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The study of an ion beam transport mechanism contributes to the production of a good qual-
ity ion beam with a higher current and better beam emittance. The simulation of an ion beam
provides the basis for optimizing the extraction system and the acceleration gap for the ion
source. In order to extract an ion beam from an ion source, a carefully designed electrode sys-
tem for the required beam energy must be used. In our case, a self-extracted penning ion
source is used for ion generation, extraction and acceleration with a single accelerating gap for
the production of neutrons. The characteristics of the ion beam extracted from this ion source
were investigated using computer code SIMION 8.0. The ion trajectories from different lo-
cations of the plasma region were investigated. The simulation process provided a good plat-
form for a study on optimizing the extraction and focusing system of the ion beam trans-
ported to the required target position without any losses and provided an estimation of beam

emittance.
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INTRODUCTION

The compact electrostatic accelerator-based
neutron generator has been extensively used by the
scientific community throughout the world for scien-
tific research in many fields, including instrumenta-
tion neutron activation analysis (INAA), prompt
gamma activation analysis (PGAA), fast neutron anal-
ysis (FNA), thermal neutron analysis (TNA), etc. [1].
Because of an increase in acts against humanity all
around the world, in the last decade the importance of
equipment for the detection of explosives, narcotics,
special nuclear materials, efc., has been realised. To
accelerate the process of putting together a turnkey
system for the detection of illegally transported items
through various routs, we have started working in this
direction. A compact neutron generator is developed
in our laboratory. It can be operated in the pulse mode,
as well as in the steady mode. For the detection of ex-
plosives and special nuclear materials, the operation of
the neutron generator is preferable in pulse mode [2],
whereas for activation studies of materials, the steady-
-state mode is desirable.
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The generator uses a single self-extracted hol-
low anode penning ion source [3] that has been devel-
oped in our laboratory. The extraction of ions from the
ion source depends on many parameters such as the
geometry of the plasma meniscus, extraction angle,
potential on the extraction electrode, efc. During the
passage of the ion beam, due to the same charge, each
ion receives a repelling force from the surrounding
ions which pushes the ions from the beam, thus diver-
gence occurs. The repulsion force due to the charged
particles, also known as the space-charge effect, can
be compensated by a suitable selection of the geome-
try of the extraction electrode. Due to the electric po-
tential, the geometry of the extraction electrode ar-
ranges its equipotential surface in such a way that the
normal from the nearer equipotential surface to the ad-
jacent one goes inward. This inward force exerted on
the ion at the exit aperture of the extraction electrode
helps the ions to converge. The effect on the extracted
ion current due to the angle of extraction has been
studied and reported elsewhere [4].

For the production of neutrons in a neutron gen-
erator, deuterium ions are extracted from the ion
source and accelerated towards a target where the ions
are bombarded to either deuterium or tritium particles
for the generation of neutrons from fusion reactions.
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The simulation was carried out by SIMION 8.0. The
detailed simulation process is described in the next
section.

SIMULATION PROCESS

Among other software for the ion trajectory,
SIMION is simple and low-cost. SIMION is based on
principles of 2- or 3-dimensional, equally spaced grids
of potential arrays. The values of either the electro-
static potential or magnetic potential can be imposed at
each point to define the electrostatic or magnetic field.
After the imposition of either field, the user can super-
impose both electrostatic and magnetic arrays, if both
electrostatic and magnetic fields are required in the
same volume. Then the simulation process is reflected
in different successive manners. The creation of elec-
trodes and polarization of these elements can be done
either by drawing the electrode geometry in the
worksheet itself in SIMION at the workspace or it can
be imported from the AutoCAD drawing. After the
creation of the geometry, calculation of the electro-
static potential takes place. Then the trajectory is
viewed and the characteristic settings of the ions such
as their speed, kinetic energy, and their angles of ar-
rival at the target are saved.

