|[EPC-99-141

ROLE OF MAGNETIC FIELD IN KAUFMAN TYPE ELECTROSTATIC ION
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A KMALIK
Plasma Physics
Blackett Laboratory,
Imperial College,
London. SW7 2AZ

Abstract
The interaction of a plasma jet from the hollow
cathode and the convergent magnetic field in the
coupling plasma zone of an electrostatic ion
thruster, is a complex phenomena comprising a
number of different physical processes. The main
mechanism for the flow of the electrons towards the
baffle annulus is the cross-field diffusion in the
anomalous regime. The magnetic moment of the
orbiting electrons within the external magnetic field
is adiabatically invariant and the perpendicular
energy of the electrons increases to 7.4eV due to
transition through the magnetic barrier. Some of the
diffusing electrons carry this energy towards the
baffle annulus.

1. Introduction

A static magnetic field plays a crucial role in the
overall performance of Kaufman type electrostatic
ion thrusters. Varying this field permits very
versatile thruster operation where the device can be
throttled over a wide range'. Within the discharge
chamber of the ion thruster it determines the
containment time of the electrons for ionization
purposes and within the coupling plasma zone it
interacts with the  axisymmetrical expanding
plasma plume emerging from the hollow cathode.
During the course of the latter interaction the
thermal and the directed energy of the primary
electrons at the baffle annulus gap is increased.
Wells’, using Langmuir probes in Kaufmann type
ion thruster operated in mercury, has observed that
the energy of the electrons just outside the baffle
annulus, is of the order of 26eV and has related the
increase in the energy of the electron to the plasma
potential difference between the main discharge
chamber and the coupling plasma zone. .Monterde’
using hollow cathode in a diode configuration has
shown that the energy of the electrons emerging out
of the hollow cathode orifice is of the order of
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0.8 eV. Brophy and Wilbur* has considered the
transport of the electrons across the baffle annulus.
The distribution of the externally applied magnetic
field within the coupling plasma zone converges in
the increasing x- direction as shown in fig.2.
Recently Milligan® has reported similar results for
the magnetic field distribution within a passive
coupling plasma zone (i.e. in the absence of plasma
) of an ion thruster.

Wells” has also observed the overall flow pattern of
the plasma within the coupling plasma zone and
has correctly predicted the presence of a turbulent
plasma regime within the coupling zone, and has
invoked particle-orbit description to explain the
flow pattern. As shown in this paper the particle-
orbit description is valid over a limited portion of
the coupling plasma zone.

Detailed interaction of the plasma emerging from
the hollow cathode orifice with the magnetic field
in the coupling plasma zone has been considered in
this paper. It is shown that initially the plasma
penetrates the magnetic field and the field is

distorted, until the magnetic energy density exceeds .

the flow field energy density. At this juncture the
electrons are trapped while the ions are unaffected.
This leads to a charge separation and the plasma is
subject to a hybrid radial confinement. Electrons
are well confined by the magnetic field and ions are
trapped in the negative space charge field. The
plasma is negative with respect to the side walls in
contradistinction to the conventional ambipolar
diffusion in the initial phase of the plasma
expansion where the high radial electron diffusion
leaves the plasma positive. Thus a field reversal
occurs during this part of the plasma expansion.
Subsequently, the electron magnetic moment for an
externally applied magnetic field remains constant
and the perpendicular velocity of the orbiting
electrons v, within the converging magnetic field
increases. Plasma instability sets in when v > vy
and the outward radial flux of the electrons is then
determined by the anomalous diffusion transport
processes. Some of the electrons diffuse across the
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magnetic field carrying the maximum energy
gained at the magnetic barrier of approximately 7.5
eV. The diffusion layer is sandwiched between
negative potential fields set up due to the Hall
effect in upstream layers and the space charge
layer that exists downstream near the baffle plate.
The resultant field across the diffusion layer is
aligned in the direction of the baffle annulus and
thus acts as a guiding field for the diffusing. The
potential set-up due to the Hall effect is not known,
but that due to the space charge layer is estimated
to be of the order 0.4 volts. In this paper, Wells®
primary experimental data has been used
exclusively to evaluate the various physical
processes taking place within the coupling plasma
zone.

