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Modeling of the plasma jet of a stationary plasma thruster
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We have developed a two-dimensional hybrid fluid — particle-in-cell Monte Carlo colligPi

MCC) model to study the plume of a stationary plasma thruster. The model is based on a fluid
description of the electronghe electron density follows a Boltzmann distributiaand a particle
description of the ion and neutral transport. Collisions between heavy species are taken into account
with a Monte Carlo method. The electric field is obtained from Poisson’s equation or from the
quasineutrality assumption. We first show that the results from the PIC-MCC model are close to the
results of a more time-consuming direct simulation Monte Carlo approach. We then compare the
model predictions of the plume density and ion energy distribution with experimental
measurements. Finally, we present a brief discussion on the assumptions of the model and on its
ability to give reliable predictions on important issues such as the flux of ions backscattered to the
satellite. © 2002 American Institute of Physic§DOI: 10.1063/1.1480480

I. INTRODUCTION ment of a fast and reliable two-dimensionaD) model of
) the plasma jet in order to study the plasma plume and its

In stationary plasma thrustefSPT), or Hall thrusters, a jnteraction with the satellite due to backscattered ions. The
plasma is created in a channel between two concentric diyn gistribution at exhaust is an input parameter of the plume
electric cylinders. Xenon is injected at the anode, at one enghgdel. The influence of this distribution on the plume prop-
of the channel, and is ionized by electrons inj_ected at th%rties(plasma density, beam divergende discussed in this
other hand of the channééxhaust The cathode is located gyticle. A complete model including the thruster channel and
outside the channel, next to the exhaust plane. A system Qfe plasma jet is under development and will be presented in
coils and a magnetic circuit generate a large radial magnetig f,tyre paper. The present article is associated with the
field in the exhaust region. The electron conductivity is loW|gunch of an experimental satellite STENTOR by CNES in
in the exhaust region because of the large magnetic fieldgoo with a diagnostic package on bodrth-orbit experi-
perpendicular to the cathode-anode path. Consequently, thents will characterize the SPT plume and its interactions
axial electric field increases to maintain current continuityyitn the spacecraft. The results of our model will be com-
and accelerates the ions outside the channel. TheiXes pared to these measurements.
are collisionless in the thruster and their mean energy at the e plasma jet model is described in Sec. Il. Compari-
exhaust is close to the applied volta@e the order of 250  gons petween this model and a more complicated direct
eV). The ion jet is neutralized by electrons coming from thegjmulation Monte CarldDSMC) method are presented in
cathode. Hall thrusters are well suited for geostationary satgec. ). Comparisons with experimental results in the
ellite station keepingand seem very attractive and competi- French testing facility PIVOINE are described in Sec. IV.

tive when combined with chemical thrustéfsfor orbit  The consequences of the model assumptions are discussed in
transfer mission. Engines are being studied for operation aggc v/,

various power and thrust leveltarger specific impulse for
station-keeping mission and larger thrust for orbit transfer
In parallel to the experimentaind modelin§ research !l PLUME MODEL
effort toward a better understanding and optimization of the |, this model the electrons are described as a fluid, as-

thruster, work is also necessary to characterize the SPI,mning a Boltzmann law for the electron density with a con-
plume. The plume cons_lsts of hegvy particles ejected fromyant electron temperatutgypically 2—4 e\ while the ions
the thruster which can interact with the spacecraft. Effect$; e gescribed with a particle-in-cell Monte Carlo-collisions
like mechanical interaction of the plume with solar arrays, p|c.mcc) method. The electric field can be deduced from a
sputtering of solar arrays due to energetic ions, and contamisg|_consistent solution of Poisson’s equation or assuming
nation due to erosion productfom solar cells or thruster quasineutrality. In the model of Van Gilder, Boyd, and
walls) can ;trqngly affect the operation of the satellite andyaiqaf a direct Monte Carlo simulatiotDSMC) method is
reduce its lifetime. _ _ used to treat collisions, i.e., the ions and neutral atoms are
In this article, we do not deal with the modeling of the joved simultaneously. In a DSMC method the influence
thruster channel itself. The aim of this article is the develop-o¢ ion-neutral collisions on the velocity distribution of neu-
tral atoms it taken into account self consistently. In our simu-
dElectronic mail: garrigues@cpat.ups-tise.fr lation, the collisions are treated with a classical Monte Carlo
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(MCC) method. The neutral atoms expansion is first simu- : vacuum, E =0 __
lated with a MCC simulation, assuming a given velocity dis- :
tribution of the atoms in the exhaust plane. Due to the diver-
gence of the flow, the neutral atom density decreases quickly
away from the thruster. Far from the thruster, the neutral
atom density averaged over a sphere of radtusiust be
proportional to 1R? and to a constant coefficient depending 5 cm
on the angular distribution at exhaust. Under the conditions% om
used in this article, this average neutral density drops by two
to three orders of magnitude in the simulation domali
mension on the order of 1)mvhen the background pressure
is zero.

