








2.6 cm thrusters with permanent magnets and electromag-
nets, the 1.5 cm CHTpm operates with the enhanced electron
cross-field transport. Unlike for its larger counterparts with
permanent magnets and electromagnets, the current utiliza-
tion efficiency for the 1.5 cm CHTpm remains relatively low
with the increase in the discharge voltage �Fig. 9�b��.

The most curious difference between the CHTpm and
the CHT thrusters with electromagnet coils is in the shape of
their plumes �Figs. 9 and 10�. In particular, for the direct
configurations, the CHTpm thrusters produce a halo plume
with larger ion flux at larger angles with respect to the axis
than at the centerline: �40° –50° for the 2.6 cm FCHTpm
�Fig. 9� and �60° –70° for the 1.5 cm CHTpm �Fig. 10�. It
was found that this shape is changed, but still exists at dif-
ferent cathode placements.15 Moreover, the shape of the
plume is not strongly affected by changes of the magnetic
field in the near anode region of the permanent magnet

thrusters. For example, we used two different inner magnet
poles, namely, one inner pole was 0.5 cm shorter than the
inner pole shown in Fig. 3�a�. This difference had a small
effect on the magnetic field topology inside the thruster
channel and almost no effect on the magnetic field outside
the thruster channel �Fig. 5�b� for the cusp configuration�.
Moreover, the plume shape was halo and not so different for
the thruster operation with these inner magnetic poles. In
contrast to this behavior, the central part of the plume shape
undergoes a very substantial transformation under variations
of the magnetic field topology �Fig. 9 for direct and cusp
configurations� and, especially, the discharge voltage �Figs. 9
and 10�.

Interestingly, a similar halo shape of the plume was also
observed for different versions of the cylindrical geometry
thrusters with the permanent magnets, including the diverge-
cusped magnetic field thruster �DCF� �Ref. 16� and so-called
HEMP thruster.17,18 However, for the CHTpm thrusters, as
the discharge voltage increases, the plume in the vicinity of
the centerline appears to be filled with the ion flux �Figs. 9
and 10�. For the 1.5 cm CHTpm at high discharge voltages,
the plume acquires another unusual shape with multiple
peaks of the ion current density �Fig. 10�. Unlike the ion flow
in the CHT with electromagnets and conventional annular
Hall thrusters,3,19 a majority of energetic ions from the
CHTpm flows at larger angles with respect to the thruster
axis �Fig. 11�. Even at high discharge voltages, when the
plume does not have a halo shape, the fraction of energetic
ions directed along the centerline is apparently smaller than
at larger angles �Fig. 12�.

Note that recent thrust measurements demonstrated that
for the same discharge voltages and xenon gas flow rates, the
2.6 cm FCHTpm always produces smaller thrust values than
its counterparts with electromagnet coils.20 These thrust mea-
surements were conducted for the direct FCHTpm with the
shorter inner pole. In this configuration, the maximum mag-

FIG. 9. �Color online� A comparison of angular ion current distributions
measured for the 2.6 cm CHT thruster with electromagnetic coils �EM� at
xenon gas flow rate of 3.4 SCCM and permanent magnets �PMs� at xenon
gas flow rate of 4 SCCM: �a� direct �Figs. 3�a� and 4�a�� The CHT with
electromagnets was operated with the front and back coils currents of +2 A
and +3 A, respectively, and �b� cusp �Figs. 3�b� and 4�b��. The CHT with
electromagnets was operated with the front and back coils currents of �3.2
A and +3.2 A, respectively.

