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ABSTRACT \\

Using a three-dimen% icle-in-cell model, electron transport across a magnetic field

has been inve?t'ga ‘6y (ya ning the time-varying electric field and plasma parameters in a

miniature ie;s%“iischarge neutralizer. The size of the neutralizer is 20 x 20 x 4 mm’.

Insidefis a /in haped antenna producing 4.2 GHz microwaves, and permanent magnets for

discharges. There are four orifices for electron extraction. The simulation area

f both the discharge chamber and the vacuum region for the extraction. The

cons'gts

% Qmerical results show that radial striped patterns occur where the peak electron density is

20

obtained, and the patterns seem to rotate in the azimuthal direction. This characteristic
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structure is very similar to recent results obtained in Hall thrusters, and is probably due to the

electron drift instability. Owing to the plasma structure, the azimuthal electric field is
generated, which results in the ExB drift velocity in the axial dyction with the radial
magnetic field of the permanent magnets. This ExB drift velodity is a factor in the
electron transport across the magnetic field, leading to t %B% xtraction from the
discharge chamber. Q S
(.’/)
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i\
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1 Electron sources are used for various devices such as x-ray tubes,' field emission
2 displays,2 etching tools,” nuclear fusion reactors,’ and space propulsion.5 For electrostatic
3 propulsion devices like ion and Hall thrusters, electron sources are ?é of the indispensable
4 components for neutralization of ion beams in order to obtain th thﬁjh?pace. The micro
5 electron source reported here is a microwave discharge new or a miniature ion

6  propulsion system (MIPS), which was mounted on 50/kg-c ~p?¢ecraft and successfully

7  operated in space in 2014.%” In contrast to concmio neutralizers which normally use
8  hollow cathodes, the MIPS employs electron clotr@'esonance (ECR) discharges with
9  ring-shaped permanent magnets and a 4. M owave antenna, and thus can use even
10  waterasa propellant.8 \

11 Although the operation he MIPS in space was demonstrated, the mechanism of
12 electron transport across the&gx ield is still unclear. It needs to be elucidated in order to
13 improve the neutrali p%snance, which would result in better mass utilization efficiency
14 and higher s?i itﬁpu}se for the ion propulsion system. Electron confinement by the
's}pgrtant to effectively maintain the plasma discharge in a small chamber,

J

16 hile /the co
v y.
h

15  magnetic

ement would also disturb electron extraction. Cross-field transport of

£
b

een investigated for many years in various EXB devices, such as Hall
18 thrusgar 1% magnetron discharges,'' among others,'>"* but the configuration of this MIPS is

% different from those devices.
-
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Since it is almost impossible to observe how an electron moves across the magnetic
field in experiments, particle simulations could be a powerful tool to investigate the electron
transport. Although there are many papers on particle-in-cell simulatijﬁs in two-dimensional
configurations; e.g., -z and z-6 two dimensional models for/Ha %‘ersls’m and dc
magnetrons,  three-dimensional simulations are rarely conduw se of the extensive
calculation time required. In this study, we took advantage o he stall size of the discharge
chamber as shown in Fig. 1, and developed a thr&dim simhl fully kinetic particle-in-cell
(full-PIC) code. We use a real mass ratio an e@on to an ion, with which some
simulations were conducted for xenon p \d@ arges'® and electron extraction of the

neutralizer.'*?° Our calculation model conSists of both the plasma discharge region and the

<

vacuum region, so that no ass ions\are required for the electron extraction. Moreover,
owing to the three-dimensioN we could simultaneously obtain the fluctuations of the

azimuthal electric fi em)e mirror magnetic confinement in the radial direction, which
cannot be perf?n iff the two-dimensional models.
I ths%s work, we investigated the effects of the electrostatic fields, the

micropave eleettomagnetic field, and the magnetostatic field of the permanent magnets, and

y.
£

17 1 n?thag ctrons could not be extracted without the effect of the electrostatic field inside

