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ION AND ELECTRON TRANSPORT IN AN 
NSTAR-DERIV ATIVE ION THRUSTER 

John E. Foster 
National Aeronautics and Space Administration 

Glenn Reseru'ch Center 
Cleveland, Ohio 44135 

SUMMARY 

Diffusio n of electrons and ions to anode swfaces between the magneti c cusps of an NASA Solar 
Electric Propulsion Technology Application Readiness ion thruster has been characterized. Ion flux 
measurements were made at the anode and at the screen gIid electrode. The measurements indicated that 
the average ion cunent density at the anode and at the screen grid were approximately equal. Additionally, 
it was found that the electron flux to the anode between cusps is best desclibed by the classical cross-field 
diffusion coefficient. 
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INTRODUCTIO 

Controlling ion and electron transport to discharge chamber surfaces is a key aspect of ion thruster 
design.1.2 Indeed, at a given thruster power, perfonnance can be optimized by maximizing the fraction of 
discharge ion that reach the ion extraction optics. Maximizing the extracted ion fraction can be achieved 
by minimizing ion losses to the anode. Reducing the flow of ions to swfaces other than the extraction 
optics using a magnetic field is usually not practical due to the ery strong field strengths required to 
magnetize ion motion. Instead, thruster magnetic circuits, such as the ring cusp, utilize magnetic field 
geometries that contain elecu'ons in a manner such that the di scharge produced is located just upstream of 
the ion optics 3 The close proximity of di scharge to the collection optics increases the likelihood that an ion 
generated in this volume will be extracted. 

It has been suggested that many ion thruster di scharge chamber configurations operate with 
preferential ion flow to the ion optics. I Whether or not the ring cusp magneti c circuit of the ASA Solar 
Electric Propulsion Technology Application Readiness (NST AR)4 ion thruster investigated in this work can 
effect ion motion to the anode and thereby improve ion flow to the optic is a question that is addressed in 
this work. An understanding of the nature of ion flow from the discharge to the ion optic can be used as a 
guide in both optimizing the perfom1ance of this thruster and also increasing the thruster' s power range. 

Unlike ion motion. electron motion is severely affected by the presence of the inter-cusp magnetic 
field. In thi s work, electron diffusion to the anode swfaces between the magnetic cusp was also studied. 
The magnetic field between cusps provides a fairly high impedance path for electron flow to the anode , 
thereby reducing electron losses to the anode. The character of the cross-field electron diffusion coefficient 
is a measure of this impedance. A large cross-field diffusion coefficient would lead to a lower discharge 
voltage and consequently, a reduction in the bulk plasma ionization rate. Previous investigations of elecu'on 
diffu ion between cusps have as umed anomalous Bohm diffusion. s In this work, the nature of the cross­
field electron diffusion coefficient in a NST AR-derivative ion thruster is detennined. 

EXPERIME TAL APPARATUS 

The ion truu ter used in this investigation was mechanically identical to the ST AR tmuster.4 A 
schematic of the ion thruster and internal discharge chamber wall probes is illusu-ated in Figme 1. A screen 
grid and accelerator grid comprised the high-voltage ion extraction optics. The voltages at the screen and 
accelerator gIi d electrodes ranged from 650 V to 1500 V and -250 V to -180 V, respectively, as tmuster 
input power aried from 0.5 kW to 4.6 kW. It should be noted that for thi s engine, the ratio of peak to 
average ion beam current density as measured in the plume varied from 0.45 to 0.55 over the range of 
conditions investigated. Additional details regarding the 30-cm engine, the power console, and the 
propellant feed system can be found elsewhere.4

.
6

.
7 As can be seen in Figure 1, the aluminum discharge 

chan1ber was onical with a downstream cylincbical section. The magnetic circuit consisted of only tlu-ee 
permanent magnet lings: 1) the cathode ring, located at the back-plate of the conical section; 2) the 
cylindrical section ring, located at the junction between the cylindrical section and the conical section; and 
3) the downstream ring, located at the most downsu'ean1 flange of the cylindrical section. For these 
investigations, xenon propellant is used. 

