100 G at this pressure, frag= 10'° to 10'*-10'2 cm~2 ranges

and Py, < 200 W, are considered to be the transitions from CCP to ICP modes, and jumps
with B = 100-1000 G, from 1% to 10'°>-10" cm~2 ranges, are from the ICP to helicon wave
modes. These wave structures will be described later and the three modes of CCP, ICP and
helicon are similar to those described in [18]. For the case of the anti-parallel antenna current
direction atP = 6 mTorr, the plasma was not initiated in all the region®adnd P;,, which
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is consistent with previous results [29].
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Figure 6. Dependence of electron density on input RF powerP;, under different magnetic

fields (B > 30 G) with (a) parallel (pressure = 6 mTorr), (b) parallel ¢ = 51 mTorr) and

(c) anti-parallel ¢ = 51 mTorr) antenna current directions.

At P = 51 mTorr, for both antenna current directions, density jumps became clearer and

had the same behaviour as in the cas® ot 6 mTorr with parallel current.Py, increased
with the increase i3, but for the parallel current case with = 51 mTorr, P, < 300 W
was lower than for the anti-parallel current. Bt= 1000 G, no density jump was observed
even at the high power af, = 2500 W (figure 6(c)). This mode of operation is useful to
control ne continuously, as desired in many plasma applications. Before the main density
jump to ~10' cm~23, a small increase ine was observed (mainly in the ICP mode) with
Pin < 200-300 W. Figure 7 shows the same plots as in figure 6 for low fidlds 0 G) at
P = 51 mTorr. The dependence @f on P, did not change withB (down to no field), but
Py, for the ng ~ 10° to <10 cm~2 jump, which is considered to be the jump from CCP
to ICP modes, was again much lower for the parallel antenna currelt (V) than for the
anti-parallel current{300 W). For the case of the parallel antenna curreit a 6 mTorr
with B < 20 G, Py, was much smaller than 300 W. The fact ttRagf was lower for the case of
the parallel current having a low wavenumber component than for the case of the anti-parallel
current having a high wavenumber component, can be explained as follows. For the parallel
case, we can expect easier matching between wavenumbers in the antenna spectra and in the
plasma, determined by the helicon wave dispersion (see discussions on the spectrum above,
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and figures 2-5), and the non-cancellation of the excited electric field between loops [39].
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Figure 7. Dependence of electron density on input powerP;, under different magnetic fields
(B < 20 G) with parallel and anti-parallel antenna current directighs=(51 mTorr).

Figures 8 and 9 show the total loading resistamze+ R as a function ofP, at
P = 51 mTorr, for both antenna current directions, and for higB@ G) and low &20 G)
magnetic fields, respectively. HerR; (0.4-0.5Q2) and R,, indicate the vacuum (i.e. circuit
loss) and plasma loading resistances, respectively [39]. In this expression, the antenna loading
(=Pn divided by the square of the effective antenna current) is expressggd a: (Rc)
in the presence (absence) of the plasma, and the power coupling efficiency can be defined as
Rp/(Rp + Rc). This loading is a measure of the wave coupling to the plasma and is useful for
estimating the power balance. From these figures, the jumps in the resistance corresponded
well with the density jumps (i.e. they occurred At= Py,), and the total loading after the
jump was larger for the case of the parallel antenna current than for the anti-parallel current,
regardless oB. Inthe low field regions, less than 100 G, the dependence of antenna loading on
the RF power did not change very much with the change in the field. The present results for the
loading resistance anBly, are consistent with the analytical results [22] in that the resistance
decreases rapidly witk,, and are also in good agreement with the calculation results [20],
showing the maximum resistance at the lowalue.

As shown in figures 6 and 10, there were no appreciable chandggsandn,, including
radial density profiles, around the regionfpf;. We also changegt from 650 to 690 G in this
region to check these parameters in more detail. However, no clear indication of the role of
the LH wave was found, whereas some groups [26—28] have claime®&that) was lower
(higher) aroundf ~ fn at a lower pressure than used here. Note that even if the LH wave
plays some role in plasma production, it does not contribute to the main production since the
highne plasma can be generated over a wide range of magnetic fields, regardless of the value
of By (see figure 6). Figure 10 shows that the density profile at 6 mTorr became peaked
(broad) in the high density region of greater thad?ldn—2 compared with the profile in the
low density region of-10'° cm~2 under the high (low) magnetic field, mainly due to the effect
of the helicon wave propagation (shielding effect on the electric field in the ICP mode). With
both antenna current directions”t= 51 mTorr, changes in density profiles from low to high
densities were smaller with the high magnetic field, whereas broadening of the profile was
found with the low magnetic field.