18

ﬁ
the pﬂas a source.”” Moreover, the ExB drift velocity near the orifice edge was found to be

% c&e of the important factors for electron extraction; this was found on analyzing the

20

time-averaged distribution of the EXB drift velocity at the orifice plate and what region the
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electrons mainly passed through inside the orifice.”” However, the mechanism of the electron
transport across the magnetic field, and the potential barrier from inside of the plasma source

toward the orifice plate, remained elusive. In this study, Wefiave investigated the

time-varying electric field and plasma parameters, and found that eﬁjimut electric fields

and the radial magnetic field produces the ExB drift Velocityw ial direction, causing

the cross-field transport and extraction of electrons. — -

The plasma source has a volume of 20 X @ 4 ’ @ith a ring-shaped antenna and

permanent magnets. The orifice plate for electsgn ex@ion is located downstream of the

plasma source. It has a thickness of 0.6 mrﬁﬁi@ rifices, each with diameter 2.2 mm. The

vacuum region is placed downstream of theworifice plate, and has a volume of 20 x 20 x 5.4

1920 and is

\ <
mm’. This configuration is the(a\e\ that employed in our previous papers,

shown in Fig. 1 together Withghm\&gnetic field lines obtained by ANSYS Emag™ software;
the magnetic field Q' ed in cylindrical coordinates because of the axisymmetric
structure of the pin lépe}p rmanent magnets.

Insthis st we have conducted particle-in-cell simulations with Monte Carlo

collisiéns 9)1 CC) for kinetics of charged particles, and a finite-difference time-domain

D) for the electromagnetic fields of microwaves, under the following

-

assulgp ns: (i) Only singly charged xenon ions Xe" and electrons are treated as particles; (ii)

% I\Eutral particles are spatially and temporally uniform with a Maxwellian velocity distribution

20

at a gas temperature of 300 K; (iii) The reactions between charged particles and neutral ones
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. T .. . .. 21-23
are elastic, excitation, and ionization collisions for electrons,

and elastic and charge

exchange collisions for ions;** (iv) The magnetic fields of microwaves are negligibly small

compared with the magnetostatic fields of the magnets; (v) The potential on the entire wall

boundary is zero, and the potential at z = 10 mm is set at 20 qu tron extraction

voltage, representing the electron-collector plate for the current}w ent in our previous
<

: 25
experiment. _—

19,20

The above conditions are the same as those in o re)ous studies. However, the

grid spacing is set at 0.1 mm in this paper, which is @ of the previous one, to allow for

investigation of the fine structure of th M
. \ 18 . . .
numerical parameters and procedurgs as preyiously, = except for the grid spacing. Owing to
<

ant

the configuration of the microw

we can assume a quarter syn&ﬂth respect to the center of the antenna (the x-y origin),

and treat only the E@?ant of the x-y plane as the simulation area to reduce the
JUglyN

more than ouﬁMrger than that employed in Ref. 18. Thus, the total computation time is

istributions. We employed the same

a and four orifices as shown in the inset of Fig. 1,

calculation tim treat only this first quadrant, the number of simulation cells is

more 4sthan  a month, despite parallel computation on a workstation with four 3.0 GHz

/

p oc‘ggsor§ should be noted that the boron nitride (BN) dielectric is placed between the

ﬁ
antelgla nd the orifice plate at the center of the discharge chamber. This BN is placed to

% wpress numerical noise at the z-axis. Since a ring-shaped profile of the plasma density is

20

obtained, and the density at the center is very low (See Fig. 8 in Ref. 18), the existence of the
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BN has almost no effect on the plasma discharge. We have also confirmed that numerical
results are identical with and without the BN.

