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Abstract: In the framework of the development activities of the HT-100 100 W Hall 
thruster designed by Alta, a series of tests was performed on a cluster configuration 
including two engines in order to assess the effects of simultaneous operations on the 
performance, plume density distribution and beam neutralization operating the thruster 
mutually floating or referenced together through the cathode’s return lines. The paper will 
provide a description of the thruster units, of the test facility and equipment including mass 
flow controllers, power supplies the thrust stand and beam diagnostics based on a faraday 
cup array. The results of the characterization of the two units running independently at 
several points of their operating range (75 to 400 W and from 100 to 400 V of discharge 
voltage) will be presented and then compared to the performance of the two units operating 
simultaneously to highlight differences with respect to the simple additive model for the 
performance scaling. The effects of the background pressure (rising when running the two 
units simultaneously) were measured by operating one thruster at fixed conditions while 
regulating the chamber pressure by injecting mass through the non-operating unit. The 
results of common, coupled or cross neutralization i.e. running the thruster referenced 
together with both cathodes, running one or two thrusters with a single neutralizer or 
operating one unit with the twin’s neutralizer will be discussed. Finally the outcome of a 100 
hr endurance test on thruster T01 at 175 W carried out at the end of the cluster 
characterization will be presented to assess the effect of initial discharge chamber wearing. 

Nomenclature 
AMFR  = Anode Mass Flow Rate 
CRP  = Cathode Reference Potential 

I. Introduction 
 he HT-100 low power Hall effect thruster system is being developed by Alta S.p.A. under funding from ESA 
and the Tuscany Regional Development Fund, for application to small spacecraft with low power availability 

but still in need of high performance propulsion. 
The development of the HT-100 subsystem (including the thruster assembly, power supply, and propellant 

management) was started in 2003, and has been progressing through various phases to the present status, with 
multiple EM-level units being manufactured and the units ready to enter the qualification phase as soon as early 
2008. Phase 2 in the development (which occurred during 2006 and early 2007) achieved a number of important 
milestones, including the delivery of an EM-level Power Supply and Control Unit (PSCU) manufactured by Alta’s 
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subcontractor (Skytech S.r.l.) and an extensive test campaign on EM-level thrusters in cluster configuration, which 
is presented in the present paper. 

II. Thruster Description 
ALTA’s HT-100, as described in detail in Ref. 

12,13 is a Morozov-type Hall thruster with a 
nominal power of about 100 W designed for 
applications on small satellites featuring a limited 
on-board power budget.  

HT-100 performance is similar to SPT-30, as 
shown by Table 1. However, differently from 
conventional SPT thrusters, the HT-100 relies on 
permanent magnets to generate the operational 
magnetic field. Two additional coils (not used in 
this test campaign) can be used for trimming 
purposes, allowing a minimum adjustment in the 
magnetic field when required to operate far from 
the design point (DP).The EM thrusters used for 
the present tests are equipped with a discharge 
chambers made of a mixture (60/40) BN/SiO2 , and 
a relatively conventional anode and propellant 
distribution. The thruster’s outer case provides an 
extended radiating surface to dissipate the thermal 
load deposited by the plasma discharge on the 
walls of the ceramic chamber by radiative coupling 
with the surrounding environment. A cylindrical 
hollow mounting interface provides thermal 
insulation between the thruster body and the 
mounting plane to reduce the conducted thermal flux to the S/C or to the thrust stand (in lab tests). At the same time 
this rear skirt accommodates the gas line and power connections and electrical insulators to protect them from 
contamination and exposure to the plasma. The thruster is equipped with an hollow cathode neutralizer mounted 
with an inclination of about 45° with respect the thruster axis. In this specific test, two heaterless cathodes SHC-
1000 by Kaufman & Robinson (K&R), one for each unit, have been used. 

It must be pointed out that the two thruster units used for this tests campaign, although derived from the same 
functional design (same magnetic circuit, same size of the discharge chamber etc.), featured small manufacturing 
differences. In particular T02 adopted modified anode gas injectors and gas line connections in order to improve 
propellant distribution into the discharge chamber and to facilitate integration/dismounting of the unit. T01 (on the 
right side of the fixture) had also cumulated about 30 hrs of firing at low power in a functional test performed in 
ESA’s ESTEC EP laboratory in 2005. No part of the T01 thruster was replaced for the present test campaign. 

