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The fundamental difference between the two variants of Hall thrusters, the stationary plasma
thruster (SPT) and the thruster with anode lay€fAL), is illustrated quantitatively using an
analytical model that accounts for the effects of secondary electron em{Sith from the walls.

The model includes a prescription for the quenching of the temperature of the electrons on their way
to the anode which results from the enhanced electron energy losses to the wall that occur at, and
upstream of, an axial location where the wall potential reverses from electron attracting to electron
repellent. For the higher SEE coefficient of an insulator wedimpared to that of a metallic one

this sign reversal occurs at a lower electron temperature and is shown to lead to a more extended
acceleration region due to the resulting relaxation of the potential gradient required to balance the
electron pressure gradient. By replacing the boron nitride wWalsI) of an idealized Hall thruster

with stainless stedTAL ), the acceleration zone is shown analytically to collapse to a region near
the anode having an extent that is about eight times smaller than that for the SPT. The results are
used to construct a detailed phenomenological picture of the fundamental difference between the
two Hall thruster variants. €2001 American Institute of Physic§DOI: 10.1063/1.1409344

I. INTRODUCTION It is relevant to our discussion to note that the channel
walls of the SPT, shown in Fig. 1, are always made of insu-
lator material, which is typically boron nitride. Another vari-
Historically, the Hall thruster derived, in the early 1960s, ant of Hall thrusters, to be differentiated from the SPT, has
from ongoing work on magnetrons and other cross-fieldnetallic walls and a considerably shorter channel.
plasma sources. The earliest published description of a Hall  This second variant also originated in the US and can be
accelerator that considerably resembles its modern progeni@iced back to the work of Mey¥r'’ (1966 who, using a
is in a series of brief communications by Seikel and Re-device similar to the standard Hall thruster, discovered a
shotko, and Salz, Lary, and co-workers in the 1962 Bulletinqualitatively different potential structure through which the
of the American Physical Society’ At this early date in its  jons are accelerated in a relatively thi n layer at the anode.
history, the device was simply called a Hall current ion ac-Due to the small spatial extent of the acceleration region, the
celerator and was recognized for its promise as a highdischarge does not need to be contained in a long channel
specific-impulse thruster for spacecraft propulsion. A serieand consequently, its originator claimed that it had substan-
of publications, all in the US, followed, including seminal tially less wall losses than the standard Hall thruster.
work that described the device’s operational characterfstics ~ The fate of this variant is similar to that of the SPT, in
(1964, explored the use of alkali-metal propel@fit that it was further developed almost exclusively in the Soviet
(1964,1965, and studied the governing physical proce58es Union where, starting in the early to 1970s, it has acquired
(1966. By that time, the device had many of the featuresits own group of proponents who clatfnit has advantages
presently possessed by its modern counterpart, whose propver the SPT. Again, the translated Russian literature gave us
erties, underlying physical mechanisms, and operationadnother awkward appellation, which in the case of this vari-
characteristics were more recently described in Refs. 9 andnt is “thruster with anode layer” or TAL. Of relevance to
10. our discussion is the fact that the TAL always has metallic
The earliest related Soviet experimental wonkeported ~ walls.
in international journals dates to 1968. Since around that Aside from the different wall material, the substantially
time, the device, which was largely neglected in the US inshorter effective acceleration regi¢confined to a potential
favor of ion thrusters, was the subject of considerable redrop in a thin layer at the anode whose axial extent is on the
search and development effort in the Soviet Union which ledbrder of the electron cyclotron radiuthe TAL, in compari-
to its use on numerous Soviet spacectafthe most suc- son to the SPT operated with similar conditions, typically has
cessful “commercial” version of the device is often called a significantly higher electron temperatuigee Ref. 9 for
“stationary plasma thruster,” or SPT, in the translated Rus-nstance.
sian literature. Although this name is not very descripfive
probably stems from a need to differentiate it frqulsed
plasma thrustejsit has been commonly adopted by default

A. Historical perspective

B. Motivation and scope

in the West where a substantial resurge in intéfast Hall Both Hall thruster variants exist today and both have
thrusters started in the early 1990s. attained technological maturity and space worthiness as
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spacecraft thrusters. The scope of this paper is not to fullji. THEORETICAL MODEL
describe and contrast these two types of thrusters, or to We should state at the outset that the aim of the model is

er:/ alfu:illte t.h © ctl)almed ad"‘f"”ta?’es of each, butrather to answgg predict the measured performance or detailed proper-
the following basic questions: ties of Hall thrusters but rather to answer the three questions

