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ABSTRACT
The production of the negative hydrogen ions in a large multicusp ion source
has been investigated in a double-magnetic filter (DMF) configuration. In the
DMF configuration, the energetic electrons are trapped by the mirror of a

magnetic multicusp field, and only the thermal electrons are present in the
center of the arc chamber. A large amount of H™ ions of more than 1 x 1012
¢cm®  are produced in the center region. The electron current extracted with
the H™ ions can be suppressed by a magnetic filter field in front of a plasma
prid without affecting the H™ ion current. The experimental data obtained in

the DMF configuration are compared with those obtained in a single-magnetic
filter (SMF) configuration. In the SMF configuration, the energetic electrons
are present in the center region, and the magnetic filter in front of a plasma

grid reduces the electron density and temperature, which results in the

reduction of the H™ ion current as well as the electron current. The extracted

electron current and the optimum gas pressure for the H™ ion current are

lower in the DMF configuration than those in the SMF configuration.
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1. INTRODUCTION

High power hydrogen/deuterium negative ion sources are urgently
required for neutral beam injectors in application to fusion plasmas, because
the negative ions of hydrogen isotopes ( H™ or D™ ) can be neutralized with high
efficiencies to high-energy neutral beams with a very low divergence. Recent
development of the negative hydrogen ion sources is concentrated on the
volume production multicusp typel 4, and the H™ ion current of several
amperes has been obtained.?® We have been also developing a multi-ampere
negative hydrogen ion source, which is to be utilized for the negative-ion-based
NBI system in the Large Helical Device (LHD) project in National Institute for
Fusion Science (NIFS).G’7 In recent experiments in NIFS, a 1.4A of H" ion
current has been obtained from a pure hydrogen discharge.8:9

In a volume source, a highly efficient H™ ion production is expected by a

two-step process.m’11 The first step is the vibrational excitation of hydrogen

molecules by collisions with energetic electrons, the energy of which € is more

than 20eV, and the second is the dissociative attachment of slow electrons {e=1

eV) to the exited molecules. It is important to separate the plasma into two
regions where each process takes place, because the presence of electrons with
energy larger than 2eV results in the collisional detachment of the produced
H- ions. In many multicusp H- ion sources, an arc plasma is produced in the
center of the arc chamber and the separation of these regions has been
achieved by the magnetic filters such as external, rod, electromagnetic, and
PG filters® generated in front of the plasma grid as shown in Fig. 1(a). In this
configuration, which is called a single-magnetic filter (SMF) configuration
hereinafter, the energetic electrons emitted from the filaments are confined in

the center region by the cusp field, and excite the hydrogen molecules to higher
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vibrational levels. The excited molecules Hy* go through the magnetic filter
and are dissociatively attached by the slow electrons in front of the plasma
grid. The H- ions are produced there and extracted from this region, which is
called the extraction region. The magnetic filter reduces the electron density
and temperature in the extraction region. Though the magnetic filter is
advantageous for a suppression of the extracted electron current, a decrease in
the electron density results in a reduction of the H- ion production. Several
methods are examined for the electron suppression with/without the magnetic
filter 12-14

We have produced arc plasmas near the chamber wall, and the region
separation has been realized by the cusp field. In this configuration, which is
called a double-magnetic filter (DMF) configuration, the energetic electrons
emitted from filaments are trapped by the mirror of the cusp field and only the
slow electrons with low temperature of around 1eV are present in the center
region as shown in Fig. 1(b). The vibrational excitation process cccurs near
the chamber wall and the dissociative attachment process occurs at the center
region. Moreover, it is expected that the Hy' production are enhanced by the
collisions of Ha* and Hs* ions to the chamber wall.13 We have also utilized the
magnetic filter field in front of a plasma grid. It reduces the electron density
in the extraction region. It is expected that the H- ion production is not affected
by the filter field and that the H- ions produced in the center region go through
the filter field and are extracted.

We have compared the DMF configuration with the conventional SMF
configuration on the plasma parameters and on the H- ion production in a
large multicusp negative ion source. Spatial profiles of the electron density
and temperature are measured in the two types of the filter configuration.

The dependence of the plasma parameters and the H- ion extraction
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characteristics on an arc power and on a gas pressure are discussed. The
electron energy distribution functions derived from probe measurements are
described and the H- ion densities measured by the photo-detachment

technique are also presented.

