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\ e e r i e s  thruster. Advances in ion-extraction-electrode f abrication technology were made by 
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vectoring model for three-grid ion optics. 
series thruster w a a  completed, and operation of an 8-em IAPS thruster using a simplified power 
processor w a s  demonstrated. 

Emphasis w a s  placed on optimizing the performance and 

Comprehensive Langmuir- 
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An ion-extraction performance study was conducted to assess the ef fact 

An assessment of the technology readiness of the J- 
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SUMMARY 

The Mercury Ion Thruster Technology program was an 
investigation for improving the understanding of state-of-the-art 
mercury-ion-thruster systems. This was accomplished by comparing 
and contrasting the performance characteristics of the present- 
generation ring-cusp thruster with the performance 
characteristics of the more-mature J-series thruster. Emphasis 
was placed on optimizing the performance and simplifying the 
design of the ring-cusp discharge chamber. The dominant 
attributes characterizing the high performance of the ring-cusp 
thruster were identified, interpreted, and compared with those of 
the J-series thruster. Additional emphasis was placed on 
improving ion-optics fabrication technology. A study was 
conducted to identify the effect of aperture size and 
displacement on ion-optics performance and thrust-vectoring 
characteristics. An assessment of the technology readiness of 
the J-series thruster was completed, and a simplified power 
processor was successfully used to operate an 8-cm-diameter 
thruster that is functionally equivalent to the Ion Auxiliary 
Propulsion System (IAPS) thrusters. 

The design of the ring-cusp discharge chamber was greatly 
simplified. A significant reduction in thruster mass was 
realized by eliminating the cathode magnet assembly and several 
magnet rings from t h e  original thruster design. Along with the 
design simplifications and reduction in mass, thruster 
performance was improved considerably; the baseline beam-ion- 
production cost of the optimized configuration was reduced to 
E ;  21 130 eV/ion. At a discharge propellant-utilization 
efficiency of 95%, the beam-ion-production cost was reduced to 
about 155 eV/ion, representing a reduction of about 40 eV/ion 
over the corresponding value for the J-series thruster. 

xi 



Comprehensive Langmuir-probe surveys were obtained to 
identify and correlate the performance characteristics of the 
ring-cusp thruster with the prevailing plasma processes occurring 
within its discharge chamber. These results were compared with 
similar measurements for the J-series thruster. A volume- 
averaging scheme was developed for analyzing the large volume of 
numerical data produced by Langmuir-probe surveys, allowing a 
quantitative and meaningful correlation of thruster performance 
with specific plasma processes characterizing the two thruster 
designs. Good correlation was obtained between thruster 
performance and the average Maxwellian-electron temperature of 
the discharge plasma. The average Maxwellian-electron 
temperature in the ring-cusp thruster was found to be as much as 
1 eV higher than it is in the J-series thruster. 

Significant advances were made in the materials-selection 
criteria, hydroforming and stress-relieving tooling, and 
fabrication procedures for ion-extraction assemblies. An ion- 
optics performance study was conducted to explore the influence 
of screen aperture size on ion-optics performance and to verify 
the effectiveness of a beam-vectoring model for three-grid ion 
optics. 

An assessment of the technology readiness of the J-series 
thruster concluded that the major remaining technology issue is 
baffle and pole piece erosion, with subsequent deposition of 
material onto the cathode keeper and its supporting structure. 
Cathode-heater reliability was judged tractable through adequate 
quality-control procedures. 

We successfully demonstrated the use of a simplified power 
processor to operate an 8-cm-diameter thruster that was 
functionally equivalent to the Ion Auxiliary Propulsion System 
(IAPS) thruster. 
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SECTION 1 

INTRODUCTION 

The goal of the Mercury Ion Thruster Technology program was 
to improve the understanding of mercury-ion-thruster systems, 
with primary consideration toward improving the technology and 
reliability of the state-of-the-art 30-cm-diameter J-series 
thruster. The present program extends the work that was 
performed under a previous investigation (NASA Contract NAS 
3-21943), in which preliminary performance-characterization and 
plasma-diagnostic measurements were conducted using a high- 
performance thruster that utilizes a ring-cusp magnetic- 
confinement geometry. Because of its inherent simplicity and 
demonstrated performance capability, the ring-cusp design is 
perceived as a candidate for a new generation of ion thrusters 
that offers a significant performance advantage over the present 
J-series thruster. 