Next we will present results on the excited wave structures. Figure 11 shows an
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Figure 9. Total antenna loading resistandy + Rc as a function of input poweP, under
different magnetic fieldsg < 20 G) with parallel and anti-parallel antenna current directions
(P =51 mTorr).

example of the axial profiles of the excited magnetic fieRis(axial component) in the
low (~2 x 10** cm3) and high 10" cm~3) density regions. Profiles for different wave
phases are shown. The plasma conditions were an anti-parallel currer® witB00 G and
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Figure 10. Normalized electron density profiles in the radial direction under different magnetic
fields in (a) low and (b) high density regions (parallel antenna curreft-at6 mTorr).

P = 51mTorr. Herez = 0 cmis defined atthe inner left surface of the vacuum chamber, 20 cm
from the right edge of the Pyrex tube (see figure 1). Before the density jump (figure 11(a)),
the standing waves existed near the antenna, but propagating waves to the right and left of the
antenna region were observed after the jump (figure 11(b)). When the field was more than
several tens of G after the jump, wave propagation was observed akdvhkie decreased
with the increase irB without a large change ine, which is consistent with the dispersion
relation. The reason why the region of wave propagation is narrow (about 40 cm in axial
length) is mainly because of the high (51 mTorr) and highie, causing strong collisional
wave damping. If the wavelength of the helicon wave needs to be less than the axial length
of the excited wave region, higheg, and thus highePy,, are required with the increase th
from the dispersion, as shown in figures 3-5, which could explain the results in figure 6 after
the jump. On the other hand, with the samg after the jump, thé&, value is considered to
become smaller with higheB, which is consistent with the results in figure 12, since there
were no large differences in the valuerqfafter the jump (see figure 6).

Figure 12 shows the experimentally obtained dependenag/&f on k., after the jump,
for the differentB values, withP,, ~ 2000 W andP = 51 mTorr. Most of the data agreed well
with the theoretical curve of the helicon wave (the first radial mode witk 0), regardless
of P, antenna current direction and the radius in the measurements. There was a tendency for
k, to decrease with the increasemn especially for the anti-parallel case. This supports the
above discussion that in the case of the anti-parallel current, which has a low fraction of the
low wavenumber component, high RF power is needed in order that high density is reached.
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show cases with the use of parallel (anti-parallel) antenna currents, and the dotted curve shows the
theoretical dispersion relation of the helicon wave with the first radial mode with azimuthal mode
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Atthe low field (B < 100 G), helicon and TG waves require the highezomponent from the
dispersion (see the curves in figures 3 and 4). This indicates that there should be an advantage
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Figure 13. Dependence of electron densityon parallel wavenumbét, under different magnetic
fields: (a) 1000 G, (b) 650 G, (c) 300 G, (d) 100 G, (e) 30 G and (f) 5 G. Here, circles (triangles)
show cases with parallel antenna current® at 6(51) mTorr, and squares show cases with anti-
parallel antenna currents Bt= 51 mTorr. Closed (open) symbols indicate measurements at radius
r = 0 (2) cm. Solid (dotted) curves denote a theoretical dispersion of the helicon wave with the
first (second) radial mode with azimuthal mode numbet 0.

to using the antenna with the anti-parallel current direction (see figure 2), but we observed
no such advantage. This is because, as will be discussed later, in the lowBfield Q0 G),
neither helicon nor TG waves could be observed, although the dispersion relation after the
jump was satisfied on the surface, as shown in figure 12.

The relationship between, andk, for the different magnetic fields is shown in figure 13.
For comparison, theoretical curves of the cold-plasma dispersion are shown kpisinaf
the first and second radial modes & 0). It can be seen from figure 13(a (= 1000 G)
that, except for the region of the density gap, measured data fitted well with the TG wave
(but on the surface, which will be discussed later) and helicon wave dispersions, both near
the edge of = 2 cm as well as in the centre. This density gap did not seem to prevent the
plasma from the density jump, as shown in figures 6(a) and 6(b). In the intermediate field
(100 G < B < 700 G), most of the data agreed with the theoretical curves, but with the
decrease irB, deviations from the curve to the lowgr direction were enhanced in the low
density region. A lower value df, means a largex (e.g. fork, = 0.05 cnT!, A = 126 cm),
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which is longer than the length of the localized wave (nearly standing wave) excited region,
typically about 40 cm in total, as mentioned before (see figure 11). For fields less than 100 G,
in all the density regions before and after the jump and/or with the high field in the low density
region before the jump, the ICP (or CCP in the lower density region) mode prevailed, as will
be discussed later. Here, the discrepancy between the theory and experiment was large for
B < 100 G, even if we consider the density profile effect: as discussed in section 3, the density
peaking causes a higher valuekofwith constant: from the theoretical dispersion of the TG
wave, which means that the curve obtained from the theory became further removed from the
experimental values.

