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The various charge exchange correction methods for a Hall effect thruster’s ion current
density profile are investigated and compared. This study is conducted on the HERMeS thruster
plume profiles at 300V 6.25kW and 600V 12.5kW. An additional method is proposed that
leverages ion energy distribution data to determine the charge exchange contribution across the
plume and introduces a factor for particle attenuation. The model is compared to the thruster
profile achieved using the best practices approach. The resulting profile showed improved
agreement at large angles of the plume for the 600V condition. This method offers a simple,
physics-based profile estimation for improved plume characterization.

I. Introduction

Hall effect thrusters have historically been implemented on spacecrafts for orbit raising, station-keeping, and more
recently, long duration, deep-space missions [} 2]]. Despite the widespread success of this technology, there is an
ongoing challenge with these systems where ground testing thruster operation has been shown to diverge from "on-orbit"
operation. This discrepancy is believed to in part be a result of the ground testing facility’s limited pumping speeds [3].
Consequently, the background pressure in a vacuum chamber is generally greater than the space environment causing a
thruster response to the large presence of neutrals. Examples of these behavior changes include overall performance i.e.
thrust, as well plume oscillations. The thruster plume will also experience changes in current and its structure [4H12].

One of the key facility effects is charge exchange collisions. These collisions occur when a high energy ion interacts
with a low energy neutral and trades an electron resulting in a low energy ion and high energy neutral [13}[14]. These
neutrals are typically due to the facility’s inability to remove all of the background gas particles. The charge exchange
ions can experience strong radial electric fields that artificially increases the current found at large angles in the plume.
This impacts current density profiles and displays false characteristics such as larger plume divergence. Researchers
often will employ experimental methods to correctly ascertain the plume profile by measuring multiple probe traces at
different radial positions or facility background pressures [[15,|16]. These methods tend to be experimentally expensive
with larger operation time and cost. As a more cost-effective approach, researchers will analytically correct the thruster
plume profile from a single probe trace during post-processing. These methods require assumptions to be made for the
plume that may not be suitable for all devices. Thus there is an apparent need for a correction method that accurately
accounts for charge exchange effects using actual plume information. This work investigates the use of ion energy
distribution functions to determine the charge exchange current contribution to the total current measured across the
plume as well as a correction for the particle attenuation.

This paper is organized in the following way. In Section 2, we first describe the ion current density profile and
various methods for charge exchange corrections currently established in the community. We also include the proposed
method using ion energy distributions. We introduce the dataset including the thruster, HERMeS, and diagnostics used.
We then present the results with a comparison of the methods, in Section 3. In Section 4, we discuss our findings as well
as some of the limitations to this additional approach.
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I1. Methodology
In this section we first introduce the current density profile and discuss its characteristics as well as the experimental
procedure for profile acquisition. We then provide the different methods within the electric propulsion community to
adjust for charge exchange effects and the method proposed in this work. Finally, we present the dataset used in this
work.
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A. Current Density Profiles

Current density profiles often provide key information for understanding thruster performance. With these profiles,
we can determine thruster characteristics such as the plume’s divergence from the thrust vector as well as the total
amount of current carried by the plume. We briefly review here the ion populations typically found in a Hall thruster
plume [17, [18]).

There exist main beam ions born in the thruster channel via neutral-electron ionization with predominantly axial
velocity. These ions will interact with background neutrals from the facility as well as neutrals from unionized propellant.
This interaction can be an elastic scattering where the ion retains most of its energy but may change direction causing a
plume expansion [[19]. There can also be ions born due to charge exchange of an accelerated ion and slow neutral, as
previously mentioned. They are predominantly found at angles greater then 70 degrees[19]. Charge exchange can occur
symmetrically (A*(fast) + A(slow) — A(fast) + A*(slow) or A%*(fast) + A(slow) — A(fast) + A>* (slow))
or asymmetrically (A%* (fast) + A(slow) — A*(fast) + A*(slow)) [20, 21]. In this work, we account for singly
charged symmetric charge exchange. We base this off of the fact that the Hall thruster plume mainly consists of singly
charged ions.