The user assigns a potential value to the elec-
trode and this serves as the boundary condition. Then
the value of the potential at any point outside the elec-
trode is determined by solving by iteration the Laplace
equation

V=0

The Laplace equation defines the potential at a
point in terms of potential points that surround it. Un-
like Poisson equation, the Laplace equation does not
have solutions incorporating the space charge.
SIMION does not allow solutions taking into account
space-charge effects of high-density ion beams, how-
ever, this employs charge repulsion methods that can
estimate certain types of space charge and particle re-
pulsion effects. A highly modified fourth order
Runge-Kutta method is used for the numerical integra-
tion of the ion's trajectory in three dimensions. Ion tra-
jectories are a result of electrostatic and space charge
repulsion forces on the basis of the current position
and velocity of the ions. These forces are then used to
compute the current ion acceleration and to predict the
position and velocity of the ion by numerical integra-
tion techniques at the next time step. Electrostatic
forces are initially computed in terms of volts per grid
unit. As the ion progresses through the potential array,
it moves from one square of grid points into another.
SIMION automatically generates a small 16-point ar-
ray that represents the current for four grid points and
the 12 grid points around it. The values of these grid
points are determined by symmetry assumptions and

grid point locations. The potential at each point is nor-
mally calculated by linear interpolation, using the four
grid points bounding the grid square it falls in. When
an ion is outside electrostatic instances, SIMION
looks in both directions along its current trajectory for
the closet electrostatic instance of intersection in both
directions. If the present ion trajectory intersects elec-
trostatic instances in both directions, SIMION will de-
termine the potentials at the points of intersection and
estimate the resulting electrostatic acceleration assum-
ing a linear gradient.

The configuration of the neutron generator of in-
terest for this study is described in [5]. The neutron
generator consists of a hollow anode penning ion
source, acceleration electrode and a target. In our
study, the hollow anode penning ion source consists of
two cathodes and one cylindrical anode at the centre.
The detail configuration of the ion source is described
elsewhere [3]. One cathode works as the extraction
electrode. The geometry is Pierce-like geometry. The
angle of the extraction electrode is important for the
beam to converge.

The configuration of the electrode system was
created in AutoCAD and the image then imported to
the SIMION workspace in bitmap format. Refine-
ments and fast adjustments [6] were done on the elec-
trode system by selecting the tools on the screen. The
refinement process uses the potentials of elec-
trode/pole array points to estimate the potentials of
non-electrode/non-pole array points. The refining pro-
cess makes use of finite difference techniques to solve
the Laplace equation numerically. The fast adjustment
method makes use of the additive solution property of
the Laplace equation. This property allows separate
solutions for each boundary to be combined in a sim-
ple scaling/additive process to obtain the potential at
each point in the potential array. Single ionized 800
deuterium ions of an atomic mass of 4 amu were se-
lected for the simulation process. The location of the
extraction of the ions was chosen by selecting the x-
and y-co-ordinates at the triple point consisting of
plasma, metal electrode, and vacuum. The simulation
was carried out with different set-up extraction and ac-
celeration voltages. Extraction potential up to positive
5 kV which also acts as ion source potential for plasma
generation and acceleration potential of up to negative
100 kV provided through the target were used.

RESULTS

The self-extraction of the ion source was exam-
ined. Ion trajectories from different locations of the
plasma region were observed with ion source potential
at positive 2 kV. The anode was charged with 2 kV
while keeping both cathodes at ground potential. lon
trajectories and field lines for the self-extraction of
ions for different locations of the plasma region are
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Figure 1. Ion trajectory for the self-extraction from the
ion source

shown in fig. 1. This confirms the extraction of ions
from the plasma region with the help of the ion source
electrode itself. There is no need for an extra electrode
for ion extraction. When a focused beam is required,
there is need for use of focusing electrodes.

Figure 2 shows the ion trajectories for the accel-
erator system with the ion source and target. The ion
trajectory at 100 kV potential of the target and a differ-
ent potential of the ion source were observed. The
equipotential surface distribution at the aperture of the
extraction electrode, as shown in fig. 2, describes the
geometry of the meniscus. In this case, the meniscus is
concave, making the beam convergent. The ion trajec-
tories were taken for different ion source potential
(1 kV to 5 kV) and the origin of the ions taken inside
the plasma region, keeping the same origin for all po-
tentials.

As the ion source potential increases nearing
higher potential, ions get diverted towards the back
cathode. At ion source potential of 4 kV, a fraction of
ions projected toward the reverse direction where as if
at5kV, all the ions terminating at the back cathode. Fig-
ure 3 shows the ion trajectories for an ion source poten-
tial of 5 kV coming from different originating points.
Here, we could observe the focusing point changing
with a change of the originating point. Though it is fo-
cused near to the extraction electrode, at the target, the
ions strike well within the area of the target.