2. Description of the coupling plasma zone
within a Kaufman type electrostatic ion thruster

Fig.1 shows the dimensions of the coupling plasma
zone within a Kaufman type electrostatic ion
thruster investigated by Wells’. A beam of plasma
from the hollow cathode enters the coupling plasma
zone at 'A'. The hatched area represents the
magnetic circuit.

Discheroc chamb.
MW
NN >
Cothode pole : B
 8mmgap .
Bm‘ﬁc\ / i Thrustor
radius
hollow cathade B ’ } :
(0.2mm Dia orifice) A £ £ I
] JE E -
3 S |
i |
Coupling plasma !
1

zone

g
-

X
I RN

Fig. 1 Coupling plasma zone

DC magnetic field within the magnetic circuit is
generated using a number of DC solenoids located
around the body of the thruster. The magnetic-field
within the coupling plasma zone converges in the
x-direction as shown in fig.2. It, in fact represents
the stray field associated with the main magnetic
circuit. Fig.3 shows the field strength variations
along the axis of the zone, where the maximum of
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Fig.3  Magnetic field along the axis
and the magnetic barrier

the applied field is 3x107 tesla close to the baffle
disc. The electron energy distribution just outside
the hollow cathode orifice within the coupling zone
consists of a Maxwellian distribution and a fast
electron stream as shown in fig.4. The energy of the
incident electrons at 'A' is of the order of 0.8eV and
after interaction with the converging B- field the
energy of the electrons increases to 26eV at the
location 'B' just outside the baffle annulus.. The
baffle and the magnetic circuit are grounded at
earth potential.
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Fig. 4 Electron energy dist;‘ibution
Outside the cathode

3. Interaction of the magnetic field and the
plasma flow within the coupling plasma zone

The interaction of the plasma jet, emerging from
the hollow cathode, and the converging magnetic
field in the coupling plasma zone is a complex
phenomena involving a number of different
physical processes. To facilitate an understanding
of the various processes, the coupling plasma zone
is sub-divided into five regions as shown in fig.5.
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Fig. 5 Plasma interaction with the
Converging magnetic field

In region 1 the magnetic field strength is small and
the plasma expands as a axisymmetric plume driven
primarily by the sharp density and pressure
gradients.

In region 2 the magnetic moments of the particles
arising from the thermal velocities transverse to the
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stream are adiabatically invariant and the particle -
orbit treatment is valid. The square of the
perpendicular velocity of the orbiting electrons
increases in direct proportion to the magnetic
barrier . In region three, two stream instabilities set
in when the perpendicular velocity of the orbiting
electrons exceeds the thermal velocity. This in turn
gives rise to anamolous diffusion transport across
the magnetic field and in the direction of the baffle
annulus.

A negative space charge layer exists in the fourth
region adjacent to the baffle disc. The resulting
potential field in conjunction with the Hall potential
directs the diffusing electrons in the direction of the
baffle annulus.. The fifth region constitutes a
narrow .

para-axial channel of charge carriers extending
from the cathode orifice to the baffle disc, and is
essential for the existence of the negative space
charge layer adjacent to the baffle disc.

The detailed description of the processes taking
place in the various regions are as discussed below:

3.1 Axisymmetric plume expansion ( region 1)

In this region the magnetic field strength is
negligibly small and the quasi-neutral plasma from
the hollow cathode expands as an axisymmetrical
diverging plume driven mainly by the force due to
the large pressure gradients. The flow is
essentially ambipolar, where the high radial
electron diffusion leaves the plasma positive with
respect to the side walls. The energy density of the
plasma 1/2 pv? is greater than the magnetic energy
density B%u, in this region, and the magnetic field
distribution is distorted as shown in fig.5.Her, p,v,
B, and p, are the fluid density, fluid velocity, the
magnetic field and the permeability of free space
respectively. The high radial electron diffusion
leaves the plasma positive with respect to the side
walls, and the resulting electric field E, is directed
outwards.