When measuring the ion current density of a Hall effect thruster, a probe is swept in a typically hemispherical
coordinate system maintaining a constant radial distance about the center of the thruster face. The recommended
diagnostic is a Faraday probe where the probe is biased negatively such that the collected current is from the ion
saturation regime. The probe will create a sheath that allows the probe current collected to include the Bohm current.
The probe measures current collected at small angular intervals across the expanse of the thruster (—90° , 90°). The ion
current density is then calculated with jrp(r,8) = Ipp(r,0)/A where the radial distance from the thruster is r, angular
position from centerline is 6, I is the collected current, and A is the probe area. We note here that there are additional
corrections employed to account for the probe geometry, channel ion trajectories, and secondary electron emissions [[16].

As the plume propagates downstream, the ions will continue to experience neutral interaction which results in a
probe measured plume that is a misrepresentation of the plume at the thruster face that accurately demonstrates thruster
performance. This is strongly due to the additional current in the periphery of the plume as a result of charge exchange
ions. This is exacerbated with the measured Bohm current falsely increasing the amount of beam current present.

B. Best practices for current density correction

To deconvolve the effects of charge exchange of Bohm current, the experimental method that is best practice is
to take multiple Faraday probe traces at various radial positions (Fig. [Ta). If we perform a linear fit to the current
density data at a single angular position, we can extrapolate to r = 0 at the thruster face and achieve a representative
plume profile [15 [16]]. This provides a profile that does not contain any facility neutral interaction or attenuation
that occurs in the region between the thruster face and far-field probe. We note it is also recommended for on-orbit
plume predictions to perform Faraday probe sweeps at various background pressure conditions and perform a similar
parametric fit and subsequent extrapolation. While these methods are appropriate in theory, the challenge in practice is
that can be experimentally expensive to perform this many traces. Due to experiment limitations, such as space, time or
equipment restrictions, it may be impractical to perform this method. However, researchers have implemented various
other simple, analytical charge exchange current corrections.

C. Correction Methods

We present here multiple methods for correcting for charge exchange current in ion current density traces taken at a
radial point. These attempts rely on one Faraday probe trace. We start with a simple model for the current density
collected by the probe:

JFP (r76) = Jbeam (rs0)+jCEx,Bohm (rae)' (1)

Here jrp is the current density measured by the probe, jpeqm is the ion beam plume current, jcgx, Bonm is the current
we correct. The goal in practice then is to develop models for how to account for this latter term in order to arrive at an
approximation for the true current at the thruster exit.

1. Flat subtraction
The first method is to subtract the minimum current density off of the entire profile [22]. This assumes that the
current at about 90 degrees is solely made up of charge exchange ions. This method also assumes that the charge



Downloaded by University of Michigan on February 3, 2026 | http://arc.aiaa.org | DOI: 10.2514/6.2026-2133

\\ AN
—— RN
__ \\\\ \\ \\
\\\ \\ \\ 0.8
N [ ]
N\ | Faraday Probe _
\\ E 0.7
i) \ P
. o 20 P
= N Z
= ) 905 .
/ o | (el
b +
! ]
v £ 04
/ >
s O
A
// /7 / 0.3
/// 7 // / L
- /// // // ./
_——— _- v’ 0.2
_____ - /// 0.00 0.25 050 0.75 1.00 1.25 1.50
- Radial Position (m)
(a) (b)

Fig.1 a.) A drawing of a Hall thruster and Faraday probe with an example of the multiple sweep paths. b.) An
example plot of the resulting data and extrapolation at one angle.

exchange contribution is independent of angle. This can be represented by

jCEx,Bohm (r’ 9) = min (J (r, 0)) . 2)

In practice, the minimum measurement is typically at the 90° position. According to ion energy distribution profiles,
there is an angular dependence for charge exchange ions, such that this method generally underpredicts charge exchange
current.

