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In this paper, applied-field magnetoplasmadynamic thrusters were operated with a discharge current lower than

20A and an argon propellant flow rate under 4.0 mg∕s by using a thermionic electron emission-type hollow cathode.

Both axisymmetric and rectangular channel configurationswere examined.The characteristic value of the ratio of the

applied-field electromagnetic thrust to the self-field electromagnetic thrust, which was a maximum of approximately

50 in previous research, increased tomore than 800 in this study,whereas the specific powerwas in approximately the

same range as in previous studies. The trends of thrust anddischarge voltagewere explainedby referring to the “swirl

acceleration” model. Such operation could be useful for near-future high-power electric propulsion applications.

Nomenclature

a0 = ion acoustic speed, m∕s
B = magnetic field vector, T
B = magnetic field strength, T
c = coefficient
E = electric field vector, V∕m
F = thrust, N
FA = representative value of applied-field thrust, N
FEXP = experimentally measured thrust, N
FS = representative value of self-field thrust, N
FRR = thrust by rigid rotator model, N
Ftare = tare force, N
FTKV = thrust by Tikhonov’s model, N
g = gravitational acceleration, m∕s2
H = interelectrode distance in type B thrusters, m
Isp = specific impulse, s
j = discharge current density, A∕m2

Jd = discharge current, A
Jk = keeper current, A
k = Boltzmann constant, m2 · kg∕s2 · K
Mi = ion mass, kg
_m = total propellant mass flow rate, kg∕s
_m1 = propellant mass flow rate through hollow cathode,

kg∕s
_m2 = propellant mass flow rate outside of cathode, kg∕s
P = discharge power, W
R = representative interelectrode length, m
Ra = anode inner radius, m
Rc = keeper orifice radius, m
r, θ, z = cylindrical coordinates
Te = electron temperature, K
u = exhaust velocity vector, m∕s
u = exhaust velocity, m∕s

uA = characteristic exhaust velocity due to applied magnetic
field, m∕s

uEXP = experimentally evaluated exhaust velocity, m∕s
us = characteristic exhaust velocity due to self-induced

field, m∕s
Vd = discharge voltage, V
Vk = keeper voltage, V
V0,
V 0
0

= offset voltage, V

zc = axial position of cathode tip, m
α = characteristic parameter of applied-field thrust
η = thrust efficiency, %
μ0 = permittivity in vacuum, A2 · s4∕kg · m3

σ = electrical conductivity, 1∕Ω · m

Subscripts

– = representative value
EXP = experimentally fit value
RR = rigid rotator model
TKV = Tikhonov’s model

I. Introduction

M AGNETOPLASMADYNAMIC (MPD) thrusters generate
thrust through propellant acceleration by the Lorentz force,

which is generated by the interaction between a discharge current and
a magnetic field. Similar to Hall thrusters, MPD thrusters accelerate
quasi-neutral plasmas and are able to achieve a high thrust density. In
a Hall thruster, the acceleration voltage and propellant flow rate
primarily determine the thrust performance [1]. In practice, the
propellant flow rate for efficient electrostatic acceleration, and hence
the thrust density, are limited. In contrast, in an MPD thruster, the
thrust is determined primarily by the discharge current and magnetic
field strength, thereby having a potential of even higher thrust density
[2]. The combination of a high-power supply with a compact thruster
capable of high thrust-to-power ratio is an attractive option as a
primary propulsion system for deep-space missions [3].
Two different types of MPD thrusters exist with respect to the

magnetic field: the “self-field” type, in which the discharge current
itself induces the magnetic field, and the “applied-field” type, in
which a separate magnetic circuit applies the field. The self-field type
does not require a separate magnetic circuit and allows a simple
construction. However, obtaining sufficiently high electromagnetic
thrust requires kiloampere-class discharge current [4]. This high-
current operation leads to practical problems such as electrode
erosion and requires discharge power in the range of 100–101 MW
[5], which is unfeasible in current state-of-the-art space-rated
systems. Because of these issues, self-field MPD thrusters are not
included in space propulsion development plans for the next 10 years
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[6]. In contrast, the applied-field type requires a lower discharge
current than the self-field type, which negates the electrode erosion
concern. Because of this advantage, applied-field typeMPD thrusters
are included in the near-future space development roadmap [7] and
are considered to be suitable for high-power electric propulsion. This
paper discusses applied-field magnetoplasmadynamic (AF-MPD)
thrusters.
Several studies have been conducted to investigate the thruster

performance and understand the acceleration mechanisms of
axisymmetric-type AF-MPD thrusters. This type of thruster consists
of a central, cylindrical cathode and a concentric, axisymmetric
anode, and it undergoes steady-state or quasi-steady operation with a
large pulsed-discharge current [8–15]. Myers et al. [8] examined
steady-state operation characteristics at the 100 kW level for a wide
range of geometries and various different operating conditions. They
found that both thrust and thrust efficiency increased with increasing
input power. Tikhonov et al. [9] used lithium as propellant. Owing to
its low ionization energy, lithium reduces ionization losses; as a
result, a thrust efficiency of 50% has been achieved. However, in
conducting ground tests, lithium as a propellant requires an
evaporator and poison-proof equipment such as protective clothing or
respirators [10]. Besides these studies, several models have been
proposed to make a scaling low of AF-MPD thruster operation
characteristics. In addition, a semi-empirical thrust formula has been
proposed, defining the thrust as the summation of three elements:
applied-field thrust, self-field thrust, and gas-dynamic thrust. Fradkin
et al. [13] proposed the “rigid rotor model”, which treats the
generated plasma as a rigid rotating body with a constant angular
velocity. According to this model, the electromagnetic thrust is
proportional to the product of discharge current, magnetic field
strength, and anode radius.Mikellides et al. [14] considered the effect
of viscous friction force on the rigid rotor model. They found that the
heavy particles are heated directly by viscous forces, and the main
acceleration mechanism is the conversion of thermal energy to
axially directed kinetic energy.
Iwakawa et al. [15] developed a two-dimensional AF-MPD

