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The use of cesium leads complicates ion source operation and requires regular maintenance for continuous
operation. The development of a negative-ion source without Cs seeding is desired in neutral beam injectors.
A magnetized-sheet plasma producing negative ions using volume production without Cs seeding was designed.
The experiment was performed by a TPDsheet-U and tested using steady-state hydrogen plasma. Two different
types of grid structures were used in the experiment to extract the negative-ion beam: single- and multi-aperture
grids. The multi-aperture grids have been developed to achieve more beam current. The negative hydrogen
ions were successfully extracted from the sheet plasma using both single- and multi-aperture grids. The current
densities of the ion beams increased with increasing discharge current and extraction voltage. At an extraction
voltage of 9.5kV and a discharge current of 80 A, the approximate current density of the negative hydrogen ion
beam was 8.4 mA/cm? for the case of single-aperture grids. At an extraction voltage of 9.5kV and a discharge
current of 50 A, the approximate current density of the negative hydrogen ion beam was 23 mA for the case of
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multi-aperture grids.
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1. Introduction

Neutral Beam Injection (NBI) is an effective heating
system used in International Thermonuclear Experimental
Reactors (ITER). Negative-ion sources play an essential
role in NBI systems that use steady-state magnetic nuclear
fusion. At the ITER in Provence, France, a negative deu-
terium ion source has to deliver a stable extracted current
of 57 A for 3600 s in deuterium and 66 A for 1000 s in hy-
drogen at a source pressure of 0.3 Pa (corresponding to cur-
rent densities of 28.5 mA/cm? and 33.0 mA/cm?, respec-
tively), and the ratio of the co-extracted electrons to the ex-
tracted ions must be kept below unity [1-3]. Negative-ion
source development for ITER NBI systems is driven and
iteratively adjusted from the prototype source (BATMAN)
via the half-size ITER source (ELISE) to the ITER sources
(SPIDER) [4-7]. The application of cesium reduced the
plasma grid surface work function, and the negative ions
are formed by converting impinging atomic and ionic par-
ticles. Thus, cesium is useful for efficient negative-ion for-
mation. Most of the negative-ion sources, including ELISE
and BATMAN, used in fusion devices operate using the
surface production applied cesium to increase negative-ion
current. However, cesium adsorption and distribution are
complex processes, and most negative-ion sources require
regular maintenance for continuous operation [8]. Conse-
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quently, it is beneficial to explore alternatives that would
either reduce the amount of cesium consumed or not re-
quire its use at all. Thus, we are strongly motivated to
develop a Cs-free negative-ion source.

Sheet plasma is one example of a Cs-free ion source.
Uramoto demonstrated that H™ ions are efficiently pro-
duced in a thin plasma sheet [9, 10]. However, the optimum
H™ current density in a mixed hydrogen-argon plasma is
only 0.309 mA/cm?, which is far below the high H™ cur-
rent density achieved by pure volume production in hydro-
gen infused with argon gas.

We developed a magnetized-sheet plasma produced
by a Test plasma Produced by Direct current for Sheet
plasma Upgrade (TPDsheet-U) to produce and control neg-
ative hydrogen ions in plasma [11-13]. In the central re-
gion of the magnetized-sheet plasma, the electron tempera-
ture is approximately 10- 15 eV; however, only 1 eV at the
periphery. As the high- and low-energy electron regions
are narrowly spaced (by 10 - 20 mm), the magnetized-sheet
plasma is suitable for generating negative hydrogen ions
[14]. Due to the minimal plasma thickness, the geometry
of the magnetized-sheet plasma crossed with that of the
vertical gas flow is nearly one-dimensional, ensuring that
the H™ ions can be quantitatively analyzed in this system.

This study is a work in progress toward realizing a
Cs-free negative-ion source. The development of Cs-free
negative-ion source was conducted on TPD-Sheet IV us-
ing single-aperture grids [15]. In this study, we devel-
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oped multi-aperture grids to achieve more beam current
from the sheet plasma. Last year, the plasma source was
inherited and upgraded from TPD-sheet IV to TPDsheet-

U because of the extended size of multi-aperture grids.