2. Model fits
The next two methods are similar in that they assume that the ion beam profile follows some known functional
form, i.e. an exponential or Gaussian curve [[15][17]. This typically requires fitting to the near centerline regions and
extrapolating to the larger angles. The exponential method fits to current density from approximately 15° to 40° off
centerline on each side of the plume [23]:
Jbeam = ae—bé)’ (3
where a, b are fitting parameters. The Gaussian is fit to the region from —40° to 40°:
. _ _ )2 /2
Jbeam = ade€ (6-)"/e > 4
where c is an additional fitting parameter. The model fit methods assume that any thruster plume profile follows this trend.
The drawback is that this may not be true or valid—particularly given that these fit functions are phenomenologically
motivated. In practice, results for corrected current densities with this approach tend to overpredict the charge exchange
effect.

3. Proposed retarding potential Analyzer correction

The new method we propose is to leverage ion energy distribution profiles to determine the ratio of current from
a charge exchange contribution to the total current at various angles. This ratio is then applied to the Faraday probe
current density value at each angle. The ion energy data is measured using a retarding potential analyzer, which assesses
I-V traces by biasing an ion suppression grid. By sweeping this voltage and collecting the varying current an ion energy
distribution can be determined. Provided we have this assessment, the proposed correction per method is

_1rpacEx(r,0)

, 5
IrpA(r,0) ®)

Jbeam (r,0) = JFp (r,0) 1
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where Irpa,cex is the charge exchange current and Irp4 is the total RPA current. The charge exchange current is
assumed to be any current that is found at energies less than 15% of the discharge voltage [19].

4. Plume attenuation correction

Regardless of our correction method, once we have an estimate for the beam current density at a fixed radial location,
Jbeam (1, 0), we also need to account for plume attenuation of this beam. This stems from the fact that a fraction of this
current is lost to charge exchange effects. To motivate this, we consider the continuity equation for all ions originating

from the thruster channel: 3
n; - -
a_tl + V- [niu;] = —nyocexniluil, (6)

where n; is the local ion density, n,, denotes the local neutral density, u; is the ion velocity, and ocgx is the charge
exchange collisional cross-section. In this equation, the right hand side represents a loss term for ions lost to charge
exchange collisions. If we assume that the system is at steady state and the flux of ions is only non-uniform in the radial
direction in spherical coordinates, we arrive at

lirniui = —nu(r)ocex(O)n;u;. @)
r or
In order to model the neutral density in the thruster plume, we allow for both background effects and neutrals
stemming from unionized propellant exiting the channel: n,(r) = R, packground + Rn,propeiian: (r). The neutral
density due to the background pressure in the facility is assumed constant, but the propellant neutrals have some bulk
velocity supplied at the thruster and propagate radially upon exiting. They also expand spherically. We thus represent
R, propetiant () = nn,pmpellam(O)Ach/27rr2, where A.j, denotes the area of the channel. Additionally, the charge
exchange collisional cross-section is dependent on ion energy which varies as a function of angle [20, 21]. Armed with
this result, we use it jointly with Eq. [7]to find the ion beam as a function of radial position and neutral density:

Nn,p (O)Ach

> O'CEX(Q)) . (®)
nr

jbeum(r =0, 0) = jbeam(r =r, 0) €Xp (nn,bo'CEX(G)r -

D. Test Case

Fig. 2 Image of HERMeS operating [24]

