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Dual-Mode Operation of Stationary Plasma Thrusters

Alexey Lazurenko,* Vanessa Vial,” and Andre Bouchoule *
GREMI Laboratory, 45067 Orleans, France

and

Alexandre Skrylnikov,® Vyacheslav Kozlov,! and Vladimir Kim**
RIAME, 125080, Moscow, Russia

The dual-mode operation of a stationary plasma thruster (SPT) has been investigated using the SPT-140
laboratory-model thruster. The SPT-140 is designed for operation at power levels between 4 and 6 kW. The
first mode investigated is the standard one that the SPT-140 was optimized for and consists of mass-flow rates of
12-14 mg/s, discharge voltages between 300 and 400 V, thrust levels of 220-320 mN, and specific impulses ranging
from 1900 to 2300 s. The second mode corresponds to high specific impulse (over 3000 s) at reduced thrust (less
than 140 mN) operation over the same power range as the first mode. In spite of limitations in magnetic field
optimization, anode thrust efficiencies over 55% have been obtained in the second mode. The physical features of
high-specific-impulse SPT operation are discussed, including the limitations on the mass flow rates for efficient
thruster operation and the possible impact of doubly charged xenon ions on Hall thrusters’ characteristics. In
addition, a thruster scaling analysis is presented that underlines the tendency for high-power thrusters to operate
efficiently over a broader range of mass flow rates and discharge voltages than low-power SPTs.

Nomenclature

B, B, = magnetic field induction, radial component
of the magnetic field

b.,d = accelerating channel width and its mean
diameter, respectively

E} = mean energy of the singly charged ions

E, = axial electric field

e = electron charge module

F = thrust

1y = discharge current

1, = electron current

I; = ion current

Iy = specific impulse

k,ky,k = numerical factors

ke = factor of electron velocity

ko = factor of average axial velocity of the singly

charged ions

L; = ionization layer length

M = ion and atom mass

m = electron mass

m = total mass flow rate (through the anode and
cathode)

My = anode mass flow rate

Mg min = minimum anode mass flow rate

m, = cathode mass flow rate

mi, mit = mass flow rate at the exit of the accelerating
channel of the singly and doubly charged ions,
respectively

N, N = electron and ion number density

Py = discharge power
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heat losses

radius of the trajectory around the thruster

of the arm with diagnostics

S = cross section of ion flux integration in the plume

S, =mdb., = accelerating channel cross-section area

Uy = discharge voltage

U, = floating potential in the plume

Uy = plasma potential in the plume

Vi, Vi, V, = atom, ion, and electron flux velocity in the
channel, respectively

1A A = singly and doubly charged ion flux velocity
in the plume, respectively

v singly charged ions flux velocity on the axis

<Vlj> (V;*) average axial velocities of singly and doubly
charged ion flux, respectively

y = propellant gas ionization efficiency

AU = potential drop in the ionization layer

sU = voltage losses at ion acceleration

n = thruster efficiency

0 = angle defining a probe position in the plume
relative to the thruster axis

Ai = atom free path before ionization

o; = ionization cross section

ol = spread in velocities of the singly charged ions
(variance)

i = ion flux density

1. Introduction

LECTRIC propulsion (EP) is being actively developed for rou-

tine implementation on satellites and for deep-space missions.
Several types of EP have already been used, such as gridded ion
thrusters, Hall thrusters, and pulsed plasma thrusters (PPT). Com-
pared with thermochemical thrusters, the acceleration of ionized
propellant allows EP to obtain exhaust velocities of at least an or-
der of magnitude higher. The principal interest in EP stems from
the corresponding propellant mass savings associated with these
high-specific-impulse devices.

Within the EP technologies, Hall thrusters (HT) inherit a long and
successful flight history from the Soviet/Russian space program,
which has flown the stationary plasma thruster (SPT) variant since
1972.!' HT implementation on Western satellites or space missions is
now underway.'~* The interest for HT in space technology is related
to several features of these thrusters: 1) much higher specific impulse
(>1400 s) in comparison with chemical thrusters (<300 s) with
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thrust efficiency >50%, thrust level ~100 mN, lifetime >5000 h
at 1.5-kW electric power; 2) relatively simple and robust design
providing a gridless ion flow acceleration; and 3) significant inputs
from previous experience.

Industrial developments (SNECMA and Astrium) in Europe,?
Busek, Aerojet and Pratt and Whitney in the United States,? and
research programs in many countries underlie the present interest in
HT technology. A cooperative research program (GDR 2232) on HT
development was launched in France, involving several academic
research teams in connection with the French Space Agency (CNES)
and industry (SNECMA).*

Until recently, HTs were considered for specific impulses less
than 2000 s. The development of thrusters with higher specific im-
pulse (I, > 3000 s) is clearly of interest for orbit and attitude con-
trol of long life and high mass satellites. Moreover, higher power
thrusters (e.g., 4—6 kW) that operate efficiently in the two modes
defined next would be very useful:

1) Mode 1 is characterized by a standard specific impulse
(<2000 s) and a thrust large enough (200-300 mN) for orbit raising
of Earth-orbiting satellites.

