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ABSTRACT
In the paper, we assess the effects of electrical configuration on the plasma properties in the near-field hollow cathode discharge that is 
center mounted on a Hall effect thruster. The axial profile of the electron density and temperature is obtained using incoherent laser 
Thomson scattering for three electrical configurations of the thruster body, i.e., grounded, floating, and cathode-tied. The effective electron 
mobility is estimated using a one-dimensional plasma fluid model with the measurement data as an input to the model. The estimation 
using the data-driven framework reveals that the electron conductivity is the highest when the thruster body is electrically grounded while 
the electron conductivity is comparable between the floating and cathode-tied configurations, indicating that the current path and electron 
dynamics of the hollow cathode discharge are affected by the electrical configurations.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0316910

I. INTRODUCTION
Electric propulsion (EP) systems have recently been devel

oped for various space missions, including deep space missions1–4

and Earth orbit missions.5,6 When developing EP devices, they are 
tested in ground facilities, i.e., vacuum chambers, to measure the 
thrust performance and lifetime.7–10 However, differences in 
thruster operation have been identified between in-space opera
tions and ground-based measurements, e.g., performance and life
time, for various EP systems, such as Hall effect thrusters 
(HETs)11,12 and gridded ion thrusters (GITs).1,13 The differences 
between in-space operation and ground-based tests are attributed 
to the so-called facility effects.14,15

The facility effects are mainly divided into three categories: 
background pressure in the facility, i.e., pressure effects, contami
nation of hardware as a result of sputtered materials from the facil
ity walls, i.e., contamination effects, and the electrical conductivity 
through the testing facility, i.e., the electrical effect. For the back
ground pressure effects, the thrust,16 oscillation amplitude of the 

discharge current,17 and plasma properties, e.g., ion bulk veloc
ity,18,19 can be affected by the residual background gas entering 
the HET. Charge exchange (CEX) collisions can modify the diver
gence angle of the ion beams20 and may change the current 
paths.21 A recent work of the data-assimilation suggests that the 
time-dependent plasma properties are also affected by the back
ground pressure.15 For the contamination effects, the ion beam 
sputters the beam dump or vacuum chamber walls and the sput
tered materials deposit on thruster surfaces.22–24 This may cause 
differences in the thrust performance and lifetime evaluation 
between in-space and ground-based operations.1,22

For electrical facility effects, additional current paths from the 
thruster body to the chamber electrical ground and from the 
plasma plume to the vacuum chamber wall may affect the thruster 
and cathode performance.21,25 For instance, a GIT ground-based 
test suggests that the electrical connection of the thruster cover to 
the chamber ground affects the cathode-to-ground voltage.26 The 
loss of electrically conducting surfaces due to sputtering of the 
covered material, e.g., indium tin oxide-coated silver fluorinated 
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ethylene propylene film,27 is hypothesized to be one of the main 
causes for the increase in cathode voltage during space operation.28

In HETs, the electrical configuration of the thruster body can be 
connected to the electrical ground, floating, or cathode-tied.29,30

Several experimental works suggest that the thrust,29 mean dis
charge current,31 and discharge current oscillations21,25,29,30 are 
affected by the electrical configurations. Notably, Ref. 29 shows that 
the choice of the dielectric material, e.g., Al2O3, and the conducting 
material, e.g., graphite, used in the thruster body also plays an 
important role in thruster performance. In addition, Ref. 21 ana
lyzes the current path from the plasma plume to the vacuum 
chamber wall. An impedance analysis shows that the plasma sheath 
near the vacuum chamber walls may yield a capacitive or inductive 
effect depending on the frequency.21,32

In this paper, we investigate electrical facility effects on the 
near-field discharge plasma of a hollow cathode, which is center 
mounted on in the H9 thruster.33 Incoherent laser Thomson scat
tering is used to measure the electron density and electron temper
ature in the near-field of the cathode for three different electrical 
configurations: grounded, floating, and cathode-tied.30 The experi
mental data are input into a one-dimensional (1D) plasma fluid 
model, and the electron mobility is estimated through a model- 
data fusion framework. This study elucidates how the near-field 
electron transport, which plays a role for the thruster performance, 
is affected by the electrical configuration of the thruster body. 
Section II introduces the experimental conditions and data obtained 
from the incoherent laser Thomson scattering. Section III explains 
the fluid model of the hollow cathode plasma and explains the 
unknown parameters that are estimated. Section IV shows the esti
mated plasma properties and discusses the electrical facility effects.

