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Abstract: The cusped field thruster is an emerging kind of electric propulsion devices 
with the advantage of high ionization rate and long life. It was early recognized that the type 
of material used for the walls of the discharge channel had a significant impact on the 
characteristics of the plasma. To study the influences wall material has on the 
performance of cusped field thruster, especially Secondary Electron Emission, this article 
conducted a systematic experiment on thruster using different wall materials: boron 
nitride, silicon carbide, alumina. Experimental results showed that to achieve the optimal 
performance, secondary emission yield of material need match with the operating conditions. 
And the peak-to-peak values of anode current oscillation showed that the thruster operates 
relatively steadily using alumina as wall material. 

I. Introduction 
H  cusped field thruster is an emerging kind 
of electric propulsion device appeared in 

recent years. As shown in Fig.1, the discharge 
channel is surrounded by multistage permanent 
magnets, and two adjacent ones have the opposite 
polarity to form the cusped magnetic field. 
Electrons emitted by cathode to the discharge 
channel to ionize the working gas injected from 
the upstream gas distributor. The magnetic field 
lines away from cusps are mainly parallel with the 
discharge channel wall, combined with strong 
magnetic mirror effect at the cusp, the plasma can be confined effectively to enhance ionization and limit the 
interaction between plasma and discharge channel wall. So the thruster has high ionization rate and long lifetime.1 
The first kind of this thruster is the High Efficiency Multistage Plasma thruster (HEMP) developed by Thales Electron 
Devices in 1998, and it is scheduled to be operated on the SmallGEO satellite platform.2 Due to its remarkable 
characteristics, it also attracts attention of other institutions, such as MIT’s diverging cusped field thruster (DCFT) 
and Stanford’s cylindrical cusped field thruster (CCFT).3,4,5 

A 4000h’ endurance testing of HEMP showed that the thrust steadily decreased with running time from the value 
of 44.5mN to 40.1mN after 2900 integrated hours, along with the progressively increase of the thruster temperature 
and the decrease of anode current. This decrease is induced by the successively built-up of a conductive graphite layer 
on the discharge channel due to re-deposition of vacuum chamber material eroded by thruster ion beam impingement. 
After removing the conductive graphite layer, the data collected after the test restart demonstrated a full recovery of 
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Figure 1. Cusped field thruster operation principle 
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thruster performance. And the experiment in a test facility modified with the Aluminum coating showed a steady 
performance, demonstrating that wall material has an influence on cusped field thruster.1 However, the influence of 
wall material has on cusped field thruster was not studied separately. Most researches of wall materials focused on the 
Hall thruster.6 7 8 One of the most remarkable works in this area was led by Bugrova with the aim of verifying some 
predictions of the so-called near-wall conductivity theory developed by Morozov.9 

It was early recognized that the type of wall material of the discharge channel had a significant impact on the 
characteristics of the plasma and on the ion acceleration process. The wall material of mainstream electric propulsion 
devices like Hall thrusters and ion thrusters is boron nitride (BN). The main influence factors of wall materials on 
thruster performance are Secondary Electron Emission and near-wall Conductivity (caused by the collisions with walls) 
by the researches on Hall thrusters.6,9,10 In such a discharge, due to the high electric conductivity perpendicularly to 
the channel walls (i.e., along the magnetic field lines), the high energy electrons are continuously replaced by low 
energy secondary electrons, resulting in a limitation of electron temperature and temperature gradients to moderate 
values. The magnetic field lines away from cusps are mainly parallel with the discharge channel wall, combined with 
strong magnetic mirror effect at the cusp, the plasma can be confined effectively to limit the interaction between 
plasma and discharge channel wall.1 It can be reasonably inferred that the influences of Secondary Electron Emission 
and near-wall Conductivity are relatively small. To study the mechanism of plasma-wall interaction and the influences 
Secondary Electron Emission has on thruster performance, there are experimental studies on thrusters with different 
wall material BN, silicon carbide (SiC), alumina (Al2O3) (secondary emission yield increasing in order). 

