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Abstract

The discharge characteristics of a prototype ion source was investigated, which was
developed and upgraded for the NBI (Neutral Beam Injection) heating system of KSTAR (Korea
Superconducting Tokamak Advanced Research). The ion source was designed for the arc

discharge of magnetic bucket chamber with multi-pole cusp fields. The ion source was

discharged by the emission-limited mode with the control of filament heating voltage. The

maximum ion density was 4 times larger than the previous discharge controlled by a space-

charge-limited mode with fully heated filament. The plasma (ion) density and arc current were

proportional to the filament voltage, but the discharge efficiency was inversely proportional to
the operating pressure of hydrogen gas. The maximum ion density and arc current were
obtained with constant arc voltage (80~100 V), as 8 x 10" cm® and 1200 A, respectively.
The estimated maximum beam current was about 35 A, extracted by the accelerating voltage of

80 kV.
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1. Introduction

The neutral beam injection (NBI) system is
essential in the next step fusion research devices,
such as ITER, for an auxiliary heating and current
drive, because long pulse or continuous steady-
state burning experiments are proposed and
planed. At low temperatures, ochmic heating in all
tokamak devices is quite powerful and, in large
tokamaks, easily produces temperatures of a few
keV. However, as the temperature increases, the
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collision frequency and the resistivity fall. Thus, at
the required temperature for ignition the ohmic
heating is much reduced, leading to the requirement
for additional heating, such as NBI system. The
NBI auxiliary heating system is also being
developed and constructed for the KSTAR (Korea
Superconducting Tokamak Advanced Research)
tokamak [1]. The prototype long pulse ion source
(LPIS) [2], which was developed originally by the
Lawrence Berkeley National Laboratory (LBL) and
used for the TFTR (Tokamak Fusion Test Reactor,
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USA) [3-5], has been designed and is constructed
and upgraded for the KSTAR tokamak. The
KSTAR NBI system has required the final beam
power of 120 keV, 65 A with deuterium beam, in
addition to the initial test beam of 90 keV, 45 A
with hydrogen beam, for 300 s.

The second prototype LPIS for KSTAR NBI
system, which was designed for 4 accelerating grid
electrodes, was modified from the first prototype
[2]. To increase the operational selectivities,
extraction grids were changed from Molybdenum
slits to copper circular apertures [6]. The beam
extraction area of accelerating grids was also
increased to compensate the transparency, from
12x43 to 13%45 cm®. The modified prototype
LPIS was designed basically for the arc plasma
discharge in magnetic bucket chamber with multi-
pole cusp fields. The discharge of bucket chamber
was initiated with the help of primary electrons
emitted from 32 tungsten filaments, arranged on the
upper side of bucket. Discharge characteristics of the
maodified prototype ion source were investigated
for the short pulse discharge of 200 ms.

Before the beam extraction experiment, the
discharge characteristics of ion source should be
defined. The maximum ion density, maximum arc
power, and optimum operating pressure were
observed for various discharge conditions in the
hydrogen plasma. The optimum discharge
efficiency was obtained for the ion source, and the
suitable operating conditions of discharge plasmas
were estimated for the experiment of beam
extractions. To confirm the maximum ion density,
the discharge efficiency of prototype ion source
was obtained by the control of arc power and of
operating gas pressure. The ion source was
discharged by an emission-limited mode [3] with
the control of filament heating voltage and
temperature. It was found that the maximum ion
density was significantly larger than the result
obtained in the previous discharge with the first

slit-type ion source. The previous discharge was
controlled basically by a space charge limited
mode with fully heated filaments [2]. The plasma
{ion} density and arc current were proportional to
the filament voltage. Otherwise, the discharge
efficiency was inversely proportional to the
operating pressure of hydrogen gas and was
proportional to the arc voltage of primarily fast
electron energy. The extractible maximum beam
current from the prototype ion source was
estimated, which can be extracted by using the
accelerating beam voltage. There was a noticeable
result that the filament heating voltage, which can
be explained as ion density control from the stable
discharge plasma, should be operated finely for
the control of beam extraction with the
accelerating voltage. Finally, before the
experiment of beam extraction, the operating
range of beam voltage and current was proposed
for the prototype ion source.