Figure 14 shows radial profiles of the amplitude and the phase of excited magnetic fields,
azimuthal By) and axial ;) components, for conditions @f = 51 mTorr andB = 500 G
(parallel antenna current) after the density jump. Although there is some scatter, good
agreement was found between experiment and helicon wave theory, using the first radial
mode,mn = 0 mode, and a uniform radial profile. In the region oB > 100 G, the helicon
wave was excited after the density jump, as confirmed by the measurements of these radial
structures and the dispersion relation (see figures 12 and 13). Howewewas lowered to
less than 100 G, the discrepancy between them was enhanced. The experimentally obtained
amplitude and phase did not change very much along the radial direction, even after the jump.
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This discrepancy was also found before the jump, regardless of the magnetic field and antenna
current directions, which means that ICP formation (or CCP in the laweegion with the

low B previously mentioned, as shown in figure 6(a)) but not TG wave plasma formation
occurred. In contrast to Lhet al [32], who found the TG wave in conditions of low and

low B with a relatively lowkperp (nearly the first radial mode), we did not observe the TG wave

in similar regions. This is probably partly due to different conditions, such as filling pressure.
Further study is needed using finer radially resolved measurements, especially near the plasma
edge region, to detect the TG wave, which has a ldrggsvalue, under various experimental
conditions. Note that the TG wave has an electrostatic rather than an electromagnetic nature.

1.2

- (@) s1mTorr, Parallel, 500 G
1.0 B
(B2)

0.8}
0.6
0.4

0.2

Amplitude (arb. units)

0.0

1.5 T T v

1.05_ ....... (]

05k Theory Exp.
i (B2)

/
/

Phase (x rad.)

0.0 [

Theory (By) Exp. 4

0.5 1 . — .
-1.0 0.5 0.0 0.5 1.0
r/a

Figure 14. Radial profiles of (a) amplitude and (b) phase of the excited magnetic fields, azimuthal
By and axialB, components, after a density jump with= 500 G, P = 51 mTorr and the same
antenna current directions. Here, calculation curves of the helicon wave used the first radial mode,
azimuthal mode numbet = 0 and the uniform radial profile of the electron density.

Finally, we will briefly comment on the density jump and the mechanism of the plasma
formation. The jump may result from the balance between the non-monotonic variation of the
absorbed power and the parameters [20, 33], which we have demonstrated to exercise control,
for examplene versusP;,, and the weakly nonlinear functions of the plasma loss. Note thatin
stellarators, experiments on stepping up density formation in RF plasma were well simulated
by a code based on self-consistent numerical modelling [37], and the oscillating nature of
the deposited RF power against could also be explained [40]. The plasma production
mechanism is still unclear, but the collisional damping may be important athigimd in
the high P region due to the high collision frequency. Even if the LH wave plays some role
in plasma production, which was not found in our experimental conditions, the contribution
of this wave is small due to the successful plasma generation in a wide range of magnetic
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fields. Enhanced Landau damping [20] is expected theoretically irBl@and lown, sources.
However, if electron Landau damping is not important [34], the mode conversion to the TG
wave from the helicon wave [33, 34] might be a candidate. Here, we must check whether
the density obtained can be sustained or not by this mechanism, since the edge wave power
deposition through the mode conversion or direct damping of the TG wave contributes to low
production efficiency due to the poor confinement. In addition, the coupling coefficient of
helicon and TG waves must be determined. Needless to say, the role of the near field, such as
an inductive field, must also be considered.

5. Conclusions

Density jumps in a helicon plasma source were successfully demonstrated by changing the
antenna wavenumber spectrum (two loops with parallel and anti-parallel current directions) in
addition toP (6 and 51 mTorr) an& (from 0 to 1000 G). For the anti-parallel antenna case,
Py, was larger than in the parallel case, regardles® ahd P, and Py, became larger with the
increase inB in both cases. These features could be explained by the dispersion relation.

The helicon wave plasmawas observed after the jumpin the case of the high ieIG),
while ICP (or CCP in the lower density) was found in the case of the low fielthQ G)
regardless of the density region or with the high field 00 G) before the jump. No indication
of a major role of the LH or TG waves was observed in our experimental conditions.
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