In this section we overview the current density and ion energy distribution datasets we used to evaluate the different
methods. These stem from the work published by Huang et al. [25] on the HERMeS thruster. The HERMeS engine
(Fig. [2) is a magnetically shielded Hall effect thruster with an internally mounted cathode. The thruster was configured
with the thruster body grounded and a graphite pole cover. The thruster was tested at NASA GRC in VF5 at 300V
6.25kW and 600V 12.5kW on xenon. VF5 is a 4.6 m by 18.3 m vacuum testing facility with cryopanels that achieve an
operating background pressure for both conditions of 4.2 uTorr. During this test, a Faraday probe and retarding potential
analyzer (RPA) were mounted on motion stages to allow rotational motion about the thruster and radial translation from



Downloaded by University of Michigan on February 3, 2026 | http://arc.aiaa.org | DOI: 10.2514/6.2026-2133

103 103
— 0 MCD — 0MCD
£ 102 —— 424MCD B 102 —— 4.24 MCD
3 5.15 MCD -y 5.15 MCD
2 10 6.07 MCD 2 10 6.07 MCD
a —— 6.98 MCD a —— 6.98 MCD
2 10° 7.9 MCD 3 10° 7.9 MCD
o . o .
ERU g 3107 S
-2 -2
107150 -50 0 50 100 10 50 100
Angle(*) Angle(”)
(a) (b)

Fig. 3 A plot of the ion current density profiles at six distances for the a.) 300V 6.25kW and b.) 600V 12.5kW
conditions.
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Fig. 4 A plot of ion energy distributions for three different angles in the plume at the a.) 300V 6.25kW and b.)
600V 12.5kW condition.

the thruster to investigate the plume profile. The GRC guarded Faraday probe was swept across the plume from —110°
to 110° at 5 radial distances to collect ion current density measurements. In Figure[3] we plot the radial profiles as
well as the extrapolated 0 MCD profile for both operating conditions. The MCD refers to the mean channel diameter
and serves as a scaling parameter. The current density profile at 0 MCD represents the plasma plume at the thruster
exit assuming no attenuation or facility charge exchange. The AFRL RPA was a four grid design (floating, electron
suppression, ion suppression, electron repelling) and was swept from —105° to 105°. I-V curves were collected at close
to the 7.9 MCD radial position from the thruster. The ion energy distributions were determined using the relationship
5—‘1/ oc f(E/q). We provide an example of the IEDFs used in Figureas well as a vertical line demonstrating the voltage
we use to identify charge exchange current energy limit. In the next section we present the results when the correction
methods were applied to this dataset.

I11. Results

In this section, we present the results of the charge exchange corrections: subtraction, functional fits (Gaussian and
exponential) and RPA correction for the two HERMeS operating conditions. We applied each correction method to the
7.9 MCD ion current density trace and plotted the results in Figure 5] We note here that to accurately compare the
different adjustments we employed the RPA correction method without the particle attenuation factor using Equation 3]
The goal of these correction methods is to produce a comparable result to the extrapolated 0 MCD profile. To do so, we
account for the attenuation of the plume as it travels downstream. We compared the extrapolated 0 MCD result to the
RPA correction with the particle attenuation factor from Equation [§]in Figures[6and[7]
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Fig. 5 A plot of the ion current density with the various charge exchange corrections at 7.9 MCD at the a.) 300V
6.25kW and b.) 600V 12.5kW condition.

A. 300V 6.25kW

From Figure[5a] the subtraction approach shows a substantive effect at only the large angles of the plume. The result
is fairly linear and comparable to the exponential fit, but the exponential fit assumes a larger charge exchange presence.
With the Gaussian we are fitting strictly to the ion beam region near centerline. As a result, the elastically scattered ion
contribution is removed from the profile as well as the charge exchange current. Interestingly, the RPA correction is
comparable to the subtraction method where the charge exchange contribution is only in the wings of the plume. From
this result, we can potentially assume that the RPA correction factor assumes charge exchange is independent of angle at
this condition. In Figure[6a] the extrapolated result demonstrates that the RPA correction is not capturing all of the
charge exchange current. It also does not represent the profile shape accurately. The potential causes of this discrepancy
is that the 15% approximation does not capture the full charge exchange energy. The charge exchange energy distribution
could have a fast ion tail that is outside of the 15% of the discharge voltage set energy limit. If we view the result in a
linear scale (Fig. [7a), there is also content that the attenuation factor is not accounting for correctly near the centerline.