The planar molybdenum wall probes used in this investigation each measured 6.4 mm in diameter. The 
wall probes were flush mounted with the surface of the anode at positions indicated in Figme 1. The probes 
were designated according to the letters a indicated in Figure 1. Wall probe A was located near the 
midpoint between the cathode and cylinder magnetic cusps and wall probe B was located near the midpoint 
between the cylinder and pole piece magnetic cusps. The u-ansverse magnetic field component across the 
surface of wall probes A and B was approximately 0.0021 T and 0.0023 T, respectively. The probes were 
electrically isolated from the anode wall and were held in place using modified compression fittings. The 
wall probes were biased relati ve to cathode potential using a variable DC voltage source to obtain 
Langmuir current-voltage characteristics from which plasma density and electron temperature were 
calculated. In order to obtain the average ion current density at the screen grid, the grid was negati vely 
biased -25 V with respect to the discharge cathode. For this investigation, thruster discharge power ranged 
between 120 W and 465 W, which corresponded to a total thruster input power between 0.5 and 4.6 kW. 
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RESULTS AND DISCUSSION 

Background 

Between the cu ps, the magnetic field lines run parallel to the surface of the anode. This fi eld limits the 
cross-field diffusion of electrons to the anode smface. Figure 2a and 2b il1usu-ate the variation in the 
normalized transverse magnetic field component at the anode as a function of position relative to the 
magnetic cusps. The normalized transverse fi eld in the conical section of the di scharge chanlber is 
normalized to the transverse field intensity near the cathode cusp. For reference, the transverse magnetic 
field intensity at the anode one centimeter from the cathode ring magnetic cusp was 0.053 T. The 
nomlalized transverse field in the cylindrical section is normalized to the transverse fie ld intensity near the 
cyli ndrical section magnetic cusp. The magnetic cu ps are located at position 0 and 18-cm of Figure 2a 
and positions 0 and 12-cm of Figure 2b. Along the anode, at distances greater than 2.5-cm away from the 
magnetic cusps, the transverse field does not vary appreciably. As can be seen in the figures, a significant 
portion of the anode surface lie in these regions of relatively constant transverse magnetic fi eld. Indeed, 
over 70% of the anode's surface area lies in tJlese regions of relatively constant transverse magnetic field . It 
therefore follows that the magnitude of the magnetic field at the anode between the cusps plays a critical 
role in detem1ining di scharge efficiency. The transverse magnetic field component in these regions is less 
than 20% of the transverse component measured near the cusps. Plasma collection at anode surfaces 
located close to the magnetic cusps is associated wi th magnetic cusp physics and is not the subject of this 
investigation. 

The focus of tJ1is work is to ascertain the effect that the inter-cusp magnetic field has on ion and 
elecu'on transport to anode sUlfaces. Accordingly, this work is divided into two sections: 1) ion transport 
and 2) electron u·ansport. 

Ion Transport 

Ion loss to the anode between the magnetic cusps and to the screen grid was determined by biasing 
wall probes A and B and the screen grid negative of the cathode potential to obtain the ion saturation 
current density. Figure 3 depicts a schematic of ion losses to bounding di scharge chamber sUlfaces in the 
cylindrical section. The screen grid, which has a 67% open area, is the most downstreanl boundary of the 
discharge chamber's cylindrical section. If preferential ion drift to the ion optics occurs in the NST AR­
derivati ve thruster, then it can be expected that the ion current density measured at the cylindrical section 
sidewall as measured by wall probe B should be less man the average ion current density measured at the 
biased screen grid. A plot of the ratio of ion current density measured at the screen grid to the ion current 
density measured at wall probe B is shown in Figure 4. For the di charge powers investigated, the ratio 
was nearly unity. This result is surprising in that it does not indicate a preferential flow of ions to the optics 
at any discharge power as has been suggested by an earlier study. J It should be pointed out that in the 
earlier study, the magnetic circuit as well as the anode geometry differed significantly from the NST AR­
derivative ion iliruster studied in tJ1is present investigation. As determined from meaSUl'ements presented 
here, the ion losses to the cylindrical section boundaries and the screen grid are approximately equal. It 
should be pointed out that such ion flow is consistent with the work of Masek.8 

