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Model of the plasma discharge in a Hall thruster with heat conduction
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The inclusion of heat conduction into a one-dimensional, macroscopic model of the plasma inside
a Hall thruster and in the near plume is found to smooth the temperature profile of previous solutions
with a nonconductive model. The spatial structure still consists of reverse-flow, ionization, and
acceleration regions. Conductive energy flow, being of the same order of convective flow, has
significant effects on the rear part of the channel where it can make impossible the establishment of
a steady anode sheath. As a result, there is an upper bound on the plasma reverse flow for the
existence of stationary solutions. The analysis of inertial effects on the electron dynamics concludes
that the main contribution is the azimuthal electron motion, which can produce extra collisionality,
mainly in the near plume. The different contributions to the effective axial diffusion of electrons and
the ion temperature are evaluated. A parametric investigation yields the basic scaling laws of the
thruster stationary performance. 8002 American Institute of Physics.
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I. INTRODUCTION parametric domain of stationary solutions. The effects of the
. ) plasma interaction with lateral walls are not included in

Recently we presented a one-dimensio(&D) model  \jqdel I1. There are two reasons: first, a detailed radial model
(hereafter called Mode) lof the stationary axial structure of ¢ (14t interaction, to be coupled to the axial model, is still
the plasma discharge inside a Hall thruster and in the negy, e, investigatiort? and second, it is of interest to under-

plume: The s_,tructure consisted in an anode sheath, a regiofiand the plasma response in thrusters where lateral losses
of free diffusion for electrons and reverse flow for ions, theare small

ionization layer, and the acceleration region, which extends The paper includes the detailed formulation of Model I,

into the plume, Fig. 1. Although quantitative accuracy COUIOIthe discussion of the spatial response, and a parametric in-
not be expected from Model |, it reproduced rather well most

of the main features of the experimental datACompared v_estlgatlon_ on the thruster stguonar)_/ performance. In addi-
. _9 . . tion, three issues, not treated in detail in Ref. 1, are analyzed
to previous 1D model§;® Model | unveiled the combined

importance of the electron pressure and the reverse flow Or}ere. T.h e first one, treated more or less (_a>§pI|C|tIy n th_e

ions in shaping the plasma structure. In addition, the inclufecent literature, is the evaluation of the c01I!1|5|onaI approxi-

sion of the near pluméwith the neutralization surfageal- matmig for the electron mopon..TahaEa a}l. ano! Barral

lowed closure of the formulation with realistic boundary et al.™ have added different '”e[.}'a' terms into their 1D mac-
H . 1

conditions, and parametric studies on thruster performanc&ScOPic models; Fedotoet al.™* suggest the presence of

Of particular interest was the determination of the parametri(’:'nmagnet'zed gnd magnetized populatlons of eIectron; near
domain of stationary solutions of the model, which wasthe thruster exit; Haas and Gallim8reonclude, from their

bounded by the case of zero ion reverse fi&H. experiments, that the azimuthal drift energy can be high
The main defect of Model | came from the simplified enough to contribute to ionization. The second issue is the
treatment of the electron energy equation, which includedfomputation of the ion temperature, seeking a confirmation
neither heat conduction nor the losses coming from the inthat it can be neglected everywhere compared to either the
teraction with the lateral walls of the chamber. The resultingglectron temperature or the ion beam velocity. And the third
temperature profile had too large gradients around the jorPne is a detailed evaluation of the thrust: computations based
ization region and too large a peak temperature. A hybridn the momentum thrust of the plasma either at the channel
(particle/fluid numerical model by Fife, which includes heat €xhaust(as we did in Ref. ) or in the far plume(as simu-
conduction and wall losses, yields smoother temperaturtation models usually dd) are not accurate enough.
profiles!? In this paper we present a 1D macroscopic model ~ The paper is organized as follows. In Sec. Il we formu-
(hereafter called Model JIwhich adds heat conduction to late the quasineutral model, including a detailed discussion
Model I. The first point to be emphasized is that heat con-on the collisional approximation for electrons. In Sec. Il we
duction is not a new forcing term added to the equations ofliscuss the model singular points, the anode sheath, the
Model I: it transforms the electron energy equation from firstboundary conditions, and the numerical procedure. In Sec.
to second order for the electron temperature, a fact haviny we analyze the spatial solution, and we evaluate the dif-
major implications in the mathematical treatment and theerent collision frequencies and the ion temperature. In Sec.
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I Vo cathode from the cathodé. No effects of the radial interaction of the
I |, » plasma with the lateral walls of the chamber are included
| e—/>” here.
T _ l--3 The axial plasma flow is considered quasineutral every-
@:» E B(z) ons_ where except in a thin, electron-repelling sheath attached to
anode p i1 el the anode(region AB in Fig. 1, with xg=x,=0 in the
R ez } ______ - guasineutral scale The potential jump in the sheath,
dag= Pg— d5>0, adjusts the small diffusive electron flow
(a) in the channel to the thermal flow collected at the anode.
_— Assuming the anode does not emit ions and the ioniz-
<z T, ation region is not tied to the anode, a region of reverse ion
| T, ' | I flow must exist in the rear part of the chaniielgionBD in
e r. |T. Fig. 1.
oIy 1L -
A B D S E P
Vi Lo T A. Electron dynamics
|
We review here the closed-drift, collisional model for the
electrons in order to evaluate the importance of inertial ef-
() fects. Also, the equation for electron heat conduction is for-
FIG. 1. Sketches ofa) the Hall thruster, andb) the axial modell, ~ Mulated.
=ANUya, @=i,e, ... areaxial flows of particles of the different species. The vector equation for the electron momentum is
Point A is the anode, poinB is the anode sheath transition, pokhis the
exit of the thruster chamber, and pomis the neutralization surface. Points MeNeVe: VVe=—VneTetenVe—envelB—Re. (1)

