
Effects of magnetic field profile near anode on ion acceleration characteristics of a
diverging magnetic field electrostatic thruster
D. Ichihara, A. Iwakawa, and A. Sasoh

Citation: Journal of Applied Physics 122, 043302 (2017);
View online: https://doi.org/10.1063/1.4995286
View Table of Contents: http://aip.scitation.org/toc/jap/122/4
Published by the American Institute of Physics

Articles you may be interested in
Electrostatic/magnetic ion acceleration through a slowly diverging magnetic nozzle between a ring anode and an
on-axis hollow cathode
AIP Advances 7, 065204 (2017); 10.1063/1.4985380

 Conducting wall Hall thrusters in magnetic shielding and standard configurations
Journal of Applied Physics 122, 033305 (2017); 10.1063/1.4995285

 Tutorial: Physics and modeling of Hall thrusters
Journal of Applied Physics 121, 011101 (2017); 10.1063/1.4972269

 Determination of plasma impedance of microwave plasma system by electric field simulation
Journal of Applied Physics 122, 043303 (2017); 10.1063/1.4993902

 Effect of anode position on the performance characteristics of a low-power cylindrical Hall thruster
Physics of Plasmas 24, 063518 (2017); 10.1063/1.4986091

 A multifunctional plasma and deposition sensor for the characterization of plasma sources for film deposition
and etching
Journal of Applied Physics 122, 044503 (2017); 10.1063/1.4995278

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/386502181/x01/AIP-PT/JAP_ArticleDL_092017/scilight717-1640x440.gif/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Ichihara%2C+D
http://aip.scitation.org/author/Iwakawa%2C+A
http://aip.scitation.org/author/Sasoh%2C+A
/loi/jap
https://doi.org/10.1063/1.4995286
http://aip.scitation.org/toc/jap/122/4
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4985380
http://aip.scitation.org/doi/abs/10.1063/1.4985380
http://aip.scitation.org/doi/abs/10.1063/1.4995285
http://aip.scitation.org/doi/abs/10.1063/1.4972269
http://aip.scitation.org/doi/abs/10.1063/1.4993902
http://aip.scitation.org/doi/abs/10.1063/1.4986091
http://aip.scitation.org/doi/abs/10.1063/1.4995278
http://aip.scitation.org/doi/abs/10.1063/1.4995278


Effects of magnetic field profile near anode on ion acceleration
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In this study, we investigated the effects of the magnetic field profile near a ring anode on the ion

acceleration characteristics of a diverging magnetic field electrostatic thruster. In an examined

electrostatic thruster, a diverging magnetic field is applied in the ion acceleration region, which

comprises a ring anode and an insulating plate in the upstream and an off-axis hollow cathode in

the downstream. The ionization near the ring anode inner surface is enhanced by increasing the

axial magnetic field in the interior of the ring anode to 250 mT, thereby increasing the effective

voltage for the ion acceleration. By supplying 0.41 mg/s argon gas as the working gas through a cir-

cular slit between the ring anode and the insulating plate, with a discharge voltage of 200 V,

the working gas is almost fully ionized and accelerated to an average energy of 190 eV with a

beam diverging angle of 39�. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4995286]

I. INTRODUCTION

The implementation of electric propulsion in space

applications, such as altitude control and orbit rising, is cur-

rently expanding owing to its associated high exhaust speed,

which yields a high payload ratio.1 In particular, thrusters

using electrostatic acceleration, such as ion thrusters and

Hall thrusters, are predominantly utilized owing to their high

thrust efficiency in the specific impulse range of 1500 s and

even higher.2 In an ion thruster, an ion acceleration potential

is applied using grid electrodes. The ion beam is collimated

in the direction of the thrust through the grids. Because such

ion acceleration processes are not associated with particle

collisions, a high thrust efficiency, which is higher than 70%,

is obtained.3 However, the corresponding thrust density

exhibits a maximum because of the Child-Langmuir space

charge limit.4,5 In a stationary-plasma-thruster (SPT)-type

Hall thruster,2 which is currently predominantly utilized in

high-power space applications, the ion acceleration potential

is maintained in the axial direction by electrons moving in a

closed loop in the azimuthal direction under a radial mag-

netic field.6 However, in practice, the applied magnetic field

is curved so that the accelerating electric field exhibits an

unfavorable radial component, thereby leading to collisions

against the insulator walls in the acceleration channel.7 In

the past few decades, intensive investigations were per-

formed for modifying the ion beam optics in Hall thrusters.8

Mikellides et al. 9 proposed a concept named “magnetic

shielding.” In this concept, ion collisions against the outer

channel wall are mitigated by superimposing a magnetic

field along the channel. Mazouffre et al. 10 proposed a “wall-

less Hall thruster,” in which an anode is placed near the

acceleration channel exit so that propellant ionization and

acceleration occur outside the channel. However, ions dif-

fused along the magnetic field and the beam optics was

deteriorated, thereby degrading the thrust performance com-

pared to that of conventional Hall thrusters.11 Cylindrical

Hall thrusters,12 high efficiency multistage plasma thrust-

ers,13 and cusped-field thrusters14 have a cusped magnetic

field so that the effective electric field for ion acceleration is

radially inclined inward; thus, ion collisions against the

channel wall are expected to be mitigated. Matlock15 demon-

strated that the diverging efficiency in the cusped-field

thruster was enhanced using an external electromagnet.