FIG. 10. �Color online� The effect of the discharge voltage on the plume of
the 1.5 cm CHTpm thruster. Thruster operating parameters: 250 V, 2 SCCM
of xenon flow. The cathode placement in these measurements is shown in
Fig. 6.
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netic field at the backwall of the channel was 1 kGauss. This
is at least twice smaller than the maximum magnetic field for
the FCHTpm configuration of Fig. 3 used in the plume mea-
surements. Nevertheless, the total ion current and the dis-
charge current values were comparable for the FCHTpm
with different inner poles. Therefore, a larger plasma diver-
gence and lower propellant utilization of the FCHTpm
thrusters �Fig. 8�a�� can explain smaller thrust values mea-
sured for the permanent magnet thruster as compared to the
CHTs with electromagnets.

We shall now discuss the above results of the plume
measurements. For all cathode placements used in the ex-
periments with permanent magnet thrusters, the magnetic
field between the cathode and the thruster is relatively strong
�Figs. 3 and 5�b��. Because the electron flow from the cath-
ode to the anode is impeded by this magnetic field outside
the thruster, it is possible that a strong electric field is estab-
lished in this region. If the magnetic field surfaces are equi-
potential, this electric field should be directed away from the
thruster centerline. Heavy xenon ions produced and acceler-
ated inside the thruster channel are nonmagnetized in the

plume region �RLi�L, where RLi is the ion gyroradius and L
is the distance between the anode and cathode sides of the
acceleration region�. In the presence of the radial electric
field outside the thruster channel, these ions should be accel-
erated away from the thruster centerline. For the discharge
voltages of below 300 V, the peaks of the ion current density
distribution from the direct and cusp configurations of the
FCHTpm are at ��40° –50° �Fig. 9� with respect to the
thruster centerline. If, for simplicity, we assume that the ions
acquire their axial and radial velocities, while they are accel-
erating inside and outside the channel, respectively, the ratio
of the voltage potential drop outside the channel to the volt-
age potential drop inside the channel is 	
out /	
out

��vr /vz�2� tan2����0.7–1.4. This implies that a significant
part of the ion acceleration should occur outside the thruster
channel. In this respect, another relevant experimental result
supporting the existence of significant ion acceleration out-
side the thruster is well defined peaks of high energy ions on
IEDFs measured at the centerline and 90° to the thruster
centerline �Fig. 11�a��.

Note that the actual ion acceleration in the CHT with
permanent magnets is obviously more complex than de-
scribed above. Under the assumption of the equipotential

FIG. 11. �Color online� A comparison of the ion energy distribution func-
tions for the CHTs with PMs and electromagnet coils: �a� the 1.5 cm
CHTpm at xenon gas flow rate of 2 SCCM and b� the 3 cm CHT with
electromagnet coils at xenon gas flow rate of 4 SCCM. The IEDF was
measured by the retarding potential analyzer �RPA� placed at the distance of
37 cm from the 1.5 CHTpm and 73 cm from the 2.6 cm CHTem. For the 1.5
cm CHTpm, the cathode placement is shown in Fig. 6. For the 3 cm CHT,
the cathode was placed near the channel exit �Ref. 10�.

FIG. 12. �Color online� The IEDF for the 1.5 cm CHTpm at the discharge
voltage of �a� 350 V and �b� 450 V. The IEDFs were obtained from RPA
measurements at the distance of 37 cm from the thruster. The xenon gas flow
rate was 2 SCCM. The cathode placement in these experiments is shown in
Fig. 6.
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field lines, one could expect that inside the thruster channel,
in addition to the axial velocity directed toward the thruster
exit, the ions acquire the radial velocity directed toward the
thruster centerline. This is because the magnetic field inside
the channel has a strong axial component. The magnetic field
lines intersecting the cathode intersect the magnetic circuit
or, when the cathode is placed far away from the thruster, the
outer wall of the thruster channel in the cusp region near the
channel exit. Due to the presence of this cusp region inside
the channel, the ions, which are accelerated inside the chan-
nel toward the thruster centerline, may continue their accel-
eration after passing the centerline in the outside electric
field. The focusing and defocusing of these ions should de-
pend on details of the magnetic field topology. It is, however,
unclear to what extent the magnetic field surfaces are equi-
potential in the permanent magnet thrusters. In this respect,
recent laser induced fluorescence measurements of the CHT
with electromagnets revealed that magnetic field surfaces
outside this thruster are not equipotential.21 Keeping in mind
that the outside magnetic field topology in the CHT thrusters
is very different, the applicability of these results obtained
for electromagnet thrusters to the permanent magnet thruster
is not so obvious.

