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Abstract: The C12A7 hollow cathode is expected to usher in a new generation of hollow cathodes
because of its low work function and chemical stability. In order to reduce the emission melting
and degradation caused by the overheating of this new cathode, different working currents of
the C12A7 hollow cathode were studied in this work. The working currents ranged from 1 A to
20 A. The results show that the C12A7 hollow cathode works well under the condition of a low
current, but it is unstable under high current condition. A simulation with the COMSOL internal
working environment showed that enlarging the cathode orifice size is beneficial to reduce the
risk of overheating of the electride emitter. The C12A7 hollow cathode shows a voltage transition
phenomenon under a high operating current. The plasma plume state at the cathode outlet gradually
changes from bright violet to dark yellow. The emitter also melts at high temperatures under high-
current conditions. Its short lifetime makes the C12A7 hollow cathode difficult to apply in practical
application scenarios under high-current conditions.

Keywords: hollow cathode; C12A7 electride; working current; temperature

1. Introduction

Commercial spaceflight development in the last decade has ignited great interest in
space exploration. The electric propulsion system, with its advantages of high specific
impulse, long life, and adjustable thrust, has been applied increasingly widely in the field
of aerospace propulsion [1,2]. Hollow cathodes, as an indispensable key component in
mainstream thrusters [3], are constantly developing with electric propulsion technology
and microsatellites. Currently, hollow cathodes must provide a wide range of discharge
power in a variety of conditions, from low-power Hall thrusters with a sub-kilowatt range
to large EP applications with over 100 kilowatts [4]. Therefore, it is vital to develop a new
type of hollow cathode technology to make the cathode structure more compact, propellant
more efficient and lower power consumption in order to make the C12A7 cathode more
widely recognized.

L.P. Rand et al. first used C12A7 electride in a hollow cathode test in 2011. The
experimental results were significant. Despite the irregular shape of the emitter, the cathode
still discharged for several minutes, with the highest discharge current reaching 3.6 A [5].
In 2016, Drobny et al. [6] successfully processed a hollow cylindrical C12A7 emitter and
filled it with a stainless steel cathode. The discharge current ranged from 0.2 A to 5 A, and
the voltage of the keeper varied greatly from 50 V to 260 V. McDonald and Caruso [7] used
copper as a cathode tube in 2017. The cathode worked for several hours under low-current
conditions, ranging from 30 mA to 150 mA. After the experiment, it was found that the
emitter degraded to a certain extent after discharge, and the cylindrical emitter was also
decomposed and broken. In addition, the copper cathode top and wrapped copper foil
also had obvious traces of melting, indicating that the actual working temperature of the
hollow cathode of C12A7 may be higher than the melting point of copper material. In 2019,
Drobny and Tajmar et al. [8] designed a copper saucer-type cathode that activates without
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heat. The shape of the emitter was a disc, which greatly reduced the difficulty of processing
the emitter. The authors believed that the cylindrical emitter was conducive to reducing
the temperature gradient of the emitter, and a large number of copper structures were
used in the cathode body to reduce the temperature of the emitter further. The stability of
the improved C12A7 hollow cathode was greatly improved; the maximum working time
reached 350 h, and the maximum current reached 5 A. In 2021, Drobny et al. [9] carried out
a long-lifetime experiment on an improved disc-type C12A7 hollow cathode, which worked
continuously for 950 h under the 2 A standard discharge condition, which is the longest
working time of a C12A7 hollow cathode at present. In 2022, Watzig [10] improved the
thermal and mechanical properties of the C12A7 electride by adding Mo metal, improving
the performance of the material. Toledo [11] compared the cathode properties of C12A7:
e- and Labé in different structures and operations. The results showed that C12A7: e-
has a distinct advantage in Ar and Xe; above all, greater stability of the anode current
was observed with lower mass flows and power cathodes. Hua Zhiwei [12] conducted
a microscopic analysis on the surface of C12A7 electride, and the results showed that
overheating melts and decomposes the surface layer of C12A7.