3.2 Electron orbit flow and the magnetic barrier

Region 2)

At a short distance from the cathode, the plasma
flow comes under the influence of an increased
intensity of the applied converging magnetic field.
Initially the electrons penetrate the magnetic field
until their kinetic energy density is less than the
magnetic energy density i.e. '/, pv* < B* /up. At
this juncture the electrons due to their small Larmor
radius r =v/@, = v,/eB are trapped and the ions
continue to expand along their initial trajectories. A
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charge separation occurs giving rise to an inward
directed electric field E,. as shown in fig.5.The ions
experience an inward directed radial force and the
plasma is pinched.

The incident plasma velocity vector is at an
oblique angle in relation to the B-field as shown in
fig5b.The Vx B interaction giving rise to induced
field may be assessed by considering the interaction
of the component vectors V, x B, and V, x B, . In
both cases, the induced field is azimuthal, but in
the former case the resulting body force is axial
whereas in the latter case pinching of the plasma
occurs.

The potential ¢ due to charge separation ( Hall
Potential) may be obtained by solving the
generalised Ohms law or the Poissons equation in
terms of the total charge q (r, X) :

Vi =q(r,x) M
In cylindrical co-ordinates this takes the form
@+ (A @) + D=9 (1, %) )
Equation 2 may be solved using Hankel’s functions
to give ¢ (r,x).

The numerical solution for ¢ (r,x).using the above
formulation at the time of writing of this paper is
still incomplete and only the qualitative
implications of ¢ (r,x). have been considered in the
rest of this paper.

The radial component of the induced electrostatic
field E, due to charge separation,

in conjunction with an externally applied
orthogonal magnetic field component B, gives rise
to a tensor conductivity and the directional current
components j,, jx, and jg are

p ©))

Jo = ﬂ2+10'(ij)

1
Jo= 57 —70(xB)
g +1 )

Where the Hall parameter

B= @./¢ = eB/m{ &)
@, and ¢ are the cyclotron and the electron

collision frequency respectively.

In eqn.3, j4 is the azimuthal Hall current component
and j, the radial current component transverse to B-
field and parallel to the electric field E, .

When (3 >>1, then
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Jo = S OUUX
e ,18 .]
Jo= FUUX B)
(6)
and when [ <<1, then
J:e = IBO'(JXB) and

It is obvious from eqns.6&7 that the electron
azimuthal current component jy increases with
increasing B-field in the x-direction whereas the
radial component jr is reduced.
Within the converging magnetic B-field the
magnetic moment y is adiabatically invariant when
the rate of rise of the externally applied magnetic
field < o along the stream and where ®,; -is the
cyclotron frequency of the ions. For an externally
produced DC static magnetic field, the above
criterion is easily met and the magnetic moment
u is constant.
For a converging magnetic field as shown in fig.2,
the larmor radius of the orbiting electrons r =
vm/eB decreases as the electron progresses into the
region of increasing B-field, along the x- direction.
The perpendicular velocity of the orbiting electron
v, is given as

puB=12mv,? ¢))]
With the electron magnetic moment p constant,
the perpendicular velocity v, increases with
magnetic field B.

For a magnetic field barrier AB = B, - B, ( fig.3)
the increase in the perpendicular velocity of the
orbiting electron is

2
V= ZEAB
m )
3.3 Anomalous transport and plasma
instability ( Region3)

For a large magnetic barrier AB , v; may not
increase to its limiting value as given by Eqn.8.
When the perpendicular velocity of the orbiting
electron v, exceeds the electron thermal velocity
vth, the plasma is distorted and the resulting
microinstabilities give rise to turbulence. Plasma is
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then dominated by collective fields rather than
individual field of the ions. With increased
collisions in this regime, the Hall parameter B is
less than unity and the conditions of eqn.7 apply
Within the anomalous regime both the plasma
conductivity and the diffusion coefficient deviate
considerably from their classical values; the former
decreases and the latter increases.
Within the anomalous regime
conductivity (o= ’nw/m 1)
decreases as the collision time in the anomalous
regime is

[ml)% 2
r = |—=| £

the plasma

m, a)p (10)

Where the plasma collision frequency:

n? »
w0, = . an
E,m

In the classical regime the collision time is

. 2” . - .
simply 7, = —— , where ¢ is the collision

4

Anomalous conductivity leads to increased
resistivity and the electron components are heated
in the process.

frequency.

