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ABSTRACT

To achieve high-thrust-density operation, we propose electrostatic-magnetic hybrid ion acceleration in which the empirical thrust density
limit of the electrostatic acceleration is surpassed without violent plasma oscillation by combing the collisional momentum transfer mecha-
nism, which is the ion acceleration mechanism of the electromagnetic acceleration. To achieve hybrid ion acceleration, we experimentally
obtained two design criteria: one near anode propellant injection and another at the on-axis hollow cathode location. The thrust characteris-
tics of three thrusters composed of a slowly diverging magnetic field between an on-axis hollow cathode and a coaxially set ring anode were
examined. By injecting xenon propellant along the anode inner surface, the electron impact ionization process was enhanced, and generated
ions are electrostatically accelerated through the radial-inward potential gradient perpendicular to the axial magnetic lines of force. The
hybrid ion acceleration characteristics were obtained only if these two criteria were satisfied and the obtained thrust was consistent with the
thrust formula derived for steady-state, quasi-neutral plasma flows. In addition to the criteria, strengthening the magnetic field and enhanc-
ing the propellant mass flux were effective for improving thrust density without deteriorating thrust efficiency. Among the experimental
conditions in this study, the maximum thrust density was 70 N/m?> with an anode specific impulse of 1200 s, which cannot be achieved in a
purely electrostatic thruster with thrust density 6.3 times than that of a typical Hall thruster.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0066083

I. INTRODUCTION thrusters, the ions can gain energy corresponding to the applied
voltage, and the electrostatic thrust density is proportional to propel-
lant mass flux. In ion thrusters," only the ions experience a propulsive
force, which is the thrust between several grids having different elec-
trical potentials, while the electrons are not introduced within the
grids. This configuration is favorable for obtaining high-thrust effi-
ciency because by employing appropriate beam optics, collision-less
momentum transfer is realized. However, the thrust density is limited
due to Child-Langmuir’s space-charge limit.'” Considering the exist-
ing data, the thrust densities of the state-of-the-art ion engines are
3.8 N/m’ for T6'' or 3.3 N/m?* for XIPS-25."* Further, in Hall thrust-

Compared to chemical propulsion, electric propulsion has the
advantage of high specific impulse, and the usefulness of electric pro-
pulsion has been demonstrated in numerous missions.' Based on the
energy conversion law, thrust and specific impulse have opposite
dependences on the propellant mass flow rate, given a constant
power.” This relationship between specific impulse and thrust should
cause each to offset the other in the trade-off between payload mass
and working period. Specifically, larger satellites for orbit riding in all-
electric satellite,’ space-debris removal,’ or Mars cargo/piloted-class
missions” require a higher thrust density because short travel time is

prioritized,” and a smaller thrust density requires more time to attain
a certain velocity increment. Because the available thrust is propor-
tional to thrust density, thrust density is one of the most important
factors” to reduce the satellite mass as much as possible.” Regarding
electric space propulsions, the plasma acceleration principle is typi-
cally divided into three types, namely, electrostatic, electromagnetic,
and electrothermal accelerations.” In electrostatic-acceleration-type

ers,”” and other similar types of thrusters such as cylindrical Hall
thrusters,'* high-efficiency multistage plasma (HEMP) thrusters,'”
and diverging-magnetic-field electrostatic thrusters,’® the ions are
accelerated in quasi-neutral plasma such that Child-Langmuir’s law
does not limit the thrust density. Raitses and Fisch'” suggested a theo-
retical thrust density limitation based on Ampére’s circuital law
wherein the maximum thrust density is proportional to the magnetic
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pressure BZ,/(2u); By, is the maximum magnetic field strength inside
the acceleration region, and u is the magnetic permeability.
For current Hall thrusters operating in the power range of 0.5-10 kW
with By, &~ 10-30 mT, the theoretical thrust density limit is calculated
as 100-400 N/m?>. In practice, the available thrust densities in the
state-of-the-art Hall thrusters are 10N/m® for SPT-100'® and
20 N/m* for nested Hall thruster X-3'” because both electron colli-
sions and scattering on oscillations might produce electron current
losses and large beam divergence. Li et al.”’ reported thrust density
improvement in a Hall thruster with a variable discharge channel
consisting of an inner divergent annular segment and a cylindrical
segment near the exit. By supplying propellant along the channel cen-
terline, a thrust density of 23 N/m?® was achieved. Dannenmayer and
Mazouffre’’ suggested an optimum propellant mass flux considering
the fact that a smaller mass flux results in insufficient propellant ioni-
zation, whereas a larger mass flux leads to deterioration in thrust effi-
ciency because of excessive electron cross-field transport by collisions.
To decouple the propellant ionization and acceleration, a double stage
Hall thruster, with an inductively coupled plasma source between the
anode and cathode, was proposed.”” The preliminary experimental
results suggested that the expected thrust density was half that of the
conventional Hall thrusters, and the estimated thrust efficiency deteri-
orated with an increase in the plasma source power.

In contrast, in -electromagnetic-acceleration-type thrusters
such as magnetoplasmadynamic thrusters,” the quasi-neutral
plasma experiences a Lorentz force generated by the interactions
between the discharge current and applied- and/or self-induced
magnetic field. As most of the discharge current is carried by the
electrons, a momentum transfer mechanism from the electrons to
ions is required. If such momentum transfer is caused by particle
collisions, the ions can obtain a kinetic energy greater than that
corresponding to the discharge voltage.”® Therefore, the thrust
density can be higher than that of the Hall thrusters. However, such
collisional momentum transfer is accompanied by poor energy trans-
fer efficiency as well as poor thrust efficiency. In electrothermal-
acceleration-type thrusters, which are often represented by arcjet
thrusters,”” the propellant gains propulsive kinetic energy from
Joule heating. In this case, high thrust density can be achieved,
with modest thrust efficiency. In summary, electrostatic- or
electromagnetic-acceleration-type thrusters have a theoretical
and/or empirical limitation for thrust density. Several challenges
remain, which need to be overcome to improve the thrust density
without deteriorating thrust efficiency.

