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A zero-dimensional Hall-MHD model is used to examine the influence of magnetic flux density B on the
acceleration length La and overall performance, using experimental data obtained during argon operation of
the RAIJIN66 Hall thruster. The model is derived from the equivalence between electrostatic ion acceleration
and electromagnetic thrust generated by the J × B force. The results show that the acceleration length
scales approximately as La ∝ 1/

√
B, consistent with anomalous diffusion theory. Within the investigated

range, an increase in acceleration length is associated with improved performance at fixed mass flow rate. A
strong dependence on discharge voltage is observed, with operation at 150V benefiting from reduced magnetic
flux density, indicating a MHD-like regime in which an extended acceleration length is advantageous. These
findings suggest that the low-voltage regime identified here may be representative of future high-density
thruster operation, where reduced magnetic flux density is associated with improved performance.
Keywords: Hall thrusters, alternative propellant, argon, high density, acceleration length, magnetic field

NOMENCLATURE

Arθ, Azr: Cross-sectional areas in the axial and az-
imuthal directions

B, B,Br: Magnetic field (vector, flux density, flux den-
sity in radial direction)

e: Elementary charge
E, Ez: Electric field (vector, axial component)
Ib, Id, Ie: Ion beam, discharge, and electron current
IH : Hall current
Isp: Specific impulse
J, jr, jθ, jz: Current density (vector, radial, azimuthal,

and axial components)
k: Wavenumber
lθ: Azimuthal channel length
La, Li: Acceleration length, ionization region length
ṁA: Anode mass flow rate
ṁi: Ion mass flow rate
me,mi: Electron and ion mass
ne, ni, nn: Electron, ion, and neutral density
PD: Discharge power
pe: Electron pressure
rin, rout: Inner and outer channel radii
RPlasma: Plasma resistance
T : Thrust
Te: Electron temperature
Ud: Discharge voltage
v, vθ, vz: Plasma velocity (bulk, azimuthal, axial)
vth, vi: Thermal electron velocity and ion velocity

a)Author to whom correspondence should be
addressed:n.barth@al.t.u-tokyo.ac.jp

vn, vnz: Neutral velocity (total, axial)
V : Plasma volume
w: Channel width
α: Anomalous diffusion coefficient
βe: Electron Hall parameter
ηa: Anode efficiency
ηu: Propellant utilization efficiency
η: Plasma resistivity
λDe: Electron Debye length
λi: Ionization mean free path
µ: Electron mobility
νe, νi: Effective electron and ion collision frequency
νei, νen, νa: Electron–ion, electron–neutral, and anoma-

lous collision frequency
σ, σ∥, σ⊥: Plasma conductivity (total, parallel and per-

pendicular to B)
σei, σen: Electron ion and neutral collision cross section
ωce: Electron cyclotron frequency
ωpe: Electron plasma frequency
⟨σive⟩: Reaction rate coefficient

I. INTRODUCTION

Hall thrusters have been used since the early phases of
space exploration and are valued for their high specific
impulse and long operational lifetime. Xenon is widely
regarded as the preferred propellant due to its high
atomic mass and relatively low ionization energy. How-
ever, its high cost and limited availability have motivated
research into alternative propellants. To date, no single
alternative has demonstrated comparable overall perfor-
mance to xenon across operating conditions1,2. While al-
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ternative propellants, such as argon3 and krypton4, show
promise, they generally exhibit lower propellant utiliza-
tion efficiency compared to xenon due to their lower ion
mass and reduced ionization rate coefficient5,6. To im-
prove the usability of these propellants, alternative ap-
proaches that enhance propellant utilization efficiency
are required.

Three approaches to improve the propellant utiliza-
tion efficiency can be identified. The first approach is
to extend the ionization length by modifying the mag-
netic field distribution of the thruster7–9. The second is
to reduce the axial neutral velocity, thereby increasing
the residence time of neutrals in the ionization region.
This approach was previously investigated by Satpathy
et al. through the introduction of a swirl injector10 and a
sawtooth anode design11. These studies reported perfor-
mance improvements, particularly at low discharge volt-
ages. The third approach is to increase the electron den-
sity, which directly enhances the ionization rate. Kim12

identified this as a key requirement when using alterna-
tive propellants.

On one hand, several studies6,13,14 suggest the exis-
tence of a density constraint characterized by a maxi-
mum neutral density as a function of discharge voltage,
magnetic flux density, and additional operating parame-
ters13. Above this value, electron magnetic confinement
is weakened due to the increased electron atom collision
frequency. The resulting enhancement in electron diffu-
sion causes the electric field to expand spatially, widen-
ing the acceleration length while reducing the electric
field strength. The characteristic geometry and defini-
tion of the acceleration and ionization regions are illus-
trated in Fig. 1. Consequently, the thruster efficiency
decreases due to increased discharge current. Therefore,
an increase in neutral density at fixed discharge voltage
requires a corresponding increase in magnetic flux den-
sity to maintain comparable plasma conditions. On the
other hand, Brown and Pinsley15 reported a linear in-
crease in thrust with propellant flow rate and observed no
performance degradation as electron collision frequency
increased.

Despite this discrepancy between Dannenmayer13 and
Brown15, recent studies16 indicate that Hall thrusters
have not yet reached their theoretical thrust density
limit. Current devices typically operate at the thrust
density of approximately 10N/m2, which is well below
the theoretical limit of 1000N/m2. This limit is primar-
ily constrained by thermal and material considerations.
Increasing electron density is essential to approach this
limit, as it enhances ionization efficiency and thereby in-
creases thrust. Experimental evidence already indicates
that increased neutral density enhances ionization17–19,
and recent high-power-density devices such as H1020

demonstrate that substantially higher operating densi-
ties are technically achievable.