D and S are the zero-velocity and forward-sonic points of the ion flow,
respectively, and can be taken as the practical boundaries of the ionizati
region.

dhpart from conventional symbols,
Re=MeNe(VeVe— VeiVi— VenVn)

is the friction force due to collisions, withg=ve,+ vg;
V we derive the different contributions to the thrust and the™ ¥ano, the total collision frequency for electrons. This in-
thrust efficiency. In Sec. VI we discuss the thruster perforcludes contributions from electron—neutral collisiong{,
mance in the parametric domain of stationary solutions. Conelectron—ion collisionsi,;), and anomalous effective colli-
clusions are written in Sec. VII. sions representing Bohm-type diffusion, which is expressed
as Vang™ ®ane, With we=eB/m, the electron gyrofre-
quency andr,.,a parameter with a classical value of 1416.
Il. THE QUASINEUTRAL MODEL The presence of an anomalous diffusion was already reported

Geometrical sketches of the thruster and the axial modd!Y Janes and Lowdémwho attributed it to observed corre-
are drawn in Figs. (8 and 1b). The general hypotheses of lated density and electric field aZ|muthaI.quctuat|ons. When
the present Model Il are the same as in Model I. In the 1peurrent losses to Igteral walls are taken into accouptias
axial approximation, plasma variables represent average va"f‘-m)thl%r18 contribution from  electron exchanges at the
ues on each cross section and depend only on the axial vapjalls= i L L
able x. The macroscopic formulation consists of fluid-like In the 1D axial apprommatlpn, the glectron velocity field
equations for ionsi, electrons €), and neutralsr). The 1S Ve=Uxeltvgely, and spatial gradients reduce to the
thruster channel is of length,, radial aread,, and radial 21l direction,V=1.d/dx. Then, applying the closed-drit
width h, . The plasma discharge extends outside the thrustdlYPOthesis,
into a plasma plume of radial aré®(x) to be determined. 0> Ve, 2
The magnetic field is considered purely radBk B(x)1,,
with the maximum fieldB,,, placed near the thruster exit,
and two different semi-Gaussian axial profiles are used in-  0=mgN.weV go— d(NT)/dX+eN. dp/dX, 3)
side the thruster and in the near plume. Electrons are injected
into the plume at a neutralization surfagmint P) placed at
a distance. .o from the channel exifpoint E). The voltage The first term in Eq.(4) is the inertia of the electron azi-
difference between anodgoint A) and pointP is the dis- muthal motion and is the dominant convective contribution.
charge voltageYy, and the electron current delivered at the Then, the collisional approximation requires
neutralization surface is the discharge currégt, One part 1
of this current flows outwards and neutralizes the ion beam “e |dv e/ dx| <1 ©)
current there)p; the other part)4—1;p, diffuses inwards and reduces Eq4) to
across the radial lines of the applied magnetic field and ion-
izes the mass flow of neutral&,, injected at the anode;
subscriptee will refer to downstream conditions far away The equation for the electron internal energy reads

and the ansatf e /vyl ~ we/ve, EQ. (1) simplifies into

Uxe U ge/AX=— 0l xe— Vel e - (4)

UgelUye™— welve. (6)
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V. (%neTeve+ q.)=—nJT,V-v,—v, R, —vin,a.E;.
(7

Here, q, is the electron heat conduction, V,-R,
=mn,v,v5, is the Joule heating (we assumed v,,<v,;
~U,.<Vy,), and the last term on the right-hand side ac-
counts for ionization and excitation losses; E; is the ioniza-
tion energy, a@; is the ionization cost factor (taking into ac-
count excitation and multistep ionization), and v,
=n,R(T,) is the ionization frequency. Only single ioniza-
tion will be considered, Dugan’s formula (cited in Ref. 12)

1 2E,

ai(T,)=2+ Zexpﬁ,
will be used, and the expression for the jonization rate,
R(T,), will be taken from Ref. 1.

Equation (7) for the internal energy identifies clearly the
effects contributing to the electron heating. Thus, it is more
adequate to use than the equation for the electron total en-
ergy, where the contributions to the internal and mechanical
energy are mixed. Indeed, the equation for the mechanical
energy comes from Egs. (3) and (4),

d 2
= —v_\.ganeTe— VM h U g,
dep
+en2vxﬁ dx . (8)

din
nev_\‘ez’; .2_”760?}9

Notice that the term on the left-hand side corresponds to the
convective contribution, and must be neglected when the col-
lisional limit (6) is used.

