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Abstract: We have investigated ion beam extraction mechanism using two dimensional
axisymmetric particle-in-cell simulations with Monte Carlo collisions (PIC/MCC) under
various conditions, such as beam voltage, absorbed power, and grid structures. The plasma
region, which is enclosed by a 1-mm-thick dielectric cylinder with a five-turn coil, is 5.0 mm
in radius and 10 mm in length. The PIC/MCC results have shown that more absorbed power
is required to extract more ions from the plasma source, and that the ion beam current is not
affected by the diameter of the screen grid hole. In addition, we have obtained that the
optimum value of the difference between the diameter of the screen grid hole and that of the
accelerator grid hole is 1.4 mm under the following conditions: the absorbed power is 500 mW,
the beam voltage is 1100 V, and the thickness of the screen grid is 0.3 mm.

Nomenclature
m = mass
q = charge
B = magnetic field
E = electric field
v = velocity
X = position.
n = number density
P = charge density
& = vacuum permittivity
Ho = vacuum permeability
ks = Boltzmann’s constant
T. = electron temperature
1 = current
i = current density
Vo = potential difference between the screen and the accelerator grids
Pabs = absorbed power
/ = gap distance between the screen and the accelerator grids
tse = thickness of the screen grid
tac = thickness of the accelerator grid
dsc = hole diameter of the screen grid
dac = hole diameter of the accelerator grid
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I. Introduction

ECENTLY, miniaturization of satellites has been very popular. It makes possible to decrease mission costs and

development period, and thus even small companies and universities can launch and operate microsatellites.
However, microsatellites have limits of weight, volume, and power, which requires that thrusters mounted on them
must be small." One of such thrusters can be ion thrusters. A 50 kg-class satellite, HODOYOSHI-4, was developed
by the University of Tokyo and the Next Generation Space Technology Research Association (NESTRA) in Japan,
and launched in 2014. The satellite mounted a miniature ion propulsion system (MIPS), ? and the MIPS was already
operated in space.

Ion thrusters have high specific impulse and efficiency, while the thrust density is very low, which requires long-
term operation for acceleration. If ion thrusters provided higher thrust density, their applications would be expanded.
NASA GRC already started working on the development of high-thrust density ion engines for high power
applications in collaboration with The Aerospace Corporation, and the University of Michigan.>* Although they focus
on the application to high-power primary propulsion, the technology would also be applicable to micropropulsion. In
our early studies, we developed a two-dimensional particle model for a micro RF ion thruster and investigated the
plasma parameters and ion beam profiles.’ In this model, the plasma generation and the ion beam acceleration can be
analyzed simultaneously. Since the ion beam extraction is dependent on the characteristics of the plasma source as
well as the grid structure, it is better to analyse the plasma generation and the ion beam acceleration continuously. In
this study ion beam extraction mechanism has been investigated using this particle model to find the best condition of
the beam extraction for higher thrust density.

II. Numerical Model

A. Configuration

In this analysis, we have conducted two-dimensional particle-in-cell simulations with Monte Carlo collisions
(PIC/MCC). Figure 1 shows our calculation model. The plasma region, which is enclosed by a 1-mm-thick dielectric
cylinder with a five-turn coil, is 5.0 mm in
radius and 10 mm in length. The ion
accelerator system consists of screen and
accelerator grids, and the vacuum region,
where ion beam is extracted, is 6.0 mm in
radius and 20 mm in length. In addition, a
ground electrode is positioned 1 mm
downstream of accelerator grid. Since the
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calculation is carried out for both the z
plasma region and the vacuum region, no 0
assumptions are required for the ion beam . .
extraction. Figure 1. Calculation model
B. Assumption
We have investigated under the following assumptions.
i). Only electron and singly-ionized Xe" are treated as particles.
i). Neutral particles are spatially and temporally uniform with a Maxwellian distribution at a gas temperature of
300 K in the plasma region. Additionally, there are no collisions downstream of accelerator.
iii). The reactions between charge and neutrals are elastic, excitation, and ionization collision for electrons®®,
and elastic and charge exchange collisions for ions.’
etXe—e+Xe (Elastic collision).
e+ Xe— e+ Xe' (Excitation).
etXe—etXe +e (Ionization).
Xe" + Xe — Xe" + Xe (Elastic collision).
Xe"+ Xe — Xe + Xe© (Charge exchange).

