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Hall-effect thruster flight measurements are compared with results from two-dimensional plume and three-
dimensional spacecraft interactions computer simulations. The measurements were acquired onboard Express-A
2 and A 3, two Russian communications satellites in geosynchronus orbit. The spacecraft carry four propulsion
units for east-west and north-south station keeping. Each unit consists of two stationary plasma thrusters. Ion
flux and energy spectra were recorded at various positions with respect to the thrusters and are compared with
results from simulations using a uniform electron temperature, two-dimensional plume code that computes the
expansion of the main ion beam by a fluid approach. The dynamics of the charge-exchange plasma are determined
by a particle-in-cell method. Comparisons suggest good agreement for plume angles less than 40 deg and electron
temperature between 8 and 11 eV. At approximately 4 and 9 m away from the thruster, and at plume angles less
than 10 deg, the discrepancy between measured and computed values is found to be less than 10%. At larger
angles, ion flux measurements exhibit large variations during operation of the same thruster. At 80 deg and 1.35m
away from the thruster, flux sensors recorded current densities that ranged between 12 and 55 mA/m?2. The two-
dimensional code computes 27 mA/m? for an anode mass flow rate of 5.3 mg/s at this location. Moments induced
on the spacecraft during the operation of each thruster were also recorded by the attitude control system and are
compared with results from a three-dimensional spacecraft interactions code. These measurements were taken
during rotation of the solar arrays.

Nomenclature

n = plasma density, m~*

a = acceleration vector of an ion mass element, m/s? n = unit vector normal to surface
df = incremental force on a surface element, N g = total particle density of neutrals, m >
E = electric field, V/m 10 eyl = particle density of neutrals from a cylinder, m~>
e = electron charge, C nouc = particle density of neutrals from the hollow
Fyuer = anode flow rate, kg/s cathode, m=?
Fy = flow rate of neutrals from a cylinder, kg/s nower = particle density of neutrals from the HET, m~
Fouc = flow rate of neutrals from the hollow cathode, kg/s N = (reference) plasma density at zero potential, m™>
Fouer = flow rate of neutrals from the Hall-effect thruster AcEx = ion productionrate from charge exchange, 1/m? - s

(HET), kg/s p = electron pressure, Pa
£ = force on a fully diffuse surface r = position vector of an ion mass element, m

due to incident plume particles, N ruc = distance of hollow cathode from the centerline, m
/i = momentum imparted onto a surface j from plume ro = Iinitial position vector of an ion mass element, m

particles, per unit time, N T, = qlectron temperature, eV
fs = force on a specular surface due to incident plume t = tme,s

particles, N Uinc = velocity of particles incident to a surface, m/s
fr = thrustvector,N Uj exit = ion speed at the thruster exit, m/s
m, = electron mass, kg Uyer = velocity of reflected particles from a surface, m/s
m; = ionmass, kg Uo = speed of neutrals at the exit of a cylindrical

channel, m/s
upuc = speed of neutralsat the exit of the hollow
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Introduction

INCE its conceptionover three decades ago, the Hall thruster’s'

unique combination of high specific impulse and thrust-to-
power ratio established it as a favored propulsion system for a
variety of missions. In the former Soviet Union and, more re-
cently, in Russia, over 70 stationary plasma thrusters have been
employed on spacecraftsince the early 1970s (Ref. 2). The October
1998 launch of the thruster with anode layer Russian Hall Electric
Thruster Technology 1/Electric Propulsion Demonstration Module
(RHETT1/EPDM) on the National Reconnaissance Organization
Space Technology Experiment (NRO STEx) spacecraftalso marked
the first Western flight of a Hall-effect thruster (HET). Employment
of this technology continuesto be evaluated, worldwide, for orbit in-
sertionto low Earth orbit,> geosynchronusEarth orbit,* and for more
ambitious missions for the human exploration and development of
space.’

