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ABSTRACT 

The cylindrical thruster differs significantly in its underlying physical mechanisms 

from the conventional annular Hall thruster. It features high ionization efficiency, 

quiet operation, ion acceleration in a large volume-to-surface ratio channel, and 

performance comparable with the state-of-the-art conventional Hall thrusters. Very 

significant plume narrowing, accompanied by the increase of the energetic ion fraction 

and improvement of ion focusing, led to 50- 60% increase of the thruster anode 

efficiency. These improvements were achieved by overrunning the discharge current 

in the magnetized thruster plasma. 
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The demonstration of highly efficient (! 50%) medium and high power Hall 

thrusters1,2 now motivates efforts toward developing miniaturized Hall thrusters3-5 for 

low power space applications. The annular design of the conventional Hall thrusters, 

however, does not naturally lend itself to scaling to small size because of the large 

surface-to-volume ratio and the difficulty in miniaturizing the magnetic circuit.3 The 

efficiency tends to be lower (6-30%),3,5 plasma divergence larger,4 and the lifetime 

issues, including heating and erosion of the thruster parts,3,4 become more aggravated. 

Alternative approaches to low power scaling exploit different E"B configurations, 

including outside electric field thruster,6 linear7 and cylindrical5,8 Hall thrusters. With 

the advent of the cylindrical Hall thruster (CHT) concept,8 several thruster designs5,9,10 

have been developed and studied. A typical CHT features high ionization 

efficiency,8,9,11 quiet operation,5,8,9 ion acceleration in a small surface-to-volume ratio 

channel,8,9,12 and performance comparable with the state-of-the-art annular Hall 

thrusters of similar sizes.5,8,9 In this letter, we report that narrowing of the plasma 

plume in the miniaturized CHT leads to the highest performance at 100 W power level.  

 

The principle of operation of the CHT (Fig. 1) is described in detail elsewhere.5,8,12 It 

is in many ways similar to that of a typical annular Hall thruster,1 i.e., it is based on a 

closed E"B electron drift in quasineutral plasma. However, in contrast to the 

conventional annular geometry, in the cylindrical geometry the axial potential 

distribution is now critical for electron confinement. This is because the electrons are 

not confined to an axial position; rather they bounce over an axial region impeded 

from entering the anode by the magnetic mirror.12
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One of the key drawbacks of existing CHTs is the unusually large beam divergence of 

the plasma plume. The plasma plume angle is usually defined as the angle that 

contains not less than 90% of the total ion current.2,15 For the CHTs, the half plume 

angle can be as large as 60-80°,8 compared to 45-50° for the state-of-the art annular 

Hall thrusters.2 For the annular Hall thrusters, the beam divergence is due to the 

combined effect of radial pressure gradients, magnetic field curvature, and the non-

uniform distribution of the ion production.13, 14 Controlling the placement and length of 

the ion acceleration region using segmented electrodes15 or by optimizing the magnetic 

field topology2,13 were shown to narrow the plasma plume in the annular thrusters. 

However, in the CHT case, the magnetic field topology is very different from 

conventional Hall thrusters, and, therefore, the means of controlling the plume 

divergence may be very different. In the present work, by overrunning the discharge 

current, a very dramatic plume narrowing is demonstrated for two miniaturized 

cylindrical thrusters. 

 

Two laboratory CHTs of different diameters, 2.6 cm and 3 cm, were built to operate at 

the 100 W power level. For the 2.6 cm CHT, details of the design and results of 

comprehensive experimental and numerical studies are described elsewhere.5,11,12  Both 

thrusters have the same longitudinal channel dimensions and comparable magnetic 

field topologies. In the present experiments, we conducted plume and thrust 

measurements. A commercial hollow cathode was used as a cathode-neutralizer.8,11,12 

During the plume measurements, the background pressure in a 28 m3 vacuum vessel 

equipped with cryopumps15 did not exceed 3 microtorr. The thrust-stand, thrust 
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measurement procedures, and experimental uncertainties are described in detail 

elsewhere.5 In these experiments, the background pressure was about 5 microtorr. 