2) Mode 2 is characterized by a high specific impulse (>3000 s)
at reduced thrust, allowing mass saving for long-term missions.

Relevant data for the dual-mode operation of SPTs are presented
in this paper. The basic features of the SPT are briefly reviewed
in Sec. II. Prior data obtained for high-voltage operation of the
midpower SPT-115 laboratory-model thruster are summarized, and
results of an experimental study of the dual-mode operation of the
higher power SPT-140 laboratory model are presented. This data
set corresponds to a wide range of discharge voltage (300-1000 V),
specific impulse (1500-3500 s), and discharge power (0.8—4.5 kW)
and is used for the general analysis that is presented in Sec. III.

II. Experimental Investigation of the SPT Operation

A. SPT Operating Principle

SPTs were developed on the basis of the so-called ion acceler-
ator with closed electron drift. Figure 1 is a schematic drawing of
the SPT. The discharge voltage U, is applied between an anode
(5) that is located at the bottom of an annular ceramic channel (4)
and an external hollow cathode (6). The propellant gas (mass flow
rate m,) is injected through the anode, and a complementary gas
flow m, is required for the cathode operation. A mostly transverse
magnetic field is applied across the channel by a magnetic circuit
(1) and magnetization coils (2-3), with a maximum radial intensity
near the channel exit. The reduced longitudinal mobility of elec-
trons in this channel area leads to a localized potential drop on the
order of the discharge voltage. Because of the high electron mo-
bility along magnetic field lines, the equipotentials of the electric
field are close to the magnetic field lines. In such an “E cross B”
configuration, the electrons drift in the azimuthal direction with an
average azimuthal velocity of E./B,. Typical values of E, and B,
lead to average electron energies higher than 10 eV, which means

Fig. 1 SPT scheme: 1,
magnetic circuit; 2, and 3,
magnetization coils; 4, ac-
celerating channel; 5, an-
ode; and 6, cathode.

electron

+[|J|c17 & flow

that this magnetically confined electron cloud is very efficient at
ionizing the propellant gas. Xenon (Xe) is generally used as propel-
lant because its high mass leads to a longer residence time in the
electron cloud, which together with its low ionization potential im-
proves ionization efficiency. An almost full ionization of the anode
Xe flow (typically > 90%) is obtained in optimized SPTs. Xe ions,
accelerated towards the exit by the electric field, leave the channel
with kinetic energies on the order of the discharge potential. The
thrust corresponds to the momentum delivered to this escaping ion
flow. The discharge current [, at the channel exit cross section is
the sum of the ion current /; leaving the channel and the electron
current /, from the cathode entering the channel (primary source of
avalanche ionizations). Because the discharge electrical power cost
is Uyl =Uy(1; + 1,) while the “useful power” is U, 1;, the lower
the electron current, the higher the thrust efficiency. For optimized
thrusters the ratio 1, /I, is typically less than 0.3; most of the cathode
electron current is used to neutralize the ion beam flow.

The total mass flow rate through an SPT is m =m, + m,., where
typically m. ~ 0.1m,. For a fixed thruster operating mode, the re-
quired cathode mass flow rate can vary with cathode design. To
characterize the intrinsic thruster performance, we will use in the
following the anode mass flow rate as a reference when looking at
physical quantities such as the specific impulse and thrust efficiency.

Accordingly, the specific impulse will be defined as

Isp = F/mag N
and the thruster efficiency as
n=F /2P, =F[20,Usly )

The power losses in the magnetization coils will not be taken into
account in the following discussions because these losses are also
design dependent and not intrinsic to the discharge itself.

B. SPT-115 Data over a Wide Voltage Range

Several studies have been devoted to HT operation at high dis-
charge voltage (e.g., Ref. 5-8). The high-voltage performance of
the RIAME MAI SPT-80 (Ref. 5), SPT-115 (see the following),
and high-power SPT-140 (see Sec. 11.C) laboratory model thrusters
form a wide ranged database concerning thrusters of different sizes
and similar designs that represents a valuable input for insights on
performance trends as a function of thruster size and power.

The SPT-80 has a channel external diameter of 80 mm and was
designed for the power range 1-1.5 kW. This thruster was operated
in an extended range of parameters: anode mass flow rate m, =2.1—
9.5 mg/s, discharge voltage U, = 100-800 V, and discharge power
P;= 0.3-3.0kW.

The SPT-115 has a channel external diameter of 115 mm and
internal one of 80 mm. It was designed for the power range of
1.5-3.0 kW and nominal anode mass flow rate range of 8—9 mg/s.
The SPT-115 performance at standard conditions (72, = 8.88 mg/s,
U;=400V)is F =193 mN, I, =2190 s, and n =62% (Ref. 9).