In addition to the transverse conduction
due to the electromagnetic forces, electrons also
exhibit cross-field Bohm type drift in the high
magnetic field region where the Bohm diffusion
coefficient Dy = d’w. = V@)’ @ ~ I/B. In
contrast to this the classical diffusion in the weak

where the plasma collision frequency:

In the classical regime the collision time is simply ,
where ¢ is the collision frequency.

Anomalous conductivity essentially leads
to an increased resistivity and the plasma is heated.
The applied magnetic field in the main, hinders the
motion of the electrons across the field, whereas the
motion along the field is unhindered. Thus the
diffusion coefficient Dy (= vy’ / ¢) parallel to the
field is not affected by the applied magnetic field.
The cross- field coefficient given by the Bohm
diffusion coefficient Dy = d’ew, = (V/w-.)* @, ~ 1/B
is many times greater than the classical diffusion
coefficient D =a’C ~ 1/B%.

Thus in an anomalous regime the electrons diffuse
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across the magnetic field

and some of them carry with them the maximum
barrier velocity v, attained just before the onset of
the turbulence; others are moderated through the
scattering process.

For a magnetic mirror with converging magnetic
field, the reflection coefficient R at the barrier is

R=1-By/ By, (12)
where By and B,, are the initial and the barrier
magnetic fields.

3.4 Space charge layer in the vicinity of the baffle
Disc (Region4)

The electrons in the turbulent region.3 as discussed
above, diffuse in both x and the radial directions. In
addition there is a flow of the para-axial electrons
to augment the flow in the x-direction.
Consequently as discussed in sect.3.5 the baffle is
charged negatively and a space charge layer exists
in its vicinity. The space charge layer is essentially
contained by the converging magnetic field and the
shape of the space charge resembles a frustum.

The potential associated with this negative space
charge layer may be approximated by considering
charge q within a cylinder of equivalent radius a
contained within an outer cylinder ( the cathode
pole) of radius b. The potential is given as

4 - q(inb/)

27 Eo (13)

Here q is the charge per metre length of the
cylinder.

3.5 Paraxial Electrons . (Region5)

It is assumed that a beam of paraxial particles
contained within a radius equal to that of the hollow
cathode orifice ( 0.1 mm) travels undeviated ( no
spreading due to space charges) across to the baffle
disc. The fast energy stream of the electron
distribution ( fig.4) are substantially contained
within this beam. and it is further assumed that no
collisions take place between the particles prior to
reaching the plasma turbulent region3. These
particles penetrate the magnetic field to an
appreciable extent (compared to the penetration of
the Maxwellian electrons discussed in section2)
before they are trapped by the magnetic field and
the subsequent trajectory is trochoidal and the
radius of the successive orbits decreases in the x-
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direction .If the maximum of the applied magnetic
field is insufficient to completely reflect the
particles then the shape of the trajectory traced
resembles a frustum.

Within the sensitive turbulent region3 (fig 5), most
of the Maxwellian electrons are reintroduced into
the region and the number of the electrons far
exceed that of the positive ions. Hence n. > n; and
the particle flux to the baffle is mainly that due to
electrons. The baffle acquires negative charge and
the on coming electrons are reflected giving rise ta
space charge layer adjacent to the baffle disc. The
trailing positive ions form a layer neutralising part
of the negative space charge on the side of the
hollow cathode. The leakage to the baffle and the
diffusion losses are balanced by the incoming
particles. Because of the converging magnetic field
and the fact that the electron reflection coefficient is
less than unity, the trajectory traced by the electrons
resembles a frustum. The electron charge
accumulation within this frustum gives rise to a
negative potential field.. The diffusion layer of
region.3 lies between the potential field due to
space charge layer and the Hall field generated in
the charge separation layers. The resultant field
guides the diffusing electrons in the direction of the
baffle annulus.. The potential due to Hall effect is
given by eqn.2 and that due to space charge layer
may be estimated using eqn.13 applicable to a
coaxial cylindrical configuration.

