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ABSTRACT

A neutral beam injection (NBI) system has been developed and is being tested for an Experimental Advanced Super-
conducting Tokamak (EAST) device. The NBI system needs to be employed for an auxiliary heating and current drive
of EAST plasmas. The first long pulse ion source (LPIS-1) has been installed in the neutral beam test bed (NBTB) sys-
tem, and the performance is being tested in the NBTB. The LPIS-1 consists of a magnetic bucket plasma generator with
multipole cusp-fields and a set of tetrode accelerators with slit-type apertures (a transparency of 60%). The ion beam
trajectories of the accelerator column are estimated for the LPIS-1, including an original structure, with the change of
slit aperture distance, plasma grid shape, grid gap distance, and voltage ratio between a plasma grid and a gradient grid
using the IGUN code. This kind of calculation for the ion beam trajectory may be useful for the estimation of beam ex-
traction characteristics and the direction of accelerator upgrade or modification, prior to the experiments of ion beam
extraction.
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1. Introduction

A neutral beam injection (NBI) system is essential for
next-generation fusion research devices, such as the In-
ternational Thermonuclear Experimental Reactor (ITER),
as an auxiliary heating and current drive because of the
high performance required for long-pulse or continuous
steady-state burning-experiments [1,2]. Worldwide, large
tokamaks such as JET (EU), TFTR (USA), DIII-D (USA),
JT-60U (Japan), and KSTAR (Korea) have used the NBI
system for high-performance operation during the last
few ten years and the recent operations [3-7]. The first
NBI system has been developed for the Experimental
Advanced Superconducting Tokamak (EAST) device [8,
9]. The first long pulse ion source (LPIS-1) was devel-
oped for the EAST NBI system, and the arc discharges of
the ion source were characterized for the EAST NB in-
jector [10-12]. The design requirements of the LPIS-1 for
the EAST NBI system were a 80 kV/70A deuterium ion
beam and a 100s beam pulse length [12], and the nominal
operation requirements for the ion source (IS) were a 50 -
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80 kV/40 - 70 A deuterium beam and a 10 - 100-second
pulse length [11]. The beamline components (BLCs) of
NBI were developed initially for a total neutral beam
power of 4 MW at 80 kV, originating from the deuterium
ion beams and injected into the core plasmas of the
EAST, with two LPISs in one beamline. The final desti-
nation of the EAST NBI system aims at the injection of a
deuterium beam power of more than 8 MW at a beam
energy of 80 keV through two beam lines. According to
the planned role of the NB injector, the NBI system will
be operated for beam injection into the EAST plasmas
from the 2014 EAST campaign, including the system
commissioning of each component and sub-system in the
NB test bed (NBTB) [12].

The first LPIS (LPIS-1) is composed of a plasma gen-
erator and a set of prototype tetrode accelerators. The
plasma generator and beam accelerator, called a US
common long pulse ion source (US CLPIS), were origi-
nally developed by General Atomics (GA) in USA [13,
14]. The LPIS-1 consists of a magnetic bucket plasma
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generator with multi-pole cusp fields, and a set of tetrode
accelerators with molybdenum slit apertures. The LPIS-1
has an overall beam extraction area of 12 x 48 cm” with
linear water-cooling channels along the short dimension
of every slit aperture array. The transparency of an ac-
celerator column in the ion source is 60% with 55 slot
apertures with a 5.4 mm slot distance. The BLCs of the
NBTB system include a neutralizer, a bending magnet
(BM), an ion dump (ID), a fixed calorimeter, and a cryo-
condensation pump system in a vacuum enclosure (a
cylindrical shape with a radius of 1.75 m and a length of
4 m) [8,9]. A beam duct will be connected between the
NB vacuum enclosure and the vacuum vessel of the
EAST device. The BLCs of the NBI system have been
designed for the installation of two ion sources in one
beamline. All data and parameters of the NBTB system
were controlled by a control and data acquisition (CO-
DAQ) system through PC-based monitoring, control, and
interlock systems based on an Ethernet interface.