High-voltage performance characterization of the SPT-115 was
made at RIAME MALI in a 2-m-diam by 6-m-long, oil-diffusion
pumped test facility. The corrected (for xenon) vacuum chamber
background pressure never exceeds 7.5 - 1073 Pa for a xenon mass
flow rate of 5 mg/s. The corresponding increase of thruster perfor-
mance related to the neutral backflow at this background pressure
is expected to be less than 3% and is neglected.

The discharge voltage and discharge current (precision shunt volt-
age) are measured by digital voltmeters with a precision better than
0.5%. Internal and external magnetization coils are powered sepa-
rately by commercially available power supplies that provide both
voltage and current indications.

The test facility is equipped with a thrust stand allowing thrust
measurement with an accuracy of £2%. Finally, the gas feed system
controls anode and cathode mass flow rates with an accuracy of £2
and +4%, respectively. Specific impulse and thruster efficiency are
determined within +4 and £7%, respectively.
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Fig. 2 SPT-115 characteristics for reduced mass flow rates.

SPT-115 data are reported in Figs. 2a—2d for discharge voltages
ranging from 200 to 1100 V at reduced anode mass flow rates of
2-4 mg/s.

The discharge current increases with discharge voltage, which
appears as typical for SPTs (e.g., Refs. 5-8), although this effect
is less pronounced for the SPT-80 (Ref. 5). Several distinct phys-
ical sources can be identified for such an increase: increase of the
propellant ionization efficiency, increase of the electron current en-
tering the channel, increase of the share of multiply charged Xe
ions. These sources will be discussed next. Each operating point
was magnetically optimized, that is, recorded with the coil currents
adjusted to minimize the discharge current.

Other characteristic features of the SPT-115 can be observed:

1) Thrust and specific impulse increase monotonically with the
discharge voltage (see Figs. 2b and 2¢) and, in this range of the
reduced mass flow rates, I, increases with r,.

2) The maximum value of thrust efficiency shifts into higher dis-
charge voltages when the mass flow decreases (see Fig. 2d).

3) Thrust efficiency is reduced at lower mass flow rates, and a
clear trend is observed in terms of voltage—efficiency increases
with discharge voltage from the very low initial value 35%, and
the discharge voltage at which efficiency saturates decreases with
increase of mass flow rate.

Taking into account the preceding data, some general trends in
the dual-mode operation of SPTs are apparent:

1) To achieve high thrust at a specified electrical power, it is
necessary to operate the thruster with the maximum mass flow rate
allowed by the thruster thermal design; that is, at moderate discharge
voltages.

2) To achieve high specific impulse under similar thermal limita-
tions, itis necessary to operate the thruster at reduced mass flow rates
and high discharge voltages. However, the preceding data show that
the reduction of the mass flow rate is limited by a possible decrease
of thrust efficiency.

3) A reduction of thrust efficiency induces a limitation on the
maximum operating power because of the increased internal losses
and possible thermal overloading of the thruster.

Power scale-up trends that are relevant to the just-mentioned ob-
servations were examined further with a set of experiments per-
formed on the higher-power SPT-140.

C. Dual-Mode Operation of a High-Power SPT

The RIAME MALI laboratory-model SPT-140 (channel external
diameter 140 mm, internal 100 mm) was chosen for these investiga-
tions. This model was designed for optimum operation at a discharge
power range of 4-6 kW, anode mass flow rates of 12—-14 mg/s, and
standard discharge voltages between 300 and 400 V (mode 1). In
the present study, this thruster was operated in an extended voltage
range up to 1000 V, at reduced Xe mass flow rates and at nominal
power levels (mode 2).
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Fig. 3 SPT-140 mode 1 performance characteristics.

Performance of the SPT-140 operating in mode 1 was recorded
at the Kurchatov Institute test facility, where oil-diffusion pumps
provide a chamber background pressure of 7.5-10~° Pa (xenon)
for a thruster mass flow rate of 10 mg/s. The results presented in
Fig. 3 show that an anode efficiency up to 67% is obtained for dis-
charge power levels up to 7 kW and anode mass flow rates of 12.2
to 14.1 mg/s. At U, ~300 V and P, ~4.2 kW, the SPT-140 pro-
vides a thrust of 270 mN with an anode thrust efficiency of 62% and
an anode specific impulse of 1900 s. The SPT-140 efficiency and
specific impulse are significantly higher than those of lower-power
SPTs. Taking into account the cathode mass flow rate (m,. =0.1m,),
a specific impulse of 1700 s should be achieved. A similar perfor-
mance in this power range was also demonstrated in industry: the
SPT-140 of Fakel Design Bureau,'? the PPSX000 of SNECMA,!!
the BPT-4000 of Aerojet.'?

The performance of the SPT-140 in mode 2 was investigated in
the RIAME MAI facility used for the SPT-115 tests (see Sec. I.B).

