Effects of permanent magnet arrangements and antenna locations
on the generation of multicusp electron cyclotron resonance plasma
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A comparative study on the generation of 2.45-GHz multicusp electron cyclotron resonance
(ECR) plasma is performed. Looped cusp structures such as the ring-cusp give a low-

power and low-pressure ignition, and vice versa, indicating an importance to keep the electron
trajetory of gradient-B drift motion inside the chamber even in the case of ECR plasmas.

The importance of the antenna location in such multicusp fields is elucidated by comparison in
two cases of the axial antenna located in the weak magnetic field region, generating a
hydrogen plasma of limited density (7,<7.4X 10" cm —?), and a radial antenna located in
the strong magnetic field region, generating an overdense plasma (n,~2X 10" em 7).

I. INTRODUCTION

The electron cyclotron resonance (ECR) discharge'
using a microwave provides several merits in connection
with applications: It realizes a selective and localized heat-
ing of electrons at the resonance zone, and a good confine-
ment of electrons in case of proper magnetic configura-
tions. Additionally, the microwave usage arrows a small
and simple launching system of an electrodeless structure.
Many studies on the ECR were carried out so far in the
field of fusion research plasmas,>® highly charged ion
source plasmas,* and surface processing plasmas.®® His-
torically, those ECR plasmas are generated in large mag-
netic volumes which must be paid in terms of electrical
consumption in the coils, whereas small ECR plasmas are
often achievable with permanent magnets.” To improve the
power efficiency, however, the use of a permanent magnet
also for the large volume plasma is favorable. The perma-
nent magnets surrounding a discharge volume from a mul-
ticusp (multipole) field whose intensity is only significant
near the chamber wall, in contrast to the large magnetic
volume excited by solenoidal coils*®’ or its combination
with permanent magnets.>®'° Moreover, if a proper mag-
net arrangement is used, one obtains a very weak magnetic
volume inside. This type of magnetic configuration pro-
vides additional merits of sustaining a magnetohydrody-
namically stable nonmagnetized and uniform plasma, as
proved by the numerous studies on the multlcusp dc
plasma''™" or externally excited multicusp plasma
These properties are desirable especially in the field of sur-
face processing for microelectronics.

In the recent years, several attempts to develop such
multicusp ECR devices and its application have been car-
ried out with various magnet arrangements and microwave
launching systems. The first efforts to apply a multicusp
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ECR device to the surface processing were performed by
Asmussen and co-workers,” > who used a line-cusp mag-
net and microwave cavity to produce a plasma in a disk-
shaped volume. More recently, Pichot and co-workers used
a rod antenna array just along the line-shaped ECR zone of
a line-cusp magnet.*>** Kretschmer used a horn-shaped
waveguide and a ring-cusp magnet to produce a plasma of
30 cmd.”® There are similar efforts in the other fields of
application. Goede used a high-Q resonance cavity of 30
cm ¢ with line-cusp or ring-cusp magnets and microwave
feeding through a rectangular slot in his study on the space
propulsion application.*® We have also examined some dif-
ferent magnet arrangements and antenna locations in our
early studies on the volume production of positive and
negative hydrogen ions,”” ™! where preliminary results
have demonstrated the efficient ignition of ring-cusp
device,®* and the generation of an overdense plasma by
using a proper antenna location.*’

While various types of multicusp ECR devices are
working, the discharge process is very different from the
historical ECR on the following points: (a) The whole
ECR zone is located close to the chamber wall, and the
electron diffusion length along the magnetic lines of force is
short. (b) Electron gyromotion is complicated due to the
large gradient, divergence, and curvature of the magnetic
field. (c) Microwave power deposition is not easily de-
scribed by the plasma wave theory in uniform or small
gradient magnetic field*>* because the scale length of the
magnetic field is shorter than both the vacuum wavelength
of the microwave and the size of discharge space. It is clear
that the selection of magnet arrangement and microwave
launching system has a great importance on the perfor-
mance of multicusp ECR device. However, there is no sys-
tematic work on this point, and the guiding principle to
design a multicusp ECR device is still not established.
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FIG. 1. Magnet arrangements and antenna locations of multicusp ECR

devices. The multicusp structures are (a) seven-pole ring-cusp, (b), (e).

four-pole ring-cusp, (c) six-pole line-cusp, and (d) hybrid-cusp. The lo-
cations of the antenna are (a)—(d) axial location and (e) radial location.
The floating end flange (f) and the bended antenna located close to the
ECR zone (g) are also shown.