III. Test objectives 
 The main objective of the twin engine cluster test campaign was to gain some insight on the parallel operations 
of two thruster units from the point of view of performance (effects on thrust and beam divergence) and 
neutralization (DC coupling of the cathode reference potential - CRP), and to assess the effects of special operating 
modes such as common neutralization (by operating both thrusters with a single neutralizer), coupled neutralization 
(by operating one or two thruster with two linked neutralizers), crossed neutralization (by igniting and operating a 
thruster with the twin’s neutralizer). In order to assess the effects of the parallel operations the two units have been 
characterized separately at the beginning of the test to provide the reference values using the same test 
configuration. 

Additionally at the end of the twin engine cluster test, thruster T01 was operated for about 100 hrs at constant 
power to assess the erosion rate at the beginning of life. A study of the facility background pressure was also carried 
out to assess its effect on the performance. 

 Unit HT-100 @ DP SPT-30 
Input power W 95 90÷260 
Discharge current A 0.53 0.6÷1.02 
Discharge voltage V 180 150÷250 
Thrust mN 4.5 4.9÷13.0 
Specific impulse s 950 700÷1234 
Total thrust efficiency - 0.22 0.19÷0.30 
AMFR (Xe) mg/s 0.48 0.6÷1.0 

Table 1. Design performance of the HT-100 compared 
to the SPT-30.  

 

 
Figure 1. HT-100 T01 (right) and T02 (left) on the 
mounting fixture. 
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IV. Experimental set-up 
All the test campaign was carried out in ALTA’s IV4 test facility. The thrusters were mounted 105 mm apart 

(from centerline to centerline) on a thrust stand for direct thrust measurements minimizing their mutual distance in 
order to evidence the coupling. The gap between the axis was kept constant during the test. A beam diagnostic rake 
equipped with Faraday cups was aligned with the center of symmetry of the system in order to perform regular 
characterization of the plume. Two separated power feeding circuits were used to operate the thrusters and to 
perform acquisition of the electrical parameters. A PC based data acquisition was used to carry out regular data 
acquisition and storage at 1 Hz. The detailed description of the test equipment is provided in the next sections. 

 

A. Vacuum facility 
Alta’s IV4 facility consisting of a main vessel (Auxiliary Chamber 

– AC), 2 m in diameter and 2.5 m in length connected through a 1 m 
gate valve to a service chamber (Small Chamber - SC), 1 m in 
diameter and 1 m in length. The two vessels are both built out of 
stainless steel AISI 316 L with low magnetic relative permeability 
(�r<1.06). 

The main chamber provides the volume for expansion of the beam 
and contains the main pumping system, the beam target and the beam 
diagnostic devices. The SC is usually dedicated to the installation of 
the thruster, the thrust stand and all the connections (propellant, power 
lines, diagnostics) required for the thruster operation. However, for 
the present test, in order to improve the accuracy of the beam 
diagnostics, the thrust stand was placed in the AC and aligned with 
the Faraday cup rake’s axis. At the far end of the AC, on the opposite 
side with respect to the thruster, a bi-conical, water cooled, Grafoil 
lined target is placed in order to dump the beam energy. 

B. Pumping system 
The facility is equipped with two independent completely oil-free 

pumping systems: one connected to the AC and one connected to the 
SC for redundancy and emergency operations. The main pumping 
system includes, in addition to a 25 mc/hr rotary pump and a 2000 l/s 
turbomolecular pump used for evacuation, a cryogenic high vacuum stage based on 1 x 3000 l/s cryopump plus 6 x 
12000 l/s custom cold plates. The total pumping speed is therefore in the order of 70000 l/s which ensured an 
ultimate vacuum <1e-7 mbar and a chamber pressure in the order of <2e-5 mbar (Xe) during the test campaign. 

The pressure level within the chamber is continuously monitored by three Leybold-Inficon ITR90 Pirani/Bayard-
Alpert sensors, two placed within the SC (i.e. behind the thrusters) and one in the AC (nearly at the exit plane of the 
thrusters). A SRS RGA-200 is placed in the SC to monitor the composition of the residual background gas. Usually 
all the partial pressures of gases (except Xe) are <1e-7 mbar during thruster operations. 

C. Power distribution system 
 The electrical scheme of the two thrusters 
is shown in Fig. 3 for the two possible 
connections: independently floating units and 
common reference units (common cathode 
emitter). 
 For each thruster current probes (LEM 
LA25-NP) were placed on the discharge line 
on the anode and cathode sides and on the 
keeper line. Voltage probes (LEM LV25-P) 
were installed to measure the discharge 
voltage, the keeper voltage and the CRP. In the case of common reference an additional current probe was placed 
between the two thrusters to measure the possible cross neutralization which should also be evident as an unbalance 

 

 
Figure 2. IV4 vacuum facility’ layout. 