II. EXPERIMENTAL DEVICES
A schematic diagram of the negative hydrogen ion source is shown in

Fig. 2. This ion source is a rectangular magnetic-multipole type and has an

extraction area of 25 x 25 cm2. The cross section of the arc chamber is 35 X35
cm? and its depth is 19 cm. Magnetic cusp lines in the arc chamber are
generated bSr permanent magnet arrays arranged with 35 mm separation.
The field strength is about 1 kGauss at the inner surface of the wall and
decreases as the distance from the wall increases. Fourteen fungsten
filaments of 1.5mm in diameter are attached at the side wall, and the distance
between the wall and the filaments can be changed in order to modify the
configurations.

The magnetic filter field in front of the plasma grid is generated by
magnetic filter rods of 10mm in diameter and two external filter bars. The
strength of the magnetic filter field can be changed by selecting the total
number of the rods. The experiments have been done in the two cases of the
filter strength, that is, number of the filter rods is 2 or 3. The magnetic field
strengths between the filter rods are 26 and 46 Gauss, respectively. The
distance between the plasma grid and the filter rods is set at 20 mm. The arc
chamber and the filter rods are elecirically connected and the plasma grid is
floated to the arc chamber. Ports for Langmuir probes are provided so that the

spatial scans (X and Z directions in Fig.2) of the probes can be made.



The negative ion extraction system consists of four grids as shown in

Fig. 2. Each grid is made of copper and has 400 holes of 9 mm in diameter in

the area of 25 X 25 cm? (transparency of 40 %). The plasma grid and the
extraction grid have water cooling channels inside the grids. The extraction
grid has also the channels to mount the permanent magnets to deflect the
electrons extracted with H-ions.

In the following experiments, the extraction voltage Vo is set at 2 kV
and the acceleration voltage V. is set at 3kV. The electron suppression grid
and the extraction grid are electrically connected. The beam pulse length is
0.3 sec.

The accelerated negative ions are measured by a calorimeter array
which is placed at a distance of about 1.6 m downstream from the plasma grid.
The array contains a series of seventeen calorimeters arranged in the X
direction. The residual electrons accelerated with H- ions are deflected by the
magnetic field in front of the calorimeter. It is confirmed that no signal is
detected in the He-discharge.

Profiles of the plasma parameters (the electron density and
temperature) are measured by scanning Langmuir probes in the X and Z
directions. The tip of the probe has a cylindrical shape of 2.0mm in length and
0.7mm in diameter. The probe voltage is scanned from -60V to +30V during
0.1sec with respect to the arc chamber. The time evolutions of the probe voltage
and current are recorded by 10-bit digitizers and the plasma parameters are
obtained from probe characteristic curves by using a computer.

The H- ion density n" is measured by the photodetachment technique

using a Nd-YAG laser in the center region of the arc plasma. The probe is

located inside the laser light path (wave length = 1.06pm, pulse length = 10ns,



power = 70mdJ, beam diameter=7Tmm) and biased positively to collect the

photodetached electrons.

II1. EXPERIMENTAL RESULTS
A. Profiles of the arc plasma

In Figs. 3 (a) and (b) are shown the typical profiles in the X-direction of
the electron temperature T, and the electron density n, in the DMF and SMF
configurations, respectively. These profiles are measured by the Langmuir
probe scanned in the X-direction at Z=85mm (Z=0 corresponds to the surface of
the plasma grid).

The DMF and SMF configurations are realized by changing a filament
position. When the filaments are located at 40mm apart from the wall, we
have obtained the DMF configuration, where the profiles of T, and n. are
hollow as shown in Fig. 3 (a). The cusp field strength at the filament position
is 20 Gauss and emitted fast electrons are trapped near the chamber wall. T,
and n. are higher in the peripheral region than those in the center region.
The electron temperature is 7eV near the wall and decreases to about 1eV in
the center region. The energetic electrons are not observed in the center
region as discussed later. In the DMF configuration, the vibrationally excited
hydrogen molecules (Hy") should be produced near the chamber wall. The
negative hydrogen ions are produced in the center region by collisions between
the Hy" molecules and the slow electrons, and the produced H- ions diffuse to
the extraction region.