The neutral density can be increased by increasing the
mass flow rate ṁA or by reducing the cross-sectional area
Arθ. This increase in neutral density under fixed dis-

charge voltage and magnetic flux density leads to an in-
crease in discharge current density Id/Arθ. As a result,
the discharge power increases, together with the asso-
ciated thermal load. To maintain comparable plasma
impedance and avoid the neutral density limit13, an in-
crease in magnetic flux density must accompany the in-
crease in mass flow density. In practice, this requires ad-
justments to the magnetic field configuration, which can
influence thruster operational characteristics, including
the acceleration length and ionization region length.
Early scaling approaches21 suggested that magnetic

flux density and characteristic length scale are inherently
coupled. Kim12 extended this reasoning by considering
acceleration length, indicating that changes in magnetic
flux density are expected to influence the effective accel-
eration region.
However, existing scaling approaches22–28 do not pro-

vide a systematic analysis of the coupled effects of neutral
density, magnetic flux density, and acceleration length,
particularly for alternative propellants.
In the present study, the neutral density limit defined

by Dannenmayer et al.13 is expected to differ for alterna-
tive propellants such as argon because the collision cross
sections and ionization characteristics are different. As
a result, the density threshold for reduced magnetic con-
finement may shift, and an increase in neutral density
may lead to improved efficiency before confinement ef-
fects become dominant.
Therefore, this study investigates the behavior of a

Hall thruster under varying neutral and plasma densi-
ties, magnetic flux density, and acceleration length in or-
der to identify trends and derive guidance for magnetic
field scaling in high-density Hall thruster operation.
At increased electron density, the underlying mod-

eling assumptions must be reconsidered, as enhanced
ion–neutral interactions modify ion transport, increase
residence time inside the channel, and enhance ionization
of neutrals. Under these conditions, the purely electro-
static assumption becomes insufficient, and the plasma
behavior approaches that of a magnetized fluid, moti-
vating the use of a Hall-magnetohydrodynamic (Hall-
MHD) framework. Based on this approach, a generalized
zero-dimensional Hall thruster model is introduced. The
model estimates key plasma parameters from experimen-
tal data and determines the thrust from the J×B force.
The analysis is applied to experimental measurements
obtained from the RAIJIN66 thruster29,30, a Thruster
with Anode Layer (TAL) Hall thruster, with particular
emphasis on acceleration length estimated from ion beam
current measurements.

II. THEORETICAL FRAMEWORK

The theoretical framework presented below is based
on a zero-dimensional global model. A cylindrical coor-
dinate system (r, θ, z) is used, where z denotes the ax-
ial direction along the thruster channel from the anode
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toward the plume, r is the radial direction, and θ repre-
sents the azimuthal direction around the channel. The
model assumes that the magnetic flux density B is rep-
resented by its peak value and that parameters varying
along the z-direction are treated as uniform within the
plasma. In addition, standard plasma assumptions such
as quasi neutrality, where the electron density ne equals
the ion density ni (ne = ni), are applied. This simpli-
fied approach allows global trends to be analyzed without
introducing additional model complexity. The principal
assumptions and limitations of the proposed model are
discussed in Section IID.

A. Electron Density Effects on Propellant Utilization
Efficiency

As discussed in the introduction, propellant utilization
efficiency ηu is a key parameter when evaluating alterna-
tive propellants such as argon. It can be expressed using
a simplified one dimensional ionization model, as given
in Eq. 1:

ηu = 1− exp

(
−Li

λi

)
= 1− exp

(
−Line⟨σive⟩

vnz

)
(1)

Here, Li denotes the ionization region length, λi the
ionization mean free path, ⟨σive⟩ the ionization rate co-
efficient, and vnz the axial neutral velocity, where vnz =
1/4 · vn and vn denotes the neutral thermal velocity10,31.
For alternative propellants such as argon and krypton,

the smaller ion mass mi and ionization rate coefficient
⟨σive⟩ result in a lower propellant utilization efficiency
compared to xenon, for which ηu is often close to unity
under nominal operating conditions.

As introduced in the previous section, one possibility
for improving ηu when using alternative propellants is to
increase ne:

ne =
Ib

eviArθ
=

ṁA

Arθ

ηu
vimi

, (2)

where Ib denotes the ion beam current, e the elementary
charge, vi the ion velocity, Arθ the annular cross-sectional
area of the discharge channel, and ṁA the anode mass
flow rate.

A recursive effect can further improve ηu, because an
increase in the number of ionizing collisions within the
channel produces additional electrons. These electrons
can subsequently collide again with neutrals, thereby re-
inforcing the ionization process. This study therefore
considers an increase in ne through increased mass flow
density ṁA/Arθ as a possible mechanism for improving
ηu.
In the present analysis, the mass flow density ṁA/Arθ

can only be increased within a limited range, as an in-
crease in mass flow rate leads to a rise in discharge current
Id and therefore discharge power Pd exceeding the 2 kW

FIG. 1: Schematic of a TAL-type Hall thruster (top)
and axial distribution of normalized magnetic flux

density (bottom). The characteristic areas Arθ and Azr,
acceleration length La, ionization region length Li, the
inner and outer channel radii rin and rout, and the
channel width w are indicated. The normalized
magnetic flux density is given by |B|/Bmax.

limit of the facility. Therefore, the current analysis fo-
cuses on interpreting existing experimental data through
the Hall-MHD framework in order to derive scaling guid-
ance for the maximum magnetic flux density and accel-
eration length.

The ionization region length is defined inside the hol-
low anode as the region extending from approximately
80% of the maximum B to the guard-ring exit, resulting
in a total length of 5.6mm for RAIJIN667. The accelera-
tion length La is assumed to begin at the anode exit and
to overlap with Li until the guard-ring exit (see Fig. 1).
Its magnitude is estimated from experimental operating
conditions.

Recent particle-in-cell (PIC) studies have demon-
strated that both the peak position and axial gradient
of the magnetic flux density influence electron transport
and overall thruster performance9,32,33. In the present
work, however, the magnetic field topology is kept fixed.
The zero dimensional analysis used in this study con-
siders only the maximum magnetic flux density and does
not include two dimensional effects such as magnetic field
gradients. Therefore, only the magnitude of the peak
magnetic flux density is varied, while the spatial distri-
bution is flat and gradient is neglected.
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B. Hall-MHD Formulation Relating Thrust, Hall Current,
and Acceleration Length

As stated in the introduction, this work adopts a Hall-
MHD interpretation of Hall thruster operation. In the
conventional electrostatic description, ions are acceler-
ated by the axial electric field E and exhausted from
the channel without significant interaction with neutrals.
Ions are treated as unmagnetized, and ion–neutral colli-
sions are neglected.

At increased plasma density, ion–neutral collisions in-
crease the ion residence time and modify momentum
transport. Under these conditions, the plasma is more
appropriately described as a conducting fluid, providing
the motivation for adopting a Hall-MHD framework.

Following the formulation of Huba34, Hall-MHD is de-
scribed by the conservation of mass and momentum to-
gether with the generalized Ohm’s law. The present
work does not solve the complete Hall-MHD system. In-
stead, the momentum equation provides the basis for in-
terpreting thrust as the volume-integrated Lorentz force,
while the generalized Ohm’s law is used to determine
the current density distribution required for the zero-
dimensional model. Consequently, only the Hall-MHD
relations required for the present analytical formulation
are retained.