C. Motion and collisions of charged particles
The equation of motion for charged particles is described by
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EZZ(EJFVXB)’ (1)
dx
-V )

Equations (1) and (2) are solved by leap-frog method and Buneman-Boris method.!® In this study, we assume
axisymmetric model, so that the position advance of particles closed to axis poses singular problems. To avoid these
problems, we employ coordinate rotation.!® We also employ the null-collision method in MCC with cross sections for
electrons and ions, to reduce calculation time.!!

D. Electrostatic field
The electrostatic field E and the potential ¢ are given by
E=-V¢g, 3)

o> 1o & r,z
(2218, 2 2]
or~ ror oz €,
Equation (4) is solved by using method of successive-over-relaxation (SOR). The boundary conditions of ¢ are zero
radial potential gradient on the z axis (0¢/0r = 0 at r = 0) due to the axisymmetry, and zero potential at all the walls.
Here, to eliminate an axisymmetric error of charge density on the z axis, we employ a symmetric spline weighting by
J. P. Verboncoeur.!? In addition, to decrease a scattering of distribution for charge density, we correct by using a digital
smoothing algorithm.'3

E. Electromagnetic field

In our model, we assume that the coil is composed of five concentric rings, so that the electric field by coil has
only @-directional component. All quantities, such as electric field and current density, are also assumed harmonic
oscillation depending on time. Then, @-directional components of the electric field E¢ and the plasma current density
jeare described as

E,=E,e™, (5)
Jo=J e, 6)

where i is the imaginary unit, @ is the rf angular frequency, E, and J are the complex amplitude, which satisfy the
following equation:'*

o> 190 , 1 0% )= ~

—t——t g U0 ——+— |E, =iou,J,. (7)
(8}"2 ror 070 rrooz )’ oo

The boundary conditions are E, = 0 at the metal walls and on the z axis (+ = 0). The electric field on the plasma-

dielectric window interfaces is analytically derived from Biot-Savart’s law, and the magnetic field B is given by

Faraday’s law.

B
VXE=——. 8)
ot
F. Equations for evaluation
Generally, the ion beam current is evaluated by Child-Langmuir law:
4e, [2e V;"?
== ©)

i
CL 2
9 \m, I

1

where /. is the effective gap distance of grids given by

2
I, :J(l+tsc)2+%. (10)
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Although the Child-Langmuir law depends on only grid structure, it does not consider the plasma parameters, such as
the plasma density and the electron temperature. In this study, then, we have also compared the calculated current

with the ion saturation current:
: bl ol -1 (1
li:qnsuszqn —— |,
P p mi 2

III. Results and Discussion

where n, is a plasma density.

A. Dependence of potential difference
Figure 2 shows the dependence of potential difference
between screen and accelerator grids, where I, is the b0

Conditions of grid potentials between the
calculated current, Icr is the current by Child-Langmuir griep

. . rids.

law, and /,; is the saturation current, and Table 1 shows the & - v v
grid potentials. Other conditions are as follows: absorbed ) G G\
power Pabs = 200 mW, the gap distance between grids / = 550 500 —50
0.5 mm, the screen grid thickness #c = 1.0 mm, the 880 800 -80
accelerator grid.thickness tac = 1.0 mm, the hole. diameter 1100 1000 ~100
of the screen grid dsc = 3.0 mm, and the hole diameter of

1650 1500 -150

the accelerator grid dac = 1.8 mm. Figure 2, shows that the
increase in potential difference has little effect on the
increase in calculated current. We consider that it is due to
the limit of the ion saturation current for low plasma
density.

B. Dependence of absorbed power

Figures 3 and 4 show the dependence of absorbed power, where Fig. 3 is at /o =1100 V and Fig. 4 is at Vo = 1650
V. Other conditions are as follows: / = 0.5 mm, t; = 1.0 mm, #,c = 1.0 mm, dsc = 3.0 mm, and d,c = 1.8 mm. In either
case, with increasing absorbed power, the ion saturation and the calculated currents have increased. However, the
calculated current is very small compared with the Child-Langmuir law and ion saturation currents at higher absorbed
power. We consider that the grid electrode structure is not appropriate for higher plasma density. Here, the
distributions of ion densities for Pas = 100, 200, 500 mW at V5 = 1650 V are shown in Fig. 5, and the screen grid