2. Experimental Setup

The modified prototype ion source was designed
basically for the arc plasma generator of bucket
type with magnetic cusp fields and tungsten
filaments. The shape of beam extraction grids is
circular apertures, and the grid material is copper
hole plates. Thus, the cooling line and supporting
structure of 4 accelerating grid stages are modified
for the proper assembly of circular aperture grids.
The beam extraction area of accelerating grids is
13 %45 cm? with the transparency of 0.36. A
cusp anode discharge chamber and discharge
electrodes are not changed from the first slit-type
ion source {2]. The discharge experiment was
carried out with the final assembly of 4
accelerating grid electrodes and without water
cooling of 4 grid stages, because of the short pulse
discharge for 200 ms.

The discharge power supplies (filament and arc
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Fig. 1. Schematic Drawing of a Prototype lon
Source with the Power Connection

power supplies) were used the same as those used
in the previous discharge experiment. The
schematic drawing of prototype ion source for
discharge experiment with the power connection
is shown in Fig. 1. The maximum outputs of
filament and arc power supplies were 15 V, 3200
A (DC/CW, 5500 A within 10 s) and 160 V,
1200 A (DC/CW), respectively. Filament and arc
power supplies were isolated electrically to the
ground potential through an isolation transformer.
Eight un-cooled Langmuir probes (6 fixed probes
and 2 movable probes) were installed on a probe
plate, near the surface of plasma grid. The plasma
(ion) density was measured by using one fixed
probe (diameter of 1 mm and length of 3 mm,
Molybdenum wire). Three types of passive devices
(varistors, diodes, and resistors) were connected to
the nearest electrode plates for the bloking of
over-voltage, the fast dissipation of surface charge,
and the slow absorption of surface charge,
respectively. A probe plate was floated electrically
to the ground potential, and the signal line from a
Langmuir probe was connected directly to the
input channel of isolation amplifier. To monitor
the plasma density variation from the ion
saturation current, the Langmuir probe were
biased constantly with -50 V relative to the

filament electrode during the discharge. A plasma
grid under the probe plate was connected directly
to the ground potential. The arc and filament
power supplies were controlled remotely by a pre-
programmed mode on the various operating
conditions with optical transmission system of
control signals. For the discharge operation of
emission limited mode, filament and arc powers
were controlled by constant voltage (CV) mode
operation for about 15 s and 200 ms, respectively.
The base pressure in the ion source was 4~8 x
10° torr, and the hydrogen gas was injected, by
using the pulsed puffing system, into two upper
feeding lines on an electron dump through a
storage reservoir (1¢, bottle type) and a mass flow
controller (MFC). The storage bottle was
connected near the electron dump for the stable
gas injection, which restricted the initial gas
starvation in the gas line during gas puffing pulse.
The gas puffing system was also isolated
electrically to the ground and was operated
through an optical signal transmission system.

The ion source was cooled by a passive water-
flowing system with constant input pressure of 4
atm and was pumped hydrogen gas by a turbo
molecular pump (520¢/s) and a mechanical rotary
pump (970¢/min). The ion saturation current
from a Langmuir probe was transferred to the
isolation amplifier through a typical electrostatic
probe circuit, with a 50 @ resistor. Qutput data
from the discharge power supplies and a
Langmuir probe were received and analyzed by a
personal computer (PC) through the VXI (VMEbus
eXtensions for Instrumentation) digitizers
{maximum 20 MS/s).