A critical engineering issue in the employment of these devices
is the potentially hazardousinteraction of their exhausts with space-
craft systems. Such interactions have unfavorable consequenceson
mission lifetime and, in some cases, may jeopardize mission suc-
cess. Quantitative evaluation of these effects is a complex task, with
no comprehensive design tools or guidelines for the systems in-
tegrator in existence. The process of simulating a spacecraft’s re-
sponse during the operation of a Hall thruster usually begins with
the generation of a plume map. Numerous two-dimensional com-
puter models of HET plumes exist,>~® many of which have been
compared to laboratory measurements. It is well known, however,
that under laboratory conditions the exhaust from a HET may vary
substantially from that in space due to the relatively high concentra-
tion of backgroundneutrals in the vacuum chamber.? Consequently,
accurate prediction of the plumes’ interactions with a spacecraftin
orbit relies heavily on scaling laws, which in turn depend on how
well the conditions in space are known.

A two-dimensional simulation tool has been developed for the
purpose of modeling electrostatic propulsion plumes and has been
applied with great success to ion thrusters!® and Hall thrusters’
in the past. However, as in all other two-dimensional and three-
dimensional plume codes in existence, results have never been com-
pared to measurements obtained in space during the operation of a
Hall thruster. This paper presents comparisons with the first data ac-
quired during firings of eight stationary plasma thrusters (SPT100)
on board the Express-A spacecraft. The two Russian communi-
cations satellites are currently in geosynchronous orbit. Ion-flux
and induced torque measurements are compared with results from
the two-dimensional plume code and the environment work bench
(EWB), a three-dimensionalspacecraftinteractionssimulation tool.

Two-Dimensional Plume Simulations

The plume map is generated using a two-dimensional, finite ele-
ment (FE) code. The tool incorporates a revised selection of com-
puter modules from the two-dimensional, electrostaticcode Gilbert.
The algorithms are part of a general production tool for plume
mapping. The plume model consists of two main components: a
Lagrangian algorithm for determining the expansion of the main
beam and a particle-in-cell solver for computing the dynamics of
the charge-exchangeplasma.

Primary Ion Beam

The main beam exhausted from the thruster is assumed to be a
collisionless, singly ionized, quasi-neutral plasma expanding under
the influence of the (density-gradient)electric field. By comparison
to heavy-particle motion, electrons reach dynamic equilibrium at
much smaller characteristic times. The electron inertia term may,
therefore, be neglected in the equation of motion. In the absence
of electron-ion collisions and magnetic fields, conservation of mo-
mentum for the electrons is expressed by

Dve _ v Y2 _ (1)
m,— =e - — =
‘ Dt ¢ n

Under the assumptionofideal gasbehaviorandisothermalelectrons,
integration of Eq. (1) leads to the Boltzmann relation, which can be

expressed in terms of the electric potential, as follows:
¢(n,T,) =T, tn(n/ny) @)

Equation (2) is sometimes also known as the barometric potential
law. With regard to the assumption of uniform electron tempera-
ture, measurementsin the plume of various HETSs reveal values that
range between 6 and 11 eV in the near-field region (a few centime-
ters downstream of the exit), falling to less than 2-3 eV far from
the thruster exit.!'~!* This variation in temperature suggests that a
nonuniform temperature model that takes into account the effects
of finite electron thermal conductivity would be more accurate. In
light of the dominance of particle density gradients, however, an
isothermal model is assumed, which is a better approximation un-
der space conditionsthan in the laboratory where inelastic collisions
with background neutrals will cool the electron. Unless otherwise
stated, an effective temperature of 8 eV has been used in all HET
plume simulations.

Ions are accelerated by the electric field, E = —V ¢, according to
DVI‘ v (3)
m;—— = —¢
Dt ¢

Because the drift velocity of the ions V is much greater than their
thermal velocity, the high-velocity ions are modeled as a fluid
(V =v;). The steady-state,conservationequations for mass and mo-
mentum are solved in two-dimensional (R—Z) geometry:

V.-nV=0 (4a)
m;V-VV =—(Vp/n) (4b)

