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Optimization of Cylindrical Hall Thrusters

Yevgeny Raitses,” Artem Smirnov,  Erik Granstedt™ and Nathaniel J. Fisch®
Princeton Plasma Physics Laboratory, Princeton University, Princeton, NJ, 08543

The cylindrical Hall thruster features high ionization efficiency, quiet operation, and ion
acceleration in a large volume-to-surface ratio channel with performance comparable with
the state-of-the-art annular Hall thrusters. These characteristics were demonstrated in low
and medium power ranges. Optimization of miniaturized cylindrical thrusters led to
performance improvements in the 50-200W input power range, including plume narrowing,
increased thruster efficiency, reliable discharge initiation, and stable operation.

Nomenclature

E = electric field

B = magnetic field

Ve = electron velocity

y7, = electron magnetic moment
Isp = specific impulse

\'Z = discharge voltage

e = electron charge

M = atom mass

m propellant mass flow rate
i = propellant utilization efficiency
Ma = anode thruster efficiency
m; = total thruster efficiency

T = thrust

6, = plume angle

I. Introduction

he Hall thruster (HT) ' is an electromagnetic propulsion device that uses a cross-field plasma discharge to

accelerate ions. The drawback of the annular-geometry conventional HT is that it has an unfavorable ratio of the
channel surface area to the channel volume. The plasma tends to interact with the thruster channel walls, which
results in heating and erosion of the thruster parts.” This tendency becomes more pronounced when the HT is scaled
down to low power.”* The optimization of the magnetic field profile through the use of robust miniaturized magnetic
circuits is limited by the properties of the magnetic core materials. Therefore, the efficiency of a low-power HT
tends to be lower (6-30% at 0.1-0.2 kW),>” plasma divergence larger,’ and the lifetime issues including heating and
erosion of the thruster parts™® become more aggravated. Although highly developed low-power HTs, can attain an
anode efficiency of 40-50%,”" the lifetime of the miniaturized annular HT with presumably thinner channel walls
should be shorter than the lifetime of larger thrusters.

Erosion of the ceramic wall materials is also a critical issue for any conventional HT operating at high discharge
voltages (> 0.5 kV), including high-power thrusters, despite their relatively high efficiency (>60%). Moreover, the
annular geometry Hall thrusters scaled to high power usually feature relatively narrow channels with large central
magnetic poles that take up most of the thruster volume.’

Alternative approaches to cross-field configurations are implemented in the outside electric field thruster,
linear,'> end-" and cylindrical'* Hall thrusters. With the advent of the cylindrical Hall thruster (CHT) concept,"’
several thruster designs with different magnetic field configurations have been developed and studied at the
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Princeton Plasma Physics Laboratory (PPPL) Osaka University (Osaka, Japan) and Korean Advanced
Institute of Science and Technology (Daejeon, Korea).'” One more cylindrical thruster, the high efficiency (at high
Isp) multistage plasma thruster (HEMP),” was developed at Thales Electron Devices. In terms of electron
confinement and ion acceleration, HEMP is essentially a multistage CHT thruster. The CHTs demonstrated
performance comparable to the state-of-the art annular HTs of similar power levels.™'*'”'® For a 100 W PPPL CHT,
high performance was verified in recent thrust measurements at the AFRL, Edwards, CA, the NASA Marshall
SFC,” and at the MAE department of Princeton University.”

Like the conventional annular Hall thruster, the cylindrical thruster is based on closed ExB electron drifts in the
quasineutral plasma. However, both the forces on the unmagnetized ions and the means by which the electron drifts
close, are quite different, leading to profoundly different operation of the CHT. In this paper, we review plasma and
performance studies of CHTs, including some recent results on enhanced performance of the miniaturized
cylindrical thrusters.