II. EXPERIMENTAL CONDITIONS AND MEASUREMENT 
DATA

The H9 thruster33 is operated with an input power of 6 kW, 
where the discharge voltage is 300 V and the discharge current is 
approximately 20 A, in the VTF-2 vacuum chamber at Georgia 
Institute of Technology. The working gas is krypton. The anode 
and cathode mass flow rate are 14.35 and 1.26 mg/s, respectively, 
for all electrical configurations.

A. Hollow cathode operation
The hollow cathode is mounted at the center of the H9.30

Figure 1 shows the schematics of the hollow cathode and HET. 
The discharge power supply is electrically isolated from the 
ground. For the H9 thruster, the surface of the thruster body is 
graphite, i.e., a conductive material; thus, the thruster body voltage 
can be biased. Typically, the cathode voltage is lower than the elec
trical ground, which is characterized by the cathode-to-ground 
voltage, i.e., Vcg. Let the thruster body voltage with respect to the 
ground be Vtb. In the experiment, the H9 is operated in three elec
trical configurations as shown in Fig. 1: (a) grounded (Vtb = 0 V), 
(b) floating (Vtb = Vtb,f ), and (c) cathode-tied (Vtb = Vcg). In this 
experiment, it was observed that Vcg ≈ −15 V for all three electrical 
configurations. In addition, the thruster body voltage for the 
floating configuration is Vtb = Vtb,f ≈ −20 V, which is more nega
tive than Vcg, where Vtb,f is the floating voltage of the thruster 

body with respect to the ground. The negative Vtb indicates that 
ions, e.g., due to CEX collisions, are attracted to the thruster body 
and the electron current is adjusted by the sheath around the 
thruster body to achieve net zero current collection in the floating 
configuration.29,30,34,35 In addition, this implies that in the 
cathode-tied configuration, i.e., Vtb is more negative than Vcg, the 
thruster body is slightly electron current repelling, if the plasma 
condition around the thruster body is not altered by the electrical 
configuration.

The discharge current was measured at current shunt lines at 
the back of the power rack in the control room. A Teledyne 
LeCroy CP150 current probe is clamped to the anode electrical 
line to acquire time-resolved measurements of the discharge 
current. The sampling rate and total recording time of the dis
charge current were 1 MHz and 1 s, respectively. The discharge 
current for the grounded, tied, and floating configuration averaged 
19.6, 20.0, and 20.1 A, respectively.

Figure 2 shows the power spectral density (PSD) of the dis
charge current oscillation in the three electrical configurations: 
grounded, floating, and cathode-tied. We obtain the PSDs from 
the raw discharge current data, and then a 64-point running 
average is applied to the PSDs in the frequency domain. The dom
inant frequencies of the discharge current oscillation are 14.1, 
15.2, and 18.1 kHz for the floating, cathode-tied, and grounded 
configurations, respectively. The amplitude of the discharge 
current oscillation is smallest for the grounded configuration, 
while the amplitude is comparable between the floating and 
cathode-tied configurations. The root mean square (RMS) of the 
discharge current is 0.898, 1.38, and 1.63 A for the grounded, tied, 
and floating configurations, respectively. It should be noted that in 
the NASA Hall Effect Rocket with Magnetic Shielding (HERMeS), 
operating at 12.5 kW, the trend of the discharge current amplitude 

FIG. 1. Schematic of a HET with a center-mounted hollow cathode. Axial 
profile of ne and Te obtained from the incoherent laser Thomson scattering30 is 
used for the estimation of electron mobility. The testing was performed with 
three different electrical configurations: (a) grounded, (b) floating, and 
(c) cathode-tied. The discharge power supply is electrically isolated from the 
ground. z = 0 mm is defined at the axial position of the thruster body surface.
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at the dominant frequency is consistent with this study. However, 
a different trend in the dominant frequency itself is observed for 
both thruster bodies covered by the dielectric material, e.g., Al2O3, 
and conducting material, e.g., graphite:29 The dominant frequency 
was lowest for the grounded configuration, highest for the floating 
configuration, and intermediate for the cathode-tied configuration. 
The main difference is that this study fixes the total mass flow 
rate, whereas the total mass flow rate was adjusted to keep the dis
charge power constant in Ref. 29.

