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ECR Plasma in a High Power Millimeter-Wave Beam (Report I1I)
— Difference in Plasma Property by Axial and Radial Launches —

Yoshiaki ARATA *, Shoji MIYAKE **, Hiroaki KISHIMOTO *** Nobuyuki ABE *%##

and Yoshinobu KAWAJ ####%

Abstract

In the production and heating of an ECR plasma in a simple mirror field by a high power millimeter-wave beam, it
was found that the difference in the launching direction of the beam to a mirror field gave a remarkable influence to the
plasma property. Radial distribution of the hot electron component was affected by the beam expansion in the plasma
chamber and the position of the fundamental and the 2nd harmonic resonance zones. In the axial launch a bell-shape
radial distribution of the plasma was typically observed, and in the radial launch a ring-shape distribution was obtained.
In the former the fundamental resonance zone and in the latter the 2nd harmonic zone played an important role in the
plasma production and heating. It was also clarified that in the build-up phase of the plsma, a dense fully ionized plasma
with an electron density reaching to the cut-off frequency of the wave was easily obtained. A preliminary result of gas
puffing during the power input indicated a comfortable effect of increasing the electron density and suppressing an

unstable oscillation.
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(2nd Harmonic Heating)

1. Introduction

In Report IV time variation of electron density was
studied by changing various external parameters. In
the duration of 100 ms of the power input from the
Gyrotron, the line integrated density increased rapidly to
a maximum value within 1 ms or so after the power input,
after which it decreased to a quasi-steady value accom-
panying the prompt decrease of the neutral particles by
the pumping action of the plasma. In addition, in the
afterglow phase the secondary ionization was observed by
the residual hot electrons. The maximum value of n.L,
however, was not clarified in detail. Meanwhile an exam-
ple of the X-ray radiation from the plasma measured by
the pure-Ge semiconductor detector was shown in Report

12), But this data was found to be doubtful because of .

severe shielding problem of the scattered radiation. In
many researches on the ECR plasma production and
heating in a simple mirror field so far, comprehensive
surveys have not been performed on the following points;
1) difference in the role of fundamental (1st) and 2nd
harmonic resonance heating, 2) comparison of the dif-
ference in the plasma properties by the wave launching
direction to the plasma, 3) spatial distribution of the hot
electron plasma, 4) maximum attainable density to a value
of the cut-off of the millimeter-wave, 5) energy distribu-
tion of the plasma electrons, 6) effect of the difference in

the configuration of the mirror field, 7) wall effect.

We have tried to make a comprehensive study on these
points except 6) and 7). In Report II only the data in the
radial launch of the wave was described. In this paper data
in the axial launch of the wave are reported as well as the
radial injection. Since the estimation of the electron
density n, from the line integrated density n.L is in-
fluenced by the radial distribution of the plasma, it is
important to know the spatial distribution of various
informations, such as visible, VUV or soft X-ray emission
from the plasma. Among them we have performed to
measure the soft X-ray emission in the energy range of
0.1 — 2keV with a gas-flow proportional counter by the
energy dispersive detection of the X-ray and this easy-to-
handle detector could make us know the radial distribu-
tion of the soft X-ray in different operating conditions.
As for the measurement of X-ray in the high energy range
over 10keV, we have used a Si(Li) and/or a pure-Ge
detector. But at present they give us not so important
information on the variation of the plasma properties with
external parameters. Indeed, to solve the problem 5),
measurement by these three detectors should be closely
correlated and it will be reported in the forthcoming
paper.

In this paper mainly differences in the plasma property
by the axial and the radial launches of the wave are
reported from the data obtained by using a gas-flow
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proportional counter. Also is shown a preliminary result
on the effect of the gasi puffing to improve the decrease
of the electron density during the power input.

2. Experimental Apparatus

In this report the mirror ratio MR is fixed to be 2.
While two methods of the wave injection to the plasma
were tried; the radial and the axial launch. In launching
the millimeter-wave to the mirror field in the axial direc-
tion, a myter-bend was used to connect the waveguide
directly to the vacuum chamber from the one end.