The work performed under this program was conducted at 
Hughes Research Laboratories in Malibu, California. Appendix A 
describes the vacuum test facilities, instrumentation, and 
thruster diagnostics used in the thruster performance 
evaluations. Performance testing and plasma-diagnostic 
measurements were performed using a 30-cm-diameter laboratory- 
model ring-cusp discharge chamber, in addition to a J-series 
thruster (S/N J2). Details of these thruster designs are 
presented in Section 2 of this report. 

1.1 PROGRAM GOALS 

Emphasis was placed on optimizing the performance and 
simplifying the design of the ring-cusp discharge chamber. To 
aid in this effort, we performed detailed documentation of the 
performance, discharge characteristics, and plasma properties in 
several ring-cusp chamber geometries. Similar measurements were 
performed in a J-series thruster for comparison with the ring- 
cusp results. The objective was to understand the mechanisms 

1 



that prevail in the high-performance ring-cusp discharge chamber, 
with an eye toward incorporating those attributes of the ring- 
cusp design that result in its high performance into the more- 
mature J-series thruster. Other objectives were to improve ion- 
optics fabrication technology and to demonstrate the operation of 
a flight-type thruster using a simplified power processor. Both 
areas have direct impact on improving the reliability of the J- 
series thruster, as well as on future thruster designs. 

1.2 PBOGBAbl ACCOMPLISHMENTS 

The design of the ring-cusp discharge chamber was greatly 
simplified through the elimination of its cathode magnet and 
several of the original magnet rings.*" 
simplifications and reduction in mass, the performance of the 
discharge chamber was improved considerably. The baseline beam- 
ion-production cost of the optimized configuration was reduced to 
E ;  21 130 eV/ion. At a discharge-propellant-utilization 
efficiency of (q,d)unc = 95%, the beam-ion-production cost was 
reduced to about 155 eV/ion, representing a reduction of about 
40 eV/ion over the corresponding value for the J-series thruster. 

Along with the design 

Comprehensive Langmuir-probe surveys were conducted for the 
first time in a J-series thruster. The plasma properties derived 
from these measurements, along with similar results obtained from 
the ring-cusp thruster, provided valuable insight into the 
dominant ion-production processes that prevail in their discharge 
chambers. Both plasmas were found to be characterized by a two- 
group distribution of electrons, and average values of the 
electron energies and densities were defined in such a manner as 
to make them useful in comparing the performance characteristics 
of the two thrusters. 

The technology for fabricating ion-extraction electrodes was 
improved considerably. Materials specifications have been 
determined which should ensure successful and reproducible 
fabrication of electrodes. The hydroforming and stress-relieving 
fixtures that are used in fabricating electrodes for both two- 
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and three-grid ion-optics assemblies were modified to ensure 
better results during these critical operations. Procedures for 
dishing and assembling electrodes were refined and documented. 
As a result of the advances in these three areas (materials- 
selection criteria, hydroforming and stress-relieving tooling, 
and fabrication procedures), Hughes was able to make a critical 
commitment to develop an ion-propulsion system for the 
International Telecommunications Satellite Organization 
(INTELSAT) that utilizes a three-grid ion-extraction assembly. 

An assessment of the technology readiness of the J-series 
thruster concluded that the major remaining technology issue is 
baffle and pole piece erosion with subsequent deposition of 
material onto the cathode keeper and its supporting structure. 
Other minor issues, such as cathode-heater reliability, were 
judged to be tractable through adequate design and quality- 
control procedures. 

A simplified power processor (that was developed under a 
Hughes IR&D project) was used to operate an 8-cm-diameter 
thruster that is functionally equivalent to the Ion Auxiliary 
Propulsion System (IAPS) thrusters. Steady-state performance 
measurements obtained while operating the thruster with a 
standard power processor and the simplified unit were essentially 
identical. Application of at least some of the technology used 
in the simplified approach has been use in a power processor that 
Hughes developed for use under the INTELSAT development program. 

3 



SECTION 2 

RING-CUSP DISCHARGE-CUMBER TECHNOLOGY 

As a result of its high level of performance and inherent 
simplicity, the ring-cusp thruster is perceived as a potential 
replacement for other well-optimized designs such as the 
divergent-field J-series thruster. In the remainder of this 
section, we present the results of an in-depth investigation of 
the original ring-cusp configuration"' to optimize its 
performance and better understand its operating characteristics. 

2.1 DESIGN FEATURES 

The ring-cusp and J-series thrusters differ primarily in the 
design and performance of their discharge chambers. Major 
differences include the magnetic-field distribution used to 
confine the discharge-chamber plasma, as well as the distribution 
of anode- and cathode-potential surfaces that define the 
discharge-chamber boundary. A detailed description of the 
evolution of the 30-cm-diameter ring-cusp thruster described 
herein is presented in Appendix B. Figure 2-1 shows a schematic 
diagram of the laboratory-model thruster. For comparison, a 
schematic of the 30-cm-diameter J-series thruster2'2p 2 - 3  is also 
presented. 