As a new hollow cathode technology, the C12A7 hollow cathode is still in the early
stages of research and development. The problems of overheating and melting under differ-
ent working current conditions are reported. In order to reduce the influence of the emitter’s
overheating on the lifetime of the cathode, the working current of the C12A7 hollow cath-
ode was studied in this paper. The temperature of the emitter was directly measured by an
infrared thermometer to explore the safe working current of the C12A7 hollow cathode.
The modeling and simulation of the C12A7 hollow cathode under a low current were
carried out by using COMSOL. In addition, the consequences of the C12A7 hollow cathode
exceeding the safe current condition were further investigated experimentally. The working
current that was used covered 1 A to 20 A, and it was further determined whether the
material had the potential to work under high-current conditions.

2. Experimental and Model Setup
2.1. C12A7 Hollow Cathode

In this paper, the C12A7 emitter was machined by special tools into a hollow cylinder
with an inner diameter of 2 mm, an outer diameter of 5 mm, and a length of 10 mm.
The C12A7 hollow cathode in this paper improves on the hollow cathode, which was
successfully tested and ignited at Shanghai Jiao Tong University [13]. The old cathode
working current was 1 A—4 A for a total of 10 h, after which the emitter degraded. On
this basis, the C12A7 hollow cathode was improved for high-current working conditions,
and the cathode aperture was expanded from 1 mm to 3 mm. The C12A7 emitter and the
C12A7 hollow cathode are shown in Figure 1.

Figure 1. C12A7 emitter and C12A7 hollow cathode.
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2.2. Testing Facility

In this paper, the hollow cathode experiment was carried out in a vacuum chamber
with a size of @400 mm x 1200 mm, equipped with two molecular pumps with an effective
pumping speed of 2000 L/s and a limit pressure of 2.0 x 105 Pa. The hollow cathode power
supply system—an IT6516 DC power supply (750 V/15 A/1800 W) and an IT6515 DC
power supply (500 V/20 A /1800 W)—were provided by the Idex DC power series. The
vacuum chamber and power supply system are shown in Figure 2. The voltage and current
parameters were recorded by the Oscilloscope Tektronix MDO3054 (Tektronix, Beaverton,
OR, USA) Mixed Domain Oscilloscope (500 MHz, 2.5 GS/s) and the oscillograph, HIOKI
MR6000 (HIOKI, Nagano, Japan). The non-contact measurement and monitoring of the
cathode’s temperature were carried out with a Shiao infrared thermometer (600-1400 °C).
The uncertainty of the whole measurement system comprises the following aspects: the
accuracy of the power system is 0.05%/0.2%, the accuracy of the probe is 1%/2%, the
resolution of the oscilloscope is 8-bit, and the accuracy of the system is 1.5%. The system
accuracy of the two-color thermometer is 1%, and the corresponding time is 10 ms.

Figure 2. Vacuum chamber and experimental equipment.

2.3. Experimental Procedure

The C12A7 hollow cathode was ignited by the heaterless ignition method; that is,
when the external heater is not working, the high voltage between the keeper and the
cathode is used to break down the working medium gas and generate discharge plasma
bombardment of the emitter, which is heated to the ignition temperature and then activated.
The electrical schematic of the heaterless C12A7 hollow cathode test setup is shown in
Figure 3. The specific experimental steps are as follows:

Vacuum Chamber

C12A7 hollow
cathiode Gas line
Anode plate
Keeper power
supply
100Q
—_

Anode power
supply

Figure 3. Electrical schematic of the heaterless C12A7 hollow cathode.

(1) The electride emitter was cleaned with ethanol, removing the grease and dust on
the surface, and placed into the hollow cathode. A stainless steel air pipe was installed,
and the air pipe and bulkhead were insulated with Teflon hose or porcelain seal alloy. In
order to prevent the interference of unexpected factors, we heated the hollow cathode to
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remove impurities. After the background pressure of the vacuum chamber was reduced to
1073 Pa, the heater was activated at 1.5 A and 2.4 V for half an hour, 2.5 A and 3.9 V for
half an hour, and 3.5 A and 6.1 V for half an hour to remove different impurities inside the
cathode at different stages.