For the measurement of soft X-ray from the plasma,
a Si(Li) semiconductor detector is used in the energy
range of 1 —30keV, and below 2 keV a gas-flow type
proportional counter (Model 04, Manson) is used. The
cylindrical counter has a fine anode wire tightened on its
axis. The window of the counter is made from a quite thin
VYNS film spread on the fine mesh of 60% transmission.
The counter gas is P-10 which consists of 90% argon
which serves for absorption of the low energy photons
and 10% methane for the stable operation of the counter
at a low gas pressure and a high anode voltage. The gas
pressure in the counter is fixed to 200 Torr and the anode
high voltage is set around 1 kV. The overall detection
efficiency is calculated to be approximately 40% for the
soft X-ray energy range of 0.2- 2 keV. On account of a
very poor sensitivity above 3 keV, it is not so severe to
measure the soft X-ray emission of 0.1 — 2 keV without
thick shielding over the counter against the scattered high
energy X-ray radiation. In fact we could successfully
obtain the radial distribution of the soft X-ray emission
from the plasma.

A preliminary experiment on the gas puffing in the
plasma production is also carried out. The fast-acting valve
is controlled by the rapid opening of a piezoelectric plate.
The influx is regulated by the applied voltage and its pulse
length to the plate.

3. Results and Discussion

3.1 Build-up phase in the plasma production

The line integrated electron density n.l is measured
with a 4 mm microwave interferometer in the radial direc-
tion, where L is a typical plasma dimension. It has been
reported in Report II that during the power input of the
wave to the plasma, n.L reaches to a maximum value
rapidly after the start of the discharge, but it is decreased
to a quasi-steady value within 5 to 10 ms. As the maxi-
mum value is obtained within 1 ms or so from the start of
the discharge, it is not so easy to follow the variation of
fringe patterns in this phase. The maximum fringe num-
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bers was estimated by obtaining the data at various
pulse durations within 10 ms and by counting the fringe
numbers for each duration in their afterglow phases.
Figure 1 shows the dependence of the maximum n.L on
the millimeter-wave power P, in the axial and the radial
launches of the wave. When the gas pressure is low with
a value of 5.1 X 1073Pa, the maximum n.L amounts
to about 9 X 10 cm™ at about 20 kW, but it saturates
at a higher power. When we assume a radial plasma
dimension of about 20 cm, the maximum #, is approxi-
mately 5 X 102cm™ in this case and the plasma is
considered to be in a fully ionized state. We can see that
the more the gas pressure, the stronger the increase of
the maximum n.L with the input power. When the
millimeter-wave is launched in the radial direction, a
value of n.L higher than 5X 10¥cm™2 is obtained at
P, = 50 kW and p, = 3.6 X 1072Pa. Due to the strong
absorption and the refraction effect of the 4 mm micro-
wave of the interferometer, it was difficult to measure
a higher n.L than this value. When we assume L = 20 cm,
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Fig. 1 Dependence of the maximum ngl to be obtained in

the build-up phase of the plasma on the input power
of the millimeter-wave,
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ne reaches to 2.5 X 10 ¢cm™ which is about a half of
the cut-off density of the Gyrotron 5 mm wave, and this
again confirms the production of a fully ionized plasma.
While the production of a plasma by axially launching the
wave seems to be not so efficient. But when the radial
dimension of the plasma varies drastically by the dif-
ference in the launching direction, it is not correct to give
a further comment only from this result.

We may consider, nevertheless, that a high density
plasma reaching to the cut-off density is obtained in the
early time of the injection below 1 ms by a high power
input, although it is rapidly pumped away in the axial
direction accompanying a strong decrease of the residual
gas pressure.

3.2 Effect of gas puffing

In a long pulse operation with a constant gas flow rate
through a needle valve, it was usually found out that the
diamagnetic flux starts to increase from the time when
" the electron density has fallen down to a quasi-steady
value. The intensity of the visible emission has shown a
similar variation with that of the electron density. To
recover a rapid decrease of the electron density, a pre-
liminary experiment was performed to use a fast-acting
gas valve, by which rapid supply of the ionizing gas would

Ar Plasma Pu= 10kW
Axial launch Tu = 100 ms
MR=2 Ic =300 A
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Fig. 2 Trace of various signals at P, = 10 kW with gas
puffing,

produce a higher electron density.