- T T T F T T R
500 - . 500 .
i —o— 1, r —— |/, 1
r —_— r — ]
400 - ——— - 400 - e I -
I pi i I pi i
< B R < - ]
= i i = i i
— 300 - +— 300 / E
c B T c B T
() B 7 (9] I
S I ] = ]
3 200 . 3 200F .
L e W :
oL TR IR R NSRS SR R ol ] . . . ] . . M
0 500 1000 1500 0 200 400 600
Potential difference V,, V Absorbed power P, ., mW
Figure 2. Dependence of potential difference Figure 3. Dependence of absorbed power
between grids. (Jo=1100 V).
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current /s and the accelerator grid current /. are listed in
Table 2. Figure 5(c) shows that some of ion beam at Py
=500 mW directly encounter the accelerator grid before —T—————
focusing, so that the accelerator grid current have
increased as shown in Table 2.
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C. Optimization of the grid structure
1. Dependence of the gap distance between grids
Figure 6 shows the dependence of the gap distance
between screen and accelerator grids. Other conditions
are as follows: Paps =500 mW, Vo=1100V, t,. = 0.3 mm,
tac = 0.3 mm, dsc = 3.0 mm, and d,. = 1.8 mm. In this case,
with increasing the gap distance, the calculated current
has decreased. The gradient of the calculated current
agrees with that of the Child-Langmuir law current, so
that it is appropriate to include the gap distance / in the
effective gap distance /. given by Eq. (10).

Current, uA

o
o

] . . . ] . . |
200 400 600

Absorbed power P,,,, mW

o

2 D.ep endence of the grids thickness . Figure 4. Dependence of absorbed power
Figure 7 shows the dependence of the screen grid (Vo=1650 V).

thickness. Other conditions are as follows: Pas = 500

mW, Vo= 1100 V, / = 0.8 mm, #,c = 0.3 mm, ds. = 3.2

mm, and d,c = 1.8 mm. In this case, with increasing the screen grid thickness, the calculated current have decreased,
and the gradient of the calculated current agrees with that of the Child-Langmuir law current.

Figure 8 shows the dependence of the accelerator grid thickness. Other conditions are as follows: Pqyps = 500 mW,
Vo=1100 V, [ = 0.8 mm, ¢, = 0.3 mm, dsc = 3.2 mm, and d,c = 1.8 mm. As shown in Fig. 8, it is found that the
accelerator thickness does not affect the beam current.

From Figs. 7 and 8, it is reasonable to include the screen grid thickness and not to include the accelerator grid
thickness in the effective gap distance /..

(a) lon density n; (m3) [

_1.0E+13 1.0E+15 1.0E+17

oON MO

20 25 Table 2. Currents for dependence of absorbed

g (b) B B | power at Vo =1650 V.

8 6 _1.0E+13 1.0E+15 1.0E+17 Paps (mW) I, (RA) I (UA) L (RA)
4§ 4 100 70.5 712 0.72
T 2 ; 200 113 116 2.85
2 D 5 10 15 20 25 30 500 217 225 8.64
©

o

(c) Il T .

1 .O+13 1.0E+15 1.0E+17

Axial distance, mm

Figure 5. Ion density at Vo = 1650 V, (a) Pabs = 100 mW,
(b) Pabs =200 mW, (c) Pabs =500 mW.
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Figure 6. Dependence of the gap distance between

grids.

3. Dependence of the diameters of grids hole

Figure 9 shows the dependence of the diameter of
screen grid hole. Other conditions are as follows: Paps =
500 mW, Vo =1100 V, /= 0.8 mm, t,c = 0.3 mm, £,c = 0.3
mm, and d,c = 1.8 mm. In this case, the calculated current
density has become constant below ds. = 3.2 mm. This is
against the Child-Langmuir law, so that it would be
inappropriate to include the diameter of the screen grid
hole in effective gap distance /.. In addition, the calculated
current density has decreased at dic = 3.4 mm. We
consider that the accelerator grid current has increased by
the ion beam encountering the accelerator grid due to the
increasing in the difference between hole diameter of the
screen grid and that of the accelerator grid. Table 3
summarizes each current under the condition.

Figures 10 and 11 show the dependence of the
diameter of accelerator grid hole, where Fig. 10 is at ds. =
3.2 mm and Fig. 11 is at dsc = 3.4 mm. Other conditions
are as follows: Paps = 500 mW, Vo =1100 V, /= 0.8 mm,
tse = 0.3 mm, and % = 0.3 mm. There are turning points,
such as d,c = 1.8 mm for Fig. 10 and dac = 2.0 mm for Fig.
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Figure 7. Dependence of the screen grid
thickness.
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Figure 8. Dependence of the accelerator grid
thickness.