(2) The C12A7 hollow cathode was injected with 2 sccm Xe for 1 min to exclude the
impurities that may exist in the pipeline. Then, the ignition parameters of the keeper were
setto V =500V, [} =2 A, and the xenon flow rate to 18 sccm.

(3) The mass flow controller was turned on after the ignition power was set up, and
a violent gas breakdown occurred immediately after the working medium gas entered
the cathode.

(4) A large number of hot electrons escaped from the surface of the emitter, and a
stable electronic loop was established between the keeper and the cathode. The current
was then stabilized at the set value, the voltage was maintained at about 20 V, the color of
the cathode plume became bright violet, and the C12A7 hollow cathode was successfully
activated without hot particles.

2.4. Model Construction

We used COMSOL to simulate the internal working environment of the cathode. Since
the flow field area inside the hollow cathode is rotationally symmetric, a two-dimensional
axisymmetric model was adopted to simplify the corresponding model. The inner diameter
of the cathode tube was 7 mm, the inner diameter of the emission body was 2 mm, the
length was 10 mm, the orifice size of the cathode orifice was 3 mm, and the width of the
plume area was 8 mm. The geometry of the simulation is shown in Figure 4.
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Figure 4. C12A7 hollow cathode model.

In finite element analysis, the mesh size greatly influences the convergence of the
model, and one of the difficulties in plasma modeling is that the mesh size requires the
analytical Bide length. Therefore, the mesh needs to be extremely refined for a small orifice
area with high plasma density and also in places where the plasma gradient changes greatly,
such as the boundary of the emitter. For the cathode tube area and the transition area
between the cathode top and the keeper, the mesh needs to be refined. For the solid wall
area, a relatively sparse mesh can be used, as shown in Figure 5. The final number of grids
divided by this model was 707,960.
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Figure 5. Mesh generation of hollow cathode model.

Plasma discharge is a drift-diffusion model, and therefore, by solving a pair of drift-
diffusion equations describing electron density and electron energy density, the charac-
teristics of electron diffusion and drift along the direction of an electromagnetic field are
described [14].

o1, _
5 V-(Te) = Re 1)
%+v-(r6) +E(T.) = R @)

where n,, n, are the electron density and electron energy density, respectively, and I, I'e
are the electron flux and electron energy flux, respectively.

r.= _(He'E)ne — D,-Vne 3)

Ie= _(HE'E)ne — D,-Vn, 4)

where p is the mobility, D is the diffusion coefficient, and E is the electric field.
The potential distribution of plasma is calculated by the Poisson equation.

Pi
V.V 5
®= e ®)
The charge p; is calculated by the number density of the electrons and other charged
particles:

N
pi = 6( Z Ly — ”e) (6)
m=1

The mass fraction of each particle of a heavy substance can be obtained by solving the
mean diffusion model of mixtures (a modified form of the Maxwell-Stefan equation):

pa% + pa(u-V)wy = V-pawi Vi + Ry @)
pa is the average density of the mixture, wy, is the mass fraction of substance k, u is the
fluid velocity, and Ry is the reaction rate expression of substance k.

The behavior of plasma is largely determined by plasma chemistry. For Xe, the
types of substances considered include electrons, xenon atoms, excited xenon atoms, and
xenon ions, where the xenon atoms meet the mass constraint, and the xenon ions meet the
electroneutral constraint. Xenon discharge contains a large number of chemical reactions,
including ionization, surface reactions, heavy matter reactions, etc. The rate constant of the
reaction is calculated by combining the collision cross-section with EEDF [15].



Aerospace 2023, 10, 339

6 of 15

The laminar flow module obtains the plasma pressure distribution inside the cathode
by solving the mass conservation equation and momentum equation:

9
o+ V-(pu) =0 ®)
p%‘; +puVyu=V-[-pl+1] ©)

where p is the density, u is the velocity field, p is pressure, I is the characteristic matrix, and
T is the viscous stress tensor [16].