In this article, attention will be paid mainly to the
effect of magnetic configurations and antenna locations on
the multicusp ECR discharge. Several simplified cases were
compared experimentally and the mechanism of ignition
and plasma generation are discussed. In the last part of this
article, we also make a short review on the previous works.

Il. EXPERIMENT

To study the effect of magnet arrangement, multicusp
magnets of seven-pole or four-pole ring-cusp [Figs. 1(a),
1(b), and 1(e)], a six-pole line-cusp [Fig. 1(c)], and a
hybrid-cusp [Fig. 1(d)] are prepared. These magnets are
constructed by sticking barium ferrite magnets on an 11
cm ¢ 30 cm L stainless-steel cylinder. The separation of
each ring-cusp pole is fixed at 4 cm. Figures 2(a) and 2(b)
show the profiles of magnetic flux density in a ring-cusp
and a line-cusp field. Profiles for both saddle-plane and
cusp-plane are shown. The flux density decays rapidly with
the distance from the wall surface. The ECR zones of 875

22 Rev. Sci. Instrum., Vol. 63, No. 1, January 1992

no
(&)

= | | | | T
Q RING-CUSP i
= 20} -
= SADDLE- -
|-._L.J 1.5 ;
C
2 10 8
=2 £
@ 0.5 1O
< :
= i
0 10 20 30 40 50 60
(a) r(mm)
253 | | | 3
< LINE-CUSP !
=1 20 .
< _ SADDLE- :
=3 G iy
L L& \Y -+ CUSP- =3
PLANE ;
> hir
= 1.0 'm
=
g 28
G 05F e i3S
< i :
2 | s 2
0 100 20 30 40 50 60O
(b) r(mm)

FIG. 2. Magnetic flux density profiles of (a) ring cusp and (b) line cusp.
The magnetic field in both saddle and cusp planes are shown.

G for 2.45 GHz are located at about 1 cm inside the cham-
ber wall (» = 45 mm) in both configurations and both cusp
and saddle planes.

A microwave supplied from a 2.45-GHz 5-kW cw
magnetron is fed to a coaxial waveguide through an isola-
tor, an E-H tuner, a power monitor, and a rectangular to
coaxial mode exchanger. The end of the coaxial waveguide
is coupled with the discharge chamber. The center elec-
trode of the coaxial waveguide works as a rod antenna of 1
cm ¢ x4 cm L. To study the effect of antenna location,
both axial and radial rod antennas are prepared. The axial
type antenna shown in Figs. 1(a)-1(d) is located in the
weak magnetic field region and may excite a single TMO1
waveguide mode. On the other hand, the radial antenna
shown in Fig. 1(e) is located in the strong multicusp field
region and may excite a single TE11 waveguide mode. The
diameter of the discharge chamber is so chosen that the
higher waveguide mode is suppressed by the cutoff. Addi-
tionally, the length of the chamber is so chosen that the
chamber does not work as a microwave resonance cavity.
This arrangement allows a simple estimation of microwave
field intensity. Two other arrangements of microwave feed-
ing system were also examined to improve the ignition
performance of line-cusp device. First, to reduce the edge
loss of the line cusp, an electrically floating end flange [Fig.
1(f)] was prepared. Second, to excite a strong rf field near
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FIG. 3. Igniting and sustaining power as functions of the hydrogen pres-
sure. The results of (a) seven-pole ring cusp, (b) four-pole ring cusp, and
(d) hybrid-cusp are shown. Note that the line-cusp device does not give
a ignition so that result is not shown here.

the ECR region, a bended rod antenna located close and
along with the ECR zone [Fig. 1(g)] was prepared.

