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J. W. John4 
Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland 20723, USA 

In support of the Double Asteroid Redirection Test (DART) mission, laboratory 
measurements were made on the NEXT ion engine, which will be used for the spacecraft’s in-
space propulsion [1]. This study revisits a small range of mission-specific 2.7A throttle levels 
to understand the effect of in-flight flow rate variability, investigate intermediate throttle 
conditions, and improve measurement methodology. This paper specifically examines the far-
field plume divergence and backflow ion flux distribution of the NEXT, while a companion 
paper examines the charge state distributions. 

I. Nomenclature
𝐼  = total beam current emitted from the thruster 
𝐼  = component of total beam current parallel to the thrust axis 
𝐽 = current density vector 
𝐽  = current density measured at a plasma probe face 
𝐽  = current density measured at distance 𝑟  normal to the thruster grid 
𝐽  = current density measured at distance 𝑟  normal to the expected ion trajectory, 𝛿 
𝑟  = nominal distance of probe from the center of the thruster grid when 𝜓 = 𝜃 = 0 
𝑟  = location of probe relative to grid radius of curvature origin 

�⃗�(𝜓) = radius of curvature vector terminating at grid at angle 𝜓 
�̂� = unit vector along the thrust axis 
𝛽 = divergence correction factor 
𝜃 = angle relative to the thruster centerline with origin at the center of the thruster grid 
𝜓 = angle relative to the thruster centerline with origin at the grid radius of curvature 
𝜁 = angle relative to the thruster centerline with origin at the edge of the grid 
𝛿 = expected angle of ions relative to thruster centerline at location of probe 

II. Introduction
The performance characteristics of the NEXT (NASA Evolutionary Xenon Thruster) gridded ion engine have been 

heavily studied over the years and it has undergone extensive lifetime testing [1-9, 18-20]. Recently, it has been 
selected for use in the Double Asteroid Redirection Test (DART), in which a satellite will demonstrate asteroid 
deflection by kinetically impacting the smaller asteroid, Didymoon, in a binary asteroid system [10]. This mission has 
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tight operational requirements, such that the existing NEXT data, although voluminous, is inadequate. Of particular 
mission interest is the performance within a narrow range of operating conditions, with beam current of 𝐼 = 2.7𝐴. 
These conditions are circled in red in Table 1, which shows the NEXT Throttle Table 11.1 (TT11.1). The nominal 
throttle level is TL28.  

Specifically, there is an interest in how various thruster characteristics are affected by a modest variation in total 
discharge xenon flow rate and flow rate to the cathode. The most flooded condition is modified by a suffix of “A,” the 
nominal condition has a suffix of “H’, and the most lean has a suffix of “O.” Hence, the new throttle level DTL28-H-
O is DART throttle level 28 with nominal (H) total discharge flow and lean cathode flow (O). The DART test 
campaign involves multiple measurements of the NEXT, discussed in companion papers [10-13]. This paper concerns 
only the angular plume profile and divergence.  

Angular spreading of the ion engine plume indicates propellant is being accelerated orthogonal to the desired 
direction of motion. Hence it is a source of thrust inefficiency, typically quantified by a thruster divergence correction 
factor, beta, defined below: 

𝛽 = =
∫ ∙⃗ ̂  

∫ ∙⃗  
(1) 

Here 𝐽 is the current density at a sufficient distance from the thruster that the angular distribution is unchanging, �̂� is 
the unit vector in the thrust direction, and 𝑛 is the unit vector normal to the integration surface. Ideally, one might 
expect this distance ought to be very much larger than the radial extent of the thruster, such that the thruster appears 
as a point-like source [14]. This way, any variations in current density and beam vectoring at the surface of the thruster 
would be washed out and the far-field density would decay geometrically at 1/r2. According to [15], for a flat gridded 
ion engine, that distance is greater than eight times the thruster radius. For the NEXT, that would mean probe distances 
greater than 1.5m, although one might speculate that its dished grids may alter the calculation.  

