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Resistive instabilities in Hall current plasma discharge
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Plasma perturbations in the acceleration channel of a Hall thruster are found to be unstable in the
presence of collisions. Both electrostatic lower-hybrid waves and electromagnetia) Alfees
transverse to the applied electric and magnetic field are found to be unstable due to collisions in the
EXB electron flow. These results are obtained assuming a two-fluid hydrodynamic model in slab
geometry. The characterisitic frequencies of these modes are consistent with experimental
observations in Hall current plasma thrusters. 2@01 American Institute of Physics.
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I. INTRODUCTION proach were pointed out in Ref. 6; however, the stability
analysis of Alfven waves cannot be found in the available
Hall thrusters are now being tested and seriously considkterature.
ered for propelling the next generation of spacecraft. One of  The resistive instability discussed in this paper is in fact
the important issues for the successful operation of the Halh special case of the more general process wherein an insta-
current plasma thrusters is the presence of plasma oscilldility is driven by coupling to a dissipative process. Such
tions. This issue has been recognized since the earliest invesffects have been well studied in the literature, such as
tigations(see, for example, Ref)1Apart from their interac- plasma flow in the presence of a resistive Walh the
tions with the power processing circuits, these oscillationgpresent case, although the driving mechanism for the insta-
play an important role in controlling the transport, conduc-bility is different from the resistive-wall instabilit§, it is
tion and mobility in Hall thrusters, directly affecting the clear that the instability will occur only due to the interaction
thruster performance. of the wave with the electro& X B flow in the presence of
Careful consideration must also be given to possible inelectron collisions.
teractions with the satellite electromagnetic systems used for This paper is organized as follows: In Sec. Il, we write
communication and navigation. The possible influence othe model equations. In Sec. Ill, we derive the dispersion
thruster plumes on communication signal propagation is ofelation for unstable electrostatic modes, namely lower-
considerable intere$tNonetheless, the electromagnetic in- hybrid waves. In Sec. IlI, the growth rate for unstable elec-
terference, produced by the thruster during normal operatiorifomagnetic modes is found. Section IV offers a dicussion
is rarely studied and its driving mechanisms are not suffiand summary of our results.
ciently understood.
For example, the model of hydrodynamic plasma insta-
bilities, usually co.nsidered in t'he literatutelespite its gen- || MODEL EQUATIONS
eral agreement with the experimental datiges not explain
all of the observations. Azimuthally propagating waves in Let us consider Hall thruster two-component plasma,
the acceleration zone of the thruster are obséreedn when  consisting of ions and electrons immersed in the magnetic
the instability condition given in Ref. 3 is not satisfied. field By, such that on the scale of the device electrons are
In this paper we study two-dimensional plasma pertur-magnetized, while ions are unmagnetized:
bations in a Hall current plasma thruster using two-fluid hy-
drodynamic theory. Instead of looking at the gradient-driven
instabilities, we identify and consider the destabilizing ef- In order to simlify the problem, we neglect the variations
fects associated with electron collisions. Despite the widelyof electric field and plasma density in the radial direction.
recognized importance of electron collisions for thruster op\We also neglect the axial component of the magnetic field.
eration, most of the models for plasma oscillations do notSuch a purely radial magnetic field in the thruster channel
include collisional terms. Yet, we do find oscillations char- will diverge with its magnitude being inversely proportional
acteristic of Hall thrusters to be destabilized precisely byto the radius. Therefore the drift velocity of the electrons will
electron collisions. be proportional to the radial position in the channel. How-
We consider also electromagnetic waves. Perturbationsver, the angular velocity of the electrons around the channel
of an electromagnetic nature, namely Alfveraves, were not  will be constant. Therefore there will be no shear in the
considered in Ref. 3. The characteristic plasma frequencglectron flow. Such characteristic of the electron flow is usu-
and velocity scales found will then apply only for a small ally called the isodrift flow. Thus we can simplify the prob-
fraction of possible Hall thruster configurations and operadem to purely two-dimesional by neglecting the channel cur-
tion regimes. The limitations of the electrostatic-only ap-vature and considering slab geometry. For simplicity in the

pe<L<p;. (1)
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following analysis, we also neglect all plasma inhomogene

ities, assuming variations of both density and magnetic field

along the channel to be small.
The ion motion is governed by the following set of fluid
equations:

AN
—+V(v N;)=0,

ot )
(?vI -
W+(U' V)v, ME' 3

The zeroth order solution is the axial flow of unmagne-

tized ions being accelerated by the electric field in the chan..

nel according to

e
M

dUo
Y0 dx

(4)
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The electron motion is accordingly governed by the set

of continuity and momentum equations:
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In the zeroth order, assuming< () the electrons move
in they direction with the drift velocity,

()

The linearized system for the small perturbations of ion
and electron densities and velocities can then be written as  ®?=

follows:
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IIl. ELECTROSTATIC LOWER-HYBRID WAVES

Let us now consider electrostatic perturbations in the
presence of electron collisions. Then the perturbation of elec-

tric field is determined by the perturbation of the potential
El— —-Vao. Considering oscillatory  perturbationsA

xAg eprwt—lkr) the fluid equations for the two species
will yield the following solutions for density perturbations:

kZENiO ¢ (12)
ni=——————0ao,
M (0)_ kxvo)z
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We have introduced here gyrofrequencies and plasma fre-
quenues for ions and electrorf®; ;=eBy/m; .c and w, e
=4e? Neo/m; o respectively. Also we assume

Qi<w<ﬂe, (14)

which is mostly valid for the oscillations, observed in Hall
thrusters, where ion and electron gyrofrequencies are typi-
cally of the order of 16 and 18 Hz, respectively.