Harada et al.16 proposed the helicon electrostatic thruster

(HEST), which comprised a unique electrode arrangement

with a cusped magnetic field between a ring anode and a hol-

low cathode. Uchigashima et al.17 reported that, in the HEST

operation, the inner surface of the ring anode primarily acted

as an electron collector. Ichihara et al.18 were inspired by this

result and proposed the diverging magnetic field electrostatic

thruster (DM-EST), in which the ions were accelerated using

the same electrodes and magnetic field as those of the HEST,

but without the helicon plasma source. In an electrostatic

accelerator, the kinetic energy of accelerated ions depends on

the space potential difference from where the ions are gener-

ated to the downstream region. Generating ions near the

anode potential region is important to utilize an applied volt-

age efficiently for ion acceleration. In order to generate ions

near the anode, several methods and schemes were proposed.

Foster et al.19 proposed a “hollow anode scheme,” in which

the propellant gas was injected through small holes on the

anode surface of a magneto-plasma-dynamics (MPD) thruster

so that ionization near an anode was enhanced and then the

anode sheath drop was decreased. In the so-called “hollow

anode plasma source,”20 ionization is enhanced by decreasing

the anode area so that the anode potential drop and anode

sheath thickness are increased. In our previous study,18 the

effects of the working gas injection port on ion beam charac-

teristics of the DM-EST were investigated. Injecting the

working gas through an annular slit between the ring anode

and the insulator enhanced the ionization near the ring anode

inner surface because the local neutral number density was
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increased and, as a result, the probability of electron impact

ionization was increased. The DM-EST has a similar mag-

netic field configuration and device geometry to the End-Hall

ion source.21,22 The End-Hall ion source (or thruster) com-

prises a diverging section in its anode. A conical “potential

well” is formed over the anode inner surface so that the accel-

erated ions bounce back and forth against the well, and the

extracted ion beams have a wide angular distribution. This

configuration is suitable for plasma processing because it uni-

formly distributes ion beams over a large diverging angle.

On the other hand, the anode of the DM-EST has a ring

shape without a diverging section. The ring anode surface is

exposed only in the short zone where efficient ionization of

the propellant is expected to occur. Because the working gas

is injected through the slit, neutrals primarily have an axial

velocity and do not directly impinge against any wall in the

downstream. The electrical potential distribution in the ion

acceleration region is determined primarily by the magnetic

field in the downstream region from the ring anode. The larg-

est potential drop occurs near the end of the diverging mag-

netic field toward the axial direction. Such ion acceleration

mechanisms are suitable for space propulsion. However, the

effects of the magnetic field profile as well as the detailed

mechanisms of ion acceleration in the DM-EST are still not

well explored. In this study, the ion beam characteristics of

the DM-EST are investigated by examining the magnetic

field profiles through the measurement of the ion beam and

plasma characteristics in the ion acceleration region.

II. EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 shows a schematic of the nominal configuration

of the DM-EST which is examined in this study. The pri-

mary components, namely, the solenoid coil, ring anode, hol-

low cathode, and insulating channel walls, are the same as

those investigated in Refs. 17 and 18. In this study, we intro-

duced ring yokes fabricated using soft iron inside the

solenoid coil case for modifying the applied magnetic field

profile inside the ring anode. A copper ring anode with an

inner diameter of 27 mm and a thickness of 10 mm was

located at 25 mm downstream from the coil center. An insu-

lating plate fabricated using boron nitride was located inside

the ring anode to plug the working gas in the acceleration

channel. The working gas, argon, was injected through the

1.5-mm-thick circular slit along the anode inner surface. In

this region, an axial magnetic field was applied parallel to

the ring anode inner surface. In the downstream region, the

magnetic field was considerably modified using Nd-Fe-B

permanent magnets and soft iron yokes to generate a diverg-

ing magnetic field followed by a field-free region with the

magnetic field strength lower than 3 mT. The orifice of a hol-

low cathode (DLHC-1000, Kaufman & Robinson, Inc.) was

located at a radial position of 70 mm and an axial position of

175 mm downstream from the coil center.