In the above-mentioned categorization, the electrostatic and
electromagnetic acceleration are regarded as different types. Sasoh
et al™® experimentally demonstrated the thrust characteristics
exhibiting both electrostatic and electromagnetic features in the
thruster that comprises a slowly diverging magnetic field between
an on-axis central cathode and a coaxially set ring anode. We refer
to this ion acceleration method as electrostatic-magnetic hybrid
ion acceleration. As we mentioned above, the electrostatic accelera-
tion shows a higher thrust efficiency but a limited thrust density
due to the plasma oscillations, whereas the electromagnetic acceler-
ation shows the opposite trend due to the energy dissipation in the
collisional process. In the hybrid acceleration, the electrostatic—
magnetic hybrid acceleration mechanism has an expected potential
to achieve both high thrust efficiency and high thrust density
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without plasma oscillations by combing the advantages of each
acceleration process: however, such a hybrid thrust generation has
not been well recognized as a promising method in electric space
propulsion. To further investigate this technology, the respective
thrust components, electrostatic and electromagnetic, must be
quantified. In this study, we briefly describe the fundamental equa-
tions of the electrostatic-magnetic hybrid ion acceleration and
related thrust formulas. Thereafter, the criteria regarding propellant
injection scheme and hollow cathode position for realization of the
hybrid ion acceleration are discussed based on the experimentally
obtained thrust and plasma parameters. Moreover, by supplying a
high propellant mass flux, we also demonstrated the high thrust
density that cannot be achieved in a purely electrostatic or electro-
magnetic acceleration method.

Il. THRUST FORMULA IN HYBRID ION ACCELERATION

In this section, the fundamental equations of the electrostatic—
magnetic hybrid ion acceleration and related thrust formulae are
briefly described. The detailed mathematical formulation procedures
can be found in our previous report.” We start with the steady-state
Euler equation for axisymmetric, single fluid plasma, as follows:

p(u-Vu)=—-Vp+jxB, (1)

where p, u, p, j, and B are mass density, velocity vector, pressure
tensor, current density vector, and magnetic field vector, respectively.
In the following formulation, the first term on the right-hand side in
Eq. (1) is neglected because in high specific impulse operation, the
contribution of electrothermal acceleration is much smaller than
the second term j x B. Further, the ion velocity can be divided into
the translational and azimuthal components: u=u,,+ug, where
., =, 0, u) and ug=(0, ug, 0). For cylindrical coordinates
(r, 6, z), the convective acceleration term on the left-hand side of
Eq. (1) is arranged as follows by using the Lagrangian derivative D/Dt:

> >

2
u-Vu= (%_E _DLle +urue Duz). (2)
Dt r Dt r Dt

Neglecting the self-induced magnetic field By, the magnetic
field vector consists of only the applied component B=B,= (B,
0, B,). The current density vector j is the sum of the discharge
current jg = (j, 0, j,) and that induced from the E x B electron
motion j; = (0, jg, 0). The induced current is proportional to the
discharge current via the proportional coefficient of o,
lj;] = agsligl- Combining Eqs. (1) and (2) with the above-
mentioned assumptions, the following expressions are obtained:

1 Du? u?

I,z . u
5P Dt’:(JixBa)~ur,z+prT°, 3)
1 Du? . Uy Ul
EpF:’:(deBa)-uo—p —3. 4)

Equation (3) implies that the kinetic energy of the transla-
tional motion is gained via the work done by an apparent Lorentz
force, j; X B,, in the direction of u, ,, which indicates an electrostatic
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acceleration. Here, the interaction between the induced azimuthal
current j; and the applied magnetic field B, is a generalized form of
Hall acceleration,”* which is equivalent to the electrostatic accelera-
tion. Similarly, based on Eq. (4), the kinetic energy of the swirl
motion is gained via the work done by the Lorentz force, j4 x B,, in
the azimuthal direction, which indicates an electromagnetic (nor-
mally referred to as “Swirl>*") acceleration. Such kinetic energies
are exchangeable via the work done against a centrifugal force, pug/r.
Overall, the total kinetic energy equation is the sum of the works
done by the resultant Lorentz force,

1 D> . .

EPF = (]i x B,) - U, + (]d X B,) - ug. (5)

Therefore, the exhaust velocity U is acquired by integrating

the left-hand side of Eq. (5) in the control volume (CV), which has
a radius of R, and an effective length of L,

1 Du? 1
J v = SU2. )

To obtain U and thrust F, Egs. (5) and (6) are calculated by
using the effective coefficients. Hereafter, the bar over a quantity
denotes the representative value in CV. For electrostatic accelera-
tion, the volume integration is calculated as

J (G; X Ba) - up,dV = apsjyByliy, - 7RZL
cv

]d - U 2
= aps———B,— - 7R’L
S rIR 2 2 e
a _
= %hBa UR,. )

In contrast, for electromagnetic acceleration, it is

J (iq % Ba) - updV = jyByitg - TRZL
(&%
_ Ja
27LR,/2

= "’ETMIdBa UR,, (8)

- U
B,oem 5 7RL

where we assume j; is the value at r=R,/2 such that
jg =JalQrLR,/2),” i1,,=U/2, and ilp=agpyU/2. Substituting
Egs. (7) and (8) into Eq. (5), we obtain

1. o _ o _
EmU2 - TES JaB.UR, + % JaB.UR,. )

As a result, the thrust is expressed in an electromagnetic
form as

F=mU = (aES + aEM)]dBaRa = a]dBaRa- (10)

Here, the coefficient a is sum of the coefficients of ags and
agm, that is, o = ags + agm. Equation (10) represents a traditional
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electromagnetic acceleration form used for magnetoplasmadynamic
thrusters; the thrust is expressed using Jq and B,, and not explicitly
using propellant mass flow rate 7.