thruster. A rectangular-shaped discharge channel generates a Lorentz
force, in principle, parallel to the exhaust velocity and leads to high
thrust efficiency. However, their thruster required at least 300 A of
discharge current to maintain discharge under quasi-steady operating
conditions. These operating conditions are not necessarily optimal
for reducing electrode erosion.
A possible method of reducing ionization energy losses is

increasing the discharge voltage and decreasing the relative ratio of
ionization energy to discharge voltage. This is exactly the same
concept as that used in Hall thrusters or ion engines. That is, anMPD
thruster operating at a dischargevoltage level of 100Vpotentially has
an increased the thrust efficiency. An important difference between
Hall thrusters and AF-MPD thrusters is that, in the case of Hall
thrusters, the discharge voltage is preset, whereas in the case of AF-
MPD thrusters, it is passively determined by other preset operation
parameters such as discharge current, applied magnetic field, and
propellant flow rate. The Lorentz force produced by the interaction
between the discharge current andmagnetic field is proportional to J2d
in a self-field thruster [16] and to Jd �B, where �B is a representative
value of the applied magnetic field, in an applied-field thruster [13].
Therefore, in principle, the ratio of the applied-field to self-field
thrusts is proportional to �B∕Jd; this means that, if the contribution of
an applied-field thrust dominates over a self-field thrust, low-current
and high-voltage operation is possible. Increasing the ratio of the
applied- to self-field thrusts is carried out by increasing �B while
decreasing Jd. In arc discharge, themajor charge carrier is thermionic
electrons. Previous studies used a rod cathode made of thoriated
tungsten.Using a conventional rod cathode, a discharge current of the
order of 102 to 104 A was necessary to increase the cathode surface
temperature forcibly to obtain thermionic electrons for maintaining
arc discharge [17]. Myers et al. [18] measured the cathode surface
temperature. With 12 mg∕s of nitrogen as propellant and 875 A of
discharge current, the surface temperature on the 2% thoriated
tungsten rod cathode reached more than 3000 K. This high-
temperature operation could cause severe cathode erosion and

shorten the thruster lifetime. In quasi-steady operation, the cathode
surface temperature is typically low (with an average temperature less
than 1000 K), and spotty arc attachment occurs [19]. This increases
the local surface temperature of the cathode, resulting in a much
higher erosion rate [20]. Such cold cathode conditions also occur
during the startup phase of steady-state operation, until the surface
temperature becomes sufficiently high for thermionic electron
emission.
In this study, a thermionic electron emission-type hollow cathode

was used in steady-state AF-MPD thrusters. Before starting the main
discharge, the hollow cathode ran with a small propellant flow rate of
about 0.2 mg∕s and a keeper current of 2.0 A. Steady-state thruster
operation was achieved at a discharge current level of up to 20 A,
which is 10 to 1000 times lower than that of previous studies, while
obtaining competitive thrust performance.

II. Experimental Setup

In this study, both axisymmetric and rectangular-type AF-MPD
thrusters were developed to evaluate their thrust performance. First,
the experimental data obtained for each type of thruster will be
presented, followed by an overall analysis of the thruster
performances.
Figure 1 shows a diagram of the axisymmetric-type AF-MPD

thruster. The thruster head comprises an axisymmetric anode, a
hollow cathode on the central axis, insulators, and a solenoid coil.
The anode is cylindrically shaped and made of copper, with the inner
diameter varying from 52 to 80 mm in a conical transition. The
hollow cathode (shown in Fig. 2) consists of a commercial emitter
made of tantalum [21] (LHC-03AE1-01, Kaufman&Robinson Inc.),
and its keeper electrode has a 2.0-mm-diam orifice. The solenoid
coil applies the external magnetic field. Magnetic field strength
distribution was measured using a Gauss meter (GM-4000,
Denshijiki Industry Co. Ltd.). On the thruster axis, the maximum
magnetic field strengthwasmeasured to be 265mTat the center of the
coil and 103 mTat the exit of the anode. One flow channel inside the
emitter and two outside flow channels at 11 mm off-axis (Fig. 2
shows only one of the two outside flow channels) inject propellant
into the discharge channel. The propellant mass flow rate through the
hollow cathode is designated by _m1 and that through two off-axis
supply channels by _m2. In this paper, z designates the axial position
originating at the anode exit. The position of the hollow cathode tip,

Fig. 1 Cross-sectional view and circuit diagram of axisymmetric
thruster, type A.

Fig. 2 Cross-sectional view of hollow cathode for type A thruster.
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zc, was set either at the anode exit (zc � 0 mm) or 105 mm upstream

from the anode exit (zc � −105 mm). The center of the solenoid coil

was set at z � −80 mm. The anode and solenoid coil were water-

cooled and could maintain steady operation at up to 6 kW.

Figure 3 shows a rectangular-type AF-MPD thruster (type B1).