In this study, four magnetic field profiles, types N, S, A,

and C, were investigated, as shown in Fig. 2. Here, the cylin-

drical coordinates (r, z) for the axisymmetric configuration,

where r and z are the radial and axial coordinates, respec-

tively, are defined on the central axis with their origin at the

downstream surface of the insulating plate. The magnetic

field strength B at the origin, B(0 mm, 0 mm), and at the exit

of the annular slit, B(13.5 mm, 0 mm), was used for character-

izing each magnetic field profile. In Type N [Fig. 2(a)], the

inner support that backed the insulating plate was fabricated

using copper. The magnetic field profile of Type N was the

same as that used in Refs. 17 and 18. The magnetic field

inside the ring anode was relatively uniform, that is, B(0 mm,

0 mm)¼B(13.5 mm, 0 mm)¼ 100 mT. In the other types

shown in Figs. 2(b) to 2(d), the magnetic field profile near the

ring anode was modified by changing the material of the

inner and outer supports. In Type S [Fig. 2(b)], the magnetic

field inside the ring anode was almost uniformly enhanced by

using the inner and outer supports that were fabricated using

soft iron. The length of the outer support at its inner-most

portion was only 9 mm and was connected to another 9-mm-

long cylinder fabricated using copper. The magnetic field

strengths at both the center and the ring anode inner surface

were increased within a variation of 10%, that is, B(0 mm,

0 mm)¼ 210 mT and B(13.5 mm, 0 mm)¼ 190 mT. In Type

A [Fig. 2(c)], the insulating plate was backed by a copper

inner support, which had the same shape as the inner support

of Type S. The magnetic field was increased only near the

ring anode inner surface by using an outer support fabricated

using soft iron, which had its full length, without a copper

extension cylinder, such as that used in Type S. The magnetic

field was considerably enhanced near the ring anode inner

surface (B(13.5 mm, 0 mm)¼ 250 mT) compared to that on

the central axis (B(0 mm, 0 mm)¼ 150 mT). In Type C [Fig.

2(d)], the copper inner support was replaced by an inner sup-

port fabricated using soft iron with the same shape as that of

Type S, and the outer support was fabricated using copper.

The magnetic field was considerably enhanced near the cen-

tral axis, with B(0 mm, 0 mm)¼ 300 mT and B(13.5 mm,

0 mm)¼ 190 mT.

The ion beam energy, Ei, was estimated from the ion

beam energy distribution function (IEDF), which wasFIG. 1. Schematic of the DM-EST, “nominal” (N) configuration.
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measured using a retarding-potential analyzer (RPA).23 The

same RPA as in Ref. 16 was used. The RPA was fixed at

(r, z)¼ (0 mm, 350 mm). The corrected ion current Jc was mea-

sured by varying the third grid potential of RPA VRPA from

�20 V to 440 V with respect to the cathode potential. Figure 3

shows an example of the Jc variation and the calculated IEDF.

Jc was normalized by a baseline value with VRPA< 0. The nor-

malized Jc was fitted to a superimposition of Gaussian func-

tions using the least-squares method.16 The IEDF was obtained

by differentiating the fit curve with respect to VRPA. The calcu-

lated IEDF comprised two distinct peaks at VRPA¼u1 and

VRPA¼u2. Using u1 and u2, Ei is estimated by

Ei � u2 � u1: (1)

In the case of Fig. 3, u1¼ 42 V, u2¼ 190 V, and Ei¼ 148 eV.

Here, it should be noted that u1 did not equal the space poten-

tial. Due to charge exchange processes, slow ions can exist

near the RPA and u1 should be slightly higher than the space

potential. Although Eq. (1) is a good approximation to an ion

beam energy from the space potential, Ei was somehow

underestimated. As will be shown later, the space potential at

the RPA location under the operation condition of Fig. 3 was

measured to be 33 V, which was lower than u1, thereby corre-

sponding to an underestimation of the ion beam energy by

6%.

The ion beam current Ji and ion beam divergence half-

angle hhi were measured using a nude Faraday probe.24 The

nude Faraday probe comprised a 12-mm-diameter collector

and a guard ring with an inner diameter of 13 mm and an

outer diameter of 23 mm. In the horizontal plane on the cen-

tral axis of the DM-EST, the distribution of the ion current

density, ji, was measured as a function of the azimuthal

angle, h, with respect to the central axis. The rotation center

was (r, z)¼ (0 mm, 115 mm), and the swing arm length, R,

was 250 mm. The collector part and the guard ring were neg-

atively biased by 50 V with respect to the cathode potential,

and the ion current into the collector was measured using the

voltage drop at a 1 kX resistor (61.0% accuracy) connected

in series to the nude Faraday probe circuit. ji was calculated

as the measured current divided by the collector area. Figure 4

shows an example of ji(h) normalized by ji(0). Assuming an

axisymmetric exhaust plume, Ji is calculated as in Eq. (2)

Ji ¼
ðp=2

�p=2

jiðhÞ pR2jsin hjdh=ð1þ cÞ: (2)

From Fig. 3, ions with a maximum energy of 300 eV reached

the collector. In this ion energy range, the secondary electron

yield, c, of the ion collector is approximately 0.125 and Ji

was corrected by 1þc. The ion beam divergence half-angle

hhi was calculated as the momentum-averaged value on the

hemisphere face26 with radius R,

cos hhi ¼

ðp=2

�p=2

ji hð Þ jsin hj cos hdh

ðp=2

�p=2

ji hð Þ jsin hjdh

: (3)

FIG. 2. Applied magnetic fields: (a)

Type N, (b) Type S, (c) Type A, and

(d) Type C.