The numerical algorithm for computing the expansionof the main
ion beam is based on a Lagrangian approach. Discrete mass ele-
ments, otherwise known as “macroparticles” (not to be confused
with the term associated with long polymer chains in ablation-
fed pulsed plasma thrusters), are released from the thruster exit
and tracked using fundamental trajectory kinematics. Under the as-
sumption that variations in the electric field occur at a much larger
timescale than ion transit times, the location of each macroparticle
at time ¢ is determined by

r=ro+ V@, )t +a(r, 1)t*

V(r,t) =V, +a(r ), a(r,t) = [eE(r,t)/m;] (5)
At each successive time interval # 4+ At the density is updated us-
ing conservation of mass [Eq. (4a)]. With the updated density, the
plasma potential [Eq. (2)] and electric field are recomputed for
the next iteration. The iterative process uses a predictor—corrector
method and ensues untilion trajectoriesare consistentwith the local
electric field. In steady state, the trajectories and particle locations
at different times form a fictitious grid (Fig. 1). Particle density and
velocity at each (fixed) Gilbert grid pointis determined by linear in-
terpolationusing the values of the surroundingtrajectory grid points.

The prediction of ion expansion from the Hall thruster requires
knowledge of the conditions at the exit. In this effort, the boundary

fix}ed grid

trajectory grid
,

t

Fig. 1 Mesh arrangement formed by particle trajectories during the
expansion of the main ion beam.
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Fig. 2 Nondimensionalcurrent density profile specified at the thruster
orifice.

conditions have been estimated based on the performance of the
SPT100 engine units measured as part of the Express-A acceptance
test program. Specifically, the measurements on all four thruster
units were obtained after 25-min operation at nominal parameters
of 300 V (anode voltage) and 4.5 A (anode current) and produced
thrustlevels that varied between 86.6 and 80.2 mN. The total xenon
mass flow rate through the thruster and cathode is not known, nor
was the xenon mass flow rate from the acceptance tests provided.
For other SPT100s, the total mass flow rate specification at 4.5 A of
discharge current is 5.3 mg/s, although this may vary slightly from
thruster to thruster. The cathode flow fraction is approximately 7%,
and so the nominal anode flow rate is 4.9 mg/s (Ref. 14) (commonly
applied to a variety of Hall thrusters). At the nominal value, and the
average thrust value of 84 mN, the ion speed at the thruster exit is
estimated as 19.06 km/s using

Ujexit X fr/BFaner (6)

The estimate also assumes that the propellantutilization 8, the ratio
of ion flow rate to anode flow rate, is 0.9. In a Hall thruster, both the
current density and ion velocity vector vary along the exit. Figure 2
shows the (relative) radial profiles of ion flux implemented at the
exit boundary. The profiles are based on previous measurements
obtained during laboratory tests of a 4-kW Hall thruster The radial
componentof velocity was also varied based on evidence from tests
of an SPT140 engine.!” The implemented variation along the exit is
linear with distance from the thruster centerline peaking to 8 km/s
at the outer radius.

The Lagrangian modeling approachreduces the numericalnoise’
that is usually associated with particle-in-cell (PIC) algorithms, es-
pecially in cases where large changes in scale sizes are not ade-
quately resolved, and when statistical particle fluctuations (“shot
noise”) overwhelm the physical forces. Moreover, without incredi-
bly fine zoning and large numbers of particles, PIC is not accurate
enoughto prediction trajectoriesin problems with large-scaleratios,
for example, fractions of a millimeter to several meters. However,
unlike PIC, the fluid technique assumes a mono-energeticbeam and
may, therefore, lead to inaccuraciesin the prediction of surface in-
teractions such as sputtering by main-beam incidentions, that is, at
plume angles less than 45-60 deg. A multi-energy beam could be
simulated using a superpositionof ion fluids, but was not performed
in the present effort. Finally, PIC requires considerablylonger com-
putational times, for example, minutes of real time on an 800-MHz
personal computer vs tens of hours of CPU time on parallel IBM
SP/SP2 processors? Figure 3 depicts computed ion trajectories for
the SPT100, and Fig. 4 shows the computed ion density profile of
the main beam. The thruster outer and inner radii are 5 and 3.5 cm
from the origin, respectively.