Besides, limited by diagnostic method, Particle-in-cell simulation was used to analyze the effect of secondary 
emission yield on plasma parameters of a cusped field thruster. Some works concerning the PIC-MCC simulation of 
cusped field thruster have already been done. R. Schneider’s PIC-MCC simulated results demonstrated that the 
HEMPT-type cusped field thruster allows for good performance due to both minimal energy dissipation and high 
acceleration efficiency.11 The interaction between the plasma and the wall is limited only to regions with magnetic 
field cusps, which results in much smaller ion flux to the thruster channel surface than Hall Thrusters. R. Gildea et al 
have simulated divergent cusped-field thrusters (DCFT) by using the PIC-MCC method and revealed some physical 
process of the plasma under the specific cusped magnetic field topology.12 In addition, Y J Zhao et al have simulated 
the effect of magnetic field strength on a cusped field thruster.13 

II. Experimental Setup 

A. Experiment Setup 
The experiments are conducted in the vacuum tank of plasma propulsion laboratory of Harbin Institute of 

Technology (HPPL). The tank has a length of 4m and an inner diameter of 1.2m. The ultimate pressure in the tank 
can reach 1.0×10-3Pa. The purity of any kind of propellants used in experiment is in excess of 99.999%. The thrust is 
measured with a torsion balance. It transforms the thruster force to an equivalent rotation angle and then an equivalent 
linear displacement of a third medium. The third medium that we use here is a laser spot which is reflected to shift by 
a mirror fixed on the balance. The balance needs to be calibrated with standard weights before used. The anode current 
was monitored by a filtering oscilloscope. The cathode electron exit was fixed at horizontal 50mm and vertical 50mm 
to thruster channel exit center. The cathode flow rate was fixed at 3sccm and the keeper voltage was kept at 21V. The 
thruster performance with different anode mass flow rate and discharge voltage was tested. The power supply which 
offered anode voltage could range from 0V to 500V. The anode mass flow rate of working gas could be varied from 
0sccm to 50sccm. 

B. Thruster 
The experimental prototype of cusped field thruster 
designed by HIT is used in this experiment, as shown 
in Fig.2. The thruster weighs 4.5kg with a discharge 
channel 35mm in diameter and 112mm in radial length, 
and a relatively deep channel is good for ionization. The 
most distinctive feature of this thruster is modular 
design. As shown in Fig.2, the magnetic field of cusped 
field thruster can be changed conveniently because of 
modular magnet. And the shell of thruster and radiator 
are also using modular design to change the location of 
radiator and length of shell. The magnetic field 

Aluminium

Samarium Cobalt Magnet

Pure Iron

Ceramics

Stainless Steel

Figure 2. The experimental prototype of the cusped 
field thruster designed by HIT. 
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distribution of this thruster is shown in Fig.3. The scheme has three stages formed by magnets and magnetic rings, 
and magnet near exit is longer. An additional small ring magnet with opposite polarity and a pure iron ring are placed 
at the exit plane. The additional ring magnet is arranged with a polarity repelling the most downstream magnetic field 
lines to form a flat downstream separatrix. And the purpose of the pure iron is to weaken the magnetic field in plume 
region. So thruster operates steadily, and plume is controlled effectively.14 

III. Experimental Result and Discussion 
Performance measurements were collected in two sets of experiments. In the first set of experiments, the variable-

voltage performance of thruster with different wall materials was studied. This series was conducted over the range 
100V - 500V in 50V increments at constant anode mass flow rate of 10sccm and 20sccm. This flow rate was chosen 
so that the discharge power would be suitable at high anode voltage, thus minimizing the risk of thermally induced 
failure of the thruster. Future testing is planned at higher flow rate and correspondingly higher efficiency. And in the 
second set of experiments, the variable-flow performance of thruster with different wall materials was studied. This 
series was conducted over the range 10sccm - 40sccm in 5sccm increments at a constant anode voltage of 300V. 