4. Results
Taking the plasma electron density just outside the
hollow cathode orifice as 10"*m™ , the electron

1
energy density E,ov2 is ~ 10" J/ m®. Equating

2

this to the magnetic field energy density s
Y7,

gives the initial confining B-field as By = 3.5x10™
tesla. From fig.3 this occurs at a distance of 8mm
from the cathode orifice. The corresponding
electron Larmor radius

r (= vm,/eBy ) of initial energy 0.8V is 6mm.
From the particle-orbit considerations the reflection
coefficient R for the electrons reflected at the
magnetic barrier in a converging magnetic mirror is
given by eqn.12. In the present set-up the maximum
applied magnetic field B, ( = 3x10” tesla) in the
coupling plasma zone is an order of magnitude
greater than the initial trapping magnetic field By (
= 3.5x107 tesla ) and R= 90%. Thus in the present
set-up all the particles are not reflected , at least
10% of the incident particles are able to reach the
baffle disc and majority of these are from the fast
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electron stream ¢, (Fig4) emerging from the hollow
cathode.

The average magnetic moment of electrons in a
plasma in thermal equilibrium at temperature T, is
Uay = kT / Bo. Thus for T,=0.8 eV,

Hav =3.6x107'¢ J/ tesla.

The initial electron thermal velocity vy, (= 4. 19x10°
my/s) for T =0.8eV is vy, =3.7x10° m/s.
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Thus the perpendicular velocity v, of the orbiting
electrons is equal to the thermal velocity at a
distance of 26mm from the hollow cathode orifice,
and this marks the beginning of the turbulent
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phenomena ( region.3) within the coupling plasma
zone.

Assuming that the shape of the space charge layer
in the ragion.4 resembles a cone of base radius
0.1mm and height 4mm, and taking electron density
in this region equal to that given by Wells* n, =
5x10"/m* , and further assuming that this charge
resides within an equivalent cylinder of radius
0.06mm, then using eqn.13 the space charge
potential is 0.4 volts. But the anomalous region.3 is
sandwiched between field generating regions2 and
4 and a probable potential acting along the
diffusion layer is as shown in fig.6, and
corresponds to the experimental plots ( fig.7)
obtained by Wells®. For the distribution shown the
electrons are directed towards the baffle annulus.
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The electron flow pattern may be assessed
combining figs 3 and 6, where fig.3 determines the
direction of flow and fig.6 indicates the finite
region.3 within the coupling plasma zone
responsible for the electronic flux towards the
baffle annulus. Again this supports wells? results as
shown in fig.8.
5. Conclusions

Initially, the axisymmetrically expanding plasma
plume penetrates the magnetic field and the field is
distorted, until the magnetic energy density exceeds
the flow field energy density. At this juncture the
electrons are trapped while the ions are unaffected.
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This leads to a charge separation and the plasma is
subject to a hybrid radial confinement. Electrons
are well confined by the magnetic field and ions are
trapped in the negative space charge field.
Subsequently, the electron magnetic moment for an
externally applied magnetic field remains constant
and the perpendicular velocity of the orbiting
electrons v, within the converging magnetic field
increases giving rise to plasma instability. The
outward radial flux of the electrons is determined
mainly by the anomalous diffusion transport
processes. Some of the electrons diffuse across the
magnetic field, carrying the maximum energy
gained at the magnetic barrier of approximately 7.5
eV. The diffusion layer is sandwiched between
negative potential fields set up due to the Hall
effect in upstream layers and the space charge
layer that exists downstream near the baffle plate.
The resultant field across the diffusion layer is
aligned in the direction of the baffle annulus and
thus acts as a guiding field for the diffusing
electrons. The estimated potential due to the space
charge layer is of the order of 0.4 volts.
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