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A lanthanum hexaboride hollow cathode using argon gas has been built as a prototype

for the eventual development of a hollow cathode that operates with lithium. The

cathode with a 0.12 inch orifice diameter is well operated at discharge currents of 10

to 50 A, keeper currents of 0.1 to 2.5 A, and argon gas flow rate of 10 sccm (standard

cubic centimeter per minute) to 25 sccm. The electron density at a position 7.9 cm

away from the orifice has a peak value of 5.2*1012 cm-3 under 15 sccm argon gas flow

rate and 24.4 A discharge current. The electron density at a position of 2.5 cm away

from the orifice with 10 sccm argon gas flow rate, and 10.1 A discharge current, has a

peak density value 1.12*1012 cm-3 and Maxwellian distribution of electron

temperature centered at 3.5 eV. The discharge voltage becomes smaller with higher

argon gas flow rate at one regulated discharge current in the region of 15 to 40 A. At

discharge current of 10 A, the discharge voltage stays approximately the same for all

gas flow rates from 10 sccm to 25 sccm.
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Operation of Lanthanum Hexaboride Hollow Cathode with Argon

Gas
Jiechuan Wang

University of California, Los Angeles
A lanthanum hexaboride hollow cathode using argon gas has been built as a prototype for the

eventual development of a hollow cathode that operates with lithium. The cathode with a 0.12 inch

orifice diameter is well operated at discharge currents of 10 to 50 A, keeper currents of 0.1 to 2.5 A,

and argon gas flow rate of 10 sccm (standard cubic centimeter per minute) to 25 sccm. The electron

density at a position 7.9 cm away from the orifice has a peak value of 5.2*1012 cm-3 under 15 sccm

argon gas flow rate and 24.4 A discharge current. The electron density at a position of 2.5 cm away

from the orifice with 10 sccm argon gas flow rate, and 10.1 A discharge current, has a peak density

value 1.12*1012 cm-3 and Maxwellian distribution of electron temperature centered at 3.5 eV. The

discharge voltage becomes smaller with higher argon gas flow rate at one regulated discharge current

in the region of 15 to 40 A. At discharge current of 10 A, the discharge voltage stays approximately the

same for all gas flow rates from 10 sccm to 25 sccm.

I. Ion thrusters
Electric propulsion has been developed since early 1900s. Electric propulsion is

one kind of space propulsion using some electric or magnetic methods accelerating

propellant to give force to spacecrafts. The first systematic analysis of electric

propulsion systems was made by Ernst Stuhlinger in 1964 and the physics of electric

propulsion thrusters was first described comprehensively in a book by Robert Jahn1.

The first experimental ion thrusters were launched into orbit in the early 1960s by the

U.S. and Russia using cesium and mercury propellants1 with low thrust mission. Since

1971, over 200 Hall thrusters have been used on over 40 spacecrafts to date. In 1995,

the first ion thruster system was used by Japan. Commercial use of electric thrusters

by U.S. started in 2004 and more ion and Hall thruster commercial activities are

planned in the future. In the past 10 years, electric thrusters use has grown steadily

worldwide and developed rapidly.

There are multiple types of electric thrusters, such as resistojet, arcjet, ion

thruster, Hall thruster, pulsed plasma thruster, magnetoplasmadynamic thruster, and so

on. Ion thruster has the highest efficiency, over up to 60% of the propellant mass

converted into ions and accelerated in the electric thruster1, it has great potential for

further development.

Ion thruster has similar basic principle as chemical thrusters accelerating mass
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and ejecting it from the vehicle to generate the thrust. Ion thrusters use electrostatic

acceleration of ions extracted from the plasma generator3 to approach the mission

velocity. Regular chemical thrusters are able to approach 3 to 4 km/s exhaust velocity,

but ion thruster in theory could be accelerated up to 1,000 km/s. Because of the high

exhaust velocity, the ion thruster could use less propellant for a given space mission,

or spend the same amount of propellant to travel farther. Ion thruster geometry is

shown in figure 1. Ion thruster is a chamber with cathode, accelerator grids, anode,

neutralizer cathode, plasma generator which is shown by the space in chamber, and

the magnetic coils bounded on the wall of the ion thruster.