The SMF configuration is obtained when the filaments are set at 100mm
apart from the wall. The profile of the arc plasma is flat as shown in Fig. 3
(b). The filaments are located at the field free region, and emitted fast

electrons are confined in the center region of the arc chamber by the cusp field.
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The bulk electron temperature T, is about 3 eV and the probe characteristic

curves show that the plasma in the center region contains the energetic

electron component. The density n. reaches about 3.0 x 102 em3. In the SMF
configuration the Hy" molecules should be produced in the center region.

Figures 4 (a) and (b) represent the profiles of T, and n. in the X direction
at Z=5mm in the case of the DMF and SMF configurations, respectively. The
profiles in the extraction region are nearly flat in both configurations in spite
of the large discrepancy of the arc plasma profile in the center region. The
temperatures T, in the extraction region are 0.7¢V in the DMF and 1.2¢V in
the SMF configuration.

The profiles of T, and n, in the Z-direction are shown in Figs. 5 (a) and
(b) for the DMF and SMF configurations, respectively. The density n,
decreases as crossing the rod magnetic filter field in both configurations.
Though the temperature T, decreases from 3eV to 1eV in the SMF
configuration, it does not seem to be much affected by the magnetic filter field
in the DMF configuration. In the DMF configuration the magnetic filter field
is utilized to control the electron density in the extraction region rather than
the electron temperature. It is confirmed that T, and n, in the center region
are not affected by the magnetic filter field strength.®

Figures 6 and 7 show the dependence of T, and n, on the input arc power
Pare in the DMF and SMF configurations, respectively. In the experiments,
an arc voltage is changed simultaneously with an arc current in the range of
Vare = 45V-70V and I, = 200A-1400A. In the DMF configuration, n, in the
center and the extraction regions increase as P,y increases as shown in Figs.
6 (a) and (b), respectively. However, T, in the center region is almost constant

around 1eV in spite of an increase in P,,.. These behaviors also indicate that




the energetic electrons generating the arc plasma are confined in the
peripheral region in the DMF configuration. In the SMF configuration, T,
and n, in the center region increase linearly with an increase in Py as shown
in Fig.7 (a). In the extraction region, however, T, is kept nearly constant
below 1eV, though n, increases as Pgy increases. (Fig. 7 (b))

Figures 8 and 9 show the dependence of T, and n, on the gas pressure in
the DMF and SMF configurations, respectively. As the pressure increases, Te
in the center and the extraction regions decrease in both configurations (closed
circles in Figs. 8 and 9). Though n, in the center region is almost constant in
both configurations, n. in the extraction region decreases in the DMF
conﬁguratiop (Fig. 8(b)) and increases in the SMF configuration (Fig. 9(b)) as

the pressure increases.

B. H™ ion extraction characteristics
The H- ion extraction characteristics for the DMF and SMF
configurations are shown in Figs.10 and 11, respectively. The H" ion current

densities measured by the central calorimeter J7(calori.) and the extraction
currents I.y; are plotted as a function of the arc power P, in the DMF
configuration in Figs. 10 (a) and (b), respectively. For the low energy beams
(the total acceleration voltage is 5kV), it is confirmed that the H™ ion beam
profile is not much changed by the arc power. In the experiments, the fotal H~
ion current is about 1A at Pg.= 82kW. I.x is considered to be the electron
current extracted with the H™ ions. As Pgr. increases, the H™ ion current
increases linearly and I.yt increases more rapidly. The increase in Iy
corresponds to an increase in n, in the extraction region. Though the H™ ion

current is not affected by the rod magnetic filter field strength, I decreases

about 50% at Py, = 50kW when the magnetic filter field is changed from 2-rods
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to 3-rods. Therefore, it is found that the extracted electron current can be

controlled by the magnetic filter field without affecting the H™ ion current in

the DMF configuration. In the SMF configuration, J™(calori.) and Iu

increase as Pgy. increases as shown in Figs, 11 (a) and (b). When the
magnetic filter field is changed from 2-rods to 3-rods, Iyt is suppressed about

50%, and J(calori.) decreases about 20% at P,,.=50kW. In the condition of the
same J7(calori.), Lex¢ in the DMF is lower than that in the SMF configuration.