Il. Plasma Flow in CHTs

Fig. 1 illustrates the design of the cylindrical thruster. Fig. 2 shows two laboratory CHTs of different diameters, 9
cm and 2.6 cm, which were designed and built to operate at 1 kW and 100 W power levels, respectively. The 2.6 cm
CHT was scaled down linearly from the 9 cm CHT. Details of the 9 cm and 2.6 cm CHTs appear in the literature.>'*
In addition, a 3 cm diameter CHT was also built for low power operation,”' and to test operation with segmented
electrodes.” The thrusters were operated in the PPPL thruster facilities described elsewhere.”!'***

A cylindrical Hall thruster consists of a cylindrical ceramic channel, a ring-shaped anode, which serves also as a
gas distributor, a magnetic core, and electromagnet coils (or permanent magnets) (Fig. 1). The magnetic field lines
intersect the ceramic channel walls and form equipotential surfaces. The electron drifts are closed, with E = - v¢xB,
where E is the electric field and v, is the electron drift velocity. The radial component of the magnetic field crossed
with the azimuthal electron current produces the axial electric field which accelerates ions, producing thrust.
However, the electrons are not confined at a fixed axial position; rather they bounce over an axial region, impeded
from entering the annular part of the channel because of magnetic mirroring. The CHT has two electromagnetic
coils (back and front coils), which produce a magnetic field with or without a cusp-shape (Fig. 1)."*'® To maintain
ionizing collisions, the anode (gas inlet) is placed in the short annular part of the channel. Note that in Ref. 15, we
suggested different variations on the theme of the CHT including with and without a short annular channel. The
latter configuration was successfully implemented by
Shirasaki and Tahara.'”'® In the former configuration,
the length of the annular part of the channel is designed
to minimize the ionization mean free path, thus

localizing the ionization of the working gas at the
boundary of the annular and cylindrical regions. Hence, r //
—_— B

Electromagnets Ceramic channel

most of the voltage drop occurs in the cylindrical region
that has a large volume-to-surface ratio. This conclusion

is supported by the results of plasma measurements'**
for both laboratory cylindrical thrusters (Fig. 3). From k--?\B

numerical simulations,”® we found that enhanced
electron cross-field mobility in the short annular part of

the thruster channel can explain the placement of the

acceleration region in the cylindrical channel. In order

to explain the observed discharge current, the electron Anode

anomalous collision frequency vg has to be on the order ; Cathod_e—
Magnetic Annular part neutralizer

of the Bohm value, vg=w./16, where w. is the electron

core
gyrofrequency.

Figure 1. Schematic of a cylindrical Hall thruster
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Figure 3. Plasma potential in the cylindrical Hall thrusters: along the channel median of the 9 cm CHT"
measured with a fast movable emissive probe, at the xenon flow of 13 sccm (a) and in the 2.6 cm CHT®,
measured with stationary biased probes at a xenon flow rate of 4 sccm and the discharge voltage of 250 V.

In recent experiments and simulations of the effect of the channel width for a conventional annular HT, channel
narrowing was shown to reduce the electric field inside the annular channel. Therefore, the accelerating electric field
is established outside the thruster channel in the fringing magnetic field."' This result was explained by the
enhancement of the electron cross-field mobility in the annular channel. Physical mechanisms responsible for the
enhanced electron cross-field transport in the annular part of the CHT and in the narrowed channel of the annular
HT, may be different (e.g. Bohm-type or near-wall conductivity), but in both thruster cases, they lead to a reduction
of the plasma-wall interaction. In the HT case, the ion acceleration occurs outside the narrowed thruster channel, i.e.
without walls. In the CHT case, the acceleration region is established in the larger volume-to-surface cylindrical
channel,'** where the magnetic field distribution can be used to control (e.g. to focus) the plasma flow. This ability
to control the plasma flow is an advantage of the CHT compared to outside electric field thrusters.'™'" Having
potentially smaller wall losses in the channel, a CHT should suffer less erosion and heating of the thruster parts than
an annular HT, making the CHT concept very promising not only for low-power applications, but also for high-
power applications.

In contrast to the conventional annular geometry HTs_the axial potential distribution in the CHT is now critical
for electron confinement.”” This is because the magnetic field now has a large axial gradient over the cylindrical
part of the channel (Fig. 4), resulting in outward electron drift through x grad B forces, even as electrons drift
azimuthally around the cylinder axis (Fig. 4a).'® In the absence of an axial potential, the electrons would simply
mirror out of the region of high magnetic field. The axial potential that accelerates ions outwards now also plays an
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important role in trapping electrons within the thruster.”® This type of trap, which neutralizes the ion space charge,
may lead to a number of curious features related to axial conductivities, sheath physics, or plasma instabilities
(spoke oscillations, drift and ionization instabilities). A similar trap may exist in the end-Hall thruster."”” However, a
critical difference between the end-Hall thruster and CHT is apparently stronger magnetic insulation of the plasma
in the CHT configuration, since the CHT can operate efficiently at higher discharge voltages than the end-Hall
thrusters. The strong radial magnetic field in the short annular channel of the CHT provides the axial confinement of
electrons between the anode and the cylindrical part of the channel, and is probably responsible for the improved
magnetic insulation as compared to the end Hall thrusters. In addition, the use of ceramic channel walls may also
contribute to more effective electron confinement in the CHT as compared to the end-Hall thruster. In fact, a low-
power CHT without annular channel indicated the ability to operate more efficient then the end-Hall thrusters. '"'*

a) b)