FIG. 3. Example of normalized collected ion current Jc vs third grid poten-

tial of RPA VRPA with respect to cathode potential. The magnetic field was

Type A with m_1¼ 0.41 mg/s (¼1.0 Aeq), m_2¼ 0.14 mg/s (¼0.36 Aeq), and

Vd¼ 200 V.
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The ion current measurement using a Faraday probe can

make an overestimation owing to the effective collection

area,27 limited chamber size, and/or pumping capability.28 The

primary portion of uncertainty comes from charge exchange

collisions between fast ions and slow neutral. Assuming a neu-

tral temperature of 300 K and an ambient pressure of 7.6 mPa,

the neutral number density is 2.4� 1018 m�3. Using 10�19 m2

for the charge exchange collision cross-section,29 the mean-

free-path of charge exchange collision is on the order of

10�1 m. This is comparable with R, and the measured ji(h) can

be overestimated by charge exchange collisions. Brown30 pro-

posed seven procedures for Faraday probe measurements that

can reduce the uncertainty to 3%. However, the full procedure

was not performed for the data presented in this paper.

Therefore, as an upper limit, the uncertainty of Ji and hhi in

this experiment are considered to be at the same level as those

in the recent study,31 and they areþ50%/�0% and 610%,

respectively.

A double probe32 was used for measuring the electron

number density, ne, and the electron temperature, Te. The

probe tip comprised two 0.3-mm-diameter tungsten wires

with an effective length of 3 mm. The separation distance

between the tungsten wires was 2.2 mm. To obtain the probe

current (I)–voltage (V) curve, the voltage difference between

the two probes was varied at 10 Hz and the probe current

was measured using the same resistance as that used in the Ji

measurement. The measured probe I–V curve was fitted by a

theoretical I–V expression for a symmetric double probe32

I ¼ Isat � tanh
V

2kTe=e

� �
þ c1V þ c2: (4)

Here, Isat is the ion saturation current and k is the Boltzmann

constant. The coefficient c1 corresponds to the sheath expan-

sion in the ion saturation region, and c2 reflects any offset

currents owing to stray capacitance.33 The parameters Isat,

Te, c1, and c2 are determined as fitting parameters. It should

be noted that the electron energy distribution function can

be a bi-Maxwellian distribution owing to the beam current

from the hollow cathode. However, the double probe cannot

obtain an electron temperature in the lower energy part

because it is limited to collecting the high energy tail in the

electron energy distribution. Therefore, the presented Te

value indicates that the plasma contained single temperature

corresponding to the higher-energy distribution. The electron

number density was calculated from Eq. (5), using the Bohm

approximation for the ion entry velocity to the sheath34

ne ¼
Isat

jAeff

ffiffiffiffiffiffiffi
mi

kTe

r
: (5)

Here, j, Aeff, and mi, are the density decrement inside pre-

sheath, effective current correction area, and ion mass,

respectively. Aeff depends on the sheath thickness d sur-

rounding the probe wire, which was determined based on the

Debye length35 as in Eq. (6)

d
kD

� 2

3

2

exp �1ð Þ

� �1=4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� 1

2
ln

me

mi

� �s
� 1ffiffiffi

2
p

2
4

3
5

1=2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� 1

2
ln

me

mi

� �s
þ

ffiffiffi
2
p

2
4

3
5: (6)

Here, kD and me are the Debye length and mass of electrons,

respectively. For argon gas, the ratio d/kD� 5.0. In order to

consider the sheath thickness, Aeff was initially considered to

be equal to the probe surface area and an iterative process36

was used.

To measure the plasma space potential, Vs, with respect

to the cathode potential, a floating emissive probe37 con-

nected in parallel with a high-voltage probe (P5100A,

Tektronix Company) was used. A 0.185-mm-diameter wire

fabricated using 1%-thoriated tungsten was bent to a semicir-

cular shape with a diameter of 2.0 mm and was used for

thermionic electron emission. To emit a sufficient amount of

thermionic electrons, the electron emission part was Joule-

heated by supplying a heater current. Before the Vs measure-

ment, the floating voltage Vf of the emissive probe was mea-

sured by varying the heater current at the ring anode inlet (r,

z)¼ (0 mm, 0 mm) and the exit of the accelerator (r,

z)¼ (0 mm, 115 mm). When a heater current greater than

5.5 A was supplied, Vf became saturated. In this condition,

the voltage drop at the electron emission part was 4.5 V.

Because of the space-charge effect, Vf is lower than Vs.
38 The

measured Vf value was corrected by a factor of wckTe/e
39

Vs ¼ Vf þ wckTe=e: (7)

The correction factor wc depends on the ratio of Debye

length to filament radius and varies in 0<wc< 1.5 for argon

gas. In this experiment, the heater current was fixed to 5.5 A

and Vs is calculated from measured Vf and Te values using

Eq. (7).

