Plasma Impedance of Hall Effect Thrusters

IEPC-2025-675

Presented at the 39th International Electric Propulsion Conference
Imperial College London, London, UK
September 14-19, 2025

Kentaro Hara!, Amy X. Zheng?, Daniel E. Troyetsky?,
Stanford University, Stanford, California 94305, USA

Janice D. Cabrera*, Mitchell L. R. Walker?,
Georgia Institute of Technology, Atlanta, GA, 30332, USA

Seth Thompson®, John D. Williams’,
Colorado State University, Fort Collins, CO 80523

The coupling between the power supply, circuit, and the plasma plays an important role in
determining the dynamic behavior of electric propulsion (EP) systems. Typically, the discharge
voltage and current are monitored in EP testing and operation. While the plasma dynamics is
complex, the discharge voltage and current waveforms are affected by the plasma impedance,
including resistive, capacitive, and inductive effects. We report how we can use experimental
data to characterize the plasma impedance in EP systems.

I. Introduction

There is an increasing interest in understanding the facility effects of EP systems, as the technology matures and is
deployed in actual missions in space. As shown in Fig.[I(a), in space, the thruster is not operated in a testing vessel,
i.e., vacuum chamber, hence one of the most critical physical processes is how the ion beam is neutralized. Sufficient
electron current needs to be provided such that the ion beam is neutralized and the satellite does not charge up. If the
satellite is charged up, or if the ions return to the satellite, this means that net thrust is zero. Hence, beam neutralization
is required for thrust generation.

The main three sources of facility effects that we we consider include (i) background pressure, (ii) electrical facility
effects, and (iii) deposition of backsputtered materials from the vacuum chamber, as shown in Fig. [T[(b). The key
question is not whether facility effects exist; it is whether the facility effects influence the thruster operation. Even in the
presence of the facility effects, if the discharge plasma, hollow cathode discharge and plume, and the thruster near-field
plume are connected and are not affected by other factors, e.g., far-field plume, shorting, etc, then we can consider that
the thruster will behave in space similar to ground tests.

What would be the perfect ground test that mimics a space-like condition? First, there is no ground in space. The
reference electrical potential of interest is often considered to be the satellite common, because the main object of
interest is the satellite itself. If the satellite common is at a lower voltage compared to the ambient plasma or plasma
plume from the EP, this may indicate that some ions can be accelerated back to the satellite via a presheath and sheath.
The floating condition, i.e., the EP system is floating with respect to the satellite common, can be established by having a
large resistor between the cathode and satellite common (e.g., 100 MQ). The large resistance will set up a voltage drop
between the cathode and satellite common, which is supported by a negligibly small amount of current. For instance, if
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the cathode-to-ground voltage is 20 V ann the resistance is 100 MQ, the cathode-to-ground current is 0.2 pA, which is
much smaller than the mean discharge current typically applied in EP systems (e.g., a few A). In fact, JAXA reported
that their gridded ion engine faced a problem with the electrical effects since the loss of electrically conducting surfaces
near that are connected to the satellite common resulted in a larger cathode voltage to maintain the designed current [1]].
Second, the carbon materials are sputtered from beam dump in the vacuum chamber. These carbon particles can
ballistically travel or can be electronically excited in the plume plasma, which may eventually lead to deposition inside
the channel, on the pole piece, and thruster body. There are events where such deposited layers cause local shorting
between electrical components that are designed not to be connected to the anode and cathode lines, which can change
the thruster ignition and reliability. Third, the background neutrals that are reflected off of the chamber walls can come
back to the thruster and elevate the neutral density and modify the neutral VDFs, particularly in the near-field plume
region where neutrals from the anode are depleted due to the ionization in discharge channel. Experimental studies
indicate that the neutral ingestion changes the cross-field electron mobility, leading to the shift of spatial locations of the
ionization and acceleration region [2]]. Depending on the ionization processes and the electrostatic potential profile, the
thruster may experience a higher thruster efficiency with background pressure effects [3]]. When designing the discharge
voltage and current, this may necessitate decreasing or increasing the mass flow rate of neutral species. The community
has generated recommended practices for facility testing [4]]. It can also be considered that the background pressures
may affect the electrical facility effects since the resistances between the cathode, thruster, and vacuum chamber can be
affected the neutral gas residuals.
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Fig. 1 Facility effects: in-space environment vs. vacuum chamber ground testing

In this paper, we are interested in analyzing the electrical responses of the plasma discharge. While high-fidelity
physics-based models are necessary to advance our understanding of the plasma physics and chemistry [5]], from a
design and testing point of view, the voltage and current traces have the potential to provide us with information about
the state, health, and life time of the thruster systems. In fact, one of the most easiest ways to detect something in the
plasma discharge going wrong is through the voltage and current. For instance, if one sees a large voltage or current
spike, one can speculate that arcing or an event that modified the electrical signals occurred.