B. Incoherent laser Thomson scattering
An incoherent laser Thomson scattering (LTS) has been 

developed36–38 to measure the electron density, ne, and the 
electron temperature, Te. An Amplitude DLS Powerlite 9010 
injection-seeded Nd:YAG laser, operating at the second harmonic 
wavelength of 532 nm, delivered a beam diameter of 9 mm. The 
laser pulse duration ranged between 5 and 8 ns, with a maximum 
energy output of 1.15 J/pulse with a 10 Hz repetition rate. 
However, due to the misalignment internal to the laser, the 
maximum laser outputted around 670 mJ/pulse. The optical beam 
path depicted in Fig. 3 is as follows. The beam exits the laser and 
turns into a beam expander (BE) assembly and then into a half- 
wave plate (HWP) and polarizing beam splitter (PBS) cube so that 
the laser energy could be modulated without changing the timing 
settings internal to the laser. The energy was averaged over the 
2.5-min acquisition duration and measured by a Gentec UP52N- 
50S-QED-D0 power meter (PM), enabling quick and unobtrusive 
energy measurements between LTS acquisitions. The beam goes 
through another HWP that determines the final polarity of the 
beam before it enters the vacuum chamber through the periscope 
and Brewster window (BW). The beam waist of about 100 μm 
intersects with the interrogation volume 2 mm downstream of the 
thruster face through a 600 mm focal length lens inside the 

chamber. The scattered light is collected and transmitted through 
two custom Thorlabs FG200LEA-FBUNDLE fiber bundles that 
contain seven 200 μm FG200LEA multimode fibers. The two fiber 
bundles were connected in series through a flange allowing for the 
collected light at the thruster to be relayed out of the chamber and 
into the external collection system. The light relayed through the 
bundles was spectrally filtered through two Optigrate OD-4 Bragg 
Notch Filters (BNFs) and then delivered to the spectrograph. The 
spectrograph consists of a Princeton Instruments ISOPLANE-320A 
spectrometer and a PM4-1024i-HB-FG-18-P46 PIMAX4 camera.30

The collection fibers are aligned to account for chamber compression 
from the atmosphere to high vacuum. To enable this, the internal 
fiber bundle was placed on three motorized stages. Fine alignments at 
the axial location nearest to the cathode centerline are also made 
between each measurement to ensure that the maximum signal at the 
start of the experiment could be recovered throughout. For further 
details on the optical system design and alignment, refer to Ref. 38.

The electron properties were obtained by fitting the measured 
Thomson spectra. Prior to analysis, the collection instruments 
were intensity-calibrated using laser Raman scattering (LRS) in 
air, where the synthetic spectra of N2 and O2 were fitted to deter
mine the transmission efficiency fo the detection branch. In the 
present experiment, the electron density and temperature are mea
sured along the centerline of the hollow cathode in the near-field 
plume between z = 1.75 mm and z = 17.75 mm in three electrical 
configurations: grounded, floating, and cathode-tied.30 Here, 
z = 0 mm corresponds to the thruster surface shown in Fig. 1. The 
axial resolution is 2 mm. For each spatial location, the Thomson 
scattering signal, STh, was determined as

STh ¼ Sraw � (Semi þ Sref þ Sback), (1) 

where Sraw is the raw Thomson signal (laser and plasma on), Semi 

FIG. 3. Setup for laser Thomson scattering (LTS), including the interrogation, 
collection, and detection systems (adapted fromButler-Craig et al., Comparison 
of the near-field electron properties of the H9 Hall effect thruster in various elec
trical congurations with incoherent laser Thomson scattering,” in AIAA SCITECH 
2025 Forum, No. AIAA-2025-1099 (AIAA, 2025).30 Copyright 2025 American 
Institute of Aeronautics and Astronautics, Inc.

FIG. 2. Power spectral density (PSD) of discharge current oscillation in differ
ent electrical configurations: grounded, floating, and cathode-tied.
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is the signal due to plasma emission (laser off ), Sref is the signal 
due to laser reflections (plasma off ), and Sback is the background 
signal (laser and plasma off ). In this study, the LTS spectra were 
time-averaged over 1500 shots (corresponding to 2.5 min) to 
improve the signal-to-noise ratio.

Electron properties, such as the electron density ne and elec
tron temperature Te, were estimated from the measured Thomson 
spectra by assuming a Maxwellian distribution with an electron 
bulk velocity ue,s along the scattering vector,

f (ve,s) ¼ ne

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
me

2πkBTe

r

exp �
me(ve,s � ue,s)2

2kBTe

� �

, (2) 

where me is the electron mass and kB is the Boltzmann constant. 
It should be noted that the Thomson signal is not available near 
ve,s ≈ 0 due to filtering by BNFs. Therefore, the Maxwellian fitting 
was performed using only the LTS data, excluding the region 
around ve,s ≈ 0. The uncertainties in electron number density and 
electron temperature are estimated from the 95% confidence 
bounds of the fit.