The discharge channel has a rectangular shapewith awidth of 20mm

and a length of 60 mm in the flow direction. The height of the

discharge channel,H, was varied from 5 to 15mm. The upper surface

consists of an anodemade ofmolybdenum,whereas the lower surface

consists of a commercial hollow cathode (DLHC-1000, Kaufman &

Robinson Inc.). Because the commercial hollow cathode has a keeper

electrode with a large outer diameter (36 mm), the cathode center is

set at zc � −30 mm. Two neodymium magnets (with a height of

50 mm, thickness of 25 mm, and length of 50 mm in the flow

direction), which are connected by soft iron yokes, apply the

magnetic field. The magnetic field strength was measured to be

240 mT at the center of the discharge channel, z � zc � −30 mm,

gradually decreasing toward the exit of the discharge channel, and

160mTat z � 0 mm, the exit of the discharge channel. Although the

anode is segmented into five pieces [22], the experimental data

presented in this paper were obtained with them electrically

connected together to form a single electrode.

Figure 4 shows a second rectangular-type AF-MPD thruster (type

B2). For the cathode to be situated closer to the exit of the discharge

channel, type B2 has a hollow cathode with a small outer size. The

keeper electrode has a rectangular shapewith a width of 25mm and a

length of 15mm in the flow direction. This specially designed hollow

cathode consists of the same emitter material as that used in the

axisymmetric thruster shown in Figs. 1, 2 and a keeper electrodewith

a 3-mm-diam orifice. The rectangular-shaped discharge channel has

25mmwidth, and the discharge channel heightHwas varied from 10

to 15 mm. Its upper surface consists of an anode with a width of

25 mm and a length of 15 mm in the flow direction. The same

permanentmagnets and yokes as in Fig. 3 apply the externalmagnetic

field. The magnetic field strength was measured to be 200 mT at

z � zc � −9 mm. In both typeB1 andB2 thrusters, the flow channel

inside the hollow cathode emitter injects the entire quantity of

propellant into the discharge channel.

Each thruster type (A, B1, andB2)was operated in a stainless-steel

vacuum chamber with an inner diameter of 2 m and a length of 4 m

[23]. During operation, a turbomolecular pump (3203LMC, Shimazu

Corporation) with a capacity of 3200 l∕s and rotary pump (2100SD,

Adixen Vacuum Products) with a capacity of 33 l∕s evacuated the

chamber. The ionization gauge (GI-TL3,ULVACTechnologies, Inc.)

and Pirani gauge (GP-1S, ULVAC Technologies, Inc.) measured the

pressure inside the chamber. The ultimate pressure was 1 mPa,

whereas with propellant injection at a rate of 1.3 mg∕s, the inside

chamber pressure was maintained at approximately 55 mPa. A

feedthrough, which was located at a chamber side flange, supplied

the discharge current, keeper current, and solenoid coil current.

A pendulum-type thrust stand of the same type as that described in

[24], consisting of a stand arm, vacuum bellows, and two bearings,

measured the thrust. The bellows and bearingswere assembled on the

vacuum chamber flange interfacing between the vacuum and the

atmosphere. The radial load exerted onto the bearings was

compensated by adjusting the vertical position of the bearings under

operating conditions, so that the friction force exerted on the

bearings, which degrades the thrust resolution, was effectively

eliminated. The stand arm comprised copper tubes inside its body,

through which cooling water and propellant were supplied. The

pendulum displacement was amplified by a 1.1 m aluminum arm

located outside the chamber and was sensed by a linear variable

differential transformer (LVDT1301-2, Shinko Electric Co., Ltd.).

The thrust stand was calibrated using an arrangement of weights, a

pulley, and a dc motor under identical vacuum conditions to those

during thruster operations [23]. The dc motor rotated the pulley to

change the number of weights and vary the load applied to the

thruster. Themass of weights wasmeasured using an electric balance

(AW320, Shimazu Corporation). As the load was varied, the signal

voltage of a differential transformer was measured three times. The

average value for each loadwas fitted by a least-square method, and a

regression line was estimated. From 0 to 49 mN of load, a linearity

Fig. 3 Schematic of the rectangular thruster, type B1. Left: cross-sectional view and circuit diagram; right: frontal view.

Fig. 4 Schematic of the rectangular thruster, type B2. Left: cross-sectional view and circuit diagram; right: frontal view.
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was confirmed with the regression line having a correlation
coefficient of 0.997. For this calibration, the effect of mass
measurement error on calibration factor was �0.02 mN∕V. This
corresponds to�2.0 × 10−3 mN, which is 0.01% of the thrust range
of 26 mN measured in this study. The thrust stand arm oscillated
about the fulcrum with an oil dumper, yet without a feedback control
system. Operating the vacuum pumps and supplying cooling water
for the anode and solenoid coil, the gauge head of the a linear variable
differential transformer oscillated with an amplitude of 0.8 mm.
Owing to this oscillation, the thrust stand resolution was 0.2 mN,
which was 0.8 and 5% of the measured maximum and minimum
thrust value, respectively.
The electromagnetic interaction force, otherwise known as the

“tare force” Ftare, was produced among the lead wires supplying a
discharge current Jd and a solenoid coil current Jc, which
corresponded experimentally to the following equation:

Ftare � c1Jd � c2Jc � c3J
2
d � c4JdJc � c5J

2
c (1)

To evaluateFtare, the thrust wasmeasuredwhile shorting the anode
and cathode, and the coefficients c1 to c5 were determined by the
least-square method. A dc power supply (N8761A, Keysight
Technologies) was used for supplying Jc. Based on the coefficient of
determination of the tare force fitting curve, the accuracy of thrust
measurement was�0.01 mN.
A data logger (cDAQ-9178, National Instruments) and

oscilloscope (DL750, YokogawaMeters& Instruments Corporation)
recorded all experimental data.