Next, let F be expressed as a function of 71 and V4 that typi-
cally used an electrostatic thrust form in ion and Hall thrusters.
The azimuthal current induced by the Ex B drift of electrons is
expressed as

j(.) = enE/Ba = Otgsjd = OCEs]d/(Zﬂ'LRa/Z). (11)
As E can be expressed as E=f,V4/R,, and i1 =mni,zR’

=mnB,UrR?, the thrust expression in an electrostatic acceleration
form is obtained using Egs. (10) and (11) as

E zR,L -
F = mU = (ags + apv)en— 2= B.R, = d'i/eValm,  (12)
B, ags
L
o = <1+0‘E—M) AL (13)
OES ﬁz Ra

where the thrust is expressed using # and Vy, and not explicitly
using B,. In Secs. IV A and IV B experimentally, obtained thrust
characteristics will be fit using Egs. (10) and (12) to investigate the
electrostatic-magnetic ion acceleration performances.

lll. EXPERIMENTAL SETUP
A. Thruster heads and operating conditions

In this study, we analyze experimental data obtained from
three thrusters, namely, types-I, II, and III. All the thrusters have
axisymmetric configurations composed of a hollow cathode on the
center axis and a ring anode made of copper surrounding it.
Further, only for the type-II thruster, the external cathode opera-
tion was also evaluated. The electrodes are separated by a ceramic
insulator. An external magnetic field is applied using either a
water-cooled solenoid coil or a permanent magnet. Further, the
cylindrical coordinates (z, r) (where z and r are the axial and radial
coordinates, respectively) were defined according to an axisymmet-
ric configuration, with their origin located at the center of the ring
anode (see schematic illustrations for each thruster). The strength
of the applied magnetic field is represented by the value at the
origin, B.. To enhance the thrust density, we applied as strong a
magnetic field as possible by using a water-cooled solenoid coil
(thruster type-I) or a permanent magnet with yokes (thruster
types-II and III) because the electromagnetic thrust is proportional
to the magnetic field strength.*

The thruster operating conditions are summarized in Table I.
For all three thrusters, operation with argon (gas purity of
99.999%) was examined, resulting in unstable operation and poor
thrust performance. Consequently, the thrust characteristics of only
xenon (gas purity greater than 99.995%) were evaluated in this
study. Moreover, the same species as that of the propellant was
used as the working gas of the hollow cathode, whose two positions
(central or external) were examined. The uncertainty of B, anode
mass flow rate #1,, discharge voltage Vg, and discharge current Jy
were +1% (the specification of the Gausses meter, A301, Denshijiki
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TABLE 1. Operating conditions for thruster types-|, II, and Ill.

Thruster type  Cathode location R, B. e Va Ja P, Sout

. mm mT mg/s Aeq mg/s Aeq v A kw m’

I Central 40 100, 125, 150 14 1.0 049 036 100-300 13-6.0 0.1-18 63x107°
I Central 15 210,315,402 0.7-48 0.5-35 049 036 100-300 1.5-9.8 02-20 09x107°

External 15 0.7-4.1 0.5-3.0 200-450 0.8-9.0 0.3-2.6
I Central 15 270 20-61 15-45 049 036 200-500 2.3-9.8 0.7-27 1.0x107°

Industry Co., Ltd.), +4.4x107>mg/s (=+3.0 x 107% Aeq), +2.0V,
and +51 mA, respectively. Each operating condition was repeated at
least three times. In the following figures (Figs. 2, 3, 5, 7, 9, 10, and
11). a symbol shows an averaged value and the error bars represent
the standard deviation (+c) obtained after a number of trials with
each operating condition (see Table I).

B. Vacuum facility, thrust measurement, and plasma
diagnostics

In this section, we briefly describe the experimental environ-
ments of the vacuum facility, thrust measurement, and plasma
diagnostics system. The details of the equipment used are described
in our previous reports.’’" All experiments were conducted in a
stainless steel (ISO: 4301-304-00-I) vacuum chamber with an inner
diameter of 1.2 m and a length of 3.2 m. The vacuum chamber was
evacuated from atmospheric pressure to less than 10 Pa using a dry
pump (a pumping speed of 1201/s) followed by an evacuation to
the order of 107 Pa using a cryopump (a pumping speed of 8400 1/s).
The base pressure of the system was 6.0 x 10~* Pa.

The thruster was mounted on a pendulum-type thrust stand
with a 300-mm-long stand arm supported by a two-knife-edge
fulcrum. The knife edge was made of stainless steel (ISO: 4301-304-
00-I), with 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°. Further, each groove was formed by two blocks made of stain-
less steel 316 having non-round bottoms. The displacement of the
pendulum was measured by a laser displacement sensor (IL-S025,
Keyence Company) at the tip of the aluminum extension arm, with
the distance from the fulcrum being 128 mm. The sensitivity of the
thrust stand was calibrated by using a pulley and weight arrangement
driven by a direct-current motor maintained at the same ambient pres-
sure as that during the thruster operations. In addition, a “tare force,”
which is an apparent thrust that should be corrected in the thruster
measurement, was measured beforehand as described in Ref. 30.