(1) Why does the introduction of a metallic wall into a dis- posed in Sec. I.
charge of this kind result in a substantial decrease in the ~Since our goal is to arrive at a description of the axial
spatial extent of the accelerating layer with respect to thé@xtent of the effective acceleration region as a function of the
case with insulator walls? wall properties, we need to relate the electrodynamics of the
(2) To what extent does the ion acceleration in each varianproPlem to the relevant wall effects.
happen in a quasineutral region as opposed to a spac@: Analytical formulation
charge-limited one?
(3) Can one use an analytical model to construct a clear
picture of the processes that underlie the fundamentag;
difference between these two Hall thruster variants?

We adopt the rectangular coordinate system shown sche-
atically in Fig. 2. Thex axis is along the thruster ax{se.,
ong the applied electric fiel,) and thez axis is along the
thruster radius, i.e., along the radial magnetic fidjJdvhich

While a wide literature exists for each of these devices, & taken to be constant and uniform. Theaxis therefore

discussion of the above-mentioned questions oompara-
tive context appears to be lacking.

In that direction, we set our primary goal in Sec. Il to be
the formulation of a model for the axial extent of the effec-
tive acceleration region as a function of the wall properties.
We do so by making simplifying assumptions that allow us, B y
as much as possible, to keep the formulation tractable ana-
lytically without losing the salient physics controlling the

extent of the acceleration region. In Sec. Il we seek solu- E  anode
tions for the analytical model and discuss the validity of the | >
approximation that allows us to obtain such solutions. This is 0 X
followed by a discussion of the physical implications of the Xa

results. We conclude in Sec. IV with a detailed phenomeno-

logical bi d f h | fth di FIG. 2. Adopted rectangular coordinate system. The coordinatepre-
ogical picture drawn from the results ot the preceding S€Csents the position of the anode with respect to the downstream end of the

tions. acceleration region which is placed at the origin.
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corresponds to the azimuth@Hall) dimension. The coordi- quasineutral part of the acceleration region which, as we
natex, represents the position of the anode with respect tshall see, gives a good measure of the spatial extent of the
the downstream end of the acceleration region which isaccelerating potentia[We will later show how a general
placed at the origin. The coordinatg, therefore, becomes a solution for the nonquasineutr@heath part of the potential
measure of the extent of the acceleration region. Our goal idrop can be adapted to complement our quasineutral solu-

to estimatex, as a function of the wall properties. tions.] Therefore, we take.=n;. Furthermore, like in that
reference, we shall neglect the contribution of ion production
B. Governing equations to the ion continuity relation. This approximation becomes

Zharinov and PopoV modeled the potential profile in an justifie_d \{vhen the the pressure is low and Wher\ the lon cur-
idealizedEXB discharge but were not concerned with therent significantly exceeds the electron curréahich is the

. . . in an efficient Hall thr r Therefore j,=enu;
walls and their effects. We adopt their formulation as a start—C: asgnstan? WZ S(;']g” takea this cli)sr?stant ?o"ab(;rg J;esantli)r;
ing point and evolve it to explicitly include the relevant wall i ) . JRErep 9
effects the ion current at the exitwhich is the downstream end of

We start by writing the following momentum balance for the acceleration region and is located at the origin of the
the electrons in the direction: coordinate system shown in Fig). 2Ve can thus write

dP Ji ji0 jio
+eNME+(jeXB)y+ ——=0 1 Ne=Nj=_ —=_—= ®)
= T~ L N2
Venevexme ene (]e )X dX ’ ( ) e | eiUi eiUi . 29(¢a_ ¢):|12
where the electron inertia in the cross-field direction is taken M

as negligible. Herg@.=en,V, is the electron current density, where ¢, is the anode potential with respect to that at the
ve is the electron collision frequency, and the rest of thedownstream end of the acceleration zone. The latter potential

symbols have their usual meaning. is taken to be zero.
By using the following relations: We shall, for the sake of analytical tractability, takg,
de vi, and ve 10 be constant parameters of the problem. Fur-