Tahara ef al."* incur an inconsistency by including the
electron mechanical energy in the total energy equation
while using, at the same time, the collisional approximation
in the momentum equation. Barral ef al.'* proposed a non-
stationary model which, in the stationary limit, reduces to
Egs. (3), (4), and (7). However, (i) in the nonstationary for-
mulation, they omit the temporal term Jdv 4, /d¢ associated to
the azimuthal inertia, and (ii) it is unclear whether they really
include the inertia term in the numerical integration, since
they omit explicitly a boundary condition for v, .

To close the equations for electron dynamics, a transport
equation is needed for ¢, . In the collisional approximation,
that equation is'?

in,T.VT,+eq.AB+m,v,q,~0,

from where the azimuthal and axial components of q, satisfy

0=~ w4~ VeGpe» 9)
.
- 217’Ie dx Weq pe - (10)

The resulting equation for g,, coincides with the one ob-
tained by Fife from the postulate of equal diffusitivities for
heat and mass transport.'

Model of the plasma discharge in a Hall thruster . . . 4063

B. Quasineutral equations

Equations for ions and neutrals are the same as in Model
I. Adding them to the above collisional model for the elec-
trons, the quasineutral plasma satisfies

dr, dr, dT,

TR g e 11
I dx e An,v;, (11)
U™ const, (12)
d d¢ dn,T; _
Z C—{;(Iﬂiv,\‘iri}'—‘ ~enczc-+m,~neyivm— —_a’_’c— (13)
d de¢
0=— E)—{neT€+eﬂEg;C—— VMU (14)
: d'3TI‘ A = Tdv"“"_|_ 2
ZZ{}"(E Lot Agy. | =—n, “ e VmnUy,
—ani’afEis (15)
dT, 2m,v
- - (16)

dx  5n,T, e

Here, symbols are conventional or were defined already in
Ref. 1. In Eq. (11), T ,=4n v, (@=i,e,n) are the species
flows, which satisfy

Ti(x)+T,(x)=const=wm1,/m;,
I'i(x)—T (x)=const=1,/e.

Related parameters of interest when studying the discharge
are the current parameter i,=ml,/em , the ionized flux
fraction 7;(x)=m,;T"(x)/m,, and the utilization efficiency
7,= 7w - Bquations (6) and (9) have been used to eliminate
v and g4, in the Ohm law (14) and the Fourier law (16),
respectively. The axial discharge is governed by two effec-
tive frequencies: the axial diffusion frequency for the mag-
netized electrons, v,= mz/ v,, and the ionization frequency
v;=n,R;(T,). The area A(x) and thickness /#(x) of the an-
nular cross section of the plasma jet, remain constant within
the channel and satisfy

d 2 2

-C?;lnA—;l}-lnh—Ztan 6—;-——— (17)
in the plume; here &(x) is the mean semiangle of divergence
of the plume and ¢, is the velocity of lateral expansion of
the plume, which we will define below.

To close the set of Egs. (11)—(17), an equation for the
ion temperature is needed. For the moment, we apply the
ansatz 7;<€ T, , which allows us to neglect the ion pressure in
Eq. (13) and thus to drop 7; from the equations. The ion
temperature and the validity of the ansatz will be discussed
later.

The quasineutral model applies between the entrance to
the anode sheath (point B) and x= + 2, except for a discon-
tinuity on the electron current at the neutralization surface
(point P). The anode sheath must be solved separately, in its
own natural scale (the Debye length), and provides boundary
conditions for the quasineutral model at point B.
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11l. MODEL INTEGRATION which states that the ions must flow into the sheath with the
plasma local sound speed. Using E@l) the potential jump

across the sheath satisfies
Solving Egs.(11)—(17), with T;=0, for the spatial de-

A. Singular /sonic points

rivatives we obtain a matrix relation of the form e<1”AB:In / Tes =In( m E ) 23)
Ter 2mmev2eg 27mg| Teg| )’

(1—-M?)dY/dx=F(Y), (18
. ) and the electron energy flux deposited by conduction into the
where M =v,i(Te/m;) "2 is the isothermal Mach number anode sheath is

for the ion axial flow,Y groups the eight plasma variables
(Ne, Np, Uxi, Uxer Uxny Tes Oxe), @nd ¢, andF(Y) is a
regular function. In particular, the scalar equationdgrcan
be written as

edap 1) (24)

OxeB™ (nevxeTe)B<-|—_eB o

C. Boundary conditions

doy; G 1dA
d_;(“: Vit Uxil T (1-M?) + A dx Following Ref. 1 the appropriate velocity for the plume
€ radial expansion is the plasma sound velocity at the thruster
with exhaust,
20ye Cpi= VTee/m;. (25
G=—viMeUyel 1= . . ..
SNeTevxe Equations (11)—(16) need eight boundary conditions.
dinA Seven of them are similar to Model | and there is one addi-
2