Neutral Gas Density

The neutral gas density has two componentsin space: un-ionized
(beam) particles from the thruster and un-ionized particles from the
hollow cathode. The beam of neutrals from the thrusteris computed
using an annularanode gas flow model with isotropicemission from
a ring. The profile of neutrals from the thruster is computed using
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Fig. 3 Two-dimensional plume simulation of SPT100 showing ion
trajectories.
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Fig. 4 Simulated SPT100 plume showing main beam ion particle
density.

two disk emissions defined by the solid angles Q2 (7, z)|, subtended
by each disk and subtracting the smaller from the larger:

2Ir().HET

2 2
m;uo ygrT0 (Pom - Pm)

noner (F, 2) = [, Dlpowe — R, Dl gy,

@)
Further elaboration on Eq. (7) is provided in the Appendix. The
effective mean speed of the neutrals at the thruster exit is assumed
to be the average component of velocity in the axial direction for
a one-sided Maxwellian distribution function. The thruster neutrals
are assumed to be at wall temperatures(~700 K), yieldinga value of
168 m/s. The flow rate of neutrals from the thruster exitis estimated
using the anode flow rate and propellantutilization:

Fouer = Fiuer(1 — B) (3)

The density of neutrals at the thruster exit is then found to be
3.3e18 m~>.

The hollow cathodeis offsetby a distance ryc from the thruster. Its
axial location is assumed to be at z = 0. The isothermal neutrals are
emitted isotropically from the neutralizer. Their speed is estimated
based on the same assumptions used for the thruster neutrals with a
slightlyhigher wall temperature (~810K), yieldinga corresponding
speed of 180 m/s. Their distributionis estimated based on

N 0.HC (L + (z/ruc)?1?
nonc(r, z) = —”récmiuU_HC =/ rc
=, I/ruc > 1
[(r/ruc)* + (2/ruc)*]?
)

Based on SPT100 drawings in the Russian reports,'®!” the dis-
tance of the cathode from the centerline is 14.5 cm. To simulate
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Fig. 5 Neutral particle density profile used in the SPT100 plume sim-
ulations.

space conditions, no contribution from background neutrals was
added. A two-dimensional map of the total neutral particle density
used in the SPT100 simulations is shown in Fig. 5.

Neutral-Ion Interactions

Fast ions from the main beam undergo charge-exchange (CEX)
with neutral particles, resulting in slow-moving ions and fast-
moving neutrals,

fasIXC+ + slow)(e g 510WXC+ + fasIXC (10)

CEX is computed using a two-dimensional PIC code. The rate of
CEX-ion productionis determined by

ncpx = nVocexNy (1)

In contrast to the approach for the calculation of the main beam
ions, where direct use of Eq. (2) provides the potential, the PIC
algorithm solves the two-dimensional Poisson’s equation on an FE
grid and iterates until steady-state CEX densities and potentials are
self-consistent. The plasma density in Poisson’s equationis the sum
of the main beam and CEX densities. The first (computed by the
Lagrangianmethod)and the precedingprescribedneutral gas profile
areusedas inputforthe calculation.Based on the factthat the density
of CEX ions is more than two orders of magnitude less than of the
main-beamions, no correctionis made to the latter as a result of the
first. The simulated SPT100 plume showing totalion particle density
appears in Fig. 6. In all ensuing comparisons with computed values
(using xenon) a constantvalue of 5.5¢—19 m? has been assumed for
the CEX collisioncross section. The value is based on measurements
taken by Pullins et al.!8 for 0-500-V ions.

Plume Modeling and Comparisons

In the past few years, the two-dimensional plume code has been
applied successfully in a variety of electrostatic propulsion plume
simulations. Modeling of the Deep Space 1 ion thruster plume
showed reduced CEX ion concentrations in space compared to
the laboratory, confirming the enhancing effect of vacuum cham-
ber neutrals on CEX ion production.!” Simulations of 4-kW Hall
thruster plumes also provided critical insight into ion-neutral col-
lision processes that occur in the laboratory. Guided by empirical
observations, these calculations exposed neutral-ion processes, not
previously modeled, that produce highly energeticions (>100 V) at
large angles (in addition to the low-energy CEX ions expected to
be present there).” In certain cases, these ions can be the dominant
high-energy particles at large angles relative to the thrust direc-
tion and may, therefore, contribute substantially to the sputtering of
spacecraft surfaces.

