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Nomenclature

e = elemental charge, C

F = thrust, N

Jas = discharge current, A

Ji = ion beam current, A

Ji = Ji/(em/m)= normalized ion beam current

Jk = keeper current, A

m = matmc = total flow rate, Aeq

ma = propellant flow rate through the slit on the anode, Aeq
me = working gas flow rate of the cathode, Aeq

m = atomic mass, kg

r,z = cylindrical coordinates

Uer = critical ionization velocity, m/s

Uex = F/m = mass-averaged exhaust velocity, m/s
Vqg = discharge voltage, V

Vk = keeper voltage, V

& = normalized specific input-energy

<p> = ion beam divergence half-angle, deg.

#i = lionization energy, eV

thrust efficiency

=
1
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I.  Introduction

Among the noble gases, xenon (Xe) has been most widely used as the propellant for electric space propulsion
primarily because of the favorable trade-off between availability, atomic mass, ionization energy, and ionization
cross-section [1]. However, the excessive usage of xenon is almost prohibitively expensive compared to other
viable alternatives. Currently, xenon costs $1440/kg, which is 240 times higher than the cost of argon [2]. In
order to reduce the thruster operation cost, cheaper propellants are required. This is relevant to electrostatic
thrusters, such as ion thrusters and Hall thrusters in particular since alternative propellants are actively being
investigated in these two instances [3]. Linnell et al. [4] operated Hall thrusters with krypton and obtained a
lower thrust efficiency than that of xenon, primarily because of its higher ionization cost. Shabshelowitz et al.
[5] developed a helicon Hall thruster which used a helicon plasma source to enhance pre-ionization, and operated
it with xenon, argon, and nitrogen. However, the increment in thrust performance did not compensate for the
cost of the ion source power. Fujita et al. [6] successfully operated Hall thrusters with argon, and reported that
the thrust efficiency was still lower than the value for xenon because about 50% of the propellant introduced in
the acceleration region was not ionized. Although argon and krypton have the potential to lower the operation
cost in electric space propulsion, many challenges still remain in regard to improving the thrust efficiency.
Ichihara et al. [7] developed the diverging magnetic field electrostatic thruster (DM-EST), which comprised a
diverging magnetic field between a ring anode that was coaxially set on the center axis, and a hollow cathode
set at a cusp of the applied magnetic field. The thruster utilized the basic structure of a helicon electrostatic
thruster [8].We developed the “near-anode ionization scheme” [9] in which the propellant was injected through
an annular slit on the inner surface of a ring anode, so that efficient ionization and ion acceleration from the near
anode to cathode potential were realized. In this report, we present the results for a newly developed DM-EST
in which only permanent magnets and yokes are used to apply an external magnetic field, and examined its thrust

performance by using the monoatomic species, argon, krypton, and xenon.

I1.  Experimental Apparatus and Methods

A. Diverging Magnetic Field Electrostatic Thruster



Figure 1 schematically illustrates the thruster head of the DM-EST developed in this study. The thruster

shares common features with the thruster of Ref. [7]; they have a ring anode on the center axis, and an off-axis

hollow cathode set in a cusp of the applied magnetic field in the downstream.
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Fig. 1. Schematic of diverging magnetic field electrostatic thruster.

The ring anode is made of copper, with an inner diameter of 27 mm and a length of 5 mm. Inside the anode,

a ceramic plate made of boron nitride plugs the passage of the propellant, except for the 1.5-mm-wide annular

slit along the inner surface of the ring anode. The diverging magnetic field was applied using two ring Nd-Fe-B

permanent magnets and soft-iron yokes. The inner magnet was used to strengthen the magnetic field on the inner

surface of the anode to enhance the near-anode ionization [9]. This magnet has an inner diameter of 23 mm, an

outer diameter of 33 mm, and a length of 20 mm. The outer magnet has an inner diameter of 55 mm, an outer

diameter of 65 mm, and length of 15 mm. The applied magnetic field is greatly modified by the truncated-cone

