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Abstract: The plasma flow of a LaB¢ hollow cathode was simulated using hybrid-PIC
(Particle In Cell) model, and was compared with the experimental data measured along
the center axis with a Langmuir probe. As an anomalous resistivity model, IAT (Ion
Acoustic Turbulence) growth model was used not to overestimate the anomalous effect.
In the numerical model, the induced magnetic field in the azimuthal direction was newly
implemented, and its effects on the plume characteristics were examined. The results
indicate that the accuracy of the axial profiles of the plasma properties in the plume region
was improved by including the induced magnetic field. With the magnetic field, the electron
number density is increased along the center axis due to the pinch effect caused by Lorentz
force. Consequently, the electron temperature is decreased by including the magnetic
field and approaches the experimental data. However, the present model is inadequate to
capture the radial profile especially of the electron number density in the plume region,
hence further investigation is needed in the future.
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Nomenclature

= magnetic flux density
= directional unit vector of magnetic flux density
= electric field

= elementary charge

= current density

= Boltzmann constant
= mass of particle

= number density

= pressure

= radial coordinate
temperature

= velocity of fluid

velocity of particle

wave energy density
= axial coordinate

Hall parameter

= azimuthal angle

= mobility

= collision frequency
= electric potential

ES\T‘:%QNgﬁﬁﬂﬁ’Uzgwh.w N <
Il

= angular frequency

Subscripts

e = electrons

em = emitter

h = heavy particles

) = jons

12 = ionization

IAT = jon acoustic turbulence
n = neutrals

P = plasma

I. Introduction

OR the main propulsion system of all-electric satellite or deep space explorer, R&Ds of high-power Hall

thrusters are energetically being carried out in many organizations.'” In Japan, the capabilities of both
TAL and SPT type Hall thrusters in that power range are explored to expand the range of options in the
future. JAXA, IA, THI, and Tokyo Metropolitan University have focused on the development of SPT type
Hall thruster in the 2-6 kW power range due to its possibilities of broad utility.® Since one of the most
critical issues is the development of hollow cathode because of its indispensability and sensitivity against
impurities, discharge characteristics and dependency on operation conditions of hollow cathodes should be
clarified in detail.

In JAXA, a numerical code using hybrid-PIC (Particle In Cell) model has been developed to understand
the detailed physics of hollow cathodes, in which heavy particles (neutrals and ions) and electrons are
modeled by particles and fluid, respectively. In recent work, the IAT (ion acoustic turbulence) growth model
was implemented to capture the transitional growth of anomalous resistivity of electrons.”” 19 In this study,
the numerical model was updated so that the self-induced magnetic field in the azimuthal direction could be
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considered because its non-negligible influences on the plasma properties were reported by JPL.'' We also
measured the plasma characteristics in the plume region using Langmuir probe. In this paper, the numerical
results are compared with experimental data of the probe diagnosis in order to validate the simulated results.

II. Plume Plasma Measurements

A. Hollow Cathode

To obtain experimental data to validate simulation, we developed a laboratory model of hollow cathode.
Different from conventional hollow cathodes, a radiative heater made of graphite was used to prevent serious
failures of a heater caused by thermal stress.!? The heater was surrounded by a multi-layer Ta foil, and
these are contained in a keeper electrode made of graphite. The hollow cathode used LaBg as an emitter
material because of its robustness against poisoning by oxidizing impurities.'®> The emitter was contained
inside a graphite cathode tube which is non-reactive to LaBg in a high-temperature environment.

B. Facility and Configuration

The cathode was tested in the vacuum chamber which has a diameter of 0.6 m and a length of 1.0 m. Two
vacuum pumps with 4,300 1/sec xenon pumping speed are mounted on this chamber. Without gas injection,
the vacuum degree reaches about 107° Pa. The test was conducted in a diode configuration, that is, the
main discharge was maintained between the cathode and a cylindrical anode placed at 20 mm apart from
the cathode end as shown in Fig. 1.

The plume plasma properties were measured by the Langmuir probe mounted on a two-axis stage. The
probe was inserted from the rear side of the cylindrical anode as shown in Fig. 2, and was evacuated behind
a shield placed aside to avoid severe contamination of the probe. The insulating tube made of alumina was
4 mm in diameter and wrapped a tungsten wire of 0.3 mm in diameter pushed out by 0.5 mm in length.
The measuring points ranged along the centerline, and the probe was also traversed in the radial direction
at 10 mm and 18 mm apart from the cathode end as shown in Fig. 2. The probe was kept about 1 second
at the measured points, and then bias voltage with a triangular wave of -35 V to 35 V was applied to the
probe at 1.5 Hz.