The fluid and solid heat transfer module obtains the temperature field distribution
results of the solid part of the cathode by solving the heat conduction equation and the
radiation heat dissipation equation. The surface temperature of the emitter is solved by the
solid heat transfer module and is used as the boundary condition of heat emission. The
surface heat transfer Q of the emitter includes the bombardment heating of xenon ions and
electrons, gas heat transfer, and the heat consumed by the thermos-electron emitter. The
expression of each parameter is as follows [17]:

Q:Qi+Qe+Qg_Qc (10)

where Q; is the heat generated by xenon ion bombardment; Q, is heating by electron
bombardment; Qg is gas heat; and Q. is the heat lost by electron thermal emission

2.5. Physical Parameters of C12A7 Electride

The results of the literature on the thermal property test of C12A7 electride materials
show that the thermal conductivity of C12A7 electride is low, about 2.3 W/m-K at room
temperature and about 1.7 W/m-K at 1000 °C [18]. The C12A7 electride materials used in
this paper were prepared by the Beijing University of Technology [19]. Considering the
influence of the preparation method and treatment technology on the materials’ properties,
it was necessary to actually measure the thermal conductivity of the C12A7 electride used
in this paper. The calculation formula for measuring thermal conductivity is as follows:

k= Cp-a-p (11)

where p is the density, Cp is the specific heat capacity, and « is the thermal diffusion
coefficient. The measured density of the C12A7 electride at room temperature was about
2.2257 g/cm?®. The measurements of the specific heat capacity and thermal diffusivity of
the C12A7 electride at different temperatures are shown in Table 1.

Table 1. Thermal diffusion coefficient and specific heat capacity of C12A7 electride at different temperatures.

Temp (K) o« (cm?/s) Cp (J/g/K)
305.5 8.063 x 1073 9.224 x 1071
374.5 7.606 x 1073 1.017
473.2 6.932 x 1073 1.172
573.5 7.028 x 1073 1.199
673.3 7.067 x 1073 1.256
773.1 7.166 x 1073 1.372

The thermal conductivity coefficients of the C12A7 electride at different temperatures
were calculated according to Equation (11), as shown in Table 2. Limited by testing
instruments, the maximum thermal conductivity can be measured at about 500 degrees
Celsius. Considering the relationship between thermal conductivity and temperature, as
well as the results reported in the literature, this paper tentatively determined the thermal
conductivity of the C12A7 electride at about 1000 degrees as 2.1 W/m-K.
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Table 2. Thermal conductivity of C12A7 electride at different temperatures.

Temp (K) K (W/m-K)
305.5 1.6553
374.5 1.7216
473.2 1.8082
573.5 1.8755
673.3 1.9756
773.1 2.1883

Since the emitter of C12A7 is a smooth, pure black object, its thermal radiation emis-
sivity coefficient was roughly estimated to be about 0.9. The C12A7 electride density was
2.23 (g/cmS).

2.6. Model Verification

In order to verify the accuracy of the model calculation, the simulated temperature
results were compared with the steady-state operating temperature of the C12A7 electride
insert that was measured by the infrared double-wave temperature thermometer. Figure 6
shows a schematic diagram of temperature measurement for electride insert. The tempera-
ture of the C12A7 electride insert was monitored by the infrared double-wave temperature
thermometer from the heating stage. After the infrared double-wave temperature ther-
mometer was activated at the cathode, the infrared signal of the temperature measuring
point was submerged by a bright violet plume at the cathode outlet so that the temperature
indicator on the instrument disappeared (indicating that it was out of range). As soon as
the hollow cathode stopped working, the plume at the cathode outlet disappeared, and the
temperature on the meter returned immediately, with almost no delay. The first indicator
that appeared on the thermometer after the cathode stopped working was considered
the stable operating temperature of the C12A7 hollow cathode insert under the specified
operating conditions. It can be seen from the comparison results that the maximum error
was less than 5%; therefore, the calculated results can be considered credible. Comparison
of measured and calculated values of the insert operating temperature are shown in Table 3.