More recently, measurements have been received from two
Russian geosynchronuscommunication satellites, Express-A 2 and
A 3 (Refs. 16 and 17). Both spacecraft were launched aboard Pro-
ton launch vehicles from the Baikonur Cosmodrome in Kazakhstan.
Express-A 2 was launched on 12 March 2000 and is currently
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Fig. 6 Simulated SPT100 plume showing total ion particle density.
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Fig. 7 Orbital control thruster units on board the Express-A space-
craft (top view).

on-orbit, providing telecommunication services for Russian tele-
vision and network operations. Express-A 3 was launched on 24
June 2000 to provide high-speed Internet access to the Middle East
and Africa from Europe. Both satellites employ eight SPT100 en-
gines for station keeping. More specifically, the propulsion system
for each spacecraftconsists of four orbital control thruster units, the
xenon feed unit, three xenon storage units, and the power-processing
unit. Each thruster control unit was provided by Fakel Enterprises
of Kaliningrad, Russia, and contains two redundant SPT100 Hall
thrusters. Each thruster has two redundant cathodes, necessary pro-
pellant valves, flow restrictors, and thermo-throttles. Each thruster
control unit is designated as TU1, TU2, TU3, or TU4, and they are
arranged according to Fig. 7 (bottom). The two thrusters on each
unit are designated based on whether each is the primary or redun-
dant thruster (T or RT). For example, the primary thruster of TU4
is designated T4 and the redundant thruster is RT4. TU1 and TU2
are used for east—west station keeping and TU3 and TU4 are used
for north-south station keeping. Each thruster within the thruster
control unit is positioned with a ~6-deg angle with respect to ideal
north—south or east-west direction passing through the spacecraft
center of gravity.

Comparisons with Data from Express-A 2

Measurements from two ion-flux sensors and three electric field
sensors (designated as DRT and DEP, respectively) on board the
Russian Express-A 2 spacecraft were provided. Values from one
ion-flux sensor were used, those of the DRT1. The second sensor
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Fig. 8 Side view of the Express-A 2 spacecraft; circled are the ion flux
sensor (small circle) and TU4 SPT100 unit (large circle).

(DRT2) is positioned under a multilayer insulation (MLI) blanket
and did not provide useful information. The positions of DRT1 and
TU4 on the Express-A 2 spacecraftare shown in Fig. 8. The DRT1
sensor is at a distance of 1.352 m from RT4 (right thruster), at an
angle of approximately 80 deg relative to the Xc axis. Signals during
this thruster’s operation have been used for comparisons.

The precise value of the mass flow rate during thruster opera-
tion was not known. Two different simulation cases of plume maps
were initially performed, distinguished by two mass flow rate val-
ues: 4.9 and 5.3 mg/s for the thruster and 0.49 and 0.371 mg/s,
respectively, for the cathode neutralizer. The plume model com-
putes the ion current density at the position of the DRT1 detector
to be 19.9 mA/m? for the low flow rate case (4.9 mg/s), and 26.9
mA/m? for the higher flow rate (5.3 mg/s). The DRT1 signals indi-
cated significant fluctuations, 1641 mA/m?, during a 2-h operation
of RT4 on 13 April 2000 (Fig. 9a). Data from momentary firings of
the same thruster on different dates also show noticeable variations.
The sensors registered values that ranged between 13-25 mA/m?
(Fig. 9b) on 16 March 2000 and 18-52 mA/m? on 5 May 2000
(Fig. 9¢). Signals from the T4 thruster during continuous operation
on 12 April 2000 were characterizedby reduced fluctuations with an
average value of about 13 mA/m?. According to Russian engineers,
the large ion-flux variation during the operation of RT4 may be due
to initial outgassing of the chamber walls commonly taking place
during the first firings of these thrusters. This additional mass from
the chamber walls would indeed alter the effective mass flow rate
during operation and, therefore, the observed ion flux.

Comparisons with Data from Express-A 3

Measurements from the Express-A 3 spacecraft were also pro-
vided. The values were registered by two ion-flux sensors (DRT1
and DRT?2) locatedat the sides of the (rotating)solar arrays (Fig. 10).
These instruments consist of two three-grid retarding potential
analyzers (RPA) used to measure ion current density and energy.
DRT3-1, the sensor located at the same position as the DRT1 on the
Express-A 2 satellite, is a four-grid RPA and registered zero values.
Contrary to the Express-A 2 satellite, the second sensor, DRT3-2,
(positionedunderthe MLI) providednonzeroreadings thatcould not
be compared to computed values due to the orientation of the sensor
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Fig. 9 Comparison between computed and measured currents.

relative to the thruster (upward), as well as possible interferenceby
other spacecraft structures.