— viMi (204 — Uyn) T Mivy; (190  tional condition forg,e. The eight conditions are as follows.

dx (i) and(ii) The injected flow and the velocity of neutrals
Sonic pointsM =+ 1, are singular points of E¢18). Notice ~ at the anodem, andv,a(=vyg), are known.
that the definition of the Mach number in Model Il does not (iii) The electron temperature at the neutralization sur-
include the specific heat ratio 5/3 of Model I, and funct®n face, Tep, is known.

is different too. As in Ref. 1 we will look for solutions with (iv) The discharge voltage/y= ¢»— ¢p, is known.
a regular sonic transition, (v) There is a regular sonic point inside the channel char-
acterized by Eq(20).
Gs=0 andMg=1 (20) (vi)—(viii) The matching with the anode sheath yields

inside the thrustefpoint Sin Fig. 1) and a supersonic plasma conditions(22)—(24).

flow at the thruster exhaust.
D. Integration procedure

From the preceding equations and conditions, it turns out
B. Anode sheath that the quasineutral model requires input parameters of dif-

The Debye sheath attached to the an@@gion AB in  ferent kinds. There are design parametes, L), control
Fig. 1) completes the 1D model of the channel and definefarametersVy, B(x), my), plasma paramete@ep, vng),
boundary conditions at poirB for the quasineutral equa- and empirical parameter§.co;, @and- The main output pa-
tions. Under usual conditions, the sheath is electron-repellingmeters are the discharge currépf the thrustF, and the
and the space-charge field adjusts the potential jump in thErust efficiencyz, the two last ones to be defined later.
sheath,ag= pg— $,>0, to a value such that the flow of Other output parameters of interest are the position of the
electrons reaching the anode is equal to the diffusive flowONiC POintXs, the divergence angle at the thruster exhaust,
coming from the quasineutral channel. e, and several partial efficiencies. _

In the distinguished limitp /L.—0, the problem in the Plasma equations are nondimensionalized as in Model I;
sheath reduces to collisionless, conservation equations. fifreafter, an upper tilde will indicate dimensionless vari-
particular, particle and energy flows are constant. Assuming &Ples. Then, equations are integrated with Runge—Kutta plus
quasi-Maxwellian electron distribution with temperature Shooting routines from poin towards points8 and P in-
T.s, electron magnitudes at poinfsand B are related by dependently. This means that plasma parameters at Soint

are used as input parameters of integration. A Taylor expan-
1 —edag [8Tep sion solves the indeterminays/(1—M32)=0/0 and yields
m

(NeVxe)s =~ 7 Nep €XP Tos K the slopes of plasma variables at pditUsing Eq.(19), the
(22) regularity condition(20) can be expressed as
5 —
(2NeVxeTet Oxe)a=(2Tept €Ppp) (Nelxe)s - vim, _ —Uyet 204/ (5NTe) 26
The matching of this ion-attracting sheath with the vgMe 204~ Uxn '

guasineutral plasma at poiBt requires the plasma to verify

the Bohm condition It is easily seen that this equation relateg to T.s, Gyes,

andiy. The integration uses these three quantities as input
Mg=—1, (220  parameters instead of the natural onBsy, Gyeg, andVy.
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presents a similar structure to the one obtained in Model |
and sketched in Fig. 1, consisting of the anode sheath, the
reverse-flow region, the ionization layer, the internal accel-
eration region, and the plume. However, heat conduction in-
troduces some differences of relevance. First, there is the
desired smoothing of the temperature profile, with a peak
temperature around 60 eV, instead of the 90 eV of Model I.
Second, the sharp transition between the reverse-flow and
ionization regions found in Model | has been smoothed too,
yielding a shorter reverse-flow region here. Notice that a
simple dimensional analysis of Eqd.4)—(16) suggests that
heat conduction is of the same order as convective energy
flow. Figure Zf) shows that heat conductigwhich changes
sign near the channel exhaug even larger than the con-
vective flow in certain regions.

Plasma equations and boundary conditions force an al-
most monotonic profile of},. betweenB andS. Therefore,

Oye at pointS is negative and the point of maximum tem-
perature(i.e., gy.=0) is placed downstream of poi® near

the channel exit. Functio® of Model I, Eq. (19), shows
that the energy balance allowing the regular sonic transition
at pointS involves losses by ionization, Joule heating, and
heat conduction. However, it turns out that pdhis practi-
cally in the acceleration region and the ionization contribu-
tion to the above balance is small, in marked contrast with
Model I. For the case of Fig. 2, the point with =0 is at
X=22.6 mm, the sonic point is at=16.4 mm, about 1 mm
downstream of the main ionization zone; thus, it still seems
adequate to take poi&as the practical end of the ionization
layer.