The dependence of the H™ ion current densities and the extraction

currents on the gas pressure in the DMF and SMF configurations are
represented in Figs.12 and 13, respectively. As shown in Fig.12 (a), the

optimum gas pressure for the H™ ion current is about 1.5Pa at P,,.=50kW in the

DMEF' configuration, and the optimum pressure tends to be higher at higher
arc power. It is remarkable that the extraction current decreases as the gas
pressure increases as shown in Fig.12 (b). This corresponds to the decrease

of the electron density in front of the plasma grid as shown in Fig.8 (b). In

the SMF configuration, the H" ion current becomes optimum at a higher

pressure than that in the DMF configuration (Fig.13 (a)). Moreover, the

extraction current increases as the pressure increases (Fig.13 (b)).

C. Electron energy distribution functions in the DMF configuration

For an effective H- ion production in the volume source, it is important

to separate the regions where vibrational excitations and the dissocigtive
attachments occur. To confirm the region separation, that is, to know the
localization of the energetic electrons in the DMF configuration, the electron
energy distribution functions are derived from the probe measurements.

The electron energy distribution function f(E) is determined from the

Druyvesteyn formula,16




fE) = (2/SX2mV)V2e52 (d21/dV?2). (1)

Here, 1 is the electron current to the probe, V is the probe potential with respect
to the plasma potential, e and m are the charge and mass of an electron, and S
is the probe area. The probe V-I curve is fitted by quadratic curves in
successionl? and the second derivative d2I/dV2 is derived from numerical
calculations.

Figure 14 shows the electron energy distribution function fE) obtained from
Eg. (1). In the peripheral region (X=150mm), the plasma has an energetic
component in the energy distribution function (Fig.14 (a)). From the
logarithmic plot of E-V2RE) as shown in Fig. 14 (b), a lower temperature
component of f{E) is fitted by T.=5.2 ¢V and a higher temperature component is
fitted by T.=9.4eV. On the other hand, f(E) in the center region (X=2mm),
shows no energetic component and is fitted by the Maxwellian distriimtion of
T,=0.92¢V as shown in Figs.14 (c) and (d). These figures indicate that the
energetic electrons emitted from filaments are localized near the chamber
wall and that the only thermal electrons with their temperature around leV

are present in the center region in the DMF configuration.

D. H-ion density measurements by the photo-detachment technique

The H- ion density in the arc plasma can be measured directly by the
photo-detachment technique!®.  Preliminary measurements of the H™ ion
density are made in the DMF configuration.

The positively-biased probe is inserted in the center of the arc chamber
(Z=120mm), and irradiated by the Nd-YAG laser light. The photo-detached
clectrons from the H- ions are detected as an increase in the electron

saturation current I,;. No increase of I is observed in the He-discharge.



Figure 15 (a) shows the temporal evolution of I, in the Hs-discharge. As

shown in the figure, I s increases abruptly when the laser light fires. It stays

constant for about 0.6 is and then decreases. The relative negative-ion density

is determined from the ratio of the increment of Is , Al,g, to the initial value of

Ies ] Ies init9
n°/ng = Al / I, it (2)
The velocity of the H- ions is estimated from the duration of the plateau of I,

Aty,

V' =(R-r)/At; (3)

where R is the radius of the laser beam (R=3.5mm), and r is the radius of the
collection region (r is about 1mm).1° It is found from Fig.15 (a) that the H- ion

density is almost the same as the electron density, and that the velocity of the

H-ions is roughly estimated to be 4 X 10 ® m/s. The measured H- ion velocity is
almost the same value as that in ref 19 and 20. The measured electron and the
H- ion densities are plotted as a function of the arc power and the gas pressure

in Figs.15 (b) and (c), respectively. It is noted that the H- ion density increases

almost linearly with the arc power and reaches 1.7 % 10 12 em®.  As the
pressure increases, the H" ion density increases and reaches the maximum (n-
/ne= 1) at the pressure of 2.1Pa. The electron density in the center region,

however, does not change as the pressure increases.