 
Line Model I [A] V [V] 

Anode T01 Sorensen DCS 300-3.5E 0-3.5 0-300 
Anode T02 Huettinger PFG5000 0-8.33 0-750 
HV ignitor T01 & T02 Huettinger PFG5000 0-8.33 0-750 
Keeper 001 Sorensen DCS80-13E 0-3.5 0-300 
Keeper 002 Iso-Tech IPS-606D 0-10 0-30 
Table 2. List of the laboratory power supplies used for the test. 
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between the anode and cathode currents. A list of the laboratory power supplies used is shown in Table 2. The same 
Huttinger PFG5000 was used to ignite T01’s neutralizer, T02’s neutralizer and T02 in sequence, due to problems 
with the other dedicated units. The circuits were floating with respect to the ground with a minimum resistance of 
500 k�. 

 

D. Xenon flow control system 
The propellant Xenon grade 4.8 is fed to the thruster by a laboratory feeding system including the pressure 

regulators, the control valves and the mass flow controllers which characteristics are summarized in Table 3. The 
factory calibration (performed on Ar and scaled to Xe by the supplier’s software) was used. The nominal accuracy is 
given for the working fluid, but operations at very low mass flow rates corresponding at the very low end of the 
working envelope caused the uncertainty on the mass flow rate to rise up to 3%. 

 
 
 

 
 
 
 
 
 
 
 

a) b) 
Figure 3. Electrical schemes for the two thrusters: mutually “floating” units (a) and “common emitters” 
configuration (b). 

Characteristic T01 Anode T01 Neutralizer T02 Anode T02 Cathode 
Supplier Bronkhorst Bronkhorst Bronkhorst Bronkhorst 
Model F-201C-FAC-88-V F-201C-FAC-88-V F-201C-FAC-22-V F-201C-FAC-22-V 

Flow rate 0-100 sccm 0-50 sccm 0-200 sccm 0-20 sccm 

Accuracy ± 0.5 % R±0.1%F.S. ± 0.5 % R±0.1%F.S. ±0.5 % R±0.1%F.S. ± 0.5 % R±0.1%F.S. 
 
Table 3. Characteristics of the propellant mass flow controllers. 
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E. Thrust stand 
The direct thrust measurement was 

carried out using ALTA’s 2-axis thrust 
stand, successfully operated with several 
Hall thrusters (EADS Astrium’s ROS-
2000, SNECMA’s PPS-1350, 
SNECMA’s 3 kW Double Stage HET) 
and able to measure contemporarily the 
axial and the horizontal side components 
of the thrust. The stand has a direct 
double pendulum configuration 
(independently for each thrust 
components) to ensure stability and 
redundancy of the measurements and 
reduce the effects of the power, thermal 
diagnostic and propellant feeding lines. 
The measurement is based on high 
precision optical strain gages measuring 
the flexural strain on the sensing 
elements (thin plate) induced by the thrust. A calibration procedure, carried out before the evacuation of the 
chamber) allows to measure the functional relationship between the applied force (measured by an high accuracy, 
>1%, load cell) and the strain which is required to postprocess the data. The thrust stand is mounted on a 2 axis 
tilting platform actuated by stepper motors and actuated in closed loop by a precision 2-axis inclinometer: this 
system allows to level the thrust stand during the calibration and during the thruster operations in order to eliminate 
the drift due to the chamber warping occurring during the pump down procedure. 

The thrust stand was designed for high power thrusters (corresponding to a thrust of 200 mN and 12 kg of 
suspended mass), but proved to give an acceptable response also in the range of 0-10 mN since in this case the use 
of lightweight units with a reduced number of wires and gas lines helped to achieve good performance even in the 
low thrust range. Due to intrinsic accuracy and to the effects of environmental vibrations (not negligible at this low 
thrust value) the overall uncertainty on the thrust is expected to be ±0.5 mN. 

F. Beam diagnostics 
The IV-4 plume diagnostic system consists in a plume scanning 

circular rake, 1.6 m diameter, equipped with 7 electrostatic collimated 
Faraday cup probes (place at 0°, ±15°, ±30°, ±60° w.r.t. thruster axis) 
and controlled by a stepper motor. The rake can rotate approximately 
±90° with respect to the thruster vertical plane of symmetry. The rake 
and probes were aligned with the center of symmetry of the cluster 
using a laser beam, and the rake 0° position was identified by a limit 
switch adjusted at the beginning of the test to provide absolute angular 
reference. The probes feature a flat circular Mo collector enclosed into 
an outer electrostatic stainless steel/Mo shield. The circular collimating 
hole has a diameter of 10 mm and offers a particle acceptance angle up 
to 60° w.r.t. the probe’s axis. The collectors and the shield are biased at 
-20 V w.r.t. to the ground to repel electrons an collect ion current only. 