Figure 2 shows a typical example of the time variation
of various signals in the case of gas puffing during the
pulse input. The pulse width 7, of the wave beam is fixed

~ to be 100ms and the input power is 10 kW. The gas-

puff starts from ¢ =70 ms. The line density #.L shows a
prompt increase after this time, but it again begins to
decrease until the end of the wave input. The visible
emission shows a very high intensity after the puff, but
it also decreases again as well as nc.L. On the other
hand, the diamagnetic flux begins to decrease by the gas-
puff. These data imply that increment of the electron
density is assured by the gas-puff, but it also induces cool-
ing of the plasma as is usually the case. In this data the
duration of the gas-puff is longer than 30 ms. Variation of
the neutral gas pressure was detected by the nude-type
ionization gauge as shown in the figure. It is remarked
that, in spite of the gas-puff, the neutral pressure does not
continue to increase during the power input. This result
indicates that the pumping action of the plasma out of the
mirror region is still so strong inducing again the rapid
lowering of the residual neutral gas in the plasma.

The gas-puff is able to stabilize some unstable oscilla-
tions as well as to increase n,. Figure 3 shows similar
data as in Fig. 2. As shown in (b), when the gas-puff is
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MR = 2 Ic =300 A
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Fig.3 Trace of various signals at P, = 30 kW with gas
puffing.
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not used, the fringe pattern of the interferometer includes
a high frequency spiking signal after # =40 ms. When a
small gas-puff is applied at 7 = 80 ms as shown in (a), this
noise in the fringe pattern vanishes and a stable mode is
achieved with a slight increase of the electron density and
no decrease in the diamagnetic signal. The neutral pres-
sure shows quite a little increase for <100 ms. It is
interesting to note that the visible emission is increased
remarkably by the gas-puff. It will reflect the increase of
the excited state particles in accordance with the density
enhancement.

By this preliminary experiment, we could not obtain
an overall control of the gas-puff to obtain a quasi-steady
high density state without a sharp decrease in n, in the
early time of the power input and with a constant in-
tensity of the diamagnetic signals. The more refined
experiments are needed and their results will be reported
in a subsequent paper.

3.3 Soft X-ray measurement

In general, Bremsstrahlung X-ray radiation from a plas-
ma reflects the property of the hot electron component.
However it has been remarked recently that an ECR
plasma in a mirror field would include several components
in the electron temperature3) and/or would have an
energy distribution® different from the Maxwellian one,
by which it is doubtful to define the hot electron temper-
ature by the measurement of X-ray spectrum within a
small definite energy range. While, detailed studies on the
soft X-ray emission in the energy range of 0.1 — 10 keV
has been carried only by us, and when the application of
an ECR plasma to the soft X-ray source is taken into
consideration, measurement of the soft X-ray emmision in
this energy range is very important.

Figures 4 and 5 show some examples of the soft X-ray
spectra below 2 keV. They are the raw data and must be
corrected by the detector efficiency. From the calibra-
tion of the detector by the exposure from a standard soft
X-ray source (Model 2, Manson), efficiency of the detec-
tor was found to be about 40% except for the extremely
low energy photons below 100 eV in agreement with the
calculated value.

In Fig. 4 the time-integrated data are given for various

powers of the millimeter-wave. The pulse duration of the -

beam 7, is 1 ms in this case. These spectra indicate that
the larger the input power, the higher the average elec-
tron energy. As described in 3.1, in the build-up stage of
the plasma, the electron density n, does not increase in
proportion to the beam power in a low gas pressure. But
in this data a large power input is found to be effective to
heat electrons. The tail of the spectrum above 1keV
becomes conspicuous with the power increase. Here we
remark that the proportional counter is set near the
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Fig. 4 Soft X-ray spectrum from the plasma obtained by

the proportional counter for various input powers.
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Fig. 5 Soft X-ray spectrum from the plasma obtained by

the proportional counter for different gas pressures.

plasma chamber and connected by the pipe including a
lead collimator. The detector housing is made of brass and
is not shielded against the scattered high energy X-ray. So
that the observed tail might include Compton’s con-
tinuum of the scattered radiation. The energy resolution
of the proportional counter is not so good as a Si (Li)
or a pﬁre-Ge semiconductor detector. In addition, it still
has a small sensitivity to the tail of Ar-K, 3 keV radia-
tion. These problems must be carefully corrected when we
want to obtain a quantitative estimation on the energy
spectra.