A double (electrostatic) probe was used for the measurement
of electron temperature T, and electron number density n.. The
probe tip was composed of two 0.3-mm-diameter tungsten wires
with an effective length of 3 mm. The separation distance between
the wires was 2.2 mm. A floating emissive probe was used for the
plasma space potential V, with respect to the cathode potential
measurement. Further, a 0.185-mm-diameter wire fabricated by 1%
thoriated tungsten was bent into a semicircular shape of diameter
2mm and used for thermionic electron emission. In addition, the
emission part was Joule-heated by supplying a heater current to
emit a sufficient number of thermionic electrons. When a heater

current greater than 8.2 A was supplied, the probe floating voltage
was saturated. The details of data processing, correction procedures,
and error analysis are further described in Ref. 31.

IV. CRITERIA FOR HYBRID ION ACCELERATION
A. Location of the propellant injection port

In electrostatic ion acceleration, ions should be generated near
the anode to utilize the applied voltage for efficient ion acceleration.
Because the ionization frequency is proportional to neutral number
density,” it is expected that increasing the neutral number density
near the anode will enhance electron impact ionization specifically
in the anode potential region. For the validation of the effect of this
near anode injection method, we newly developed a thruster, sche-
matically illustrated in Fig. 1. In thruster type-I, only a short
portion of the inner surface of the ring anode with an inner diame-
ter R, (=40 mm) and a length of 8 mm was exposed to the dis-
charge channel as an effective anode. A slowly diverging magnetic
field was applied using a water-cooled solenoid coil (inner diameter
100 mm, outer diameter 210 mm, and length 100 mm). B. was
varied with the changing current on the solenoid coil by using a
commercial power supply (N8761A, Keysight Technologies).
A commercial hollow cathode (LHC-03-AE1-01, Kaufman &
Robinson Inc.) was set on the center axis with the axial location of
its tip at the center of the solenoid coil. For the cathode operation,

Diverging

Water-cooled masmetic field

Solenoid coil

-150  -100 -50 0 50 100 150

FIG. 1. Schematic of thruster type-I.
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a commercial power supply (KC8002, Kaufman & Robinson Inc.)
and mass flow controller (Model 3660, Kojima Instruments Inc.,
F.S. =100 sccm) were used. The electrodes were assembled with a
ceramic insulator made of alumina. Further, the thruster had two
propellant injection ports: one was near the anode propellant injec-
tion wherein the propellant was injected along the inner surface of
the anode via a 1.5-mm-thick annular slit. The other was near the
cathode propellant injection wherein the propellant was injected
along the outer surface of the keeper electrode (fabricated from
tantalum, outer diameter 14 mm) via a 5.5-mm-thick annular slit.
The slit width of the near cathode propellant injection was
designed to maintain the same exit area of the near anode propel-
lant injection slit. The flow rate of each injection port (ri1; for the
near anode injection and i, for the near cathode injection) was
independently controlled using two mass flow controllers (Model
3660, Kojima Instrument Inc., ES.=30sccm). At z=75mm (the
thruster exit plane), the cross-sectional area at the thruster exit Sy
was 6.3 x 107> m?.

Figure 2 shows the V4 dependency of the mass-averaged
exhaust velocity F/(ri1; +1i1,) and normalized discharge current

15 -Illllllll]III‘IIIIIIIIIIIIIIIIIIII-
[ 1y [y i) s |
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FIG. 2. (color online). V4 dependency of Fi(riq +mp) and Jyle(rinq + rip)im}
with g tmy=14mg/s (=1.0Aeq), m.=049mg/s (=0.36Aeq), and
B, =150 mT. The open red circle [ri4/(riz4 + 1115) = 1.0 with V4 =100 V] is omitted
in the following discussion.
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Ja/{e(my + my)/m;}  with different propellant injection ratios
1y /(1 + 1i1,), where e and m; are elemental charge and ion mass,
respectively. The total flow rate i, +1i1, was set to 1.4mg/s
(=1.0 Aeq), and the flow ratio #1,/(ri1; + ti1,) was changed from 0
(entire propellant was supplied through the cathode injection slit)
to 1.0 (through the anode injection slit). The cathode flow rate 7,
was fixed at 0.49 mg/s (=0.36 Aeq). When ri1;/(ri1; + 1i1,) was set to
0 and 0.25, the thruster operated in constant current mode, in
which the discharge current is the setting value and the discharge
voltage is the dependent variable, whereas when set to 0.50, 0.75,
and 1.0, the constant voltage operation, in which that the discharge
voltage is the setting value and the discharge current is the depen-
dent variable, was achieved. Overall, F/(ri1, + ri1,) increased with
increasing V4 and overlapped regardless of the propellant injection
ratio, except in the case of /(s +1i1p) =0.5. The maximum
exhaust velocity was 12.6 km/s, equivalent to 1286s of specific
impulse Iy,. Regardless of the propellant injection ratio or constant
current/voltage operation, Ja/{e(#h; + #1,)/m;} increased with an
increase in Vy. Further, when #1,/(#i1; + r1,) was set to 0 or 0.25
(constant current mode), Vy linearly increased with increasing
Ja/{e(rin, + m,)/my}. In contrast when set to 0.50, 0.75, and 1.0
(constant voltage mode), Ja/{e(in; + #i1,)/m;} gradually saturated
with increasing Vjy, particularly in the case of #i/(#it; + 1i1;) = 1.0,
wherein Jg/{e(vi; + ,)/m;} =4.2 at V4=300V. Note that in the
case where #1,/(1, + 11,) = 1.0 with V3=100V (plotted as an open
red circle in Fig. 2), the experimental results, F/(#1, + ri1,) = 2.6 km/s,
yielded the lowest level among all operating conditions. In the case
where V4=150V with ri1,/(in, + rin,) = 1.0, F/(ri; + rin,) = 8.1 km/s,
which is 3.1 times higher than that of the case where V4=100V.
Under the constant mass flow rate operation (#1; + #i1, = 1.4 mg/
s =1.0 Aeq), this rapid velocity increment follows neither the velocity
characteristics of electrostatic acceleration [F/(ri1; + #1,) is propor-
tional to V] nor those of electromagnetic acceleration [F/(ri1; + #i1,)
is proportional to J4]. In contrast, in the cases where V4>150V,
F/(riy + 11,) increased gradually and a rapid increment was not
observed. One possible reason for these lower values is insufficient
propellant ionization,” which should be verified by ion beam current
measurement. Therefore, the data points of #1,/(ri1; + ri1,) = 1.0 with
V4=100V are plotted as open red circles in Figs. 2 and 3 and are
omitted in the following discussion.