(jeXB)X=jeyB:jexBQe, E,=— ax’ (2)  thermore we assum@.> 1, which is justifiable for a Hall
thruster. All that remains in order to close the system of

whereQ.=v./w is the electron Hall parameter, ardis  equationdEgs.(3), (7), and(8)], is an energy equation or a

the potential, Eq(1) can be solved foiex, prescription of the electron temperature in terms of the po-
tential, i.e.,To(¢).
jo= e d_¢_ M (3) In Ref. 19, the authors adopt the following ultrasimpli-
e,~ Me | €N d dx ) . PR
X fied energy equation:
wherep, is the classical cross-fiel®edersenelectron mo- kT,
bility - B¢ ©
e 1 4) where B8 is a number between 0 and 1. This means that the

Fe = MeVe 1+Qz' electron energy is allowed to increase linearly with the po-

éential as the electrons move from the cath¢atethe down-
stream end of the acceleration regidn the anode. We will
improve on this prescription by adopting a more physical,
albeit more complicated, form fdr.(¢) that would allow us

In Eqg. (3) we have explicitly expressed the electron pressur
asn.T., where the electron temperature is in units of energy
We also need to write a continuity equation for the elec-

trons to introduce the wall properties and their effects into the
Vi=v,eng, (5) problem.

wherev;, is the ionization frequency. Explicitly we have
die do e C. Prescription for  T.(¢) including wall properties
axx + &yy + ,922 = Viz€Me. ©) The wall properties we shall be concerned with here are

] ) . o those related to the secondary electron emis€&EE) char-
The second term vanishes if we assume uniformity inythe 5 cteristics of the walls. When plasrfrimary) electrons im-
d|reqt|on. We will also assume that, as far as the eIectrodypact the walls, a flux ofow-energysecondary electrons are
namics are concerned, no cprrent flows along the magnetig ited whose magnitude depends on the SEE coefficjent,
field. We are therefore left with defined as the ratio of the number of secondary electrons to
dje, that of the primarie®-22
ax Vil (7) SEE in Hall thrusters has been considered before in the
context of the near-wall conductivity effect which has been
Here v, is the frequency of ionization which, in Hall thrust- proposed by Morozoet al?® to explain the well-known en-
ers, is due to electron impact. hancement in cross-field electron mobility. The most explicit
Unlike in Ref. 19 we shall not be concerned with Pois-model for the effect has been advanced by Eifel.,?* who
son’'s equation since we will focus our analysis on theincorporated a model for near-wall conductivity in their nu-
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merical study of low-frequency oscillations in Hall thrusters. increases foif >T . OnceT} is exceeded, the large elec-
We shall not be concerned here with the near-wall conductron heat flux to the walls acts to “short-circuit” any further
tivity effect but rather with the SEE effects on the electronincrease inT, since the walls now act as a large energy sink.
temperature. By imposing a no-current condition at the wallsConsequently, and in the spirit of idealization, we limit the
and accounting for the fluxes of ions, primary and secondarglectron temperature 6} after this condition is reached at
electrons, the wall potential,,, can be written &4 some point on the potential profile.

Based on the previous discussion we are compelled to
, (10) formulate a model fofl¢( ¢) that would replace the simplis-
tic prescription in Eq.(9) with one that includes this SEE-
é'nduced guenching effect; specifically, we write

—Te 1/2 Ce
¢W—T|n{(1— Yeir) € v,

where the symbag inside the square brackets represents th
Eise of the natural logarithifand not the electron charge Te:T:(l_e—e¢/T:). (17)

Co=(8T./mm.)*? is the electron average speedg _ _
=(T./M)¥2 s the standard Bohm velocity, angy is the ~ Now, the energy of the electrons on their way to the anode is

effective SEE coefficient given by allowed, as before, to increase linearly with the potential but
b is quickly limited to T for =T} .

yer=T(2+b)aT?. (11) This model explicitly introduces SEE effects to our for-
HereT'(c) is the gamma function and andb are the pa- Mulation and, in combination with Eqg3), (7), and (8),
rameters of the exponential fit allows us to study the effects of the walls on the extent of the

acceleration zone.

y=ae® (12
to the experimental data of the measured dependeng®iof
the energy of primary electrons, in eV. Such a measure- |||, SOLUTION

ment, luckily, has been reported in Ref. 25 for the case of _ o
boron nitride, which is commonly the wall material for the A. Nondimensionalization

SPT. The corresponding vali#é<® are (for e<30eV) Before we proceed with solving the equations it is help-
ful to nondimensionalize them. In order to provide a link

=0. =0. itride. 13

a=0.141, b=0.567 (boronnitridg (13 between our results and those of Ref. 19, we adopt the same
For stainless steel walls we use the data from Ref. 26, whichondimensionalization:
yield