Through this study, we reviewed several electrical engineering textbooks and papers [6] to figure out whether
other communities proposed how to characterize complex electrical loads. While the impedance is typically evaluated
as a complex number that describe the phase lag, almost all analyses assume that the capacitance, resistance, and



inductance of each circuit element remains constant in time. Using constant R, L, C, then impedance can be evaluated
as a function of w. This frequency is typically the frequency of the excited wave, either by applying a AC modulation at
a given frequency or noise from various sources. We will report the circuit diagram, measurements, and the analysis of
the effective resistance between anode and cathode. For instance, it is common to analyze the impedance of circuit
components by applying an AC modulation in voltage or current to study its response. This technique is sometimes
referred to as the RF I-V method in literature and has been used by David Jovel [7,8]]. In addition, harness impedance
effects have been studied by Pinero [9] and Brieda [10]. In this paper, we discuss using the current and voltage waveforms
to analyze the effective resistance, which we further analyze its amplitude and phase using Fourier transform.

II. Circuit

A. First-order band pass filter

The transfer function of an RC filter is known as
Vour () _ 1 _ 1 -iRCw )
Vin(w)  1+iRCw [T+ (RCw)?
The cutoff frequency is known as w = w. = (RC)~!, where the amplitude drops off by 1/ V2 ~ 70 %. This acts as a
low-pass filter where the high-frequency signal at w > w,. exponentially decays.
The transfer function of a LC filter can be derived as
Vour (w) _ 1
Vin(w) ~ 1= (LCw)*’

@

Here, it can be seen that LC circuits produce the so-called resonant frequency: w = (LC)~'/2. The output voltage
would resonate and increase with respect to the input voltage without any resistance. In the presence of a resistance, the
oscillations can be dampened.

B. Second-order band pass filter: RLC circuit

Figure 2] shows a typical RLC circuit. When all circuit components are invariant in time, one can write the following
equations:

dv,
low = 1= C—2 3)
dI
Vout = Vin - IR - LE (4)
Hence,
dv, d dv, dI dv, d*v,
Vin = Vour + (Iou, +C d‘;“’ ) R+L— (Iou, + cd—f;“’) = IpuR+L ;t“‘ + Vour + RC d‘;“’ +LC dt‘;“’, )

which is a second-order differential equation. It can be seen that the transfer function of a LC filter can be obtained only
when L = 0 and /1,,,,; = 0 and the transfer function of a LC filter can be obtained only when R = 0 and I,,; = 0. If there
is a plasma load for the output end, one can consider a plasma load:

Vour (1)

. 6
0 ©

Rt (t ) =

Thus, I,,; = 0 can only be achieved then R.g — oo.
This example of a RLC circuit exhibits that the governing equation of the entire circuit system must be constructed
to understand the impact of each electric circuit components. In the presence of a plasma load, the voltage relation can

be written as )
dVOMt d VOMt

Vout d VOMt
Vin = R+L— +LC . 7
" Rest dt \ Regr dt dr? @

It is evident that only in a linear system with time-invariant circuit elements including constant R.g, one can take a Fourier
/ Laplace transform and evaluate the transfer function as a function of a frequency. For instance, V;; (w) = FFT[V;,(1)]
and V,,,,; (w) = FFT[V,,,(¢)]. If R, L, C, R.g are all constant (i.e., time-invariant), then it can be seen that V;,(w) is
linearly dependent on V,,; (w). Thus, the transfer function is uniquely defined for a given frequency w.