Fig. 1. Ion thruster geometry schematic1.
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Cathode in the ion thruster is the source of electrons. In the early decades of ion

thruster development, heated tungsten filaments were usually utilized as the cathode

to provide electrons. But the high work function of tungsten requiring temperatures

over 2600 K, meant that too much propellant is used up on heating tungsten, lowering

the efficiency of the ion thruster. And the evaporation rate of tungsten filaments

directly determines the life time of cathode, usually only hundreds of hours. The

hollow cathode concept was developed to solve these problems. With lanthanum

hexaboride, which has a work function of only 2.67 eV, the life time of hollow

cathode can reach up to 10 years4.

With electrons from the cathode ejected into the chamber full of propellant gas,

magnetic fields produced by magnetic coils effectively confining electrons bouncing

around in the chamber, the propellant is efficiently ionized to form a plasma.

Electrons keep bouncing around in the chamber until they are either lost directly to

the anode wall by encountering the finite loss area at the cusps, make an ionization or

excitation collision, or are thermalized by coulomb interactions with plasma

electrons5. Minimizing the number of electrons lost directly to the anode is a key

strategy for decreasing the energy loss and maximizing the efficiency of the thruster.

Accelerator grids create a potential difference between the grids and plasma in

the chamber to extract the ions from the chamber and accelerate these ions to generate

thrust. At the same time, accelerator grids should prevent electrons leaving the

chamber. With Child-Langmuir sheath existing, the backstreaming of the electrons

should also be considered very carefully.

Neutralizer cathode is outside of the chamber providing electrons at the same

rate as that of ions leaving thruster to keep charge balance on the spacecraft.

Neutralizer cathode usually has a design similar as the cathode in the thruster.

II. Lanthanum hexaboride (LaB6) hollow cathode
Hollow cathode is one of the most important part in the modern ion thruster6.

The efficiency of the hollow cathode is determined by the insert material, and

geometry of the cathode. Fig.2 is the schematic of a LaB6 hollow cathode. The work

function and value of D in Richardson-Dushman equation of the insert material

determine the heating temperature required for a certain emission current. Geometry
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of the cathode determines the self-heating efficiency of hollow cathode once steady-

state operation is reached. The keeper provides the additional current needed to

sustain the cathode and is used to protect the cathode from erosion which affects the

life time of hollow cathode.

Lanthanum Hexaboride (LaB6) hollow cathode has been used in research

laboratories and space industries in United States for nearly 15 years7. Because of its

long life time, high gas impurity tolerance, incredible robustness, and high-current

density8, LaB6 is widely used compared to conventional refractory metal or

impregnated-dispenser cathodes9. LaB6 has been successfully operated in all noble

gases from helium to xenon, reactive gases including hydrogen and oxygen, and

various vaporized materials including metals such as bismuth10. LaB6 hollow cathodes

have calculated lifetimes that exceed 10 years at discharge currents of interest for the

next generation solar electric propulsion missions11.

LaB6 is a purple polycrystalline material made by press sintering LaB6 powder

into rods or plates and then machining the material to the desired shape12.

Pollycrystalline LaB6 has a work function of about 2.67 eV depending on the surface

stoichiometry13 and will emit over 10 A/cm2 at a temperature of 1650 ℃10. While the

LaB6 is heating, the ion bombardment happens and lanthanum atoms transport to the

emitting surface and form the lanthanum-rich surface which has a low work function.

Since the bulk material is emitting, there is no chemistry involved in establishing the

low work function surface and LaB6 cathodes are insensitive to impurities10 such as

water vapor, and air.

A laboratory LaB6 hollow cathode with argon gas was built at JPL by Dr. Dan

Goebel for testing and further development of LaB6 hollow cathode with lithium at

UCLA. The LaB6 cathode has a full discharge power of 1 KW, and its lifetime is

determined primarily by the evaporation rate of the bulk LaB6 material at typical

operating temperatures14 keeper life time. The Langmuir probe is used as the device

measuring plasma electron density, electron temperature, and plasma potential.
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Fig. 2. Schematic drawing of LaB6 cathode insert1.