Fruchtman and Cohen-Zur22 predicted that under the as-
sumption of the equipotential magnetic field surfaces and in
the absence of the electron pressure gradients, the plume
divergence in the E�B plasma lens is due to the magnetic
field curvature and can be approximated as a function of the
magnetic field intensity along the ion trajectory, vr /vz� �Bi

2

−Bf
2� / �B2�av, where Bi and Bf are values of the magnetic

field at the beginning and at the end of the ion acceleration,
respectively, and �B2�av is the average value of B2. They used
the paraxial approximation in the description of the ion tra-
jectories in the conventional annular geometry Hall thruster
with mainly radial magnetic field. According to Ref. 22, the
plume divergence takes place when the ion acceleration
starts in the region of a strong magnetic field and ends at the
region of a weaker magnetic field, �Bi

2−Bf
2��0.

Although the paraxial approximation does not seem to
be applicable to complex magnetic field topologies of the
CHT thrusters, focusing and defocusing regions likely exist
in these thrusters as well. For example, for the cusp configu-
ration of the 2.6 cm FCHTpm, the magnetic field outside the
channel is at least two times smaller than for the direct con-
figuration of the same thruster �Fig. 5�b��. Applying the ap-
proach of Ref. 22 one can expect a stronger divergence of the
ions, are accelerated toward the centerline and then cross it
inside the cusp configuration of this thruster as compared to
the direct configuration. Moreover, because the cusp region
of the cusp FCHTpm is shifted upstream of the thruster
channel as compared to the direct FCHTpm, the radial com-
ponent of the magnetic field and, presumably, the axial com-
ponent of the electric field �E=−v�B� are stronger in the
cusp configuration. The above differences between the direct
and cusp configurations of the permanent magnet thrusters
may explain the differences in the angular ion current distri-
bution measured for these thrusters �Fig. 9�. This includes

the reduced depletion of the ion flow in the vicinity of the
centerline of the cusp FCHTM �Fig. 9�b�� as compared to the
direct FCHTpm �Fig. 9�a��.

Another important result is that the depletion of the ion
flux at the thruster centerline and a halo plume shape cannot
be obtained without a strong axial magnetic field outside the
thruster channel �Fig. 9�b��. The plume shape of the cusp
CHT with electromagnet coils is almost unaffected by the
increase in the magnetic field in the cusp region �increase in
the coils currents�. Because in this region, the magnetic field
intensities are comparable for the permanent magnet and
electromagnet thrusters �Fig. 5�a��, a key difference between
the cusp FCHTpm �Fig. 3�b�� and the cusp CHT with elec-
tromagnet coils �Fig. 4�b�� is a stronger magnetic field out-
side the permanent magnet thruster �Fig. 5�b�, between R
=0 and 4 cm�. This result additionally supports a key role of
the outside magnetic field in the formation of the plasma
flow in the permanent magnet thrusters.

Spatial variations of the ion production inside and out-
side the channel could also affect the ion trajectories. A com-
bined effect of these variations and ion acceleration inside
and outside the channel, as well as their dependence on the
discharge voltage, should affect the angular distribution of
the ion flow, including its shape and the IEDF. In particular,
variations in the ion production along the channel could ex-
plain changes of the plume shape with the discharge voltage
�Fig. 9� and the presence of multiple peaks in the plume of
the 1.5 cm CHTpm �Fig. 10�. With respect to the latter, it is
interesting to note that there is a correlation between the
occurrence of such peaks in the angular ion flux distribution
and the saturation of the plume angle at high discharge volt-
age �Fig. 13�. For other CHT thrusters, including electromag-
net and permanent magnet versions, the plume tends to be-
come narrower with the discharge voltage. Moreover, for the
smaller CHTpm, the IEDF is changed with the discharge
voltage so that a broader energy spectrum of ions appears at
the centerline and less energetic ions at 90° to the thruster
axis. These results may indicate that as the discharge voltage
increases the ion production inside the thruster channel in-