) + Vour + RC
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Fig. 2 RLC circuit. The input current and voltage are /(¢) and V;,(¢). The output current and voltage are
Iout (t) and Vout (t)-

C. H9 testing in Georgia Tech vacuum chamber

Figure 3] shows the electric circuit elements from the power supply (ps) to the Hall effect thruster (HET) plasma,
cathode plasma, plume plasma, and ground (i.e., chamber wall). The circuit values are obtained by D. Jovel during his
thesis study [8] using an external voltage perturbation with a given frequency. This technique is also known as the RF
I-V method. Further, J. Cabrera analyzed that the output current due to the perturbed voltage is observed at the same
frequency as the excitation.
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Fig.3 Circuit diagram of the H9 testing at Georgia Tech. The prime quantities denote where the measurements
are taken.

I1I. Impedance characterization

The data of a H9 thruster were collected by J. Cabrera in March and April 2024, operated in Georgia Institute of
Technology. The measurements included discharge voltage (V/), discharge current (//,), and cathode-to-ground voltage
(Vi) for this testing campaign. We are interested in using the telemetry data to characterize the thruster performance.

A. Experimental data: V; and I,

Figure ] shows the experimental data of the discharge voltage and discharge current. The actual data set collected
include 100 ms worth of data. In Figs. d(a,b), we select a 2 ms window to show the discharge voltage and current



oscillations more clearly. The mean values are 300 V and 20 A. The oscillation amplitude is approximately 30-40 V
and 6-7 A. The discharge current and voltage data acquisition is performed synchronously. Now, we can take a fast
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Fig.4 Thruster data for the 300 V 20 A operation with ground thruster body: (a) Discharge voltage time series
Va(t), (b) Discharge current time series /,(¢), (¢c) Phase between V,; and 1, (d) power spectral density (PSD) of
discharge voltage, |V;(w)|, and (e) PSD of discharge current, |/;(w)|.

Fourier transfer (FFT) of the time series, which yield complex numbers for the frequency series. A time series data,
e.g., F(1), translates to FFT[F(t)] = Fr(w) + iF;(w) = F(w), where tilde indicates that F € C, Fg € R, F; € R,

and i is the imaginary number. The amplitude of the FFT data can be calculated as | F| = , /FI% + FI2 The phase can

be calculated as 8 = tan~! (Fy/FR). Figure Ekc) is the phase between V; and I;. It is interesting that there is a -90°
phase shift between V; and I; around the strongest oscillation mode at 15 kHz, cf. breathing mode. The phase starts
to broaden at higher frequency. The phase seems a bit more chaotic (i.e., can see signature at all phases) around 150
kHz. The oscillation amplitudes of V; and I, are shown in Figs. @{(d,e). Since the voltage and current oscillation is no
longer a small-amplitude signal, the PSDs show that the higher harmonic oscillation modes are present (cf. nonlinear
oscillation). At lower power, e.g., 300 V and 15 A, the oscillations were found to be smaller in amplitude, in which case
the PSDs do not show the higher harmonic modes.

B. Effective Resistance: R.q = V; /14

As shown in Fig.[I] the discharge current and voltage between the anode and cathode contains several plasmas,
including Hall effect thruster (HET) discharge plasma, near-field plume where the HET and hollow cathode plasmas
are connected, and hollow cathode plasma. Each plasma can potentially possess resistive, capacitive, and inductive
components. However, it is important to note that the discharge voltage and current are real numbers as a function
of time. In addition, discharge current is technically defined at the anode and cathode surface since it is the number
of charges (both ions and electrons) per second that are absorbed at the electrode. Typically, if one runs a numerical
simulation of a HET discharge plasma, the net current is typically constant in the domain since the electrons can
immediately adjusts there movement via the electric field. Assuming that the current is uniformly passing through the
HET, plume, and hollow cathode plasmas, then we can consider the effective resistance between the anode and cathode
as, Ref (1) = Va(1)/1a(1).