To investigate the mechanism of electron transport across the agnetlc field, we first

Aaj®wre of 1 mTorr,

and for absorbed power of 0.3 W. Once the steady-state solutio%

obtained the steady-state solution of a xenon plasma discharge a
ined, we focused on
the motion of a single electron, which was extracted from p@ha source to the outside
through one of the orifices. Figure 2 shows a typical e mpl) of the time evolution of the
guiding-center z position (thin line) and 744 forsthe siI&D electron, where r = \/m is
the guiding-center position of the electron dr cal coordinates and A4y is the azimuthal
component of the vector potential o taNe electron position. In cylindrical coordinates,
contour lines of 744 correspond&& gnetic field lines as shown in Fig. 1; as long as the
electron moves along the sam t1c field line, the value of 744 remains unchanged. In
other words, if the el trch}ves across the magnetic field, the value of »4 changes. When
the value of rA lt{w a ut 2 x 10”7 Tm’ near the orifice region, the electron goes outside
of the plas ourc o the vacuum region (z > 4.6 mm) in this study, and thus the electron is
extracted y abeut 260 ns in Fig. 2. In this figure, the solid thick line indicates the PIC

si ﬁtiog ults, while the dashed line is the theoretical trajectory determined by the ExXB

.c?riftg t alone. The displacement of a function f{x), is obtained from §f = Vf - §x = Vf -

1@ t for position x, velocity v, and time ¢. Therefore, the value of 74y at time ¢ = ¢, is given by


http://dx.doi.org/10.1063/1.4989734

AllP

Publishing

1

18

| This manuscript was accepted by Phys. Plasmas. Click here to see the version of record.

1
rhg(ty) = f 5(rAg) + rdg(to)
0

. (1)
= f V(rdp) - vexp(t)dt + rAg(to),
t

0

where vg.g(t) = E(r(t)) X B(r(t))/{B(r(t))}2 is the ExB drif/vw Note that the
3collision, the velocity

theoretical ExB electron trajectory is obtained piecewise; aftg\&y

r e
vector and the guiding center of the electron are change ar‘la)the trajectory is obtained by
—~——

setting the new guiding center r, as the initial condition of I"Ag(s)) Eq. (1). As shown in Fig.
2, both the solid thick line and the dashed line fol@ almﬁst identical trajectories. Moreover,
there was almost no difference in the tra t@ough we calculated the effect of the
polarization drift. Hence, the time e uﬁo\&Qf‘ rdy, or the electron transport across the
magnetic field, is mainly caused by t })BQH t effect, rather than by collisions.

Shown in Fig. 3(%dlstributions of the electron density n,, and the

electric-field vectors atz = 2.0 , Where the results are averaged over 100 microwave

cycles. The solid lific indieates'the orifice edge, and the dashed lines represent the boundaries

£
of the perma@ {See Fig. 1). Compared to the results determined by averaging over

50,000 (Dave cycles in our previous paper,18 the characteristic structure of striped
£ o :
patterns‘ean bC/Seen here between r = 4 and 6 mm. Here, the peak electron density is obtained

ﬂ
do streén of the ring-shaped antenna, and this striped structure is similar to the plasma

ﬁ
16 K@bution in a magnetic filter (e.g., Fig. 10 in Ref. 26) and in Hall thrusters.'’ As shown in
S

\J

Figs. 3(a)—(d), we have observed the time variation of these distributions. We found that the

structure rotates in a clockwise direction at the x-y plane, which is the same direction of the
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grad-B and curvature drift for electrons. An azimuthal rotation of plasma density has been
reported for various ExB devices,” " although those configurations are different from ours. It
is notable that these striped patterns can be observed when the result?’re averaged over only
one microwave cycle, although the distributions contain larger n e?'ja}hquations due to
the fewer particles per cell. Similar striped patterns are also obN the ion density, the
electron temperature 7., and the potential ¢ Owinguto mbntial distributions, the
azimuthal electric fields exist at around » = 4 —«6. mm,as ;‘IOWH in Fig. 3(a). Since the

magnetic fields are directed in the positive ction La;tlround r =5 mm (See Fig. 1), the

azimuthal electric fields in the clockwisw ion’ induce the ExB drift velocity in the

\

positive z direction.