For experimental purposes, it can be impractical to measure at great distances due to limitations in the dimensions 
of the chamber and attenuation of primary ions via charge exchange. This is particularly an issue at the walls of the 
test chamber, where the current density signal may still be strong but motion of a diagnostic probe is constrained. In 
this paper, it will be shown that with the correct assumptions and correct measurement technique, somewhat shorter 
distances are adequate to determine far-field plume behavior of dished grids, at least at high angles. 

To gain a more comprehensive understanding of the diverging plume from the NEXT ion engine, angular flux 
distributions were measured at three distances from the thruster grids (1m, 1.6m, and 2.8m) using a planar Langmuir 
probe (PP) and a retarding potential analyzer (RPA) with sufficient bias to reject charge exchange ions. For the 1.6m 
condition alone, the thruster was offset toward the chamber wall to maximize angular range on one side. After 
performing appropriate geometric corrections [5,6], data collected at 1.0m, 1.6m and 2.8m distances were found to be 
self-consistent. This further validates the average ion trajectories proposed in [6], suggests that thruster-wall proximity 
was not an issue, and suggests that measurements at 1.6m alone should be adequate in the future, with even shorter 
distances, like 1.0m, possible at least at high angles. It will be shown that divergence and ion flux distribution data at 
2.7A throttle levels were in-family with data from previous studies at 2.7A and the effect of flow rate was minimal. 

III. Experiment

The experimental geometry is summarized in Figure 1. The planar probe and retarding potential analyzers were 
attached to rotating arms at each of the specified distances. The axis of rotation of the 2.8m probe arm was the center 

Table 1 NEXT throttle table 11.1. Throttle levels of interest, from TL29 to ETL2.7B, are circled in red 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2019-1243&iName=master.img-000.jpg&w=429&h=132
https://arc.aiaa.org/action/showImage?doi=10.2514/6.2019-1243&iName=master.img-000.jpg&w=429&h=132
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of the thruster grid. The axis of the 1.6m probe arm was the radius of curvature of the dished grid (about 71cm behind 
the center of the grid). The axis of the 1.0m probe was at the edge of the grids. The thruster was canted by 8 degrees 
toward the wall to increase the asymmetric angular range of the probes relative to the thruster axis.  

Since it was not practical to have all probe arms simultaneously aligned with the thruster, it was necessary to have 
the thruster move laterally between probe “stations” located at different distances from the chamber wall. The 1.0m 
and 2.8m probe rotation stages were at the center of the chamber (relative to the side wall). The 1.6m probe arm 
rotation stage was placed on a lateral motion stage, similar to the thruster. In this way, both 1.6m probe axis and 
thruster could be translated together, varying their distance to the chamber wall. This extra degree of freedom was 
designed to address a question about whether proximity to the wall could affect the measured plume profile. For most 
measurements, the probe axis was parked next to the wall to provide the maximal angular range relative to zero.  

Figure 1 Summary of setup geometry for Far-field (2.8m), Mid-field (1.6m) and “Near”-field probes. 

 The design of the planar probes was similar to that used in previous studies [5,6]. An unguarded 1.27cm diameter 
planar probe was used to measure absolute current density at 1.0m and 1.6m. A 1.27cm guarded planar probe was 
used at 2.8m. Unfortunately, the 2.8m planar probe developed a guard short early in the measurement campaign so 
the results were deemed unreliable (hence only relative current densities based on RPA signals are available at 2.8m). 
The planar probes were biased at -25V then -20V at each angular position using a Keithley 2410 Sourcemeter. At this 
bias, the probe was presumed to be in ion saturation mode. 
 The planar probe current includes contributions from charge exchange ions, which do not contribute momentum. 
In order to determine the fraction of energetic ions at a given plume angle, an RPA was used. The design of the RPA 
was similar to that used in previous studies [6]. The RPA consisted of square collector inside of two nested boxes with 
mesh-covered apertures. The aperture was 1.27cm for the 1.0m and 1.6m RPAs and 1.9cm for the 2.8m RPA. The 
outer mesh electrode was biased to -20V or more to reject electrons. The inner mesh was coupled to the collector as 
this was found to produce the expected flat energy dependence for low power gridded ion sources. The collector was 
biased at 30V then 35V and the current collected on a Keithley 2410 Sourcemeter. 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2019-1243&iName=master.img-002.jpg&w=422&h=296
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IV. Results