The electron density 7,(cm ~?), electron temperature
T, (eV), space potential V(V), and floating potential
V/(V) were evaluated by cylindrical single Langmuir
probes of 1 mm ¢ X 5 mm L.** The spatial distribution of
the plasma was measured with sliding or rotating the probe
body (see Fig. 1). Plasma parameters at low magnetic field
regions were estimated with the electron current compo-
nent. Because the electron current is suppressed by a trans-
verse magnetic field,*® the density profiles in strong mag-
netic fields were studied with ion saturation current 7.

I1l. RESULTS AND DISCUSSION
A. Effect of magnet arrangements on plasma ignition

Ignitions of a hydrogen plasma in four different mul-
ticusp arrangements [Figs. 1(a)-1(d)] were studied with
the same microwave feeding system at hydrogen pressures
Py, of 1072 Pa to 1 Pa and microwave powers P up to 2
kW. Ignition of a simple microwave plasma was also ex-
amined removing all magnets form the chamber. The mi-
crowave was fed by an axial antenna, which may excite a
single TMO1 waveguide mode. The length L of the axial
antenna was fixed at 4 cm. It is noted that the discharge is
not sensitive to the L, when 3 cm <L <6 cm. This inde-
pendence on the L can be attributed to the cutoff of the
higher waveguide modes.

Igniting powers and sustaining powers as functions of
the Py, are shown in Fig. 3. The ring-cusp devices give
ignitions at microwave powers as low as 30-100 W and
hydrogen pressures as low as 2 10 ~? Pa. The numbers of
the magnet poles make a small difference in the ignition
characteristics. The line-cusp devices gives no ignition in
the experimental range so that no graph is shown here. The
hybrid-cusp device gives ignitions at pressures above 0.1
Pa, however the discharge is not stable. The microwave
discharge without magnetic field ignites at higher pressures
above 30 Pa, which agrees with the well known microwave
discharge in coaxial cylinder.*’ In these experiments, the
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sustaining power is always smaller than a half of the ignit-
ing power.

From these results it is concluded that the ring-cusp
device gives a sufficient heating and confinement of elec-
trons to ignite an ECR discharge. The small difference
between two different pole numbers of ring cusp, indicates
the independent contributions of each (or each pair of)
ring-cusp magnet to the ECR discharge. The axial antenna
is supposed to excite a single TMO01 waveguide mode which
has an axial symmetry and the electric field of large radial
component near the chamber wall. Then, in the saddle
plane of the ring-cusp configuration, electrons are expected
to be confined in a local mirror field in the axial direction,
and transported in the azimuthal direction due to a drift
motion caused by the gradient of the magnetic field (grad-
B drift).*® Because this drift motion keeps its guiding cen-
ter at the same radial position, the electrons will stay in the
ECR zone, efficiently heated by the wave field until a col-
lision changes the electron trajectory. In the cusp plane,
electric fields in the radial direction do not contribute to
the ECR acceleration and the divergent magnetic field
drive electrons out of the ECR zone. These conjectures are
confirmed by the light emission observation and probe
measurements as described in Sec. III C. Then, if the tra-
jectory of grad-B drift motion is closed or long enough,
such as the case of ring-cusp device, the characteristic
length A for the electron loss is supposed to be comparable
to the length of the magnetic line of force because the
mirror ratio of the local mirror field is not so large
(Bmax/Bmin <2). Then, the ECR discharge will be ignited
when ionization frequency v; gets larger than the electron
loss frequency along the magnetic field of line. However,
because electrons are re-emitted from the chamber wall by
secondary electron emission, the effective A becomes much
longer. If the electron number is sustained without any
ionization process in this way, the ECR discharge will be
ignited when the ionization rate exceeds the ion loss fre-
quency.