The double probe and the emissive probe were swept

using a stepping motor (PK569AWM, Oriental Motor Co.,

Ltd.) with a sweep time shorter than 0.25 s at each point. The

probe axis was oriented parallel to the center axis of the

thruster. The probe measurement position interval was at

least 2 mm in the radial direction and 5 mm in the axial

FIG. 4. Example of ji(h) distribution. The magnetic field was Type C with

m_1¼ 0.41 mg/s (¼1.0 Aeq), m_2¼ 0.14 mg/s (¼0.36 Aeq), and Vd¼ 175 V.
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direction. Because the double probe and emissive probe are

used in floating voltage, the effective probe diameter

2(rpþ d) can be calculated using Eq. (6). From the electron

number density and electron temperature measurements, kD

varied 0.02–0.05 mm on the central axis in the case shown in

Fig. 3. The sheath thickness was 0.1–0.25 mm, and thus, the

effective probe diameter was 0.5–0.8 mm. In particular,

introducing probes into a bulk plasma may cause non-

negligible perturbations to the thruster discharge.40,41 The

disturbances may influence thruster operation characteristics

and plasma properties particularly around the probe location.

The former effects can be characterized by discharge current

Jd variation. Figure 5 shows the measured Jd value at each

double probe measurement position, zprobe, on rprobe¼ 0 and

10 mm in the Type A magnetic field. By inserting the double

probe in the downstream region (zprobe> 115 mm), the Jd dif-

ference between with and without double probe operation

was smaller than 2%. The Jd difference was the largest, up to

12% (absolute value), at zprobe¼ 0 mm, and then decreased

towards downstream. In 30 mm< zprobe< 115 mm, the Jd

difference was 7% at most. As the probe insertion has effects

on plasma properties. Staack et al.42 reported that owing to

the secondary electron emission from the probe body, the

inserted probe causes an electron temperature decrement.

The presented Te value in this paper can be underestimated;

however, we believe that these decrements do not have criti-

cal effects on plasma parameter distributions.

The measured values of ne, Te, and Vs by probe diagnos-

tics have uncertainties. Large combinations of effects are

lumped into the uncertainties: the uncertainty of electrode

collection area,43 finite ion temperature,44 noise in the col-

lected signal, and applicability of the probe theory.45 As

mentioned earlier, Isat and Te are determined directly as fit-

ting parameters in Eq. (4). The standard deviation of Te fit-

ting was up to 15%. The uncertainty of ne is the combination

of the uncertainty of each parameter in Eq. (5), that is, the

standard deviation of Isat fitting, finite ion temperature effect

on j, probe manufacturing accuracy on Aeff, and Te uncer-

tainty. Applying the low propagation of error in Eq. (5), the

estimated ne uncertainty wasþ13%/�16% which is the max-

imum. From Eq. (7), the uncertainty of Vs is of the same

order as the uncertainty of Te. However, Eq. (7) neglects the

potential drop in the pre-sheath region.46 In the typical oper-

ation condition of Hall thrusters, the pre-sheath thickness is

comparable with that of the discharge channel width, that is,

20 mm.7 This is comparable with that of the ring anode inner

diameter. Moreover, the heating current flows in the emis-

sion probe make 4.5 V of the potential drop in the emission

part. Therefore, the uncertainty of Vs isþ0.15wc(kTe/e)/-

0.9(kTe/e) 6 2.25 V.

III. ION ACCELERATION CHARACTERISTICS

A. Operating conditions

All experiments were conducted in a 3.2-m-long, 1.2-m-

diameter stainless steel vacuum chamber. The vacuum cham-

ber was evacuated using a cryogenic pump with an exhaust

speed of 8400 l/s, which was backed by a dry pump with an

exhaust speed of 120 l/s. The working gas supplied both

through the slit and through the hollow cathode was argon

(purity 99.9999%). The flow rate of the working gas injected

through the slit, _m1, was set to 0.41 mg/s (¼1.0 Aeq), and the

discharge voltage Vd ranged from 125 V to 225 V. Here, the

unit for flow rate “Aeq” stands for “ampere equivalent,”

which is frequently used in evaluating thrust characteristics

of an electrostatic thruster.47 One Aeq corresponds to a flow

rate of propellant particles multiplied by an elementary

charge. The hollow cathode was operated with a working gas

flow rate, _m2, of 0.14 mg/s (¼0.36 Aeq), and the keeper cur-

rent was fixed to 2.0 A. The ambient pressure in the vacuum

chamber, measured using an ionization gauge, was main-

tained below 7.6 mPa with the total working gas flow rate of

0.55 mg/s (¼1.36 Aeq). Each operating condition was

repeated at least twice with measuring Ei, Ji, hhi, Jd, and the

keeper voltage. In the following figures, a symbol shows an

average value. The error bar in Ei, Ji, Jd, and hhi correspond

to the standard deviation (6r) obtained by a number of tri-

als. Each steady-state operation to measure the thrust charac-

teristics lasted for at least 3.5 s. To evaluate the effect of the

insulating plate erosion, the insulating plate mass was mea-

sured using an electric balance (AW320, Shimazu Corp.)

before and after five operation cycles (10 s run and 30 s inter-

val) at the condition _m1¼ 0.41 (¼1.0 Aeq) mg/s, _m2¼ 0.14

mg/s (¼0.36 Aeq), and Vd¼ 200 V in the Type A magnetic

field. The mass difference before and after operation was

smaller than the resolution of the electric balance (0.1 mg),

which corresponds to a value not greater than 2 lg/C.