The ion current is transformed into a voltage signal and optically 
isolated by a signal conditioning box using calibrated high stability 
measuring resistances and finally acquired by a NI’s PCI 6071E DAQ 
board. For each position of the rake and for each probe the current 
reading is averaged over 10÷1000 samples acquired at 0.1÷1 kHz to 
reduce the effects of noise. 

A Matlab program is required to postprocess the data in order to assess current distributions, beam divergence, 
total beam current, position of beam centroid etc. For this purpose the measured data are corrected to take into 
account the position of the thruster with respect to the center of the rake (52.5 mm gap) assuming a beam expanding 
as 1/r2 and perfectly radial (w.r.t. thruster center) ions’ trajectories. 

 Main Axis Tranverse axis 
(not used) 

 Design Actual Design 
Thruster design weight 12 kg 2 kg 12 kg 
Thrust Design Point 200 mN 10 mN 200 mN 
Max Thrust 400 mN 400 mN 400 mN 
Resolution 0.3 mN 0.2 mN 1.25 mN 
Sensitivity Thrust 6.25 mN/µ� 4.64 mN/µ� 6.25 mN/µ� 
Accuracy (% D.P.) 2.5 5 2.5 
Sensitivity to �Tarm <0.4 mN/K <0.4 mN/K <0.4 mN/K 
Sensitivity to �Tflex <0.2 mN/K <0.2 mN/K <0.2 mN/K 
Sensitivity to Tflex∇  <2.96 mN/K <2.96 mN/K <2.96 mN/K 

Max displacement @DP -32 µm -2 µm - 
Max tilting @ DP Negligible Negligible Negligible 
Inclinometer resolution 0.01° 0.01° 0.01° 
Inclinometer accuracy 5% 5% 5% 

Table 4. Thrust stand performance. 

 
Figure 4. Test set up: thrust stand and 
beam diagnostics. 
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 A single grid RPA placed 1.5 m away from the thruster exit plane and 5° off from the symmetry axis of the 
system was used to characterize the plume energy distribution in particular situations only, leaving a more 
systematic investigation to the next activities. 
 

V. Test results 

G. Cathode related effects: spike and diffuse modes 
 Before discussing the experimental results it is worth to point out that 
the thruster performance was to some extent affected by the behavior of 
the neutralizer. The cathode neutralizer adopted in fact is not optimized 
for space application (e.g. no thermal shield is present) and it is rated for 
an current higher than the thruster’s one at design point, with a pure 
tungsten insert rather than an impregnated one (and therefore a higher 
work function). Moreover no optimization of the position was attempted 
beside the usual considerations about good coupling with the magnetic 
field’s lines. All this was found to cause significant coupling losses to 
sustain the discharge, the CRP being typically between -25 and -35 V 
compared to the usual -10 ÷ -15 V, and dissipating more power to keep 
the emitter at the proper operating temperature. It was observed also that 
the keeper provided the ground reference for the thruster, the CRP being 
close to –Vkeeper. The higher working temperature and the lack of the 
heater, requiring high ignitor voltages and currents to initiate the 
discharge, had also detrimental effects on the emitter life, and properties 
degraded quite quickly during the endurance tests. This required the 
cathode replacement after about 90 hrs.  
 Adjusting the cathode position and parameters around the nominal 
values was found to trigger different operating modes of the thruster 
discharge, from “diffuse” to “spike” as shown in Fig. 5. During the test campaign, the thruster was kept operating in 
this latter mode characterized by an increment in thrust (up to 80%) due to an higher ionization efficiency (higher 
discharge current), higher acceleration efficiency (higher peak energy) and lower beam divergence (60° vs. 80°) as 
shown by the beam characterization (Fig. 6). Due to the sensitivity to the behavior of the cathode, the performance 
of the thruster listed here refer to the anode only. 
 