Knowing the neutral atom density, we run the PIC-MCC
simulation of the plume without changing the neutral atom
density. We therefore neglect the effects of the"xXe and
Xe*"—Xe collisions on the neutral density distribution in the
plume. The collision frequency is supposed to depend only
on the ion velocity(typically 100 times larger than the neu-
tral velocity). Elastic and charge-exchange collisions be- ]
tween neutral atoms and singly or doubly charged ions are //
considered. We can also optionally take into account elastic
collisions between the xenon atoms emitted by the thrusteric. 1. simulation domain and definition of velocity vector and angle of
and the xenon atoms corresponding to the residual pressuirgection in the thruster exhaust plane. Only the region outside the thruster
in the chamber of on- ground facilities. The residual gas denchannel(plume or plasma jetis simulated in the present article. The energy

and angular distribution of ions ejected from the channel are input param-
sity gas is assumed constant at a given temperéd80@K).  giers of the plume model.
The different collisions cross sections are summarized in
Ref. 9. Other collision processes like Coulomb collisions are
negligible® planeng is equal to the ion density;. In order to ensure

The energy and angular distribution of the ions and neuconvergence at large time stejos the order of the Courant—
tral atoms at the exhaust are supposed to be known and aFgiedricks—Lewey(CFL) time step for ion transport the
used as input of the simulation. We use typically 100 000 anetlectron density in Poisson’s equation is linearized.
macroparticles to simulate the singly and the doubly charged A simpler approach, based on the quasineutrality as-
ions, and 50 000 macroparticles for the atoms. The compusumption is also possible. In that case, Poisson’s equation is
tational domain is cylindrical, ang il m in theaxial direc-  no longer solved, and the potential distribution is simply de-
tion and 50 cm in the radial directiofsee Fig. 1L A fixed  duced from the Boltzmann distribution above, assuming that
number of macroparticles is introduced at the exhaust at eadhe electron density is equal to the ion density deduced from
time step of the simulation. Particles reaching the boundarie®n transport. This simpler approach is valid provided that
of the domain are eliminated. The computational time is lesshe electron Debye length at any point of the simulation do-
than 1 h on a 1 GHz PC to obtain a stationary solutio@a main is very small compared with the dimensions of the
attempt has been made to optimize the computation)time domain. We will briefly discuss below the validity of this

After each integration time step for ion transport, Pois-assumption for our conditions.
son’s equation In this article, we assum@s in Ref. 11 that the ion flux

velocity distribution function in the exhaust plane is of the

e
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The ion density at each time step,, is deduced from o o ©)
the Monte Carlo simulation of ion transporty andV, are  where v,=vocog d(r)] and vy=vesino(r)]. M is the ion
reference electron density and plasma potential, and are deiass, andkg is Boltzmann’s constant.
fined in the exhaust plane. The boundary conditions for Pois- The constanA is adjusted so that the total ion current in
son’s equation are such that the electric field perpendicular tthe exhaust plane is equal to a given value. The ion density
the boundaries of the simulation domain is zero. The potenn; in the exhaust plane is assumed radially constand is
tial is supposed to be zero on the thruster surface, and i®lated toA and equal ta,) as in the model of VanGilder,
equal toV, in the exhaust planéV, is set to zero in the Boyd, and Keida?p Oh etal,'> Qarnain and
calculations below The electron density in the exhaust Martinez-SanchéZ assume a radial variation of the ion den-
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sity according to measurements of ion current density on a 50—
SPT-70* The reliability of the experimental data is however ]
guestionable since they are deduced from intrusive probe
measurements performed a few millimeters after the exhaust
plane. The thruster operations and the plume properties are
likely to be affected by the measurements. Due to the lack of
data, some of the published results assume that the ion cur-
rent distribution measured in a given thrusterg., SPT-7D
can be extrapolated to another devi&®T-100. This is also
guestionable because of the sensitivity of the thruster prop-
erties to the specific geometry and magnetic-field configura- ]
. . . . . 0 —
tion. Slnqe we (_jo n.ot have reliable data concerning the ion 0 20 0 o0 80 100
energy distribution in the exhaust plane in our thruster, we Axial Position (cm)
will test several assumptions on these distributidrased on :
Eq' (3)]. We will also discuss the sensitivity of these assUMmpPG, 2. Electric potential and Xedensity-comparisons between PIC-MCC
tions on the results. and DSMC models. Conditions: zero background pressure, applied voltage
The velocity Vo is a given constant an@(r), in our 300V, ion courant 3.3 A, and xenon mass flow rate 5 mg/s. The flux distri-
model, is a given function of the radial positionin the bution of the ions ejected from the channel is a displaced Maxwellian with
’ . S . temperaturel;=4 eV and mean velocity ,=1.7x 10* m/s. The angle be-
exhaust plane. The assumed ion distribution in the exhau