A. Geometric Corrections
Absolute current density was determined from the planar probe data around the center of the plume, where charge

exchange contributions are expected to be negligible. This was then plotted against RPA current in the same region 
and the slope was used to renormalize the RPA data. When necessary, an ad hoc angular offset was applied to ensure 
the peaks for the planar probe and RPA aligned and were centered at 0⁰.  The renormalized RPA data then represented 
the energetic ion current density at all angles. However, that current density is still expected to depend on the angle of 
incidence between the ions and the probe face. The expected trajectory of ions emanating within the ±15⁰ span of the 
thruster’s dished grid is normal to the grid face [6]. In other words, the vector origin is the radius of curvature of the 
grid. The 1.6m probe conforms to this geometry so no correction is required to the measured current density within 
±15⁰. The 2.8m probe does not, so a simple cosine correction was required. The 2.8m probe also varied in distance 
from the grids so a 1/r2 distance scaling correction was assumed: 

𝐽 =
( ) ⃗ ( ) ⃗( )

(2) 

Here 𝑟 (𝜃) is the position of the probe for given probe angle 𝜃 and �⃗�(𝜓) is the position on the grid surface for 
grid arc angle 𝜓 (see Figure 2). For convenience, 𝑟  is set to 1.6m so that all corrected probe measurements can be 
compared at a common distance.  

Figure 2 Diagram of the relevant probe angles (from [6]). 

 Figure 3 shows an example of 1.6m and 2.8m RPA current density distributions, after the above correction, for the 
DTL28-H-O throttle condition. The 1.6m data shown here were collected with the rotation axis and thruster close to 
the wall to achieve maximal angular range. To simplify comparison, the 2.8m data have been renormalized to the 
absolute current density at 1.6m and 0⁰. As one can see, converting to grid-normal significantly reduces the apparent 
spread of the beam and results in a fairly tight match between 1.6m and 2.8m shape functions. 

https://arc.aiaa.org/action/showImage?doi=10.2514/6.2019-1243&iName=master.img-003.jpg&w=300&h=159
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Figure 3 Relative current density for 2.8m (Far Field) and 1.6m (Mid Field) RPAs at DTL28-H-O. 

 Figure 4 shows a comparison of planar probe and RPA current density measurements for the same DETL2.7B-A-
O throttle condition. Here, the diagnostic value of the RPA becomes clear. Beyond 18⁰, planar probe diverges from 
the RPA data, becoming nearly flat after 34⁰ while the RPA continues to drop. At 40⁰, the charge exchange flux is 
over an order of magnitude larger than the energetic flux. If this low energy flux were included in divergence factor 
calculations, it could result in a nontrivial underestimate, particularly if the curve were extrapolated to 90⁰. The 2.8m 
and 1.6m data also diverge slightly at 18⁰. This is because the grid-normal coordinate system does not accurately 
describe ion trajectories beyond the angular span of the grid [6]. Also shown in Figure 4, is a comparison of data taken 
at two lateral offsets of the thruster and probe axis, x=-17 (nominal, close to wall) and x=-7 (closer to chamber 
centerline). As one can see, there is negligible difference between the two datasets, validating the decision to move 
the thruster towards the wall for greater angular range.  
 Beyond ±15⁰, Pollard posited that the trajectory should have origin at the edge of the perforated grid, at ±15⁰ [6]. 
This conclusion was based both on some exploratory measurements and the intuition that at high angles, ions scattered 
from the outermost beamlet aperture should dominate the signal. In this study, we can examine this assumption more 
rigorously. Hence, we adopt the piecewise “Pollard” angle δ [6] using angles defined in Figure 2: 