 
 

  

 
Figure 5. Thruster in “diffuse” (top) 
and “spike” (bottom) modes. 
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Figure 6. Functional differences between “diffuse” and “spike” modes: current density at AMFR= 1 mg/s, Vd=175 V 
(left, center) and beam energy characterization (right) at AMFR= 0.5 mg/s, Vd=350 V 
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H. Thrusters performance characterization 
The characterization of the thrusters in the spike mode was carried out varying the discharge voltage between 

100 V and 400 V and the anode mass flow rate between 0.3 mg/s and 1.25 mg/s, corresponding to a power range 
between 50 W and 408 W, the lower range being limited by discharge stability (possibly induced by oscillations of 
the mass flow rates) and the upper being limited by the necessity not to overheat the thruster. Although continuous 
operation was possible at more than 400 W discharge power, for safety concerns the detailed exploration (mapping) 
of the thruster was however only performed up to 275 W power. In the mapped operational range the thrust was 
found to be between 3.0 mN and 12 mN, the anodic Isp between 525 s and 1650 s and the anodic efficiency between 
9% and 29%. 

Fig. 7 shows the thrust measured for thruster T01 and T02 as a function of the discharge voltage and the anode 
mass flow rate. The performance of the two thruster is within the uncertainty of the measurement (± 0.5 mN) for 
mass flow rates of 0.5 mg/s, 0.75 mg/s and 1.25 mg/s. For a mass flow rate of 1.0 mg/s significative differences are 
highlighted. These are under investigation to determine the cause, which are deemed to be possibly related to the 
neutralizer.  

In general thruster T02 showed a slightly lower thrust and a discharge current 10 % higher than T01 for the same 
settings. The plumes exhibited similar behavior with a measured divergence in “spike” mode in the order of 56° ÷ 
58° (semi-angle, 95% of beam current) with T02 showing a lower deviation of the “centroid” from the thruster axis. 
The analysis of the effects of chamber pressure (discussed below) indicates the figures about beam divergence to be 
heavily affected by interactions with the background gas providing only overestimated comparative values. 

I. Effects of background pressure 
The effects of the background pressure were tested by operating thruster T01 (AMFR= 0.6 mg/s and Vd=300 V) 

while injecting a known mass flow rate (by steps of 1 mg/s up to 10 mg/s) through K2 in order to rise the chamber 
pressure from 1.3·10-5 mbar up to 6.2·10-5 mbar. As expected, the higher pressure caused the beam divergence to 
increase by 9° and the thrust by 4.5 mN, whereas the beam current increased less than 1%. The thrust exhibited a 
nearly linear trend with the increasing pressure, whereas the beam divergence has a logarithmic trend. 

Calculation of the kinetic particle flux causing mass re-ingestion, accounts only for a small fraction of this 
changes (equivalent additional mass flow <0.01 mg/s) suggesting the largest effects to be due the interaction 
between the discharge and the jet of neutrals ejected from the non-operating thruster. This is also supported by a 
change of the angular deviation of the beam “centroid” from the geometrical centerline of the thruster showing an 
horizontal angular displacement of about 1° towards the side of the thruster opposite to the one where the mass was 
injected and no appreciable deviation in the vertical angle. 
. 
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Figure 7. Thrust measurements for T01 (diamonds) and T02 (squares) as a function of the discharge voltage 
and the anode mass flow rate. For T01 the error band are shown. 
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J. Twin engines operations in “floating” mode 
During the thruster performance mapping, three different operating points were selected for detailed 

characterization of the cluster behaviour: 
Low Power (LP):  AMFR= 0.5 mg/s, Vd= 225 V, 
High Thrust (HT): AMFR= 1.0 mg/s, Vd= 200 V, 
High Isp (HI):   AMFR= 0.5 mg/s, Vd= 300 V. 

  
 Table 5 shows the comparison of thrust, discharge currents and CRPs for the different operating modes, in the 
floating configuration, with respect to the values when the units are operated separately. It can be seen that the thrust 

 
Figure 8. Performance map for thruster T01 at beginning of life. 
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Figure 9. Effects of the background pressure on beam 
divergence and thrust, discharge current increased less 
than 1%. 