3. Analyses
The extracted ions should be on the magnetic

field-free condition at a plasma grid stage. But, in
real experimental situation the magnetic field
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strength can be non-zero by the mis-alignment of
permanent magnets outside the chamber bucket.
The measured magnetic field is shown in Fig. 2, at
the position of two central axes in the middle of
inner bucket and in the surface of plasma grid. In
these measurements, the background field was
about 0.4 gauss in the laboratory. The magnetic
field effects should be considered for the Langmuir

probe analysis. The gyro-radius of ion {p} and
electron (p.) in hydrogen plasma with the field of 5
gauss were about 45 c¢cm and 1 cm, respectively.
So, the probe can be considered as the case of
weakly magnetized plasma (p, > p. > r,), where r, is
the probe radius. In weakly magnetized plasma,
the probe analysis is the same as the case of
unmagnetized plasma {7]. The plasma density (n,)
can be obtained from the ion saturation current (I,))
by using the following equation for an
unmagnetized plasma.

Iy=exp(- %)n,,eAs\/ %

where, A, is the probe surface area including
sheath thickness, m; is the ion mass, and the
electron temperature (T,) was estimated as 5 eV
for this calculation.

In general theory of ion beam extraction, the
perveance, YP=//V¥? as an ion beam parameter,
was originally used as a measurement of electrode
capability and was a function of the electrode
geometry [8]. I is the extractible/extracted beam
current, and V is the accelerating voltage.
Perveance of the prototype ion source was
estimated as 9.5 g perv, with an accelerating
voltage of 36 kV, deduced for the deuterium beam
extraction of 120 kV and 65 A. We assumed that
almost all ions in the transient region, originated
from the theory of plasma-sheath transient [9],
flowed into the accelerating high voltage region in
which there was the extracted ion beam flow. The
ions in the transient region have passed the
meniscus with the initial movement of ion sound
velocity, ¢, = T, / m,, where Te =5eV. The
meniscus was the boundary on that the
accelerating electric field was zero between the
transient region and the accelerating region. Thus,
we estimated that the ion saturation current from

a Langmuir probe was the same as the extractible
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Fig. 3. An Example of Time Evolution for the
Result of Discharge Experiment

ion current. Therefore, the perveance matched
beam current can be deduced with an estimated
perveance value, for the extraction voltage.

4. Results and Discussion

An example of time evolution for the result of
discharge experiment is shown in Fig. 3. For this
discharge result, the filament power supply was
operated by the constant voltage (CV) mode to
maintain the stable filament heating temperature
during the discharge period. The filament current
was decreased during the discharge because of the
increase of filament resistance and the power
loading to filaments from the plasma. The arc
power supply was operated by constant voltage
{CV) mode, but its result was likely to be as the

1000 T . T y T
800 ‘
600 -
400 .

Arc Current [A]

200

Z‘ L] T T v T

= 0012 |+ B

€ ol

a=> s AV413

= 0.008 |- " iy E

(&)

c AV=12§

(=]

~§ 0.004 .

5 L

© " ——— e

) 0.000 fuswms FV=10V

S ] N 1 . |

- -300 -200 -100
Time [ms]

Fig. 4. Typical Discharge Characteristics of
Emission Limited Mode

constant current mode since the arc current was
initially over the maximum output current of
power supply, 1200 A. Thus, the output of arc
voltage was also less than initially setting value of
100 V. Figure 4 shows a typical discharge
characteristic of emission limited mode. The arc
current and ion saturation current were increased
as the increase of filament heating temperature
(filament voltage, FV). This result shows that the
arc discharge can be controlled easily by the
emission limited mode with filament heating
temperature. The arc current (/) and plasma (ion)
density (n,) are shown in Fig. 5, as a function of
the filament heating voltage. The arc voltage and
ion density were dramatically increased by the
slight increase of filament voltage. The maximum
ion density, 8 x 10" e¢m?, with optimum arc



Discharge Characteristics of a KSTAR NBI lon Source --- D.H. Chang and B.H. Oh

—_— 8.00E+011
vl 7] gieomer #
47.00E+011 E
__ 1000} S,
$ ] 4 6.00E+011 -é"
£ 8&op °] 5.00E4011 2
@ @
5 soo} g 44004011 O
[ =
% Ja00Es011 &
. 400 g b
< 42.00E+011 ©
200 c 41.00E+011 &
oo 8
et be ittt d 0004000 T