The developed ion source has a larger extraction system
and enables the negative ions to be extracted from a larger
area of the sheet plasma. The extraction grids were moved
closer to the plasma source by about 0.3 m. The new de-
sign is expected to increase the negative-ion current. The
negative-ion density (n;;) was previously measured using
an Omegatron mass spectrometer [16], and the hydro-
gen/deuterium negative-ion beam was also measured us-
ing single-aperture grids on TPD-Sheet IV (before the up-
grade) [17, 18]. The present experiment was conducted on
TPDsheet-U for both single- and multi-aperture grids. In
section 2 “Experimental Setup,” we describe the Cs-free
negative-ion source TPDsheet-U and basic design of multi-
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2. Experimental Setup

Our entire experimental setup is simply the linear
plasma device TPDsheet-U shown in Fig. 1(a) [18, 19].
The plasma is divided into two regions: the sheet plasma
source region and the experimental region. Hydrogen
plasma is produced by a modified TPD-type discharge be-
tween an LaBg hot cathode and a hollow anode. The cath-
ode is composed of a tungsten filament, tungsten needle,
and a fragment of LaB¢. The anode slit is 2 mm thick and
40 mm wide. The thermionic emission of LaBg generates
an arc discharge plasma. The generated plasma is com-
pressed into a sheet by passing it through the slits of the
floating electrodes and the anode (see Fig. 1 (b)). The sheet

aperture grids. In section 3 “Result and Discussion,” we in-
troduce the characteristics of the developed extraction sys-
tem and single-aperture grids on TPDsheet-U.

plasma is led to the experimental region under the station-
ary magnetic field generated via 7 rectangular coils and ter-
minated by an electrically floating, water-target plate axi-
ally positioned at 0.5 m (along the Z-axis) from the dis-
charge anode. The plasma is generated under a hydrogen
gas flow of 75 sccm. The discharge current is varied from
30 to 100 A. The discharge power has a maximum value of

12kW.

The extraction system is set at the downstream of the
sheet plasma region. The pumping systems are connected
to both ends of the chamber in the experimental region.
The gas pressure in the extraction system is held below
0.3Pa. The rectangular magnetic coils create a uniform
magnetic field in the extraction system. In the extraction
region, the production and extraction of negative ions are
conducted. Figure 1 (c) shows a schematic diagram of the
extraction system. The chamber of the extraction system is
mainly made of SUS304. Two different types of grid struc-
tures are used to extract the negative-ion beam: single-
aperture grids and multi-aperture grids. The multi-aperture
grids are designed to get more beam current from the sheet
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Fig. 1 (a) Schematic of the experimental setup of TPDsheet-U. (b) Schematic diagram of a TPD plasma source. (c) Schematic diagram

of the extraction system.
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plasma. The negative hydrogen ion beam is extracted by
a two-grid extraction system located at the periphery of
the sheet plasma as shown in Fig. 1 (c). The first (plasma-
facing) and second grids are called the plasma grid (PG)
and the extraction grid (EG), respectively. PG is approxi-
mately 180 mm high X 70 mm in size, and EG is approx-
imately 160 mm high X 60 mm in size in multi-aperture
grids. Each grid features 39 apertures, and each beamlet
group is made of apertures arranged in a 13 x 3 grid. For
single-aperture grids, PG has 4-mm aperture, EG has 8-
mm aperture, and the gap between the grids is 6 mm. For
the multi-aperture grids, PG has 4-mm aperture, EG has
6-mm aperture, and the gap between grids is 6 mm.

PG is grounded and has the same voltage as the re-
mainder of the TPDsheet-U. A maximum voltage of ap-
proximately 10kV is applied between PG and EG, so that
in the vicinity of the PG apertures the electric field extracts
the negative ions from the periphery of the sheet plasma
toward the collector. Since the extraction direction is per-
pendicular to the magnetic field, the extracted ion beam is
deflected by a magnetic force. For a field strength of 40 mT
and an extraction voltage of 10kV, our calculations show
that the Larmor radius is 36 cm for fully accelerated H™
ions. The extracted ion beam hits the collector placed at
a position within the Larmor radius. The extracted current
densities J. and J, are measured at the collector and EG,
respectively.

3. Results and Discussion

Figure 2 shows that the extracted current density in-
creases linearly with the input extraction voltage, Vi, for
the case of single-aperture grids. For single-aperture grids,
Je and J, are measured in the peripheral region at a dis-
tance of 24 mm from the center of the sheet plasma. The
discharge current, I3, hydrogen gas pressure and magnetic
field strength, B, are 80 A, 0.3 Pa and 40 mT, respectively.
B had already been optimized for extracted negative-ion
current density, J, in a previous experiment [19]. At an
extraction voltage of 9.5kV, the approximate H™ current
density is 8.4mA/cm?. Figure 2 shows that the extracted
ion current density, J., still increases with Vi, and the sat-
uration of J. and J, is not observed.