The thrust characteristics of thruster type-I are shown in
Figs. 3(a) and 3(b), which are roughly classified into two groups:
constant-current operation with #1,/(ri; +,)=0 and 0.25 or
constant-voltage operation with ri1,/(#1, + ri1,) = 0.50, 0.75, and 1.0.
Commonly, electrostatic-acceleration thrusters are operated in the
constant-voltage mode where the discharge current is a variable
dependent on Vy, whereas the electromagnetic-acceleration thrust-
ers are operated in the constant-current mode where the discharge
voltage is dependent on J4. As shown in Fig. 3(a), the former group
did not fit well to the electrostatic acceleration form of (11, + 1)
(2eV4/m;)¥. In contrast, as shown in Fig. 3(b), the thrust fit well to
the electromagnetic-acceleration form of J4B.R,, with the value of
the coefficient o between 0.2 and 0.3. However, the latter group,
iy /(i + 1i1,) = 0.50, 0.75, and 1.0, had a thrust characteristic that
fit well with both the electrostatic and electromagnetic-acceleration
form; therefore, the electrostatic-magnetic hybrid acceleration
appeared to occur in these cases. The coefficient of the electrostatic
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FIG. 3. (color online). Thrust characteristics of thruster type-I with 24 + i, = 1.4 mg/s (= 1.0 Aeq), ni1c = 0.49 mg/s ( =0.36 Aeg), and B, = 150 mT; (a) electrostatic acceler-
ation model and (b) electromagnetic acceleration model. The point shown as an open red circle [riz4/(riz1 + map) = 1.0 with Vg =100 V] is omitted from the discussions about
the hybrid operation criteria.

acceleration @’ depended on 7i,/(thy + #i1,) such that the higher magnetic nozzle. In this model, an azimuthal torque is generated
propellant injection ratio showed a higher « value. Moreover, the through a Lorentz force induced by the interaction between J4 and
characteristics were consistent with the ion acceleration scenario in B, both of which have only (z, r) component. Under these assump-
electrostatic-magnetic hybrid ion acceleration such that the propel- tions, the thrust is given in a closed form as
lant was ionized near the anode and then experienced the electro-
static acceleration between the potential drop from the anode to 1 1 — (R/R,)?

. P P C A
that on the center axis. In addition, the thrust characteristics of the F=—"2JaBRe — e
latter group in the electromagnetic acceleration form exhibited no V2 V14 (R/Ry)
dependency on the propellant injection ratio and showed o value 1 3 /R\?
of 0.77. Fradkin et al.*® assumed plasma in a hollow cylinder with = ﬁ]dBaRa 1-3 (R_) . (14)
inner and outer radii of R. and R,. respectively, which acted as a ¢

rigid rotator, in which the angular velocity was kept uniform at an
axial location, and the rotational kinetic energy was fully converted In our experiment, (R/R,)*~0.0025<1.0 and we obtain
into axial kinetic energy after expansion through a diverging a=2"", which is smaller than that of the presented result with
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TABLE II. Permanent magnets used for different magnetic field strengths.

Inner Outer
B, diameter diameter Length
mT Material (mm) (mm) (mm)
210 Neodymium 58 98 30
315  Samarium-cobalt 45 100 30
402 Neodymium 45 100 30

riy/(#1y + 1i1p) = 0.50, 0.75, and 1.0. Hereafter, the near anode pro-
pellant injection slit was employed in thruster types-II and IIL

B. Relative cathode position with respect to the
magnetic field

In the diverging magnetic field, the electron motion and elec-
tric field configuration are different from those in the electric field
of a Hall thruster such that an axial electric field was maintained
near the exit by the applied radial-magnetic field. In contrast, in
the electrostatic-magnetic hybrid ion acceleration scheme, a radial
potential drop is required under the diverging magnetic field, and
the hollow cathode should be located on the center axis. In this
section, we investigated the effect of the hollow cathode relative
position with respect to the identical diverging magnetic field. By
changing the hollow cathode position, central cathode (CC) or
external cathode (EC), the thrust characteristics and plasma param-
eters (ne, T., and V distributions) were evaluated.

To achieve this, we developed thruster type-II, schematically
illustrated in Figs. 4(a) and 4(b) for CC and EC operation, respec-
tively. As in thruster type-I, it also has a ring anode made of
copper with an inner radius of R, =15 and 8 mm of the effective
length. On the center axis, the same commercial hollow cathode
with the in-house keeper electrode (fabricated from tantalum,
14 mm outer diameter) as that used in thruster type-I was located.
Further, a ceramic insulator (Photoveel®, Ferrotec Ceramics
Corporation, composed mainly of SiO, and Al,O;) was placed
between the anode and the hollow cathode. The propellant was

R
Thruster type (a)
o1

60 |-

40 [

F, mN

20 -

. (A
n,(2eVq/m;)” , mN
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injected only along the anode inner surface via a 1.5-mm-thick
annular slit between the anode inner surface and the ceramic insu-
lator. An external magnetic field was applied using a permanent
ring magnet, which was packed in a housing fabricated with stain-
less steel (ISO: 4401-316-00-I), which, in turn, was protected from
plasma using a ceramic wall plate. To change the B, value to 210,
315, and 420 mT, the size/material of the permanent ring magnet
was changed as summarized in Table II. Further, the applied mag-
netic field had a cusp around the thruster exit over the ceramic wall
plate. For the hollow cathode operation and near anode propellant
injection, the same power supply and mass flow controllers were
used as those described in thruster type-I. At z=23mm
(the thruster exit plane), Sou was 0.9 x 107> m?, Figure 4 shows a
schematic of thruster type-II with EC operation [scale is not the
same as in Fig. 4(a)]. The thruster head components were exactly
the same as those used for thruster type-II with CC operation,
except for the location of the hollow cathode. Instead of the central
hollow cathode, an insulating plate made in Photoveel® was
installed at the center of the thruster head. The cathode was located
at (z, r) = (220 mm, 140 mm) where the magnetic field strength was
less than 1 mT.