Ceramic channel £ Ceramic Magnetic circuit \
channel \

Anode

-
F =—eE .
Magnetic
I circuit

) F=-uVB =
Segmented electrode
Figure 4. Magnetic field simulations of the 100 W CHT. The channel diameter is 2.6 cm. lllustrative
electron trajectory in the cylindrical part of the channel is indicated, and hybrid mechanism of
electron trapping is schematically shown. %" The magnetic field distribution is shown for the cusp (a)
and direct (b) configurations. A segmented electrode can be used to initiate the thruster discharge.

The axial electron confinement in the CHT is strongly affected by the magnetic field in the cylindrical channel.
The variation of the current in the front electromagnet coil changes the magnetic field distribution, particularly in the
cylindrical part of the CHT channel (Fig 4). When the current in the front coil is counter-directed to that in the back
coil, the “cusp” magnetic field with an enhanced radial component is created (Figs. 1 and 4a). Swapping the polarity
of the front coil current leads to the enhancement of the axial component of the magnetic field and generation of a
stronger magnetic mirror near the thruster axis (Fig. 4b).*” This variation of the magnetic field distribution has a
stronger effect on the current utilization (the ratio of the ion to discharge currents) than on the ionization efficiency
(Fig. 5). The current utilization characterizes how effectively the electron cross field transport is suppressed in the
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Figure 5. The effect of the magnetic field configuration on the utilization efficiencies, propellant
utilization (a) and current utilization (b), for the 2.6 cm CHT thruster. Note that all three
configurations use the same current in the back coil (3 A) and 0.95 A, 0, -0.7 A for the front coil
current in direct, zero and cusp configurations. Measurements were conducted in the large HTX
facility at the background pressure of 3 microtorr. The working gas is xenon.
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thruster discharge. In the direct configuration, the electron 50V PRT——
cross-field current is smaller due to the reduced electron y optimal B-field
cross-field mobility in the cylindrical part of the channel as 2 mafs
compared to that in the cusp configuration.”*’” Measurement —— Cylindrical thruster at
results of the electron transport properties in the CHT will be © ’
reported in a separate paper. In addition, the effect of the E] Cylindrical thruster at
magnetic field configuration on the operation of the 1 kW and S g;zrfr:;:igtT;Z?t
100 W CHTs is also described and analyzed in greater detail g
in Refs. 14 and 22, respectively.

The CHTs are surprisingly quiet.>'*'® Large amplitude
discharge current oscillations seen in Fig 6 are typical for a /]
conventional, annular HT, and are attributed to either M VA~ S SNt
ionization waves” or a Buneman-type instability.”’ The 0 20000 40000 60000 80000 100000

absence of the large amplitude oscillations is an obviously
attractive feature of the CHT. Quiet operation facilitates o .
integration with satellite systems such as power supply and Figure 6. Spectrum of oscillations in tlt‘]e 9 cm
telecommunication electronics. Quiet operation in the low- Ccylindrical and annular Hall thrusters.

frequency. range ig speculated to be a result. of enhanced electron Do 1 Omgk —#=28m, DAmgk
transport in the discharge caused by the high-frequency plasma
oscillations.'™*” Although the amplitude of oscillations was
relatively lower for the 2.6 cm thruster, the discharge at low

Frequency, Hz

—8—89¢cm,1.7mgs  —8— 26 om, 0.6 mgks
—&— 0 om, 2 mgs=

12
propellant flow rates is not as quiet as it was found to be in the
large CHT. The characteristic peak of oscillations is at i
frequencies of about 50 to 60 kHz.” Apparently, the typically ~ 1 ._——*”JJ