C. LTS spectra
Figure 4 shows the LTS spectra STh at z = 1.75 mm in the 

cathode-tied configuration: (a) electron velocity distribution func
tion (EVDF) and (b) electron energy distribution function 
(EEDF). ve,s is obtained from the Doppler shift as

ve,s ¼
c(λ � λl)

2λlsin(θ=2)
, (3) 

where c is the light speed, λl is the wavelength of laser, and θ is the 
angle between the laser injection and spectra detection. In this 
study, θ ¼ 90� and λl = 532 nm are used. Figures 4(a) and 4(b)
indicate that the Maxwellian assumption is reasonably valid. 
From the Maxwellian fitting, the electron density, temperature, 
and bulk velocity along the scattering vector are estimated as 
ne ≈ 1.0 × 1019 m−3, Te ≈ 2.7 eV, and ue,s ≈ 4.1 × 104 m/s, respec
tively. As shown in Fig. 4(b), the asymmetry of the LTS spectra 
between ve,s > 0 and ve,s < 0 is attributed to the finite bulk velocity 
ue,s. It should be noted that the raw LTS spectra contain a slight 
offset, as seen in Fig. 4(b), due to the error in the subtraction pro
cedure described in Eq. (1). This offset is therefore included as a 
fitting parameter in the Maxwellian fitting.

The scattering vector is given by ks = kd − kl, where kl is the 
laser direction and kd is the detection direction. From the experi
mental configuration shown in Fig. 3, the scattering vector is 
inclined by χs � 10:5� from z axis in the r − z plane, where 
r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. Assuming ue,r ≈ 0, ue,z � ue,s= sin χs � 1:6� 105 m/s. 

However, although the order of ue,z may be reasonable, this estima
tion of ue,z is highly sensitive to uncertainties in ue,s because the scat
tering angle relative to z axis is small. In addition, several previous 
studies suggest that the estimation of ue,s is challenging for LTS mea
surement39 due to the lack of reliable data near ve,s ≈ 0 shown in 
Fig. 4(a), where the electron Mach number is Me,s ≪ 1. Therefore, in 
this study, ue,z is primarily estimated using a fluid model, as discussed 
later.

D. Experimental data of ne and Te

Figure 5 shows the measured electron properties, i.e., (a) 
ne(z) and (b) Te(z), for three electrical configurations. Symbols 
show the experimental data of ne and Te obtained from the LTS 
measurement. Figure 5(a) shows that ne decreases most rapidly in 
the plume in the grounded configuration. In addition, Fig. 5(b)
shows that Te is the highest for the floating configuration and 
lowest for the grounded configuration. It should be noted that in 
the cathode-tied configuration, ne exhibits a slight increase at 
z = 3.75 mm compared to z = 1.75 mm. A relatively higher ne at 
z = 3.75 mm, compared with the floating and grounded configura
tions, is also observed at a discharge current of 40 A.40 In this 
study, the keeper voltage Vk ≈ 7 − 8 V across all electrical 

FIG. 4. Experimental data of LTS spectra and Maxwellian fitting. (a) Electron 
velocity distribution function (EVDF). (b) Electron energy distribution function 
(EEDF). Symbol: experimental data, dashed line: Maxwellian fitting. A small 
offset, arising from uncertainties in the background subtraction in Eq. (1), is 
included in the fitting procedure.
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configurations. In the cathode-tied configuration, since 
Vcg = Vtb < Vk, a local potential hump forms near the keeper, 
which may contribute to the observed increase in ne. A detailed 
understanding of the underlying mechanism is beyond the scope 
of the present study and reserved for future work.

In this study, the uncertainty of experimental data is treated 
based on the Monte Carlo sampling. We consider the uncertainty 
of experimental data with a uniform distribution of + 5% for 
both ne and Te, which is approximately the maximum error bar of 
the LTS data.30 For one sample of the state estimation, data are 
considered at the discrete locations where measurements are taken 
using a uniformly distributed random number. Using the ran
domly sampled data, a polynomial fitting is performed through 
the sampled data to obtain smooth profiles of ne and Te. It should 
be noted that ne and Te at z = 0 mm are required to provide the 

boundary conditions for the state estimation, as discussed later. 
While the electron density may be larger at z = 0 mm, other 
results, such as the cathode-tied configuration shown in Fig. 5, 
suggest that the axial variation near this region can depend on the 
operating or electrical conditions. In the absence of direct mea
surements at z = 0 mm in the present study, ne and Te at z = 0 mm 
are taken to be equal to those at the nearest measured location, 
z = 1.75 mm, as a first-order approximation. It is to be noted that 
the estimated properties, e.g., electron mobility, are locally affected 
by how ne and Te between z = 0 mm and z = 1.75 mm are assigned, 
but the overall structure of the estimated plasma properties was 
not affected by this treatment.41

The sampling procedure of ne and Te is repeated many times, 
e.g., 104, to obtain the statistics of the uncertain measurement data 
profiles that are used for the state estimation. The mean value and 
standard deviation, i.e., σ, are evaluated for ne(z) and Te(z). The 
solid line and shadow region in Fig. 5 show the mean value and 
±2σ, respectively.