The thrust characteristics of thruster type-II with CC and EC
operations are shown in Figs. 5(a) and 5(b). For comparison, the
results of thruster type-I with ri/(#i1; +ri1,) = 1.0 are plotted as
well. From Fig. 5(a), it can be observed that the thrust coefficient of
thruster type-II with CC operation is higher than that of thruster
type-I; o =0.69 for thruster type-II and 0.59 for thruster type-I
with #1,/(riy + #i1,) = 1.0. However, in thruster type-II with EC
operation, o was calculated as 0.57. The thrust characteristics in
the electromagnetic acceleration form are shown in Fig. 5(b),
wherein thruster type-II with CC operation roughly fit to the linear
relation of J4B.R, and the slope o ranged from 0.92 to 1.18. In EC
operation, the thrust increased linearly with increasing J4B.R, and
o was 2.0; however, the slope changed at approximately
JaBcR,=15mN and subsequently the thrust was not directly pro-
portional to J4B.R,. Hence, it should be noted that the thrust gener-
ation mechanism in EC operation changed at J4B.R, = 15 mN, and
for J4B.R,<15mN, both electrostatic and electromagnetic ion

80_"'1"'|",»'1"'_‘
L Thruster type 1.5 (b) {
F o1

60 - @ 11-CC

S
"

FETEE BT S S

FIG. 5. Thrust characteristics of thruster type-Il with 2 = 0.49 mg/s (= 0.36 Aeq); (a) electrostatic acceleration model and (b) electromagnetic acceleration model. For com-

parison, the data of thruster type-I with #i24/(ri24 + rizy) = 1.0 are also plotted.
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accelerations contributed to generating thrust, whereas for
JaB.R,>15mN, the electrostatic acceleration was dominant.
Therefore, the CC operation showed the -electrostatic-magnetic
hybrid ion acceleration, whereas the EC operation showed the hybrid
acceleration in limited cases and was primarily dominated by the
electrostatic ion acceleration. The reason for the difference will be
discussed with reference to electron Hall parameters later.

The plasma parameters were measured using the double probe,
and the emissive probe was used under identical operating conditions
(r1,=14mg/s=1.0 Aeq, ri1.=0.48 mg/s=0.36Aeq, B =315 mT,
V4=250V) except for the hollow cathode position (CC or EC). The
distributions of #,, T, and V; are shown in Figs. 6(a)-6(c), respec-
tively, and the upper half presents the distributions of CC operation
while the lower half is that of EC operation. A separatrix of the
applied magnetic field roughly existed near z~ 25 mm.

From Fig. 6(a), it can be observed that the high-density region is
located in the vicinity of the hollow cathode exit for CC operation,
whereas in EC operation, such a high-density region is not observed,
and the generated plasma is confined within z<25mm. Further,
from Fig. 6(b), the high electron temperature region is found to be
concentrated in the vicinity of the anode in CC operation. In EC oper-
ation, T, is not distributed along the magnetic lines of force and
instead shows locally higher values. The space potential distribution
shown in Fig. 6(c) is different for the cathode position. Moreover, in
CC operation, the magnetic field configuration strongly affected the V;
distribution such that V; had a constant value along the magnetic
lines of force as well as Hall thrusters. In contrast, in EC operation,
the magnetic field separatrix affected the distribution of Vj similar to
how it did in the #, distribution. The high potential region was con-
fined within z<25mm and then gradually decreased toward down-
stream, which is commonly observed in cylindrical Hall thrusters,
high-efficiency multistage plasma thrusters, and cusped-field thrusters.

The axial distributions of n,, T,, and V; on the center axis are
shown in Fig. 7(a). In CC operation, the highest n. value of
2.5x 10 m™ was observed at (z, r) = (5 mm, 0 mm), which then
monotonically decreased in the downstream region. In EC operation,
7. was maintained in the order of 10" m™ in z <25 mm; however,
beyond z=25mm, n. quickly decreased in the downstream region.
The T, and V; values of CC operation were maintained at the lower
level along the center axis. Along the central axis, T, was found to be
less than 4.5eV, and V, decreased from 40V at (z, r)=(5mm,
0mm) to 20V at (z, r) = (100 mm, 0 mm), which was close to the
keeper voltage of 16 V. In EC operation, T, showed locally higher
values up to 25eV at (z, r) = (10 mm, 0 mm). The high T, region
was concentrated in the 5mm <z<25mm region and in other
regions, T, remained at approximately 5 eV. Further, in z <25 mm,
V, was greater than 160 V; however, beyond z=25mm, V; quickly
decreased monotonically in the downstream region and an axial elec-
tric field was observed.