𝛿 = 𝜓    if    -150 < 𝜓 < -150,   otherwise  𝛿 = 𝜁       (3) 

The current density correction for the 2.8m probe is then slightly modified: 

𝐽 =
( ) ⃗ ( ) ⃗( )

(4) 

where  �⃗�(𝛿) = �⃗�(𝜓)   if   -150 < 𝜓 < -150,  otherwise �⃗�(𝛿) = �⃗�(±150) 

Using these corrections, one can get an excellent match between data at all the distances tested, in the regions where 
their angles overlap. As shown in Figure 5, any difference between the 1.6m and 2.8m current density data practically 
disappears in this coordinate system. The greatest discrepancy is ~16% and occurs at 15⁰. This suggests that the true 
average ion trajectory may transition from grid normal to grid edge coordinates slightly more gradually than a 
piecewise function. 
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Figure 4 Absolute current densities for 1.6m (MF) RPA and Planar Probes at DETL2.7B-A-O. 

Figure 5 Absolute current density for renormalized 2.8m (FF) and 1.6m (MF) RPAs using transformed 
angle coordinates δ at DTL28-H-O. 

B. 1.6m Angular Distributions
Having established in the previous section that the far-field (2.8m) and mid-field (1.6m) data are functionally

identical, it is only necessary to present the 1.6m data. Figure 6 shows 1.6m current density distributions for all of the 
throttle conditions tested. In each case, the corresponding curve at 2.8m (not shown) was found to be an excellent 
match. For simplicity, grid normal coordinates are used in these plots. As one can see, there is negligible difference 
between the flux distributions taken at high (A) nominal (H) and low (O) total discharge flow rates. This is consistent 
with early measurements of two-grid ion thrusters [16]. In fact, since the range of thruster beam voltages tests was 
limited and the beam current was fixed, the differences between flux distributions is fairly small, as well. Most of the 
discrepancy seems to occur beyond 𝜓=32⁰, where instrumental uncertainty is expected to be higher due to low signal 
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and electron leakage currents in the RPA. For instance, as shown in Figure 5, data for DTL28-H-O taken on two 
different days (“Oct 25” and “Nov 7”) show some discrepancies. At these higher angles, the data taken at 1m appears 
more reliable for showing qualitative trends, as will be discussed in the next section.  
 The decay in current density with angle is not a uniform exponential or gaussian, as is typically used in some 
extrapolations (e.g. [6,17]). Instead, it has a series of inflections or “knees” at different angles. The first knee is around 
15⁰, where the beam transitions to off-grid scaling, which appears slower than the scaling just within the edge of the 
grids. This is partly an artifact of the piecewise transition in coordinates. The next transition occurs around 30⁰, where 
the current density starts dropping faster than exponential with angle. Between 𝜓=32⁰ and 34⁰, there seems to be 
another knee where fall-off flattens out (or 𝜁=40⁰ in the more physically relevant grid edge coordinates). It is possible 
this simply represents the natural profile of the beamlets convolved over the 15⁰ span of the grid. In this scenario, the 
beamlets from the edge of the grid at 𝜓=15⁰ provide the final cutoff at 𝜁=40⁰, suggesting a sharp beamlet cutoff at 25⁰ 
off normal. This is not to be confused with the beamlet half width at half maximum, which is much smaller.  
 Included in Figure 6 are five intermediate throttle conditions, “DTLNEW-H-O-X-Y” with beam voltages “X” and 
accel voltages “Y.”  These new conditions sit between throttle conditions DTL28 and DTL29. Their curves not 
surprisingly have similar appearance to the adjacent throttle conditions. Interestingly, the knee feature at high angle 
seems to move around with different voltage parameters, ruling out the possibility that it is fixed by the geometry of 
the grids alone. In the context of the conjecture discussed above, this would correspond to changing shapes of the 
beamlets with voltage parameters. 
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Figure 6 Absolute current density distributions at 1.6m for various throttle levels. 