From Fig. 2b), the sheath potential drop igag
=4.4V, the potential increase in the reverse-flow region is
just ¢gp=1V and the potential drop in the ionization layer
FIG. 2. Axial structure of the plasma for xenom,.=25 mm, L., IS ¢ps=—24.1V. Since the temperature a.‘t the sonic pointis
—17.4mm, A,=45cn?, my=53 mgls, V=298V, T.,=2.5ev, les~46.2eV, one haspgs=—T.d2, which means that
160r,,~0.068, andB(x) as shown in(a). Output parameterd,=4.51 A,  equationmv2/2—eg=const is satisfied approximately, and
F=0.108 N, n=80.8%, nig=—"7.1%, ¢apg=4.4V, xs=16.4mm, &=  the dispersion of ion velocities is small, a conclusion to be
=25.7°. The vertical, dashed lines are the thruster exhaust and the neutrgipnfirmed later.

oo suace e sl slatespin ) e soldne coreshonds The typical magnitudes of the reverse-flow plus ioniza-
tion regions can be obtained from a dimensional analysis of

the plasma equations. TakingE; (~30 eV) as the distin-

guished energy there, the length of regidB, L g, follows

As a consequence, an iteration is needed to reproduce tfige known scalinﬂ)

desired operating conditions. An additional difficulty of — =

Model Il, compared to Model 1, is that the solutions depart- Las=leVve/vi, €e=we VaiEi/me @7

ing from point S do not converge easily to the boundary in Fig. 2 one has~1 mm andv./v;~200. The average

conditions at poinB. Thus, we were forced to launch solu- electron density in regioAS comes from the ion continuity

tions from pointsS andB separately and to match them at an equation,n,=m,/(MA.viLag).

intermediate point. The structure of the internal and external acceleration

Once the region between poirBsand P is solved the  regions(regionSPin Fig. 1) is simpler because ionization is
solution is continued tx= +< by just changing the condi- negligible there. The quasineutral model simplifies to the
tion Tgp-=Tjp—lg/leto lgpr=Tp. conservation relations,

. 5
tive one,A5TNgUye -

= . 2. =
IV. ANALYSIS OF THE SPATIAL SOLUTION ['o=const, mjv};/2+ed=const,

A. Axial structure of the discharge

(28)
5Te/2—e¢+qxe/neuxe=f TdInA,
Figure 2 shows the axial profiles of main plasma vari-
ables for an SPT-100 type of thruster; design and controplus Egs. (14) and (16) for electron momentum and
parameters are given in the figure caption. The dischargheat conduction. These two last equations show that
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FIG. 4. Profiles of the inverse Hall parameteg/w,, the drift-to-internal
energy ratio, me2,/2T,, and the convective-to-magnetic time ratio,
) ) ) ) wg '|dv 4e/dx|, for the case of Fig. 2.
0 10 20 30 40
®) z (mm)
FIG. 3. For the solution of Fig. 2a) contributions of different processes to Flg 3(a) shows thae—i collisions dom'na.te_s oves—n col- )
the total electron collision frequenay, ; and (b) ionization frequencyy; , lisions in the rear part of the channel; this is due to the high
and axial electron diffusion frequencyy= vgm,/m; . electron density and low electron temperature arising when

the ionization region is thin. Figure(l3) depicts the two fre-
quencies governing the axial discharge; and vy

J(—vye)Merq dx is the adequate integration variable for the — vaMe /My [with the mass ratio irvg coming from the di-

acceleration regions. Quasineutrality and flow conserva’tior'{nerﬁ'onal analysis of Eq$11)—(16)]. The_plots Sh‘_’V.V that
state that the electrons counterflow with a velocity, vi<vq even at the peak of;, which explains the difficulty

= —(ig/7y—1)vy; . Adding to this the fact thati) the ion in carrying out a simple asymptotic analysis of the reverse-

flow is mostly supersonic angdi) most of the voltage drop flow plus ionization regions.
takes place in the regioSP, the integration of Eq(14)

yields
. ) B. Inertial effects on electrons
2eVy (P[ig Mewe . .
e— —=-1 ey dx. (29 We evaluate now the assumptions of closed-drift and
! S\ iVe collisional electron dynamics. Figure 4 plots, for the case of
This expression suggests Fig. 2, three parameters related to electron dynamics: the
VY% (1 — 1)L B2 30 inverse Hall parameter, the drift-to-internal energy ratio, and

d (ig—= 1) LspBhad Ve, B0 the magnetic-to-convective time ratio. We see, first, that the
with Lgp=Xp—Xs, as one of the main scaling laws among closed-drift approximation, Eq2), is verified in the whole
the thruster parameters when it operates efficiently. domain, even near the cathode, where the magnetic field is

Kim® derived a law similar to Eq(30). Then, assuming vanishing. However, the collisional approximation, E8§),
that (i) Lgp=const (for a given geometry (ii) (iq—1) fails in the vicinities of anode and cathode. Electron convec-
=const, andiii) v,~V5°h_* (from an estimate based in the tive effects around the anode come fram=v,; and the
dominance of wall collisions he concluded that optimum acceleration of the plasma having to meet the Bohm condi-
operation required V32, Curiously, when anomalous tion at pointB. These effects are rather local and we believe
diffusion dominates one has,~ a,,Bmax and the scaling they are not significant globally. On the contrary, the inertia
law B a 3/2 still holds, provided that the conditioni  €ffects in the plume could have more impact in the plasma