Here, we estimate ECR ignition conditions for a region
bounded by walls which absorb electrons and re-emit sec-
ondary electrons, on the basis of Brown’s theory of high-
frequency gas discharge.*” The continuity equation for
electrons is

on, )

5 Vitte + 8§ —divl,, (1)
where the term vz, is the rate of gain electrons by ioniza-
tion, S is the rate at which electrons are produced by an
external source and normally is very small. In this case, the
last term will be expressed as

divFe=ane(ve||)/A” + divl,,, (2)

where (v,) is the averaged electron velocity component
parallel to the magnetic field. The first term describes an
electron loss along the magnetic line of force, and the sec-
ond term that across it. The coefficient « is a new param-
eter which is introduced to express the electron re-emission
effect by secondary electron emission. The a will be unity
when the secondary emission rate is negligible, while it will
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be very small when secondary emission is frequent. The
secondary electron emission process is important because
v;< {vg)/A in the pressure range of less than a few Pa.

First, we discuss the case of ring-cusp arrangement,
where the last term disappears because I',; is constant at
all azimuthal positions. Therefore, the continuity of elec-
trons is expressed as

i’l_e_ n,+S —an {vg)
dt =Uite e Al ¥

If a~1, then dn,/dt <0 and discharge will not start. On
the other hand, if the secondary electron emission is fre-
quent and a~0, then the last term will be very small and
dn,/dt becomes positive. Assuming some self-limiting ef-
fect, such as the space charge effect, the electron density
will saturate at a certain value before it reaches a very large
value. Because electrons must be accelerated sufficiently by
the wave field before it reaches the wall surface, the con-
dition of a~0 will define the lower igniting limit of the
microwave power. Then, if it is supposed that the electron
density is sustained, the ignition-is defined by the condition
that the ion density goes to infinity. This condition, in turn,
will define the lower limit of the discharge pressure. We
then consider the following.

An effective secondary electron emission needs inci-
dent electron energy of about 100 eV.>® Considering the
energy gain of resonant electrons traveling along the mag-
netic line of force to the chamber wall, this condition is
given by

GEX( A/ (vg))¥/2m,> 100(eV), )

where E; is the effective electric field. Substituting a typ-
ical (ve") for a secondary electron (10 eV),”° we have

Then, assuming a single TMO01 waveguide mode, and using
the chamber radius of 5.5 cm and A= 6 cm, we have

P> 120(W). (6)

This value lies in the experimental range obtained at Py, of
2%10~2 to 10~ ! Pa. In detail, the ignition power gradu-
ally gets smaller as the pressure increases. It must be due to
the increase of the v;n, term. Next, we estimate the mini-
mum igniting pressure by considering the continuity equa-
tion for ions, which is

dn_ /dt=vn,— divl | (7)

(3)

or
dn . /dt=ngnov,) —n v /A, (7)

where n, is the neutral gas density, o the cross section for
ionization, and v , the ion thermal velocity. Assuming that
n,~n _, ignition occurs when ny{ov,) > v, /A. Then using
o=1x10"1 cm? v,=6X 10® c¢cm/s at 100 eV, and
v, = 1.8%x10° cm/s (H," ), we have

ny>3.0x 10'%/A. (8)

Substituting the A of 1 cm, we have an ignition condition
of ny>3.0%10'? cm ~ 3, which corresponds to 1.1 102
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Pa. This value is close to the lower limit of the igniting
pressure of ring-cusp devices.

In the case of line-cusp devices, electrons are driven in
the axial direction towards the end flanges by the grad-B
drift motion, whose velocity is given by*®

Varie=(1/2) v, 7B X grad B/B?, (9)

where r; is the electron Larmor radius and v, is the elec-
tron velocity perpendicular to the magnetic field. Now, we
have gradB/B of about 1 cm ~ ! at the ECR position of the
line-cusp device. Then, we have a drift velocity of 1 107
cm/s for a 100-eV electron. The effect of this drift motion
can be treated by using a modified diffusion length A.g"'
where the igniting condition is given by

v/D,=1/A%,

where A.; is given by the same analysis as the case of
superimposed dc electric field,”! and is defined as