Lanthanum hexaboride cathode has three major parts, which are LaB6 insert,

sheathed heater, and keeper. Fig.2 is a schematic drawing of the LaB6 cathode. LaB6

insert as electron emitter has been used since 1970s. The LaB6 insert made from LaB6

powder that is first compressed into rods and then machined into a hollow cylinder

tube. In our case the inner diameter of the LaB6 insert is 0.25 inch, the outer diameter

of the LaB6 insert is 0.375 inch, and the length is 1.0 inch. The inner area of the LaB6

insert is approximately 5 cm2. The theoretical emitting current of this LaB6 insert is

up to 50A. In the molybdenum tube, the LaB6 insert is pushed all the way against the

0.12 inch orifice which is made of tungsten. Size of the orifice determines the self-

heating mechanism of the hollow cathode. With a large length-to-diameter ratio small

orifice, the cathode operates at low current and relatively high inner gas pressure. The

self-heating mechanism of this type is primarily orifice heating, which is the ohmic

power deposited in the orifice plasma goes into heating of the orifice plate by ion

bombardment, which contributes to the insert heating by conduction and radiation2.

Second type of orifice has an orifice diameter larger than the length, operates at lower

internal gas pressure2 with electron or ion bombardment of the insert, or the

combination of two. Third type of orifice has no orifice with heating mechanism of

ion bombardment of the insert.

The heater consists of one 4-foot long and 1/8 inch diameter tantalum sheathed

heater with Al2O3 insulation wrapped around cathode tube and heat shielded with 10

wraps of 0.001 inch tantalum foil. The heater runs at 13A of current at about 17.7 V

for 20 minutes to get the LaB6 insert hot enough to emit electrons. After the heater
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fully heating, the heater can be shut off before discharge. Then the self-heating

mechanism of the cathode continuously heats the insert providing electrons.

The molybdenum keeper with 0.04 inch wall thickness is used to initiate and

maintain the discharge. The 0.12 inch inner diameter orifice next to the cathode tube

orifice acts to protect against the erosion of the orifice plate from back-ion

bombardment and help extracting electrons out of cathode. The keeper current at 0.10

to 2.50 A is required to keep the cathode hot and running properly at discharge

currents less than 10 A.

III. Theoretical model of hollow cathode
Significant electric propulsion research programs were established in the 1960s

at the National Aeronautics and Space Administration (NASA) Glenn Research

Center, Hughes Research Laboratories, NASA’s Jet Propulsion Laboratory(JPL)1.

LaB6 hollow cathode was first developed in 1960s and has been perfected after

decades of research at JPL. The theoretical models for the hollow cathode and plume

of the cathode have been published and continuously improved. IROrCa2D and

OrCa2D code are two models developed by JPL. IROrCa2D is the first generation

code used to model the insert and emitter region of the hollow cathode by inputting at

least one plasma property measurement such as emitter temperature. OrCa2D is the

second generation. It is a 2-D axisymmetric orifice cathode code for simulating

hollow cathodes operating under a wide range conditions predicting the evolution of

plasma in hollow cathode and thrust region without any plasma property

measurements.

Specific explanation of OrCa2D code theory is discussed in [15,16,17]. This

model covers the hollow cathode operation with partially ionized gas including singly

ionized ions, electrons, and neutral particles. The governing equations of this code are

the continuity equation for each species, fluid momentum equation for the plasma,

and energy conservation. Governing equations are listed below18. Equations (1) and (2)

are the continuity equations for ions and neutrals. Equations (3) to (5) are the fluid

momentum equations for ions and electrons respectively. Equation (6) is the current

conservation equation. Equations (7) to (9) are the energy conservation equations.

Equation (10) is the definition of different Q in equations (7) to (9).