The ion beam trajectories of the accelerator column
are estimated for the LPIS-1, including an original struc-
ture, with the change of slit aperture distance, plasma
grid shape, grid gap distance, and voltage ratio between a
plasma grid and a gradient grid using the IGUN code
[15]. The IGUN numerical simulation has been exten-
sively utilized for the design iteration. From the IGUN
simulation, divergence information and emittance infor-
mation are obtained as well as ion orbits. Ion optics of
various geometries were studied theoretically and ex-
perimentally by means of an analytic linear optics analy-
sis and a numerical simulation using the IGUN program
[16,17]. In general, there was a reasonable agreement
observed between the theoretical predictions and the ex-
perimental measurements. The deviation of the experi-
mental divergence angles from the IGUN can be ex-
plained by the fact that the multi-aperture system pro-
duces other effects that make the beam optics worse.
Furthermore, the difference in the optimum beam per-
veance (perv = A/V? x 107%, A: beam current [A], V:
applied beam voltage [V]) between the numerical calcu-
lation and experimental results must be caused mainly by
the accelerator structures and the effective ion mass.
However, this kind of calculation for the ion beam tra-
jectory may be useful for the estimation of beam extrac-
tion characteristics and the direction of accelerator modi-
fication, prior to the experiments of the ion beam extrac-
tion.

2. Simulation Methods for Optics Analysis

Divergence angles and an optimum beam perveance with
the different accelerator structures and aperture shapes
are obtained for the slot grid accelerator using the calcu-
lation of IGUN program. IGUN is a PC-based program
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for the simulation of positive ion extraction from the
plasmas [16]. The mathematical simulation of plasma
sheath is based on a simple analytical model, which pro-
vides a numerically stable calculation of sheath potential.
IGUN is able to determine the extracted ion current in
succeeding cycles of iteration. IGUN is also possible to
set values of current, plasma density, or ion current den-
sity. Either axisymmetric or rectangular coordinates can
be used, including axisymmetric or transverse magnetic
fields.

The accelerator of LPIS-1 consists of a set of tetrode
accelerators, including a plasma grid (Gl), a gradient
grid (G2), a suppressor grid (G3), and a ground grid (G4),
for dual-stage beam extraction through the slit apertures.
A conceptual drawing and symbols of the accelerator
column in the LPIS-1 for the beam extractions are shown
in Figure 1. The slit-aperture tetrode column is defined
in the figure. The first grid G1 defines the source plasma,
from which ions are extracted. The first gap extracts ions
from the G1 apertures and the second gap post-acceler-
ates the ion beam to a desired level. The third gap is used
to suppress the electrons of the gas-cell neutralizer plasma
from beams back-accelerated. The final grid G4 is a ref-
erence electrode connected directly to the ground poten-
tial during the beam extraction.

For the calculation of the IGUN code, five variations
of the accelerator structure are estimated for the LPIS-1.
The dimensions of the five variations for the accelerator
structure are specified in Table 1. The voltage ratios be-
tween G1 and G2 are varied with 80%, 83%, and 86%
for the calculation of every structure. A G1 voltage of 80
kV and G3 voltage of —3.0 kV are used for this simula-
tion. Type-1 has the same structure as the present LPIS-1
in the NBTB system. For Type-2, the slot distance be-
tween G1 and G2 is reversed. This means that the slot
distance of the plasma grid is longer than the gradient
grid. For Type-3, the grid shape of G1 is a rhombic one,
which is the same structure as the original US CLPIS,
even though the grid thickness is slightly lower than the
present circular shape in the LPIS-1. The first gap dis-
tance between G1 and G2 is only reduced to 3.5 mm
from 4.5 mm in Type-4. The first gap (between G1 and
G2) and the second gap (between G2 and G3) are re-
duced to 3.5 mm and 9.0 mm from 4.5 mm and 11.0 mm,
respectively, in Type-5.

Figure 1. Conceptual drawing and symbols of accelerator
column for the LPIS-1 of EAST NBI system.
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Table 1. Dimension of the five variations for the accelerator structure.