20 kHz characteristic frequency for an annular 9 cm HT (Fig. e

6), almost triples as thruster dimensions are reduced by about
factor of 3. g —— e i
The CHT operation is characterized by unusually high

ionization efficiency (Fig. 7). In addition to the reduction of the

wall losses predicted by a fluid model,’’ the presence of the 0
hybrid trap for electrons® (Fig. 4a) and ambipolar potential for 190 230 270 20
ions™ (Fig. 8) is believed to explain the very high ionization
efficiency typical of the CHTs (Fig. 7)."**' For the miniaturized
CHTs, the gas flow rate through a commercial hollow cathode-
neutralizer is typically 1- 2 SCCM, which is 30-100% of the
main gas flow rate thought the anode. Under such conditions, it
is important to characterize a possible contribution of the
cathode flow to the measured propellant utilization. As can be seen in Fig. 9, even for the extrapolated “zero cathode
flow” and a low background pressure (3 ptorr) during the plume measurements (in the large HTX facility®®), the
propellant utilization of CHTs remains > 100%. Additional supporting evidence for high ionization efficiency of the
CHTs was obtained in experiments with a propellantless filament cathode. So unusually high ionization efficiency is
promising for extending CHT operating range to low discharge voltages and difficult-to-ionize propellants.

Dischange Woltage, W

Figure 7. Measured propellant utilization
efficiency (Xenon) for the 9 cm and 2.6 cm
CHT thrusters."**' The cathode mass flow
rate (0.2 mg/s) is not taken into account.

Emissive and biased probes

(a) lon density, log scale
(b)
Ceramic channel
LoD wmn i
E 7
£ S Ay
o S i Movable
- shielded
emissive
probe
o YR S N
Axial probe .
0 5 10 15 20 Slow ion

Z, mm
Figure 8. The plasma measurements revealed the plasma density peak at the axis of the cylindrical
channel.” (a) Monte-Carlo simulations'®*® suggest that the density peak appears due to ambipolar trapping
of slow ions. ** (b) Probe diagnostic used in plasma measurements in the 2.6 cm CHT.?
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Figure 9. Measured anode propellant utilization
(Xenon) for the 2.6 cm CHT thruster operated with
three different magnetic field configurations: direct,
zero and cusp. A background gas pressure was 3 ptorr.

I11.  Low Isp Operation

The 9 cm CHT'™ was used to explore the
underlying physical concept and to conduct the
proof-of-principle  experiments.  Although this
thruster was not optimized, its efficiency is higher
than that of end-Hall thrusters,” and smaller, but
comparable (~40%) to the conventional annular HTs
of a similar size (~50%).'* At low discharge voltages
(< 200 V), the performance of typical annular Hall
thrusters degrades significantly and the efficiency
becomes smaller than that of the CHT. Fig. 10
compares the ratio of the measured Isp for state-of-
the art annular HTs**>**3**% and the 9 cm CHT to the
theoretical maximum, IspthE g(2eVd/M,-gn)°‘5, for a
monoenergetic beam of single charged ions
accelerated in the voltage potential drop equal to the
applied discharge voltage V,. Since the ionization of
propellant atoms and energy utilization tend to be
more effective with the increased flow rate and
discharge voltage,” the distinction between the
measured Isp and its theoretical maximum becomes
larger at lower discharge voltages (Fig. 10). At V,; <

200 V, the Isp ratio and overall thruster performance drop substantially because of poor ionization. In contrast, the 9
cm diameter CHT exhibits quite opposite behavior at low discharge voltages because it operates with a higher
ionization efficiency. The effective electron and ion traps that sustain high ionization in the CHT (Figs. 4a and 8b)
are apparently not as sensitive to the discharge voltage.
discharge voltages may be useful for high-thrust and low-Isp applications of Hall thrusters.