 
Figure 10. Effects of the background pressure on 
beam current density. 
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seems to increase (above the measurement uncertainty) when the thruster are operated together especially for the 
higher mass flow rates. Discharge current also increases by 1% to 23% suggesting some kind of interaction between 
the thrusters. The study of the background pressure on the thruster performance showed that the additional neutral 
distribution accounts for a maximum (total) thrust increment <2.5 mN (at the highest flow rate, HT + HT case) with 
small effects on discharge current in the pressure range obtained during the cluster operations. Therefore it seems 
that a synergic effect of the cluster configuration is only occurring at the higher mass flow rates corresponding to the 
high thrust modes accounting for an increment of about 10% of the thrust. This also seems to be related to the 
interactions of the plume with the twin’s neutral jet rather than to the kinetic re-ingestion of the background particles 
confirming the results found for the P2 cluster15. 
 In most cases (especially combinations of HT and HI), also the efficiency and the specific impulse tend to 
increase since the discharge currents grow less than the thrust as the background pressure increase. It is also evident 
that the CRPs are only slightly affected when running the thruster in the floating configuration, the values (usually) 
decreasing only by < 6 V and that the two units are only slightly coupled regarding the DC currents since changing 
the operating mode of one unit (causing an appreciable change in its CRP) affects marginally the CRP of the twin 
thruster. 
 Fig. 11 shows the typical results of the beam scan for the case of T01 and T02 operating in LP and HI modes 
respectively, compared with the plots of each thruster operating alone and with the analytical sum of the “isolated” 
plumes. The current density distribution turns out to be close to the analytical overlapping except for the center of 
plume where small differences are evidenced reflecting the small changes on the thrusters’ discharge currents and 
the effects of the higher background pressure 
 

(T01)+(T02) (T01+T02) 
T01+T02 Thrust [mN] 

T02 T02  
LP HT HI 

 
LP HT HI 

LP 13.5 15.8 11.8 LP 12.0 18.5 12.0 
HT 17.7 20.0 16.0 HT 17.5 24.3 18.0 T

01
 

HI 12.2 14.5 10.5 

T
01

 

HI 12.0 19.0 12.0 
T01/T02 Id [A] 

T02 T02  
LP HT HI 

 
LP HT HI 

LP 0.58/0.65 0.58/1.31 0.58/0.67 LP 0.59/0.69 0.60/1.54 0.58/0.69 
HT 1.28/0.65 1.28/1.31 1.28/0.67 HT 1.30/0.69 1.30/1.61 1.31/0.66 T

01
 

HI 0.58/0.65 0.58/1.31 0.58/0.67 

T
01

 

HI 0.58/0.69 0.58/1.49 0.57/0.70 
T01/T02 CRP [V] 

T02 T02  
LP HT HI 

 
LP HT HI 

LP -33/-23 -33/-27 -33/-29 LP -36/-29 -34/-22 -35/-31 
HT -25/-23 -25/-27 -25/-29 HT -28/-30 -26/-23 -21/-30 T

01
 

HI -35/-23 -35/-27 -35/-29 

T
01

 

HI -37/-31 -37/-24 -36/-32 
 

Table 5. Performance of the floating cluster configuration vs. the “sum” of those for single thrusters 

 

 
Figure 11. Typical beam scan in cluster “floating” configuration (T01 in LP mode, T02 in HI mode) and 

comparison with single thruster operations and with analytical overlapping of the plumes. 
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K. Neutralization 
 The effects of the neutralization were investigated in different operating configurations. 

- common neutralization (Fig. 12b) was demonstrated operating both thrusters, connected as shown in Fig. 3b, 
neutralized only by K1. Ignition (the second thruster being ignited from the partner’s discharge) and 
sustaining (one neutralizer being switched off starting from the coupled neutralization test) was achieved. 
Ignition required an anode mass flow rate (between 1.25 mg/s to 2 mg/s) higher than for usual starts to 
promote the collision rate. 

- coupled neutralization was tested by operating one (Fig. 12c) or both thrusters (Fig. 12d) connected as shown 
in Fig. 3b with “common emitters” while running both neutralizers simultaneously. In this case, as expected, 
it was found one of the neutralizers to reduce its emission down to extinguishment, while the dominant 
cathode provided neutralization of both units. At the same time the keeper of the “receding” neutralizer 
continued to collect part of the electron current forming a bright plume around the thruster. This anomalous 
functional mode is therefore equivalent to the two thruster running with a single neutralizer. It’s interesting to 
highlight that, incidentally, running a single thruster with two neutralizers, its own cathode was actually the 
“receding”, the current being provided by the twin’s one thus suggesting the criticality laying behind the 
thruster/neutralizer coupling 

- crossed neutralization (Fig. 12e) was tested by connecting the thrusters as shown in Fig. 3b and igniting and 
sustaining the discharge of one thruster with the twin’s neutralizer only at different operating points. Again 
ignition required an higher mass flow rate to the anode to initiate ionization. 