Accordingly, the generalized Ohm’s law is expressed as

E+ v ×B− J×B

nee
+

∇pe
nee

− ηJ =
1

ω2
pe

dJ

dt
, (3)

where E denotes the electric field vector, v the plasma
velocity vector, B the magnetic flux density vector, J
the current density vector, pe the electron pressure, η the
plasma resistivity, and ωpe the electron plasma frequency.
The terms represent the ideal MHD contribution, Hall
effect, electron pressure gradient, resistive (Ohmic) dif-
fusion, and electron inertia, respectively.

The electron inertia term is neglected in the present
model. Its validity was assessed by comparison with the
Lorentz force in the electron momentum equation. Using
a representative magnetic flux density of the RAIJIN66
Hall thruster (B = 45mT) together with a characteristic
electron momentum relaxation time, the electron inertia
is estimated to be approximately 6% of the Lorentz force.
Since this estimate depends on the ratio of the electron
momentum relaxation time to the electron cyclotron pe-
riod, it remains valid for both classical and anomalous
electron diffusion, provided that electron magnetization
is maintained.

The electron pressure gradient was assessed by com-
parison with the Lorentz force density. Using representa-
tive operating conditions of the RAIJIN66 Hall thruster
(ne = 1 × 1017 m−3, Te = 20 eV, and L = 10mm) gives
an electron pressure gradient of approximately 32Nm−3.
Assuming a uniform force distribution over the accel-
eration volume (L = 10mm, Azr = 6.72 × 10−5 m2),
the Lorentz force density estimated from the measured
thrust is approximately 4.5 × 104 Nm−3. The Lorentz

force therefore dominates the momentum balance under
the representative operating conditions considered for the
RAIJIN66 Hall thruster, supporting the simplified Hall-
MHD formulation adopted in this work.
These assumptions are therefore valid for the operating

conditions considered here. When the electron inertia
or electron pressure gradient becomes comparable to the
Hall or resistive terms, the complete generalized Ohm’s
law should be retained. Under the present conditions,
Eq. (3) reduces to

E+ v ×B = ηJ+
1

ene
(J×B) . (4)

For further simplicity, the electric field E is assumed
to have only an axial (z) component, while the magnetic
field B is assumed to be purely radial (r). To estimate
the current densities, the electron velocity in the axial
direction vz is neglected. In addition, the electron az-
imuthal velocity is approximated by the E×B drift ve-
locity, vθ = Ez/Br

35, leading to

jθ = σvzBr − µBjz ≈ −µBrjz = −βejz (5)

jz =
σ∥Ez

1 + β2
e

= σ⊥Ez (6)

where σ denotes the electrical conductivity and µ the
electron mobility. Within the Hall-MHD framework, the
Hall current density jθ and its coupling to the axial cur-
rent density jz are explicitly described by the electron
Hall parameter βe.

βe =
jθ
jz
. (7)

This formulation enables the analysis of electromagnetic
forces, in particular the J×B force, and establishes the
electron Hall parameter as a link between thrust T and
the discharge current Id.
In classical kinetic Hall thruster theory, thrust is cal-

culated as the reaction force resulting from electrostatic
ion acceleration using the ion mass flow rate ṁi and the
ion velocity vi,

Telectrostatic = ṁivi. (8)

In the present work, however, the Hall-MHD formula-
tion is adopted, in which thrust is interpreted as the net
electromagnetic body force acting on the plasma. Under
steady operating conditions, integrating the axial compo-
nent of the Lorentz force over the plasma volume yields
the total electromagnetic thrust,

TMHD =

∫
(J×B)z dV =

∫
jθBr dV = IHBlθ, (9)

where dV denotes the differential plasma volume, IH is
the Hall current, and lθ is the mean azimuthal length
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of the channel. Although derived from different physical
perspectives, Eqs. (8) and (9) describe the same measur-
able thrust.

As introduced in Eq. 7, the electron Hall parameter
relates the current densities in the z- and θ-directions. In
the following, βe is used to relate the Hall current density
to the experimentally measured thrust and currents. The
electron Hall parameter can also be written as

βe =
jθ
jz

=
IH/Azr

Ie/Arθ
, (10)

where IH and Ie denote the Hall current and the elec-
tron current, respectively. The areas represent the cross
sections through which the respective currents flow. The
axial current density passes through the thruster cross
sectional area Arθ, while the azimuthal current density
is associated with the area Azr.

The effective length associated with Azr is not uniquely
defined, because the azimuthal current does not flow
through a geometrically fixed cross section. In the
present analysis, Azr is approximated using La and the
effective channel width w.

In the next step, the electron current is determined.
It is approximated as the difference between discharge
current Id and ion beam current Ib,

Ie = Id − Ib. (11)

Ib corresponds to the portion of the discharge current
transported by ions that are accelerated through the
channel and contribute directly to thrust generation. It
is measured experimentally using an ion collector plate7.
Using the assumptions introduced above, the elec-

tron Hall parameter can be expressed as a function of
the thrust, magnetic flux density, discharge current, ion
beam current, and acceleration length:

βe =
IH
Ie

Arθ

Azr

=
T

B (Id − Ib)

π(r2out − r2in)

Lawlθ
. (12)

This relation establishes a link between electron cur-
rent and thrust. In contrast to the electrostatic approach,
where thrust is obtained from the ion acceleration, the
Hall-MHD formulation relates both quantities through
the electromagnetic body force acting on the plasma. As
a result, the thrust can be expressed in terms of discharge
quantities such as Ie, without isolating individual ion ac-
celeration processes.

By rearranging Eq. 12, La can be determined from
the experimentally obtained Ib, B, and Id. Equation
13 therefore provides a direct means of estimating the
acceleration length from measurable discharge quantities
and should be regarded as an estimation equation rather
than a theoretical scaling law.

La =
T

B (Id − Ib)βe

π(r2out − r2in)

wlθ
. (13)

The present Hall-MHD framework does not explicitly
resolve ionization processes. Instead, ionization effects
are implicitly contained in the experimentally measured
quantities, but are not modeled as a separate physical
process.