III. Results and Discussions

A. Experimental Method

Table 1 summarizes the operating conditions used in this
experiment. In the table, _m represents the total propellant mass flow
rate; _m ≡ _m1 � _m2 in the typeA thruster, whereas _m ≡ _m1 in the type
B thrusters. The representative value of the applied magnetic field �B
is equal to the value at the coil center. The values for thrust F,
discharge voltageVd, and keeper voltageVkweremeasured, whereas
_m1, _m2, Jd, �B, H, and zc were variable control parameters. Because
operating the thruster causes a nonnegligible thermal drift in the
thrust stand, the displacement before and after steady-state arc
discharge operation for each operating condition was measured, and
the difference was converted to thrust. This was carried out using the
correction method described in Sec. II, consisting of subtracting
the tare force from the apparent thrust to obtain the net thrust. During
the measurement, _m and �B were kept constant. The cold flow thrust,
which was measured in advance, was added to obtain the total thrust.
To obtain the thrust data, the thruster was operated at least for 4 s
before turning off the discharge current. During this time, the ratio of
the rms of discharge current to the time averaged value was also
evaluated. In this study, when this ratio was less than 10%, the
operation was categorized as “stable”. The uncertainties obtained for
_m, Jd, �B, Ra or H, and measured Vd were �6.2 × 10−2 mg∕s,
�51 mA, �10 mT, �0.1 mm, and �2.0 V, respectively. In the
following figures, in which experimental results are plotted, the
symbol represents the time-averaged value, and the error bar
represents the rms with a 68% confidence interval.

B. Operating Conditions

Zhurin et al. [25] presented the operating characteristics of an
axisymmetric-type MPD thruster with applied magnetic field (they
named it a “high-current end-Hall thruster”) and with a discharge
current of up to 8 kA, in which the self-field thrust was treated as the
dominant thrust component. They used the flow Mach number, the
ratio of the self-field thrust to the gas-dynamic thrust, and the ratio of
flow velocity to E × B drift velocity as dimensionless, characteristic
quantities. Their formulas contain a term proportional to J2d for the
self-field thrust and another term for the gas-dynamic thrust.
However, as will be shown in the following discussions, their
formulas do not apply to the present thruster performance because
these terms are negligible in this study. In contrast, in an
axisymmetric-type AF-MPD thruster, if the swirl acceleration is
dominant, the thrust is proportional to the radius of the acceleration
region [13]. In a rectangular-type AF-MPD thruster, in principle, the
thrust is proportional to the height of the acceleration region [22]. In
both types, the characteristic applied-field thrust FA is expressed by
the following equation:

FA ≡ Jd �BR (2)

where R is a representative interelectrode distance. On the other
hand, the self-field thrust [16] is characterized by the following
equation:

FS ≡ μ0J
2
d (3)

Based on Eqs. (2) and (3), the ratio α of the applied-field to self-
field thrust, which is a representative values of operating conditions
in an acceleration region, is given by

α ≡
Jd �BR

μ0J
2
d

�
�BR

μ0Jd
(4)

To obtain real thrust components,FA andFS should bemultiplied
by their respective, effective factors. However, α still represents the
relative contribution of an applied to self-magnetic thrust because
its order of magnitude does not vary by this factorization. Table 2
provides a summary comparing the operating conditions of this
studywith those of previous studies with respect to the value of α. In
the table, A, B1, and B2 represent the type A and type B thrusters
tested in this study. Meanwhile, C to G represent thrusters tested in
previous studies, where C to F are axisymmetric types and G is a
rectangular-type AF-MPD thruster. As can be seen from the table,
in the previous studies, α was in the approximate range of 0.1–50.
However, in this study, α even exceeded 800, which suggests that
the applied-field thrust should be dominant in the experiments
presented in this paper.

C. Operating Characteristics of Type A Thruster

In this section, the experimentally obtained exhaust velocity that
was estimated based on the measured thrust as well as discharge
voltage characteristics of the type A thruster will be shown and
compared with several models and operating characteristics found in
previous studies. From Eq. (2), the characteristic exhaust velocity uA
of the applied-field thrust, which is evaluated using only preset
operating parameters, is defined as

uA ≡
FA

_m
� Jd �BR

_m
(5)

The experimental exhaust velocity uEXP is defined as the ratio of
the experimentally measured thrust to the total mass flow rate:

uEXP ≡
FEXP

_m
(6)

The coefficient cEXP is defined by

Table 1 Operating conditions

Parameter Type A Type B1 Type B2

_m1, mg∕s 0.83–2.10 0.83–2.10 0.83–2.10
_m2, mg∕s 0–3.10 0 0
_m, mg∕s 0.83–3.90 0.83–2.10 0.83–2.10
Jd, A 10–20 5–15 5–15
�B, mT 133–265 240 200
Ra, mm 40 — — — —

H, mm — — 10, 15 10, 15
zc, mm 0, −105 −300 −9
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cEXP ≡
FEXP

FA

� uEXP
uA

(7)

Figures 5a, 5b show uEXP vs uA. In the type A thruster, R � Ra,

and �B is substituted with the value at the coil center. As can be seen in

the figure, uEXP is almost proportional to uA regardless of the cathode
position zc, although the values of cEXP differ. Note here that �B
is larger in the case of zc � −105 (Fig. 5a) than in the case of

zc � 0 (Fig. 5b).
The interaction between the radial part of the discharge current and

the axial part of themagnetic field gives rise to the Lorentz force in the

azimuthal direction. This Lorentz force leads to a swirl motion. In

Fradkin’s rigid rotator (RR) model [13], plasma in the torque

generation region is treated as a rigid rotator without a friction force.