yoke to extend the diverging portion, which is followed by a field-free region in the cusp. The cylindrical

coordinates (z, r) where z and r are the axial and radial coordinate, respectively, are defined in the axisymmetric

configuration with their origin at the center of the downstream surface of the ceramic plate. The magnetic field

strength was 75 mT at (z, r) = (0 mm, 0 mm) and 250 mT at (z, r) = (0 mm, 13.5 mm), respectively. The orifice



of a hollow cathode (DLHC-1000, Kaufman & Robinson, Inc.) was located at (z, r) = (32 mm, 37 mm) and the

magnetic field strength was 5.8 mT at this point.

B. Thrust and lon Beam Properties Measurement

A pendulum-type thrust stand with a 300-mm-long stand arm supported by two-knife-edge fulcrum was used
to measure the thrust. The knife-edge is made of stainless steel 316 (iso number: X5CrNiMo17-12-2), and had
a width of 10 mm and an apex angle of 90°. Each knife edge was mounted on a V-shaped groove with an opening
angle of 120°. Each groove was formed by two blocks made of stainless steel 316 so that the bottom was not
rounded. The displacement of the pendulum was measured by a laser displacement sensor (IL-S025, Keyence
Co.) at the tip of the aluminum extension arm, where the distance from the fulcrum is 128 mm. The sensitivity
of the thrust stand was calibrated in the range of up to 54 mN using a pulley and weight arrangement driven by
a direct-current (DC) motor at the same ambient pressure as during the thruster operations. The calibrated
conversion factor is 174 + 0.33 mN/V. The thrust measurement uncertainty was 2.7% of the minimum thrust
value measured in this study. A “tare force,” is an apparent thrust that should be corrected in the thruster
measurement. As described in Ref. [10], the tare force was measured beforehand. The tare force measurement
uncertainty was 0.013 mN/A, which was 0.3% of the minimum thrust value measured in this study.

The same nude Faraday probe and its measuring circuit as in the previous work [9] were used to measure J;
and <¢>. The fulcrum of the 375-mm-long swing arm was at (z, r) = (9.5 mm, 0 mm). The definitions of J; and

<¢$> are also described in Ref. [9].

I11.  Experimental Results and Discussions
A. Operating Conditions
Table 1 summarizes the investigated operating conditions. Gas purity was 99.9999% for Ar, and 99.995%
for Kr and Xe. The uncertainties in rza, V4, and Jq were + 3.0x102 Aeq, + 2.0 V, and + 51 mA, respectively.
All experiments were conducted in a 1.2-m.dia., 3.0-m-long, stainless steel vacuum chamber. The maximum
background pressure was 18 mPa at m. = 3.0 Aeq, m = 0.36 Aeq of argon. Each operating condition was

repeated at least three times while measuring F, Jq, Ji, <>, and V. In the following figures, a symbol shows an



averaged value of each operating condition. The error bars in uex and Ja/J; represent the standard deviation (+o)

obtained after a number of trials, while the error bars in J; and <> correspond to the uncertainty in the averaging.

Table 1 Operating conditions

Symbol Unit Setting
- - Ar Kr Xe
m Kg 6.6x1026  1.4x10%®  2.2x10?%°
i eV 15.8 13.9 12.1
Ucr km/s 8.7 5.6 4.2
Tila Aeq 2.0,3.0 2.0 1.0
mg/s 0.8,1.2 1.7 13
Tite Aeq 0.36 0.36 0.36
mg/s 0.15 0.31 0.48
7 Aeq 2.36, 3.36 2.36 1.36
mg/s 0.95, 1.35 2.01 1.78
Vg V 150-350 200-300 175-250
Jk A 2.0 2.0 2.0

B. Operation with argon

With the motivation described in the Introduction, this study highlights the thrust performance using argon
which is shown in Fig. 2 . More than 150 V of V4 was necessary to breakdown and for steady-state operation. J;
gradually increased with increasing V4. For only singly ionized particles, the value of J; is equal to the propellant
utilization efficiency. Ji becomes larger with 7z, = 3.0 Aeq than with 72, = 2.0 Aeq, reflecting a higher electron-
impact ionization rate with increasing ..