Figure 7(b) shows radial distributions of #., T, and Vj at
z=5mm. In both the cathode positions, higher n. values were
observed on the center axis than that of the near anode. The T,
value in CC operation reached a higher value close to the anode
inner surface (r=15mm) and reached 12eV at (z, r)=(5mm,
12.5mm). In EC operation, T, and V did not exhibit significant
changes as T, ranged from 7.6 to 14eV, and V increased from
175V at (z, r)=(5mm, Omm) to 200V at (z, r)=(5mm,
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FIG. 6. Distributions of (a) n,, m=>, (b) T, eV, and (c) Vs, V in thruster type-Il
with m,=14mg/s (1.0Aeq), m.=049mg/s (=0.36Aeq), B.=315mT,
V4=250V; upper half and lower half are for CC and EC operations,
respectively.

12.5 mm). However, in CC operation, V; increased quickly toward
the anode from 40V at (z, r)=(5mm, Omm) to 200V at
(z, r) = (5 mm, 12.5 mm). Subsequently, using the n. and T, values
at (z, r)=(5mm, 0 mm), the electron Hall parameter was calcu-
lated. Here, only Coulomb collisions were considered while calcu-
lating the electron collision frequency.” The calculated electron Hall
parameter was 55 for CC operation and 3140 for EC operation.
Thus, because of the small Hall parameter, electrons were well ther-
malized and a constant T, and V; were observed along the mag-
netic lines of force in CC operation. Here, note that the inside
plug-wall potential (namely, the boundary condition of the V;
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FIG. 7. Distribution of plasma parameters of thruster type-Il with the same operating condition in Fig. 6; (a) axial distribution on center axis and (b) radial distribution on

z=5mm.

distribution) was different between the cases of CC/EC operations.
In CC operation, the wall potential in r <7 mm was equal to the
keeper voltage (=16V) and in 7mm<r<13.5mm, the wall
potential was equal to the floating potential [calculated as 80-95 V
from the T, and V; values shown in Fig. 7(b)]. In EC operation, the
plug-wall potential in r < 13.5 mm was equal to the floating poten-
tial [calculated as 104-147 V from the T, and V values shown in
Fig. 7(b)]. These are the upstream-boundary conditions of the
space potential distribution in CC/EC operations. However, the
effect of wall potential was limited within the sheath length and the
electric potential in the bulk plasma was dominated by the electron
Hall parameter. Therefore, even with the different upstream-
boundary conditions between CC/EC operations, the electrical
potential distributions and thruster performances should not be
different from the presented data. As described in Sec. III A, the
radial electric field for realizing electrostatic-magnetic hybrid accel-
eration scheme was maintained only in CC operation case, which is
consistent with the thrust characteristics shown in Fig. 5.

In summary, we experimentally obtained two design criteria
to achieve the hybrid ion acceleration: (i) near anode propellant
injection and (ii) on-axis hollow cathode location. Injecting xenon
propellant along the inner surface of the anode enhances the

electron impact ionization and generates ions that are electrostati-
cally accelerated through the radial-inward potential gradient along
the axial magnetic lines of force. As a result, the thrust coefficient
in the hybrid ion acceleration scheme exceeded that of the conven-
tional swirl acceleration model.

V. HIGH-THRUST-DENSITY OPERATION

Following the thruster design criteria described in Sec. IV, a
type-III thruster was developed to demonstrate the high-thrust-
density operation by electrostatic-magnetic hybrid ion acceleration.
In addition, our previous work showed that strengthening the mag-
netic field, particularly near the anode, enhanced near anode ioni-
zation, and the generated ions enabled utilization of the potential
drop between the electrodes for efficient electrostatic ion accelera-
tion. Following the magnetic field enhancement on anode, we
newly developed the thruster type-III, schematically illustrated
in Fig. 8.

Thruster type-III has features similar to those of thruster
type-II; it has a commercial hollow cathode (LHC-03-AE1-01,
Kaufman & Robinson Inc.) on the center axis and a ring anode
placed coaxially around the cathode. Between the anode and
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Permanent magnet

FIG. 8. Schematic of thruster type-Ill.

cathode, a ceramic (Photoveel) insulator was installed. An external
magnetic field was applied using a permanent ring magnet made of
samarium-cobalt (as described in Table II). Further, at the front
and back surfaces of the magnet, magnetic yokes made of soft iron
were mounted to strengthen the magnetic field (particularly near
the anode) to enhance the near-anode ionization.”” The magnetic
field strength at (z, r)=(0mm, R,) was 590 mT, while B. was
270 mT. The copper-made ring anode had a tilted inner surface
roughly relative to the magnetic field lines of force. In addition, the
anode inner radius R, was 15mm, and the effective length was
3 mm with the inner angle of 45°. The propellant was fed through
a 1.5-mm slit between the inner surface of the anode and the
ceramic insulator. For the hollow cathode operation and near
anode propellant injection, the power supply and mass flow con-
trollers as described in thruster type-I were used.

The operation characteristics of thruster type-III are shown in
Fig. 9. For comparison, those of thruster type-I and type-II with
CC operation are plotted as well. With an increase in Vg, F/r1, in
thruster type-III increased and gradually saturated at approximately
Vq=400V. For V4 <300V, thruster type-III showed a lower value
of F/w, than that of thruster types-I and II with CC operation; the
maximum F/#, at V3 =300V were 15, 17, and 13 km/s for thruster
types-I and II with CC operation and III, respectively. However,
thruster type-III showed a completely different V4 dependency of
Jal(etin,/m;); that is, on increasing Vg, Ja/(emn,/m;) maintained a
constant level of 2.0, whereas in the case of thruster types-I and II
with CC operation, it increased. This is because of the strong mag-
netic field that trapped the electrons along the magnetic lines of
force and thereby suppressed the electron diffusion across the mag-
netic lines of force. In addition, the anode inner surface of thruster
type-III was tilted (see Fig. 8); thus, no magnetic lines of force were
terminated at the anode inner surface and electrons could not
directly flow into the anode.