—1)=const applies. We come back to this scaling law indischarge since they are less localized and the magnetic field

Sec. VIB. becomes residual there. From Ed), one has
Figure 3a) compares the contributions of different col-
.. L. . xe Ve Ve 1 dvge
lision terms to the electron collision frequengy. The main —_—————~— — | 1 - — , (31
U ge wet dv go/dX We we dX

conclusion is that anomalous diffusion provides the main
contribution downstream of the ionization layer, a result supwith dv 4./dXx<<0 in the plume, yielding thus a larger value
ported experimentall§>! However, we still adjustr,,,em-  of v,e/v 4 than the collisional approximation. This can be
pirically to obtain a satisfactory solution; the value we usedinterpreted as an extra collisionality and could be an impor-
is similar to the one taken by Fifé,and is almost one order tant and independent contribution to the overall anomalous
of magnitude smaller than the classical value of Bohm. Alsodiffusion. However, without solving the coupled equations
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0.25 ¥ spreading of the ionization zone when there is wall recom-
bination; ion—ion and ion—neutral collisions could contribute
02 too.
~ 0.15}
>
L
oo V. THRUST AND EFFICIENCY
0.05} A. Thrust
0 ) ) The electrostatic interaction between ions and electrons
0 10 20 30 40 50 plus the magnetic forces on the electrons are the mechanisms
¢ (mm) by which plasma thrust is transferred to the solids parts of
the engine. Since the magnetic field extends some distance
FIG. 5. Profile of the ion temperature for the case of Fig. 2. outside the chamber and the p|asma p|ume presents some

radial divergence, neither the momentum thrust of the
lasma at the chamber exhagsoint E) nor in the far plume
(3) and (4) together with the other ones, it is difficult to ?point ) evaluate accuratelyq?r?e thrLst. P
predict the overa_ll _effect of the convective term on the dis- Assuming the engine to be at rest by some thrust balance
charge characteristics. device and zero external pressure, the axial momentum bal-

_In spite of the large values reached by the convectivey,ce for the system constituted by the thruster plus the inter-
azimuthal term, Fig. 4 shows that the drift energy remaing, plasma yields

small in the whole domain. The explanation lies in the azi-

muthal inertia term of Eq(4) being balanced by the azi- F=FpetFmext (33
muthal component of the Lorentz force, which yields no con-

tribution to the drift energy. In any casey, is very sensitive ~ WhereF is the thrust(exerted on the thruster balance
to the local values of the magnetic and electric fields, and
relatively small variations of these magnitudes could make
Meb /2T~ 1 IOC_""”y'G Were this the case, the drift energy ig e total axial momentum of the plasma at a given axial
should be taken into account to compute the ionization rat%ection, and

Fp(X) = (minuZ+minui +neTe)A(x) (34

C. lon temperature Fm,ext™ JE enev geBA(X)dX (35

The evolution equation for the ion temperature is is the external thrust due to the magnetic force on the elec-

d 3 tronsin the plume Therefore, the leakage of the magnetic
Uxi Gy ETi field outside the thruster channel yields a contribution to the
thrust, which is a unique characteristic of this type of electric
T, d 1 ) 3 thrusters.
~ T Adx Avyit Vi 2 M (Vi = Vxn) “F E(Tn_Ti) ' From Eqgs(6), (13), and(14), the axial momentum of the
whole plasma satisfies
(32)
where T, is the temperature of neutrals. Equati(8®) re- dFp/dx=ncTedA/dX+enw seBA. (36)

quires a boundary condition fof;, and, at the same time, . .
introduces a new singular pointat;= 0. The correct bound- Ihn;:gratmg Eq/(36) along the plume and using EG3) one
ary condition for a regular solution comes from making zero
the right-har;d side of_ Eq(32) at Uxi:01_ this yields T; F=Fp.—Dex, (37)
=(3T,+mjvy,)/5. Again a Taylor-expansion problem must
be solved to determine the value dff;/dx for a regular  with De,=[gneTcdA the drag contribution due to the
crossing. plume lateral expansion. Expressig8) and(37) yield the
Figure 5 plotsT;(x), obtained from the integration of difference between the actual thrust and the momentum
Eq. (32) usinguv,;(x) andA(x) from the cold-ion solution of  thrust at pointsE and . One hasFp.—F,e=Fp ex
Fig. 2, andT,,/T.— 0. It confirms thafT; is totally negligible  +D,;, which means that the external acceleration of the
and the ion beam is nearly monoenergetic. Clearly, the smaibns is transferred only partially to thrustia ion—electron
value of T; and the drawback of a new singular pointvgf  electrostatic interaction plus electron—thruster magnetic in-
=0 makes it inadvisable to add E(B2) to the set of Eqgs. teraction. A relevant point is that were the magnetic field
(11)—(17). zero outside the thruster, all external acceleration would go
The low ion temperature is due to the short ionizationto plume radial expansion. For the case of Fig. 2 we have
region and the absence of lateral recombination. The experthat the contribution of the external magnetic field amounts
mental retarding potential analyzer data show thHat to F, ./F=15.8% whereas the external acceleration of
~2-3eV at exit. The discrepancy might be related to theons is (Fp..—Fpg)/F=19.7%.
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B. Thrust efficiency
The thrust efficiency is defined as
n=F212mpl Vg, (38)

and is conveniently factorized into four termsy
= PuMdNeNo, Wheren, is the propellant utilization, and

2

liew 7y _miv

_ e _ _ Xice
77d_ |d id ’ 776 ZeVd ’
T (Timu)?’

