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Abstract: For recent high power electric propulsion systems in the range of several tens
to 100 kW for cargo and manned missions, we have designed and manufactured a 100 A class
hollow cathode. As a result of the operation test, we succeed to extract 100 A of electron
current. The voltage-current characteristic of the hollow cathode was dependent on the
propellant species but independent on the propellant mass flow rate and the orifice diameter.
In order to analyze the hollow cathode plasma, a particle simulation code is under
development. In this paper, we also report the current status.

Nomenclature

A = Richardson constant

D = diffusion coefficient

J = emission current

J = emission current density

k = Boltzmann constant

L R = insert length and radius

Ne = electron number density

Tn = neutral particle number density
7,z = components of cylindrical coordinate
T = temperature of electron emitter
Te = electron temperature

@ = work function of electron emitter
r = flux

o] = ionization cross section
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I. Introduction

ECENTLY, high power electric propulsion systems for deep space exploration or mars mission have been

developed.” Especially, Hall thrusters and magnetplasmadynamic (MPD) thrusters are hopeful candidates for
theses missions because of their high thrust densities. These thrusters require high current hollow cathode. For instance,
discharge current of the hall thruster for the mars mission is 100 A.2 A MPD thruster also need a high current hollow
cathode to reduce the cathode erosion problem.?

One of the most remarkable research of a high current hollow cathode is conducted in JPL/NASA.* They
developed a hollow cathode with a LaBg insert which can emit 200 A of the electron current for high power Hall
thrusters or Ton engines. We have also designed and manufactured a high current hollow cathode with a LaBs insert
for the above mentioned MPD thruster® or other thrusters. Also we develop a particle simulation code in order to
obtain the plasma profile in the hollow cathode. In this paper, we report the experimental performance and the
numerical simulation result.

II. Hollow cathode design

A. Insert design
According to the Richardson-Dushman equation, electron emission current density from a material is

C_ a2 ¥ 102
j=AT exp[—ﬁ, (1) T T T
e 10"k —BaO-W 411 J
where, 4, T, ¢, and k are Richardson constant, the S —LaB 6
material temperature, work function and < 0 —Ta
Boltzmann constant, respectively. Only ¢ is the é 107 F -=—— Mo /
specific value of each materials in this equation. 2 Pl W /-" A
Figure 1 shows the emission current density jasa 3 10 | e
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in the Oxygen atmosphere.” Therefore, we adopt @ f
the LaBg as the electron emitter material. g 4
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) Figure 1. Emission current density as a function of the

= 2nRLj
J R material temperature.

where, R and L is inner radius and length of the insert, respectively. We set the target value of J is 100 A, so that, the
inner surface of the insert can be derived from this equation.

The radius and length are determined by the following plasma modeling.® From the steady state electron equation
of continuity

VI =n, ()
and diffusion equation
I'=-DVn, 3)
we obtain
DV?n, = n,n.o;v, 4)
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where, D, nn, ne, i and v, are diffusion coefficient, neutral number density, electron number density, ionization
collision cross section, and electron velocity, respectively. This equation indicates the electron number density
depends on the diffusion and ionization. This equation in the cylindrical coordinate can be solved under the boundary
condition of n¢(R, z) =0.

ne(r, 2) = ne(0, 0) Jo (22r) el (5)

Here, Jy is Bessel function of the first kind, 401=0.2405 and « is a function of T¢. This solution indicates the plasma
density is exponentially decrease toward the upstream; too long L is meaningless for plasma production. From the
solution, we define an appropriate L and R.

B. Thermal design

In general, the insert is heated by a heater. A sheath heaters are used in many cases, however we adopt a coil heater
insulated from the cathode body and the keeper by ceramic tubes because of its availability. The cathode configuration
were determined by fabrication limitation and a simple thermal analysis (Fig. 2). To estimate the heat from the plasma,
NASA’s analysis model® is referred.

C. Structure

Figure 3 shows the schematic of the hollow cathode we designed and fabricated. The insert material is LaBs as
mentioned above. The cathode body is made of Tantrum because of its high melting point and machinability. The
other high temperature components are made of Molybdenum or INCO718. The SUS is used for the components
which temperature is not so high. Insulators are made of Almina.

[ Vacuum chamber
—> Radiation 300K/ A A Heater Keeper

—> Conduction [:$7 Keeper
:t% Insulator
7

Heater

Cathode body -
Insert I cathode body  Insert
N --- Central axis - —-—
Plasma LaB6 Mo Ta Ceramics SUS INCO718
Figure 2. Schematic of the simple thermal analysis. Figure 3. Hollow cathode structure.