The ring-cusp discharge chamber is constructed of a 
cylindrical sidewall and circular endwall, both of which are 
magnetic and maintained at anode potential. The cathode and 
screen electrode are the only electrodes operated at cathode 
potential. In addition, the cathode and cathode keeper are 
positioned in the discharge chamber with no protective structure 
surrounding them. The discharge chamber of the J-series 
thruster, by contrast, is comprised of two non-magnetic metal 
parts; a circular endwall and a cylindrical outer shell which are 
operated at cathode potential, and an inner cylindrical liner 
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which is operated at anode potential. The cathode is surrounded 
by a magnetic-baffle coil that can be energized to control the 
current-flow impedance between the cathode and main-discharge 
plasmas. The entire cathode assembly (consisting of the cathode 
and cathode keeper) is located within a baffle/pole-piece 
assembly which isolates the cathode and main-discharge plasmas. 

The magnetic-field distribution within the ring-cusp 
discharge chamber is generated by three samarium-cobalt (SmCoS) 
permanent-magnet rings; two rings on the cylindrical sidewall and 
a circular ring on the endwall. In the laboratory-model 
thruster, the two sidewall magnet rings consist of a single layer 
of magnets, while the endwall ring has a double layer to increase 
the magnetic field strength. The individual magnets are 
rectangular in shape (1.9-cm-long by 1.27-cm-wide by 0.5-cm-high, 
and magnetized along the short dimension) and are held in place 
only by the magnetic attraction to the soft-iron boundary of the 
discharge chamber. The magnetic field at the surface of the 
magnets is about 2.5 kG, and their maximum operating temperature 
is about 3OOOC (above this operating temperature, irreversible 
loss of field strength occurs). The soft-iron chamber boundary 
provides a low-reluctance path for closing the magnetic-flux 
lines. 

The magnetic-field distribution within the J-series 
discharge chamber is generated by axial and radial permanent 
magnets arranged along the outside of the chamber. The maximum 
operating temperature of the Alnico magnets used in the J-series 
thruster is much higher (Z750OC) than it is for the SmCoS magnets 
used in the ring-cusp thruster. However, the magnetic-field 
strength near the Alnico magnet faces is significantly lower 
(2100 G). In addition, the discharge-chamber boundary of the 
J-series thruster serves as a structural member and is not a part 
of the magnetic circuit. 
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Documentation of the magnetic-field distribution within the 
ring-cusp discharge chamber included measurements of the vector 
components of the field, as well as the shape of the flux lines. 
The scalar field was obtained by measuring the axial and the 
radial components (B, and B,) of the magnetic field in the 
centerline plane of the discharge chamber, and then computing the 
scalar magnitude as (BZ2 + B r 2 ) ' 1 2  for each measurement point. 
The vector nature of the magnetic field was documented by using 
powdered iron to trace out the lines-of-force in the field. 

Figure 2-2 compares the scalar-magnetic-field distribution 
for the ring-cusp and J-series thrusters. These results indicate 
that the most significant feature of the ring-cusp design is the 
existence of strong magnetic fields along the boundaries of its 
discharge chamber. By contrast, the J-series thruster exhibits a 
much weaker and nearly uniform scalar magnetic-field 
distribution. 
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FIGURE 2-2. Scalar magnetic field distribution comparison. 
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The vector-magnetic-field distributions indicated by iron 
filing patterns in Figure 2-3 demonstrate the cusp nature of the 
magnetic-field distribution within the ring-cusp thruster and the 
divergent nature of the magnetic-field distribution within the 
J-series thruster. The cathode in the ring-cusp thruster is 
located in the endwall-cusp region, with a magnetic-field 
strength at the cathode orifice on the order of 100 G. By 
comparison, in the J-series thruster the cathode is located in a 
nearly magnetic-field-free region. Discharge-chamber design 
criteria determining the shape and magnitude of the magnetic 
field required for optimum performance of the ring-cusp thruster 
were explored in detail and the results are reported under a 
separate research program. * - ' 

2.2 PERFORMANCE CHARACTERISTICS 

Figure 2-4 presents the performance of the 30-cm-diameter 
mercury ring-cusp thruster for a beam current of 2 A and a 
discharge voltage of 32 V (the standard operating conditions for 
the results presented in this report). The discharge-propellant- 
utilization efficiency has not been corrected for doubly charged 
ions. For comparison, similar measurements obtained for a 30-cm- 
diameter J-series thruster (S/N J2) are also presented to show 
the significant performance improvement that has been achieved 
with the optimized ring-cusp thruster. Figure 2-4 shows a 
performance improvement of about 40 eV/ion for the ring-cusp 
thruster operating at a propellant-utilization efficiency of 95%. 