1/A%=1/A? + (vgip/2D))% (11)

At a hydrogen pressure of 1 Pa and an electron energy of
100 eV, we have vy;/2D, of 10*> cm ™!, 1/A% of 10*
cm ~ !, and v/D, of 5% 10 Then it follows that v/D, <1/
AZ: Therefore the electrons are swept out before ionization
and makes it hard to ignite a discharge. The very small
value of A.; emphasize the importance of the continuous
cusp field. Accordingly, the line-cusp device using a metal
chamber and axial rod antenna does not give an ignition.
In this experiment, the hybrid-cusp device, which has a
continuous cusp configuration, does not give a stable igni-
tion. It is found that the measured magnetic field at the
corner is weaker than that in the line-cusp region. There-
fore the divl',, term in Eq. (2) may be large at the corner
and reduces the discharge efficiency.

(10)

B. Improvement of ignition performance in line-cusp
device

We have made some additional experiments to im-
prove the ignition performance of the line-cusp device.
First, we changed the grounded end flange of the line-cusp
device to be electrically floating as shown in Fig. 1(f).
Then the discharge can be ignited at higher microwave
power of 700 W. This result indicates the improvement of
the electron confinement by the charging of the end flange,
where negative charging of the end flange will prevent elec-
trons from sinking into the end flange. Second, we used a
bended rod antenna along and very close to an ECR zone
of the line-cusp magnet as shown in Fig. 1(g). Then the
discharge can be ignited at the microwave power of as low
as 25 W and the neutral pressure of 0.13 Pa. In this case,
the ignition condition is very sensitive to the antenna po-
sition. This result clearly indicates the effect of a strong
wave field around the rod antenna.

C. Effect of magnet arrangements on plasma
structure

The front view of the light emissions from the ring-
cusp plasma [Fig. 1(b)] in the case of 0.03-30 Pa in H,
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pressures and 10 W to 1 kW in microwave powers is shown
in Figs. 4(a)-4(1). Figures 5(a), 5(b), and 5(c) are lu-
minosity-meter traces of the photographs for Py, = 0.3 Pa.
At Py, =0.03 Pa, an annular emission profile near the
ECR zone is recognized. It is found from the side view that
the luminous region are located between each magnet rows
(saddle plane). The emissive region extends inwards as the
P is increased. At Py, = 0.3 Pa and very low P of 10 W,
a similar profile very close to the ECR zone is recognized
[Fig. 5(a)]. Increasing the P, up to 25 or 40 W [Fig. 5(b)],
the light emission profile becomes a shell structure. The
emission from the ECR zone gets weak, while that from
the higher harmonics resonance region (w~4w,) and the
circumstance of the rod antenna get intense. At Py= 80
W, the emission gets uniform and intense [Fig. 5(c)]. At
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FIG. 4. Light emissions from the
ring-cusp plasma. The hydrogen
pressure and the microwave power
are indicated in the figure. The
numbers in the parentheses indicate
the F number and the shutter speed
of the shots.

Py, =3 Pa, the same shell structure is observed. At
Py, = 30 Pa, the rotative symmetry is broken and a circu-
lar arc structure at the ECR zone appears. In these exper-
iments, the light emissions from the ECR zone are recog-
nized in all pressures, while the shell structure is
recognized in the moderate pressures. The front view of the
light emissions from the hybrid-cusp plasma are shown in
Figs. 6(a) and 6(b). At Py, = 3 Pa and P,= 80 W [Figs.
6(a)], the emission profile consists of six parts of different
brightness, each part of which shows the profile of the local
mirror field. At higher pressure of 7 Pa and P;=250 W
[Fig. 6(b)], the emission from the dark sites disappears,
and the emission profile becomes a three isolated structure.
This discharge mode is not stable and at slightly higher
microwave powers, all sites get emissive again.