Results from the Express-A 3 simulations and comparisons with
measurements are presented in Figs. 11-14. A mass flow rate of
5.3 mg/s for the thruster and 0.371 mg/s for the cathode neutralizer
were used as input values to the model. The plume model computes
anion currentdensity at the position of the DRT1 detector (3.542m
away) of 41.6 uA/cm? at 0 deg (with respect to the axis of symme-
try) and 35 pA/cm? at 10 deg (Fig. 11). Note that when the solar
array angleis 0 deg (see Fig. 10) the DRT1 sensoris approximately
3.8 m away fromthe SPT exitand 7 deg left and 3 deg down from the
thruster axis. The values in Fig. 11 were obtained during firings of
the T4 SPT100 on 7 June 2000. During three different RT4 firings,
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Fig. 10 Express-A 3 spacecraft showing thruster and RPA locations.
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Fig. 11 Comparison between computed (at 0- and 10-deg plume
angles) and DRT1 measurements of current density.

the values measured by the sensor, when the solar array angle was
at 0 deg with respect to the Xc axis, varied from 36 to 54 A/cm?.
Additional comparisons with values registered by the DRT?2 sensor
are presentedin Fig. 12 during operation of the RT3 SPT100. When
the solar array angleis 15 deg (Fig. 10), the DRT2 sensoris approx-
imately 8.8 m away from the RT3 exit, 3 degrightand 1.5 deg down
from the thruster axis. The measurements in Fig. 12 were acquired
during firings of the RT3 SPT100 on 9 July 2000. The energy spec-
tra in Fig. 13 suggest a high-energy peak of between E /g =233.3
and 247.1V at this location. The computed value is E /g =229 and
234V for plume angles of 0 and 10 deg, respectively. The RPA val-
ues shownin Fig. 13 were obtained during firings of the T4 SPT100
on 7 June 2000, when the solar array angle was 0 deg (see Fig. 10).

All (useful) ion-flux measurements from both spacecraft, taken
at various times during the acquisition period, and at different lo-
cations with respect to the center of gravity, were compiled and
scaled (~1/r?) down to a 1-m radius. Although the accuracy of
the scaling with the inverse of the distance squared may not be
confirmed in space, it is assumed that no other unknown physical
mechanisms existed during the firings that may have perturbed the
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Fig. 12 Comparisonbetween computed (at0- and 5-deg plume angles)
and DRT2 measurements of current density.
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Fig. 13 Computed value of the main beam ion energy and measured
energy spectra onboard the Express-A 3 spacecraft from the DRT1
sensor.
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Fig. 15 Mainbeam plasma density computed as a function of distance
(starting from a location close to the thruster exit, Ry, = 15 cm); shown
are computed values for two plume angles.

expected variation with distance. With regard to the model, Fig. 15
confirms the dependence of density on ~1/r%. Figure 14 shows a
comparison between these measurements and computed values as
a function of plume angle. As alluded to earlier, although the pre-
cise nominal mass flow rate during operation of the thrusters is not
known, computed values were produced using 5.3 mg/s of anode
flow rate. The comparison suggests that the model overpredicts the
mean measured value by approximately 20% for angles less than
20 deg. The effective electron temperature during operation, how-
ever, is also unclear. The value of 8 eV used here may have been
higher,as was also shown by laboratory measurements.'* The choice
of such a high electron temperature for the plume model requires
further justification. Equation (2) suggests that the ratio of plasma
potential to electron temperature goes to zero far away from the exit,
as the plasma density approaches n,,. Both the simulations and the
simple scaling suggest that the plasma density drops by more than
two orders of magnitude within a few tens of centimeters away from
the thrusterexit. Therefore, in view of both the magnitude and (more
important) the gradients of the plasma potential at distances greater
than 20-50 cm, the high-temperaturechoice introduces a relatively
small error on the ion trajectories. In contrast,close to the exit where
the electron temperature is indeed high, as confirmed by numerous
measurements,'>!3 a low-value choice (~2 eV) would have a more
erroneous effect on the expanding plasma because the largest elec-
tric forces are concentrated close to the thruster exit. Consequently,
in view of the dominant role that the near-field forces have on the
evolution of the plume, the high-temperature choice appears more
reasonable. As alluded to earlier, a more accurate calculation would