III. ESTIMATION OF ELECTRON TRANSPORT
The experimental data of ne and Te obtained from incoherent 

laser Thomson scattering, shown in Fig. 5, are input to a 1D fluid 
model of hollow cathode plasma to estimate the electron transport 
coefficients.

A. Physics-based model: An axial 1D fluid model
In this study, steady-state (∂/∂t = 0), quasi-neutral (ne = ni), 

and axial one-dimensional fluid equations for electrons, ions, and 
neutral are utilized for the estimation of hollow cathode plasma 
discharge. The neutral continuity equation is described as

d(nnun,z)
dz

¼ � kiznenn � _ndiff ,n, (4) 

where nn is the neutral density, un,z is the axial neutral velocity, 
kiz is the ionization rate, ne is the electron density, 
_ndiff,n ¼ (nnun,r)=ΔR denotes the radial diffusion rate, un,r is the 
radial neutral velocity, and ΔR is the characteristics length of 
radial diffusion. Note that the ion recombination is neglected at 
the cathode exit. In this study, ΔR = 7 mm is used, and 
un,r ¼ vth,n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTn=mn

p
, where vth,n is the neutral thermal 

speed, Tn is the neutral temperature, and mn is the neutral mass. 
The ion continuity equation is described as

d(niui,z)
dz

¼ kiznenn � _ndiff,i, (5) 

where ni is the ion density (which is assumed to be equal to ne), 
ui,z is the axial ion bulk velocity, _ndiff,i ¼ (niui,r)=ΔR is the radial 
diffusion for ions, and ui,r is assumed to be ui,r ¼ uB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTe=mi

p
, 

where uB is Bohm velocity. It should be noted that only singly 
charged ions are considered in this study. The ion momentum 
equation is given by

mi
d niu2

i,z
� �

dz
þ

d(nikBTi)
dz

¼ eniEz þmikiznennun,z � Rdiff ,i, (6) 

FIG. 5. Data used for the model-data fusion framework: (a) ne and (b) Te for 
three electrical configurations: grounded, floating, and cathode-tied. Symbols: 
measurement data obtained from the incoherent laser Thomson scattering 
(LTS).30 Solid line: mean value of the polynomial fitting. Shadow region: ±2σ 
of the polynomial fitting. In this study, an experimental uncertainty of +5% is 
used for each data point, and then the polynomial fitting is performed.
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where mi ≈ mn is the ion mass, Ez is the axial electric field, Ti is 
the ion temperature, and Rdiff,i ¼ mi _ndiff ,iui,z is the rate of change 
of momentum due to radial diffusion. The momentum drag due 
to ion-neutral collision is not considered for simplicity in this 
study. Considering no current in the radial direction, the current 
conservation across the cross-sectional plane at the cathode exit 
can be given by

Id ¼ eneAp(ui,z � ue,z), (7) 

where Id is the discharge current, Ap = π(ΔR)2 is the area of the 
plasma column, and ue,z is the axial electron velocity. Finally, 
using the drift-diffusion approximation where the electron inertia 
is neglected,42 the electron flux is given by

neue,z ¼ � μeff neEz þ
1
e
@pe

@z

� �

, (8) 

where pe = nekBTe is the electron pressure and μeff is the effective 
electron mobility that can be described as

μeff ¼
e

me(νm þ νano)
, (9) 

which includes electron-neutral momentum transfer collision fre
quency, νm, and anomalous scattering frequency, νano. The 
electron-neutral momentum transfer collision frequency can be 
written as νm = nnkm, where km is the momentum transfer collision 
rate coefficient, including elastic collision and inelastic collision. 
Assuming the electron energy distribution function (EEDF) is 
Maxwellian, which is often used in the fluid simulations of EP 
plasmas, the rate coefficients of ionization, kiz, and momentum 
transfer collision, km, can be tabulated as functions of electron 
temperature. In this study, Biagi-v7 data are used as the cross 
section of electron-neutral collisions,43 and the rate coefficients are 
obtained using BOLSIG+.44

B. Estimation procedure
Recent studies have shown that data assimilation is a useful 

tool for inverse problems to estimate unknown parameters in 
several applications.45–49 In this study, the available measurement 
data are ne(z) and Te(z), and the parameter that we aim to estimate 
is μeff(z) or νano(z). Interestingly, it can be seen that for this 
problem, data assimilation techniques, such as Kalman filters, are 
not necessary.