100 105 1.0 115 120 125 130

Filament Voltage [V]

Fig. 5. Arc Current (I,.) and lon Density (n,) as
Filament Heating Voltage (FV)

L] v L) v v LA
& 8.00E+011 | o0
) 4
E 70084011 | Fvatorav 4
2 6.00E+011 | 4
k] t
S 5.00E+011 | o 5
a
4.00E+011 b 4
= o®©
L a.00E+011 | .
S 200E+011 } Q
% o
@ 1.00E+011 f ° 4
o
0.00E+000 L. A . —L 4

0

20000 40000 60000 80000 100000 120000

Arc Power [W]

Fig. 6. Variation of lon Density for the Discharge
Arc Power

current, 1200A, was 4 times larger than that
obtained in the previous discharge with the first
prototype ion source. The previous discharge was
controlled basically by a space charge limited
mode with fully heated filament current. Figure 6
shows the variation of ion density for the
discharge arc power, and the ion density was
increased linearly as the increase of arc power.
The discharge efficiency, estimated with the ratio
of extractible beam current to arc power, is shown
in Fig. 7. Optimum arc efficiency, 0.34 A/kW, of
plasma generator for the beam extraction was
obtained initially at 40~50 kW of discharge arc
power. Figure 8 shows the ion density for the
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discharge arc voltage and the operating gas
pressure, with filament voltage of 13 V. The
plasma (ion) density, which can also be considered
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as the discharge efficiency, was inversely
proportional to the operating pressure of
hydrogen gas but proportional to the arc voltage
of primarily fast electron energy. In the beam
extraction experiment, the range of filament
voltage (10~13 V) to control the discharge by
emission limited mode was very small for obtaining
the range of accelerating beam voltage, 10~80
kV, as shown in Fig. 9. This result shows that the
fine control of filament heating voltage is
indispensible for the experiment of beam

extraction, as the increase of the beam voltage.
Finally, the perveance matched extractible beam
current, es_timated with the ion saturation current
and with deduced perveance, 9.5¢ perv, is shown
in Fig. 10, as a function of the accelerating
voltage. The ratio of gradient grid voltage to the
total beam voltage (V,, / V,.) was 0.7, where V4
was the gradient grid voltage and V... was the total
accelerating voltage. The maximum extractible
beam current was about 35 A for the ion beam
extraction from hydrogen plasmas with the beam
voltage of 80 kV.

5. Conclusions

The discharge characteristics of a prototype ion
source was investigated for the NBI heating system
of KSTAR (Korea Superconducting Tokamak
Advanced Research) tokamak. The prototype ion
source was designed for the arc discharge of
magnetic bucket chamber with multi-pole cusp
fields. The ion source was discharged by the
emission-limited mode with the control of filament
heating voltage. It was found that the arc
discharge was controlled easily by the emission
limited mode with filament heating temperature.
The maximum ion density of 8 x 10" cm® with
optimum arc current and constant arc voltage was
4 times larger than that obtained in the previous
discharge with the first prototype ion source. The
previous discharge was controlled basically by a
space charge limited mode with fully heated
filament current. The optimum arc efficiency,
0.34 A/kW, of plasma generator was obtained
initially for the beam extraction of discharge arc
power, 40~50 kW. The plasma (ion) density and
arc current were proportional to the filament
voltage, but the discharge efficiency was inversely
proportional to the operating pressure of
hydrogen gas. It was found that the range of
filament voltage to control the discharge by
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emission limited mode was very small for the
range of accelerating beam voltage, 10~80 kV.
The fine control of filament heating voltage is
indispensible for the experiment of beam
extraction as the beam voltage changes. The
perveance matched extractible beam current was
estimated with the ion saturation current and
deduced perveance, 9.5¢ perv. The maximum
beamn current of 35 A, extracted from the beam
voltage of 80 kV, was estimated for the hydrogen
ion beam.
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