— $  __ X N

a=0.04, b=0.61 (stainless stegl (14) =% i Ne= 7 (18
There is therefore a substantial difference in the SEE wall,q
properties between the SPT and the TAL. Compared to insu- _
lators, metals have a considerably lowesince the second- — e —  Te

. . _ Je =7, TeE —, (19)

ary electrons lose their energy rapidly by electron—electron & eds

scattering and, as a result, the escape depth is of the order of o L
nanometers at most. Hengeis typically well below 2 and where we have used the characteristic lergthdensityn’,

the energy of the secondaries is I¢afew e\). and current density’. These reference quantities are defined
Most relevant to our discussion is the fact that the sigr@s follows. The characteristic length, is taken as
of the wall potential given by Eq10) can change_ depending ep, 112
on T, and the SEE parametessand b. According to Eq. |'= | (20)
(10) this important sign reversal occurs at a critical electron ﬁmewge
temperatureTy , given by Ve
20 m.) 1271 where it can be seen that the terms on the right-hand side can
| Ve) be grouped, to a mu!tiplicative constaiite/2v;,, as a ratio
TE=| ————| . (15  of an electron velocity (8¢,/me)Y? to the cyclotron fre-
al'(2+b) quencyw¢e, Which represents an electron cyclotron radius.
For the SPT and TAL operated with xenéd =131.3amy  Hence,
we therefore have
=\ ot (21)
T; BN: 165 eV, T: SS: 107 eV, (16) 2ViZ cer
respectively. The ratio v./2v;, represents an ionization efficiency index

Below T} the wall potential is electron repelle(due to  (the number of total electron collisions before an ionizing
a dearth of secondary electrgrand above it is attractivdo ~ one occursand depends on the scaling of the relevant cross
compensate for the enhanced presence of seconddriés  sections withT.. For xenon, as we shall more explicitly
would lead, as indeed has been shown numerié4lly,se-  quote later, this ratio ranges between ur(@éy energies ex-
vere consequences on the magnitude of the electron heat flaeeding 100 eYand about 3@at energies of about 15 eV
to the walls which is negligible foiT,<T; but abruptly —Therefore, for our problem, is of the same order of mag-
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nitude asr .. evaluated af .= ¢,, which is an upper bound and see that the term inside the square bracket vanishes when

for the range of .. values attainable in the device.
The characteristic density is

n'= , (22
2e
€ M(lsa
and the characteristic current densijtyis given by
j'=ey,n'l". (23

Under the above-stated assumptions and definitions w f Eq. (29)

obtain the following nondimensional version of E(R), (7),
(8), and(17):

_d¢ d __
JeX:ne_X__X neTe)a (24)
dj_ex__
il Ne, (25
Ne=(1—¢) 12 (26)
T,=T:(1—e ?Te). 27)

We now differentiate Eq(24) with respect tox, equate the

the potential reaches a critical valu(Eqn given by

T*
e

bon=1— R (31)

Since the currenﬂ,x must be conducted to the anode and

cannot vanish, the first and second derivativeghohust go
to infinity. At the locationx,, corresponding to this potential,
guasineutrality is lost and no solutions of tfoguasineutral

overning equation, Eq28), exist forx=Xxgq,. The solution
, therefore, cannot be used to estimajgexcept
for the particular case of; =0 where, as we shall see
shortly, a quasineutral solution exists over the entire accel-
eration zongbut ratherxy,, which is the axial extent of the
quasineutral pariof the acceleration region. We will shortly
show, however, that for typical parameters of the SPT and
TAL the distancex,—Xq,, Which represents the axial extent
of the nonquasineutral sheath on the anode, is small enough,
when compared tx,, that we can approximately estimate
the extent of the actual acceleration regiorxyas obtained
from the solution of Eq(28).

We now turn our attention to the task of finding an ana-

lytical solution for this equation and note that, unlike the
simpler case studied in Ref. 19, there is no apparent trans-

result ton, [Eq. (25)], then use the last two equations to formation that can be used to transform this nonlinear ODE

eliminaten, andi. We find after some algebra,

2 T* (1 _ o ITE
d 2(1—5)1’2+T:(1 e )

ax?

(1-¢)*

into an integrable one. This is due to the presence of the
function

(32

which is a second-order nonlinear ordinary differential equa-

tion (ODE) in E subject to the following boundary condi-

tions:

do _
—¢=o, $#=0 at x=0.