Data have been acquired for mass flow rates of 3, 3.5, and 4 mg/s
over the discharge voltage range of 300 to 1000 V. Internal and exter-
nal magnetization coils were powered separately by commercially
available power supplies. Time-averaged discharge current, thrust,
ion current angular distribution in the plume, and plume plasma pa-
rameters were recorded. The thruster magnetization currents were
adjusted to maximize the thrust efficiency, with limitations at high-
voltage and high-power operation. The effect of neutral backflow
to the SPT-140 accelerating channel on performance is considered
negligible.

The plasma parameters in the plume were recorded by using a
cylindrical Langmuir probe (diameter 1.2 mm, length 17 mm). The
probe is mounted on a diagnostic rotating arm providing a semicir-
cular trajectory around the thruster at a radius of 0.7 m. The main
probe axis is directed along the radius of the semicircle. Plasma po-
tential (with 2 V precision) and electron temperature are derived
from electrostatic probe data.

The ion current distribution in the SPT-140 plume was recorded
by using a retarding potential analyzer (RPA) installed on the same
diagnostic arm near the Langmuir probe. The RPA has a stainless-
steel housing in which a ceramic body supporting three grids and a
collector is installed. The RPA core diameter is 20 mm, and the outer
housing is at floating potential. The first grid has 0.225-mm-square
holes and is also floating. The second grid, with 0.04-mm-square
holes, repels plasma electrons and is set to —37 V relative to the
floating housing. The third grid, with 0.266-mm-square holes, is set
to +50 V relative to the floating potential in order to repel low-
energy ions from the ambient plasma. Ion current is received by the
collector, which like the grids is made of stainless steel.

The results obtained with the SPT-140 at low mass flow rates are
shown in Figs. 4a—4f. Some characteristic data are given here:

1) A thrust efficiency of 56% and a specific impulse of 3640 s are
obtained at U, = 1000 V (Figs. 4c and 4d).

2) Unlike the SPT-115, SPT-140 thrust efficiencies at high voltage
for mass flow rates of 3.5 and 4 mg/s show no improvement over the
efficiencies at 3 mg/s. The observed difference in trends of the two
thrusters is thought to be connected with limitations encountered in
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Fig. 4 SPT-140 mode 2 performance and plume characteristics.

trying to optimize the magnetic field of the SPT-140 at high-voltage,
high-power operation modes. Figure 4a shows that the discharge cur-
rent increases more significantly at high voltage when the mass flow
rate (and the thruster power) increases. The optimization of thruster
operation at high discharge voltages typically requires an increase
of the magnetic field, that is, higher magnetic coil currents.>~3 How-
ever, the magnet power supply used in the present set of SPT-140
experiments is not always able to provide adequate current. The

limitation of the coil current is observed at high discharge voltages
where the discharge current increases rapidly (indicated by dashed
line in Fig. 4a), suggesting nonoptimized thruster operation.

3) The SPT-140 thrust efficiency at discharge voltages between
700 and 1000 V (Fig. 4d) is on the same level as those for smaller
SPTs that are optimized for mass flow rates of 3—5 mg/s (e.g., the
SPT-80) at discharge voltages of 300-400 V (Ref. 5). The observed
increase of thrust and specific impulse with increasing discharge
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voltage (Figs. 4b and 4¢) suggests that the propellant flow ionization-
acceleration processes remain efficient, in spite of the poor magnetic
field optimization just reported. The specific impulses obtained for
discharge voltages between 700-1000 V are higher for the mass
flow rates of 3.5 and 4 mg/s than for 3 mg/s (see Fig. 4c), which
follows the same trends observed for the SPT-115.

The main conclusion in terms of mode 2 performance is that even
when the magnetic field topology is not fully optimized the SPT-
140 can achieve anode specific impulses of 3600 s with anode thrust
efficiencies of 55%.

Some physical features related to the thruster plume are described
next. The plasma and floating potentials recorded at a distance of
0.7 m from the thruster are shown in Fig. 4e. These data show that
plasma potential increases with the discharge voltage, decreases
with an increasing mass flow rate, and that the electron temperature
remains constant (=1 eV) in the interrogated operating range. These
observations are thought to be connected with electron transport
from the cathode to the plume plasma, as suggested by the results
of simulation studies,'®> where similar modification of the plasma
potential is obtained when the magnetic field increases.

Plume ion current data suggest that most of the ion beam current
is concentrated within 45-50 deg of the thruster axis, for the whole
voltage range studied.

When recording the SPT-140 performance in a wide operation
range, each run duration was limited to the time required for the
operation point optimization and discharge parameters stabilization
(~15 min). A test has been done of the thruster operation in mode 2
for longer duration (in two successive runs by 3 h each), where stable
thermal conditions were achieved. The operating conditions were a
discharge voltage 1000 V, a mass flow rate 3 mg/s, and a discharge
power 3 kW. This test demonstrated the ability of the thruster design
to operate in mode 2 with stabilized performance such as specific
impulse 3250 s and efficiency 50%.