MAGNET —_

ANTENNA

(a)3Pa,80W
(F8,1/15s)

(b)7Pa,250W
(F8,1/15s)

FIG. 6. Light emissions from the hybrid-cusp plasma obtained at (a) 3
Pa, 750 W, (b) 7 Pa, 250 W. The locations of magnets and a rod antenna
are shown in the illustration. The numbers in the parentheses indicate the
F number and the shutter speed of shots.
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This emission profile represents the distribution of the
excited species in the plasma. If a mean lifetime of an
excited state is short enough, the corresponding light emis-
sion profile is not so much different from the excitation
profile. The mean lifetime for allowed transition® will sat-
isfy this assumption. The profile of excitation will be de-
fined by the location of electron heating and the transport
of hot electrons. Then the annular emission from the ECR
zone in the saddle plane is the direct evidence of the ECR
heating and the electron trap there. In the hybrid cusp, the
bright site and the dark site are located in counterclock-
wise and clockwise magnetic field regions, respectively.
Due to the different direction of the magnetic line of force,
the electrons in both sites drift to opposite directions. Be-
cause the antenna is closer to one side of the chamber than
to another side, the resident time of the electron in both
sites are different due to the difference in the direction of
drift. The bright site is corresponding to the longer resi-
dence time.

Next, we consider the inward extension of the emission
profile. According to the wave theory in a cold plasma,™
the angular frequencies of density cutoff, ECR, and upper
hybrid resonance (UHR) are given by

wl=ng/eym, (cutoff), (12)
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w.=qB/m, (ECR), (13)

oby=0}+ o, (UHR). (14)

Due to the gradient of magnetic field, the UHR zone
moves inward as the electron density approaches the cutoff
density (a)p = o). In these studies, however, the electron
density is expected to be so low (w,/w.<0.1) that the
UHR zone is not apart from the ECR zone. The other
possible mechanism for the inward extension of the emis-
sion profile is the inward transport of hot electrons. Be-
cause the diffusion coefficient is larger in the inner position
due to the smaller magnetic field, the electron diffusion is
directed inward. Additionally, if the electron energy
reaches on the order of 10 keV, the electron Larmor radius
gets larger than 4 mm at the ECR zone, and the electron
passes inner position and excites particles there. The
former effect will be dominant at higher pressures and the
latter at lower pressures, respectively. The shell structure
observed in moderate pressures also indicates the existence
of some resonant heating at the bright region of w = 4w,,
while other resonance at @ = 2w, or 3w, was not observed.
We now need further study of the detailed structure of the
plasma and the microwave field to determine the exact
mechanism. On the other hand, the circular arc structure
observed at high pressure [Fig. 4(k)] indicates the clock-
wise motion caused by the gradient-B drift and inward
diffusion of electrons. The start point of the arc structure
may be related to the incompleteness of the ring-cusp field.

Structure of the ring-cusp plasma is analyzed further
by means of the Langmuir probe method. Figures 7(a) and
7(b) show the typical plot of 7, and In(Z,). Two compo-
nents of electron temperatures (7, and 7)) are deter-
mined from the slopes in the In(Z,) curve. The processes to
obtain the values of ion saturation current /;;, electron sat-
uration current /., space potential ¥V, and floating poten-
tial ¥, are shown in the figures. The probe measurements
were performed at Py, =0.3 Pa and P;=750 W. The
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radial profiles of I;; and I, are plotted in Fig. 8. The I} is
uniform in the cusp-plane (z= 117 mm), and decreases
with radial distance in the saddle plane (z= 137 mm),
indicating the plasma confinement inside the ring-cusp
field. On the other hand, the I decrease with radial dis-
tance in both the cusp plane and the saddle plane. The
radial variation of the I, is partly due to the static mag-
netic field. At the center of the cusp plane, the magnetic
field is weak and the magnetic line of force is not just along
the axis of the cylindrical probe. Accordingly, the I./I;
ratio of about 36 is in the theoretical range of 22-38 cor-
responding to the effective ion mass number of 1 (H") to
3 (H;"). Figure 9 shows the radial profiles of T, and T,
obtained by the In(Z,)-¥, plot of the probe data. A clear
single peak of T, is found at the ECR zone of the saddle
plane. The two components of electron temperatures (7
and T;) will correspond to two different groups of elec-
trons. It is considered that T, and T.correspond to the
temperatures for electrons directly heated by the micro-
wave power, and electrons produced by ionizations of neu-
tral hydrogen, respectively. The peak of T, indicates the
efficient plasma heating by ECR process at the ECR zone
in the saddle plane. In the center region of the ring-cusp
field, abundant plasma may be supplied from the ECR
zone by the diffusion®* or directly produced by the UHR
heating or other heating mechanisms such as the stochastic
process,>* so that the excellent confinement by the ring-
cusp field will result in a dense plasma generation.