1m

Cylindrical
Anode

ID ¢59 mm
Length 69 mm

Cylindrical
Anode
N S—

Hollow Cathode

Cathode Mounting
Flange o

Y 20 mm M
R — 020 Single

’
Keeper exit
16 probe /

<
5

‘
Yo
wooh

Mass Flow
Controller

@59mm

Bipolar

100 power

A A A supply |
S \V/ \V/ \/T v T35V

2-axis stage

I ¥

1

Heater ol ‘Keeper [ Discharge
Power supply Vi| | Power supply Power supply —

Max:50 V, 35 A Max:250 V, 5A |+ | Max:60 V, 60 A Function
Oscilloscope
generator

=

Va

Figure 1. Vacuum chamber. Figure 2. Prove measurement system.

C. Working Condition

The discharge mode focused on in this paper is the spot mode known as a static condition with minute
oscillation of discharge properties, because the spot mode is the ideal condition to use in the actual operation
in space. One of the working conditions of the spot mode observed for the laboratory model is shown in
Table 1. Since the transition from plume to spot mode occurred between 20 and 30 sccm, the condition
with a mass flow rate of 40 sccm was quite stable. The experiment was conducted under the constant
current condition, and then the resultant discharge (anode) voltage and keeper voltage were 14 and 13
V, respectively. To consider the background pressure, when the neutral pressure becomes lower than the
specified value obtained in the experiment, macroneutrals were supplemented to maintain the minimum
pressure.
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III. Numerical Modeling

A. Hybrid-PIC Model

As a numerical model of hollow cathodes, fluid models have
been studied for years due to its high capability to treat high-
density plasma inside the cathode. In this study, we have been
developing a hybrid-PIC code, in which heavy species (neutrals Gas Xenon
and ions) and electrons are modeled as particles and fluid, re-

Table 1. Working condition.

Mass flow rate 40 sccm
spectively. The hybrid-PIC model enables simulation including )
. . . o . . Discharge current 20 A
widely ranging density from inside to outside the cathode with
a single physical model, and it can handle arbitrary ion energy Keeper current 3.0 A

distribution which will strongly affect the sputtering rate on Background pressure 4.8 x10~* Pa
the walls.1%1% In the model, we assume that the flow is ax-
isymmetric and quasi-neutral in the computational domain, therefore thin sheath approximation is imposed
on the wall boundaries. The trajectories of ions are traced with PIC method, where the elastic collisions
(n-n, n-i, i-i) and the charge exchange collision (CEX) are taken into account. The collisions with regard to
neutrals are dealt with DSMC (Direct Simulation Monte Carlo) method, and the Coulomb collision between
ions is dealt with MCC (Monte Carlo Collision) method to reduce the computational cost. In the CEX
model, the effect of the polarization potential which can lead to a large scattering angle is considered via
Nanbu’s model.'® The nominal weight of a macroneutral was set much larger than that of a macroion to
reduce the computational cost, thus a mass decay model was employed as an ionization model.'%

As mentioned above, the numerical model was updated so that the induced magnetic field could be
considered. In the drift-diffusion model, the electron’s velocity with the azimuthal induced magnetic field is

given by
Ue,r — /j — 1 ﬁebG
Ue = ’ =k - —V e = He 1
<u> RE = -Vpe, i /LL(_WM ) ) (1)

_ B et g Bl
|B ’ et 1+62’ el me(Veh+Va)’ ¢ me(”eh+ya)

where it is assumed that no external magnetic field is applied in the axial and radial directions. Because
of this and axisymmetric assumptions, the azimuthal component of the electron velocity can be vanished
regardless of the presence of the induced magnetic field. The magnetic flux density induced in the azimuthal
direction is determined by,

be

Bo(zr) = - | i) dS (2)

where S, denotes the area inside the circle with the radius r. It is not necessary to consider the other
components of the induced field due to the assumptions of axisymmetry and no external magnetic field.

With Eq.(1), the current conservation law is reduced to the elliptic equation with regard to the electric
potential.