III. Discussion of Dual-Mode SPT Operation

A. Limiting Values of Mass Flow Rate

As just mentioned, operating SPTs at high specific impulse (mode
2) and maintaining mode 1 power level requires a reduced mass flow
rate in comparison with a lower specific impulse operation (dis-
charge voltages 300400 V). Reducing the propellant mass flow
rate leads to a decrease of the plasma density in the thruster ioniza-
tion zone, and the ionization time of Xe atoms can be too high with
respect to their residence time in this channel zone. An evaluation
of the minimal mass flow required to maintain a high ionization
efficiency is given next.

In this analysis we will assume that acceleration occurs mostly
downstream of the ionization layer, as evidenced for most SPT de-
signs (for example, see Ref. 14) and suggested by results of numer-
ical simulation,!>16

To obtain a high ionization efficiency, the characteristic atom free
path for ionization A; should be less than the ionization layer length
L;. The former can be expressed as'’

Ai = Va/(oiVelne 3

At standard discharge voltages U, ~ 300 V, the electron energy
can reach 20-30 eV (Ref. 18). Experimental electron-energy distri-
butions are not available for discharge voltages up to 1000 V. Nu-
merical simulations'*~2! predict an almost linear increase of electron
temperature with discharge voltage, in the voltage range up to 600 V.
This evolution will be assumed next, although it could be a rather
rough assumption. Data on xenon ionization cross sections>>* show
that its variation in the electron-energy range of interest can be ne-
glected when estimating the ionization frequency (o; V,)n,, in com-
parison with the corresponding variation of the mean electron veloc-
ity V, =k.+/2eU,/m. The atom velocity V, will be assumed almost
constant in the restricted range of the ceramic channel temperature
(500-800 °C).

The plasma density is the most important factor for the evolution
of A; when the mass flow rate varies. Taking into account plasma

quasi-neutrality, the plasma density can be estimated under the as-
sumption of full ionization of propellant gas:

ne%ni%ma/MViSc%ma/MViﬂdbc (4)

The averaged ion velocity in the ionization zone V; is related to
the potential drop AU in this layer and will be described as

V, = J2eAU M )

According to the results of numerical simulation,'>! AU ~30 V
for a standard discharge voltage 300 V. These data are in agreement
with experimental studies on time-resolved ion-energy distributions,
avoiding the broadening effects of thruster fluctuations.”* The width
of the ion-energy distribution in the plume directly reflects the po-
tential drop in the ionization layer. Little information is available on
the ion-energy distribution for a wide range of discharge voltages,?
suggesting that their width does not vary significantly with U,. This
can be expected: the total voltage drop from anode to the thruster
plume is mainly achieved in the acceleration domain where the
plasma density is significantly lower than in the ionization layer.
So, we will assume V; = const when U, varies.

In agreement with previous studies,'” the ionization layer length
is assumed to be proportional to the accelerating channel width:
L; =~ kb,.. This is related to the fact that increasing the accelerating
channel width leads to a corresponding increase of the gap between
internal and external poles and the midwidth of the magnetic field
intensity distribution along the thruster axis increases as well. The
corresponding smoothening of magnetic gradients leads in turn to
an extension of the ionization layer length. Other considerations on
the influence of the magnetic field topology on the ionization and
acceleration processes can be found in Refs. 26 and 27, where the
concept of the magnetic field lens or plasma lens is discussed.

The condition of effective ionization will be expressed by
A ~ky L;, where k; < 1. Taking into account the preceding rela-
tion of the ionization layer length and the channel width, it can be
written as A; & k; b.. Then, the minimal mass flow rate 71, i, leading
to an efficient ionization can be derived from Egs. (3-5):

mamin = (kaax/m/(aJ)(nd/\/U»d)v Mm (6)

This expression shows that the minimum mass flow rate ensuring
effective propellant flow ionization should decrease when increasing
the discharge voltage. Or, under fixed mass flow rate, a decrease of
the discharge voltage can induce a decrease of ionization and thrust
efficiencies when criterion (6) is not satisfied. These features are
qualitatively confirmed by the experimental data given in Sec. II.
As can be seen in Fig. 2d, a significant decrease of thruster efficiency
is obtained at reduced voltages when the mass flow decreases. The
lower the mass flow, the higher the voltage required to restore a
better efficiency.

The minimal mass flow rate can be derived quantitatively from
Eq. (6) for the SPT-115 thruster where magnetic optimization was
not prevented by thermal limitations. The mean diameter is 9.75 cm,
and we will assume a ceramic channel temperature of 550°C. The
various scaling factors involved in Eq. (6) are estimated here:

1) The ionization cross section in the electron energy range of
interest is fixed at o; =4.5- 1072 m? (Refs. 22 and 23).

2) The electron velocity is defined by assuming a reason-
able energy of 20 eV for a discharge voltage of 350 V [i.e.,
V,=1.55-10°(Uy)"? ].

3) The value of AU is fixed at AU =30V (as just discussed).