The ability of the CHT to operate efficiently at low

0.9 4

0.8+

0.7 4

Isp, sec

06 4

0.5 4

04

—— BPT-1000_2.76 my/s
—— BPT-1000_3 my/s
—o— SPT-200_10mpfs
---Oh-- SPT-200_17mgls
—=— SPT-200_20mpfls
—— SPT-140_11/mgs
—o— NASA17EM2_Bmo/s
---¢--- NASA-175M2_10mofs
—e— NASATEMYZ_15 myfs
—o— NASA B0KW 35 mofs
oot -+ NASA BOKW_57 mgls
—— NASA B0k _85.4 mo/s

it o PPPL cylindrical_2.5
mg/fs

200

400 600
Discharge voltage, V

800 1000

Figure 10. The ratio of Isp/Isp™ (b) for the-state-of-the art Hall thrusters and a 9 cm
laboratory cylindrical Hall thruster. 1sp™ =(2e-Vg/Mion)’>-1/g, is for mono energetic beam of
single charged ions, where ¢ is electron charge, Vg is the discharge voltage, M, is the Xenon
ion mass, g is the gravity. Thruster references: BPT-1000, ** SPT-200,; SPT-140,** NASA
175Mv2,**, NASA 50 kW,? PPPL 9 cm cylindrical Hall thruster.**
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IV. Enhanced performance

It follows from Fig. 11 that for a miniaturized G5 | ' ' ' 1 T 6.0
100 W CHT, the thruster efficiency increases . 1___——‘ [ 55
when the magnetic field changes from the cusp- 075 l

type to the direct-type.'®* This result is expected 150

because the  direct-type  magnetic  field
configuration provides better electron confinement
than the cusp and zero types (Fig. 5a), while all
three configurations sustain comparable ionization
efficiencies (Fig. 5b). Moreover, the increase of

Discharge current, A
(=]
o
o
./
>
0
PR
(4] o
Thrust, mN

0.5 | %———%>< {30

the back coil current results in a reduction of the [-—=—200V T —o— 200V

discharge current, leading to an increase in the 050F | —e—250V  —o—250V 125
thruster efficiency.” In steady state operation of A0 5300V (a)

the CHT, the maximum value of the coil current is e =0 05 00 05 10 =

restricted by ohmic heating of the coils,
particularly, by the maximum operating
temperature of the coil wire. This limitation can be
overcome with the use of permanent magnets
instead of electromagnet coils. Shirasaki and
Tahara'® reported on a miniaturized CHT with
permanent magnets, which demonstrated the
anode efficiency of 40% at 100-200 W.

Fig. 12 shows the anode efficiency obtained
for the 2.6 cm and 3 c¢m cylindrical Hall thrusters.
The thrust measurements were conducted at the 0.5
MAE department™'®** of Princeton University and
at the NASA Marshall SEC.*' The efficiency of
non-optimized cylindrical thrusters at the 100 W
power level, 7, ~22%, is comparable to, and in
some cases larger than, that of the state-of-the-art
conventional annular low-power thrusters, such as
BHT-200-X2B (77, ~21%),” SPT-30 (7, ~ 22%),*
KM-37 (1o ~ 24%),”” KM-20M (7} < 30%),*%*

Front coil current, A

Figure 11. The dependencies of the discharge current and
thrust on the front coil current for the 2.6 cm CHT
operated in background xenon pressure less than 6
microtorr.'®* Anode and cathode xenon flow rates are 0.4
mg/s and 0.2 mg/s, respectively; Iback = +3A. Ifront >0
(Ifront < 0) corresponds to the direct (cusp) magnetic field
configuration.

o
SN
|

©
w

|
—

iy

Anode efficiency

and MIT HT (7 ~ 6%).” Furthermore, in the 0.2

newly discovered current overrun regime, the M3 cm PPPL CHT 2t NASA Marshal

anode efficiency of the CHT can be much higher I3 om PPPL CHT at Princeton MA

than the efficiency of all existing HT designs in 0.1 - A28 cm CHT at Princeton MAE

the 50-100 W power range (Fig. 12). The thrust 26 em PPPL CHT in CO regime at MAE

and Isp (Fig. 13) are also larger in this regime. O iomal poer oo e 2 MAE
These performance improvements are due to the 0 } ] ]

improved production and focusing of energetic

ions® in the overrun current operation. Note that 50 100 150 200 250
the current overrun operation is not a self- Discharge power, W

sustained regime and therefore, requires an
additional power. The results shown in Fig. 12 Figure 12. The thruster (anode) efficiency for the 3 cm
were obtained when this additional power was ~50  and 2.6 cm CHTs measured in the direct magnetic field
W. This was somewhat arbitrary value because it configuration. The thrust measurements were
was not minimized. In recent experiments, we  conducted at the MAE department of Princeton
showed that this additional power can be reduced ~ University and at the NASA Marshall SFC. Recent
to several watts without a degradation of ion results for the current overrun (CO) regime of the CHT
production and focusing. The current overrun  are also shown.
operation will be discussed in greater detail in a
separate paper.