B. Effect of magnetic field strength

In this section, the effect of the magnetic field strength is

examined by comparing the ion beam characteristics of

Types N and S, both of which had a relatively uniform

applied magnetic field. Figure 6(a) shows the ji(h) distribution

in Types N and S. In both Types N and S, more than 175 V of

discharge voltage was necessary for breakdown and steady-

state operation. In Type N, ji(h) exhibits a local peak at h¼ 0�

and 650�. However, in Type S, ji(h) exhibits a maximum

only around h¼ 0� and then monotonically decreases with

increasing jhj. As a result, as shown in Fig. 6(b), the hhi value
FIG. 5. Probe perturbation on Jd with the magnetic field of Type A with

m_1¼ 0.41 mg/s (¼1.0 Aeq), m_2¼ 0.14 mg/s (¼0.36 Aeq), and Vd¼ 200 V.

043302-5 Ichihara, Iwakawa, and Sasoh J. Appl. Phys. 122, 043302 (2017)



of Type S was smaller than that of Type N by more than 10�;
for example, at Vd¼ 225 V, hhi is 52� and 40� for Types N

and S, respectively. In the case of Type N, hhi increased by

3� with increasing Vd from 175 to 225 V. However, in Type

S, it varied by not greater than 1�.
Figure 7 shows the Vd dependence of Ei, Ji, and Jd for

Types N and S. In both types, the average value of Ei

increased almost linearly with increasing Vd. In the steady-

state operation region (Vd� 175 V), the slope dEi/dVd was

0.65 for Type N and 1.0 for Type S. At Vd¼ 225 V, Ji was

87% and 100% of the total working gas flow rate in ampere

equivalent e( _m1þ _m2)/mi for Types N and S, respectively. In

the latter, ion production by magnetized electrons was

enhanced owing to the better confinement achieved by the

stronger magnetic field. In both types, with increasing Vd, Ji

almost became saturated to a value equal to e( _m1þ _m2)/mi.

As shown in Fig. 7, Jd increased with the stronger magnetic

field of Type S, at Vd¼ 225 V and Jd¼ 2.1 A and 2.6 A for

Types N and S, respectively. Additionally, Jd increased with

increasing Vd in both types—however, without saturation—

and surpassed e _m1/mi by a factor of 2 or higher. Jd equals the

electron current flowing into the ring anode, which is the

sum of the exhaust ion current that should be neutralized by

electrons and an “excess” electron current owing to the diffu-

sion of thermionic electrons, which is equivalent to the elec-

tron backflow from the hollow cathode. Because Ji saturated

with increasing Vd while Jd increased monotonically, the

ratio Ji/Jd exhibited a maximum value, which in the present

configuration was 0.67 for both types; 67% of Jd corresponds

to the ion current and the rest to the electron backflow. In

Type N, Ji/Jd exhibited a peak value at Vd¼ 200 V, and in

Type S, it had a maximum at Vd¼ 175 V and decreased

monotonically with increasing Vd.

C. Effect of magnetic field distribution

In this section, the operation characteristics of Types A

and C are compared to those of Type S to evaluate the effect

of the magnetic field distribution. Figure 8(a) shows the ji(h)

distribution for Types S, A, and C. Only in Type A, break-

down and steady-state operation were possible at a low dis-

charge voltage, as low as Vd¼ 125 V. In Type A, ji(h) had

local maxima at h¼610� that were 5%–10% higher than

ji(0). In Type C, similar to Type S, ji(h) exhibited a peak

value only at the central axis, at h¼ 0�. Fig. 8(b) shows the

Vd dependence of hhi in Types S, A, and C. In contrast to

Type S, the hhi value of Type C increased with increasing

Vd; however, in Type A, it decreased. Among the types

examined in this study, Type A exhibited the smallest hhi,
which was 39� at Vd¼ 225 V. Figure 9 shows the Vd depen-