Emittance being a measure of the quality of the
beam, it is measured in each case. Emittance with re-
spect to the extraction voltage is shown in fig. 4. Beam
emittance decreases by 21% when the extraction volt-
age goes from 1 kV to 5 kV. Figure 5 represents the
emittance for different acceleration potential of the
fixed extraction voltage.

(e)

Figure 2. Ion trajectory of the accelerator system up to
100 keV ions coming from the plasma region

All these figures were taken with target voltage at 100 kV and
different ion source potential as (a) 1 kV, (b) 2kV, (c) 3 kV, (d)
4 kV, and (e) 5 kV

CONCLUSIONS

A simulation of a compact accelerator system in-
tended for neutron generation has been carried out.
Self-extraction from a hollow anode penning ion
source was observed. The focus of the beam was
changed for the different origins of ions, but the diver-
gence increased with the increase in the distance from
the extraction electrode. Thus, for a focused ion beam
application focusing electrodes are required, while
solely energetic ion beam applications will work with-
out a focusing electrode. As is the case with the neu-
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Figure 3. Ion trajectory for ion source potential as 5 kV
from different location
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Figure 4. Influence of extraction potential on
beam emittance
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Figure 5. Influence of acceleration potential on beam
emittance for fixed extraction potential

tron generator, energetic ions are required to strike at
the target as well. In that case, there is no need to focus
the ion beam to a tiny spot. As shown in figs. 2 and 3,
the ion beam strikes the target within the target area
and with good emittance. In the study presented here,
the 100 keV deuteron beam produced through the ex-
traction voltage of 5 kV shows better emittance for the
production of neutrons.
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Bacanta Kymap JAC, Anypar IIMJAM, Pammuta JJAC, A. [ypra Ilpacag PAO

MNPOYYABABA CUMYJAIIMJA TPAHCIHOPTHOI CUCTEMA JOHCKOTI
CHOIIA Y D-D TEHEPATOPY HEYTPOHA 3ACHOBAHOM HA
KOMITAKTHOM EJEKTPOCTATHNYKOM AKIEIEPATOPY

IIpoyvyaBame MeXaHN3Ma TPAHCIIOPTA jOHCKOT CHOIIA AOTPHHOCH MPOU3BON-U jOHCKOT CHOTIA
mobpor kBammTeTa ca BehoM crpyjom m 005bUM emMuTOBameM cHoma. CuMynanyja jOHCKOT CHOTA faje
OCHOBY 3a OIITHMU3AIAjy CHCTEMa 3a W3Bajarbe U Mmpolena 3a yop3aBame joHCKOT m3Bopa. Kako 6u ce
U3BOjUO jOHCKHU CHON Of] jOHCKOT M3BOpPa MOTPEGHO je 3a 3aXTeBaHy €HEPrujy CHOIa KOPUCTUTHU JOOPO
AW3ajHUPAH CUCTEM eJIeKTpofa. Y HallleM CiIy4ajy, 3a NMoTpede NMpou3BOAHe HEYTPOHA, KOpHUIITheH je
camou3fiBajajyhm joHCKM M3BOpP 3a MPOU3BOMABKY, EKCTPAKIHU]y W yOp3aBame joHa KPO3 jefaH MpOIeT.
Kopunthewem kommjyrepckor koga SIMION 8.0 ucnutuBane cy KapaKTEepUCTUKE U3[BOjEHOT jOHCKOT
CHOIIA ¥ TPajeKTOpHje joHA ca pa3IMIUTHX JoKaluja obnactu miaasme. Cumynanyja je omoryhuia moopy
naTdopMy 3a IpoydyaBarmbe ONTUMHU3ALMje CUCTEMA 3a U3[Bajambe U (POKYCHPAE JOHCKOT CHOIIA KOJU Ce
TPaHCIIOPTYje Ka XeIheHO] MO3uIuju MeTe 6e3 rydnuTaka, i 3a MpOIeHy EMHUCH]e CHOTIA.

Kmwyune peuu: SIMION, camouzosajarse joHa, jOHCKU U3BOD, JOHCKA UpajeKiiopuja