> _ ) ) een the mean velocity and the thruster axis is a linear function of the
plane is a displaced Maxwellian with temperatufe and  radial position of the ejected ion. The flux distribution of the neutral atoms

mean o vl (modlusu, anleguith respect o the SO e e s o s depces ool ey
thruster axis ¢ depending on the radial position—see Fig. 1emperature is constant and equal to 4 eV.

for notationg. Only the angle between the mean ion velocity

and the thruster axis is supposed to depend on the radial

position in the exhaust plane. This is a simple way to de- The thruster is schematically represented by the rect-
scribe the possible divergence of the ion beam emitted by thangle defined by the axial and radial positiorts10 cm and
thruster.T; describes the dispersion of the ion-beam energyl =10 cm. The exhaust, i.e., the end of the thruster channel,
Since the directed energy of the ion beam is much larger thai$ located on a ring of radii 3 and 5 cnat 10 cm.Vj is set

its thermal velocityT; was taken to be a few electron volts to 0 V. Typical operating conditions are: discharge current of
while Mv3 was on the order of the thruster voltage. Severa?*-5 A; applied voltage of 300 V; and xenon mass flow rate at
forms of the functiond(r) have been teste@ee results be- the anode, 5 mg/s. The ion current was assumed to be 3.3 A,
low). The same analytical forfEq. (3)] is used for neutral i.e., 73% of the total current in the exhaust plane. With this
atoms, withT; andv, replaced by the atom temperatufg ~ assumption, and for an atom temperatiie of 500 K at

and the atom-directed velocity in the thrusteg, . The neu-  €xhaust(vo,~280 m/g, the neutral atom density in the ex-
tral atom density in the exhaust plane is assumed to be radnaust plane is 2.0 $ cm™2. The residual pressure is sup-
ally uniform and is deduced from the known xenon masgPosed to be zero. In these conditions the calculated atom
flow rate and ion current at exhaust by imposing the contidensity decreases from 2.0'20cm ™ in the exhaust plane to

40

N W
o o
Ll L

Radial Position (cm)
=

nuity relation 1.0 13° cm 2 at the end of the simulation domain, on the
thruster axis(i.e., 90 cm from the exhaust planérhe ion
a,an0dé= | a,exnaustt™ i exhaust 4) temperaturél; and the modulus of the mean ion velocity
Wherel , anode@Nd | exnausi@re the equivalent atom currents are, respectively, 4 eV and 1.7 16V/s.
(flow rate multiplied by elementary charngat anode and For this comparison, we assume a linear variation of the

exhaust, and; ¢nausiS the ion current at exhaugthis rela- angle d as a function of the radial positian(same distribu-

tion must be modified in a straightforward manner whentions for ejected ions and neutral atoms

doubly charged ions are presgrithis relation assumes that _ -

one ion is ejected from the thruster for each ionized atom, 0(r)=26m(r =)/ (ourTin), ®)

and therefore neglects the ion current to the walls with rewherer = 3(r ..+ r;,) is defined as the radial position at the

spect to the total ion current. Note finally that the assumptiomiddle of the channet,,; andr, are, respectively, the radial

of a radially uniform atom density in the exhaust plane ispositions of the outer and inner cylinders. The valu® gfis

probably not realistic because ionization is not radially uni-10° as in Ref. 8.