In Fig. 5 are shown similar spectra at different gas
pressures. At a high pressure of 7.5 X 1072Pa, the tail of
the spectrum disappears and a constant slope can be
easily drawn in the low energy continuum. A calculation
of the spectrum to be obtained by this ditector was car-
ried out for the continuum emission from the plasma
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electons with a Maxwellian distribution, taking into ac-
count the energy resolution of the detector. It has in-
dicated that, for a single Maxwellian distribution, a
logarithmic spectrum consists of a quasi-straight line bent
halfway at about 400eV. In high pressures such as 3.7 and
7.5X107%Pa the average energy of hot electrons is low and
a high energy tail is not observed. In this case, definition
of a single hot electron temperature T, is possible in this
energy region, when we can neglect the contribution of
line emissions which will come from multiply charged ions
in a charge state more than 10. By setting the propor-
tional counter in the adjacent room screened by the con-

~crete wall, we could correctly avoid to be confused by the
influence of the scattered radiation to the measured data.
By this arrangement spectra similar to the calculated one
could be obtained not only in Ar plasma but also in H,
plasma in which no line emission is included in this energy
region. So that we demonstrate that when we apply a
proportional counter with careful calibration procedures,
it is possible to estimate the electron energy distribution
in the rang of 0.1 — 2 keV.

3.4 Radial distribution of hot electron components

The gas-flow type proportional counter is vertically
scanned to estimate the radial distribution of hot elec-
tron component. In the measurement, the proportional
counter is set near the plasma chamber. In this case con-
tinuum spectrum by the Compton’s scattering might be
included as we have described in 3.3. Count rate of the
plasma X-ray continuum, however, was so large that this
low level background signal could be neglected when we
selected photons below 1 keV.

First we have measured the distribution in the radial
launch of the wave. Figure 6 shows an example of the
radial distribution of soft X-ray intensity with an energy
of 400 eV on the midplane of the plasma column for
various values of the coil current I,. The Abel inversion of
the data is not performed. In the figure the radial posi-
tion of the 2nd harmonic resonance zone is marked by
2wee on the abscissa. In (a) of the figure, the 2nd har-
monic resonance zone is located at x =10 cm when I/,
= 300 A. While we can see that the peak of the intensity
appears at x = 8 cm. The same tendency is also shown in
(b) and (c). By the Abel transformation of these data,
each peak will shift to the outside and will coincide with
the position of 2we. We can demonstrate that a hot
electron ring is obtained when the 2nd harmonic reso-
nance point is located at an off-axial position in the
radial direction. While in the case of I, = 230 A, the 2nd
harmonic zone lies near the center and the distribution
forms a core plasma at the center. It is interesting to note
that another peak around x = 10 cm is observed. Indeed
this point corresponds to the 3rd harmonic resonance
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Fig. 6 Lateral distributions of soft X-ray emission with an
energy of 400eV from the plasma in the case of the
radial launch of the wave,

zone marked by 3cwee.-

In the axial launch, on the other hand, the radial dis-
tribution was found to be.quite different from the ones in
Fig. 6. The result is shown in Fig. 7. Although P, and 7,
are different from those in Fig. 7. It was certified that
the distribution did not differ so much with P,and 1, in
the case of the radial launch. In (a) of the figure the dis-
tribution shows a strong peak at the center and a small
hump near the position of 2w, is also found. While in (b)
the hump appears more sharply by the increase in the
input power. The intensity at the center is still very strong
in contrast to the case of the radial launch found in Fig.
6 (a). It was verified further that when the power input
was lowered to 2 kW, the hump at the 2nd harmonic posi-
tion disappeared.