III. Operation test

A. Experimental setup

Figure 4 shows the experimental setup. The hollow cathode operated in a vacuum chamber which length and diameter
were 3 m and 2 meter, respectively. The chamber is evacuated by a turbo molecular pomp (3200 L/s) backed by a
rotary pump (33 L/s) and reached around 1.0x107 Pa.

The cathode was set in the vacuum chamber. An anode plate was set in 30 mm downstream. All of the cathode
components and the anode are insulated from the vacuum chamber. The operation parameter is tabulated on Table 1.

Table 1. Experimental parameters

Parameters Values
Gas species Ar, Xe
Propellant flow rate, Aeq. 1,5
Heater current, A 17~19
Keeper current, A 1
Anode current, A 40 ~ 100
Cathode orifice diameter, mm 1,3
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Figure 4. Experimental setup.

B. Result

Figure 5 is a picture of hollow cathode operation.
Figure 6 shows a typical discharge current and voltage
history. In 100 sec after ignition, the discharge current
reached to the target value 100 A. This must be
because the insert temperature was gradually increased
by the heat from the plasma.

Figure 7 shows the voltage-current characteristic of
the hollow cathode. The anode voltage decrease with
increment of the anode current. This might be because
the larger anode current gives the insert more heat from
plasma. The V-I characteristic does not so much
depends on the propellant mass flow rate and the
orifice diameter. When Argon is used as a propellant,

Figure 5. Hollow cathode operation.

the anode voltage is higher than that in the case of Xenon, which is caused by the difference of ionization energies.
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Figure 6. Typical time history of anode current
and voltage.
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IV. Numerical simulation

A. Methods

The calculation region is from inside the
hollow cathode to the anode target (Fig. 8).
Since potential drop is expected to be appeared
not only on the wall but also in the orifice area,
we adopt fully kinetic particle in cell method,
which can solve the potential without any &

Cathode orifice plate
Keeper

I/ Target (Anode)

Insert

. . . . . ! Calculation domain
assumption, is used. Cylindrical coordinate l
system is used. Spatial dimension and velocity
spatial dimension are two and three, Cathode orifice plate Target (Anode)

Keeper

respectively.

Collision is solved by using Direct
Simulation Monte Carlo (DSMC). Only three
dominant electron — neutral particle collisions,
elastic scattering, ionization, and excitation, are
considered.

The particle equation of motion is solved by Figure 8. Calculation domain.

Buneman-Boris method. Neutral particles flow
through the upstream side boundary. Electrons emit from the insert surface. On the wall, neutral particles scatter
randomly with wall temperature energy. lons recombine and become neutral particle on the wall (Fig.9 (a)).

To obtain the electric field, Poisson’s equation was solved by GMRES method. The cathode potential was set at 0
V. The anode potential and the keeper potential are changed by each currents. On the other boundary, Neumann
condition was applied (Fig.9 (b)).

|
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Electron emission10 A/cm? Blectron - Absorption \ o \
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Figure 9. Boundary conditions.

B. Current status

The calculation is still undergoing; here, we report the current status. A typical cathode current history is shown
in Fig. 10. The current was oscillated but the average current was 100 A. The oscillation seems to be a noise of particle
simulation. The currents of each parts are tabulated on Table 2. When the emission current from the insert was set at
40 A, the ion and electron current from the plasma to the insert was shown by the table. As a result, the average
cathode current was about 100 A. On the other hand, the anode current was only 40 A, so that a part of the electron
emitted from the cathode does not absorbed by the anode.

Figure 11 shows the electron number density distribution. As shown in this figure, the electron number density
takes maximum on the central axis, which is qualitatively similar to the electron number density distribution predicted
by the theoretical plasma model (Eq. (5)). More precise analysis using the numerical simulation code is our future
work.
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Table 2. Breakdown of currents
Cathode current, A (total) 9.98x10!

< 190} (emission) 4.00x10!
é (electron) 2.53x10*
S) 100 (ion) 2.53x10*
s Anode current, A (total) 3.57x10!
g 50 (electron) 3.67x10!
(ion) 1.00x10°
Keeper current, A (total) -3.89x10°
0 ' ' ' ' (clectron)  2.42x10?
Time, (ion) 2.46x10?
Figure 10.  Cathode current history
Cathode orifice  eeper r—
Insert 4l e
1| Anode E £
i 0

Figure 11.  Electron number density distribution.

V. Conclusion

We have designed and manufactured a 100 A class hollow cathode. As a result of the operation test, we succeed
to extract 100 A of electron current. The voltage-current characteristic of the hollow cathode was dependent on the
propellant species but independent on the propellant mass flow rate and the orifice diameter. In order to analyze the
hollow cathode plasma, a particle simulation code is under development. The simulation was semi-converged. The
more precise analysis is our future work.
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