4) The product of the geometrical factors k and k; is assigned
to be k-k;, =0.8-0.5=0.4 (i.e., an effective ionization length
A =7 mm).

These values lead to a quantitative expression of the minimum
mass flow rate given by 7, min = 50(Uy)'/?, where the mass flow is
expressed in milligrams/second and the discharge voltage in volts.
For U; =500V this estimation leads to a minimal mass flow rate of
2.3 mg/s. One can see in Fig. 2d that the significant decrease of effi-
ciency observed for this thruster at the mass flow rate between 2 and
4 mg/s is in rather good agreement with the preceding criterion. The
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range of thruster voltages where a significant drop of efficiency is
observed cannot be described by such a model assuming an almost
full ionization efficiency, but its displacement towards higher ener-
gies when the mass flow rate decreases is qualitatively in agreement
with the model.

The mass flow rate for mode 1 operation is mostly related to
thermal issues. The part P, of the discharge power P, transferred
into heat (radiation, wall recombination and ionic impacts) depends
on the optimization of thruster design and operation mode and could
be assumed to be proportional to P;: P, o< Py = 1,U,. If we further
assume [I; ocm,, then m, & P, /U,. For a specified thermal power,
supported by the thruster, the mass flow rate varies as 1/U,.

It is also interesting to look at the effect of up-scaling on the max-
imal discharge voltage acceptable from the thermal considerations.
Let us introduce the mass flow density calculated for the thruster
cross-section area S, = wdb.. Assuming the discharge current to be
proportional to the mass flow rate, one can obtain from Eq. (6):

1a/Se & titgmin/Se = (e VoV/AU [(00)) (VMm [b/UL) -~ (D)

where the minimal mass flow density is inversely proportional to b..
Equation (7) shows that the acceptable minimum of the discharge
current density is reduced with increase of the accelerating channel
width. Or, for a fixed power density (limited by thermal issues), such
a decrease of discharge current density allows an increase of the
discharge voltage maintaining high values of ionization and thrust
efficiency.

The up-scaling trends just derived are consistent with experimen-
tal data. Table 1 gives an overview of data for the three thrusters
SPT-80, SPT-115, and SPT-140 investigated in a wide range of volt-
age and mass flow rate.

The minimum mass flow rate required for efficient ionization in-
creases linearly with the channel width b, [see Eq. (6)]. The mass
flow rates at standard mode 1 operating points for the SPT-80, SPT-
115, and SPT-140 thrusters lead to the 1,/ S, values, which increase
faster then the channel cross section (see Table 1). These consid-
erations show that the relative range of mass flow rates n1,/#, min,
where the thruster can be operated efficiently, increases with thruster
size and thruster power. This fact is also highlighted by the efficiency
trends for the just-mentioned thrusters given in Figs. 5 and 6. The
thrust efficiency is represented as a function of the mass flow rate
normalized to the standard one for each thruster (see Table 1).

These data confirm that higher power thrusters can be operated
over a wider relative range of mass flow rates, and they are of interest
for a dual-mode operation with high specific impulse and good thrust
efficiencies.

B. Analysis of the Discharge Current and Thrust Trends

The set of experimental data presented in Sec. II was analyzed
in an attempt to explain some observed features. Discharge current
shows more or less pronounced increase with discharge voltage (see
Fig. 2a for the SPT-115, Fig. 4a for the SPT-140). This behavior
appears to be a general property of Hall thrusters (see Refs. 5—
8), even at the magnetically optimized operation points. Such an
increase leads to higher discharge power and effects negatively the
thruster efficiency if it is not related to a simultaneous increase of
ion current and thrust [see Eq. (2)].

The discharge current is 1, = I; + I,. An increase of the electron
contribution /, can be induced by a less efficient magnetic optimiza-

Table 1 Comparative data on dual-mode operation of SPT
laboratory models

Operating SPT-80 SPT-115 SPT-140

parameter/

characteristic  Mode 1 Mode2 Mode 1 Mode2 Mode 1 Mode 2

Mg, mg/s 3.15 2.1 8.88 3.01 14.1 3.5

ma/Se 0.123 —_— 0.168 —_— 0.185 —_—
mg/(s - cm?)

Ug, V 300 600 300 800 300 1000

Isp, s 1630 2400 1830 3200 1950 3640

n, % 48 52 57 55 62 56

0.70
0.65
0.60 ——
0.55
0.50 £
0.45 -
0.40
0.35
0.30
0.25
0.20

0 02 04 06 08 1 12 14 16
relative mass flow rate

——SPT-80 -# SPT-115 -4 SPT-140

Fig. 5 Thrust efficiency vs relative mass flow rate at U; =300 V.
n
0.70
0.65
0.60

0.55 —7'

0.50 i
0.45
0.40
0.35
0.30
0.25
0.20
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
relative mass flow rate

—=— SPT-115 SPT-140

Fig. 6 Thrust efficiency vs relative mass flow rate at U; =1000 V.

tion. An increase of the ion contribution /; can be induced by two
phenomena. The first one is an increase of the ionization efficiency
of the gas flow when the voltage increases: as was shown in the
preceding paragraph, the critical mass flow rate ensuring effective
ionization decreases with increasing discharge voltage. The second
phenomenon is a possible increase of the contribution of doubly
charged ions in the total ion current. Indeed, recent data show that
multiply charged ion fraction increases with discharge voltage.?®

The experimental data for the SPT-140 and the SPT-115 were
used for an examination of these various contributions in the thruster
current.