2.3 OPEBATING CHARACTERISTICS 

The strong magnetic fields at the boundary of the 
ring-cusp discharge chamber (see Figure 2-2) inhibit energetic 
electrons from reaching the anode-potential surfaces anywhere 
except in the cusp regions of the magnetic field defined by the 
three magnet rings. 
crossing the magnetic-flux lines that connect adjacent magnet 

Energetic electrons are prevented from 
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rings by the large values of JBdl (typically on the order of 
1000 Gauss-cm) . - J -' J - ' Low-energy electrons cross the field 
lines more readily due to their much higher coulomb-collision 
cross section. 

The electron current that sustains the discharge is 
influenced by the strong fields and small dimensions of the 
magnet cusps. It has been shown experimentally 2-8~2-Q~2-10that 
the effective area for electron collection at the cusps of the 
magnets is larger for low-energy electrons than it is for high- 
energy primaries. The ratio of these areas is found to agree 
with the ratio of the hybrid cyclotron radius, 
primary-electron cyclotron radius, rp. Therefore, the low-energy 
electrons tend to be preferentially "filtered out" in the 
magnetic cusps. The net result in the ring-cusp thruster is that 
plasma electrons bound to magnetic field lines that intersect the 
anode are reflected from the magnetic cusps due to mirror effects 
and limited conduction area. In this manner, the efficient 
confinement of ionizing plasma electrons is obtained. 

(reri) ' I 2 ,  to the 

Ions produced in the discharge chamber preferentially drift 
to the ion-extraction assembly at the ion-acoustic or Bohm 
velocity. '-11~'-12 The magnetically shielded anode-potential 
surfaces within the discharge chamber limit the amount of ion 
loss. Both analyti~al'"~ and e~perirnental'-'~~~-~' 
investigations have shown that the ion-arrival rate at these 
surfaces is consistent with the ions having a velocity close to 
that of the slow-moving neutrals. With nearly all the discharge- 
chamber volume bounded by magnetically shielded anode-potential 
surfaces, ion loss within the ring-cusp discharge chamber is 
relatively low. 

By comparison, the plasma in the J-series thruster is 
confined by a divergent magnetic field. Electrons must diffuse 
across magnetic field lines before being collected by the anode. 
Furthermore, electrons bound to magnetic-field lines that 
intersect the anode will be lost at that surface. 
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The discharge-chamber configuration in the J-series thruster 
is similar to conventional Penning discharge chambers, comprised 
of a combination of cathode-potential surfaces and magnetically 
shielded anode-potential surfaces. The endwall surface is a 
magnetically shielded cathode-potential surface and represents a 
substantial fraction of the total surface area of the discharge 
chamber. Magnetically shielded cathode-potential surfaces in 
general represent a greater loss-mechanism for ions than do 
magnetically shielded anode-potential surfaces.*'13 
account for higher ion-loss rates within the J-series discharge 
chamber and an accompanying reduction in thruster performance. 

This can 

The description given above of ring-cusp thruster operation 
was verified by comprehensive measurements of the discharge- 
chamber plasma properties and current-flow measurements to the 
anode- and cathode-potential surfaces defining the discharge- 
chamber boundary. These results are presented in the material 
that follows. 

2.3.1 Plasma Properties 

Under this program, we developed a technique for correlating 
the dominant plasma processes occurring within the discharge 
chamber with observed thruster performance. Average values of 
the Maxwellian-electron temperature and density, as well as the 
primary-electron energy and density, were computed and correlated 
with thruster performance. A detailed description of this 
technique, including a comparison of the average plasma 
properties for the ring-cusp and J-series thrusters is presented 
in Reference 2-15. 

Figure 2-5 shows the variation of the average primary- 
electron fraction (ratio of primary-electron density to plasma 
density) with beam-ion-production cost for both the ring-cusp and 
J-series thrusters. For comparison, performance measurements f o r  
these thrusters are also shown. (The propellant-utilization data 
of Figure 2-5 have been corrected for doubly charged ions, since 
the theory developed to compute the volume-averaged plasma 
properties does not account for multiply ionized atoms.) 












































































































































































































































