The operation of the miniaturized cylindrical Hall thrusters at high discharge voltages (> 300 V) can be
extremely sensitive to the magnetic field, gas flow rate and the cathode conditions. Small changes in any of these
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parameters may cause the discharge to extinguish. Moreover, in the discharge voltage range of 100-600 V, the
miniaturized thruster discharge does not ignite when a strong magnetic field is applied in the channel. These
problems were solved by placing a biased segmented electrode on the central pole, as is shown in Fig. 4b.* The
electrode is biased ~50-100 V positive with respect to the cathode. A strong magnetic mirror in front of the
segmented electrode (Fig. 4b) does not inhibit a discharge (~0.5 A at 4 SCCM of xenon gas flow rate) between this
electrode and the cathode. With such a precursor discharge, the main thruster discharge between the thruster anode
and the cathode is easy initiated. After the main discharge is initiated, the electrode bias voltage becomes lower than

the local plasma potential at the thruster axis
near the front wall. If the bias voltage is equal to
the floating potential of the segmented electrode,
the electrode current becomes zero. When the
bias voltage is varied below the floating
potential, the segmented electrode collects ions
and consumes very insignificant power (less
than 1 W) from the power supply. With the
segmented electrode, the thruster operation was
feasible and stable at discharge voltages up to
600 V (limit of the power supply used in these
experiments).

V. Summary

The cylindrical Hall thruster was shown to
exhibit very high ionization efficiency, quiet
operation, ion acceleration in the large volume-
to-surface ratio channel, and performance
comparable with the state-of-the-art Hall
thrusters. These characteristics were
demonstrated in low-power and medium-power
operating regimes. Performance improvements
have recently been demonstrated through the
optimization of the magnetic field, discharge
operation, and the use of segmented electrodes.
CHTs should suffer reduced erosion and heating
of the thruster parts, due to likely smaller wall
losses. This makes the CHT concept very
promising not only for low-power applications,
but also for high-power applications.

3000 _ | W 3cmPPPL CHT at NASA Marshall
O 3cm PPPL CHT at MAE
A PPPL 2.6 cm CHT at MAE
|| —®—PPPL2.6cmCHT_CO regime at MAE
———-Theoretical maximum “//"'
2000 +
o T ¥
() /; . O
2 - &
- L e | mg
Q. §/ u =]
0 I E m]
1000 —+
0 f f
150 250 350 450

Discharge voltage, V

Figure 12. Anode Isp for the 3 cm and 2.6 cm CHTSs
measured in the direct magnetic field configuration.
The thrust measurements were conducted at the MAE
department of Princeton University and at the NASA
Marshall SFC. Recent results for the current overrun
(CO) regime of the CHT are also shown. Theoretical
maximum, Isp"  =(2e-Vy/Mipn)*%-1/g, is for mono
energetic beam of single charged ions, where e is
electron charge, V4 is the discharge voltage, Mq, is the
Xenon ion mass, g is the gravity.

Acknowledgments
This work was supported by grants from AFOSR and US DOE Contract AC02-76CH0-3073.

" A. I. Morozov and V. V. Savel’ev, in Reviews of Plasma Physics, edited by B. B. Kadomtsev and V. D. Shafranov,

References

( Consultants Bureau, New York, 2000), Vol. 21, p. 206.

2 V. Kim, J. Prop. Power 14, 736 (1998).

? V. Khayms and M. Martinez-Sanches, in Micropropulsion for Small Spacecraft, edited by M.M. Micci and A.D.
Ketsdever (AIAA Progress in Astronautics and Aeronautics, 2000), Vol. 187, p. 45.

* 1. Mueller, in Micropropulsion for Small Spacecraft, Progress in Astronautics and Aeronautics, vol. 187, p. 45,
edited by M.M. Micci and A.D. Ketsdever. AIAA Progress in Astronautics and Aeronautics, Reston, VA, 2000.

> A. Smirnov, Y. Raitses, and N.J. Fisch, “Parametric investigation of miniaturized cylindrical and annular Hall

thrusters”, J. Appl. Phys. 92, 5673 (2002).