Now we can substitute the obtained density perturba-
tions into Poisson’s equation

—k2p=4me(ne—n;), (15
which will yield the following dispersion relation:
wiz wg wg ive o 16
(0—kwo)? Q2 Q2 (o—kylg)

This is the dispersion relation for the lower-hybrid waves,

modified to include collisions of the rotating electrons.
Consider now waves propagating along thelirection,

so thatk,=0, which, in real thruster geometry, corresponds

to azimuthally propagating waves. Under the assumption

(17

which will be discussed later, the solutions for the dispersion
relation (16) can be obtained as follows:

a)<|kyU0|,
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where the last term in the denominator in the right-hand side
(RHS) is small, therefore the final solution is

. ( 1 ivew?9 19
W=Z O | LT o
2k, Ug(wZ+Q))
Here the lower-hybrid frequency is defined as
202
2 a)i Qe
o= 20
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We have two modes, one of which will be unstable with the
growth rate

2
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Let us return to the assumptidd?). In a typical Hall

plasma thruster with the maximum applied magnetic field
200 Gs, thruster channel diameter 10cm and characteristic
plasma density 18cm ™3, the lower-hybrid frequencw,
~10’ Hz can indeed be neglected comparedo,, which
even for the smallest values kf allowed by azimuthal sym-
metry will be at least order of magnitude larger. At the same
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time, a similar order of magnitude estimate for the increment 2 2 2

of this instability, using effective electron collision fre-

1 1

quencyv,~10° s71, yields y~10° s 1.

IV. ELECTROMAGNETIC WAVES

For electromagnetic waves, it is no longer valid to rep-
resent the perturbations as functions of the electric potential
only. The density and velocity perturbation can, however, be ( k25ij —kik;—
related to the electric field. The ion equations then remain

almost unchanged:
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While for the electrons from Eq$10) and(11), we obtain
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The wave equation
2

yields the general notation for the dispersion relation, which
can be written as

2
w
k)%Exx_F kykx( ExyT ny) + k)z/eyy+ ? ( Exx€yy— exyeyx) =0.
(37)
If we once again consider only “azimuthal” propagation
ky=0, k=k,, we have

k2c? B €xy€yx
— T Exx . (38
w Eyy

We now substitute the notations for plasma dielectric tensor
(32)—(35) to obtain the dispersion relation

We have used here the Maxwell's equation relating pertur-

bations of electric and magnetic field, which in our case can

be written as

—iwB=—ck.E,—k,E,). (28)
The perturbation of the currerﬁtcan be written as

ix=elnvo+No(vix—vex ], (29

Jy=€[ —nelg+ No(viy—vey . (30)

The plasma dielectric tensef, can then be written as

k2032 w? 0?0’ (0—Kuyg—ive)
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(39
Here we have introduced the Alfwevelocity
BZ
2 0
YAT 4mNM (40
and simplified(20) to
w? :ﬂzﬂ.ﬂ (41
LH w§+Q§ if~e-

We seek the solution of39) in the form of unstable wave
with the frequencyw=w,—iy, assumingy<w,. After
some calculations using the estimdk<w,w;,w y, We
obtain the solution as the Alfvewave

w,~Kvp, (42

which will be unstable with the growth rate

(43

For the typical value of Alfva velocity in Hall thrusters
va~5x1CP cm/s, the frequency of these waves will be

4
Di= eiBx=Exdik+ 7 1i(Ew).- (31)
The components of the dielectric tensor can then be found to
be
w—KyUg) 2 w?
exx=1+( Y e — (32)
wQg (w—Kkyvo)
2 2
1) wi Ky
€=~ o —— (33)
olle  w(w—kwo)

~10° Hz and the growth rate~10* s 1.
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V. DISCUSSION AND CONCLUSIONS remains, however, to distinguish experimentally the resistive
mechanism of instability of the modes considered here from
fhe mechanism of instability due to field or density gradients.
Observations of the instability in regions clearly gradient
free would support the theories advanced here.

We obtained linearly unstable solutions for azimuthally
propagating waves in Hall thrusters. The purely azimuthal
electrostatic lower-hybrid wave is shown to be driven un-
stable due to the resistive coupling to the electron drift flow,
rather then, as commonly thought, driven unstable only by
density and magnetic field gradients. The Aliveiave is ACKNOWLEDGMENTS
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