Past studies have suggested that the extracted ion beam fraction (defined as the ratio of the ion beam 
current to the sum of the ion current lost to discharge surfaces and the ion beam current) is considerably 
larger than that that would be expected from the ratio of screen grid physical open area to total discharge 
chanlber surface area.1.9,J OThis result is attributable in pru1 to an increase in screen grid transpru'ency during 
high voltage extraction.8

.
1 J The remaining di sparity can be addressed through an examination anode wall 

probe data. Figure 5 illustrates the behavior of the ion saturation current ratio of wall probe B to wall probe 
A as a function of discharge power. In all cases, the ion cunent measured at probe B was approxlnlately a 
factor of 1.55-times larger than that measured at probe A. If the di scharge ions escaping to the ion beanl 
optics and to the cylindrical section walls obey the Bohm Criterion, the flow to the walls is at the ion 
acoustic velocity. Ion escape rates to anode surfaces should be proportional to the product of the square­
root of the local electron temperature and the plasma density, Because the plasma density near the anode in 
born the conical and the cylindrical section of the discharge chamber was determined to be approximately 
equal,1O the disparity between the ion wall flu x measured at probe A and probe B must be due to the 
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electron temperature. In this regard , the ratio between the two probes' CWTent densities should be 
approximately eq ual to the rati o of the square root of the e1eeo'on temperature measured at the two probes . 

Plots of these ratio as a function of discharge power are shown in Figure 6. As can be seen from the plot, 
the average value of the ratio of the square root of the electron temperature is approximately 1.45, which 
wi thin experimental error (10 to 15%) accounts for the diffe rence in ion cunents measured in the conical 
and cylincIJical sections. Tllis agreement supports the notion that a much higher percentage of ion 
production occurs just upstream of the ion optics and that the ion flow depends primruily on local plasma 
density and electron temperature. Because of the electron temperature cli spruity between the two dischru'ge 
chamber sections, ion loss rates to the anode ru'e largest in the cylincIJical section, which in this case is j ust 
upstream of the optics. In thi s respect, ions are lost to the beam extraction optics at a rate lru'ger than they 
are 10 t to anode surfaces in the conical section. Because ion 10 es to clifferent sections of the cli schru'ge 
chamber are not unifo!l11, the extracted ion fraction is not well represented by the ratio of screen grid open 
area to total dischru'ge chamber surface area. 

The nature of ion flow suggests the importance of understanding plasma conditions, particularly the 
local electron temperature and density, within the dischru'ge chamber. Cru'e must be taken such that the 
discharge is not only localized neru' the optics, but also that the ratio of the open ru'ea of the screen grid to 

the anode surface area neru' the optics is sufficiently large. 

Electron Transport to Anode Smfaces between Magnetic Cusps 

The dischru'ge chamber magnetic field controls the flow of electrons to the anode. Ideally, in a ring 
cusp dischru'ge chamber, most of the electron CUlTent collection occurs at the magnetic cusps. Under these 
conditions, the magnetic field between the cusps nlininlizes the flow of energetic elecu'ons to other anode 
swfaces . In practice, depending on the fi eld strength between the cusps, a significan t fraction of the 
di scharge clUTent can be collected at the anode between the cusps. It was found in an earlier NST AR­
deri vative tluuster study that up to 30% of the discharge Clment can be collected at anode sUlfaces between 
the cusps. 10 Because nlininlizing the flow of electrons to anode surfaces between the cusps improves 
tluuster discharge efficiency, a understanding the nature of electron diffusion to anode surfaces between 
cusps is important. 