8

American Institute of Aeronautics and Astronautics



8T, Ito, N. Gascon, W. Crawford and M. A. Cappelli, “Further Development of a Micro Hall Thruster”, AIAA paper
No. 2006-4495, the 42™ Joint Propulsion Conference and Exhibit, July 2006, Sacramento, CA.

V. Hruby, J. Monheiser, B. Pote, C. Freeman, and W. Connolly, IEPC paper 99-092, Proceedings of the 26"
International Electric propulsion Conference, Kitakyushu, Japan, June 1999.

§ M. B. Belikov, O. A. Gorshkov, V. A. Muravlev, R. N. Rizakhanov, A. A. Shagayda, and A. U. Shnirev, “High
performance low power Hall thruster”, AIAA paper 2001-3780, the 37" Joint Propulsion Conference, Salt Lake
City, Utah, July 2001.

°D. H. Manzella, R. S. J ankovsky and R. R. Hofer, AIAA paper 02-3676, Indianapolis, IN, July 2002.

' A. M. Kapulkin, A. D. Grishkevich and V. F. Prisnyakov, Proceedings of the 45™ Inter. Astron. Federation
Congress, Jerusalem, Israel, October 1994, IAF 94-S.3.422.

'y Raitses, D. Staack, M. Keidar and N. J. Fisch, “Electron-wall interaction in Hall thrusters”, Phys. Plasmas 12,
057104 (2005).

2D, P. Schmidt, N. B. Meezan, W. A. Hargus and M. A. Cappelli, Plasma Sources Sci. Technol. 9, 68 (2000).

" H. R. Kaufman,R. S. Robinson, S. I. Seddon, “End-Hall ion source”, J. Vac. Sci. Technol. A 5, 2081 (1987).

Y. Raitses and N. J. Fisch, “Parametric investigations of nonconventional Hall thruster”, Phys. Plasmas 8, 2579
(2001).

15y, Raitses and N. J. Fisch, “Cylindrical Geometry Hall Thruster”, US Patent No.: 6,448,721 B2, Sept. 2002.

' A. Smirnov, Y. Raitses and N. J. Fisch, “Electron cross-field transport in a miniaturized cylindrical Hall thruster”,
IEEE Trans. on Plasma Science 34, 132 (2006).

"7 A. Shirasaki and H. Tahara, “Operational characteristics and plasma measurements in cylindrical Hall thrusters”,
J. Appl. Phys. 101, 073307 (2007).

'8 A. Shirasaki, H. Tahara, and T. Yoshikawa, “Plume measurements and miniaturization of Hall thrusters with
circular cross-sectional discharge chambers” IEPC paper 2005-051, Proceedings of the 29" International Electric
Propulsion Conference, Princeton, NJ, Oct. 2005.

" J. Lee, W. Choe, K. Chai, Hp3-060 in Bulletin of the Korean Physics Society, 82nd Korean Physical Society
Meeting, Pyung Chang, Korea, April 2006.

' N. Koch, H.-P Harmann, G. Kornfeld,” Development and test status of the THALES high efficiency multistage
plasma (HEMP) thruster family” IEPC paper 2005-297 Proceedings of the 29" International Electric Propulsion
Conference, Princeton, NJ, Oct. 2005.

2 KA. Polzin, T.E. Markusic, B.J. Stanojev, A. Dehoyos, Y. Raitses, A. Smirnov, and N.J. Fisch, “Performance of
a low-power cylindrical Hall thruster”, IEPC paper 2005-011, Proceedings of the 28th International Electric
Propulsion Conference, Princeton, NJ, Oct. 2005.

22 A. Smirnov, Y. Raitses, and N. J. Fisch, “The Effect of Magnetic Field on the Performance of Low-Power
Cylindrical Hall thrusters ”, IEPC paper 2005-099, Proceedings of the 28" International Electric Propulsion
Conference, Princeton, NJ, Oct. 2005.

Y. Raitses, A. Smirnov, and N. J. Fisch, “Segmented Electrodes in Annual and Cylindrical Hall Thrusters”, AIAA
paper 2006-4471, the 42" Joint Propulsion Conference and Exhibit, July 9-12, 2006, Sacramento, CA.