= (29

Since $=0 at the locationx=0, which defines the
downstream end of the acceleration zone, d@nrdd,=1 at

Xa, Which denotes the location of the anode, the extent of th

acceleration region is, by definitior, . Our goal is to solve

inside the square brackets of E@8). If, however, we ap-
proximate this function by

Fa(¢)= (33)

(1-$)2

a transformation can be found. Of course this approximation

és only good Whenglﬁ‘ is Iarge_enough, Wh_ich generally

holds in the vicinity of the anodeg{(=1) whenT} is small.

the above-mentioned differential equation in order to estiOr instance, consider the case of a SPT and a TAL operating

matex, for conditions typical of the SPT and TAL.

B. Analytical solutions

Before we attempt to solve E@29) it is instructive to

at a typical¢,=300V. From Eq.16) we have
(T%)gn=0.055, and(T*)ss=0.36, (34)

and the corresponding curves fe{(¢) are shown in Fig. 3.
It is clear from Fig. 3 thaF,(¢) is a good approxinla—

note that, as was the case for the simpler problem treated ify,, for F.(¢) for the SPT, especially near the anodg (

Ref. 19, the solution to this equati¢which is a quasineutral

solution may not exist over the entire extent of the accelera
tion region 0<x=<X,. Indeed, by simply differentiating Eq.

(2_4) once with respect t& and factoring the electric field
do/dx, we find

_ 2-TEa-e¥T )1 g)—2e 4T | dp
Je,= p—
2(1- $)12

= (30

X

=1). AsT; increases, the point at which this approximation

starts to depart fronk,(¢) recedes toward the anode. For
the largerT} of the TAL (T =0.36) we should not expect
the potential profile obtained from a solution obtained under
this approximation to be valid, but the value xf, should

still give an approximation of the extent of the acceleration
region since we expect, from the above-mentioned argument
and Eq.(31), ¢4, to be a good fraction of unity. We shall
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FIG. 3. Plot of Fy(¢) for three values off* including those for boron
nitride (SPT) and stainless ste€TAL) (in xenon at¢,= 300 V). Also shown

is the approximating functioﬁz(g).

later estimate the error in our analytical approximation gf

by comparing them to those obtained from a numerical so-

lution of Eq. (28).

E. Y. Choueiri

yielding

1—-(1-2T5Y2  coshi(1
C=- ( _—° T (1/2) . (42)
2T* (2T%)

Finally, solving fordx in Eg. (39), integrating again, and
applying the second boundary condition in E2P) which, in
terms of the new variabl®, is

T*

c1>=1+7‘e at X=0, (43
we find the solution we are seeking,
o [FTgg, PP R(@Io2Te)
¢ 2T
1/2
cosh }(®)
-—— ——C| . (44)
(2T5)""

Keeping the extent of the validity of this approximation To obtain the extent of theguasineutralacceleration region

in mind, we proceEd to find a solution E@8) whereFl(E)
is replaced byF,(¢),

d? _ T _
— [ 2(1- )2+ —=—|+(1-¢) ¥2=0. (39
dx® (1- )12

By switching to the new variabl® defined as

T*

d=(1- )24 ———, (36)
2(1-¢)"?
the above-mentioned ODE is transformed into
d2
ZW'FF(CD):O, (37)
where the function
_ @ 2 T\ 1/2
F(<I>)=_—*+(<I> +2T%) (38
e
does not contain any derivatives @f This leads to
2
(W +J F(®)dd=0, (39

where the functiorF(®), given by Eq.(38), can be inte-
grated to a closed form

O2—O(D2-2T)Y2  cosh }(P)
+ — +
(2T3)™"2

f F(®)dd= — C.
2T}
(40)

Here,C is the integration constant and is evaluated from the
first boundary condition in Eq(29) which, in terms of the

new variabled, is

do

=0 atx=0, (41)

Xgn, the lower bound in the above-mentioned integral must
be changed to the value df corresponding tapy,. From

Egs. (31) and (36) this lower bound is 2T%/2)"2 and we
can write

— 14752 A

Xan™ J 2(T* /2)1’2W?' 49

The analytical expression of this integral is much too cum-

bersome to write and it is far easier to carry out the above-

mentioned integration numerically with a simple quadrature.
There does exist a relatively compact closed form solu-

tion to the problem in the limiff; —0. Then, Eq.(39) be-

comes simply

(d(b 2 J do 0 46
& ) e Y “9
and leads to
_ J’l do @
X= ,
oy—=Ind
which in turn integrates to
_ (1 do — wErfi(yIn®)In® 49
X= = s
oy—Ind V=In®
where
i Erf(iz)
Erfi(z) = - (49