<
Figure 3(e) shows the A&(ﬂd vectors averaged over 50,000 microwave cycles

at z = 2.0 mm, where the lengt Mvectors are set to be equal to show the direction clearly.

Despite the quarter s@ith respect to the center of the antenna, the point of symmetry
dfdoe

for the electri ot exit at the center of the orifice; rather, it exits on the

counterclo ’ac')s%'ﬁkiof the orifice (x = 2.7 mm and y = 3.3 mm), which indicates that the

in“the clockwise direction somewhat dominates over that in the counterclockwise

difection. Thi tendency was also confirmed at the x-y plane for z = 2.5, 3.0, and 3.5 mm with

ﬁ
the pgl of symmetry moving to the positive » direction. These distributions of the electric

% ;2 magnetic fields would contribute to the electron transport across the magnetic field

20

toward the inlet of the orifices.
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1 Since the striped patterns shown in Figs. 3(a)—(d) are very similar to recent results
2 obtained with Hall thrusters, we have analyzed the mechanisms for what causes these patterns
3 using the dispersion relation based on kinetic theory.””*’ As shownsin Figs. 3(a)~(d), the

4  wavelength and frequency of the stripes are estimated to be ab t‘OjSﬁe\ and 4.7 MHz,

5 respectively; the resultant phase velocity is calculated to be 2.6&?\ From Egs. (7), (8),

6 and (10) in Ref. 27, the most unstable wavenumber, waye fr ueh‘, and phase velocity are
7 kmax = 1/V2Ape, wg = a)pi/\/§, and Vppase 5412/ répectively. Here, Ap. is the

8 electron Debye length, @, is the ion plasma eque@, and ¢ is the ion sound speed,

9 /qT./M with the elementary charge g, an@ ass M. In the region showing the stripes
) . . -~ . 17
10 obtained from our PIC simulations, the electton density and temperature are about 1.8 x 10
D
11 m and 13 eV, respectively, th{ s in a wavelength of 0.56 mm, a wave frequency of
12 4.5 MHz, and a phase Velocity\\?\ﬂ 10° m/s based on the dispersion relation. These values
13 are in good agreeme@ above estimations, and thus the theory in Refs. *”** could be
14 applicable to ?%fy the MIPS plasma source. This implies that the electron drift
15  instability Mthrusters is also related to these striped patterns we see in the MIPS.

16 Hﬂwe , the configuration of the MIPS is different from that of Hall thrusters.

17 There is no plied dc voltage in the axial direction of the MIPS, and its magnetic field is

—
18 QSO order of magnitude higher than that of typical Hall thrusters. This configuration
p&) uces lower azimuthal ExB drift velocities than in Hall thrusters; its values are calculated

7)5

20 “to be lower than about 6.0 x 10 m/s for the axial electric field and the radial magnetic field

10


http://dx.doi.org/10.1063/1.4989734

AllP

Publishing
1

10
11
12
13
14
15

16

| This manuscript was accepted by Phys. Plasmas. Click here to see the version of record.

obtained in our PIC simulations. While the azimuthal ExB drift velocity is slow, the total
azimuthal electron drift velocity in our PIC simulation exceeds 1.0 x 10° m/s. This high

electron drift velocity results in a large flow difference between the fns and electrons, and
probably provides the driving force for the instability (like 1%, although the

mechanism of the high electron drift velocity here is not t% in Hall thrusters.

<

Investigation of this mechanism is left for future work. <.

We have also investigated the time-varyi\t,dist 1 utio)s of the potential and electron

density on the 6-z plane at » = 5.0 mm (i.e.,‘!ﬁxpitc& rcle of the four orifices). Several
results are show in Fig. 4, where the strip \asz of the potential are also seen at the 6-z

\

plane in the plasma source. It should be neted that Fig. 4(b) shows the distribution of the
<

electron density on a logarithmi\le show the distribution outside of the plasma source.