As seen in Fig. 2, J¢/Ji remained at a constant of about 2.0 as V4 was varied. However, there is no clear
difference between 1, = 2.0 Aeq and 3.0 Aeq.

Uex increased with increasing Vq but was higher with mz, = 3.0 Aeq than with 7z, = 2.0 Aeq. This suggests
that with the higher flow rate, the ionization rate was increased so that the propellant was ionized upstream. In
DM-EST operation, the electrical potential monotonically decreases towards downstream [9], ions which are

generated closer to the anode will experience a larger potential drop for electrostatic acceleration.
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Fig. 2. Ji, Ja/Ji and uex as a function of V4 with Ar.

C. Similarities in Thrust Performance
In this section, thruster performances with different propellant species are evaluated and characterized by

using a normalized value. # is calculated as follows,

F2
S 1
T 2m(IVg + 3% @)

Let a normalized parameter, ¢, be defined as

(JdVd+Jka)/m
ep;/m '

&

()

The numerator (JqV4+JkVk)/m and the denominator egi/m represent specific input-energy and specific
ionization-energy, respectively. Hence, ¢ represents the ratio of input-energy per particle to its the ionization
energy. Figure 3 summaries the thruster performance parameters which are obtained with all the tested species
as a function of ¢. A symbol shows an average value and an error bar represents the uncertainty that is estimated

by applying the law of propagation of errors to Eqgs (1) and (2). Overall the operation characteristics among these



species have similarities with respect to ¢.  increased with increasing ¢ with ¢ < 30, then was gradually saturated
at 20% - 25%. The values of # for the different species are close to each other. For example, at ¢ = 55, 5 equals
23%, 25%, and 20% for Ar, Kr, and Xe, respectively. From Fig. 2, J; evaluated for singly ionized plasma reached
1.0 at V4 = 250 V, which corresponds to & = 30 with rz, = 3.0 Aeq. If the propellant injected from the slit is fully

ionized (or supplying more than 30 of &), 7 is expected to reach a comparable level even with Ar.
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Fig. 3. , <>, and uex/ucr as a function of & with Ar, Kr, and Xe.

As seen in Fig. 3, <> also has a similarity among the different species. With increasing ¢, <¢> decreased
and is gradually saturated at about 40 deg. Because electrostatic acceleration is a collision-less process, the ion
trajectory depends only on the electric field configuration. Hence, being independent of the propellant species
suggests that the ionization occurs in the same region with a similar electric field distribution so that the ions
experience the same potential drop towards downstream.

Figure 3 also shows uex/ucr as a function of ¢. Uex/Ucr also exhibits a similarity among the species. i.e., it

increased with increasing ¢. For example, at ¢ = 55, Uex/Uer = 3.5, 3.7, and 3.4 which correspond to 3100 s, 2100



s, and 1400 s of specific impulse for Ar, Kr, and Xe operation, respectively. In previous studies that attempted
to electrostatically accelerate Ar propellant using Hall thrusters [5, 6], specific impulse were no more than 2000
s with less than 30% thrust efficiency. With respect to these performances, DM-EST has a better capability to
extend even to a higher exhaust velocity range which has not been achieved with Kr or Xe, with a competitive

thrust efficiency.

IV. Conclusion
We have experimentally demonstrated similar thrust performances for Ar, Kr, and Xe propellants in a newly-
developed, permanent magnet DM-EST, in which the applied magnetic field has the diverging section for ion
acceleration, that is followed by the field free section to neutralize the propellant. The thrust performance has
similarities with respect to the normalized specific input-energy, . With ¢ < 30 the propellants injected through
the annular slit was almost fully ionized, and all the propellant species yielded thrust efficiencies ranging from
20% to 25% with an exhaust velocity 3-4 times higher than the corresponding critical ionization velocity. These

results emphasize the importance of utilizing argon to improve the availability of electric propulsion technology.
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