Inspection
window

infrared

thermometer
Propellant

Emitter

M

Keeper

Figure 6. Schematic of the temperature measurement of the electride insert.

Table 3. Comparison of measured and calculated values of the insert operating temperature.

Mass Flow  Anode Operation Operating Simulated .
. Relative
Order Rate Current Duration Temperature Temperature Error
(sccm) (A) (min) (K) (K)

1 10 1 20 1353 1304 3.6
2 10 2 10 1387 1364 1.6
4 10 3 10 1413 1440 1.9
5 10 3.5 10 1499 1469 2.0
6 10 4 10 1548 1520 1.8
8 10 5 10 1633 1602 1.9
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3. Results and Discussion

Figure 7 records the complete voltammetry curve of the C12A7 hollow cathode from
the ignition start to the self-sustaining discharge and current adjustment over a wide range
(from 1 A to 20 A). It can be seen that the discharge state of the C12A7 hollow cathode is
stable under low-current conditions, and the anode voltage gradually decreases with the
increase of the anode current. The first transition of the anode voltage occurred around
380 s. At this time, the current value displayed by the power supply remained unchanged
at 12 A, and the anode voltage suddenly increased from more than 10 volts to about 20 volts,
and the shock was serious, while the data from the oscillograph show that the current shock
was also serious at this time. This voltage transition phenomenon was not a difference
between the point mode and the plume mode, it was more like a switch between the two
different discharge modes.

510 30
500—‘ —— Keeper Voltage 1
1 —— Anode Voltage 425
490 == —— Keeper Cumrent
| —— Anode Current 1
—420
o 804 Q
5 J_/—/ 1 =
" E
& 4
g 604 15 B
g 7] 1 E
-
40 410
20 - r e
0 T ' T ' ] ' ““1 a y . r y J 0
0 1000 2000 3000 4000 5000 6000

Time (s)
Figure 7. The volt-ampere characteristics curve of the C12A7 hollow cathode at a wide range of currents.

3.1. Low Working Current

Under the condition that the anode current 2 A was fixed, the outlet of the keeper
was a bright violet plume, and the position of the port of the keeper showed an obvious
contraction of the bright white spot, as shown in Figure 8. At this time, the anode voltage
was also relatively stable, and the voltage fluctuation did not exceed 2 V.

Figure 8. C12A7 hollow cathode working under low-current operating conditions.
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The orifice size is the most critical dimension in the design of a hollow cathode.
Compared with other structural dimensions, the cathode orifice size directly affects the
working range of current, cathode working temperature, and discharge voltage. In this
paper, two types of cathodes with different orifice sizes were calculated. The orificed
emitter configuration refers to the structure type, where the size of the cathode orifice is
small, and the emitter is completely wrapped in the cathode tube [20,21]. In traditional
low-current Bao-W and Lab6 cathode designs, the orifice size of the cathode is usually
less than 1 mm. The main purpose is to maintain a high plasma density in the cathode
orifice and emitter areas to prevent the cathode from working at too low a temperature.
For the C12A7 electride, this material, with a low work function, is suitable for working
under low-current conditions, while too small a cathode orifice may cause the emission
temperature of the C12A7 electride to be too high. The open-end emitter orifice keeper
configuration was first designed by Aston et al. [22]. This type of structure is characterized
by a large cathode orifice size or the absence of a cathode top, which causes the emitter to
be exposed to the plume region. It is often used in a hollow cathode without a high current.
The discharge stability of a hollow cathode under a high discharge current can be improved
effectively by increasing the orifice size of the cathode orifice and reducing the working
voltage. In this paper, the size of the cathode orifice in the C12A7 hollow cathode was
3 mm. In addition to reducing the working temperature under high currents, exposing the
emitter can also realize the direct measurement of the working temperature of the emitter
of the C12A7 electride.