In genera] the radial flow of electrons to the anode in the presence of a magnetic field may be 
expressed as: 12 

J e = - e ' f.1 ' /'l e . . E s - e . D.l 

Here mobility is defined as: 

e 
f.1=--

m ,v
e 

(1) 

(2) 

Of interest is the functional behavior of the cross-field diffusion coefficient. In general, plasma flow across 
a magneti c field is a complicated problem. Under some conditions, plasma flow obeys classical formulism 
in which the cross-field diffusion coefficient can be described by: 

(3) 
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Here the electron diffusion coefficient under conditions where the magnetic field is zero is defined as: 

k· T D = __ e_ 
e 

In · V e 

Under celtain conditions, potential oscillations dti ven by plasma instabilities give rise to anomalous 
cross-field diffusion that is substantially larger than classical predictions. In a vatiety of cases, such 
anomalous diffusion is best de cribed by the Bohm diffusion coefficient: 13-15 

(4) 

D _ kTe 
.1 -

16 · e· B 
(5) 

In this work, using Equation I and measured plasma propelties at wall probes A and B, the electron 
current collected at and above plasma potential is calculated as a function of wall probe bias voltage. The 
total electron colli sion freq uency, which is the sum of the electron-neutral collision frequency and the 
electron-ion collision frequency, was calculated based on ensemble averaged momentum exchange 
between the electrons and the background plasma using low energy electron-neutral and elecn'on-ioD cross 
section data. 16 Here the relaxation rate is determined by test patticle (ion and neun'als) interactions with a 
Maxwellian electron distribution described by the measured elecn'on temperature. 17 Neutral densities inside 
the discharge chamber were calculated from the propellant utili zation efficiency. The calculation of the 
electron current is done assuming two separate cases: 1) Bohm diffusion and 2) Classical diffusion. The 
calculated electron current was then compat'ed with the measured electron current to determine whether 
Bohm or classical best describes electron diffusion to anode surfaces between the magnetic cusps. 

In order to calculate the electron current at the wall probes as a function of probe potential, the electric 
field at the sheath edge as well as the electron density gradient must be detemuned. As illustrated in 
Figure 7, for all cases investigated in this work, the electron current at and above the apparent plasma 
potential was a linear fu nction of the potential of the probe relative to the plasma potential. The constancy 
of the slope suggests the notion that the electric field in Equation 1 is proportional potential difference 
across the sheath. Equation 1 can then be recast: 

J e = - e . f.1 . n e . . ~ V . d - e . D . dn e 
eif .1 dr 

Here, the electric field at the sheath edge, may be expressed as the product of the sheath potential, ~ V , 
and the constant of proportionality, d eif ' The slope of the line described by equation I ', 

(1 ') 

- e . f.1 . n e . d eif ' can be obtained from a linear fit (see Fig. 7). From the slope, d eif can be calculated and 

thus be used to determine the effective electric field at the sheath edge. This effecti ve electric field is a 
consequence of potentials that leak out of the sheath and give rise to electron drift toward the probe's 
surface. Such fields cause the collected electron current to increase as a function of increasing sheath 
potential. 

The second telm in equation (I ') is associated with cross-field diffusion. Classically, in the presence of 
the transverse magnetic field, the characteri stic diffusion step is a Latmor radius. 12 This scaling provides a 
simple means for estimating the elecn'on density gradient. The cross-field spatial deri vati ve of the electron 
density was taken to be the difference between plasma density in the bulk plasma (outside the sheath) and 

the den,ity" the probe" , unace divided by the electron Lannonadiu, at the probe{ ;~ ). 