 

The plume diagnostic tools were placed at the distance of 72 cm from the channel exit 

and rotated ±90° relative to the thruster axis.  The ion angular distribution (Fig. 2) was 

measured using a negatively biased planar probe with a guarding sleeve. A two-grid 

retarding potential analyzer (RPA) was used to measure the ion energy distribution 

function (IEDF) at different angular locations (Fig. 3). The overall transparency of 

RPA grids is #16%. The angular distribution for different energy ions was also 

measured during the rotation of the RPA with a constant bias voltage, VRPA, applied to 

the ion retarding grid. Under such conditions, the RPA is transparent only for ions 

with the energy, $ion> eVRPA. The ion current was measured by a picoammeter. The 

angular distribution of the ion current measured with the RPA at VRPA = 0 V 

approximately coincides with the current distribution measured by the ion flux probe 

(Fig. 2). The total ion flux was obtained by integrating the measured angular 

distribution of the ion current measured by the probe and by the RPA (for ions with 

$ion > eVRPA). The total ion current was used to determine the current utilization1,2,12 

(the ratio of the ion current to the discharge current), which characterizes magnetic 

insulation of the thruster discharge. Finally, the thruster efficiency, , was 

deduced from measurements of the thrust, T, discharge power, P

ePm/T !22%&

e, and the anode mass 

flow rate, . Here, the additional gas flow rate through the cathode (2-3 sccm) is not 

taken into account.

m!

 The key result of this study is that, by increasing the discharge 

current over and above what is normally required for sustaining the steady state 

 4



discharge (at given gas flow rate, discharge voltage and magnetic field), we now 

achieve a dramatic (20-30%) plume narrowing (Fig. 2), a substantial increase (50-

60%) of the thruster anode efficiency at 100-200 W (Fig. 4) and efficient plasma 

production and ion acceleration (anode efficiency of 30-40%) at the lower discharge 

power.  

 

The discharge power is the discharge voltage times the discharge current. It does not 

take into account the additional power, which was used to overrun the discharge 

current.  This is because this additional power is somewhat arbitrary since it was not 

minimized in the present experiments. Such a non-self-sustained thruster operation can 

be realized in different ways such as, for example, by driving the current between the 

segmented electrodes15 and the cathode or between the keeper electrode and the 

emitter of the cathode-neutralizer. The latter approach was used in the present work. 

Fig. 3 shows that the peak ion energy is shifted (~ 30 eV) towards higher ion energies 

in the overrun current regime. This effect can be partially explained by a reduced 

cathode voltage drop required to sustain the thruster discharge at low currents.16  

 

For the 2.6 cm CHT operated at the discharge voltage of 250 V and the anode gas flow 

rate of 4 sccm,  the maximum reduction of a half plume angle was almost 20'  (from 

74' to about 55'), when the discharge current was increased from 0.57A to 0.66A.  

Because the ion current also increases, the current utilization changes insignificantly, 

from 73% to 71%. For the same operating conditions, the 3 cm CHT can produce an 

even narrower plume than the smaller CHT: half plume angle reduced from 62' to 50'. 
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This reduction was accompanied by a reduction of the current utilization from about 

71% to 66%.  Differences in the operation of the miniaturized CHTs and the additional 

power used to overrun the discharge current (~20 W) may explain the smaller 

reduction of the plume angle and the stronger degradation of the magnetic insulation 

obtained for the larger thruster.  Indeed, the 3 cm CHT operation was not in an optimal 

regime, but rather adjusted (through the magnetic field) to be comparable with the 

operating parameters of the 2.6 cm CHT. In addition, in the normal operating regime, 

the 3 cm CHT already produces a narrower plume, so any further reduction in plume 

angle becomes harder to realize.  Note that this reduced plume angle is comparable to 

a typical plume angle reported for high performance annular Hall thrusters.2,15

 

Apparently, a nearly twofold increase in the fraction of high-energy ions (Fig. 5a), 

better focusing of these ions (Fig. 5b), and a shift of IEDF toward higher energies (Fig. 

3) contributed to the increase of the thrust and, as a result, the thruster efficiency (Fig. 