These results can be explained as follows. In both of
radial and axial launches, a cylindrical over-sized wave-
guide of 63.5 mm in diameter is connected directly to the
vacuum chamber through a BeO vacuum window. As the
wavelength of the Gyrotron millimeter wave is about
5 mm, the wave can propagate into the chamber with a
small divergent angle of about 10°. Figure 8 shows the
calculated wave mode pattern injected into a free space
from this waveguide. The beam with cylindrical TEg;
mode has two peaks in the distribution of electric field in
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Fig. 7 Lateral distributions of soft X-ray emission with an
energy of 400eV from the plasma in the case of the
axial launch of the wave. :
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Fig. 8 Calculated mode pattern of the 60 GHz millimetes-
wave injected into a free space with TE,, mode from
an oversized cylindrical waveguide,

the radial direction. As the dimension of the vacuum
chamber is large enough, we may consider that the propa-
gation of the wave in the chamber is similar to that in the
free space. In the axial launch, the 2nd harmonic zone at
I.=300A exists at ¥=10cm on the midplane and the dis-
tance between the midplane and the wave launching posi-
tion corresponding to the end of the waveguide is about
35 cm in the axial direction. So that from Fig. 8 the wave
energy near the 2nd harmonic zone is considered to be
weak in comparison with the one at the fundamental
resonance position of z=15cm on this axis. Thus only
at a relatively high power input, heating at the 2nd har-
monic zone is observed, and production and heating of
the plasma is mainly performed at the fundamental re-
sonance zones. Meanwhile as for the radial launch, the
2nd harmonic resonance zone lies at » = 10 cm on the
midplane at I, =300 A, and the mirror axis is about 20cm
away in the radial direction from the launching position.
Moreover the fundamental rezonance zone is located on
the plane at z = 10 cm at the same coil current. We may
easily assume that the wave beam does not reach directly
to the fundamental resonance zone. Rather the produc-
tion and heating only at the 2nd harmonic resonance
zones will be more effective, by which we have obtained a
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hollow shape in the distribution in Fig. 6. This result is
different from an ECR plasma produced by a microwave
radiation of f=2.45 GHz®, In that case the wavelength is
over 10 cm and the wave is considered to be distributed
almost uniformly within the vacuum chamber. In the axial
launch of the wave effect of the 1st and the 2nd harmonic
heating was equally observed even though the input power
was as low as 1 kW or so.

Thus a spatially restricted local heating is possible
when the wave frequency is high enough for the wave to
be inject into a limited area of the resonance zone. We
also remark that the distributions shown in Figs. 6 & 7
indicate that the distribution of the electron density 7,
might also vary with the change in the operating condi-
tions. So that to decide n, from the line integrated n.L by
the 4 mm-interferometer needs much care.

4. Conclusion

Pulsed ECR Plasma production and heating in a simple
mirror field was studied with a 60 GHz Gyrotron in detail.

In the start-up phase of the plasma production, the
millimeter-wave energy was consumed efficiently to pro-
duce a dense plasma in a fully ionized state. We found
a strong dependence of the electron density on the power
input, by which we could easily obtain a very high density
state nearly equal to the cut-off density of the wave,
although it again rapidly decreased to a quasi-steady value
by the strong pumping effect of the plasma, inducing a
lowering of the neutral particle density during the power
input. This strong decrease of the electron density could
be recovered with gas puffing, and it also served to
suppress an oscillation induced from the plasma insta-
bility. Radial distribution of the hot electron component
strongly depended on the launching direction and the
divergence of the millimeter-wave beam, which was also
correlated with the position of the fundamental and the
second harmonic resonance zones. In the axial launch, hot
electrons with a core in the plasma center were formed
and they were produced mainly by the fundamental
resonance heating. In a high power input a ring shape dis-
tribution was additionally obtained at the second har-
monic zone. While in the radial launch, the fundamental
resonance zone was found to contribute little to the
formation of the hot components. In this case the 2nd
harmonic zone played an important role in obtaining a
ring or a bell-shape distribution on the midplane of the
plasma column.
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