The atomic number density reflects the amount of gas in the cathode and affects the
frequency of ionization collision. Figure 9 shows the simulation distribution results of
the atom number density of the small-orifice cathode (1 mm) and the open-orifice hollow
cathode (3 mm) under the state of steady discharge, where the anode current is 2 A and
the xenon flow rate is 10 sccm. As can be seen from the density distribution of the xenon
atoms inside and outside the cathode, the density of the xenon atoms inside and outside
the cathode differed greatly. For the cathode with small pores, the density of the xenon
atoms inside the cathode reached up to 6.7 x 10?2 /m? due to the flow limiting and pressure
boosting effect of the cathode orifices, slowly dropping to 5.9 x 10?2/m?3 in the emitter
region. Then, it dropped to 2.5 x 10?2/m? at the cathode orifice. Compared with the
small-orifice cathode, the inner atomic number density of the open-orifice hollow cathode
obviously decreased, and the maximum atomic number density was about 4.3 x 10?2 /m3.
However, the atomic number density at the cathode outlet increased slightly, about
2.7 x 1022/m3. The enlargement of the cathode orifice size reduced the throttling ef-
fect of the cathode orifice, resulting in decreased pressure inside the cathode and increased
pressure at the outlet.

As can be seen from the electron number density simulation distribution cloud,
Figure 10 shows that the area near the orifice was the area with the highest electron
number density inside the hollow cathode, indicating that this area is the location where
the particle collision reaction was the most intense. The number density of electrons in the
cathode reached a maximum value of about 3.4 x 102 /m? near the cathode orifice, and
there was a second small wave peak of about 1.2 X 1020 /m3 at the cathode orifice outlet.
For the open-orifice hollow cathode, the decrease in the neutral atom density inside the
cathode led to a decrease in particle collision frequency and plasma density. However, it
was also more evenly distributed. Therefore, the region with the highest electron number
density in the cathode is located near the emitter and extends outwards, with a maximum
value of about 1.45 x 10%°/m3.
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Figure 11 shows the temperature distribution of the C12A7 electride along the axial
direction. It can be seen that the downstream of the emitter near the top of the cathode
was the part with the highest temperature of the whole cathode. The open-orifice hollow
cathode (3 mm) was 50 K lower than the small-orifice cathode (1 mm). This shows that
the enlargement of the cathode orifice size is beneficial to reduce the risk of overheating
of the C12A7 electride. The smaller orifice size increased the pressure on the cathode
and shifted the peak plasma density closer to the cathode pore, which increased the
power deposited on the surface of the plasma bombardment in the region, causing the
emitter temperature to rise. With the increase of the discharge current, both the emitter
temperature and the overall cathode temperature of C12A7 rose. When the working current
was 4 A, the maximum temperature of the C12A7 electride reached 1520 K, which is close
to the maximum allowable working temperature of 1548 K for the electron emissions of
C12A7. The element analysis in the literature [12] shows that, at more than 1548 K, the
C12A7 electride will decompose into C3A and CA, which is detrimental to the hollow
cathode’s ability to work stably for a long time. Therefore, the C12A7 hollow cathode is
reasonable under low-current working conditions, and its maximum safe working current
is 4 A. If it is necessary to increase the safe working current, it is necessary to use copper
material with higher thermal conductivity and optimize the heat dissipation structure for
the design of a C12A7 hollow cathode.

Imm cathode hole
3mm cathode hole
1420 4

1400 4

1380 4

(K)
-g

1340 4

T'emperature

300 4

1280 4

1260 4

1240 4

Axial distance of emitter (mm)

Figure 11. Axial temperature of the emitter along the axis of symmetry in the Z-direction.

In addition to the increased the plasma bombardment heat flow, it is also believed
that the ohmic heat, caused by high resistance, is related to the high temperature of the
emitter. It is difficult to obtain the enthalpy change parameters of the C12A7 electride in a
molten state. It is also unknown under what conditions the absorption of heat by melting
must be considered for the C12A7 electride. As a result, the computational model of the
C12A7 hollow cathode under high-current conditions showed difficulty in reflecting the
experimental results.