4) in the non self-sustained thruster regime with the overrun discharge current.  An 

important observation of the most recent experiments is that the additional power 

required to overrun the discharge current can be reduced from 20-50 W to several 

watts without a degradation of the plasma plume. Although the overrun current effect 

on the CHT plasma is dramatic, leading to extraordinary efficiencies in several thruster 

variations, it remains to understand in detail the physics of this effect and the ways to 

optimize it.  
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List of Figures 
 
 

Fig. 1 Principle of operation of the cylindrical Hall thruster. 

 

Fig. 2 Plume narrowing with the overrun discharge current (OC): Ion flux angular 

distribution measured for the 2.6 cm and 3 cm CHTs at the discharge voltage of 250 V 

and the xenon gas flow rate of 4 sccm. The ion flux was measured with a guarding 

sleeve probe and with zero bias RPA. The centerline is at 0!.  

 

Fig. 3 Ion energy distribution function (IEDF) measured at different angular 

placements of the RPA. The 3 cm CHT was operated with and without the overrun 

current (OC) at the discharge voltage of 250 V and the Xenon gas flow rate of 4 sccm.  

 

Fig. 4 The thruster anode efficiency of the 2.6 cm CHT thruster at different discharge 

voltages (200-350 V) and anode flow rates (2-3 sccm, Xenon). For the overrun current 

(OC) operation, the open and filled box markers correspond to the anode efficiency 

and input power values obtained with and without taking into account the additional 

power (~ 50 W) used to overrun the discharge current, respectively.  

 

Fig. 5 RPA measurements for the 3 cm CHT (250 V, 4 sccm, Xenon): The total ion 

current (a) and the half-plume angle (b) (estimated for 90% of the total ion current) 

with and without the overrun discharge current (OC). The RPA voltage is given with 

respect to ground. Note that only ions with energies higher than eVRPA can reach the 

RPA collector. The reproducibility of plume measurements was better than 5%. 
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Fig. 1 Principle of operation of the cylindrical Hall thruster. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 9



 
 

0

20

40

60

80

-90 -60 -30 0 30 60 90
Probe angular position, deg

Io
n 

cu
rr

en
t d

en
si

ty
, "

A
/s

q.
cm

RPA

3cm CHT

3cm CHT_OC

Ion flux probe

3cm CHT

2.6cm CHT

2.6cm CHT_OC

 
 
 

 

 

Fig. 2 Plume narrowing with the overrun discharge current (OC): Ion flux angular 

distribution measured for the 2.6 cm and 3 cm CHTs at the discharge voltage of 250 V 

and the xenon gas flow rate of 4 sccm. The ion flux was measured with a guarding 

sleeve probe and with zero bias RPA. The centerline is at 0!.  
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Fig. 3 Ion energy distribution function (IEDF) measured at different angular 

placements of the RPA. The 3 cm CHT was operated with and without the overrun 

current (OC) at the discharge voltage of 250 V and the Xenon gas flow rate of 4 sccm.  

 

 

 

 

 

 

 

 11



0

0.1

0.2

0.3

0.4

0.5

50 75 100 125 150 175 200

Power, W

An
od

e 
ef

fic
ie

nc
y

2.6 cm CHT (discharge power only)

2.6 cm CHT_OC (discharge power only)

2.6 cm CHT_OC (overrun power included)

 

 

 

 

Fig. 4 The thruster anode efficiency of the 2.6 cm CHT thruster at different discharge 

voltages (200-350 V) and anode flow rates (2-3 sccm, Xenon). For the overrun current 

(OC) operation, the open and filled box markers correspond to the anode efficiency 

and input power values obtained with and without taking into account the additional 

power (~ 50 W) used to overrun the discharge current, respectively.  
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Fig. 5 RPA measurements for the 3 cm CHT (250 V, 4 sccm, Xenon): The total ion 

current (a) and the half-plume angle (b) (estimated for 90% of the total ion current) 

with and without the overrun discharge current (OC). The RPA voltage is given with 

respect to ground. Note that only ions with energies higher than eVRPA can reach the 

RPA collector. The reproducibility of plume measurements was better than 5%. 
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