Each unknown parameter can be estimated by using 
Eqs. (4)–(9). First, nn(z) can be uniquely obtained from Eq. (4)
assuming that un,z is constant and un,z ≈ vth,n is the thermal speed. 
When solving Eq. (4), nn(z ¼ 0) ¼ _mc=(πR2

0un,z) is used as the 
boundary condition, where _mc and R0 are the cathode mass flow 
rate and the radius of the orifice exit, respectively. In this study, 
R0 = 4.2 mm is used. Second, once nn(z) is obtained, the ionization 
rate _n ¼ kiz(Te)nenn can be determined since ne and Te are pro
vided from the LTS measurement, from which ui,z(z) can be 
obtained by solving Eq. (5). Here, ui,z(z = 17.75 mm) = ui,p is speci
fied as the boundary condition. Third, assuming Ti is constant, 

Ez(z) is obtained from Eq. (6). Fourth, ue,z(z) can be estimated 
from Eq. (7) assuming the value of Ap. Finally, μeff and νano are 
evaluated using Eqs. (8) and (9), respectively.

C. Uncertainty quantification
Uncertainty quantification is performed considering both 

the experimental uncertainty of ne and Te shown in Fig. 5 and 
the assumption uncertainty. In this study, ui,p ∈ [2000 m/s,   
3000 m/s],50,51 Ti ∈ [0.1 eV,  1.0 eV],52,53 and Tn ∈ [500 K,   
1500 K]52,54,55 are considered as the assumed uncertainty ranges 
based on experimental studies and numerical simulations con
ducted under similar operating conditions. Note that ui,p > 0 is 
considered based on previous studies of laser-induced fluores
cence (LIF) measurements50,51,56 and a two-dimensional (2D) 
fluid simulation.57 For the input to the model, ne(z) and Te(z) 
shown in Fig. 5 are used. The parameters, i.e., ui,p, Ti, and Tn, are 
assigned randomly between the range shown above. Then, the elec
tron mobility is estimated from the model, i.e., Eqs. (4)–(9).

IV. RESULTS
A. Estimated plasma properties

Figure 6 shows the estimated results of (a) ui,z(z), (b) ue,z(z), 
(c) Ez(z), and (d) ϕ(z) − ϕ(z = 0) in three electrical configurations: 
grounded, floating, and cathode-tied. Each solid line shows the 
mean value, and the shadow region shows ±2σ, considering both 
uncertainties of experimental data and assumptions.

Figure 6(a) shows ui,z(z) > 0 due to the large density gradient, 
as shown in Fig. 5, which is consistent with the literature.50,51,56,57

Several LIF measurements suggest that the mean velocity (i.e., ui,z) 
is positive from the ion velocity distribution function.50,51,56

Around z = 1 − 4 mm, smaller ui,z is due to larger ne shown in 
Fig. 5(a) and the radial diffusion. Figure 6(b) shows that ue,z is on 
the order of 105 − 106 m/s and increases toward the plume. It 
should be noted that the present study assumes an ambipolar type 
diffusion in the radial direction, i.e., ue,r = ui,r. In Ref. 58, the axial 
electron velocity ue,z(z) was measured using LTS with the scattering 
direction aligned along the axial direction. Although those measure
ments were conducted under standalone operation, ue,z(z) obtained 
in the present study is in quantitative agreement with the experi
mental results reported under similar discharge current and mass 
flow rate conditions. Figure 6(c) shows the electric field, and |Ez| is 
the smallest for electrical configurations at z = 0 − 10 mm due to 
smaller |ui| shown in Fig. 6(a). In Fig. 6(d), the relative potential 
from the orifice potential is obtained from the integration of Ez(z) 
shown in Fig. 6(c), i.e., f(z) � f(z ¼ 0) ¼ �

Ð z
0 Ez(z0)dz0. It should 

be noted that while the cathode itself has a potential of Vcg = −15 V, 
the potential increases due to the plasma potential;52,59 thus, in this 
study, we focus only on the potential difference between the cathode 
exit and plume.

For all cases, Ez < 0, i.e., ϕ increases toward the plume, which 
is consistent with several experimental works60,61 and 2D fluid 
simulations.59,62 More importantly, the potential drop for the 
grounded configuration is smaller than the floating and cathode- 
tied configuration. This indicates that the electron can transport 
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from the cathode more easily with the grounded configuration for 
the same discharge current, which will be discussed in Sec. IV C.