Figure [5(a) shows the effective resistance as a function of time. The mean value is at 15 €, but the profile
seems asymmetric around the mean value, i.e., the minimum and maximum values are approximately 10 Q and 25 Q,
respectively. This is because the waveform of R.g is not sinusoidal. In fact, the PSD of R.g is shown in Fig. Ekb), where
the 2nd and 3rd harmonic modes are visible. There are also features around 1 MHz, which is visible in the discharge



voltage PSD in Fig. [d) but not in the discharge current in Fig. @{e). To be complete, we also show the phases of the
effective resistance with respect to the discharge current and voltage in Figs. [5c,d), respectively. It can be seen that
there is an approximately -160° phase between R.g and 17, which is close to +180°. The phase between R.g and V; is
approximately —70°. In both Figs. [5{c,d), between the dominant and 2nd harmonic modes, the phase seems to primarily
shift upwards, while a small signal goes the opposite direction. While the phases may contain some useful plasma
information, we reserve such analyses for future investigations.
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Fig. 5 Analysis using the 300 V 20 A dataset with ground thruster body: (a) effective resistance time series,
Rei (1), (b) PSD of effective resistance, |R.q(w)|, (c) phase between R.; and I, and (d) phase between R.; and V,;.

C. Different operating conditions

Figure [6] shows the analysis of the effective resistance between the anode and cathode for different operating
conditions with cathode-tied thruster body.
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Fig. 6 Effective resistance comparisons for different voltage and current ratings in the cathode configuration.
Cathode tied configuration.

The 4.5 kW (300 V 15 A) case shows the smallest oscillation and no harmonics. The 6 kW (300 V 20 A) case shows
similar PSD compared to the 4.5 kW case, but the peak is slightly larger and some harmonic modes are excited. Even
the high-frequency MHz oscillations show agreement between the 4.5 kW and 6 kW cases. On the other hand, the 9 kW



condition (600 V and 15 A) is quite different from the 300 V discharge. There are many more harmonic oscillations (up
to 9th). The excitation of such higher-order harmonic oscillations is likely responsible for the spectra in 100 kHz to 1
MHz to be elevated compared to the 4.5 kW and 6 kW cases. Higher discharge voltage would imply that the discharge
current oscillation is highly nonlinear to a point where the discharge can be considered unstable [11]]. This occurs
since the ionization rate is the source term for the ions and the advection is the sink term for the ions. The 0D globally
averaged ion continuity equation can be written as

% + % = Nnkion(Te)’ (8)
where N; is the ion density, U; is the ion bulk velocity at the exit, L is the ionization length, N,, is the neutral atom
density, k;,, is the ionization rate coefficient which is a function of the electron temperature, 7T,. For krypton with 600
V, the characteristic ion bulk velocity is U; = 38 km/s. If assuming L = 0.01 m, then the loss frequency is 3.8 MHz. If
N, ~ 10" m~3 and k;,, ~ 1074 m3/s, then ionization frequency is 0.1 MHz, which means that there is no steady-state
ion discharge. In such a condition, the discharge is forced to experience a large-amplitude discharge oscillation.

IV. Background pressure study

With the same thruster in the same vacuum chamber, the H9 was operated. We compare the March and April data
sets.

A. March dataset

Figure |Z| shows (a) the effective resistance in time, (b) the PSD of effective resistance, (c) PSD of discharge voltage,
and (d) PSD of discharge current. From all the results it can be seen that the peak is weakened with larger pressure.
In addition, the frequency is slightly shifted to a smaller number. Based on the OD analysis [11]], the breathing mode

ion’
frequency is decrease in U; or increase in L. The other explanation is 7, decreases with higher background pressure.

frequency can be written as wo = VU; U, /L or wg = 4/ N;N,k% . One explanation of the change in the breathing mode

Effective Resi PSDs (Full) Effective Resistance PSDs (Peak)
T T T T T T T T
(o] 100 L Baseline Pressure | Baseline Pressure
@ 2X Pressure | 2X Pressure
s 3X Pressure 10° & M 3X Pressure 3
© [\ —
I
% 107 L “:}r’* \'.,\-‘ = =
I A Vﬂ“f b
2 KT R VR MR
g A e oot
= A
[
o
: : . - : : ‘ L 2203
104 10° 108 1 15 2 25 3 3.5 4
a) Frequency, Hz b) Frequency, Hz x10*
1 Voltage PSD Current PSD
10 T T T T T T T T
Baseline Pressure Baseline Pressure
/){' 2X Pressure 100 M\ 2X Pressure 4
N} 3X Pressure "’1\\ 3X Pressure
> < i
- 100 F E 7
g ‘ = M
§ 7 ! Fol o )
] A Vo A 3 Voo e\ Y
S Pt wal X : i o WK " K\ N
8 o kTR vl g e W #
1 [\ / % X AN e Bad AR N 4 At A
@ 10 ;V'V\ﬁ WWWWWMW \YM pacs Q492 %wm;jv.,m’;\\h ”\M%
LT WA idhe  pas
N s Lt
102 L L L L L 10 L L L L L
1 15 2 25 3 3.5 4 1 1.5 2 25 3 35 4
c) Frequency, Hz x10* d) Frequency, Hz x10*