4 l
—e— 4.9 mg/sec
s 5.3 Mg/sec

(microAlem*2)
n

Charge-exchange lon Current Density

T T T

0 20 40 60 80 100
Plume Angle (deg)
Fig. 16 Computed CEX ion current density as a function of plume

angle, 1 m downstream of the thruster exit; profiles for two thruster
mass flow rates are shown.

7.7e15 _m¥

1.2e15
1.8el4
2.7el13

4.1el2
6.2ell

Fig. 17 EWB-generated model of the Express-A spacecraft showing
plume ion density profile during operation of RT4 SPT-100 thruster.

incorporatethe effectsof nonuniformtemperatureusing energy con-
servation considerations with a proper model of thermal conductiv-
ity for the electrons. For comparison purposes, Fig. 14 also depicts
computed values for an electron temperature of 11 and 2 eV. With
regard to the values at the larger angles, the comparison is incon-
clusive due to the large spread in the data. As expected under space
conditions, the contribution of CEX ions is minimal for angles less
than ~60 deg (Fig. 16).

Spacecraft Interactions with the SPT100 Plume

Plume interactions with spacecraft subsystems, in three dimen-
sions, are assessed using the EWB. The three-dimensional space-
craft interactions computer tool has a variety of modeling capabili-
ties, includingsurface erosion and redeposition,heating, and optical
emissions.'>2° For Hall (and ion) thrusters, the maps produced with
the two-dimensional plume tool are incorporatedinto EWB, which,
in turn, interpolatesit symmetrically in the three-dimensionalspace.
Figures 17 and 18 show the model spacecraft, ion density distribu-
tionin an x—z plane, and computed erosion of the solar array panels
during firing of the T4 thruster. For comparison purposes, a model
to determine the induced torques on the spacecraft during thruster
operation was implemented. The model accounts for contributions
from the thrustand from the impingementof the exhauston surfaces:

T'=) ARy x (~fr)+ Y AR, xf; (12)
T J

Measurements for both the T4 and RT4 thrusters are shown in
Fig. 19. The oscillation asymmetry induced by the high torque val-
ues at 240-degsolar array (SA) angle suggests that the back and front
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Fig. 18 Surface erosion (negative numbers) and deposition depths
(positive numbers) due to sputtering as calculated by EWB during
operation of the T4 SPT100.
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Fig. 19 Comparison between computed and measured torques

induced by firings of the RT4 SPT100; measurements were taken during
a rotation of the SA.

surfacesof the array may have distinctreflective properties. This has
notyetbeen confirmed for the Express-A spacecraft. Reports on the
previous spacecraft series Express indicated that, indeed, the back
and front surfaces of that spacecraft had different properties. In the
model, the contribution from plume impact is computed using two
limiting cases: specular (elastic) reflection from the surface (col-
liding particle is reflected with the same speed and incidence angle
equals the reflectionangle) and fully diffused reflection (also known
as complete accommodation). The incremental force imparted on an
elemental surfaced A by incidentparticlesis equal to the momentum
flux on that surface:

df = nm;(u-dA)u (13)

In the case of specular reflection, the total force is normal to that
surface with —uin. - B =uer - 11,

f&' = nm; L(”oul 'n)urcf + (uinc 'n)uincJA

= —2nm; A -n)°n (14)

For fully diffused reflection, the force is in the direction of the ve-
locity of the incoming particles with the reflected particles assumed
to have negligible velocity. Then, the force on the impacted surface
is given by

fd = nmiA(uinc . n)uinc (15)

Figure 18 illustrates the computed (limiting) torques, induced by
the T4 SPT100, as a function of SA angle (see Fig. 10 for SA an-
gle definition). The comparison suggests good overall qualitative
agreement. Quantitatively,comparison with the model for the x and
y moments at angles less than ~180 deg suggest that the SA surface
exposed to the plume within these angles is closer to diffusive than
specular. Conversely, the behavior of the data at SA values greater
than ~180 deg indicates that the opposite surface has reflective
properties that lie between the two limits, and, therefore, appropri-
ate accommodation coefficients would have to be implemented in
the model before direct comparisons can be performed. That the
diffusive model overestimates the data for the x and z moments,
and underestimates the values for the y moment, is questionable.
The uncertainties involved with acquisition of these measurements
remain unknown, as do the exact details of the onboard attitude
control system (ACS) instrumentation.