form in the channel, near the exhaust region. We also assume that the ion beam is composed only of
singly charged ions and only charge-exchange collisions be-
tween ions and atoms ejected from the thruster are taken into

IIl. RESULTS AND COMPARISONS WITH A DSMC account in the case shown here. The electron temperature is

METHOD 4 eV (probably an upper limit of the electron energy in the
plume, but the aim of this section is only to compare the two

In this section, we compare the PIC-MCC method usednethod$.
in our model with the DSMC method of Ref. 8. We also give We see in Fig. 2 that the agreement between PIC-MCC
a typical cartography of the ion density in the plasma jet. and DSMC models is rather good. The plasma density at the
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exhaust is 3.0 T8 cm 3. At small angles with respect to the

3 : Experiments (r=0 mm) =
axis, the ion density decreases as expected for a jet expan-  —~ —=— PIC-MCC .
sion. At larger angles, we see that the ion density profile has ~ § T Expenments (=60 mm)
a local maximum. This structure in the ion density distribu- c
tion is due to charge-exchange collisions between xenon ions 8
and neutral atoms ejected from the thruster. The ions result- 2
ing from charge-exchange collisions have low energy and g
therefore follow the field lines towards lower potential re- o
gions. Since the potential is maximum near the exhaust, 5
where the ion density is maximum, it is clear that some of S o]
the scattered ions going down the potential will move back TR 150 200 50 200

toward the satellite.

Note finally that when quasineutrality is assumed, varia-
tions of plasma propertiegot shown are very similar to  FIG. 3. Axial variations of the plasma density in the plume along the sym-
those obtained when Poisson’s equation is solved. The mametry axis and_ 60 mm from the thruster ap_(is: comparisons between_simula—
drawback with this method is the statistical noise. In region%on and experiments in the PIVOINE facility. Electron temperature is con-

tant and equal to 2 eV.
where the number of macroparticles is ldim the zone
above the SPT bodyfluctuations in the number of macro-
partiCleS can induce statistical fluctuations in the CalCUlatiorheutra| density of nonionized atoms is typ|ca||y 2.0
of the electric potential using quasineutrality. 10" cm™2 at the exhaust plane and the atom density in the

We conclude from this comparison that the accuracy ofacility for a back pressure of 2.5 m Pa is 6.0 1@m 2 at
the PIC-MCC method is relatively gOOd in the conditions of 300 K. In this range of back pressure, in the region 10 cm
the SPT plume. As will be seen below, the accuracy of thejownstream from the exhaust of the SPT, the atom density
model is limited by the uncertainties in the ion and neutralconsists of neutral atoms ejected from the thruster. In the rest

atom distributions in the exhaust plane, which lead to muctpf the domain, the atom density is completely controlled by
larger errors than the errors introduced by the PIC-MCGhe ambient back pressure of neutrals.

Axial Distance from the Thruster Exit (mm)

method with respect to the more accurate DSMC method. We have compared the electron density in the plume
obtained with electrical probes with results from the simula-

IV. COMPARISONS WITH MEASUREMENTS IN THE tion. Figure 3 gives the variation of the electron density as a

PIVOINE FACILITY function of axial position for two radial positions from the

We have compared results obtained with the p|C-Mccneasurements and calculations. Experiment and model give
a similar profile of the axial plasma density along the sym-

model to measuremenfsperformed with a retarding poten- L .

tial analyzer(RPA) and electrical probes in the SPT100 ML _metry axis (_Q) although the_ slope of the measured deT‘S'ty
in nominal conditions. The tank background pressure of thé® larger than in the calc_ulat|0ns. The calculated density at
PIVOINE facility is 2.5 m Pa2.10°® Torr) and supposed to r=60 mm is almost two times larger than the measured den-

be uniform. The electron temperature is set to 2 eV in theS'ty' This discrepancy could be due to the approximations in

calculations. This value is based on probe measurements ‘Eggt r:]?g]eel((rfgsrgae?itciil:gr% ntﬁirzziggﬁgn%ﬂe;;gfiéze d?st
the electron temperature in the far figfiThe values of tem- 9 gron,

perature and velocity for atom and singly ions are the samglbu\}\llon ?t exhr?]ustr d the model predictions and experimen
as for the previous part. We now take into account doubly © 8’50 compared the moge’ predictions and experime

charged ions, assuming that the current of Xeepresents tal results obtained with the RPA. The analyzer was posi-

12% of the total ion currert. The modulus of the mean tioned at d|ff_erent r_a_dlal and axial positions in the pl_ume.
. o . , The zero radial position corresponds to the thruster axis, and
velocity of the doubly injected ions is supposed to\#v,

their temperature is the same than that of X@ eV). We the zero axial position is fixed at the exit plane of the SPT.

o ) . _Results of the calculated ion energy distribution functions are
now assume that the angular distribution of ejected particles . . - . .