The extent of the acceleration zorg,, which for this par-
ticular case is the same as the anode posikignjs obtained

by changing the lower integration bound in the above-
mentioned integral to O.
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TABLE I. Comparison ofxg, estimates obtained using the approximate 10
analytical solution to those obtained numerically. 0
055
— — 08 —
— — an an 1
TS dan (Runge—Kutta (Analyt. Approx)
0.6
0 1 1 1
0.05 0.972 0.842 0.848 |&
0.1 0.95 0.766 0.757 04—
0.36 0.82 0.468 0.37
02 -
C. Evaluation 00— T T T T
. 00 02 04 6 038 10
We are now at a position to evaluate the extent of the X/ ()"

(quasineutral acceleration regionx,, from the above-
. . . e FIG. 5. Potential profiles obtained from the direct numerical integration of
mentioned analytical solutions. The results Tgr=0, 0.055 . . . , =, . .
. . the differential equatiofiEq. (28)], for a wide range off; values including

(SPT with BN wallg, 0.1, and 0.36TAL ywth SS wallg are  ihose of the SPT0.055 and the TAL(0.36.
tabulated in Table | where we also give the results of the
direct numerical integration of the differential equatidty.
(29)]. include Poisson’s equation. It is shown in Ref. 19 that in the

We note from Table | that the analytical approximationsanOde sheath the potential distribution is determined by the

are good for the SPTTE =0.055) and forT* =0.1 but un-  ion space charge which, in the vicinity of the anodg (

derestimatex,, by about 20% for the case of the TAIﬁ =1), leads to a Poisson equation in which the electron den-
=0.36) d sity can be neglected. Therefore, instead of @6) we can
' : i+ ~19
In light of the discussion of the approximation in Sec. Write
11 B, and of the plot in Fig. 3, we should expect this agree- dzg .
ment to get worse as we get further downstream from the CGE" —(1-¢) 2, (50)

anode. Indeed this is shown by the potential profiles plotted

in Fig. 4 where it is clear that while the analytical approxi- which leads to

mation of theprofile is quite good for the SPT, it is not so for ., — 1 _

the TAL. However, the model, as we have seen in Table I, is ~ Xa™X= SNa(1-¢)"? for Xg=x=Xa, (51)

better at estimating thextentof the zone, i.e Xqn, Whichis  \yhere

the focus of our study. )
Before we discuss the implications of these results, it is = Viz Me®ce€o

informative to look at a set of potential profiles obtained v, en’

from the direct numerical integration of the governing differ-

(52

The corresponding sheath potential profiles are shown in

ential equationEq. (28)] over a wide range of . values. fig. 5 as extensions to the numerically obtained quasineutral
These are shown in Fig. 5 along with the matching potentlabmf"es for a range of values.

profile extensions in the space-charge-limitadngquasineu- We note the following from that figure:
tral) sheath. These sheath solutions are beyond the domain of

Eq. (28) since the model that led to that equation did not(1) Wall properties have a significant effect on scaling the
extent of the acceleration zone which is on the order of a

few electron cyclotron radii.

105 (2) With increasingT; (i.e., decreasing SEE coeffici¢rhe
total acceleration regioiquasineutral plus sheattoe-
08 comes restricted to a thinner layer near the anode.
(3) For the SPT, and even the TAL, the extent of the anode
06 o° sheath(for a<2) remains a small portion of the extent
< Analytical Approx. of the total acceleration region, thus justifying the ap-
04 — proximationX,,=X, we adopted earlier when we used
T e(=]505f ; the extent of the quasineutral regiémhich is uniquely
02+ 1 a determined independently @f) as a measure of the ex-
; 36: @ tent of the entire acceleration region.
00+, I I I I I (4) For both variants most of the the potential d{8F% for
00 02 04 08 10 the SPT and 82% for the TAloccurs in the quasineutral

0.6
= 1/2 . . . .
X/ (n) part of the acceleration region, implying that even the

FIG. 4. Potential profiles obtained from the approximate analytical solution TAL is not m'”y a space-charge-sheath accelerator.
(scatter plot compared to the profiledine plot) obtained from the direct )
numerical integration of the differential equatifiaq. (28)], for four values It may also be of interest to note that the above-

of T including those of the SPT0.055 and the TAL(0.36. presented model and results can conceivably be adapted to
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study the effects of current-conducting walksg., electrodes
implanted in the acceleration region as in Refs. 27 and 28
by introducing the electron emission characteristics of such

walls to the model through an effective .