3.2. High Working Current

With the increase of the discharge current, the anode voltage demonstrated a transition
phenomenon, suddenly increasing from more than 10 volts to about 20 volts, and the shock
was serious. Figure 12 shows the anode voltage jump during high-current operation. The
plasma plume at the cathode outlet changed obviously with the change in anode voltage.
The cathode was bright violet at start-up and under low-current conditions, as shown in
Figure 13a. However, with the increase of the discharge current, the plume color gradually
changed to a darker yellow, as shown in Figure 13b. When the voltage transition was high,
the cathode plume rapidly changed to a very bright orange color, as shown in Figure 13c.
As shown in Figure 12, the simultaneous oscillation of the voltage and current usually
lasted for several seconds to tens of seconds and then automatically jumped back to the
low-voltage level, and the cathode plume then returned to normal. As the anode current
continued to increase, the voltage transition became more frequent, occurring every few
minutes. By comparing the appearance of the hollow cathode in Figure 13b,c, it can be seen
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that the keeper of the C12A7 hollow cathode running at a high voltage shows a red-hot
state, indicating that the temperature of the hollow cathode was higher at this time. A long
high-voltage discharge duration is obviously detrimental to the performance and lifetime
of the C12A7 hollow cathode.

40 50
—— Anode voltage

—— Anode current

30+

1
w
o

Anode Current (A)

20

T T T T T T T T
3800 4000 4200 4400 4600 4800 5000 5200

Anode Voltage(V)
3

=
o
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Figure 12. Anode voltage jump during the high-current operation.

Figure 13. Plasma state variation during the high-current test. (a) Violet plasma cone with an anode
current of 5 A. (b) Fading orange glow, Ia =15 A, Va =19 V. (c) Bright orange glow,la=15A, Va=26 V.

Although the reason for this voltage transition was not clear during the experiment,
the discharge state can be actively regulated by the contact keeper power supply. After the
anode voltage transition occurred again for about 4200 s, the initially closed contact pole
power supply was actively turned on, and the contact pole power supply parameters were
about 2 A and 8 V. At this time, the anode voltage did not return to normal, but with the
contact pole power supply turned off again, the anode voltage immediately returned to the
low-voltage state. At 4800 s and 5100 s, it was confirmed that the switch of keeper power
supply could make the C12A7 hollow cathode immediately jump from the high-voltage
discharge state to the low-voltage discharge state. When the anode current exceeded 15 A,
the phenomenon of automatic voltage transition did not appear again, but the anode
voltage value was always high in the discharge process.

After the high-current discharge, the C12A7 hollow cathode was then subjected to
repeated ignition experiments to study the effect of a high-current discharge on the starting
performance of the C12A7 hollow cathode. The results show that the C12A7 hollow
cathode can still start, and the ignition parameters do not change, obviously. Interestingly,
the voltage transition occurred again at a 1-4 A low current and the cathode plume was no
longer bright violet but dull yellow. This phenomenon implies that the voltage transition
problem is not determined by the anode current but is more likely because the discharge
behavior at a high current completely changes some key structures of the C12A7 hollow
cathode, leading to irreversible changes in its discharge characteristics.

The examination of the C12A7 hollow cathode after the test also confirmed this
speculation. As shown in Figure 14a, the area between the keeper and the cathode tube is
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filled with a large amount of white ash, which may be the residue after the discharge of
the emitter. The top of the cathode adheres to the black molten material, which should be
the emission of the C12A7 electride after melting, as shown in Figure 14b. The electride
emitter in the cathode tube has almost been consumed, and only a small amount of graphite
sleeve remains, as shown in Figure 14c. In addition to the increased plasma bombardment
heat flux, ohmic heat, caused by its own resistance, may be one of the possible reasons for
the serious melting of the electride emitter under high-current conditions. A multimeter
was used to measure the resistance values at both ends of the C12A7 electride used in
the experiment before discharge. Although the size was the same, the resistance values
of different emitters at room temperature were different, and the value was from about
tens of ohms to hundreds of ohms. The difference in measured resistance may be related
to the surface state of different materials, while the lanthanum hexaboride emitter of the
same size was stable at about 0.9Q). Suppose the phenomenon of the high resistance of
C12A7 electride is caused by high body resistivity, such as low electron occupancy in the
cage. In that case, the ohmic heat caused by the material’s own resistance will increase
exponentially under high-current conditions, which may be the main reason for the large
area of melting of the electride emitter under a high current.