11. If the diameters of the accelerator grid hole are equal or greater than the values, the calculated current density has
become constant. This tendency agrees with the Child-Langmuir law. On the other hand, if the diameters are smaller
than the values, the calculated current density has decreased. We consider that it is due to the same reason as the
dependence of the diameter of the screen grid hole. Tables 4 and 5 summarizes each current under the conditions, dsc

=3.2 mm and ds. = 3.4 mm, respectively.

In Figs. 9-11, the calculated current densities have decreased due to the increase in difference between hole
diameters. Then, to find the relation between the diameters of screen and accelerator grids hole, we have investigated
the ratio and the difference of hole diameters to the current density as shown in Figs. 12 and 13. It can be said that the
difference between hole diameters is one of the useful parameters for ion beam extraction.
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Figure 9. Dependence of the diameter of the Figure 10. Dependence of the diameter of the
screen grid hole. accelerator grid hole (dsc = 3.2 mm)
Table 3. Currents for dependence of the Table 4. Currents for dependence of the diameter
diameter of the screen grid hole. of the accelerator grid hole (dsc = 3.2 mm).
dy. (mm) I (uA) I (UA) Lc (A) dyc (mm) Iy (nA) I (nA) Loc (RA)
34 228 348 120 14 125 311 186
32 290 308 178 1.6 193 308 116
3.0 261 268 774 1.8 290 308 17.80
2.8 227 232 5.40 20 298 307 8.77
26 196 199 3.65 22 294 301 6.86
24 202 297 521
60 T T T T 7
E S0 ] Table 5. Currents for dependence of the diameter
e I 1 of the accelerator grid hole (dsc = 3.4 mm).
R ]
<§_ 40 r 7 dyc (mm) Iy (HA) I (HA) Iac (HA)
:‘;: N 1 1.8 228 348 120
g or 1 2.0 327 344 173
3 r ]
o I ] 22 331 341 10.0
c 20F -
v i o— iy 1 2.4 329 337 7.92
— - . .
S N — g 1
O 1oF — iy b
0 L P 1 P P ]
1.6 1.8 2 22 24 26

Hole diameter of accelerator grid d,., mm

ac’

Figure 11. Dependence of the diameter of the
accelerator grid hole (dsc = 3.4 mm)
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As described previously, the ion beam current depends on the gap distance between the screen and accelerator
grids and the thickness of the screen grid, so that we have also investigated the dependence of the hole diameters
difference with variations of the gap distance and the thickness of the screen grid. The results are shown in Figs. 14
and 15, where the former is fixed at 7, = 0.3 mm and the latter is at / = 0.8 mm. Other conditions are as follows: Paps
=500mW, Vo=1100V, and #,c = 0.3 mm. As sown in Fig. 14, the turning point is 1.4 mm if the gap distance between
the grids is smaller than 0.8 mm. In Fig. 15, likewise, the turning point is also 1.4 mm if the screen grid thickness is
smaller than 0.5 mm. For ion thrusters, it is desirable to increase the diameter of screen grid hole and to reduce that of
accelerator grid hole, so that the optimum value of the difference between the diameter of screen and accelerator grid
hole is 1.4 mm.
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Figure 14. Dependence of the difference of the Figure 15. Dependence of the difference of the
hole diameters in various / (tsc =03 mm) hole diameters in various tse (l =0.8 mm)
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IV. Conclusion

In this study, we have investigated the ion beam extraction mechanism by using PIC/MCC simulations. We have
found that the increase in absorbed power (i.e., plasma density) is required to extract more ions from plasma region.
We have also calculated under various conditions of grid structures. As a result, in relation to the previous effective
gap distance between the grids, we have found that the ion beam current is affected by the gap distance of the grids
and thickness of the screen grid, but is not affected by the diameter of the screen grid hole. In addition, we have also
found that the optimum value of the difference between the diameter of the screen grid hole and that of the accelerator
grid hole is 1.4 mm at an absorbed power of 500 mW, and that it is better to reduce both the gap distance between the
grids and the thickness of the screen grid as small as possible. In future work, we will calculate under more various
conditions, and experiment based on these results to examine the validity.
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