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Abstract

For the effective design of a beam forming structure of the negative-ion-based neutral beam injector,
a comquter program based on a particle simulation model is developed for the calculation of charged
particle motions in the electrostatic fields. The motions of negative ions inside the acceleration tube
of a multiple-aperture triode are computed at finite time steps. The electrostatic potentials are obtained
from the Poisson’s equation by the finite difference method. The successive overrelaxation method
is used to solve the matrix equation. The particle and force weighting methods are used on a cloud-
in-cell model. The optimum design of the beam forming structure has been studied by using this
computer code for the various conditions of elctrodes. The effects of the acceleration-deceleration
gap distance, the thickness of the deceleration electrode and the shape of the acceleration electrode
on beam trajectories are exmined to find the minimum beam divergence. Some numerical illustrations
are presented for the particle movements at finite time steps in the beam forming tubes. It is found
in this particle simulation modelling that the shape of the acceleration electrode is the most sign

ificant factor of beam divergence.
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Particle Simulation Modelling of a Beam Forming Structure

1. Introduction

At the primary-heating stage of tokamak operation
the plama temperature can be raised by an Ohmic
heating method. However, as the temperature rises,
the resistivity n decreases as T **, so that Ohmic heat-
ing becomes less and less efficient to heat the plasma.
At the same time, the power losses due to bremsst-
rahlung increase as T' *. and consequently the radiative
losses overcome Ohmic heating at some point of heat-
ing period. Since the plasma current density j is limited
by the MHD instability. the power density nj* from
Ohmic heating also has a limit. Hence this heating
approach quickly reaches a point of diminishing retur-
ns, and other means of heating the plasma to reactor
conditions have to be found.' ® The various auxiliary
heating methods have been proposed. and to date
the most feasible methods are radiofrequency (RE)
heating, adiabatic compression heating. and neutral
beam injection heating.' * For the neutral beam heating

of the tokamak. a high current ion beam. typically in
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20~100 keV and 200~ 2000 kW ranges. is accelerat-
ed by a multiaperture ion source and is converted to
a neutral atom beam by the charge exchange in a gas
cell.

Fig.1 shows a schematic diagram of a neutral beam
injector for the SNUT-79 tokamak in our laboratory.
" Particularly the beam forming element of the system.
i.e.. the accelerator, makes the H ion beam accelerate
up to the desired particle energy and travel in parallel
with the accelerator tube axis. In the design it is required
to minimize the divergence of the accelerated beam
and to handle large total ion currents in the range of
several hundred amperes.

In this work the motions of ions inside the accelerator
of the neutral beam injector are found as time passes
by the particle simulation method for electrostatic sys-
tems. The electrostatic potentials are obtained from
the Poisson's equation by the finite difference method.
and the motions of negative ions inside the beam for-
ming tube of a multiple-aperture triode are computed
at finite time steps. The successive overrelaxation

method is used to solve the matrix equation, and the
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particle and force weighting methods are adopted for
a cloud-in-cell model. The effects of the acceleration-
deceleration gap distance, the thickness of the decele-
ration electrode. and the shape of the acceleration
electrode on beam trajectories are examined by the
calculations obtained from the particle simulation. As
a result an optimum design of the beam forming st-
ructure for the negative-ion-based neutral beam injector
is found to minimize the divergence of the negative

hydrogen ion beam.
2. Electrostatic Programs

2.1. Overview of computational procedure

The charged particles in the beam forming structure
of the neutral beam injector move by the forces pro-
duced by their own and applied electric fields. The
initial conditions for particle positions and velocities
are given at the initial time, and the boundary condi-
tions for the electrostatic potentials are prescribed at
the electrode boundaries. The fields in the accelerator
are calculated from the initial charge densities by the
Poisson’s equation. The particle movements are then
found in these fields by finding the forces exerting on
particles from the single-particle equations of motion.
Next. the changed electric fields due to charged par-
ticles at new positions and velocities are recalculated.

This procedure is repeated for the prescribed time
steps. In this process, to obtain the field quantities. it
is necessary to do some weighting to the grid points,
which is dependent on the particle position. After the
fields are calculated at the grid points. the electric fields
generating the force on the particles are interpolated
from the grid fields by performing a weighting again.
Fig.2 shows an overall scheme of the computational

procedure.

2.2. Integration of equations of motion
Two first-order differential equations integrated se-

parately for each particle are
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Fig.2 Overall Scheme of Computational Procedure.

These equations are replaced by the finite difference

equations:

Vnew —Vold (2)
m——————— =Fod.
~t Fou
Xnew—Xold =y
At new:

In this replacement the leap-frog method is used
because of its simplicity and accuracy.” The particle
movements in time and the time-centering are depicted
for the leap-frog method in Fig.3. The calculations
advance from vi—ayz and x¢ o viravz  and  Xea
respectively, even though y and x are not known

at the same time. Initially, v(o) is pushed back to
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Fig.3 Leap-Frog Method.