. ) compared with experiments in Fig. 4 at an axial position of
follows the analytical formula:

421 mm. Note that the energy distribution given by the RPA

r—rl? gives the energy per charge of the ion. Differences between
. 1-ex N single and double charged ions are not detected by the RPA,
r=ro(r)=0, 5, (6) and the peak of doubly charged ions is thus mixed with the
1— F{rom_r‘“} peak of single-charge ions. Results from both experiment

26 and model give a peak value of the energy distribution for an

fr o(r) = — 0(2r_— N ion energy of 250 eV. The agreement between measurements
' and calculations is good in the energy range around the peak;
The notations are the same as in E5. 6,, and § are  differences appear in the tail of the distribution at low and
adjusted to obtain a qualitative agreement between calculdrigh energy. One of the reasons for this discrepancy is un-
tions and the ion current-density measureméhis.this sec-  doubtedly related to the assumptions on the ion distribution
tion, 6, and & are, respectively, 45° and 0.25. The xenonfunction in the exhaust plane. The population of low-energy
mass flow rate is 5 mg/s and the ion current 3.6 A. Theons is significantly larger in the model results. These ions
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FIG. 4. lon energy distribution calculated and measured in the PIVOINE
facility at two positions in the plumé421 mm from the exhaust plane, on
the thruster axis, and at a radial position 121 mm from the)agame
conditions as Fig. 3.

are created by charge-exchange collisions between fast ions
ejected from the thruster and neutral ato@jgcted from the
thruster or due to the background pressure in the chamber
The RPA is well adapted to collect ions of directed velocity
parallel to the axis of the analyzer. The velocity of ions cre-
ated by charge-exchange collisions has a non-negligible
component normal to the RPA axis. The collection of all of
the low-energy ions is therefore difficult with the RPA.

These comparisons show that the model has a good po-

—
i

—3
2

5
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0
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N

0 D lennei.
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maximum - 93 mA/cm?
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35 40

IM—
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tential for predicting the plume properties. Before perform-F'G- 6. Contours of constant ion current densify for different angular

istributions of the ejected particlésee Fig. 5. The background pressure is

ing systematic comparisons, it is however useful to betteg3 m Pa. Same conditions as Fig, 3.

understand how sensitive the model results are to the as-
sumptions(mainly those related to the ion energy and angu-
lar distribution in the exhaust planeThis is the purpose of
the next section.

V. DISCUSSION ON THE MODEL ASSUMPTIONS AND

Angle 0 (deg)

60

401

N
o
1

35 4.0 45 5.0
Radial Position (cm)

INPUT PARAMETERS

In this section, we discuss the sensitivity of the results to
the assumptions of the model. The ion distribution in the
exhaust region is supposed to be a displaced Maxwellian
[Eqg. (3)] and we study the influence of some of the param-
eters characterizing this distributigmngular distribution,
6(r), ion temperatureT;]. We also discuss the influence of
the background pressure and of the electron temperature.

A. Angular distribution of ejected particles

The calculated ion current density is, as expected,
strongly affected by the assumed angular distribution of
ejected heavy particleg(r).

Figure 5 shows three different profiles @fr) for which
we performed the plume calculations. These profiles corre-

FIG. 5. Three different profiles of the angle of injection used in the simu-SPONd to the distribution of E@6), with a maximum ejection

lations.

angle 6, equal to 45°, but with different values f@ The
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FIG. 7. Influence of the angular distribution on the ion current density for a
background pressure of 3.3 m Pa. Calculations are compared with the ex-
perimental results of Manzella and Sankoee Ref. 19for a radial po-
sition R of 60 cm. Same conditions as Fig. 3.