C. 1.0m Angular Distributions

At 1m, grid-edge coordinates (𝜁) are clearly preferred. As with the 1.6m data, both RPA and PP data were recorded.
Figure 7 shows a plot of PP and RPA 1m current densities collected between 𝜁=0⁰ and 𝜁=120⁰ at DTL28-H-O (note 
that the sign is flipped in the charts). Note that for simplicity, no flux angle or distance correction has been applied to 
data at 𝜁<15⁰. For comparison, the corresponding rescaled 1.6m RPA data is plotted as well. Beyond 𝜁=80⁰, the RPA 
occasionally indicates non-physical negative current density values. This is attributed to low level electron leakage 
current. To eliminate these non-physical values and provide a conservative upper bound for high angle flux, the 
baseline is simply shifted upward such that the most negative value becomes zero. For all intents and purposes, the 
probe is essentially at its noise floor here so the effective uncertainty should be inferred to be ~10-5 mA/cm2. 
 The planar probe current density basically remains flat, at around 1-3uA/cm2 after 𝜁=50⁰. Essentially the charge 
exchange and ambient ions form a diffuse, nearly uniform cloud around the thruster at 1m. The energetic ion flux 
drops off precipitously with angle, reaching a noise floor slightly past 𝜁=80⁰. The 1m data closely matches the 1.6m 
data between 𝜁=15⁰ and 𝜁=40⁰. The high angle knee observed in the 1.6m appears to be replicated in 1.0 data, although 
possibly shifted closer to 45⁰. There also appears to be further features, such as an inflection at 55⁰. The noise floor 
past 80⁰ is consistent with the geometrical obstruction of energetic ions by the front mask.  
 Figure 8 shows a comparison of 1m planar probe data for all the thruster throttle levels tested. As one can see, 
there is little distinction between the conditions and hence no discernible trend with total discharge flow rate. The 
RPA data, shown in Figure 9 are also very similar for all throttle levels (keeping in mind the noise floor at ~10-5 

mA/cm2). It should be noted that the RPA only rejects ions with energy less than 35eV, so although the ions it collects 
are energetic, they likely have significantly less energy than beam ions in the center of the plume. In fact, some of 
these high angle features may be due largely to scattered ions. Hence, if one is concerned with ions with sufficient 
energy to sputter surfaces, the curves shown here represent an upper bound, with the actual current density of “more” 
energetic ions likely being much lower.  
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Figure 7 Absolute current density distributions from planar probe and RPA at 1.0m for DTL28-H-O. 
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Figure 8 Absolute current density distributions from planar probe at 1.0m for various throttle levels. 

Figure 9 Absolute current density distributions from RPA at 1.0m for various throttle levels. 

D. Divergence Calculation
As discussed in the introduction, the divergence can be calculated from the angular distribution of energetic current

densities. For convenience, the integration is performed over the grid-normal sphere enclosing the thruster at 1.6m: 

𝜷 =
𝑰𝒛

𝑰𝒃
=
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𝟐𝝅(𝒓𝟎 𝑹)𝟐 ∫ 𝑱𝝍(𝝍)
𝝅

𝟎
𝒔𝒊𝒏𝝍 𝒅𝝍

(5) 