dence of Ei, Ji, and Jd for Types S, A, and C. In Types A and

C, with increasing Vd, Ei increased almost linearly with the

same increasing rate as Type S, dEi/dVd� 1.0 in the steady-

state operation region (Vd� 175 V for Type C and

Vd� 150 V for Type A). When Vd was in the range of

175–225 V, Ei of Type C differed from that of Type S by not

more than 8%. However, in Type A, Ei was approximately

40 eV higher than that of Type S, and at Vd¼ 225 V, Ei/Vd

reached 0.79. No clear difference was observed in the varia-

tion in Ji among Types S, A, and C; at Vd¼ 225 V, Ji satu-

rated at a value slightly higher than e( _m1þ _m2)/mi. The cause

for this excess value has not been clearly identified; it could

FIG. 6. Ion beam distribution characteristics in Type N and S magnetic

fields, where m_1¼ 0.41 mg/s (¼1.0 Aeq) and m_2¼ 0.14 mg/s (¼0.36 Aeq);
(a) normalized ion beam current density ji vs. angle h with respect to the

central axis for Vd¼ 200 V, (b) hhi vs. Vd.
FIG. 7. Vd vs. Ei, Ji, and Jd for Type N and S magnetic fields with

m_1¼ 0.41 mg/s (¼1.0 Aeq) and m_2¼ 0.14 mg/s (¼0.36 Aeq).
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be due to the failure of the symmetry, doubly charged ions, or

other reasons. However, the conclusions obtained from the

present experiments are not expected to be affected by this

small discrepancy. In both Types A and C, Jd increased with-

out saturation and then Ji/Jd decreased with increasing Vd.

IV. DISCUSSION ON ION ACCELERATION
MECHANISMS BASED ON PROBE DIAGNOSTICS

In this section, the probe diagnostics results are used for

analyzing the ion acceleration and discharge characteristics

discussed in Sec. III.

A. Ionization characteristics

As shown in Figs. 7 and 9, in Types S, A, and C, Ji was

18%–25% higher than that of Type N, which indicates that Ji

increases with increasing B. Figure 10 shows the ne distribu-

tion for each magnetic field type. With a strong magnetic

field, in Types S, A, and C, ne on the central axis inside the

ring anode was of the order of 1018 m�3. In Type C, ne exhib-

ited a local peak value of 1.8� 1018 m�3 at (r, z)¼ (0 mm,

40 mm).

Figure 11 shows the radial distributions of ne, Te, and Vs

at z¼ 10 mm, near the right-hand-side end of the ring anode.

In Type N, with a relatively weak magnetic field of 100 mT, ne

remained at a low level of up to 2� 1017 m�3 for r	 8 mm;

however, at r¼ 10 mm, it increased up to 2� 1018 m�3. As

was reported in Ref. 18, the neutral gas injected through the

annular slit along the anode inner surface was efficiently ion-

ized by electrons diffusing into the anode across a potential

drop exceeding the ionization energy. Because the ions so

ionized in this region can be accelerated over the potential

drop that is almost equal to the discharge voltage, this scheme

is favorable for the electrostatic acceleration. This scheme will

hereafter be referred to as the “near-anode ionization scheme.”

FIG. 8. Ion beam distribution characteristics for Type S, A, and C magnetic

fields with m_1¼ 0.41 mg/s (¼1.0 Aeq) and m_2¼ 0.14 mg/s (0.36 Aeq); (a)

normalized ion beam current density ji vs. angle h with respect to the central

axis for Vd¼ 200 V and (b) hhi vs. Vd.
FIG. 9. Vd vs. Ei, Ji, and Jd for Type S, A, and C magnetic fields with

m_1¼ 0.41 mg/s (¼1.0 Aeq) and m_2¼ 0.14 mg/s (¼0.36 Aeq).

FIG. 10. Distributions of ne for varying magnetic field types: (a) Type N, (b)

Type S, (c) Type A, and (d) Type C, with m_1¼ 0.41 mg/s (¼1.0 Aeq),

m_2¼ 0.14 mg/s (¼0.36 Aeq), and Vd¼ 200 V.
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In all other locations, ne was higher in Types S and C than in

Type N, ranging between 5.0� 1017 and 1.0� 1018 m�3 in the

entire r range. In Type A, ne was at the same level as in Types

S and C for r	 4 mm and then increased up to 1.0� 1020 m�3

at r¼ 8 and 10 mm.

In Types N, S, and C, Te was approximately 5.0 eV and

increased slowly with increasing r. In Type N, Te decreased

at r¼ 10 mm, which corresponds to the increment of ne. In

Type S, Te continued to increase with increasing r. In Type

A, Te remained at the highest level of 10–16 eV. In Type C,

Te increased to the same level as Type A at r¼ 8 mm; as

shown in Fig. 10, only Type A had a region of considerably

high ne of the order of 1� 1019 m�3 near the inner surface of

the ring anode.