2.3. Integration of field equations

The electric fields are obtained from Maxwell’s eq-
uations by assigning charge densities to grid points
in the accelerator. The accelerator can be considered
as an electrostatic system. in which the electric field
E is determined by the electrostatic potential ¢ so that

E=vg. (3)

2B
at=0, Substitution of Eq.(3) into Gauss’
law vields the Poisson’s equation;

sinceY XE=—

v P (4)
vie= E.

where ¢ is the electrical permittivity, and p the charge
density.
The finite difference form of Eq.(4) can be written

in a two-dimensional beam forming structure as

¢ t15—2 @ st Pris + Prsc1—2 G st @rst
hx? h?

_PxeYs)
&

(5)

where r and s designate the grid points, and hy and
hy are the grid intervals in x and y directions, respec-
tively. This equation is to be solved by the successive

overrexation method in the iterative scheme.

2.4. Weighting methods for particle and force

It is necessary for the determination of the electric
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fields at the grids to calculate the charge densities at
the grid points by knowing the charged particle pos-
itions. calculations of the forces exerting on the par-
ticles are carried out after the electric fields at the grids
are obtained. These calculations are called weighting,
and they imply some form of interpolation among
the grid points nearest to the particle. It needs some
care to use the same weighting in both the density

and force calculations in order to avoid a self-force.
One of the weighting methods is the zero-size-particle

and nearest-grid-point method (ZSP-NGP),” which
s inaccurate due to the noise at the space and the
time. The cloud-in-cell (CIC) weighting'” has thus been
picked up in this work. In the CIC method the particle
coordinates (xy) are taken to be at center-of-mass and
center-of-charge of charged clouds of finite extent. The
particles have finite size, are tenuous, and may pass
through one another. Thus, the particles are called
clouds. The charge density to be assigned to the points
in a spatial grid is obtained by sharing the charges at
several points by linear interpolations. For a large
mumber of clouds, the charge density at an (ij) grid
point is obtained by summing over the clouds as

r (i~j):¥Aij clxy), (6)
where #.(xy) is the density of the cloud at (xy). and
Ay; is the area of the cloud appearing in the cell cen-
tered at ij divided by the area of the cell. The cloud
size is taken as that of the cell size in this work. In case

of Fig4. the weights for charge densities are given by
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Fig.4 Assignment of Charge Density to Grid Points for
CIC Model.
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P+ 15)=p N
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Pli+1lj+1)=p—2
(i+1j+1)=e0, Ay

(Ax-xly,
AXAY

plij+1)=p,
where @, is the charge density uniformly filling a cell
{Coulomby/cell), and the charge position (xy) is mea-
sured from the lower left-hand grid point.

For the force weighting the CIC method uses the
electric force on a cloud as that averaged over the

cloud as given by

E(qu)eﬂecuvez c%ﬁuED (8)

The E; are the fields at the grid points where the
parts of the cloud are assigned.

3. Beam Forming Structure Design

3.1. Design consideration
In designing the accelerator, a careful attention has
to be paid to the fact that the extraction ion beam
current [ is inversely proportional to the square of the
gap distance d between the electrodes, and that the
aperture diameter is less than or equal to d to minimize
the extraction beam divergence. For this reason the
multiple aperture electrode is used for large current,
and the items which must be considered in the design
of the beam forming structure are'
{1) Beam energy and power,
{2) the number and the gap distance of the elect-
rodes,
(3) transparency of the extraction aperture to the
extraction plane,
{4) beam divergence.
The beam energy is high enough to assure the

adequate penetration into the plasma before ionization
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and trapping occur, but not so high that a substantial
fraction transverses completely and is wasted or causes
demnage on the other side of the container. The beam
power is high enough to provide the desired heating
of the plasma. For the number and the gap distance
of the electrodes affect the beam divergence, these
relevant facts are to be determined. The transparency
of the extraction aperture to the extraction plane has
effects on the beam current, electrode heating, and
electric field shape.

3.2. Design parameters

The beam energy depends on the direction of the
neutral beam injection and the thickness of plasma.
In case of the perpendicular injection, the beam penet-
ration thickness D is na where n{cm™) is the plasma
density and alcm) is the plasma radius. In consequence

of the experiment™ '

D=5.5x10"E,(cm™), (9)
where Ey(eV) is the beam energy,

E,=182 x10"ra. (10)

Therefore the plasma density and the minor radius
determine the injection beam energy. The power nee-
ded to sustain a plasma volume V( /) with a mean
density fi{cm™), ion and electron temperatures Ti and
Te (keV), and the energy confinement time 7(ms) is
given by

P(kW)==24x10 "n(T; + TV /¢ (11)

The beam energies of 15~20keV are used in this
particle simulation accelerator design. The plasma
density of 10" cm™, the plasma temperature of 100eV,
the plasma volume of 500 liters, and the energy con-
finement time of 10 ms are taken in the simulation
for the SNUT-79 tokamak. With these values and Eq.
(11) the beam power required becomes 24kW.