Using equation (1'), the electron current was calculated for both the Bohm diffusion coefficient and the 
classical cross-field diffusion coefficient. Figures 8 and 9 illustrate the behavior of the ratio of the 
calculated electron current to the measured electron current as a function of sheath voltage for the two wall 
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probes at the 302 W discharge power condition (2.3 kW tluuster input power) and at the 228 W discharge 
power conditi on (1.7 kW thruster input power). As can be seen from the figures, the elecu·on collection 
between the cusps is be t desclibed by the classical cross-field diffusion coefficient. To within 
experimental enor (approximately 35%), the classical relation predicts the magnitude of the electron 
cunent over a wide discharge power (200 to 465 W) range. Elecn·on cunent calculated assuming a Bohm 
diffusion coefficient was over an order of magninlde larger than that which was measured. Indeed, for the 
magnetic field intensities present between cusps, if cross-field diffusion were Bolun-like, then the utility of 
magnetic containment would be defeated due to excessive elecn·on flow to anode surfaces between the 
cusps. It should also be pointed out that the classical relation for the electron curTent also tracked the 
functional behavior of the elecn·on cunent with increasing probe voltage. The rate of change in the electron 
current with increasing probe voltage as calculated u ing the Bohm diffusion coefficient case wa less than 
that acnlally measured as evidenced by the monotonically decreasing ratios presented in Figures 8 and 9. 
Finally, it should be pointed out that the ratio of the electric field diffusion term to the magnetic field cross­
diffusion telTn in equation 1 ranged from approximately 0.1 to 1 for classical diffusion with increasing 
probe voltage. 

The fact that electron cross-field diffusion to inter-cusp anode surfaces is classical implies a number of 
interesting consequences: 1) Elecn·on diffusion to the anode smface between cusps is severely reduced. 
2) Operation at higher propellant flow rates should increase electron losses to the anode because of the 
classical diffusion coefficient ' s dependence on the elecn·on collision freq uency. 3) Modest increases in 
magnetic field strength should lead to significant improvements in electron containment. 

Agreement between measured the elecn·on CUlTent and the calculated classical cunent was best at the 
higher tlu1.lster power conditions (>1.4 kW). It should be pointed out that deviations from classical cross­
field diffusion tended to increase at the lower power operating conditions. At these lower powers, the 
calculation for the electron CUlTent using the classical cross-field diffusion coefficient tended to under­
estinlate the measured value. The under-prediction n·end at probe A ranged from 1 % at the 2.3 kW input 
power condition to over 20% at the 1.4 kW input power. The di screpancy at wall probe B was somewhat 
la.rger than at probe A with the under-prediction trend ranging from 10% at the 2.3 kW input power 
condition to over 30% at the 1.4 kW input power. 

Plior research suggests that deviations from the classical cros field diffusion may be due a plasma 
instability.1 2. 18 Additionally, ionization along the flux lines between the cusps may become more important 
with decreasing discharge power. Drainage of inter-cusp flux lines via cross-field diffusion or a plasma 
instability would also tend to increase the magnitude of cross field CUITent collected at the probe. 19 These 
mechanisms may be necessary to sustain the magnitude of the discharge CUITent at the lower tluuster 
powers. The fact that measmed electron diffusion to the anode between the magnetic cusps increases above 
the classical rate at the lower tluuster power conditions suggests that electron containment between the 
cusps also degrades in concert. This degradation is consistent with the increased di scharge losses at the 
lower power conditions. In this respect, charactelization of electron diffusion phenomena to the anode is a 
key aspect for understanding discharge performance. 

CONCLUSIONS 

It was found that ion flow to anode surfaces just upstream of the ion optics is approximately equal to 
the average ion CUlTent density at the ion optics. Additionally, because ion losses to different sections of the 
discharge chamber are not uniform, the extracted ion fraction is not well represented by the ratio of screen 
grid open area to total discharge chamber surface area. Inter-cusp electron flow to the NSTAR-derivative 
ion thruster anode was found to follow classical diffusion predictions. This data suggests that modest 
increases in magnetic field intensity between the cusps can significantly improve electron containment. 
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