In downstream, increasing the rotator radius along the solid or

magnetic nozzle, the rotational kinetic energy is transferred to axial

kinetic energy, while conserving the kinetic energy and angular

momentum. This energy transfer leads to the thrust represented by

FRR � cRRJd �BRa (8)

cRR � 1���
2

p
�
1 −

3

2

�
Rc

Ra

�
2
�

(9)

Here, in the ideal case, the proportionality coefficient cRR is a

function of the effective ratio of the cathode outer radius to the anode
inner radius Rc∕Ra. In the type A thruster, substitutingRa � 40 mm
and the keeper orifice radiusRc � 1 mm, cRR ≈ 2−1∕2. FromEqs. (5)
and (8), the exhaust velocity characteristics of the rigid rotator model
are evaluated by

uRR ≡
FRR

_m
� cRRua (10)

From Tikhonov et al.’s semi-empirical formula [26], the thrust,
which is the sumof the applied-field thrust, gas-dynamic thrust with a

solid nozzle, and self-field thrust, is given by

FTKV ≡ cTKVJd �BRa � c 0
TKVa0 _m� μ0J

2
d

4π

�
3

4
� ln

�
Ra

Rc

��
(11)

In this experiment, the maximum value of the discharge current

was 20 A, and the self-field thrust was less than 0.17 mN, which is
no more than 0.9% of the total thrust. Based on these results, the

third term on the right-hand side of Eq. (11) is negligible.
Therefore,

FTKV ≅ cTKVJd �BRa � c 0
TKVa0 _m (12)

Using the same assumptions as in [26] that the electron

temperature Te is 1.5 eV, and the ion temperature is much lower
than Te, the ion acoustic speed a0 ≈ �kTe∕Mi�1∕2 is 1.9 km∕s.
Using this value, the coefficients of Eq. (12) are estimated as
cTKV ∼ 0.15, c 0

TKV ∼ 1. From Eq. (12), the exhaust velocity

characteristics of Tikhonov’s model uTKV is represented by

uTKV � FTKV

_m
≡ cTKVua � c 0

TKVa0 (13)

Figures 5a, 5b also show the plots for uRR and uTKV. Based on
Eq. (7), the experimental data are applicable to cEXP � 0.16 and

0.20 for zc � −105 mm and 0 mm, respectively. The experimental
exhaust velocity uEXP shows a similar tendency to that of uRR,
although the effective factor is nomore than 22–29%of that of uRR.
In the rigid rotator model, a nonviscous, fully ionized plasma that

moves along the magnetic field line is assumed, whereas
momentum losses due to viscous shear and radial diffusion are not

considered. Moreover, in practice, the effective rotation radius
should be smaller than the anode inner radius. Therefore, uEXP can
become much lower than uRR.

Table 2 Operating ranges8

Data set A B1 B2 C D E F G

Configuration7 Axisymmetric Rectangular Rectangular Axisymmetric Axisymmetric Axisymmetric Axisymmetric Rectangular
Reference — — — — — — Myers et al.

[7]
Tikhonov et al.

[8]
Tahara et al.

[11]
Sasoh and Arakawa

[12]
Iwakawa et al.

[15]
Jd, kA 0.01–0.02 0.005–

0.015
0.005–
0.015

0.75–1 6.5–16.5 1.2–2.9 0.085–0.2 0.13–0.3

�B, mT 133–265 243 200 30–165 38–190 45–90 25–250 211–1130
_m, mg∕s 0.83–3.9 0.83–2.1 0.83–2.1 25–100 400 45–126 0.9–9 200
P, kW 0.76–3.26 0.59–3.34 0.46–3.0 23–96 53–186 — — 3–9.8 49–173
P∕ _m (×109),
m2∕s2

0.23–3.91 0.31–15.6 0.22–3.06 0.2–2.5 0.9–1.7 — — 0.3–11 0.24–0.87

α 210–840 130–570 110–480 0.7–3.5 1–4.7 0.13–0.28 2.2–51 12–32

a) zc = −105 mm, cEXP = 0.16

b) zc = 0 mm, cEXP = 0.20
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Fig. 5 Exhaust velocity9 characteristics, type A ( _m1 � 0.83–2.1 mg∕s,
_m2 � 0–3.1 mg∕s, Jd � 10–20 A, �B � 133–265 mT, Ra � 40 mm,
Rc � 1 mm), EXP: experimental value; RR: rigid rotator model
[Eq. (10), cRR � 2−1∕2]; TKV: Tikhonov’s semi-empirical formula

[Eq. (13), cTKV � 0.15, c 0
TKV � 1, Te � 1.5 eV, a0 � 1.9 km∕s]. The

uncertainties of uA and uEXP were no more than�3.0 and�10% of the
measured values, respectively.
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Neglecting the Hall effect and ion slip, the generalized Ohm’s law
is given by

j � σ�E� u × B� (14)

In the rigid rotator model, each component in Eq. (14) can be
expressed as j � jr, E � Er, B � Bz, and u � uθ using the
cylindrical coordinate system. Using Eq. (14), the discharge voltage
is expressed as