Figure 3 shows a plot of the extracted current density,
J, versus the discharge current at an extraction voltage of
9.5kV for the case of single-aperture grids. The gas pres-
sure is fixed at 0.3 Pa, and the magnetic field strength is
40mT. J. and Jg linearly increase with the discharge cur-
rent. This result confirms that the extracted ion current
density can be increased by increasing the discharge cur-
rent. The ratio of the inevitably co-extracted electrons to
the negative ions needs to remain below unity. The ex-
tracted current density is 3-7 times larger than the ex-
tracted ion current density. Currently, we are working on a
way to prevent the impinging of electrons onto the grids by
installing a tiny fence near the extraction aperture on PG.
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Fig. 2 The extracted current density, J, as a function of the ex-
traction voltage, V., in the peripheral region at a distance
of 24 mm from the center of the sheet plasma for the case
of single-aperture grids.

——Jc
;o;//

40 50 60 70 80
Discharge current 7 [A]

5~ 100

2

Extracted current density J [mA/cm
o
o

Fig. 3 The dependence of the extracted current densities on the
discharge current, Iy, for an extraction voltage of 9.5kV
for the case of single-aperture grids.
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Fig.4 The extracted current, /, as a function of the extraction
voltage, Ve, for the case of multi-aperture grids.

The multi-aperture grids have been optimized for
negative-ion beam current from the sheet plasma. The
extraction experiment is conducted via a developed de-
vice. Figure 4 shows a plot of the extracted current, 1,
for multi-aperture grids versus the extraction voltage. The
gas pressure is 0.3 Pa, and the magnetic field strength, B,
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Fig. 5 The dependence of the extracted current, /, on the dis-
charge current, /y, for an extraction voltage, Ve, of SkV
for the case of multi-aperture grids.

is 40 mT. The negative hydrogen ions are successfully ex-
tracted from the sheet plasma. The extracted current, I,
increases with the extraction voltage. The negative-ion
beam current is obtained by multiplying the current den-
sity by the extraction area (4.9 cm?, 39 apertures). At an
extraction voltage of 9.5kV and discharge current of 50 A,
the approximate H™ current is 23 mA (Corresponding ex-
tracted current density is 4.7 mA/cm?). The behavior of
the extraction voltage is in good agreement with that for
single-aperture grids as shown in Fig. 2.

Figure 5 shows a plot of the extracted current, I, ver-
sus the discharge current at an extraction voltage of SkV
for the case of multi-aperture grids. The gas pressure is
0.3 Pa, and the magnetic field strength is 40 mT. The ex-
tracted currents /. and /, are linear functions of the dis-
charge current and therefore can be increased by increasing
the discharge current. I, is 7-10 times larger than /.. The
dependence on discharge current for multi-aperture grids is
in good agreement with that for the single-aperture grids.
The gray colored plot in Fig. 5 shows the results for single-
aperture grids. The extracted current, 1., for multi-aperture
grids is 36 times larger than that for single-aperture grids.
The multi-aperture grids have 39 (¢4 mm, 3 x 13) holes to
extract negative ions; thus, /. is directly proportional to the
number of apertures.

To reach ITER’s requirement, the negative-ion current
density, J., and the current, /., need to increase. Meth-
ods used to increase J. include: increasing the discharge
current to generate high negative ions, increasing the ex-
traction voltage, and reducing the gap between the extrac-
tion grids because according to Child’s law, J; is inversely
proportional to the gap between grids. Using any of the
methods will also increase /. since it increases withJ.. In-
creasing the extraction area will also help. This is why the
geometry of the extraction grid will be changed from that
of a circle to that of a slit.

4. Conclusions
A Cs-free negative-ion source is designed using

TPDsheet-U. The experiment is conducted using both
single- and multi-aperture grids. This paper shows the ba-
sic design of multi-aperture grids and clarifies the basic
characteristics of the developed system. The results are
summarized below.

1. The negative hydrogen ions in the sheet plasma are
successfully extracted onto the single/multi-aperture
extraction grids.

2. The extracted ion current density, J., increases with
increasing discharge current, I, and extraction volt-
age, Vex. At an extraction voltage of 9.5kV and
a discharge current of 80 A, the current density, J.,
of the negative hydrogen ion beam is approximately
8.4 mA/cm?.

3. The extracted ion current, /., increases with increas-
ing discharge current, /4, and extraction voltage, Ve.
At an extraction voltage of 9.5 kV and a discharge cur-
rent of 50 A, the extracted ion current, I., of the neg-
ative hydrogen ion beam is approximately 23 mA.
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