B. Anomalous scattering frequency
Figure 7 shows (a) μcla(z) and μeff(z) and (b) νano(z) for three 

electrical configurations: grounded, floating, and cathode-tied, 
where μcla = e/(meνm) is the classical mobility. μcla(z) is on the 
order of 103–104 m2 V−1 s−1 and increases toward the plume 
region due to the decreasing neutral density. In contrast, μeff(z) is 
on the order of 102–103 m2 V� 1 s� 1, which is one to two orders of 
magnitude smaller than μcla(z). This suggests the presence of 
anomalous electron scattering frequency for the near-field plume 
of the cathode discharge. It should be noted that we varied the 
radial diffusion parameter ΔR between 4 and 8 mm and confirmed 
that the overall trend of μeff is similar for three electrical configura
tions.41 As shown in Fig. 7(b), νano(z) is on the order of 
108 − 109 Hz, which quantitatively agrees with the literature.59,63–65

Several experimental studies have reported the presence of 
current-driven instabilities (e.g., ion-acoustic turbulence) in 
hollow cathode discharges.63,66,67 In the literature, such instabilities 
are incorporated into fluid models through an anomalous scatter
ing frequency and effective heating source terms for both ions and 
electrons,59,62,68 while the present study considers only anomalous 
electron scattering shown in Eq. (9). In this study, the electron 

temperature is provided from experimental data, and the effects of 
electron heating are implicitly accounted for. Ion heating due to 
such instabilities is not explicitly considered, which represents a 
limitation of this study. In addition, while the drift-diffusion 
approximation is used in this study, recent works point out the 
importance of the electron inertia effects,42,65,69 which can also 
contribute to anomalous scattering as the mechanism.65

Figure 8 shows the electron Mach number Me,z(z) = ue,z(z)/ 
vth,e(z), where vth,e(z) is the electron thermal speed. The results 
show that Me,z(z) ≈ 0.1 − 0.9 < 1, and Me(z) increases toward the 
plume region. In a quasi-linear theory (e.g., Sagdeev model70), a 
larger Me,z corresponds to a stronger instability, i.e., larger νano. In 

FIG. 7. Estimated properties: (a) μeff(z) and μcla(z) and (b) νano(z) for three 
electrical configurations: grounded, floating, and tied. (a) Solid line, mean 
value of νano(z); dashed line, mean value of νcla(z). (b) Solid line, mean value 
of νano. Shadow regions: 2σ including the uncertainty of the experimental data 
shown in Fig. 5 and the assumed uncertainty.

FIG. 6. Estimated results in three electrical configurations: grounded, floating, 
and cathode-tied. Here, (a) the axial ion bulk velocity, ui,z(z) (b) the axial elec
tron bulk velocity, ue,z(z) (c) the axial electric field, Ez(z) and (d) relative poten
tial with respect to the orifice potential, i.e., ϕ(z) − ϕ(z = 0). Solid line: mean 
value, shadow regions 2σ including the uncertainty of the experimental data 
shown in Fig. 5 and the assumed uncertainty. Note that Vcg is −15 V for three 
electrical configurations.
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fact, we confirm that the Sagdeev model used in Ref. 71 predicts 
the scattering frequency of a similar order of magnitude to νano 
shown in Fig. 7(b); however, the trend toward the plume region is 
opposite due to Me,z(z) shown in Fig. 8. This discrepancy can be 
attributed to a nonlinear saturation mechanism of the current- 
driven instability.72 A self-consistent kinetic simulation72 suggests 
that the initial Mach numbers drive stronger instability, but non
linear saturation reduces the electron drift velocity and increases 
the electron temperature, resulting in smaller Mach numbers in 
the saturated state. Consequently, regions with smaller saturated 
Mach numbers correspond to stronger instability. Such Me,z < 1 is 
also observed in a recent experiment.58 Therefore, the spatial vari
ation in Me,z(z) is physically consistent with νano(z), as shown in 
Fig. 7(b).

C. Electrical facility effect
Most interestingly, μeff(z) shown in Fig. 7(a), i.e., electron 

mobility, is the largest around z = 5 − 15 mm for the grounded 
configuration, while μeff of the floating configuration is compara
ble to the cathode-tied configuration. Since Vtb = Vtb,f ≈ −20 V in 
the floating condition, a large electron current flows to the ground 
for the grounded configuration, which likely leads to a large elec
tron conductivity shown in Fig. 7(a). Such an electron flow to the 
thruster body suppresses the amplitude of discharge current oscil
lation, as shown in Fig. 2. In the grounded configuration, electrons 
emitted from the cathode can be collected either by the anode, the 
thruster body, or the ion beam. Since the discharge power supply 
is isolated from ground, as shown in Fig. 1, the electron current to 
the thruster body does not act as the return current of the dis
charge circuit in the ground configuration. Considering the dis
charge current is approximately the electron current collected at 
the anode, electrons diverted to the thruster body reduce the 

discharge current, which is consistent with the experimental 
observation. It should be noted that, in the grounded configura
tion, a global current balance, i.e., zero net current condition, is 
satisfied in a time-averaged manner between the thruster body and 
the vacuum chamber. Therefore, if the thruster body locally col
lects electrons, the chamber sheath potential adjusts so that the 
chamber walls collect the corresponding ion current. However, in 
this study, Vcg does not change among the electrical configura
tions. If the coupling between the near-field plume and the far- 
field plume were strong, a variation in Vcg would be expected.73