IV. DISCUSSION
In a plasma volume of a H- ion source, the dominant process of the H-
ion production is the two-step process, that is, the vibrational excitation of

hydrogen molecules and the dissociative attachment of slow electrons to the




vibrational excited molecules Ho". The Hy™ are produced in the ion source by
several processes such as the fast electron collisions to the hydrogen molecules
and the wall collisions of the positive ions (Hg* and Ha*) to the wall.2! In the
SMF configuration, the Ho" are produced mainly by the collisional excitation
with energetic electrons in the center region of the arc chamber. In the DMF
configuration, the excitation is expected to occur by the collisions of the
energetic electrons near the filaments and possibly by the collisions of the
positive ions to the wall. The H- ions are produced by the dissociative
attachment process in the center region, where the electron temperature is
around 1eV which is sufficiently low for the attachment. The H- ion density
measurements indicate the high accumulation of H- ions in the center region
in the DMF configuration. This configuration is based on the similar
operating principle to the hybrid source studied at Ecole Polytechnique322%
and the tent filter source at Culham Laboratory.1314

Though the high density H- ions are produced in the center region, they
are easily destroyed by several processes before reaching the plasma grid. The
dominant processes for the H- ion destruction are as follows; (a) an electron
detachment in collisions with electrons, (b) an electron detachment in
collisions with neutral hydrogen molecules, (¢) a mutual neutralization in
collisions with positive ions (H*, He* and Hj3*), and (d) an associative
detachment in collisions with hydrogen atoms. In the center of the arc
plasma in the DMF configuration, the electron temperature is around 1eV and

the measured energy of the H- ions is about 0.1eV. The H- ion density is
almost equal to the electron density of 1.5 x 1012 cm3. Since the reaction rate
<ov> of the process (a) is about 1 x 10 ® cm®/s 2%, the mean free path of the

process (a) is about 30 ecm. The process (b) is negligible, because the measured



energy of the H- ions is lower than the threshold energy of the process (b).25

The reaction rate <ov> of the mutual neutralization between H* and H- ions is

about 2 x 10 ® cm3s 2528 which can be used for the estimation of the H-
destruction by the process (c). The reaction rate of the process (d) is 20 times
smaller than that of the process (c).2%:3® The prime process of the H-
destruction is process (c) and the mean free path of the H- destruction is about
Tem. It is probable that the H- ions produced in the center region diffuse to the
extraction region. The H ions are also produced in the extraction region by
the dissociative attachment. As shown in Fig.10, the extracted H- ion current
is not affected by the electron density in the extraction region. It indicates that
the dissociative attachment occurs mainly in the center region in the DMF
configuration.

In the photo-detachment experiments, there are some ambiguous
points for the estimation of the H- ion density. Since the cylindrical probe is
inserted normally to the laser light, there is a shadow region around the probe
tip. Moreover, since the signal detection system is not completely matched to
the cable impedance, the signal is somewhat affected by the CR integration.
Nevertheless, the above uncertainty leads to the under estimation of the H- ion
density, and it is confirmed that the high density H- ions are produced in the
center region in the DMF configuration.

The total H" ion current of 1.2A is obtained at Pa.. = 50kW when the
acceleration voltage is set at 30kV.? It corresponds to the current density of 4.7
mA/cm?, considering the total extraction area of 255 cm2.  Since the stripping
loss in the accelerator is calculated at about 50%, the current density at the
plasma grid is 10 mA/em?. However, the H- ion current density in the center

region can be estimated as J- = (1/4) en'V- = 24 mA/em2, taking account of the



measured H- ion density of 1.5 x 10 2 ¢m3 and the velocity of 4 X 105 cm/s,
This value is two times larger than the above current density. This
discrepancy may be due to the mutual neutralization of H- ions before reaching

the plasma grid.

V. CONCLUSIONS

The plasma parameters and the H- ion extraction characteristics are
measured in the DMF and SMF configurations and compared with each other.

In the DMF configuration the profiles of the electron density and
temperature are hollow. The energetic electrons emitted from the filaments
are trapped near the wall and there are only the thermal electrons with their
temperature around 1eV in the center region. As the arc power increases, the
electron density increases but the temperature is nearly constant in the center
region. The extracted H- ion and electron currents also increase linearly with
the arc power. The extracted electron current increases correspondingly to an
increase in the electron density in the extraction region and can be controlled
by the magnetic filter field without affecting the H" ion current.

On the other hand, the profiles of the electron density and temperature
are flat, and the energetic electrons are contained in the center region in the
SMF configuration. The electron temperature and density increase as the arc
power increases. The magnetic filter field suppresses the H- ion current as
well as the electron current.