The thrust characteristics of the electrostatic acceleration
model and the electromagnetic acceleration model are shown in
Figs. 10(a) and 10(b), respectively. As shown in Fig. 10(a), the
obtained thrust fit well to the electrostatic ion acceleration form.
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The coefficient o (=0.56) is close to that of thruster types-I and II
with CC operation. Further, in the thrust characteristics in the elec-
tromagnetic acceleration form shown in Fig. 10(b), the thrust
roughly fit to the linear relation of J4B.R, as well as thruster types-I
and II with CC operation; however, its coefficient & (which ranged
from 1.5 to 2.5) was much higher than those of the other thruster
types. There are two possible reasons for this increment; one is
enhanced propellant ionization near the anode and consequently,
an increment in the ion beam energy due to the strengthened mag-
netic field on the anode described above. Another reason is that the
multi-charged ions generate thrust larger than that of the singly
charged ions because the electrostatic thrust is proportional to the
square root of the charge state. The discharge voltage (>200 V) well
exceeded the xenon-propellant ionization voltage (12.1 and 21.2V
for single and double ionization, respectively34), and both factors
can contribute to increasing a. To break down the contributions
from the two factors, ion beam characteristics (propellant utiliza-
tion and current fractions from each charge-state ion) must be
further investigated.

The thrust density F/Soy thrust efficiency 1, (=P (21, J4Vy)),
and thrust-to-power ratio F/P, in electrostatic-magnetic hybrid ion
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the propellant mass flux #1,/S,,. Regardless of the thruster types, - P
higher ri1,/Soy yielded a larger F/Sof The largest thrust density of ™ 80 F Thruster type Isp,az 1’5 00s =
70 N/m* with 1200's of I,,, was obtained by thruster type-III at \9« . O 1 ’,/" e
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the higher propellant mass flux. Thus, the thrust efficiency and the N 20 F ’ .4::',_—.' 1000s 3
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Next, these values of thruster type-III were compared to 20 - ® E
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for the typical Hall thruster, a scaling law derived from experi- e E l i ]
mentally obtained 1-kW-class 18 Hall thrusters was used as a < 10 k Q 3
reference value.” In Hall thruster operation, 7i1,/Soy: should be g ]
0.9 x 107> kg/s/m” to ensure a stable plasma discharge and an effi- S E e
cient thruster operation. However, because i1,/ is uniquely El T PPN T S TR TUT T lE
decided, F/Sqy and I, , are proportional only to (V4)™. For the 0 F H s
same Iy, , value (~1200s), Vg, F/Soy, and 7, were calculated as B 40 3 E
174V, 11 N/m?, and 45%, respectively, using the coefficients of ¥ s ® ]
thruster geometry, mass flow rate, thrust, and discharge power. Z 30 F e @ ® @ ® 3
In this study, a stable operation was achieved for i,/ =) E ‘ ® ]
Sout <6.1%x1073 kg/s/mz, and a decrement in 77, was not observed. : 200 F @ ‘ 3
Owing to this high mass flux, the thrust density increased up to I~ 8 s ]
6.3 times higher than the scaled value for Hall thrusters. In terms K10 . E
of multi-mode (large thrust/high specific impulse) operation,’ the 0 N T T PR T P NPT

high thrust-density operation would be useful for the large thrust
mode. For high specific impulse mode,” the violent plasma oscil- 0 10 20 3.0 40 50 60 70
lations caused by a neutral depression’’ were not observed even A kg/(s-1112) [><10'3]
with increased V4 (<500 V). Therefore, the presented thruster also

exhibited a capability for stable, high-specific-impulse operation.

In spite of these advantages, however, the thrust efficiency and FIG. 11. ria/Sou dependency of F/Soy and 7 with s =0.49 mg/s
corresponding thrust-to-power ratio should be improved. One (=0.36 Aeqg) and V4 =250 V. For comparison, the data of thruster type-| with

possible approach is scaling up both thruster size and input :)’l’;ﬁ:g +1i12) = 1.0 and that of thruster type-Il with CC operation are also
power.”” To determine the reason for the lower thrust efficiency, a '
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dataset of both plasma parameters (n., T., and V; distributions)
and efficiencies (propellant/current utilization, beam energy, and
beam divergence) is required, which is beyond the scope of this
study and warrants further investigation.

VI. CONCLUSION

We investigated thrust characteristics using three thrusters
(types-I, II, and III), comprising a slowly diverging magnetic field
between an on-axis hollow cathode and a coaxially set ring anode.
To achieve an electrostatic-magnetic hybrid ion acceleration, we
proposed two experimentally obtained criteria regarding near-
anode propellant injection and the on-axis hollow cathode location
by using thruster type-I and type-II, respectively, such that the pro-
pellant injected along the inner surface of the anode is ionized near
the anode and accelerated through the applied potential drop in
the radial-inward direction. From the plasma diagnostics inside
and outside the discharge channel, the electron Hall parameter was
found to be up to 55 in the investigated region when the cathode
was located at the center axis, and the electrons are expected to be
thermalized well through Coulomb collisions. Therefore, the poten-
tial gradient along the magnetic lines of force was observed. The
measured thrust exhibited both electrostatic and electromagnetic
acceleration characteristics and fit well with the thrust formula
derived for steady-state and quasi-neutral plasma flows. To demon-
strate high-thrust-density-operation, thruster type-III was devel-
oped, following the above-mentioned design criteria. It was found
that by increasing propellant mass flux, the thrust density increased
up to 70 N/m* without violent plasma oscillations. Compared to a
scaled model of Hall thrusters, the thrust density was higher by a
factor of 6.3 for an identical specific impulse of 1200 s. Beside those
advantages, however, the results of lower thrust efficiency (up to
18%) warrant further investigations in both plasma parameters and
ion beam characteristics.
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