A. Variable-Voltage Performance 
It was obvious that performance characteristics (anode current, thrust, efficiency) of cusped field thruster using 

different wall materials as discharge channel were different. What should be explained was using SiC as channel wall. 
Discharge current increased quickly at 500V, 10sccm or above 200V, 20sccm (corresponds to the power above 500W). 
Seeing from Fig.4, thrust increased steadily, showing that the sudden increase of discharge current was not related to 
ionization. And it can be inferred that the increase of electron current (probably caused by thermally induced failure 
of the magnetic field) is responsible for the performance reduction. Especially at 20sccm, above 350V, with the 
phenomenon of the channel at the cusp reddening and obvious oscillation, experiment stopped to avoid failure of 
thruster. After test restarting, thruster showed similar performance evolution as during the first test. Then wall 
materials BN and Al2O3 were mainly analyzed.   

Figure 4 depicts typical performance characteristics of the cusped field thruster as functions of discharge voltage 
for all tested materials. As shown in Fig.4, at constant anode flow rate of 10sccm and 20sccm, the differences of anode 
current and thrust were relatively small for three materials at a low anode voltage. At a high anode voltage, the 
discharge current and thrust of BN were greater than Al2O3, and the difference of discharge current reached to 0.12A 
at 500V. Thrust of BN and Al2O3 reached to the maximum values of 34.05mN, 33.16mN, respectively. But the 
efficiency of Al2O3 was slightly greater than BN, and the efficiency advantage of Al2O3 declined with the increase of 
anode flow rate. At the same time, the peak-to-peak values of anode current oscillation (monitored by a filtering 
oscilloscope) showed that the thruster operates relatively steadily using Al2O3 as channel wall. 
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Figure 3. Magnetic field distribution of the cusped field thruster. 
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B. Variable-Flow Performance 
At a constant anode voltage of 300V, thruster using SiC as channel wall operated on a condition of high current 

as shown in Fig.5. Especially above 30sccm, the thruster operated unsteadily with the phenomenon of the channel at 
the cusp reddening. As a whole, the differences of discharge current were obvious and with the relation of SiC > BN > 
Al2O3. The differences of thrust at low anode flow rate were relatively small, but the thrust of BN is obviously bigger 
than the others wall materials at high anode flow rate. The efficiency of SiC was low because of the biggest electron 
current. The efficiency differences between BN and Al2O3 were relatively small, but the efficiency of BN was bigger 
than Al2O3 above 25sccm. And the peak-to-peak values of anode current oscillation also showed that the thruster 
operates relatively steadily using Al2O3 as wall material. 

 
a), Anode Current                                                        b), Thrust 

 
c), Anode Efficiency                                                     d), Peak-to-Peak Value of Anode Current 

Figure 4. Results of performance experiments at constant anode flow rate of 10sccm and 20sccm. 
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IV. Simulation of the Influence of Secondary Emission Yield 
Seeing from Fig.4, the efficiency of cusped field thruster using Al2O3 as channel wall was higher than using BN 

as channel wall on some operating conditions of high anode voltage, low anode flow rate. A 2D-3V PIC-MCC model 
is applied here to study the plasma parameters of such an operating condition, and the simulation models presented in 
detail in Ref.15. As shown in Fig.6, the length of the simulated channel is 44mm, and the diameter of the channel is 
18mm. In the discharge channel, the left lateral boundary is the anode, while the lower and upper boundaries are the 
symmetric axis and a dielectric wall, respectively. At the same time, a plume region of the thruster is considered in 
the model. The length of the plume region is 26mm and the diameter is 60mm. Secondary electron emission model is 
considered at the dielectric walls. The secondary emission yield of SiC and Al2O3 are presented in Ref.10, respectively. 
The neutral velocity Vn = 400m/s and discharge voltage Ud = 300V are applied at the anode, and 0V is applied at the 
cathode. The results are as following: 

A. Potential Distribution and Electron Temperature Profile 
Seeing from Fig.6, the electric-field profiles of cusped field thruster have some general characteristics for all wall 

materials. It can be found that above 200V electric potential drop lies at the last separatrix near channel exit, whereas 
only about 20V electric potential drop forms near the anode. It means that the main electric potential drop focuses at 
the last separatrix, which has also been found in recent experiments and simulations. It should also be mentioned that 
there is still about 40V electric potential drop in the plume region, as has been validated in experiments. As a whole, 
the effect of secondary emission yield on potential distribution is relatively small. 