Conclusions

The first flight measurements on SPT have been obtained from
the Russian Express-A satellite and have been compared with re-
sults produced by two-dimensional plume and three-dimensional
spacecraftinteractionscodes. The plume comparisonsyielded good
quantitative agreement with ion-flux measurements for the main
ion beam, at various locations from the thruster, assuminga constant
electrontemperatureof 8 eV. Comparison with alarger portionofthe
ion-flux data during rotation of the solar arrays, scaled down to 1 m
from the thruster, suggestbetter agreement for electron temperature
of 11 eV. Electron temperaturesin the range of 8—11 eV have been
measured in the past, in the near-field region, during ground tests of
SPT-like engines. Computed values also lie within the large spread
observed onboard Express-A 2 at the larger angles, where most of
the CEX ions are concentrated. The spread in the data suggests that
the effective mass flow rate may have varied during thruster opera-
tion. Telemetry data, however, did not provide any pertinent infor-
mation on the mass flow rate during firings. After incorporatingthe
two-dimensional plume map into the three-dimensional spacecraft
interactions tool EWB, induced torque calculations during rotation
of the solar arrays also produced good qualitative agreement with
ACS measurements. The calculations assumed two limiting cases,
specular and fully diffused reflection of ions from surfaces. The
data lie between the two computed cases for SA angles greater than
~180 deg, with closer agreement of the measurements with com-
puted values based on the fully diffused model. Both observations
suggest that the back and front surfaces of the arrays have different
reflective properties with one closer to a rougher surface than the
other. This was indeed the case in a previous Russian spacecraft
series Express.
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Appendix: Neutral Particle Density
Distribution in the Plume

The profile of neutrals from the HET is computed using two disk
emissions and subtracting the smaller from the larger. By the use of
the nondimensional coordinates,

F=r/p. E=z/p (AD)

the density profile for a cylindrical channel radius p is calculated
by the geometrical relations,

P _
6,(r, 2) =atan<r—f ) — atan (;)
z z
. 1 P
0,(r,z) = —atan( — ) + atan (:)
z z

where

x(r,2)y=x(p,r,2)/p

= (1/2;)[1 +P 21+ P22 +2E - '2)]

r>0 (A3)
Equations (15-A2) allow for the determination of the solid angle
Q(r, z) subtended by the disk at the end of the channel. The particle
density is then calculated using the neutral flow rate, the neutral
speed at the thruster exit, the particle mass, and the solid angle, as
follows:

cos(6;) + cos(6:)

1
Q(F,E):E\/[l— >

][1 —cos(63)]  (A4)

_ 1—x2 - 2F, -
05(r,z) = asin _ (A2) noen(r,z) = —ZQ(V, z) (A5)
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Fig. A2 Nondimensional neutral particle density profile in the plume due to emission from the hollow cathode.
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To account for the ring emission of neutrals from the HET,
Eq. (A4) takes the form

2IFO.HET

2 2
m;Uuy HeT T (,Oom - ,Om)

(2, Dl — 2, D, ]

nouer(r, 2) =

(A6)

The (nondimensional)neutral density profile foradisk (o = 1.5 cm)
is shownin Fig. Ala. The profile is appropriate for ion thruster sim-
ulations. For a Hall thruster (with p;, = 0.6 cm and p,, = 1.5 cm),
the profile is illustrated in Fig. A1b.

Figure A2 illustrates the density profile assumed for the neutral
particles exhausted from the hollow cathode. The emission assumes
that the distributionis radially uniform for r /ryc < 1 with 1/22 vari-
ation in the axial direction as shown in Fig. A2a. For r/ryc > 1, the
inverse-squared variation is retained in both directions (Fig. A2b).
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