C. Electron Diffusion in the Acceleration Region

In a Hall thruster, cross field electron transport plays a
central role in determining efficiency and overall perfor-
mance. Under ideal conditions, electrons are magnetized
and follow classical diffusion behavior driven by collisions
with neutrals or ions. However, experimental observa-
tions show that electron transport exceeds classical pre-
dictions. This deviation is referred to as anomalous dif-
fusion and is commonly attributed to plasma turbulence,
fluctuations, or instabilities, particularly in regions with
strong electric and magnetic field gradients36. In the fol-
lowing, an anomalous diffusion regime is assumed.
In classical diffusion, the total electron collision fre-

quency is given by the sum of the electron-ion and
electron-neutral collision frequencies:

νe = νei + νen = ni⟨σeivei⟩+ nn⟨σenven⟩, (14)

where ni and nn denote the ion and neutral densities,
respectively, and ⟨·⟩ represents averaging over the elec-
tron velocity distribution function. The cross sections
are obtained from LXCAT37 and averaged over the ve-
locity distribution using Bolsig+38.
In the anomalous diffusion regime, the effective elec-

tron collision frequency includes an additional anomalous
term νa, which represents an effective scattering rate ac-
counting for turbulence. The total electron collision fre-
quency is therefore written as:

νe = νei + νen + νa, (15)

where νa = αωc = αeB/me and α is an empirical co-
efficient describing the strength of anomalous transport.
Bohm diffusion represents an empirical upper bound for
cross field electron transport in magnetized plasmas and
is commonly used as a reference model for anomalous
transport in Hall thrusters.
The electron Hall parameter, introduced in Eq. 7, char-

acterizes the degree of electron magnetization and di-
rectly influences cross field transport. It can also be ex-
pressed as

βe =
ωce

νe
=

eB

meνe
, (16)

where ωce is the electron cyclotron frequency. Under
classical diffusion conditions, βe typically reaches values
of several hundred, whereas experimental observations
often indicate smaller values. The experimentally de-
termined electron Hall parameters obtained using Eq. 7
therefore corresponds to smaller values associated with
anomalous diffusion.
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A common modeling assumption35 is Bohm diffusion
with α = 1/16, which yields νe = eB/(16me) and re-
sults in βe = 16. Reported values may vary depend-
ing on thruster configuration and operating conditions.
For xenon operation, PIC simulations are available39,40.
These studies indicate that for the UT58 thruster41–43,
operating with xenon, the effective electron mobility in
the acceleration region is well approximated by a Bohm
mobility corresponding to βe = 32. Both the UT58 and
the RAIJIN-66 are high-power TAL-type Hall thrusters
with comparable outer channel diameters and xenon
mass flow rates. Therefore, this value is adopted as a
representative approximation for xenon operation in the
present 0D scaling model. In particular, because magnet-
ically shielded SPT-type Hall thrusters primarily accel-
erate the plasma outside the thruster, the same physical
interpretation is expected to be applicable to such con-
figurations. Therefore, this value is adopted here as a
representative approximation for xenon operation in the
present 0D scaling model. Therefore, in the following
analysis βe = 16 is adopted for argon, while βe = 32 is
used for xenon.

D. Model Limitations

The proposed model is a zero-dimensional scaling
model intended to identify global trends rather than to
predict the detailed plasma structure within the dis-
charge channel. Consequently, the acceleration lengths
obtained from the present analysis should be interpreted
as representative scaling parameters that capture the rel-
ative influence of magnetic flux density, discharge volt-
age, and mass flow rate, rather than as the actual physi-
cal acceleration lengths.

The model further assumes that the magnetic flux den-
sity is represented by its peak value and that plasma
properties varying along the axial direction are replaced
by representative values. Likewise, the anomalous elec-
tron transport is represented by a fixed Hall parameter.
In reality, the effective electron mobility depends on the
local magnetic flux density, plasma properties, thruster
geometry, and operating conditions, resulting in an axial
variation of the Hall parameter and anomalous transport
coefficient. Accordingly, the analytical derivation pre-
sented here is valid only while these assumptions remain
satisfied; otherwise, the derived scaling relations are not
expected to remain applicable without accounting for the
additional physical effects.

Although the present validation is performed using a
TAL-type Hall thruster, the proposed scaling method-
ology is derived from the fundamental E × B accelera-
tion mechanism rather than from geometry-specific fea-
tures. In particular, magnetically shielded SPT-type Hall
thrusters are physically similar to TAL thrusters because,
in both cases, the plasma is primarily accelerated outside
the discharge channel. Therefore, the underlying physi-
cal interpretation is expected to be qualitatively applica-

ble to magnetically shielded SPT-type Hall thrusters as
well. Nevertheless, quantitative differences arising from
wall interactions and magnetic field distributions may af-
fect the exact scaling coefficients.

III. DESIGN AND OPERATIONAL PARAMETERS OF
THE TAL THRUSTER RAIJIN66

This section presents the thruster configurations, the
experimental operating conditions, and the measured
performance results of RAIJIN66.

A. RAIJIN66 Anode Configurations

The thruster analyzed in this study is RAIJIN66,
which was scaled down from RAIJIN94 by Hamada29,30.
In its original configuration, the copper anode consists
of an indented and protruding profile toward the channel
exit7.
The original design was intended for axial propellant

injection. It was subsequently modified by Satpathy
et al.10 to introduce directional propellant injection, re-
ferred to in this work as swirl flow.
In addition, a straight anode configuration without the

original geometry was developed to enable comparison
with the proposed sawtooth anode design, which incor-
porates a reduced anode exit area44.
The three anode configurations considered in this

study are shown in Fig. 2 (a) to (c).

B. RAIJIN66 magnetic field design

B is a key parameter in the Hall-MHD analysis and is
therefore discussed in detail. The magnetic field config-
uration of RAIJIN66 is shown in Fig. 2 (d). The peak
magnetic flux density, which corresponds to z = 0, is lo-
cated at the channel exit, while the anode tip shown in
Fig. 2 is located at z = −2.1mm. The configurations con-
sidered here correspond to the RAIJIN66 version without
a trim yoke and thus without magnetic shielding7.
In the global model, the maximum magnetic flux den-

sity near the thruster exit is used. The corresponding
peak magnetic flux densities are 30mT (dotted green),
45mT (dashed orange), and 60mT (solid blue). The
magnetic flux density distribution was computed using
FEMM, and the peak value at the channel exit was vali-
dated experimentally with a magnetic field probe (Model
MG-801, Kanetec Co., Ltd.).

C. Experimental Setup

All experiments were conducted at the University of
Tokyo. A detailed description of the experimental setup
is provided by Satpathy10,44–47.



7

FIG. 2: (a) to (c): RAIJIN66 anode configurations: the
original anode with axial flow (a), the original anode
with swirl flow (b), and the straight anode with swirl

flow (c). (d) Axial magnetic flux density distribution for
different coil currents.