If the distribution is shown onm scale, we can confirm the existence of similar striped

patterns for the elec dehs. However, these patterns are not the same for the entire time.

They are tim?w%;/th high potential appears about every 5,000 microwave cycles

(1.19 ps, 0551 , and at this time the electrons are more easily extracted. This period is

on th samj order as the ion plasma frequency at a plasma density of 10'°~10"" m™, implying

17 tHat the e§ ction mechanism of electrons is related to the ion-time-scale instability. In a

18

-

non-sm rm electric field, the ExB drift velocity also depends on the Larmor radius 7y, as the

% s&:ond term due to the finite-Larmor-radius effect, leading to a drift instability because of the

11
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different ion and electron drift velocities.”® The ExB drift velocity would induce not only the
electron transport across the magnetic field, but also the time-varying extraction of electrons.
In conclusion, it is found that the ExB drift velocity plays :?/ﬁmportant role for the
cross-field transport and extraction of electrons for a mini r%m%ave discharge
neutralizer using a three-dimensional PIC/MCC method. IHM a source, we have
observed the characteristic striped patterns rotating in.the zimiithal direction, which is
probably due to the electron drift instability often @n i Hall.thrusters. The striped patterns

induce the potential difference in the azimutha 'recti@vhich in turn causes the azimuthal

electric fields, resulting in the ExB drift%@l the positive z direction with the radial

\

magnetostatic fields of permanent a&et ~Jhe ExB drift in this non-uniform electric field
.

also leads to the drift instability, thus,the amount of electron extraction is found to depend

on time. Since the ExB drift%(h\‘wbminates over the collision effect, it might be possible to

improve the neutrali pe%jnance in terms of higher currents of extracted electrons if the

magnetic ﬁeld/(y u{atigns were optimized. The increase in pressure (i.e., collision) would

also result i Mctron currents. However, the neutralizer performance may be adversely

affect&dQc: of the mass utilization efficiency and specific impulse of ion propulsion
syfstems. Fsu ¢ studies should include investigation of the generation mechanisms of the high

electg)n rift velocity, and optimization of the plasma source configuration for better electron

% extraction.
-

12
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List of Figure Captions

FIG. 1. (Color online) Configuration of the neutralizer and dlstrlbutl of the magnetic field

?l?&ogether with the

he inset shows the

lines (in black) at the z-r plane passing through the center of t

resonant magnetic field (thick line) of 0.15 T for 4.2 GHz 1cr0
ring-shaped microwave antenna and the positions of the fou 1ces

FIG. 2. (Color online) Transition of 74, for an electron; ta solid thick line represents the PIC
simulation result, the dashed line is determ \)t\h analytical calculation based only on the
ExB drift effect, and the thin line ovNuldmg center z position of the electron. Here,

\

the vertical lines indicate the t when electron-neutral collisions occur. Since collisions

change the velocity vector ofgi\ ron and the guiding-center position, the EXB electron

trajectory is obtained 'e%. After each collision, the trajectory is calculated using Eq. (1)

by setting the ?w

(C}lo line) (a) Distributions of the electron density and electric-field vectors for

ic‘.{ing }e ter » as the initial condition.

X y p tz = 2.0 mm. The solid line and the dashed lines represent the orifice edge and

the b undaries of the permanent magnets, respectively. Time evolution of the striped patterns

% is 1splayed in (a)—(d) for the microwave cycles from 70100 to 71000, where open and closed

17
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stars are added as visual guides. (e) Arrows of the electric fields averaged over 50,000

microwave cycles (11.9 ps), where the length of all the arrows are equal.

FIG. 4. (Color online) Time-varying distributions of (a) the po@?‘@) the electron
density for the &z plane at » = 5.0 mm. The x axis is set at debﬁﬂ\ i

degrees, the orifice plate is displayed as the gray rectan@ the electron density is plotted

on a logaitmic sl )
S
Ny
Q
:
&

o

e the y axis is at 90
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