B. 600V 12.5kW

From Figure [5b] the subtraction method again shows its largest change in the periphery of the plume. Additionally,
the interesting contours of the profile shape remain with a flat subtraction. This cannot be said when applying a
functional fit. We see that the functional fits remove much of the current at large angles. The Gaussian and exponential
fits both seem to remove current from elastically scattered ions, unlike the 300V exponential correction. All of the
characteristics in the profile shape are ignored when the functional fits are employed. The subtraction scheme presents
an improvement in that it maintains the profile shape. The RPA correction exhibits even more of these contours where
it also shows a large deviation from the subtraction method. It has a magnitude between that of the subtraction and
exponential methods. It assumes more charge exchange presence than subtraction but less charge exchange contribution
than the exponential fit. When we compare to the extrapolated result in Figure [6b] we find an improved result than the
300V condition. The main difference is that the RPA correction misses peaks seen at approximately +80°. The linearly
scaled result (Fig. [7b), once again shows that the attenuation factor is not capturing the total current near centerline.

IV. Discussion
In this section, we discuss the implications of this study as well as some provide the results when adjusting the
original assumptions. We then mention limitations to the RPA correction method.

A. Implications

In this study, we proposed a method for correcting for charge exchange using the ion energy distribution data from
a retarding potential analyzer. We performed the correction procedure on the operating conditions for the HERMeS
thruster. While the discharge voltages differed, the discharge current was held constant. This difference is evident in the
plume profiles such that the wings of the profile are more exaggerated in the 600V profile. There is a distinct separation
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Fig. 6 A plot the of log scale ion current density comparing the 0 MCD extrapolated profile to the 7.9 MCD
RPA corrected profile at the a.) 300V 6.25kW and b.) 600V 12.5kW condition.
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Fig. 7 A plot of the linear scale ion current density comparing the 0 MCD extrapolated profile to the 7.9 MCD
RPA corrected profile at the a.) 300V 6.25kW and b.) 600V 12.5kW condition.
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Fig. 8 a.) A plot of the ratio of charge exchange current against total current assuming a charge exchange
energy of 15%, 20%, and 30% of the discharge voltage. b.) A plot of the ion current density as a function of
angle for the 0 MCD trace and the RPA Correction for varying energy limit percentages of the discharge voltage
at 300V 6.25kW.

between the collimated beam ions and the scattered or charge exchange ions. This could be due to the fact that there is a
smaller collisional cross-section thus a lower probability or larger mean free path for ion-neutral interactions with larger
ion energy [21]. The large distinction causes the functional fit methods to be a poor substitute especially at 600V. With
that, the RPA correction shows better agreement to the extrapolated profile for the 600V case than the 300V case. This
could be due to the fact that ions of higher energies are accepted with the 15% of the discharge voltage set as the energy
limit for the 600V profile. In the next section, we show results when the energy limit is adjusted. Briefly, we note
that the results demonstrated the RPA correction was similar to the flat subtraction approach for the 300V condition,
but similar to the average of the flat subtraction and exponential function for the 600V condition. This is specifically
beneficial to experiments that are limited to one probe diagnostic (a Faraday probe) at one radial distance.

We now comment on the current discrepancy along centerline. When incorporating the evaluated particle attenuation
in Equation [8] the current increase is around 10%. For the particle attenuation to achieve the expected current, the
pressure will need to be approximately twice the measured value. A potential cause of this discrepancy is that we did
not account for the displacement when ions are elastically scattered. If we assume the same cross-sectional area as the
charge exchange interactions, then this could account for the missing factor of two. This would require correction for
these ions as well. If the ion energy distributions were used to determine elastically scattered ion current, it would be
generally more difficult due to the large expanse of energies for this ion population’s distribution. In this work, the goal
was to suggest another method for correcting charge exchange interactions, but to accurately depict the plume profile at
the thruster we will need to account for the elastic scattering of ions.