D. Implications

Since the focus of our study is on the difference between
the SPT and the TAL, we are compelled to explicitly esti-
mate the magnitude of the reduction of the extent of the
acceleration zone when the walls are changed from boror
nitride to stainless steel, while other parameters, such as th
magnetic field and the potential drop are kept constte
latter at 300 V. From Table | we calculate a factor of 1.8
reduction in thenondimensionaéxtent. To calculate the ac-
tual dimensional reduction we write

(an)sp'r: (7qn| ')SPT: (an\/ velViz)spr
(Xgn)taL  (Xgnl ") 7aL (XgnVVe! Viz)TaL '

where we have used the definition of the characteristic lengt IG. 6. Schematic of the idealized phenomenological picture illustrating the
;o . . . undamental difference between the two Hall thruster variants.

[" given in Eg.(21). The ratiov./v;, can be approximated

by the ratio of the respective cross sectigqhd Q;, , which is

a function of the electron temperature. For the SPT and the

TAL we haveT,=Tg =16.5 and 107 eV, respectively, and

the corresponding cross-sectional ratios for xenon can be calpointing away from the wal] whose width is representative

culated from the measurements in Refs. 29 and 30 to be of their numbers and whose height gives a qualitative mea-

(53

Q. sure of the secondaries’ ener@yhich is significantly lower
— =28 for T,=16.5eV (SPT) (54)  than that of the primarigsThe wall potential in that region,
Qiz like in the standard case of a non-current-carrying wall in a
and plasma, is negative and repels electrons in order to keep the
Q sum of the ion, primary electron, and secondary electron
~f-15 for T,=107 eMTAL). (55)  fluxes to zero. This situation continues upstream until a criti-
Qiz cal point is reached at which the number of emitted second-
Therefore ary electrons is large enough that the wall potential must
(Xan) og| 112 revert in sign(and become electron attractinp order to
avSPT__5 3 <_> -78. (56)  maintain the no-current condition. For the SPT, which has
(Xgn)TAL 1.5 insulator walls, this happens at a relatively low electron tem-

The acceleration zone for the thruster with the meég®d perature(16.5 eV for xenon gas and boron nitride walls
walls is therefore confined to a region near the anode that ighile for the case of TAL this does not happen until a much
about eight times less in axial extent than that in the thrustehigher temperature since the secondary emission process for
with the insulatorBN) walls, thus justifying the appellation the metal is not as effective as that of the insulator.

“thruster with anode layer” for the former. Once this critical temperatureT? , is reached the
electron-attracting wall potential causes a substantial in-
IV. CONCLUDING PICTURE crease in the electron heat flux to the walls thereby short-

%:rcuiting any further increase if,. In our idealized model,
i
I

The results obtained and the ensuing discussion allow us’. ™. .
to draw a concluding idealized picture of the fundamental is is represented by an electron energy profile that asymp-
totes toT} [cf. Eqg. (17) and the qualitativel plots in Fig.

qualitative difference between the two variants of Hall
thrusters. This picture is represented schematically in Fig. @]' ) ) . .
where the SPT and TAL channels are shown along with the ~ ° far all is happening under conditions of quasineutral-
associated profiles of the potentid) the electron tempera- ity. Since the ion flux is constant b_ut the ion velocity is lower
ture, T, and the wall potentiap,, ; the latter is based quali- &S Weé approach the anode, and since the electron temperature
tatively on the calculations in Ref. 24. stopped increasingdue to the quenching effect described
As the electrons enter the chann@r are produced earlien, the electron density must increase in that direction in
through volume ionizationtheir energy increases monotoni- order to maintain quasineutralifgf. Eq.(8)]. This will even-
Ca”y with the app“ed potentiaL With the increase in e|ectr0ntua”y lead to a crisis since further increase in electron den-
energy of the primaries comes an increase in the number @ity must be compensated by further increase in the electric
low-energy secondary electrons emitted from the wallsfield, d¢/dX, in order for the electron current not to vanish.
These electrons are represented by short and wide arroviifhis can be seen by recalling E@4),
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