Solving equations of (1), (3), and (5), plasma densities and current densities are
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obtained. Plasma potential can be obtained by solving equations (6) which is from

continuity equation for electrons and ions. With equation (2) and (4) combined,

neutral gas flux can be yielded. In this model, ions and neutrals are assumed in

thermal equilibrium. By solving equation (7), electron temperature can be obtained.

Equations (8) and (9) are energy conservation equations for ions and neutrals

respectively.

IV. Experiment Setup
The LaB6 cathode is tested in a vertical cylindrical stainless steel chamber with

11.88 inches inner diameter, 12.02 inches outer diameter, and 40 inches height. Fig 3

is the sketch of the circuit diagram. The gas feeder is controlled by the APEX digital

gas flow controller with 0.8% reading error. The cathode tube orifice and Langmuir

probe are on the same horizontal level.

Langmuir probe is one of the most common and widely used devices for

diagnosing plasma electron densities, electron temperatures and plasma potential in

low temperature plasma19. The straight Langmuir probe used in this test is made up of

a 3 mm long and 0.52 mm in diameter tungsten wire, and it is placed 7.9 cm away

from the cathode orifice on the cathode axis. Another Langmuir probe with a “dog-

leg” shape is used in this test to measure plasma profiles near the cathode orifice. The

“dog-leg” shape Langmuir probe has a 10.5 cm long arm perpendicular to the cathode

axis, and the swinging arm with 5.4 cm length. The tungsten wire tip in the “dog-leg”

Langmuir probe has a dimension of 0.5 mm diameter and 2.5 mm length. Fig. 4 is the

photo of discharge chamber with the “dog-leg” Langmuir probe. A sweeper at 170 Hz

connects to the controllable biased voltage power supply to give a full trace of
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Fig. 3. Sketch of the circuit diagram from top view.

Fig. 4. Photo of the discharge at 15sccm, 12 A discharge current, and 1A keeper current,

the “dog-leg” Langmuir probe used for measurement with different angles
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Langmuir probe which has the information of electron saturation current, ion

saturation current, and electron temperature. The resistor is a 100 Ω electric resistor.

With the current flowing from plasma in the chamber through the resistor, the scope is

able to measure the voltage on the resistor to calculate the current.

V. Results
After the vacuum chamber is pumped down to at least 10-7 Torr, the heater is

turned on at 13 A for 15 to 20 minutes. The discharge starts by starting the argon gas

flow rate from 10 sccm to 25 sccm (Standard Cubic Centimeter per Minute), then

applying 150 V to the keeper and regulating to 1 A . After the discharge is observed,

we shut down the heater to prevent the damage to the heater. And the anode power

supply is turned to a desired current from 8 A to 45 A with a floating voltage potential

varying from 15 V to 22 V. After a few seconds, the plasma becomes stable, and

keeper current now is able to be regulated from 0.1 A to 2.5 A with floating potential

varying from 10 V to 16 V. As shown in Fig 4, the center of plasma is more

condensed as observed.

Fig. 5. Ion saturation current vs. Position relative to the cathode axis

Fig. 5 shows the ion saturation current versus the position relative to the cathode

axis with 15 sccm argon gas flow rate, 1 A keeper current, and 24.4 A anode current,
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taken from the trace of a straight Langmuir probe placed 7.9 cm away from the

cathode orifice. The electron densities are measured one side and 1.4 cm across the

center position so as to minimize the effect by the ceramic part of Langmuir probe

affecting plasma density. The probe is on the axis perpendicular to the axis of cathode

tube and 7.9 cm away from the cathode tube orifice. The ion saturation current

remains approximately constant between 2 cm to 5 cm at the value of 0.00074 A. And

it increases rapid from 2 cm to the center reaching the maximum value of 0.0016 A.

Fig. 6 shows the electron temperature versus the position relative to the cathode

axis with same setup. The electron temperature has similar trace as ion saturation

current. It remains at approximately 2 eV from 2.6 to 5 cm, and increases to the peak

value of 7.7 eV at the center. After passing through the center, the electron

temperature starts decreasing at the similar rate of increasing on the other side respect

to the center axis.