Note that the function 𝐽 (𝜓) is essentially the current density measured by the grid-normal 1.6m probe without any 
geometric correction. Since the current density measurement at 1.6m does not extend beyond 40⁰, it is necessary to 
extrapolate the integration, which results in uncertainty. For this study, worst-case uncertainties were assumed. The 
upper bound for 𝛽 occurred when both the current density and the axial current density remain constant beyond 40⁰. 
The lower bound for 𝛽 occurred when the axial current density is zero and only the current density remains constant 
beyond 40⁰. The nominal value ignored the extrapolation. In principle, one could argue for smaller uncertainties from 
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extrapolation, particularly using insight from the 1.0m data. However, there are various other difficult to quantify 
instrumental effects and assumptions that would grow the overall uncertainty. For instance, we assume a constant 
distribution and axisymmetry, which is not strictly valid, as discussed in a companion paper on thrust vector 
measurements [11]. Our uncertainty is also consistent with the empirical scale of discrepancies between plume-derived 
thrust and actual measured thrust determined in a previous study of the NEXT [7]. 
 Table 2 Divergence factor calculations and predictions (TT 11.1) for all throttle levels tested summarizes the 
divergence factors for all the throttle levels tested. Figure 10 shows measured data versus beam power supply voltage. 
Overall, the differences between divergence factors with total discharge flow rate are negligible (parts per thousand), 
with no discernible trend. Divergence does decrease slightly with increasing beam voltage, closely hewing to empirical 
predictions based on previous measurements of NEXT within Throttle Table 11.1. Figure 11 plots actual β versus 
predicted, indicating discrepancies of a few parts per 1000, or less than a milliNewton. Comparison with 2010 data 
for NEXT (taken from a different thruster) is also favorable, agreeing within the error bars.  

Table 2 Divergence factor calculations and predictions (TT 11.1) for all throttle levels tested 

Throttle condition Vb βnom βmin βmax β [TT 11.1] 

DETL2.7B-A-O 850 0.980 0.978 0.982 

DETL2.7B-H-O 850 0.981 0.978 0.982 0.9776 

DETL2.7B-O-O 850 0.981 0.979 0.982 

DETL2.7A-A-O 936 0.979 0.977 0.981 

DETL2.7A-H-O 936 0.979 0.977 0.981 0.9773 

DETL2.7A-O-O 936 0.979 0.973 0.981 

DTL28-A-O 1022 0.979 0.975 0.980 

DTL28-H-O Oct25 1022 0.978 0.973 0.979 0.9743 

DTL28-H-O Nov7 1022 0.977 0.972 0.979 0.9743 

DTL28-O-O-Oct31 1022 0.977 0.969 0.980 

TL28 (Pollard 2010) 1021 0.974 0.972 0.977 

DTL29-H-O 1180 0.974 0.971 0.976 0.9696 

DTL29-O-O 1180 0.974 0.970 0.976 

TL29 (Pollard 2010) 1179 0.970 0.966 0.973 

DTLNEW-H-O-1139-200 1140 0.975 0.973 0.976 

DTLNEW-H-O-1021-150 1021 0.977 0.970 0.980 

DTLNEW-H-O-1021-125 1021 0.980 0.978 0.981 

DTLNEW-H-O-1099-200 1099 0.976 0.973 0.977 

DTLNEW-H-O-1059-200 1059 0.976 0.974 0.978 
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Figure 10 Divergence factor β versus beam power supply voltage Vb. 

Figure 11 Measured versus predicted divergence factor β. 

V. Conclusions

Overall, this study has shown that divergence measurements of the NEXT thruster, even with different thruster 
test artles, are highly repeatable. The current density distributions and associated divergence factors essentially do not 
vary with flow rate. Furthermore, at fairly short distances compared to the thruster dimension (about 4-5 diameters, 
similar to predicted in [15]), one can get reliable distribution functions that can be used to determine divergence with 
high precision. The key is using the correct assumptions about ion trajectories and making the appropriate correction 
to probe flux. At 1m, with the appropriate probe geometry, it appears one can reliably capture distance-independent, 
high angle current density distributions. These distributions seem to hint at a variety of interesting plume features, at 
increasing low current levels. In the past, these features have been attributed to low energy ions (e.g. [17]), however 
our RPA measurements indicate they have at least 35eV in energy, if not more. The physical origin and complete 
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energy distribution of these peripheral ions may be worth further investigation. That said, the current density at high 
angles for energetic ions drops by over five decades from its peak value. In contrast, the charge exchange current 
density at 1m appears to settle at baseline value by 45⁰ and remain at that value out to high angles. 
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