Y. Raitses, D. Staack, A. Dunaevsky, L. Dorf and N. J. Fisch, “Measurements of plasma flow in a 2 kW
segmented electrode Hall thruster”, IEPC paper 03-0139, Proceedings of the 28th International Electric Propulsion
Conference, Toulouse, France, March 2003.

» A. Smirnov, Y. Raitses, N. J. Fisch, “Plasma measurements in a 100 W cylindrical Hall thruster”, J. Appl. Phys.
95, 2283 (2004)

26 A. Smirnov, Y. Raitses, and N. J. Fisch, “Electron cross-field transport in a low power cylindrical Hall thruster”,
Phys. Plasmas 11,4922 (2004).

T A. Smirnov, Y. Raitses, and N. J. Fisch, “Experimental and theoretical studies of cylindrical Hall thrusters”, Phys.
Plasmas 14, 057106 (2007).

% A. Smirnov, Y. Raitses and N. J. Fisch, “Electron Transport and Ion Acceleration in a Low-Power Cylindrical
Hall Thruster”, AIAA paper 2004-4103, Fort Lauderdale, FL, July 2004.

** J. P. Boeuf, and L. Garrigues, “Low Frequency Oscillations in a Stationary Plasma Thruster”, J. Appl. Phys. 84,
3541 (1998).

'S, Chable and F. Rogier, “Numerical investigation and modeling of stationary plasma thruster low frequency
oscillations”, Phys. Plasmas 12, 033504 (2004).

31 A. Smirnov, Y. Raitses, and N.J. Fisch, “Enhanced ionization in the cylindrical Hall thruster”, J. Appl. Phys. 94,
852 (2003).

9
American Institute of Aeronautics and Astronautics



32 B. Pote and R. Tedrake, IEPC paper 01-35, Proceedings of the 27" International Electric Propulsion Conference,
Pasadena, CA, October 2001.

3 B. Arhipov, L. Krochak and N. Maslennikov, IEPC paper 97-132, Proceedings of the 25" International Electric
Propulsion Conference, Cleveland, OH, August 1997.

** W. Hargus, J. M. Fife, L. Mason, R. Jankovsky, T. Haag, L. Pinero and J. S. Snyder, AIAA paper 2000-3250,
Hunstville, AL, July 2003.

33 R. R. Hofer and R. S. Jankovsky, IEPC paper 03-142, Proceedings of the 28" International Electric Propulsion
Conference, Toulouse, France, March 2003.

3¢ D. Jacobson and R. Jankovsky, ATAA paper 98-3792, the 34" Joint Propulsion Conference, Cleveland, OH, July
1998.

7 M.B. Belikov, O.A. Gorshkov, V.A. Muravlev, R.N. Rizakhanov, A.A. Shagayda, and A.U. Shnirev, AIAA paper
2001-3780, the 37" Joint Propulsion Conference, Salt Lake City, Utah, July 2001.

FAL Bugrova, A. D. Desiatskov, H. R. Kaufman, V.K. Kharchevnikov, A. I. Morozov, and V. V. Zhurin, [EPC
paper 01-344-2, Proceedings of the 27" International Electric propulsion Conference, Pasadena, California October
14-19, 2001.

AL Bugrova, A. D. Desiatskov, H. R. Kaufman, V. K. Kharchevnikov, A. I. Morozov, and V. V. Zhurin, IEPC
paper 03-0263, Proceedings of the 28" International Electric Propulsion Conference, Toulouse, France (Electric
Rocket Propulsion Society, Cleveland, OH, 2003).

40y Raitses, A. Smirnov, and N. J. Fisch, “Segmented Electrodes in Annual and Cylindrical Hall Thrusters”, AIAA
paper 2006-4471, the 42" Joint Propulsion Conference and Exhibit, July 9-12, 2006, Sacramento, CA.

10
American Institute of Aeronautics and Astronautics






The Princeton Plasma Physics Laboratory is operated
by Princeton University under contract
with the U.S. Department of Energy.

Information Services
Princeton Plasma Physics Laboratory
P.O. Box 451
Princeton, NJ 08543

Phone: 609-243-2750
Fax: 609-243-2751
e-mail: pppl_info@pppl.gov
Internet Address: http:/www.pppl.gov



	AIAA-2007-5204_JPC.pdf
	Nomenclature
	Introduction
	Plasma Flow in CHTs
	Low Isp Operation
	Enhanced performance
	Summary
	Acknowledgments
	References