Type a a a3 a4 t t t 4 d d; ds
I (Present) 2.7 29 22 2.9 3.6 32 6.0 32 45 11.0 25
2 29 2.7 22 2.9 3.6 32 6.0 32 45 11.0 25
3(CLPIS) 2.7 29 22 29 2.8 (Rhombus) 3.2 6.0 32 45 11.0 25
4 2.7 2.9 22 2.9 3.6 32 6.0 32 35 11.0 25
5 27 29 22 2.9 3.6 32 6.0 32 3.5 9.0 25
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Figure 2. Examples of the calculation for ion beam trajectories with an ion mass of 2 (pure deuterium beam) by using IGUN
code: (a) Type-1; (b) Type-2; (c) Type-3; (d)Type-4; (e) Type-5.
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3. Simulation Results and Discussion

Figure 2 shows an example of calculated ion beam tra-
jectories near the optimum beam perveance, passing
through the accelerator column of the five accelerator
structures. The calculated RMS (root-mean-square)-di-
vergence angle vs beam perveance for the five accelera-
tor structures are shown in Figure 3. The perpendicular
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divergence angle of LPIS-1 is acceptable up to 1.2 de-
grees based on the design requirement of the EAST NBI
system. Optimum beam perveances of five accelerator
structures are ~2.1 (Type-1), ~2.0 (Type-2), ~2.0 (Type-
3), ~2.4 (Type-4), and ~2.7 (Type-5) uperv, respectively.
The input values of the ion current density for the IGUN
simulation are varied to within 80 - 230 mA/cm”. It can
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Figure 3. RMS-divergence angle of five accelerator structures: (a) Type-1; (b) Type-2; (c) Type-3; (d)Type-4; (e) Type-5.
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be found that an optimum beam perveance must be in-
creased with an increase in the divergence angle when
the voltage ratio between G1 and G2 is gradually de-
creased. On the other hand, an optimum beam perve-
nance is decreased with a decrease in divergence angle
when the voltage ratio between G1 and G2 is increased.
This implies that the voltage ratio between G1 and G2
should be decreased to increase the extractable beam
current. However, the beam divergence angle must be
increased in this situation. The big increase in the ex-
tractable beam current can be obtained with the reduction
of the first and second gap distances. However, the capa-
bility of high voltage holding during the beam extraction
process should be considered in the reduced gap dis-
tances. The heat load on the grid surface should always
be considered whenever the applied voltage ratio and
source plasma density (source ion density) are changed.
The experimental results of the Type-1 and Type-3
accelerators were reported for the DIII-D NBI ion source
[18]. An optimum beam perveance of ~2.7 uperv for
Type-1 was observed experimentally by the measure-
ment of G2 currents and the diagnostics of the optical
spectrometry. An optimum beam perveance of Type-3
was ~2.8 uperv. For the LPIS-1 of EAST NBI system, it
can be decided that the relationship of Type-1 between
the experimental and simulated results (using the IGUN
code) is Pey, = CP,, where Py, is the experimental op-
timum perveance, C is the weight coefficient (1.29 for
the LPIS-1) depending on the accelerator type, and P, is
the calculated beam perveance. The deviation of the ex-
perimental divergence angles from the IGUN can be ex-
plained by the fact that the multi-aperture system pro-

duces other critical effects that make the beam optics bad.

In general, the beam optics depends severely on the ac-
celerator structures, aperture shape, fabrication precision,
aperture alignment, and effective ion mass.

4. Conclusion

The ion beam trajectories of the accelerator column in
the LPIS-1 are estimated for the EAST NBI system with
the change of slit aperture distance, plasma grid shape,
grid gap distance, and voltage ratio between a plasma
grid and a gradient grid using the IGUN code. The varia-
tion of voltage ratio between plasma grid (G1) and gra-
dient grid (G2) affects the extractable beam current and
beam divergence angle. A big increase in the extractable
beam current can be obtained with a reduction of first
and second gap distances in the accelerator column. The
capability of high voltage holding during the beam ex-
traction process should be considered in the reduction of
the gap distances. The calculation of the ion beam tra-
jectory may be useful for the estimation of beam extrac-
tion characteristics and the direction of accelerator modi-
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fication, prior to the experiments on ion beam extraction.
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