Fig. 6. Electron temperature vs Position relative to the cathode axis

Fig. 7 shows the calculated electron densities versus the position through the

plasma on the axis perpendicular to cathode axis with 15 sccm argon gas flow rate, 1

A keeper current with 13.9 V keeper voltage, and 24.4 A anode current with 17.44 V

anode voltage. The electron density remains approximately 1.4*1012 cm-3 between 2

and 5 cm. And it increases rapidly from 2 cm to center reaching the peak density
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Fig. 7. Electron density vs. Position relative to the cathode axis

5.2*1012 cm-3. Right after the center axis, the electron density starts decreasing. As the

cathode is hollow, the electron density profile is capable of being considered

symmetric. As shown in Fig. 4, the plasma is more condensed in the center and

divergent as distance increases from the cathode tube orifice. The divergent angle is

approximate 14.2 degrees.

With the “dog-leg” probe in the chamber, the probe tip is closer to the cathode

orifice at 2.5 cm away from the orifice at horizontal level, set to 0 degrees. Fig. 8

shows the ion saturation current versus the angles relative to the hollow cathode

horizontal level at 10 sccm gas flow, 1.44 A keeper current, and 10.1 A anode current.

Positive angle is for probe above the axis of hollow cathode. The ion saturation
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Fig. 8. Ion saturation current vs angles.

current reach the peak value of 0.00125 A at the angle of 3 degrees. Between 0 degree

and 9 degrees, the ion saturation currents are close at 0.0012 A. For -9 degrees to -3

degrees region and 12 degrees to 19 degrees region, the ion saturation current are

similar at the value of 0.0008 A. For the region of -19 degrees to -12 degrees and the

region of 22 degrees to 25 degrees, ion saturation current are close at 0.0006 A. This 3

stages ion saturation current is symmetric at the angle of 3 degrees showing the

maximum ion saturation current at the axis of the hollow cathode has a phased

decrease with angles increasing. The divergent angles are 18 degrees, 29 degrees and

32 degrees respect to first stage, second stage, and third stage.

Fig.9 is the diagram of electron temperature versus angles. The electron

temperature is minimum at the region of angles between -3 degrees to 3 degrees at
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Fig. 9 Diagram of electron temperature vs. Angles.

the value of 3.5 eV. Out of this region, the electron temperature at different angles

fluctuates between 4 eV to 5 eV except the value at angle of 30 degrees.

Fig 10. shows the electron densities versus angles. The electron density is

Fig. 10. Diagram of electron densities vs. angles.

maximum at 3 degrees with the value of 1.12*1012 cm-3. It decreases from the peak at
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3 degrees to -6 degrees and 12 degrees. It remains approximately at the value of

6*1011 cm-3 in the region of -6 degrees to -19 degrees and 12 degrees to 19 degrees.

Fig. 11 shows the discharge voltage versus discharge current for 10 sccm, 15

sccm, 20 sccm and 25 sccm at 1 A of keeper current. At 10 A discharge current, the

discharge voltages of different gas flow rates is approximately same. But as discharge

current increases, the discharge voltage of lower argon gas flow rate is larger than the

discharge voltage of higher argon gas flow rate. At 40 A of discharge current, the

highest discharge power is 800 W at the gas flow rate of 10 sccm.

Fig. 11. Discharge voltage vs. Discharge current

Fig. 12 is the diagram of keeper voltage versus discharge current at 0.19 A

keeper current with 10 sccm, 15 sccm, 20 sccm, and 25 sccm argon gas flow rate and

0 A keeper current with 20 sccm and 30 sccm xenon gas flow rate. Xenon data is from

K. Kubota [20]. Four traces are similar in parabolic shape, having maximum keeper

voltage at minimum discharge current. And keeper voltage decreases as discharge

current increase to 25 A, then keeper voltage starts increasing slowly. In this case, the

keeper spends some energy on heating the orifice plasma to balance the discharge

current increase. Keeper voltages at 20 sccm xenon gas flow is higher than the keeper

voltages at 20 sccm argon gas flow from discharge current at 10 A to 30 A. The

keeper voltage with xenon gas flow becomes smaller than the keeper voltages with

argon at 20 sccm gas flow rate for discharge current in the region of 40 A to 50 A.