In Type N, Vs at z¼ 10 mm decreased with increasing r
from 179 V at the center to 170 V at r¼ 10 mm. In Types S,

A, and C, which had a stronger magnetic field, Vs increased

from the axis to the ring anode inner surface because of the

decreasing electron’s mobility perpendicular to the magnetic

lines of force; in Type A, Vs is the lowest at the central axis

with a value of 171 V, which is lower than the anode poten-

tial (¼Vd) by 29 V. This potential difference is sufficient for

the thermionic electrons at the central axis to enhance ioniza-

tion near the ring anode inner surface. In particular, in Types

A and C, Te exceeded the ionization energy of argon

(¼15.8 eV) in the r¼ 8–10 mm region. In this electron tem-

perature region, the ionization rate constant strongly depends

on Te. The working gas injected through the injection slit col-

lided with energetic electrons at a high rate, thereby enhanc-

ing ionization; Types S, A, and C exhibited more than 10

times higher electron number density. Particularly for Type

A, combining the near-anode ionization scheme with the

strengthened magnetic field and the potential drop, electron

impact ionization probability increased so that a high ne

region of the order of 1020 m�3 was formed near the anode

inner surface. This scenario is favorable for the efficient elec-

trostatic acceleration of ions almost equivalent to the total

working gas flow rate through a potential drop close to Vd.

B. Acceleration characteristics

As shown in Figs. 6(b) and 8(b), hhi depended on both the

strength and the profile of the applied magnetic field.

Particularly, hhi decreased in the order of Types N, C, S, and

A. Figure 12 shows color contours of Te for all types. Each Te

distribution exhibited a peak in the diverging part of the

applied magnetic field. In Type N, Te exhibited a maximum of

approximately 34 eV near the central axis at z¼ 100 mm. In

Types S, A, and C, a maximum Te of approximately 30 eV

appeared upstream, at approximately z¼ 55–85 mm. Figure 13

shows the distributions of ne, Te, and Vs on the central axis. In

the region near a maximum Te, Vs started to decrease in the

downstream direction. In Type N, Vs started to decrease at

approximately z¼ 100 mm, where Te exhibited a maximum.

However, in the other types, which had a stronger magnetic

field, Vs started to decrease at z¼ 70–80 mm. These results

suggest that increasing the magnetic field results in shifting the

location of the ion acceleration region toward the ring anode.

Figure 14 shows the color contours of Vs for all the examined

magnetic field types. By strengthening the magnetic field, as in

Types S, A, and C, an electric field oriented obliquely inward.

FIG. 11. Distributions of ne, Te, and Vs at z¼ 10 mm for various magnetic

field types, with m_1¼ 0.41 mg/s (¼1.0 Aeq), m_2¼ 0.14 mg/s (¼0.36 Aeq),

and Vd¼ 200 V.

FIG. 12. Distributions of Te for various magnetic field types: (a) Type N, (b)

Type S, (c) Type A, and (d) Type C, with m_1¼ 0.41 mg/s (¼1.0 Aeq),

m_2¼ 0.14 mg/s (¼0.36 Aeq), and Vd¼ 200 V.
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This electric field collimated ions, thereby decreasing the hhi
value of Types S, A, and C with respect to that of Type N. The

strength of this electric field depended on the space potential

distribution and resulted in a lowered space potential at the

central axis. As shown in Fig. 13, Type A exhibited the lowest

space potential at the central axis for z¼ 0–55 mm and the

smallest hhi.
As described by Eq. (1), the ion energy Ei of electro-

static acceleration was determined from the space potential

difference from the ionization position (see u2 in Fig. 3) to

the IEDF measurement position (see u1 in Fig. 3). As shown

in Figs. 7 and 9, Type A exhibited the highest Ei; on the

other hand, the difference in Ei between Types N, S, and C

was not higher than 5 eV. In Type A, ionization was

enhanced locally near the ring anode inner surface, as shown

in Fig. 10. The measured Vs at (r, z)¼ (10 mm, 10 mm) was

192 V, close to the u2 value (¼190 V) measured by the RPA.

In Types N, S, and C, ne exhibited maxima of 172, 179, and

179 V at (r, z)¼ (10 mm, 10 mm), (0 mm, 40 mm), and

(0 mm, 40 mm), respectively. As shown in Fig. 13, at the

IEDF measurement position (r, z)¼ (0 mm, 350 mm), Vs was

almost equal for all magnetic field types. Therefore, Ei

mainly depends on Vs at the ionization position. In Type A,

the enhanced ionization near the ring anode potential,

induced by the combination of the near-anode ionization

scheme with the strengthened magnetic field, can make the

electrostatic ion acceleration more efficient.

V. CONCLUSION

In this study, we investigated the magnetic field types in

a DM-EST and concluded that Type A, in which the applied

magnetic field is locally strengthened on the ring anode inner

surface, exhibited the highest ion beam energy and the small-

est beam divergence of 39� because of enhanced ionization

near the ring anode inner surface owing to the combination

of the near-anode ionization scheme with the strengthened

magnetic field. In the acceleration region, an obliquely

inward electric field conversed ions to the central axis,

thereby mitigating the ion collisions against the channel

wall. Subsequently, the ions were accelerated through a

potential drop in the axial direction. With such favorable ion

acceleration characteristics, DM-EST is expected to be use-

ful as another type of electrostatic acceleration device for in-

space electric propulsion.
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