 The most relevant effects on performance, CRP and plume are summarized in Table 6 for the thrusters both 
operating in HI mode. Referring the two thrusters by connecting them through the keepers’ lines turned out in no 
appreciable change in performance with respect to the “floating” configuration. 
 
 

 

a)  b)     

c) d)  e) 
 
Fig. 12. Neutralization tests: a) “floating” thrusters (T01 and T02 independent); b) common neutralization (T01 and 
T02 neutralized by K1); c) two thruster coupled neutralization (T01 and T02  neutralized by K1 and K2 connected 
together); d) single thruster coupled neutralization (T01 neutralized by K1 and K2 connected together); e) crossed 
neutralization (T02 neutralized by K1). 
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Table 6. Effects of different neutralization modes. 
 
 

 

 
Fig. 13. Common neutralization: current density for T01+T02 on K1(AMFR= 0.5 mg/s,Vd= 300 V for both 
thrusters) vs. “floating” configuration: large effects are visible due to the widening of the thruster without 
neutralizer. 

 

Neutralization Common Coupled Crossed 

Configuration T01+T02 on K1 S: T01 on K1+K2 
D: T01+T02 on K1+K2 T01 on K2 and T02 on K1 

S Within tolerance for T01 
Thrust Higher than sum of the single 

thrusters. 
Within tolerance for cluster in 
floating mode D Within tolerance for cluster 

in floating mode 

In both cases thrust decreased by 
25%÷30% 

S Not affected Id Nominal for T01 
10% lower for T02 

D 10% lower for T01  
10% higher for T02 

In both cases current decreased 
by 17%÷19% 

S Similar to –Vkeeper1 CRP Between -20 V and -27 V. 
Intermediate between –Vkeeper1 
and -Vkeeper2 D Similar to –Vkeeper2 

Not appreciably affected  

S Slightly broader plume 
(Fig. 15) 

Plume Large differences in current 
density distribution due to 
changes in the orientation of the 
spikes and to the widening of the 
plume of the thruster without 
neutralizer operating between 
diffuse and spike mode. 
(Fig. 13) 

D 

Appreciable differences in 
the current density 
distribution probably due to 
changes in orientation of the 
spikes 
(Fig. 14) 

Thruster operating in diffuse 
mode instead of the spike one 
(Fig. 16) 
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Fig. 14. Coupled neutralization: current density for T01+T02 on  K1+K2 with common emitter vs. 
T01+T02 in “floating” mode (AMFR= 0.5 mg/s,Vd= 300 V for both thrusters). Small differences are present 
mainly due to the change in orientation of the “spikes” and to widening of the plume. 

 

 
Fig. 15. Coupled neutralization:current density for T01 on K1 and T01 on K1+K2 (AMFR=0.5 
mg/s,Vd=300 V). Small changes evidenced slight increase of he divergence. 

 

 
Fig. 16. Crossed neutralization: current density for T01 (AMFR= 0.5 mg/s,Vd= 350 V) on K2 (left) vs. 
reference conditions, i.e. T01 on K1 (right). The thruster operated in “diffuse” mode. 
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L. Endurance 
After the characterization and the test of the cluster configuration, the thruster T01 was operated for about 100 

hrs at fixed operating conditions AMFR= 0.6 mg/s and Vd=300 V corresponding to a power of 174 W to assess the 
erosion of the discharge chamber in the early part of the life. In this conditions the thrust was about 7mN, the anodic 
Isp about 1190 s and the anodic efficiency about 25%. 
 During this endurance characterization, long firing cycles were carried out up to reach thermal equilibrium. The 
longest firing duration was 21 hrs limited by the periodic switch off for the thrust measurement. The discharge 
chamber exhibited some erosion only on the inner edge due to the focusing effect of the magnetic field. The erosion 
rate was found to decrease considerably after about 50 hrs of firing, as evidenced by the equilibrium thruster 
reference temperature also decreasing along the firing. This suggests that the thruster completed the initial wearing 
phase of discharge chamber “conditioning”, reaching the steady state erosion rate (Fig. 17). 
 The analysis of the performance showed that both the thrust and the beam divergence were not affected (within 
the accuracy of the measurements) by the evolution of the discharge chamber’s wall profile as shown by Fig. 18 and 
Fig. 19. 
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Figure 17. The trend of the thruster reference 
temperature (outer magnet), leveling off during the 
endurance test, showed that the initial conditioning of 
the discharge chamber ended after 50 hrs thus reaching 
the steady state erosion rate. 
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Fig. 18. Comparison of thrust for T01 at beginning 
(squares) and end (diamonds) of test for different 
discharge voltages and  mass flow rates: the differences 
are still within the uncertainty of the measurement. 
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Figure 19. Comparison of beam divergence for T01 at beginning (left) and end (right) of test for different discharge 
voltages and  mass flow rates: the differences are still within the uncertainty of the measurement. 