Fig. 7 March dataset with ground thruster body: (a) effective resistance PSDs in full range, b) zoomed-in
effective resistance PSDs, c) zoomed-in voltage PSDs , and d) zoomed-in current PSDs.

Figure@ shows the phase between V; and I; as well as the phase between R and I;. The V; — I; phase can be
compared to the March data in Fig. f{c), showing similar results. The Res — Iz phase is also comparable to Fig.[5|c).
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Fig. 8 March dataset with ground thruster body: (a) V; — I; phase and (b) R.¢ — I; phase.

B. April dataset

Figure 9 shows the background pressure study for the April dataset with floating thruster body. It was observed
that the discharge voltage oscillation peaks around 15 kHz but the discharge current oscillation peaks around 55 kHz
for most of the data in the April test, which is starkly different from the March data set where the voltage and current
oscillations were more aligned. Not only the dominant frequency is shifted but also the discharge current oscillation
amplitude is much smaller in the April test. The 50-60 kHz, small-amplitude discharge current oscillation is actually
consistent with other SPT and PPPS series observations. For instance, Gascon showed that at nominal 300 V condition,
the breathing mode oscillation jumps to 50 kHz and the dominant frequency is approximately 20 kHz below and above
300 V. The same trend was also reported by Tsikata with the PPPS-1350 data taken in CNRS [12].

Effective Resi Effective Resi

1o . : PSDs (Full)

PSDs (Peak)

PSD Effective Resistance, Q

PSD Voltage, V

L

Baseline Pressure
2X Pressure
3X Pressure

Baseline Pressure
2X Pressure
3X Pressure

10°
Frequency, Hz
Voltage PSD

Frequency, Hz

Baseline Pressure
2X Pressure
3X Pressure

PSD Current, A

C]
[

Current PSD

Baseline Pressure
2X Pressure
3X Pressure

c)

Frequency, Hz

10+
d)

10°
Frequency, Hz

x10°

Fig.9 April dataset with floating thruster body: (a) effective resistance PSDs in full range, b) zoomed-in effective
resistance PSDs, ¢) zoomed-in voltage PSDs, and d) zoomed-in current PSDs.

The March test, as shown in Fig.[7(a), shows the oscillation amplitude of plasma resistance reaches 1 Q. However,
the April test shown in Fig.[9[a), the peak is smaller. For the floating condition during the April test, it is observed
that the breathing mode frequency actually increases as the background pressure increases. This is an opposite trend
compared to the March test. More investigation is required.

Figure [I0]shows (a) the phase between V; and I, and the phase between Re and I4. The phase profiles are very
different from the March tests. The phase before 15 kHz and the phase between 15 kHz and 55 kHz seem different.
For instance, below 15 kHz spectra show a —90° degree shift between V; and I;, which is similar to the March tests.
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Fig. 10 April dataset with floating thruster body: (a) V; — I; phase and (b) R.¢ — I; phase.

However, the spectrum between 15 kHz and 55 kHz shows a phase around +90°. The phase above 55 kHz seems
consistent with the other test results. One speculation is that there is a difference in the anode current and cathode
current. Since the data taken were on the cathode line, the cathode current could consist of the electrons that move
toward the HET as well as the electrons that close another circuit toward the chamber wall. We are investigating the
causality of such changes.

V. Conclusion

In this paper, we are proposing that the plasma impedance (or strictly speaking, the effective resistance) contains
useful information about the current paths, which may lead to gaining better understanding of electrical facility effects.
The plasma effective resistance as a function of time is calculated based on the discharge current and voltage obtained
from the measurement. Then, the time-series resistance is analyzed using the fast Fourier transform. The phase and the
amplitude of the complex signal are analyzed for different thruster operating conditions and thrust body configurations.
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