Vd � V 0
0 −

Z
Ra

Rc

Er dr ≅ V 0
0 �

Z
Ra

Rc

�
uθBz −

jr
σ

�
dr

≡ V0 � cv
uA
2

�BRa (15)

V0 represents the sum of the plasma’s electrical resistance and
sheath potential drops. uA �BRa∕2 is the representative value of the
back electromotive force [27]. In the rigid rotator model, cv is
expressed as

cv;RR ≡
�
1–3

�
Rc

Ra

�
2
�

(16)

Substituting the keeper orifice radius for Rc (equal to
1 mm), cv;RR ≈ 1.0.
Figures 6a, 6b show graphs of Vd vs uA �BRa∕2. As can be seen

from the figure, Vd increases almost linearly with uA �BRa∕2. The
rigid rotatormodel neglects the effect of viscosity; therefore, owing to
viscosity, the effective value of cv is smaller than that of cv;RR. In this
experiment, the effective value of cv was estimated by curve fitting
based onEq. (15) and is represented as cv;EXP. The fitted line is shown
as the solid line (A), and the dashed line (B) shows the case for
cv � cv;RR. Only stable operating conditions, with rms values

(shown by themagnitude of the error bar) lower than 10%of the time-
averaged value during thruster operation (shown by the symbol),
were employed to the fit, thereby yielding cv;EXP � 0.084, V0 �
74 V at zc � −105 mm; and cv;EXP � 0.32, V0 � 79 V at
zc � 0 mm. For increasing uA �BRa∕2, the ratio of V0 to Vd

decreases, becoming 45% for both zc � −105 mm and zc � 0 mm.
Therefore, for increasing uA �BRa∕2, the contribution of the
electromagnetic thrust generation in the power consumption
increases.
In [14], with _m � 100 mg∕s (argon), α ∼ 1 (Jd � 1 kA,

�B ∼ 40 mT, Ra � 51 mm, zc � 0 mm), the azimuthal Lorentz
force causes the plasma to rotate and induces a shear force. This shear
force and Joule heating due to kiloampere-order discharge current
causes the heavy particle temperature to increase by up to 5 eV and
transfer the internal energy to kinetic energy through the expansion
along the magnetic nozzle. In this case, the azimuthal torque
increases as Jd �BRa increases, but the shear force also increases.
Therefore, the azimuthal velocity should saturate so that uA �BRa∕2
andVd are proportional to �B. On the other hand, under the conditions
of this experiment, in which _m ∼ 3.9 mg∕s and α ∼ 100 (Jd ∼ 20 A,
�B ∼ 265 mT, Ra � 40 mm), Vd is proportional to both uA∕2 and
�BRa. As a result,Vd is a linearly increasing function of �B

2. Assuming
that limiting the discharge current to 20 A suppresses heavy particle
heating by decreasing the Joule heating, uθ and uA �BRa∕2 increase as
Jd �BRa increases. In the rigid rotor model, the plasma is assumed to
act as a rigid rotator by an azimuthal Lorentz force JdBzRa and
expand through a diverging magnetic field. Owing to this expansion,
the rotational energy is converted to axial kinetic energy. In the case
that the work done by the azimuthal Lorentz force is completely
converted to rotational energy before the axial kinetic energy
conversion, the ion’s Larmor radius would become 37 mm with an
ion rotational kinetic energy of 70 eVat �B � 200 mT. In reality, the
plasma rotates in the azimuthal direction and at the same time
expands through the diverging magnetic field. Therefore, the energy
conversion from rotational energy to axial kinetic energy must occur
simultaneously. Moreover, the viscous friction force accompanying
the rotation is affected by the ions, and some portion of the rotational
energy is converted to thermal energy. Therefore, the estimated value
of cv;EXP is nomore than 32% of cv;RR. As with the rotational–kinetic
energy conversion, the energy conversion from thermal energy to
axial kinetic energy must occur simultaneously. As a result, the
“effective”Larmor radius should bemuch smaller than the preceding
overestimation. In the same manner, Vd is expressed in terms of the
quantity uA �BRa∕2, and this results in the characteristic current–
voltage behavior observed in FA-dominant, high-α operation.
Verifying the preceding assumptions requires measurement of the
azimuthal plasma velocity, the heavy particle temperature, and the
discharge voltage, which is beyond the scope of this paper.

D. Operating Characteristics of Type B Thrusters

In the rectangular-type AF-MPD thrusters (type B), if the
discharge current has a component only normal to the electrode and
the plasma flow does not collide against the discharge channel wall,
the Lorentz force (i.e., the thrust) and the exhaust velocity are given
by Eqs. (2) and (5), respectively. In this case, R � H, and if
uEXP � uA, cEXP should be unity.
Figures 7a, 7b shows uEXP vs uA. As with the type A thruster, uEXP

is a linear increasing function of uA regardless of zc. The figure also
shows the linear fit of uEXP based on Eq. (7). For the type B1 thruster,
as shown in Fig. 7a, cEXP varies with H such that cEXP � 0.34 and
0.54 forH � 10 and 15mm, respectively. Themomentum loss in the
type B thruster is mainly affected by the geometrical relationship
between the Lorentz force vector and the discharge channelwall [22].
In the type B thruster, the volume integrated value of the z component
of the Lorentz force does not depend on the discharge current path.
However, if collisions of the propellant against the discharge channel
wall occur, the thrust could become smaller due to momentum
exchange. TheHall effect causes the generation of a discharge current
component in the z direction, which interacts with the applied
magnetic field to yield a Lorentz force component perpendicular to

a) zc = − 105 mm, cv,EXP = 0.084 , V0 = 74 V

b) zc = 0 mm, cv,EXP  = 0.32, V0 = 79 V
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Fig. 6 Voltage characteristics, type A ( _m1 � 0.83–2.1 mg∕s,
_m2 � 0–3.1 mg∕s, Jd � 10–20 A, �B � 133–265 mT, Ra � 40 mm):

a) experimentally fit to Eq. (15), and b) rigid rotator model (cv;RR ≈ 1.0)
from Eqs. (15) and (16). The uncertainty ofVd was nomore than�2.7%
of the measured value.