D. Effect of antenna location on plasma generation

To study the effect of antenna location on the plasma
generation, both axial and radial antenna location were
examined using the four-pole ring-cusp magnet [Figs. 1(b)
and 1(e)]. The axial antenna is located in the weak mag-
netic field region and may excite a single TMO1 waveguide
mode, while the radial antenna is located in the strong
magnetic field region and may excite a single TE11 wave-
guide mode. Electron densities 7, and electron tempera-
tures T, and T, were measured by a Langmuir probe
fixed at the-center of the cusp plane (=0 mm, z= 90
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FIG. 10. Plasma parameters vs hydrogen pressure for the axial antenna
system at a microwave power of 2 kW.

mm) in hydrogen pressures Py, of 0.04-0.5 Pa and micro-
wave powers P, of 0.5 to 3 kW.

Results for the axial antenna systems are shown in
Figs. 10 and 11. Electron densities saturate at the cutoff
density of 7.4 10'° cm ~3 in P, of more than 1 kW. The
steep decrease in n, at lower P is due to the change of the
impedance matching between the microwave circuit and
the plasma. When the impedance matching is carefully car-
ried out, the change of n, is proportional to the P at such
lower powers. The electron temperature, which is in the
range from 1 to 5 eV, increases weakly as the Py is in-
creased and decreases as the Py, is increased. Next, results
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FIG. 11. Plasma parameters vs microwave power for the axial antenna
system at a hydrogen pressure of 0.3 Pa.
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FIG. 12. Plasma parameters vs hydrogen pressure for the radial antenna
system at a microwave power of 2 kW.

for the radial antenna system are shown in Figs. 12 and 13.
Electron densities proportionally increase with Py, and Py,
and exceed the cutoff density. The electron temperature
increases weakly as P is increased and has a peak at
Py, = 10~ ! Pa. The electron temperature is 1-2 eV higher
than that of the axial antenna system.

The remarkable difference between these two antenna
systems appears in the cutoff effect. The axial antenna sys-
tem shows a clear density saturation, while the radial an-
tenna system shows no cutoff phenomenon. According to
the wave theory in a cold plasma,> waves propagating in a
weak magnetic field region (w,/w<1) cannot penetrate
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FIG. 13. Plasma parameters vs microwave power for the radial antenna
system at a hydrogen pressure of 0.3 Pa.
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into a plasma of cutoff density, while a whistler wave prop-
agating in the strong magnetic field region (o ,/w > 1), can
propagate along the magnetic line of force at any densities.
An extraordinary wave (X wave) which propagates per-
pendicular to the magnetic line of force can also propagate
into the overdense plasma until another cutoff occurs.
Therefore, in the case of the axial antenna located in the
weak magnetic field region, microwave may be reflected by
the plasma of cutoff density, while in the case of the radial
antenna located in the strong magnetic field region, micro-
wave can penetrate into the plasma.