The experimental data used in this analysis were ob-
tained over a wide range of anode temperatures46. In
the present analysis, the data are averaged over the du-
ration of each experiment to obtain representative oper-
ating values, thereby reducing the influence of startup
transients and differences in experiment duration. As
the objective of the present study is to investigate over-
all trends rather than exact quantitative values, this av-
eraging procedure is not expected to affect the qualita-
tive conclusions of this work. The analyzed datasets cor-
respond to anode temperatures between approximately
350K and 400K. Assuming that the neutral gas tem-
perature follows the anode temperature while all other
plasma parameters remain unchanged, this temperature
variation is estimated to introduce a variation of approx-
imately 5.3% in the ion beam current. Accordingly, the
data, even under similar operating conditions, are influ-
enced by temperature induced effects, and the discussion
therefore focuses on overall trends rather than absolute
values.

The acceleration length is estimated based on exper-
imental thrust data. Thrust measurements were per-
formed using a double pendulum thrust stand10, and ion
beam measurements were obtained using an ion collector

plate7. The acceleration length is estimated using the ref-
erence thrust measurement together with the ion beam
current measurements. The reference thrust was mea-
sured using a double-pendulum thrust stand10, while the
ion beam current was measured using an ion collector
plate7. In this analysis, ion beam current measurements
are used to estimate ηu as

ηu =
Ibmi

eṁA
. (17)

Measured thrust data were available only at selected
operating points. To extend the dataset, thrust was es-
timated using a scaling relation consistent with electro-
static acceleration35, expressed as a function of Ib and
discharge voltage Ud:

T

T0
=

Ib
Ib,0

√
Ud

Ud,0
. (18)

Here, the subscript 0 denotes the reference operating
point (Ud = 150V, Id = 5A, B = 30mT, correspond-
ing to approximately 750W), for which the thrust was
measured using the dual-pendulum thrust stand. The
remaining thrust values were estimated using Eq. (18),
which is intended to capture the overall trend across the
investigated operating conditions rather than provide ex-
act quantitative predictions. Comparison with the avail-
able direct thrust measurements indicates that the scal-
ing slightly underestimates the thrust at higher discharge
powers while preserving the overall trend.
The complete dataset shown in Fig. 3 comprises 86

experiments conducted with RAIJIN66, including 79 ex-
periments with argon as the propellant and 7 with xenon.
The xenon data serve as a validation reference and were
obtained with the straight anode configuration (Configu-
ration C) under a single magnetic flux density setting for
comparison with the argon data. In addition, the 300V
operating condition was investigated at a single magnetic
flux density setting. The experimental operating condi-
tions considered in this study are summarized in Table I.

TABLE I: Summary of the operating conditions
investigated in the present study. Some of the
experimental data included in this study were

previously reported by Satpathy et al.10,44–47, which
also provide details of the corresponding experimental

procedures.

Parameter Values

Discharge voltage Ud 150V, 200V, 250V, 300V†

Mass flow rate (argon) ṁA 2.0mg/s, 2.8mg/s
Mass flow rate (xenon) ṁA 2.7mg/s
Magnetic flux density B 30mT, 45mT, 60mT
† B = 30, 45mT for Ud = 150, 200V; B = 45mT for 300V only.
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FIG. 3: Thrust T as a function of discharge power PD

for the RAIJIN66 thruster under all investigated
operating conditions. Symbols denote the different
anode configurations, while line styles represent the

propellant mass flow rates. Dotted lines indicate fixed
anode efficiency ηa.

D. Performance of RAIJIN66

Figure 3 shows the thrust as a function of discharge
power PD, used to estimate La for all experiments con-
sidered in this study. The dashed lines indicate the anode
efficiency, where brown, yellow, and purple correspond to
2.7mg/s xenon, 2.0mg/s argon, and 2.8mg/s argon, re-
spectively. The solid lines represent fixed mass flow rates
and show that the thrust increases approximately linearly
with discharge power over the investigated range for a
given mass flow rate. Throughout this study, the error
bars indicate the spread of the experimental data within
each operating condition and are intended to illustrate
the variability of the dataset rather than the measure-
ment uncertainty.

For higher mass flow rates, and thus higher neutral
densities, slightly higher thrust values are observed at
comparable discharge power. For the higher argon mass
flow rate condition, labeled as 2.8mg/s, two slightly dif-
ferent experimental values were used: 2.7mg/s at 45mT
and 2.9mg/s at 30mT. These two operation conditions
are combined in the following analysis to enable compar-
ison across different magnetic flux densities.

The xenon data shows lower thrust values compared
to the nominal design performance of RAIJIN66. This is
because the xenon mass flow rate was chosen to match
the argon mass flow rate for comparison. The thruster
was originally designed to operate at 3.3mg/s. However,
operation at this mass flow rate with argon was not pos-
sible within the available facility power limits.

FIG. 4: Acceleration length La as a function of specific
power PD/ṁA. Colors distinguish the magnetic flux
densities, while line styles and symbols indicate the
corresponding linear fits for the different mass flow

rates.

Figure 3 further shows that, despite the use of three
different anode configurations, the overall thrust trends
remain comparable across all cases when evaluated at
similar discharge power. This indicates similar behavior
among the investigated configurations and justifies their
combined analysis.

IV. RESULTS

A. Acceleration Region Length Estimated from
Electrostatic and Electromagnetic Acceleration Equivalency

Using the equations introduced in Section II, La is es-
timated from Eq. 13 by assuming that the thrust derived
from the magnetohydrodynamic J×B force is equivalent
to the electrostatic thrust given in Eq. 18.
Figure 4 presents the resulting acceleration lengths.

The linear fits are constrained to pass through the ori-
gin to emphasize the proportionality between accelera-
tion length and specific power. This constraint is mo-
tivated by the expected scaling behavior, although the
low specific power regime is not experimentally accessi-
ble in the present study. The constrained fit is therefore
intended only to illustrate the proportional relationship
over the investigated operating range and is not intended
as an extrapolation toward zero specific power. At suf-
ficiently low specific power, the assumptions of the an-
alytical model may no longer be valid, and additional
physical mechanisms may become important.
Figure 4 shows that the estimated acceleration length
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FIG. 5: Acceleration length La as a function of
magnetic flux density B. Colors distinguish the
discharge voltages, while symbols and line styles

distinguish the mass flow rates. Error bars represent the
spread of the experimental data.

increases approximately linearly with the specific dis-
charge power for all investigated operating conditions.
Differences between the datasets are primarily associated
with magnetic flux density and propellant type.

At low specific power(approximately 150–300 Ws/mg
in Fig. 4), the data correspond to reduced discharge volt-
age conditions (150V) and show a systematic deviation
from the linear fit constrained through the origin. The
underlying cause of this deviation is discussed in detail
in Section VC.

It can also be observed that a higher B leads to a
shorter La under fixed mass flow rate conditions, consis-
tent with the expected scaling and is discussed in more
detail in the following subsection.