V n.aVe =V -n, (ul + MVpe) (3)
ene
The steady-state electron’s energy conservation law is given by,”
5 57’lek‘2T5 _ . me
V- (2nekTeue — Qe'UVTe> =j. - E— Z Snek‘EVes(Te —Ts) —eViskiznpne + Qrar, (4)

s=n,i

where V;, and k;, are the ionization energy and the forward reaction rate of ionization, respectively.'® The
last term in the right hand side is described in the next section.
The heavy particle’s temperatures were evaluated as,'®
Mg

Ts = % (<U§> - <US>2) , S=mn,1 (5)

where (z) denotes the average of x within a cell. Equations (3) and (4) were discretized using the Galerkin
finite element method, and the electric potential and electron temperature were separately determined by
solving these equations using a direct solver.2’
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B. IAT Growth Model

In the evaluation of the mobility and Hall parameter, the anomalous collision frequency v, associated with
TAT is also included, where the frequency v, was determined by solving the time developing equation of the
wave growth model,” 1!

oW~
a—tT + V- [(cstuq + ui) Wr] = 29Wr, (6)

where

kTe “ Uq
) Ug = 7>
my |wql

G e 1/2 |ud|_1 (T 3/2 T
TN U cs 7,) “P\Tan

Here wy is a constant standing for the cutoff frequency of the instability. The anomalous collision frequency
v, is given by,

cs = Ug = U — U;, (7)

Vin

-, 8)

Wr
—_— 9
T 9)

where « is a constant of O(1072). In this study, the upper and lower limits of the wave energy density were
set as follows.

Vg = OWpe

ViNe kT, _
WT,maa; = Ma WT,min =10 4WT,maw (10)

QWpe

where vy represents the anomalous collision frequency for saturated state suggested by Sagdeev.
|udl

Vgt = ozstwpic— (11)
S

Here the effect of the ratio T, /T; is confined to ay; following preceding studies.?!'22 According to Ortega et
al.,!! the order of magnitude of this parameter is 1072. The last term in the right hand side of Eq. (4) is
attributed to the cooling of the electrons due to the IAT.% 10

1/2 3/2
« Me |l T, T,
-« e _1 e _
Qrar 5w [(m) ( . ) + (Tz) eXP( 5T,

The ion heating effect was ignored in this paper because the mass flow rate used in the working condition
in Table 1 was so high that severe instability associated with IAT was not expected.

(12)

C. Calculation Conditions

The boundary conditions are summarized in Fig. 3.
The computational domain in the plume region was

truncated in front of the anode, and the electric po- r ‘ — i
tential and electron temperature were fixed to spec- L ]
: e S = Const.
ified values based on the probe measurements along Z (f :E(r:t
the truncated boundary because the discharge ob-
served in the experiment was quite quiescent. Based Top IS assumed. . 4
. . (a’&justed to keep the net J Gas
on the experimental data, the specified electron tem- current constant) ¢ = Const.
(adjusted to keep the

perature was linearly changed in the radial direction net current constant)

to consider the radial variation, but the electric po-
tential was fixed to a constant value along the trun- Gas
cated rightmost boundary. Along the upper bound-
ary in the plume region, the net current was set to
zero, and the electron temperature was fixed. The
specific values at these boundaries are tabulated in

Centerline

Figure 3. Boundary conditions.
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Table 2. Input parameters.

Potential at right boundary 14V
Electron temp. at right plume boundary (linearly varied outward) 1.2 -0.75 eV
Electron temp. at upper plume boundary 0.75 eV
Electron temp. at inlet 0.8 eV

wp in Eq. (8) 10° s—1

a in Eq. (9) 1072

ag in Eq. (11) 2.5 x 1072

Table 2. Thin sheath approximation was assumed on the whole wall surfaces, and the sheath model was im-
posed on the boundaries, which prescribes electron flux flowing into the walls.'* On the emitter surface, the
thermionic current was also taken into account with Richardson-Dushman formula including Schottky effect.
When the sheath voltage becomes relatively low, however, space charge limitation might occur locally on the
emitter surface. Therefore, a space charge limited current was locally evaluated and was set as a maximum
value of the thermionic current. On the keeper surface, keeper current was calculated from the electron and
ion fluxes, and the keeper voltage was periodically adjusted to maintain the keeper current constant. On the
emitter surface, the emitter temperature distribution should be given to evaluate the thermionic electron
current using Richardson-Dushman formula. In this study, a quadratic function in the following form was
assumed as an emitter temperature distribution,

z
Lem

Tem(é) = aem,(z - 20)2 + Tem,Oa z=

(13)

where Ley, is the length of the emitter. The emitter temperature was assumed to reach a maximum value
Tem,0 at z = zp. In this paper, 29 = 0.9 was assumed, and the coefficient a.,, was set so that T¢,,(0)/Tem,0 =
0.7. The maximum temperature of T, o was periodically adjusted to keep the discharge current close to a
specified value.

