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1 Introduction

Ion sources have found a wide and growing field of applications such as neutral beam
injection in plasma physics research, processes in microelectronics and space technology.
In particular, due to the high exhaust velocity and the low propellent and power con-
sumption the ion sources can be used to advantage as an ion thruster for the attitude and

orbit control of satellites.

This work deals with the theoretical investigation of permanent magnets arrangements
for optimization of the primary electron magnetic containment in discharge chambers
with 5cm diameter and 10cm length. Such study is necessary due to the small volume
of the discharge chamber which prevents long ionization life for the primary electrons by
collecting them quickly in the walls, reducing the ion source efficiency. The type and
localization of the cathode in the discharge chamber also plays an important role on
the mean containment time of the primary electrons and these constraints will also be
considered in the theoretical modelling of the magnetic containment.

2 Theoretical Model

The efficiency of an ion source is described by the primary electrons utilization factor
which is related to the mean containment time by [1]:
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where o, is the total inelastic cross section [2], v, is the primary electrons velocity, 7.
is the primary electrons mean containment time, q is the ion charge (considered equal

to the electronic charge), v, = /8K T,/mm is the mean thermal velocity of the neutrals

with mass m and at a temperature T, (K is the Boltzmann constant), ¢, is the ion beam
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electrode transparency and A, is the electrode extraction area. Therefore, the primary
electrons utilization factor increases with the mean containment time, improving the ion
source efficiency.

For the magnetic containment modelling it has been adopted the “magnetic charge”
model (3] for the permanent magnets. In this model a single permanent magnet can
be described by two charged planes with a charge of +@Q,, on each one. The total space
induction of an arrangement of permanent magnets will be the superposition of their indi-
vidual contribution. This model has shown a good agreement with experimental magnetic
induction measured for single samarium-cobalt (3] and ferrite permanent magnets [4].

Once an arrangement of permanent magnets has been selected, the mean containment
time is estimated by solving the equation of motion for the position and velocity of a
primary electron under the space magnetic induction by means of a predictor-corrector
numerical method [5].

As the electron energy is invariant under the action of magnetic fields and in the
absence of inelastic collisions with neutrals, these parameter has been selected for the
control of the interpolation error of the numerical method adopted. The mean contain-
ment time, for a number of electrons launched in the discharge chamber is given by the
arithmetic sum of individuals containment time obtained for each primary electron under
of a permanent magnets arrangement, e.g, Tpe = E;\'z”f(NjA)/Qo, where N, is the number
of primary electrons launched, N; is the number of time step of the jth primary electron
before it is collected by the anode, A is the time step and 2, = eB,/m. is the electron
cyclotron frequency for a superficial induction B,, m. is the the electron rest mass. It is
interesting to observe that the mean containment time does not depend upon the type
of interactions between primary electrons and neutrals, but only on the quality of the
magnetic confinement of the permanent magnets arrangement. It can be verified that the
mean containment time is nearly constant, as shown by. Table 1, by estimating the mean
containment time using Eq.(1) with the experimental values of C, obtained (1] for two
gases at different temperatures.

The line cusp and ring cusp permanent magnets arrangements here investigated are
shown in Fig.(1). Two kinds of cathodes are used in the theoretical modelling of the
magnetic containment: oxide cathodes (or filaments), in which the electrons are emitted
in the radial direction, and hollow cathodes, in which the electrons are emitted as a
divergent beam (divergence angle typically of about 60°).

3 Results

The numerical results have been compared with experimental results for a ring cusp ion
thruster [1] showing an excellent agreement. The theoretical mean containment time has
a value 7,, > 3,8 us whereas the experimental values estimated for the different gases and
conditions are shown in Table 1.

The mean containment times and primary electron utilization factors obtained for
the permanent magnets shown in Fig.(1) are shown in Table 2. It can be seen that the

arrangements LC/ML/DL/4x4/CE/NE and RC/DL/MA/16x1/CS/NE are the most
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promising (mpe > 107%s) if oxide cathodes are placed at the optimum position shown in
Table 2. Also it can be observed that the variation of the energy or the surface magnetic
induction does not produce any significant improvement on the mean containment time of
the primary electrons (table 2). The numerical error associated with the primary electron
energy variation has been verified to be not greater than 0.5%.

4 Conclusions

The numerical method adopted for the modelling of the primary electrons dynamic under
suitable permanent magnets arrangements is capable of demonstrating the quality of each
magnetic configuration by showing the dependence of the mean containment time on the
magnetic field and cathode geometric characteristics.

Both line and ring cusp seems to be efficient permanent magnets arrangement if one
uses the oxide cathode positioned correctly in the discharge chamber. The hollow cathode
does not show a good performance for the permanent magnets configuration investigated.
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Figure 1. Permanent magnets arrangements.
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Table 1. Primary utilization factor (C,) and mean containment time

(eq.1) for a ring cusp ion thruster [5].

GAS [ 1 G [ 7 |
390 1 3.0 | 3.44

argon | 2565 | 3.7 | 3.43
(Ar) 90 | 6.2 | 3.42
390 | 5.6 | 3.89

krypton | 255 | 6.8 | 3.83
(Kr) 155 | 8.7 | 3.82
K Ac'q' s

Table 2. Mean containment time (7, {s|) and primary electrons uti-

lization factor (C, [A;ll ) for the magnets arrangements from
Fig.(1) using argon and xenon, ¢, = 0,6 and T,, = 673 K. B, is
the surface magnetic induction in Gauss, CATH = HC hollow
cathode, = OC oxide cathode, POS is the cathode position in
cm, E,, is the primary electron energy in eV, N, is the number
of primary electrons, X, Y, Z, are the cathode coordinates in

the discharge chamber in cm, B¢ = 2.5mm and L¢ are the

cathode radius and length, respectively.

Co
ARRANGEMENT B, | CATH POS Epe | Npe The Ar Xe
LC/ML/DAJ/Ax 4/CS/WE | 1000 | HC Y,=01] 502431 |5.18x10°%] 0.3 | 0.8
LC/ML/DAJ4x 4/CS/NE | 1000 | HC Y,=0.1] 50| 1831 [200x10"% | 0.1 | 0.5
2000 | HC Y,=26]| 30 5.63x 108 | 0.2 | 04
L. =60 1000 | OC Y,=20]| 60| 224 |3.71x10°% | 18.9 | 58.0
Xo=1.1
Z, = 1.1
LC/DL/DA/Ax 4/SQ/NE | 1000 [ HC Y,=15] 30 4.48x10°% 1 0.1 | 0.3
LC/ML/DA/6 x 68/CS/WE | 1000 | HC Y,=01]| 50] 2431 [4.18x10°" [ 0.2 | 0.7
LC/ML/DAJ6 x 8/CS/NE | 1000 | HC Y,=05] 30 4.73x 10" 0.1 | 0.3
RC]DL]MAJ16 x 1/CS/NE | 1000 | OC Y,=10] 60| 1001 253 x10-7[ 1.3 | 4.0
Xo=156
L. =30 Y, =105 451 ~ 10-°% 50.9 | 166.4
X,=1.0
LC/ML/DA/3 x3/CS/NE 958 | OC Y,=20]| 50| 217 [764x10°% | 0.4 1.2
L.=2¢60 X, =20
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