B. Dependency of the Acceleration Length on Magnetic
Flux Density

To further investigate the influence of magnetic con-
finement, the estimated acceleration length is plotted as
a function of magnetic flux density.

Figure 5 shows that the acceleration length decreases
with increasing magnetic flux density for all investigated
operating conditions. In addition, higher discharge volt-
ages and mass flow rates are generally associated with
larger acceleration lengths at a given magnetic flux den-
sity. Despite these differences, all datasets exhibit a sim-
ilar overall dependence on magnetic flux density.

To quantify this dependence, the experimental data
were fitted using a power-law relationship. The resulting

average slope is approximately −0.5, corresponding to

La ∝
√

1

B
. (19)

C. Performance Improvement with Increasing
Acceleration Length

The electric field scales with Ud and La (Eq. 20), so in-
creasing La at fixed Ud reduces the electric field strength.
Within the Hall-MHD framework, this primarily affects
electron transport and the overall plasma dynamics.

In addition to this effect, changes in the electric field
may also influence ionization processes, which are not
explicitly captured by the present model. In particular,
a reduced electric field may lead to a decrease in ion-
ization efficiency, potentially increasing losses48. These
ionization-related effects are therefore considered as an
additional mechanism superposed on the MHD behav-
ior, especially at higher discharge voltages.

It has been shown in simulations49 that shifting the
magnetic flux density maximum outside the channel is
associated with a shallower potential drop and therefore
a larger La. The performance initially improves, but be-
yond a ratio Bexit/Bmax = 0.9, where Bexit denotes the
magnetic flux density at the channel exit, a strong de-
crease in efficiency is observed due to the reduced electric
field strength.

However, most of these studies focus on xenon as the
propellant. Due to the high propellant utilization effi-
ciency typically achieved with xenon, an extended plasma
region is often unnecessary and may increase collision re-
lated losses. In contrast, for alternative propellants with
lower ionization efficiency, the extension of the accelera-
tion region can be beneficial50.

For RAIJIN66, where neither xenon nor argon reach
propellant utilization efficiencies close to unity under the
investigated conditions, an increase in La may improve
thruster performance. The dependence of Isp and ηa on
La is therefore evaluated.

Figure 6(a) shows the dependence of Isp on La. A
nonlinear trend is observed, with Isp increasing over the
investigated range and approaching saturation as La in-
creases. A similar trend is observed for ηa, as shown in
Figure 6(b).

The data indicate that, at fixed mass flow rate, an
increase in La is associated with improved thruster per-
formance within the investigated range. The nonlinear
behavior suggests that thrust and efficiency approach a
plateau as La increases, indicating that beyond a cer-
tain point further increases in La do not yield additional
performance gains.
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(a) Specific impulse Isp

(b) Anode efficiency ηa

FIG. 6: Specific impulse Isp and anode efficiency ηa as
functions of acceleration length La. Colors distinguish

the magnetic flux densities, while line styles and
symbols indicate the corresponding linear fits for the

different mass flow rates.

D. Dependency of Performance on Magnetic Flux Density
at Fixed Mass Flow Rate

The previous analysis showed that an increase in La

can improve thruster performance. According to Eq. 19,
a decrease in B corresponds to an increase in La. The fol-
lowing subsection examines whether this implied benefit
of reduced B is observed in the experimental data.

Figure 7(a) shows the expected increase of Isp with de-

(a) Specific impulse Isp

(b) Anode efficiency ηa

FIG. 7: Specific impulse Isp and anode efficiency ηa as
functions of magnetic flux density B. Colors distinguish
the discharge voltages, while symbols and line styles

distinguish the mass flow rates. Error bars represent the
spread of the experimental data.

creasing B at fixed discharge voltage of 150V for both
investigated mass flow rate conditions. However, at
increased discharge voltages, this dependence becomes
weak and remains approximately unchanged within the
experimental uncertainty. This weak dependence on B at
increased discharge voltages may be related to increased
ionization efficiency at elevated electron temperatures.
Figure 7(b) shows the corresponding ηa. A similar

trend is observed, with improved performance at low dis-
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charge voltages for decreasing magnetic flux densities,
while at higher voltages the trend reverses and higher
magnetic flux densities become favorable.

At 150V, the optimal magnetic flux density for max-
imizing ηa appears to lie below the lowest tested B of
30mT. At 200V, the optimum is expected between
45mT and 60mT based on Fig. 7. At 250V, the optimal
magnetic flux density appears to lie above the investi-
gated range.

These observations demonstrate that the optimal mag-
netic flux density shifts systematically toward higher val-
ues with increasing discharge voltage, indicating that the
magnetic field scaling changes with the operating voltage.

V. DISCUSSION

The presented results indicate that an Hall-MHD-
based interpretation of thrust provides additional insight
into the coupling between magnetic confinement, acceler-
ation length, and discharge power. In particular, the ob-
served trends suggest a strong interaction between mag-
netic flux density and acceleration length that influences
thruster performance. The following discussion examines
the underlying physical mechanisms and their implica-
tions for high-density Hall thruster operation.

A. Influence of Anomalous Diffusion on Acceleration
Length and Plasma Resistance

The experimental results presented in Section IVB in-
dicate an approximate dependence of La ∝ 1/

√
B. This

differs from the La ∝ 1/B dependence commonly as-
sumed in previous studies12,21,48. The following discus-
sion examines whether anomalous electron diffusion pro-
vides a physical explanation for this difference.

A classical estimate of the acceleration length is given
by

E =
Ud

La
. (20)

This expression shows that, in addition to the depen-
dence on B, Ud must also be considered when analyzing
La.
According to Erofeev and Zharinov51 and Kim12, the

acceleration length length may be approximated by

La ≈
√

meUd

eB2

νe
νi
, (21)

where νi is the ionization frequency. This relation was
later supported experimentally by Khayms21 and Chhavi
et al.48.

The experimentally observed 1/
√
B dependence sug-

gests that the assumption of classical electron transport
may not be sufficient to describe the present operating

FIG. 8: Acceleration length La represented
geometrically within the magnetic flux density
distribution of the thruster for 1200W at fixed

ṁA = 2.0mg/s. Shaded areas indicate
∫
B dz, with the

values shown corresponding to the respective integrals.

conditions. Therefore, an alternative description based
on anomalous electron diffusion is considered.
Instead of adopting classical diffusion as Kim12, the

present analysis considers anomalous diffusion with an
effective electron collision frequency proportional to B as
presented in section IIC. Combining these relations with
the previously introduced dependence of the electric field
on La leads to the following scaling for the acceleration
length:

La ≈
√

αUd

νiB
. (22)

This scaling is consistent with the observed data and
indicates that anomalous diffusion provides a plausible
explanation for the deviation from the classical 1/B de-
pendence reported in the literature. Because this scaling
is derived under the assumption that anomalous electron
diffusion dominates the electron mobility, its applicabil-
ity is linked to the validity of this transport mechanism
under the investigated operating conditions.
To further interpret the observed dependence on mag-

netic flux density, the spatial distribution of the accelera-
tion length relative to B is considered. Figure 8 shows the
axial magnetic flux density distribution together with the
geometrical representation of La for different magnetic
flux densities. For fixed mass flow rate and discharge
power conditions, a decrease in magnetic flux density
leads to an extension of the acceleration length.
According to anomalous diffusion theory, the plasma

resistance RPlasma depends on the magnetic flux density
and the acceleration length:

RPlasma = η
La

Arθ

=
B

eneα

La

Arθ
∝ BLa

αne
.