The TAT growth model used here contains an unknown parameter of cutoff frequency wy which prescribes
the lower limit of the frequency IAT occurs. This parameter was introduced based on the empirical evidence
that such a lower limit exists, and has been parameterized in the previous studies. In this study, we set a
typical value of wg = 10°s~!, although we have not measured the spectra of IAT.

IV. Results and Discussion

A. Comparison between Simulation and Experiment

To validate the simulation results, the axial and radial plasma properties such as electron number density,
electric potential, and electron temperature are compared in Figs. 4 and 5, respectively. The black and red
lines show the simulated results without and with the induced magnetic field, respectively.

In Fig. 4, the horizontal axis is the axial distance from the exit of the keeper electrode normalized by the
emitter length. We can see that the measured electron number density was monotonically decreased but was
kept about 10*® m~3 around 2y, / Le,,=0.7, while the simulation result without the magnetic field reaches 107
m~3 at the same location. However, this discrepancy is considerably improved by considering the magnetic
field, while there is still slight underestimation over all measured points. Since each experimental plot was
obtained by a single-shot probe insertion, we evaluated the error bar for the electron number density from
the fluctuation of the probe current around the space potential. As a result, the order of magnitude of
the errors for all plots are estimated as less than 107 m™3, therefore we can not depict discernible error
bars. The reason for the discrepancy might be the blockage effect caused by the probe with a diameter of
4 mm. This speculation is bolstered by the fact that the discrepancy is gradually diminished with distance
from the cathode end. Of course, since further tuning of the model parameters might improve the accuracy,
investigation with a wide range of parameters is necessary in the future. As for the electric potential, the
experimental data show a moderate decrease along the center axis, but the result without the magnetic field
is slightly overestimated near the cathode and show steeper decay. On the other hand, with the magnetic
field, the profile gets flattened and is slightly underestimated compared with the experimental data, which
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Figure 4. Axial profiles of plasma properties along the center axis for mm = 40 sccm, I; = 20 A, I, = 3.0 A.
The black and red lines show the simulated results without and with the induced magnetic field, respectively.
zi, is the axial distance from the cathode end.

1E20 T 20 3

—— w/o Bfield [ —— w/o Bfield
w/ B-field w/ B-field
= Exp. 1l = Exp.

— w/o B-field
w/ B-field
= Exp.

1E19 ¢
1E18 ¢

1E17 ¢ CRa

Electron number density, m?
.
Electric potential, V
&
Electron temperature, eV

1F

1E16 S S S S S S R 10 S S S S S S ) P S U S S S S R
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 10
/Lo /Lo (74

(a) Electron number density. (b) Electric potential. (c) Electron temperature.

Figure 5. Radial profiles of plasma properties at 10 mm from cathode end for /n = 40 sccm, I; = 20 A,
I, = 3.0 A. The black and red lines show the simulated results without and with the induced magnetic field,
respectively.

suggests that the axial profile of the electric potential is relatively insensitive to the magnetic field. We can
see the electron temperature is considerably decreased and approaches the experimental data when including
the magnetic field, which would be attributed to the increase in the electron number density as mentioned
above. Although The electron temperature is still overestimated about 0.4 €V, parameter survey for the
present model might improve these differences

Figure 5 shows the radial profiles of plasma properties at 10 mm apart from the cathode end. As a whole,
we can see that quantitative accuracy is improved by including the induced magnetic field. The potential
profile is flattened by the effect of the magnetic field, and agree well with the experimental data. The
electron temperature is decreased and approaches the experimental data, whereas the shape of the profile
is slightly different. In addition, the profile of the electron number density exhibits qualitative discrepancy.
This discrepancy might be attributed to a disregard of the existence of the anode which would reflect some
particles toward the cathode.

B. Flow Field Structure

The improvement of the accuracy along the center axis by including the magnetic field should be understood
in terms of the flow field structure. To this end, the numerical density, electric potential, and electron
temperature distributions are shown in Fig. 6. The left and right columns correspond to the results without
and with the induced magnetic field, respectively.