Figure 14. Critical components of C12A7 hollow cathode after discharge at high current. (a) The
keeper plate. (b) Cathode orifice plate. (c) Internal area of cathode tube.

After 10 A, the emitter temperature of the C12A7 hollow cathode exceeded the effective
range of the colorimetric thermometer. Therefore, the emitter of the C12A7 hollow cathode
not only melts at high temperatures under high currents but even flows down to the cathode
orifice under the convection of gravity and working medium gas. This explains why the
anode voltage switches between the high and low values. Hollow cathode discharge
normally occurs between the surface of the emitter and the anode plate in the cathode tube.
Once the emitter melts and deforms or even flows out of the cathode orifice, the discharge
point of the emitter will be displaced, and the emission area will also change. When the
discharge point migrates to the molten body outside the cathode tube (because the effective
emission area of this part of the emitter is small), in order to maintain a sufficient amount of
thermal emission electrons, the anode voltage will increase, and the higher discharge power
will make the emitter temperature higher. Since this mode of decharging occurs outside the
cathode tube and between the anode, the plume appears brighter. When a small amount of
emitters outside the cathode tube is insufficient to maintain high-current discharge or when
the contact pole power is turned on, the discharge point will be transferred to the emitter
inside the cathode tube again. The effective emission area of this part of the emitter is larger,
and only a lower discharge power is needed to maintain the thermal emission temperature
and, thus, the anode voltage is low. Because the discharge point is in the cathode tube,
the small orifice of the cathode blocks the discharge plume, and therefore, the color of the
plume is relatively dim.

However, if the high resistance of the C12A7 electride is caused by high surface
resistivity, then the ohmic heat may not be serious because the high-resistance insulating
layer on the surface of the emitter is gradually removed during discharge. Since the
resistance values of different C12A7 emitters before and after discharge vary greatly, which
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is obviously related to the discharge conditions experienced and the material’s surface state,
the high-resistance behavior of C12A7 electride is more likely to be caused by the change in
the surface layer structure. The total working time of a C12A7 hollow cathode under the
conditions of a high current (more than 10 A) is not more than two hours, and the emitter
in the cathode tube will almost be consumed; such a short life means that a C12A7 hollow
cathode under the condition of a high current is difficult to utilize in practical applications.

4. Conclusions

As a new cathode technology, the C12A7 hollow cathode must be verified for its actual
working performance and practical application potential. In this research, the effect of its
working current on the C12A7 hollow cathode was studied by conducting an experiment
and simulation. The results are as follows:

1. The C12A7 hollow cathode works well under low-current conditions. The C12A7
hollow cathode of the current configuration has a maximum safe current of 4 A. It should
be pointed out that the working performance of the hollow cathode is affected by many
factors, such as cathode structure, orifice size, working current, and cathode material. If it
is necessary to increase the safe operating current, further consideration can be given to
optimizing the heat dissipation structure and materials. Compared with the traditional
Lab6 and Bao-W cathode, the expansion of the cathode orifice can reduce the risk of
overheating to a certain extent and may be more suitable for the open-orifice hollow
cathode configuration.

2. The voltage transition phenomenon of the C12A7 hollow cathode under high-
current conditions (more than 10 A) changed some key structures of the C12A7 hollow
cathode, resulting in irreversible changes in its discharge characteristics. The electride
emitter may melt in a large area under high-current conditions. The short working lifetime
under high-current conditions means that the C12A7 hollow cathode is difficult to apply in
practical applications under high-current conditions.
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