(23)
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This expression assumes a spatially uniform magnetic
flux density. However, as shown in Fig. 8, the magnetic
flux density varies along the axial direction. A more ap-
propriate formulation with respect to the magnetic-field
distribution is therefore obtained by integrating the local
resistivity over the acceleration region:

RPlasma ∝
∫ La

0
B dz

αne
. (24)

In the present zero-dimensional model, however, the
electron density is represented by a characteristic value
over the acceleration region rather than by its local axial
distribution. Consequently, Eq. (24) represents a sim-
plified expression for the effective plasma resistance. A
more rigorous evaluation would require the local electron-
density profile and evaluation of

∫
B(z)/ne(z), dz. Nev-

ertheless, the present formulation remains suitable for
examining the relative influence of the magnetic-field dis-
tribution.

Therefore, the integral
∫ La

0
B dz is shown in Fig. 8, rep-

resenting the magnetic flux density integrated over the
acceleration region. It can be observed that this inte-
gral increases with increasing magnetic flux density and
therefore also increases the effective plasma resistance
predicted by Eq. (24).

To examine whether this relationship is reflected ex-
perimentally, the plasma resistance is shown in Fig. 9.
An overall increase in plasma resistance with increasing
magnetic flux density can be observed across all operat-
ing conditions.

FIG. 9: Plasma resistance RPlasma as a function of
magnetic flux density B. Colors distinguish the
discharge voltages, while symbols and line styles

distinguish the mass flow rates. Error bars represent the
spread of the experimental data.

This trend is consistent with the increase of
∫ La

0
B dz

shown in Fig. 8, suggesting that, within the present sim-
plified model, higher magnetic flux densities are associ-
ated with increased effective plasma resistance and con-
sequently higher resistive losses.
These results indicate that anomalous diffusion affects

not only the scaling of the acceleration length but also the
resistive properties of the plasma. Reduced magnetic flux
densities therefore result in an extended acceleration re-
gion and reduced plasma resistance, which can contribute
to improved thruster performance for certain operating
regimes.

B. Influence of the Acceleration length and Magnetic
Flux Density onto Thruster Performance

Section IVC showed that, for a fixed mass flow rate,
both Isp and ηA increase with increasing acceleration
length. This contrasts with common assumptions in the
literature, where an extended acceleration length is asso-
ciated with a reduced electric field strength and reduced
electron confinement, leading to enhanced axial electron
transport and modified collision dynamics within the
channel. In addition, a reduced magnetic flux density
is typically associated with a reduced plasma potential
due to the increased acceleration length.
Experimental results by Chhavi et al.48 support this

view, showing that under fixed discharge power condi-
tions a decrease in magnetic flux density leads to reduced
thrust and ion beam current. In that study, the magnetic
flux density distribution was modified while maintaining
fixed discharge power through adjustments of the propel-
lant mass flow rate.
In contrast, the present analysis does not impose fixed

discharge power. Instead, the discharge current adjusts
to the imposed mass flow rate and magnetic flux den-
sity, resulting in variations in discharge power even at
fixed discharge voltage. Consequently, a reduction in B
is not necessarily accompanied by a decrease in available
discharge power, which explains the deviation from the
trends reported by Chhavi et al.48. With variable dis-
charge current and discharge power, a decrease in B does
not necessarily lead to reduced thruster performance.
The observed discrepancy indicates that a more de-

tailed constraint on the magnetic flux density and accel-
eration length is required. In the literature, the permis-
sible range of the acceleration length is often constrained
by the electron and ion Larmor radii:

meve
eB

≪ La ≪ mivi
eB

. (25)

These criteria are typically satisfied over a wide range of
magnetic flux densities. More restrictive guidelines were
proposed by Ding et al.8, who observed different scaling
behavior depending on the discharge voltage. At lower
voltages, the relation B ∝

√
Ud was found, whereas at

increased voltages above 450V the dependence changed
to B ∝ Ud, which was attributed to the saturation of
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the electron temperature Te. Variations in electron tem-
perature due to changes in plasma density, as reported
by Fossum52, are neglected both in that study and in
the present analysis, as density variations during Hall
thruster operation are assumed to be small. In addition,
the optimal operating conditions identified in their study
correspond to nearly steady discharge current.

A similar trend was reported by Shirasu et al.53, who
observed no increase in propellant utilization efficiency
above 250V when using water vapor, which was at-
tributed to electron temperature saturation. These find-
ings suggest that the propellant species may influence the
voltage at which this transition occurs.

In contrast to these observations, the present experi-
mental results in Section IVD show that, at a discharge
voltage of Ud = 150V, higher anode efficiency occurs
at reduced magnetic flux density and is associated with
higher discharge current. This trend suggests that the
governing processes at Ud = 150V differ from those ob-
served under higher voltage conditions. This difference
can be attributed to the lower ion velocity at reduced
discharge voltage, because the ion acceleration is directly
governed by the discharge potential. The reduced ion ve-
locity increases the ion residence time within the acceler-
ation region, making collisional interactions more impor-
tant and reducing the validity of a purely electrostatic de-
scription. Consequently, these conditions are more con-
sistent with a fluid-based Hall-MHD interpretation.

Based on these observations, a transition for the RAI-
JIN66 thruster between low-voltage (150V) and high-
voltage (250–300V) operation is suggested. It is expected
that the latter is influenced by the increased ionization
efficiency at higher electron temperatures.

Hall thrusters are often operated at discharge voltages
above 300V, as increased voltages result in larger ion
velocities and therefore higher Isp. At these voltages,
reduced discharge current is typically associated with
higher anode efficiency. In contrast, the present study
shows that, at a discharge voltage of Ud = 150V, higher
Isp and ηa can be achieved at reduced magnetic flux den-
sities and high discharge current.