The advantages of the DMF configuration compared with the SMF
configuration are as follows. The extracted electron current is lower in the
DMF configuration than that in the SMF configuration in the same magnetic

filter field strength. The optimum pressure for the H- ion current is lower in



the DMF configuration than that in the SMF configuration. Tt is important to
decrease the operating pressure, because high gas flow results in the large gas
load to the pumping system and in the stripping loss of H- ions in the
accelerator.

The H- ion density n- are measured in the center region by the photo-
detachment technique, and n" of more than 1 x 1012 em™ is observed in the
DMF configuration. This value is almost equal to the electron density. Both
n. and n° increase linearly with keeping the ratio n'/n, = 1 as the arc power

increases.
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FIGURE CAPTIONS

Fig. 1
Figures illustrating the concepts of (a) the SMF configuration and (b) the DMF
configuration. = Hatched regions represent the hot plasmas containing

energetic electrons. Cusp fields are indicated by arrows.

Fig. 2

The schematic diagram of the multicusp negative hydrogen ion source.

Fig. 3

The profiles of n, (open circles) and T, (closed circles) in the X-direction (a) in
the DMF configuration and (b) in the SMF configuration. Positions of the
filaments and the wall are indicated by arrows. The probe is scanned in the X-

direction at Z=85mm. The gas pressure is 1.9Pa. P, .=46 kW.

Fig. 4
The profiles of n, (open circles) and T, (closed circles) in the X-direction (a) in
the DMF configuration and (b) in the SMF configuration. The probe is

scanned in the X-direction at Z=5mm. The gas pressure is 1.9Pa. Pg..=46 kW.

Fig. 5

The profiles of n, (open circles) and T, (closed circles) in the Z-direction (a) in
the DMF configuration and (b) in the SMF configuration for the 2-rods
magnetic filter, An arrow and a circle indicate positions of the plasma grid

and the filter rods, respectively. The gas pressure is 1.9Pa. P,r.=45 kW.



Fig. 6

The dependence of n. (open circles) and T, (closed circles) on the arc power P,y
in the DMF configuration. The probe is set (a) in the center region (Z=90mm)
and (b) in the extraction region (Z=5mm) for the 3-rods magnetic filter. The

gas pressure is 1.9Pa.

Fig. 7

The dependence of n, (open circles) and T, (closed circles) on the arc power Par.
in the SMF configuration. The probe is set (a) in the center region (Z=90mm)
and (b) in the extraction region (Z=5mm) for the 3-rods magnetic filter. The

gas pressure is 1.9Pa.

Fig. 8

The dependence of n, (open circles) and T, (closed circles) on the gas pressure
in the DMF configuration. The probe is set (a) in the center region (Z=90mm)
and (b) in the extraction region (Z=5mm) for the 3-rods magnetic filter. P,r.=45
kW.

Fig. 9

The dependence of n, (open circles) and T, (closed circles) on the gas pressure
in the SMF configuration. The probe is set (a) in the center region (Z=90mm)
and (b) in the extraction region (Z=5mm) for the 3-rods magnetic filter. P, =45
kW.

Fig. 10
(a) J° (calori.) and (b) Iyt as a function of Py, for the 3-rods magnetic filter

(open circles) and for the 2-rods magnetic filter (closed circles) in the DMF



configuration, The gas pressure is 1.9Pa,

Fig. 11
(a) J° (calori.) and (b) L.zt as a function of Py for the 3-rods magnetic filter
(open circles) and for the 2-rods magnetic filter (closed circles) in the SMF

configuration. The gas pressure is 1.9Pa.

Fig. 12
(a) d" (calori.) and (b) I as a function of the filling gas pressure for the 3 rods

magnetic filter in the DMF configuration. Parameter is the arc power.

Fig. 13
(a) d (calori.) and (b) I« as a function of the filling gas pressure for the 3 rods

magnetic filter in the SMF configuration. Parameter is the arc power.

Fig. 14
The electron energy distribution function derived from the probe characteristic
curve measured at X=150mm in (a) and (b), and at X=2mm in (c) and (d). The

gas pressure is 1.9Pa. Z=85mm. Pg,.=45kW.

Fig. 15
(a) The time evolution of the electron saturation current I.;. The YAG laser
pulse is indicated by an arrow. The probe is set at Z=120mm and its bias

voltage is +20V. The gas pressure is 2.1Pa and Py =43kW. The dependence of

the H” ion density n™ (closed circles) and the electron density (epen circles) (b)

on the arc power and (¢) on the gas pressure.
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