The transparency of the extraction aperture to the
extraction plane is considered to be 40~ 50%.Generally

the diode is used for several keV, the triode is used
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for scores of keV, and the tetrode is used for the beam
energy more than 100keV. For the SNUT-79 tokamak
the beam energy is 3~30keV so that the triode is taken
for the number of electrodes. By experiment the relation

between discharge voltage V,, and gap distance d for
the triode is

Vp=({8x10'~10°)d. {12)

The triode has three electrodes which are the ac-
celeration electrode, the deceleration electrode, and
the ground electrode. The acceleration-deceleration
gap distance has to be greater than 2.5mm by Eq.(12)

With the design parameters mentioned above, var-
jous electrode shapes and the arrangements of elec-
trodes are experimented by the computer simulation

to minimize the ion beam divergence.
4. Results and Discussions

The effective design of the beam forming tube of
the neutral beam injector has been performed by
making use of a computer code developed in this work
by changing three factors in proper order. At first stage.
the alteration of the deceleration electrode positions
is made. The effect of the deceleration electrode thic-
kness is considered at second stage. Finally the shapes
of the acceleration electrode are varied while the po-
sition and thickness of the deceleration electrode are

fixed. The parameters used in this calculation are listed
in Table 1.

Table 1 Parameters Used for Calculations
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Fig.5 Effect of Deceleration Electrode Position on Par-

ticle Movements at Finite Time Steps.

Fig.5 shows the motions of the particles as the de-
celeration electrode positions are varied. The system
consists of the acceleration electrode and the ground
electrode, -20kV and 0OV, respectively, and deceleration
electrode of 1kV. Each beam-path column appeared
from the left side shows the motions of the particles
at each finite time step. The heads and lengths of the
arrows indicate the directions and normalized magni-

Number of hydrogen
negative-ion particles '
Physical length of system
Number of grids
Proceeding time
Number of time steps to run
Initial velocity
of particles of 10eV
Plotting interval

32

1.4%10 *m, 810 *m
28x16 or 56x32

10 %

30

3.093x10* mvs
2x10 %
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tudes of the negative ion velocities, respectively. The
number of grids used in the calculation is 28X 16. In
Fig.5(a), the deceleration electrode is close to the ac-
celeration electrode as possible as it can. It can be easily
seen that the diverge of the particles as time passes
is severe. In Fig.5(b) where the deceleration electrode
is moved toward the ground electrode, the tendency
of divergence is improved. In consequence of calcula-
ting the various cases, it is found that the position of
the deceleration electrode is appropriate at 2/3 of the

gap between acceleration and ground electrodes.

(a)y

(b}

Fig.6 Effect of Deceleration Electrode Thickness on

Particle Movements at Finite Time Steps.

Fig.6 tells the effect of the deceleration electrode
thickness while the deceleration electrodes are placed
on the same positions. It is seen in this figure that
the positions and the velocities of the particles are
not changed with the deceleration electrode thickne-
sses. The results show that the thickness of the dec-
eleration electrode does not affect the motions of the

particles.
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Fig.7 Effect of Acceleration Electrode Shape on Particle

Movements at Finite Time Steps.

The effect of the acceleration electrode shape is
considered inFig.7, in which the number of grids used
in the calculations is 56X 32 to make the accelerator
electrode shape diverse. The corner of the acceleration
electrode is cut a little in Fig.7(a), and the results show
that the divergence diminshes. InFig.7(b) the corner of
the acceleration electrode is cut wholly. The waist of
the beam is formed near the deceleration electrode,
and the beam divergence is improved markedly. But -
there are some diverging particles at the beam edge
and they will leave the designed path during the
motion toward the port of the tokamak, When one
desires to determine the shape of the acceleration
electrode, the fabrication has the be considered. The
hole of the acceleration electrode is made by a drill,
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and one of the shape that can be made is shown in
Fig.7(c). In this case the waist of the beam is not seen
in the acceleration tube and the beam form is much
improved. Also the equipotential lines are flatter and
smoother than before. Consequently it is concluded
that the shape of the acceleration electrode has the
most significant effect on the beam form and diverg-
ence, and that the beam forming structure of the
injector in Fig.7(c) is desirable for the effective neutral
beam injection.

5. Conclusions

A computer program calculating the motions of
charged particles in the electrostatic field is made, and
a particle simulation mode! is found for the optimum
design of the beam forming structure of the neutral
beam injection system used for the the auxiliary
heating fo a tokamak.

It is found in this particle simulation modelling that

i) the position of deceleration electrode is approp-
riate at 2/3 of the acceleration-ground electrode gap
for minimizing the divergence fo the particles, ii) the
effect of the thickness of the deceleration electrode
can be negligible to the motions of the particles, and
iii) the shape of the acceleration electrode has the
most significant effect on the beam forming and
divergence. A hat-shaped acceleration electrode shown
in Fig.7(c) is desirable for the effective neutral beam

injection.
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