Future high-density thrusters are expected to exhibit
increased collisional interactions, which modify ion trans-
port and increase residence time within the channel. The
increased collision frequency reduces the validity of treat-
ing ions as collisionless particles that are directly accel-
erated by the electrostatic potential. Instead, collective
plasma behavior becomes increasingly important, mak-
ing a fluid-based Hall-MHD description more appropri-
ate.

In this regime, the low discharge voltage conditions
considered in the present analysis appear to be more
representative and are therefore relevant for future high
density thruster designs. In contrast, high voltage op-
eration is dominated by electrostatic acceleration with
higher acceleration efficiency and lies outside the Hall-
MHD framework considered here, and is therefore less
representative for such designs.

Additional design approaches, such as swirl flow10 and
sawtooth anode geometries11, have demonstrated im-
proved efficiency at lower discharge voltages. Combin-
ing these approaches with reduced magnetic flux density
may provide further performance improvements and in-
form future Hall thruster design.

C. Recommendation for High Density Hall Thruster
Design

The Hall-MHD analysis presented in this study pro-
vides insight into the relationship between acceleration
length, magnetic flux density, and mass flow rate. Based
on these results, recommendations for the maximum
magnetic flux density design of future high density Hall
thrusters are derived.
In the previous section, it was shown that the optimal

magnetic flux density for the RAIJIN66 thruster depends
strongly on the discharge voltage. A voltage-dependent
transition in the magnetic field scaling has also been re-
ported by Ding et al.8, although at a higher discharge
voltage. This suggests that the transition between the
low- and high-voltage operating regimes depends on the
thruster geometry and operating conditions, including
the plasma density, rather than occurring at a universal
discharge voltage. Consequently, no universal voltage-
dependent scaling criterion is proposed in the present
work. Instead, the following recommendations for future
high-density Hall thrusters are discussed separately for
low- and high-discharge-voltage operating regimes. The
transition voltage between these regimes is expected to
depend on the thruster geometry and operating condi-
tions and therefore needs to be determined individually
for each thruster.
At low discharge voltage (150V for RAIJIN66), the op-

timal magnetic flux density appears to lie below the low-
est tested value of 30mT, based on an extrapolation of
the experimental data (Fig. 7). However, such low mag-
netic flux densities lead to increased discharge currents.
Under these operating conditions, the primary limita-
tion arises from the associated increase in power demand
and thermal load, which are constrained by the available
power generation and thermal management capabilities
of the spacecraft. The magnetic flux density must there-
fore also be considered as a parameter for power and
thermal management in practical thruster design. This
regime is referred to as an MHD-like regime, as the re-
duced ion velocity requires a magnetohydrodynamic in-
terpretation of the plasma behavior.
At increased discharge voltages (250–300V for RAI-

JIN66), the available data suggest that the optimal mag-
netic flux density lies above 60mT, which is not accessi-
ble with the present thruster design. This trend is con-
sistent with observations reported in the literature and is
referred to here as the electrostatic regime. Although a
precise recommendation cannot be given for these volt-
ages, the results indicate that the optimal magnetic flux
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density increases with discharge voltage.
Between these regimes, an intermediate transition

regime is observed at 200V for RAIJIN66, where the op-
timal magnetic flux density stagnates at approximately
45–60mT. This condition is the only case where an in-
crease in the estimated electron density (Eq. 2) leads to a
reduction in anode efficiency, indicating a change in the
dominant performance mechanisms.

At low discharge voltages, reduced magnetic flux den-
sity results in higher estimated electron density together
with improved propellant utilization efficiency and anode
efficiency. At increased discharge voltages, improved cur-
rent utilization due to higher ionization rates leads to a
larger ion beam current and therefore improved perfor-
mance, where increased ηu is associated with increased
electron density. This indicates that, in the transition
regime represented by the 200V condition, increasing the
electron density does not lead to improved performance
and should therefore be avoided in high density thruster
operation.

Future high density thrusters are expected to operate
at increased electron densities, leading to enhanced ion–
neutral collisions. These collisions increase ion residence
time, resulting in operating conditions where an MHD-
like interpretation becomes more appropriate, similar to
the low voltage regime identified in this study. It re-
mains unclear whether the transition regime shifts with
increasing electron density. However, it is expected that
the corresponding transition voltage increases, as reduced
ion velocities may extend the range over which MHD-like
behavior is observed.

For the design of high density thrusters, scaling rela-
tions that deviate from classical approaches may there-
fore be required. In particular, reduced magnetic flux
densities may be advantageous under high density con-
ditions. Consequently, the magnetic circuit should be
designed to provide a wide adjustable range of magnetic
flux densities in order to accommodate different operat-
ing regimes and to manage thermal loads.

VI. CONCLUSION

This study investigates the use of argon as an alter-
native propellant to xenon for Hall thrusters. A zero
dimensional Hall-MHD framework was developed based
on the equivalence between electrostatic and electromag-
netic thrust.

Using experimental data from the RAIJIN66 TAL Hall
thruster, the model reveals that the acceleration length
follows an approximate La ∝ 1/

√
B scaling. This behav-

ior differs from the classical 1/B dependence commonly
reported in the literature and is consistent with anoma-
lous diffusion theory.

Furthermore, the results indicate that an increase in
La at fixed mass flow rate can improve thrust and anode
efficiency. As La depends on B, it is generally expected
that a reduced B can increase performance. This influ-

ence of magnetic flux density on performance depends
on the discharge voltage, with improved performance ob-
served at 150V, whereas no improvement is observed at
> 250V due to higher ionization rates.
Operation around 150V defines a regime in which a

Hall-MHD interpretation becomes useful, as reduced ion
velocities increase ion residence time and collisional in-
teractions. The physical mechanisms in this regime dif-
fer from those typically reported in Hall thruster litera-
ture and are expected to become increasingly relevant for
high-density thrusters, where enhanced plasma density
increases ion–neutral collisions, modifies ion transport,
and increases residence time within the channel.
Based on these observations, recommendations for

magnetic flux density design as a function of discharge
voltage are derived. In the low-voltage regime, a reduc-
tion in magnetic flux density improves performance, with
the main limitation being the increased thermal load on
the thruster.
An intermediate voltage regime is identified in which

increasing the electron density ne does not lead to im-
proved efficiency, whereas a high-voltage regime shows
typical electrostatic behavior with increasing efficiency
for increased ne. For high-density thrusters, this regime
is expected to shift to higher voltages than those tested
in this study.
These findings indicate that the optimal magnetic flux

density does not correspond to the lowest discharge cur-
rent condition. Instead, reduced magnetic flux density
combined with a larger effective acceleration length may
improve overall thruster performance under high-density
operation conditions.
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