To simplify, let us consider only the presence of singly (Xe™) and
doubly charged (Xe*™) ions.

The thrust is expressed as

F = if (Vi) (V) ®)
The discharge current is
Iy=1+ I = (] + 20/ ) (e/M) + I, ©)

The mass flow rates 712} and 7127+ of Xe* and Xe™™ ions leaving
the thruster are defined as

4wt =y, (10)

The average axial velocity of the singly charged ions is defined
as

V) dS
- fS i ds



LAZURENKO ET AL. 45

involving the integral of the ion flux density ¢; through a cross
section S of the thruster plume. The surface S in Eq. (11) is a semi-
spherical one centered on thruster output and with the radius R,,.
Assuming azimuthal symmetry of the plume, the average axial ve-
locity can be written as

/2

(vi)= Lo

@ V" cos@sin6 do
[ gi sing do

12

In this expression V, is the projection of the local Xe™ flux velocity
along the radial direction defined by 6. In spite of the finite value
of the measurement radius R,, V" is assumed to be in the radial
direction. A significant deviation of ion flux from the radial direction
can arise at wide angles (0 > 45 deg) (Ref. 29). In most thrusters
more than 90% of the ion flux is launched within a cone of 45-50 deg
and the preceding approximation is rather good.

We will take into account the angular variations of the ion beam
energy, reported in many papers.’®3! The energy decreases from
maximal values for 6 =0 deg down to one-half of this value for
6 =45 deg. Accordingly we will assume that V;* is described by an
angular variation such as V;* = V,{ cos 0, where V,{ is the ion flux
velocity on the axis (at & =0 deg). This angular dependence leads
to the expected decrease of the kinetic energy by a factor 2 at 45 deg
and to a cancellation of the ion flow at 90 deg.

Inserted in the definition of the averaged axial velocity Eq. (12),
this angular dependence leads in a straightforward way to the fol-
lowing relation:

foﬂ/z @; cos” @ sinf do
[ i sing do

(Vz+) = Vi =keVg

Data on ¢; have been acquired in the wide operation range of the
SPT-140 thruster just reported. The corresponding values of kg vary
from 0.882 to 0.954.

The evaluation of the mean ion velocity on the axis is derived
from RPA data. The energy distribution is defined by a mean value
E;; and an energy spread. The theory of random variables leads to
the relation

(Ve) = (v?) - ot

In agreement with available data,”**** we will use in the fol-
lowing an ion mean energy on the axis M(V} )/2 defined as
EI) =e(Uy; —8U) with a constant value of a few tens of volts for
8U. The term o is defined by the Xe™ ion kinetic energy distri-
bution. The impact of the discharge voltage on the half-width at
half-maximum (HWHM) of this distribution was suggested as neg-
ligible in Ref. 25 and significantin Ref. 32. When energy distribution
is recorded by the RPA technique, Xe™ and Xe** ions cannot be
separated, and an increase of Xe'™ ions contribution with discharge
voltage can lead to an apparent broadening of the Xe* energy dis-
tribution function. Two approximations have been checked in our
following derivations: a constant value of o2 and a value increasing
linearly with discharge voltage, in agreement with Ref. 32. The ob-
tained results on /, and 72} show the same trends with maximum
quantitative discrepancies of less then 10% for /, and less then 30%
for 7. So, the simpler approximation has been used of constant
value of o} = (2e/M)(8U /2).

The average axial Xe™ velocity is derived from the preceding
relations:

(Vif) = kon/2e/ MU, — 35U )2 (13)

where U; — 35U /2 appears as an “effective” acceleration potential.

The average axial Xe™™ velocity can be defined through the same
approach. Experimental data on both angular and energy distribu-
tions at different discharge voltages are not really available for these
ions. Such a complete analysis for U; = 300 V was obtained by using
an ultrafast anode current interruption. A simultaneous determina-
tion of angular and energy distributions was obtained by using time

of flight delays for individual data on singly and doubly charged
Xe ions.?* The main result is that the kinetic energy of Xe*™ ions is
slightly less than double the kinetic energy of Xe™ ions, their energy
spread is almost the same, and their contribution to the total ion flow
increases with 6 at low 6 values. These deviations between Xe™ and
Xett features will be neglected in comparison with the most impor-
tant effect of kinetic energies, and the average axial Xe™ velocity
is expressed as

(Viit) = kev/2/2¢/ M /U, — 38U /2 (14)

The total thrust with the use of Eqgs. (8), (13), and (14) is expressed
as

F = (i} +v2i/") koy/2e/M - /U, —38U/2  (15)

The unknowns in the problem, defined by Egs. (9), (10), and (15),
are i, m} ™, I,, and the propellant gas ionization efficiency y.