6 ICHIHARA ETAL.



the wall. Therefore, part of the propellant collides against the
discharge channel wall, producing a momentum loss. On the other
hand, in the typeB2 thruster, the discharge current distribution should
shift downstream near the exit. The rate of collisions should therefore
decrease. As a result, cEXP became much higher, with a value of 0.83
regardless ofH. In particular, atuA � 24 km∕s,uEXP reached as high
as 98% of uA.
Figure 8a, 8b shows Vd vs uA �BRa∕2. As can be seen in the figure,

Vd increases linearly with uA �BRa∕2 and reached values of 249 and
297 V for the type B1 and B2 thrusters, respectively. As mentioned
previously, high-voltage operation decreases the relative ratio of
ionization energy (15.8 eV for argon) to discharge voltage, giving
values of 6.3 and 5.3% in the type B1 and B2 thrusters, respectively.
Zuin et al. [28] reported that, at a given value of �B, a significant
fluctuation level is observed only when Jd is larger than a threshold
value (onset mode). This operating mode transition is reflected in the
Jd–Vd characteristic. When the onset mode occurs, the rate of
discharge voltage increment with respect to discharge current,
dJd∕dVd, rapidly increases, thereby forming a “kink.” Uribarri et al.
[29] measured the onset voltage hash in a self-fieldMPD thruster. As
Jd increases, Vd increases, and above the critical discharge current,
Vd oscillates intensely in the range of 400–600 V with spike
amplitudes nearly 100% of the baseline fromwhich they rise, largely
due to double charge ionization. In this experiment, as shown in
Fig. 8, Vd increased linearly with Jd (Vd increased with uA �BRa∕2,
and uA was proportional to Jd). The maximum value obtained for Vd

was 297� 10 V (type B2 thruster, _m1 � 0.83 mg∕s, Jd � 10 A,
�B � 200 mT, H � 15 mm). Because Vd was below the
aforementioned range (400–600 V), the onset phenomenon was
not observed. The figure also shows effective back electromotive
forceuEXP �BH∕2. For the operating conditions of the typeB thrusters,
uEXP �BH∕2 achieved a maximum of 46 V, which is 18% of Vd

(type B1 thruster, _m � 0.83 mg∕s, Jd � 10 A, �B � 240 mT,
H � 15 mm, Vd � 249 V). This suggests that the Joule heating and
sheath potential drops strongly affect Vd. Further investigations

including plasma diagnostics are necessary to understand the plasma

acceleration mechanisms more clearly.

E. Operating Range Identification

The purpose of this section is to make comparisons between this

work and previous studies with respect to operating conditions and

thrust performance. Figure 9 shows a plot ofP vs _m. In the figure, the

lettersA toG represent results from this study and previous studies, as

indicated in Table 2. The figure does not include the data set of study

a) Type B1, B  = 240 mT, cEXP = 0.34, 0.54 for 

H = 10, 15 mm, respectively

b) Type B2, B  = 200 mT, cEXP = 0.83 for 

H = 10, 15 mm
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Fig. 7 Exhaust velocity characteristics of type B thruster
( _m1 � 0.83–2.1 mg∕s, Jd � 5–15 A, �B � 200, 240 mT, H � 10,
15 mm). EXP: experimentally fit to Eq. (7). The uncertainties of uA and
uEXP were no more than �3.0 and �12% of the measured value,
respectively.
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Fig. 8 Discharge voltage characteristics of type B thrusters
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E (Table 2) because the value of Vd is not indicated in the article. In

this study (A, B1, andB2), the values of both _m andPwere one to two

orders of magnitude lower than those in the previous studies

(C, D, G), but the specific power P∕ _m, in the range 102–104 MJ∕kg,
is at almost the same level. As mentioned previously, 102–104 A of

Jd was necessary to obtain the thermionic electrons for keeping arc

discharge using a conventional rod cathode. On this other hand, in

this experiment, a thermionic-emission-type hollow cathode was

used. Therefore, stable operation even with a small propellant flow

rate (approximately 0.2 mg∕s) and a small current (∼2 A) was

achieved. As a result, operating with a small propellant flow rate and

small input power can yield the same specific power level as in the

previous studies.
Figure 10 shows the characteristic velocity based on the applied-

field thrust uA [Eq. (5)] vs that of the self-field thrust us, given by

us ≡
Fs

_m
(17)

The dashed lines correspond to constant values of α. As
summarized in Table 2, α obtained in this study (A, B1, and B2) was
in the order of 102, whereas that of previous studies (C–G) was in the
order of 10−1 to 101. As can be seen from Eq. (2), applying a strong
magnetic field (∼265 mT) increases the applied-field thrust even
when a hollowcathode supplies a small discharge current (∼20 A). In
this way, AF-MPD thruster operation was achieved at very high
values of α, which were higher than those reported in any previous
study. In other words, operation was achieved in an applied-field-
dominant condition.
The specific impulse Isp and the thrust efficiency η are defined as