Without the magnetic field, the electron number density inside the cathode tends to diffuse up to the
inlet, namely, the entrance of the emitter region, while its order of magnitude at the inlet for the case with
the magnetic field is still 10'” m~ as seen in Fig. 6(b). We infer that this low electron number density
near the inlet is attributed to the low electron temperature in this region as shown in Fig. 6(f). The low
electron temperature leads to not only a slow ionization process but also low sheath potential on the emitter
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(e) ()

Figure 6. Plasma flows for 1 = 40 sccm, I; = 20 A, I, = 3.0 A, wp = 10°> s~! (top: electron number density,
middle: electric potential, bottom: electron temperature). The left and right columns correspond to the
results without and with the induced magnetic field in the azimuthal direction, respectively.
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Figure 7. Induced magnetic flux density for m = 40 Figure 8. Electron’s Hall parameter for m = 40 sccm,
sccm, Ig = 20 A, I, = 3.0 A, wo = 10° s~ 1, Gauss. I; =20 A, I, =3.0 A, w =10% s~ L.

surface, which gives rise to a large amount of electron loss through the ion-repelling sheath. Since the low
sheath potential on the emitter surface also promotes the decrease in the electron energy, namely electron
temperature, this spiral results in such a low potential and low-temperature distribution. The low sheath
potential is also associated with the low space potential near the inlet as seen in Fig. 6(d), because high space
potential is a necessary condition to maintain high sheath potential on the wall. The low space potential near
the inlet is attributed to the enhanced resistivity due to the induced magnetic field in the azimuthal direction.
Figures 7 and 8 show the distributions of the induced magnetic flux density and electron’s Hall parameter,
respectively. The magnitude of magnetic flux density is highest inside the orifice due to constriction of the
discharge current, while Hall parameter grows through the orifice region and reaches a maximum in the
plume region because of a rapid decrease in the collision rate. From the orifice to the plume region, the
Hall parameter ranges from 0.1 to 10, which serves to enhance the resistivity in z-r plane. Since the space
potential is fixed at the end of the plume region, the high resistivity from the orifice to the plume region
results in low space potential inside the cathode.

With the magnetic field, the electron number density in the plume region tends to be constricted toward
the center axis, which directly leads to the improvement of the accuracy along the center axis mentioned
earlier. This is attributed to the pinch effect caused by Lorentz force j x B acting on the plasma. We can
also see that the radial profile of the electric potential is flattened over the plume region by including the
magnetic field as seen in Fig. 5(b). This tendency can be understood as follows. According to the equation
of motion for electrons, the gradient of the electric potential is given by,

Vo= TPy x By e (14)
€Te He
The effect of the magnetic field is described as the second term in the right hand side. The radial component
of the term u,. x B is basically positive in the plume region, therefore this term serves to increase (V).
Consequently, the potential profile gets flattened by the effect of u. x B.

V. Conclusion

The results of hybrid-PIC simulation of a hollow cathode were compared with the experimental data
of probe diagnosis in the plume region. The numerical model treats the heavy species (neutrals and ions)
and electrons as particles and fluid, respectively, and was updated so that the induced magnetic field in the
azimuthal direction can be considered. The growth of ion acoustic turbulence (IAT) was taken into account
by solving the time-developing equation of the ion acoustic wave, which enables us not to assume a saturated
state of the instability.

In this paper, we focused on spot mode which is thought an ideal operating mode of a hollow cathode and
performed simulations with and without the induced magnetic field. In the experiment, a Langmuir probe
was inserted from the rear side of the cylindrical anode along the center axis to measure electron number
density, electric potential, and electron temperature. The results show that the electron number density
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was underestimated when the induced magnetic field was ignored, but the discrepancy can be considerably
improved by including the induced magnetic field due to the pinch effect, while there are still quantitative
differences within several tens of percents. The induced magnetic field serves to flatten the axial and radial
profiles of electric potential and to decrease electron temperature over the plume region. However, the
present model is inadequate to capture the radial profile, especially of the electron number density, therefore
further investigation is necessary in the future. It was also shown that the effect of the induced magnetic field
enhances the electrical resistivity, especially from the orifice to the plume region, where the Hall parameter
ranges from 0.1 to 10. Consequently, the space potential inside the cathode is decreased, and electron number
density and electron temperature are also reduced especially near the upstream side of the emitter.
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