However, there is a problem in considering the wave
propagation in the plasma of this type. The structure of the
magnetic field changes in the very short range compared
with the wavelength of the plasma waves. For example, the
dispersion relation of the whistler wave in an infinite
plasma is given by

k¥ *=1— wz/a)z[l — (0 /)]

Then due to the large gradient of magnetic field at the ECR
zone (gradB/B~1 cm™ ), the wavelength becomes
smaller than the characteristic length of the multicusp field
(4 cm) only within the 10~ 3_cm-thick region at the ECR
zone assuming that w/w, = 10. This value is not realistic
because it is smaller than the Debye length in this plasma
(~10~2 cm). Almost the same discussion is valid in the
case of the X wave. Therefore we cannot analyze the wave
propagation in the same manner as in the case of uniform
or small gradient magnetic field.*>*3> While the mecha-
nism is not clear, these results evidently indicate the im-
portance of a strong magnetic field at the feeding position
of the microwave.

(15)

E. Discussion

In this article, we have clearly shown the advantage of
ring-cusp configuration on the ignition of ECR discharge,
and also the effectiveness of the strong magnetic field
around the rod antenna on the generation of an overdense
plasma. Here, we review the previous works on this point.

Our experiments and considerations on the electron
motion have proved the importance to keep the electron
trajectory of gradient-B drift motion inside the metal
chamber in the ignition of an ECR plasma. It supports the
efficient ignition in the ring-cusp device of Neumann and
Kretschmer® and Goede.*® Goede compared the electrical
efficiency (eV/ion) of azimuthal line cusp (ring cusp) con-
figuration and axial line cusp configuration, while he did
not describe the ignition characteristics. He found in his
study that the electrical efficiency of the ring-cusp config-
uration is twice as large as the line-cusp configuration. As
is described in his article, however, he could not distin-
guish the effect of closed drift surfaces from the change of
discharge volume which was also by a factor of 2. It is
surprising that the electrical efficiency of his line-cusp con-
figuration was not so bad, which is not the case in our
study. The difference may come from the larger discharge
volume and longer line cusp and the usage of microwave
cavity in his device. On the other hand, the devices of
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Asmussen and co-workers®>? and Pichot and
co-workers®*** using a line-cusp configuration also ignite
successfully. The important point of their approach is that
a microwave cavity structure is used in the device of As-
mussen, and rod antennas are located close to the ECR
zone in the device of Pichot, which enables very high elec-
tric field to be exited in the ECR zone. Additionally, elec-
tron confinement effect can also be expected by the charge-
up on the insulator wall in the case of Asmussen’s device,
which is also found in our experiment using a floating
flange.

Effectiveness of the strong magnetic field in the an-
tenna position on the generation of an overdense plasma is
also shown in our experiments. The results agree with the
plasma wave theory in an infinite plasma even though the
scale length of the magnetic field is very short. This crite-
rion agrees with the result of Pichot ez al*® using rod
antennas along the ECR zone and generating an overdense
plasma of 10" ¢m 3. However, Goede observed the den-
sity cutoff effect even though the microwave feeding was
performed at a strong magnetic region.*® There seems to be
another factor which affects the microwave transport. One
of the possibilities is that the extent of the dense plasma
into the waveguide reflects the microwave before it reaches
the strong magnetic field region. Indeed, an intense plasma
glowing inside the coaxial waveguide is observed in our
axial antenna configuration device at high power input. In
the case of Asmussen’s device, an overdense plasma is gen-
erated without a multicusp magnet.”> He explained the
mechanism of overdense plasma generation by the penetra-
tion of a strong cavity field into the plasma, and its power
absorption by a collision process.’

On the ECR device using permanent magnets, the ef-
fects of the configuration of magnetic fields and the loca-
tion of feeding antennas have been investigated. First, the
importance to keep the electron trajectory of gradient-B
drift motion inside the metal chamber is demonstrated in
the ignition of an ECR plasma. The ring-cusp magnet gives
an efficient ignition due to the good symmetry of the elec-
tron trajectory, while the line-cusp magnet hardly gives
ignition due to the incompleteness of the electron trajec-
tory. Even in the case of a line-cusp magnet, ignition is
achieved by using a floating end flange or a rod antenna
very close to the ECR zone. Second, change in the density
cutoff effect with different antenna position agrees well
with the accessibility of wave field into the resonance point
predicted by the plasma wave theory in an infinite magne-
tized plasma, even though the scale length of the magnetic
field is very short.
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