Isp �
uEXP
g

� FEXP

_mg
(18)

η � F2
EXP

2 _mP
� F2

EXP

2 _m�JdVd � JkVk�
(19)

These parameters are estimated based on the measured parameters
FEXP,Vd, andVk. Figure 11 shows the estimated values of Isp and η of
this study comparedwith those of previous studies, using argon as the
propellant. Here, the effective propellant flow rate due to electrode
erosion was not taken into account. For the type A and type B
thrusters, Isp was 330–3200 and 200–2600 s, respectively. In the data
sets C, F, and G, Isp was 460–2400 s. From Eqs. (18) and (19), it can
be seen that the exhaust velocity is proportional to the square root of
the specific power. Therefore, as shown in Fig. 11, Isp and uEXP are at
the same level as in previous studies becauseP∕ _m is at the same level.
However, the thrust-to-power ratio is lower by a factor of 2.
In this experiment, the thrust efficiency η of the type A and type B

thrusters was at most 13 and 11%, respectively. These values are
about half of those obtained in previous studies. To improve thrust
efficiency, the impacts of Jd and �B on η were investigated by the
analysis of variance (ANOVA) method [30]. In the ANOVAmethod,
the observed variance in a particular variable is partitioned into
components attributable to different sources of variation. Table 3
summarizes the ANOVA results for thrust and thrust efficiency based
on typical operating conditions for the typeA thruster. As can be seen
from the table, both Jd and �B have a large variance ratio and exceed a
5% significance level of the Fisher–Snedecor distribution [31]. From
Table 3a, it can be seen that Jd strongly correlates with FEXP and has
almost 70%contribution.On the other hand, �B has a lower percentage
contribution than Jd to FEXP. From the ANOVA results, it can be
concluded that increasing Jd could be the most effective method of
improving the thrust efficiency. As mentioned in Sec. II, a
commercial-type thermionic electron emitter (LHC-03AE1-01,
Kaufman & Robinson Inc.) was used. The current capability of
the emitter was up to 20 A. Therefore, thruster operation and
performance evaluation with currents of above 20 A (in other words,
currents in the range of 101 − 102 A) were not conducted. This could
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Fig. 10 Characteristic exhaust velocity ranges. A to G corresponds to
the same symbols as those used in Table 2; B refers to B1 and B2.
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Fig. 11 Thruster performances, propellant species Ar. A to G
correspond to the same symbols as those used in Table 2; B refers to B1
andB2. The uncertainties of Isp and ηwere nomore than�10 and�29%
of the measured value, respectively, for the type A thruster, and�12 and
�34% of the measured value, respectively, for the type B thrusters.

Table 3 Analysis of12 variance results13 (type A thruster, _m1 � 1.25 mg∕s, _m2 � 0 mg∕s,Jd � 10–20 A,
�B � 133–265 mT, Ra � 40 mm, zc � −105 mm)

Source Degree of freedom Variation Dispersion Variance ratio Net variation Percent contribution, %

Thrust

Jd 3 250 83.3 70.3 246 69.2
�B 3 103 34.4 29 100 28.1
Error 2 2.4 1.2 — — 9.5 2.7
Total 8 355.4 — — — — 355.4 100

Thrust efficiency

Jd 3 38.5 12.8 24.8 37.0 52.9
�B 3 30.5 10.2 19.7 29.0 41.4
Error 2 1.0 0.5 — — 4.0 5.7
Total 8 70.0 — — — — 70.0 100
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be realized through the development of a hollow cathodewith a larger
current capability.
The lifetime of a hollow cathode is limited by high-energy ion

production in the so-called “plume mode” operation. Goebel et al.
[32] concluded that the energetic ions were related to the plasma
instabilities in the cathode plume and that proper selection of
confining magnetic field strength tended to reduce the oscillations
and energetic ion production. In the typeA thruster, the electric field
is parallel to the magnetic field at the hollow cathode position.
Because the hollow cathode and solenoid coil are set coaxially,
energetic ions should diffuse downstream through the diverging
magnetic field. Therefore, the energetic ions are exhausted without
wall surface impacts. Neither serious surface sputter nor erosion
was observed after thruster operation. In the type B thruster, the
anode and the hollow cathode are set face-to-face, and the magnetic
field is perpendicular to the electric field. Although the operating
characteristics of a hollow cathode and the operating mode transfer
under this kind of electromagnetic configuration have not been
reported, there was no serious erosion detected on either the anode
or the keeper surface after thruster operation. For developing a
hollow cathode with larger current capability, the effect of the
magnetic field in high-energy ion production should be considered,
which is beyond the scope of this study and warrants further
investigations.

IV. Conclusions

In this study, the operating characteristics of applied-field MPD
thrusters, with a ratio of applied- to self-field thrusts α in the range of
102–103, were investigated. Thrust and discharge voltage were
expressed using the characteristic values of Lorentz force Jd �BR and
back electromotive force uA �BRa∕2, respectively. Using a hollow
cathode, applied-field thrust-dominant operation was achieved under
the same specific power level (102 − 104 MJ∕kg) but with 10 to 100
times smaller mass flow rates than reported in previous studies. This
was mainly achieved by the employment of a hollow cathode to
maintain stable arc discharge at discharge current levels of up to 20A.
Even with a 10 A level of discharge current, a thrust efficiency of
higher than 10%was obtained. Although thruster performancewith a
discharge current larger than 20 A could not be investigated, the
present experimental results suggest that improved performance can
be expected at discharge currents above this level, therebywarranting
further investigations for validation.
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