Fig. 13 is the diagram of keeper voltage versus discharge current at 3.74 A

10sccm 15sccm 20sccm 25sccm
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keeper current with 10 sccm, 15 sccm, 20 sccm, and 25 sccm argon gas flow rate. The

Fig. 12. Keeper voltage vs discharge current

Fig. 13. Keeper voltage vs discharge current at 3.74 A keeper current.



17

data at 10 A discharge current is not included because of the hollow cathode operation

disabled at 10 A discharge current with 3.74 A keeper current. In this diagram, 4 traces

with different gas flow rate are separated, because with different gas flow rate, the

orifice plasma resistance are different, which consuming different energy to keep

heating. With large keeper current at 3.74 A, the separation could be obvious.

VI. Discussion
A LaB6 hollow cathode with LaB6 insert has been built and tested with Ar gas. It

operates well under the condition with gas flow rate from 10 to 25 sccm, keeper

current from 0.1 to 2.5 A, and anode current from 8 to 50 A. As expected the argon

plasma plume is divergent as it flows away from the cathode tube. With 15 sccm

argon gas flow at 24.4 A discharge current and 1 A keeper current, on the probe axis,

where is 7.9 cm away from the cathode tube orifice, the electron density reaches the

peak at the center at the value of 5.2*1012 cm-3, and starts decreasing as going away

from the center until 2 cm away from the center. The electron density starts remain

constant in a region of 2 to 5 cm, then starts decreasing again. So the plasma plume

has at least three regions with different plasma characteristics. From 0 to 2 cm, the

electron density has a decreasing rate around 1.8*1012 cm-3/cm. From 2 to 5 cm, the

electron density remains approximately constant at 1.4*1012 cm-3. Farther than 5 cm,

the electron density starts decreasing again.

With 10 sccm argon gas flow at 10.1 A discharge current and 1.44 A keeper

current, the result trace of electron density by the “dog-leg” probe is similar to the

result by the straight probe which is 5.4 cm farther. The peak electron density is at the

location on hollow cathode axis. And electron density decrease as leaving center until

a certain location, then remain constant for a region. But the electron temperature

traces are different at the center point. The electron temperature is at minimum value

of 3.5 eV on its centerline at 2.5 cm away from the orifice and increases radially from

the center-axis. This happens for the electrons having a Maxwellian distribution

centered at 3.5 eV.

With a regulated discharge current and floating discharge voltage, the discharge

voltage decreases as the gas flow rate increases in the region of discharge currents

from 15 A to 40 A to provide sufficient self-heating of the system. At discharge

current of 40 A, the maximum discharge voltage is 20 V with 10 sccm gas flow rate,
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giving the discharge power at 800 W. At the low discharge current, which is 10A, the

discharge voltages are similar at 17 V for different gas flow rates.

Compared the keeper voltage with argon gas and xenon gas at 20 sccm gas flow

rate with discharge current between 10 A and 30 A, the keeper voltage with xenon gas

is higher than the keeper voltage with argon gas showing that at 20 sccm gas flow rate

the keeper needs more power to maintain the heating of cathode for xenon gas to keep

the discharge running at the same discharge current. At 30 A discharge current, the

keeper voltage with xenon gas is close to that with argon gas. For discharge current

larger than 30 A, the keeper voltage with xenon gas is smaller than that with argon gas,

approximately 2 V difference, indicating for discharge current larger than 30 A, the

keeper with xenon gas needs less power maintaining cathode heating compared to the

keeper with argon gas.

VII. Conclusion
The laboratory model LaB6 hollow cathode has been tested with Ar gas in the

lab and is shown to operate well. The results of electrons profiles and cathode

working conditions can be used for future lithium gas hollow cathode tests.
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