B. Further Investigations

For the RPA correction method, we assumed that charge exchange current only existed at energy levels below 15%
of the discharge voltage. To investigate this assumption, we plotted the ratio of charge exchange as a function of angular
position for three slightly different energy limits— 15%, 20%, and 30% of the discharge voltage —for the 300V condition
in Figure[8al The results show that there is a significant amount of current near this region of energy limits. Specifically
at the furthest angles from centerline, there is a large current increase from 15% to 20% in comparison to the 20% to
30% transition. This further illustrates that we are cutting off current at the peak of the distribution, as does the example
ion energy distributions presented in Figure [3a] This current could be charge exchange that we are neglecting to account
for due to an inaccurate assumption for this particular thruster. We also plotted the ion current density for the two
different percentages for the 600V condition in Figure [9b|and found better agreement at 20% of the discharge voltage.
Once again, the contours are not present, but the average magnitude over that region is similar to the 20% attempt. The
30% energy limit is not shown but over corrects for charge exchange. We may have been removing propellant neutral
charge exchange or other populations of ions that are not due to the facility neutral interactions with the 30% case.
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Fig. 9 a.) A plot of the ratio of charge exchange current against total current assuming a charge exchange
energy of 15% and 20% of the discharge voltage. b.) A plot of the ion current density as a function of angle for
the 0 MCD trace and the RPA Correction for varying energy limit percentages of the discharge voltage at 600V
12.5kW.

C. Limitations

For this method, we attempted to remove all of the charge exchange contribution due to the facility. By applying a
strict energy limit, we may additionally be removing charge exchange due to interactions with propellant neutrals. These
neutrals are a result of thruster inefficiency and are unrelated to charge exchange as a facility effect. An improvement
would be to identify a way to distinguish between facility charge exchange and propellant charge exchange. Additionally,
we are neglecting the interactions with and current provided by multiply charged species. Multiply charged species
also have charge exchange interactions and these charge exchange ions would be seen at higher energies in the ion
energy distributions. Another limitation to the model is the incomplete ion energy distributions. Since the cathode
potential typically floats below ground and the probe was biased with respect to ground there is potentially content the
distributions are not capturing. This could be described analytically as

IRpA,CEx(r,0) + 1v,,<v<0

&)

Irpa(r,0) + 1v,,<v<o

Lastly, we briefly mention collimated versus uncollimated probes. Because the Faraday probe used in this study is
uncollimated, it can collect current offset from its normal trajectory. This is unlike the collimated RPA where ions
slightly off axis can be lost to the walls of the probe. Generally retarding potential analyzers collect less current than the
Faraday probe, but they also may be biased to blocking more of the charge exchange ions from reaching the collector.

V. Conclusion

Hall thruster plume profiles are an effective way to improve overall understanding of thruster performance or near-
surface interactions. Yet, the presence of charge exchange due to the testing facility background pressure impacts
the measured profile. In this work, we presented a method for correcting ion current density profiles for charge
exchange. Previous methods have been proposed that can misrepresent the plume profile. While the preferred method
is to perform multiple radial traces, this may be impractical for certain facilities. The proposed method relies on ion
energy distributions provided by a Retarding Potential Analyzer. This approach was applied to a HERMeS dataset
and demonstrated agreement in the large angles of the plume for the high voltage condition. The agreement improved
for the low voltage condition when the approach assumptions were relaxed. Unfortunately, work needs to continue
on the plume attenuation adjustment. This technique may not fully capture the profile but offers a step towards better
agreement. Future work is to apply this method to various thruster plumes to determine the accuracy of the method, as
well as utilize the plume estimation for thruster performance evaluation.
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