FIG. 13. �Color online� A comparison of the plasma plume divergence
measured for cylindrical Hall thrusters of different configurations and ge-
ometry with electromagnetic coils and permanent magnets. The results for
the 3 cm FCHT were reported in Ref. 10.
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creases. Measurements of the plasma properties inside the
thruster and in the near-field plume could help to determine
the relevance and the importance of these effects for the
permanent magnet thrusters.

Finally, dynamic processes in the thruster discharge, in-
cluding so-called breathing oscillations �10–14 kHz� of the
discharge current and the rotating spoke oscillations �3–4
kHz� which were reported in Ref. 15 might also contribute to
the formation of the angular distribution of the ion flow and
the IEDF in the permanent magnet thrusters.

V. CONCLUSIONS

Results of plume measurements for different miniatur-
ized cylindrical Hall thrusters with different magnetizing
sources suggest that the operation of the thrusters with per-
manent magnets is different from the thrusters with electro-
magnet coils. The ion current density distribution in the
plume of the permanent magnet CHTs has an unusual halo
shape with a majority of energetic ions flowing at large
angles of 40°–70° �depending on the magnetic configuration
and the thruster channel diameter� with respect to the thruster
axis. Apparently, in the thrusters with permanent magnets,
the electric field accelerates high energy ions away from the
centerline. This is different from all electromagnet versions
of the CHT, in which high energy ions are accelerated toward
and parallel to the thruster centerline.21 It is hypothesized
that this difference in the ion acceleration between the cylin-
drical thrusters with electromagnet coils and permanent mag-
nets is, in large part, because of a stronger axial magnetic
field outside the permanent magnet thrusters. This magnetic
field might alter the plasma potential distribution in a way
that a significant portion of the ion acceleration occurs out-
side the channel by a defocusing radial electric field in this
region.

In addition, the presence of the reversing-field magnetic
field in the channel of the direct �magnetic mirror topology�
and cusp configurations of the permanent magnet thrusters
might also contribute to the differences in the plasma plume
characteristics especially as compared to the direct configu-
ration of the electromagnet CHT. However, it was demon-
strated that the reversing-field configuration without a strong
magnetic field outside the thruster channel cannot produce a
halo shape of the plasma plume.

Similarities between the magnetic field outside the chan-
nel and the plume shape measured in three permanent mag-
net versions of the cylindrical thruster, including the
CHTpm, DCF �Ref. 16� and HEMP,17,18 suggest that all three
thruster types operate in a similar way in which the outside
electric and magnetic fields play a critical role in the forma-
tion of the plasma jet and, thereby, the thrust generation.

Note that the actual plasma potential distribution and the
plasma flow in the permanent magnet thrusters is likely more
complex than hypothesized in this paper. For example, criti-
cal questions are related to equipotentiality of the magnetic
field surfaces in the magnetic field configurations of the
CHT,5,21,23 including its electromagnet and permanent mag-

net versions. Detailed plasma measurements in these thrust-
ers as well as related theoretical and simulation efforts are
required to address these questions.

Finally, it is worth mentioning that despite larger diver-
gence of energetic ions and smaller propellant utilization
leading to smaller thrust values, the thruster efficiency of the
permanent-magnet thrusters compares favorably with the ef-
ficiency of the electromagnet thrusters when the power con-
sumed by the electromagnet coils is taken into account �at
the discharge �anode� power of 100–150 W, �18% com-
pared to �15.5%, respectively�.20
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