The statistic electron temperature profiles of thruster with three wall materials are shown in Fig.7. The electron 
temperature distribution is related to the potential distribution, and electrons are accelerated through electric field, 

 
a), Anode Current                                                        b), Thrust 

 
c), Anode Efficiency                                                     d), Peak-to-Peak Value of Anode Current 

Figure 5. Results of performance experiments at a constant anode voltage of 300V  
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while cooled by the collisions with neutral gas and channel wall. Compared with the potential distribution in Fig.6, 
the peak of the electron temperature occurs near the cusp 2 region and almost on the centerline, where the most 
potential drop is located in. In addition, electron temperature on the right of the cusp 2 is relatively lower than the left. 
It is caused by the gradual energy loss by ionization because of the confine of electrons. For wall materials BN, SiC, 
Al2O3, the peaks of electron temperature are 210eV 200eV 185eV (caused by secondary electron emission), 
respectively. The averages of electron temperature are 9.26eV 9.16eV 9.61eV, respectively. It is because that the 
average of electron temperature in computational area is related to the electron temperature and electron number. And 
the material with high secondary emission yield increases the electron number, while decreases the electron 
temperature, and thus there is an optimum value of secondary emission yield making average of electron temperature 
maximum. 

 
 
 

B. Electron and Ion Density Profile 
The simulation results of the electron and ion density profiles are presented in Fig.8 and Fig.9. For wall materials 

BN, SiC, Al2O3, the peaks of the electron density occur on the right of the cusp 1 region with the values of 2.9
1018 3.6 1018 3.6 1018, while the ion density reaches its peaks of 2.3 1018 2.6 1018 2.7 1018 at the same 
region. It is because that when electrons arrived at the second separatrix region, most of them have already obtained 
enough energy to ionize atoms due to the acceleration by the main potential drop near the thruster exit. On the other 
hand, those electrons following along magnetic field lines will be bounced back due to the magnetic mirror effect, 
which results in a strong confinement of electrons near the separatrix and an increase of the ionization rate there. And 
the area with the density exceeding 1018 extends with the increase of the secondary emission yield. So on some 
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Figure 6. Potential (V) distributions. 
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operating conditions of high anode voltage, low anode flow rate, the efficiency of cusped field thruster using Al2O3 
as channel wall can be higher than using BN as channel wall. 

 

V. Conclusion 
For cusped field thruster using SiC as channel wall, discharge current increasing quickly at a relatively high power 

can’t be explained by Secondary Electron Emission (probably caused by thermally induced failure of the magnetic 
field), while its performances at low power are comparable to the others wall materials. As a whole, the differences 
of thrust are relatively small for three materials. On some operating conditions of high anode voltage (above 300V), 
low anode flow rate, Al2O3 with high secondary emission yield has the smallest discharge current, and thus the highest 
efficiency. That makes it possible to use Al2O3 as the channel wall of cusped field thruster on a small-thrust mission. 
The simulation results of PIC-MCC model also prove that. On some operating conditions of high anode voltage (above 
300V), high anode flow rate (25sccm), the efficiency of BN with low secondary emission yield is higher than the 
others. To achieve the optimal performance, secondary emission yield of material needs match with the operating 
conditions. And the peak-to-peak values of anode current oscillation shows that the thruster operates relatively steadily 
using Al2O3 as wall material. 
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Figure 8. Electron density profiles. 
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Figure 9. Ion density profiles. 
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