The lack of change in Vcg therefore suggests that this coupling is 
limited under the present conditions. Further plume diagnostics 
(e.g., beam potential) would be useful to clarify this interaction 
and are reserved for future work.

For the cathode-tied configuration, since It,e > It,i (where It,e 
and It,i are the electron and ion current to the thruster body, 
respectively) due to Vtb = Vcg > Vtb,f, the net current It,e − It,i can be 
re-utilized from the cathode. However, in this study, 
Vtb − Vcg ≈ −5 V, which is relatively small; thus, the difference of 
the electron conductivity between the floating and cathode-tied 
configurations is not significant, as shown in Fig. 7(a). However, if 
the cathode is degraded after a long operation, it may be likely that 
a larger |Vcg| is necessary;26 the difference in the cathode-tied and 
floating configurations might increase after long-time operation.

If the thruster body is cathode-tied, the CEX ions can be 
attracted to the thruster body, but the net current does not have to 
be zero, which is the key difference from the floating configura
tion. For instance, if the plasma conditions at the sheath edge near 
the thruster body are similar between different configurations, the 
smaller sheath potential with a cathode-tied configuration com
pared to the floating configuration implies that electron current is 
conducted into the thruster body. In turn, this would mean that 
the hollow cathode under the cathode-tied configuration needs to 
conduct slightly higher current than the floating configuration. If 
the thruster body is connected to the ground and if assuming that 
the plasma sheath condition is similar between different electrical 
configurations, the sheath potential near the thruster body for the 
grounded configuration is even smaller, which can induce large 
electron current to the thruster body. To prevent that from hap
pening, it is likely that the grounded configuration will adjust the 
sheath and the bulk plasma to mitigate the electron current flow 
in the thruster body. While the one-dimensional measurement of 
ne and Te at the cathode exit by incoherent laser Thomson scatter
ing is used in the present study, the two-dimensional measure
ment of ne and Te near the thruster body would be useful to 
determine more precisely how the plasma sheath structure is 
changed by the electrical configuration.

V. CONCLUSION
This study investigates how the electrical configuration of the 

Hall effect thruster body affects the electron transport (cf. electron 
conductivity) in the near-field hollow cathode plume. The axial 
profile of the electron density and temperature at the exit of the 
hollow cathode is obtained from incoherent laser Thomson scat
tering for three electrical configurations of the thruster body: 
grounded, floating, and cathode-tied. The LTS measurement show 

FIG. 8. The electron Mach number obtained from the state estimation for 
three electrical configurations: grounded, floating, and cathode-tied. Lines: 
mean value. Shadow regions: ±2σ of the estimated states.
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that the electron density and electron temperature are different 
depending on the electrical configurations. The experimental data 
of electron density and electron temperature are then input into a 
one-dimensional fluid model, from which plasma properties are 
estimated. The results, such as the anomalous electron scattering 
frequency, are estimated from the model-data fusion framework, 
qualitatively agreeing with the observations reported in literature. 
The estimated results suggest that the grounded configuration 
enhances electron conductivity in the near-cathode plume region, 
indicating the presence of an electron current path between the 
cathode exit and the thruster body. Although the plasma diagnos
tics are limited to a small axial region near the cathode, the electri
cal configuration produces clear changes in global discharge 
characteristics, including the mean discharge current and its oscil
lations. In the grounded configuration, electron collection by the 
thruster body reduces the current reaching the anode, consistent 
with the observed decrease in mean discharge current. These 
results suggest that the near-cathode effects can influence the 
global discharge behavior and overall thruster performance. 
Additionally, under both floating and cathode-tied configurations, 
electron transport appears comparable in this study, indicating 
that the current path in the near-field region is similar. However, 
in the cathode-tied configuration, a finite current path exists 
between the cathode and the thruster body. The difference 
between the floating and cathode-tied configurations may vary 
depending on the thruster configuration and the duration of oper
ation. Further multi-dimensional Thomson scattering measure
ments and data-estimation analyses will enable a more detailed 
characterization of the electron current path and sheath structure 
around the thruster body, which is reserved for future work.
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