 



    
The 30th International Electric Propulsion Conference, Florence, Italy  

September 17-20, 2007 
 
 

14 

VI. Conclusion 
The test campaign carried out on the two HT-100 thruster allowed the experimental characterization (including 

direct thrust measurements) of their performance on a wide operating envelope in terms of discharge voltage and 
anode mass flow rate. 

A strong dependence on the cathode coupling (position and settings) and cathode’s performance (especially 
during aging) was evidenced by the establishment of two major operating modes (“diffuse” and “spike”). These are 
characterized by very different ionization and acceleration efficiencies and plume divergence as shown by the beam 
diagnostics turning out in increments on thrust up to 80% (in “spike” mode) for the same settings. This strong 
dependence arises some questions about the soundness of the assumption, usually adopted, at least preliminarily, for 
which the thruster performance of the Hall thrusters could be defined just on the basis of the anode’s characteristics, 
considering it independent from the electron source (type, intrinsic “efficiency” etc.) without any sensitivity analysis 
of the coupling with the cathode/neutralizer. 
 The analysis of the thruster performance wrt the chamber background pressure, regulated by injecting Xe 
through the tip of the non-operating cathode, showed a linear dependence for the thrust rising by 10% for every step 
in pressure of 1�10-5 mbar. The corresponding variation in discharge current was < 0.2 % leading to a significant 
improvement of specific impulse and efficiency. The assessment of the mass re-ingestion due to the kinetic flux 
predicted negligible effects of the background pressure, suggesting the additional thrust to be induced by the 
interaction between the plasma discharge and the jet of neutral particles exhausted by the non-operating unit. This 
was in agreement with the results obtained at the University of Michigan when testing the cluster of two P5 
thrusters. The plume, as expected, increased its divergence by about 9°, the current density looking less peaked and 
with larger “tails”. It is worth to note that unlike the trend of thrust, linearly rising, the divergence showed the largest 
sensitivity to background pressure at nominal conditions (no additional gas injection), confirming the pressure range 
of 10-5 mbar to significantly affect the results of plume diagnostic by CEX collisions. 
 The test of the twin engine cluster, with the two units electrical floating with respect to each other and with 
respect to the ground, also confirmed the results on the cluster of P5: for the operating conditions at relatively low 
mass flow rate, the thrust of the cluster is close, within the accuracy of the measurements, to the sum of each single 
thruster individually (with the relative increments due to the higher background pressure). At higher mass flow rates 
(high thrust modes) some effects due to the coupling between the discharges and the jets of neutrals seems to arise, 
the thrust of the cluster being about 10% higher than the value expected from overlapping the single thruster’s 
performance corrected by the pressure effects. Since the discharge currents are less dependent on the coupling the 
efficiency and the specific impulse also increase. The same behavior is exhibited by the cluster’s plume: this is 
nearly the analytical summation of the single current distributions apart from small deviation around the peak 
region. The differences tend to grow for the high thrust modes. 
 When floating, the thrusters were found to be slightly DC coupled in terms of neutralization, the CRP decreasing 
by about 5V (15%) with respect to the single thrust operations, and slightly changing (by 1÷2 V) when the operating 
point of the twin engine is changed. The possibility of common, coupled, and crossed neutralization was tested by 
running the thrusters electrically connecting together their cathodes’ emitters. The use of a single cathode to run the 
two thruster still resulted in good cluster’s performance (apart from broader plume), whereas operating one thruster 
with the twin’s neutralizer caused a decay of thrust of about 30% with respect to nominal conditions for this 
particular configuration. 
 Finally the 100 hr endurance test showed no appreciable change in thruster’s performance related to the initial 
wearing phase of the discharge chamber. This result is providing confidence about the estimated 1,500 hr design life 
for the thruster: T01 will however continue firing up to accumulating about 500 hr (by the end of 2007), providing 
validation of the erosion model for HT-100. 
 Future activities on HT-100 will focus on the optimization of the cathode (model, position etc.) to improve it’s 
coupling with the anode, on a more accurate performance characterization using a new 15 mN thrust stand and on a 
more detailed study of the background pressure by operating a lower number of pumps and injecting the propellant 
far from the thruster to discriminate between the real effects of background and those related to the jet of neutrals. 
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