case 1

——3.3 mPa
—o— vacuum

background pressure is now 3.3 m Pa. All the other param- 1024 —=— no collision

eters are the same as in the previous section.
The calculated spatial distribution of the ion current den- 0
sity for cases 1, 2, and 3 are plotted in Fig. 6. We see that the
gualitative aspect of the plume is very different for each
case. The peak current density around the axis in a regioffG: 8- (@ lon current-density distributiod; (=Josina) as a function
. . nglea, for the angular distribution of case(Big. 6). The radial positiorR
EXtendlng to 15 cm downstream the exhaust plane 1S muc% 30 cm. Same conditions as Fig. @) lon current-density distribution
more pronounced in case 3, corresponding to a more diver, (=Jysine) as a function anglex, for the angular distribution of case 1
gent beam. Note that similar behavior has been obtained byig. 6). The radial positiorR is 30 cm. Same conditions as Fig. 3.
VanGilder, Boyd, and Keidar, changing the maximum diver-
gence angle of injection of particlés.
From these calculations we can deduce the current def Effect of background pressure and other
sity distributionJo(R,«) on a sphere of radiuR and cen-  parameters

tered on the symmetry axis in the exhaust plane, and as a o . .
y y P It is interesting to study the influence of the background

function of the anglex defined in Fig. 7. Most experimen- ; e .
talists use this representation of the current-density distribyressUre on the ion current-density distributibp Figures

. . . . 8(a) and &b) show the ion current densityy at R=30 cm, as
tion. Here, we use a slightly different representation Wherea function of e for « between 0° and 90°. and for cases 3
gveRpIot t_he. sa;ni curgen_t densnyt_mulltltplutag by smr:[ﬁ" and 1, respectively. The current density is plotted for a back-
1(R, @) =sin aJy _'a)' 1 1S proportiona’ to the currert!y ground pressure of 3.3 m Pa, for a zero background pressure
collected along a rlqg betweeR(a) and (R,a-i— da) onthe (“vacuum”), and assuming no ion-neutral collisiorise.,
s_phere2 of r§d|us R _and defme_d by:_ dly with zero background pressuaedneglecting collisions with
=2mR Jo(R, @)sinada. In this representation the divergent o, a1 atoms ejected from the thrustdt is very instructive
(large ) ions are more visible. to see that up tax=50°, there is practically no difference
The calculated current-density distributidp at R=60  pepyeen the three cast®3 m Pa, zero background pressure,
cm is represented in Fig. 7 for cases 1, 2, ano8 a less g no collisions Similar conclusions using the PIC-DSMC
than 40j. The current density measured by Manzella andy,ggel have been obtained and reported by Baie back-

Sankovic!? is represented on the same figure for compari—ground pressure was 2 m Pa in Ref. Bhis is because for
son. The ion current density was measured by Manzella anghese relatively low angles the ion beam is mainly composed
Sankovic using a rotating probe for different SPT prototypesf energetic ions coming from the exhaust plane. For small
and for various background pressure in nominal conditiongnough angles, the ion beam is practically not perturbed by
(applied voltage of 300 V and a discharge current of 45 A the collisions or by the potential distribution in the plume
The experimental measurements reproduced in Fig. 7 corréthe beam energy is large with respect to the potential varia-
spond to a SPT-100 manufactured by Fakel and a backions inside the plume The measured current farless than
ground pressure of 3.3 mPa. We see in Fig. 7 that the begi0° or 50°[this limit depends ord(r)] is therefore directly
agreement between the simulations and the measurementsrefated to the ion current distribution in the exhaust plane.
Manzella and Sankovic for less than 40° obtained for case For larger values of the angle the measured current distri-

3. bution becomes much more sensitive to collisions. It is clear

Current Density J, (mA/ecm?)
S

10 20 30 40 50 60 70 80 90
Angle o (deg)
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from Fig. 8 that, with the assumed form of the angular dis- 80 l . 1 .
tribution 6(r) in the exhaust plane, the ion current measured NE 1 @@ . 50 cm
at angles larger than 50° only corresponds to low-energy ions & 60.] \ 1
created by charge-exchange collisions in the pldwigen no i A\ -
ion-neutral collisions are taken into account, the ion current > 1 /\\ ]
for « larger than 60° quickly goes to zérdor a background a2 404 -\%+\+"**\+ 10 emi—) )
pressure of 3.3 m Pa, typical of the PIVOINE facility, the ion 8 .\'\ 1
current at large angles is entirely controlled by charge- = I ]
exchange collisions between the ejected ions and the neutral £ 201 Cas :.-:.;:‘mtﬁi
atoms from the residual background presgtine ion current a3 ] :222 3-33 QP'Z ]
density fora larger than 60° is one order of magnitude larger c Q-Fe- ! — T r .