If y was known riz}', i+, and 1, could be derived from Egs. (9),
(10), and (15).

In the following analysis we will consider y as a free parameter
within a constrained variation domain. These constraints are the
following ones:

1) The y value must lead to positive values for the three unknowns.

2) The y is an increasing function of thruster voltage, as the
electron energy increases with voltage; we will assume the simplest
linear increase from minimal to maximal value when the voltage
increases at constant mass flow.

3) Simulation data published for the thruster SPT-100ML oper-
ated at 300 V and 5 mg/s (Ref. 16) show that gas ionization effi-
ciency should be as high as 0.96; in the following we will assume
that the range of realistic values of y is 0.78-0.96 in the full range
of operation of both the SPT-115 and the SPT-140.

Taking into consideration these constraints on ionization effi-
ciency estimations, the unknowns were derived, and results are
shown in Figs. 7 and 8, where the variations of y, m;*, and I,
are presented. In these calculations §U =30 V.

In Eq. (15) describing the thrust, it is clear that the most im-
portant source of uncertainty is the factor ky involving both angular
and energy distributions. As precise experimental data are not avail-
able, we checked the sensitivity of the results to the value of this
parameter: solid lines for ky =0.92 and dashed lines for ky =0.95
in Fig. 7. It is clear that precise experimental insights on Xe™ and
Xe*t ions in the thruster plume are required for the sake of preci-
sion in these derivations. Similarly, a precise value of /, is not really
available (lack of absolute precision in the determination of the total
ion current leaving the thruster channel).

Nevertheless some clear trends are evidenced through the results
of this analysis:

1) It is clear that the Xe*™ contribution is to be taken into account
in any case for the interpretation of thruster data such as current and
thrust.

2) The I, contribution of the SPT-140 increases as expected in
the domain, where a good optimization is prevented by magnetic
limitations.

3) When looking at SPT-140 and SPT-115 results for the same
mass flow rate of 3 mg/s, a higher contribution of Xe** is observed
for the latter; its channel cross section being smaller by a factor
~1.5, the higher plasma density clearly enhances the probability of
a second ionization.

4) The Xe™™ contribution appears to be rather high but several
results in the literature also suggest a significant contribution,?>28
and this contribution appears to increase with the discharge voltage
as evidenced also experimentally.

The main conclusion of the present analysis is that, in spite of
an evident lack of precise data on both angular and energy ion dis-
tributions in plume, the interpretation of current and thrust data for
SPTs requires accounting for multiply charged Xe ions.

A second conclusion is that higher size (and power) thrusters can
be operated in the low mass flow rate range with a lower contribution
of these energetic species.
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Fig. 7 Doubly charged ion fraction, propellant gas ionization effi-
ciency, and electron current for the SPT-140.

mi++lyma, le, A
1 ®
09 .e--0--®""" T 14
T e--4-"T" 1 o —
0.8 4 1.2
0.7 7y le . 1
0.6 L &
05 Rt 17k R
. —
04 < [[ 06
mi++/yma 1 04
Cfoat
S i + 0.2
1. s 0
300 500 700 900 1100
ud,v
SPT-140 ______ SPT-115

Fig. 8 Doubly charged ion fraction, propellant gas ionization effi-
ciency, and electron current for the SPT-140 and the SPT-115 at
g =3 mg/s, kg =0.95.

IV. Conclusions

Together with the new experimental data reported here, a wide
range of data was available for three thrusters of similar design with
various sizes and powers. These data have been examined in terms of
dual-mode operation. The high-power SPT-140 laboratory model,
designed and optimized for low-specific-impulse, high-thrust op-
eration (P; =4-6 kW, I, =1900-2300 s, F' =220-320 mN), has
shown specific impulse over 3000 s and anode thrust efficiency 55%

when operated at this power level but under discharge voltages up to
1000 V. Limitations of the high-specific-impulse operation (mode
2) of this thruster were experimentally evidenced. This means that
thrusters designed for dual-mode operation should have a specific
magnetic (and thermal) design to prevent such limitations. In terms
of scaling trends, an increase in thruster size (and power) is ben-
eficial for a dual-mode operation and is also welcome in terms of
efficiency. An analysis of such up-scaling trends appears to be in
reasonable agreement with experimental data. In any Hall thruster
the composition of the ion jet appears an important issue. An ex-
amination of experimental data shows that the impact of Xe*™ ions
on thruster features cannot be neglected, even if a clear lack of data
prevents a more precise evaluation of this impact. An interesting
trend is the possible reduction of such an impact when thruster size
increases. The main conclusion is that high power Hall thrusters are
interesting candidates for high specific impulse and/or dual-mode
electric propulsion.
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