Ahedo, Gallardo, and Martinez-Sanchez

restricts the minimum value dfy;z|. The anode sheath van-
ishes whenp,g= 0, which, from Eq.(23), corresponds to
— 7B

27Tme TeB
- = \/ , Uxe=— \/ .
lda— 7is m; xeB 2TMe
Sinceiyg~1, the sheath disappears fagig~ — 27m./m;
~—102. Although it is possible to extend Model Il to treat
cases with no electron-repelling sheath, here we take the case
of sheath collapse as the practical limit of existence of sta-
tionary solutions. There are two reasons for this: first, the
limit 7,g=0 is very close; and second, E@4) and Fig. 4
show that, whenp,gz=0, the electron velocity is large, for-

(44)

are efficiencies for discharge, beam-energy, and other effectgally beyond the limit of validity of the collisional model.

(plume expansion, anode sheath), respectively. For the

case of Fig. 2, one hasy,=100%, 74=85.6%, 7.
=101.4%, 7,=93.4%, andnp=81.1%; the thin ionization

An important novelty of Model 1l with respect to Model
| is that heat conduction introduces an upper restriction on
| 7ig|. This comes from the Bohm condition at poiat To

region and the fact that the maximum voltage is not at poinhave dv,;/dx|g=0 requiresGg=0, which using Eq.(19)
A but atv,;=0 are responsible of,>100%. Notice thatthe and vig=0 meansQee=(5/2)(NeTevxe)s- FOr Gg<<0, the
definition of 7 is based in the anode mass flow and does nofeVverse ion velocity reaches a minimum subsonic value at an

include the power spent in the magnetic circuit.

intermediate point of regioBD and the sonic condition at

The discharge efficiency is the main factor reducing theP0int B cannot be met. Physically, this would mean the im-

thrust efficiency. The relation betweemy (or iy) and the

possibility to establish a stationary sheath at the anode and a

ionization losses is deduced from the energy balance for theossible oscillatory response of the plasma. _
whole plasma. From the model equations, the energy balance Using Egs.(23) and (24), the domain of solutions of

for the plasma is

loVa= 2, (Pux=Paa)+Pion (40)
with
Pa=To(3Me03,+ 3T o)+ UxaA (4D
the energy flow rate of each species, and
Pion: f Via/iEineA dx (42)
A

the ionization losses. Grouping in E@O0) the nondominant
contributions intoP,., the energy balance becomes

14Va= Piot Piont Prest

in Fig. 2, one hafy,/14V4=9.3% andP ./l 4Vq=3.7%
(with gye. the main contribution toP.s). From the effi-
ciency definitions and a cold ion beam one has

Pion+ Prest

" 43

=1-7mena~1-ig",

which relates directly the discharge efficiency to the relative

ionization losses, and complements the scaling (3.

VI. THRUSTER PERFORMANCE

A. Domain of stationary solutions

Model Il is restricted to
0<eppp/Tep=<3, (45)

or, in terms of plasma current@nd for xenol, 5x10 3
<|lig|/14=<0.114.

B. Optimum performance

Figure Ga) shows the domain of stationary solutions in
the plane of input parameter¥ {,B .. Figures 6b)—6(d)
depict the corresponding bands of output parameters. As ex-
pected from Eq(45) the domain of solutions is rather nar-
row. Figure &b) confirms two known features of the specific
impulse | ;= F/m: first, it is proportional toV§? and, sec-
ond, it is practically independent of the magnetic field
strength(within the high efficiency regime More interesting
issues arise from consideration of the other plots.

Figure Ga) shows thatB,,,, must increase withV/4 to
maintain a stationary solution. This same trend is found ex-
perimentally for optimum thruster performance, which sup-
ports the idea that optimum performance is related to a
nonoscillatory response. Then, Figapyields

Bma V3" (46)

as the approximate scaling law for optimum performance,
instead 0f Bina,e VY2 proposed by Kim. The discrepancy,
which might just be due to the effect of wall lossé®e-
glected herg comes from the behavior of {— 1) andL pgin

In Ref. 1 we suggested that the parametric domain oEg. (30), which Kim assumed independent \4f;, whereas

stationary solutions was restricted to the rangg<O (i.e.,
I',g=<0). We argued that beyond the parametric lipg=0

the plasma is unable to provide the ion back-flow needed to

we find

ig=1~1-ngxVg', Lep=Vg™,

(47)

keep plasma quasineutrality near the anode, making uncleaoughly. These two behaviors can be explained from the
the possibility of a stationary response. In addition, the asplasma equations. First, from the continuity equation, the
sumption of an electron-repelling sheath at the anode furtheéonization losses satisf¥?;,,= «E'is= «a;E; 5,Ma/mM;, SO
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500 . . . . . of the mathematical model and the stationary solutidns
00l new boundary condition on the heat flow at the anode is
) needed(ii) the singular points are modifiedii ) the integra-
; 800y tion procedure requires more involved iteration routines, and
200

(iv) a new restriction on the parametric domain of stationary
100 . . . . . solutions has arisen.