2 0 10 20 30 40 50

in the 3.3 m Pa case than in the 0 m@Paacuum”) cas4. _ -
It also appears in Fig.(8) that the ion current density is Radial Position (cm)
essentially not sensitive to the electron and ion temperatures

in the ranges 2—4 and 4-10 eV, respectively. This is because < 15 b ' ' ' '
the generation of low-energy ions through charge-exchange 5 (b) . N 22:;&:2332
collisions is not very sensitive to these parameters. However, i
the calculations show, as in Ref. 8, that the ion energy flux is > 104 I .
sensitive to the electron temperatdsice the potential drop @ \ ]
in the plume is directly proportional to the electron tempera- 2 Y
ture, the energy gained by the charge-exchange ions is sim- =  g] i
ply related to the electron temperature =

8 1 +f\....-. +++++'+'H+++++¢+

c 1 / ..-. ++++"’*++++

2 O I- T s

0 10 20

C. Backscattered ions Radial Position (cm)

One of the issues of plume simulations is the estimation

. FIG. 9. ity of k i f i f ial
of the flux and energy flux of the ions that may be backscat G. 9. (a) Current density of backscattered ions as a function of radia

. o position along the exhaust plane for 3.3 m Pa background pressure and for
tered toward the satellite and cause damage to sensitive pagi® angular distributions. Same conditions as Fig(b3.Current density of
such as the solar panels_ We have therefore calculated tHeckscattered ions as a function of radial position along the exhaust plane
backscattered ion current density through the plane perper‘Pr a zero bacl_<ground pressure and for two angular distributions. Same
. . S conditions as Fig. 3.

dicular to the thruster axis and containing the channel ex-
haust[exhaust plane, see Fig(ed].

F|gur§ ga) shows the calculateq backscattered ion CUM/, CONCLUSION
rent density for case 1 and case 3 with a background pressure
of 3.3 m Pa while Fig. @) shows the same currents in the The conclusions of the present article can be summa-
case of vacuumzero background pressuréeVe see[Fig.  rized as follows:
9(a)] that the backscattered ion current densities for case 1 (1) The results of the PIC-MCC modélvhich neglects
and case 3 are very similar for a background pressure of 3.the influence of collisions on the neutral atom velocity dis-
m Pa. This is consistent with the results aboveJdiR,«). tribution in the plumefor the SPT plume are in good agree-
The backscattered ion flux in that case is the result of chargenent with the predictions of the more accurate but more
exchange collisions between beam ions and background aime-consuming DSMC model.
oms due to the residual pressure in the chamber. These col- (2) The results of the simulations are very sensitive to
lisions somewhat erase the “memory” of the angularthe assumed distribution of iorfand neutral atomsejected
distribution of ions ejected from the channel. In real condi-from the thruster. The angular distribution of these ions is
tions in space, the residual pressure is almost zero and thespecially important. The beam current density for small di-
calculated backscattered ion current density is much moreergence angles is simply related to the current density of the
sensitive to the details of the initial angular distribution of ions ejected from the thruster. It should therefore be possible
the ions and atoms ejected from the thruster, as can be setm deduce the current density in the exhaust plane, of ions
in Fig. 9b). The backscattered ion current density is muchejected with angles less than 40° from measurements of the
larger for the more divergent ion beafase 1 than for the  angular distribution of the ion current density in the plume.
other casgcase 3. Note also the much larger value of the (3) Itis very difficult to extract useful information on the
backscattered ion current density for 3.3 m[Bampare the ion current distribution at large divergence angles from ex-
units in Figs. %a) and 9b)]. periments performed in an on-ground facility where the

Other calculations withand without backpressurénot  background pressure is on the order of a few m Pa. In this
shown herg also indicate that the backscattered ion currenfressure range, the ion current distribution at large angles,
densities are not sensitive to the ion-beam temperaifyre, and the backscattered ion current density are completely con-
and electron temperature in the plunie,, in the ranges trolled by charge-exchange collisions between beam ions and
4-10 and 2—4 eV, respectively. neutral background atoms. Under vacuum conditions, the
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