200 250 300 350 400 450 00 Model Il recovers an axial structure of the discharge
consisting mainly of the reverse-flow plus ionization regions
on the rear part of the chamber, followed by the internal and
external acceleration regions. The conductive energy trans-
port turns out to be as important as the convective one and is
able to smooth the temperature profile. Because of the short
000 250 300 350 400 450 500 ionization region, the ion temperature is found to be negli-
gible, and the transmission of electrostatic energy into the
monoenergetic ion beam is very efficient.

The discussion of the inertial effects in the electron dy-
namics and the electron drift energy has yielded some impor-
tant conclusions. First, the dominant inertial term comes
from the azimuthal electron motion. Second, this term can
produce an anomalous-like collisionality in the near plume,

0.9 - . - " - which could be important to understand the plasma discharge
@ there; further investigation on this issue seems crucial. Third,
0.85¢ a | the fact that the electron inertia can be significant in a certain
= 0.8t b region does not imply necessarily that the electron drift en-
ergy is important too.
0.7300 pn 360 pvrs w00 0 800 The analysi; of the forces contributing .to.the thrust
shows the contribution of the external magnetic fields on the
Va (V) incoming electrons. This external thrust is the main part of

) ) ) ) the ion acceleration in the plume, which is transmitted to the
FIG. 6. Band of stationary solutions for input parameté§sandBua,as i g0 01rons through the quasineutral electrostatic field. Another
(a) and the rest of input parameters as in Figl @=F/m, . Linesa andb . . )
correspond to the lowerd(x5=0) and upper Gg=0) restrictions o, ~ Part of the ion acceleration goes to the plume radial expan-
respectively. sion and does not produce thrust. For our modelization of the
magnetic field, the external thrust amounts to near 20%.
Therefore, a better knowledge of the profile of the external
magnetic field, the approximate position of the neutralization
surface, and the external electron dynamics is required in
order to compute accurately the discharge characteristics.

The domain of steady solutions given by Model Il is

narrow, accepting only about a 15% of variation of the dis-
charge voltagéfor the rest of parameters giverm he agree-
ment of the model with the experimental curvBs,,(Vy)

that P,y is independent o¥/4; numerical results show that
the marginal ternP,.; is independent o¥/4 too. Then, Eq.
(43) justifies the above behavior of—1). Second, for zero
wall losses, one expecik,xVy; indeed, our computations
yield Tg ma=Vd/5, With Tg nax the maximum electron tem-
perature(but we could not find a precise justification of the
factor 1/9. This would lead toT.sxVy, 1;xVY?, Lag

—-1/4 — _ i . .
Vg™, and, frombLgp+ Lag=Lc—Lcar, 10 the scaling law ¢ ontimum operation of the thruster, suggests that the sta-
for Lsp. (Of course, these scaling laws must be seen just agnary regime presented here corresponds to the actual re-
dominant trends and valid only within a limited interval of gime of efficient operation. Model 1l proposBs,&V and
- ax

values ofVy.) _ _ " (1— 7)=V4 Y2 as scaling laws for good operation around the
The numerical simulations of Blateaet al=~ for a nominal design point.

thruster with metallic walls showy,,<Vy, not far from our The domain of stationary solutions of Model Il is limited

. 23 .
result. Experimental data by Manze#aal ~> with a thruster by the conditions the plasma must verify at the anode, and

; ; : ; 12
W'th ceramic Wallg, fit well withBecV™ but 7 does not e particularly at the electron-repelling sheath formed
increase clearly witlvy. Therefore, our conclusions are that hare On the one domain end. the Bohm condition at the

Egs.(30) and(43) are the main relationships among thrustergpaath transition yields an upper bound of the ion reverse

pa_rameters, whereas the pgrticular scaling laws for the evgyy,, (and of the discharge voltagebeyond which the re-
lution of Bynay and (1) with V4 depend on the thruster \orqq fiow cannot reach sonic conditions and a stationary
operating point and the mechanism dominating energ¥neath cannot be established. This could correspond to re-
losses. ported oscillatory responses for large discharge voltages. At
present, we do not see plausible modifications of Model Il
leading to the extension of the stationary domain beyond the
The inclusion of heat conduction in our previous Model upper bound found here.
| has produced the following changes in both the treatment The situation is more unclear at the lower bound of the

VII. CONCLUSIONS
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