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Abstract: A series of experimental measurements on a modified laboratory NSTAR
engine were used to validate a zero dimensional analytical discharge performance model of a
ring cusp ion thruster. The model predicts the discharge performance of a ring cusp NSTAR
thruster as a function the magnetic field configuration, thruster geometry, and throttle level.
Analytical formalisms for electron and ion confinement are used to predict the ionization
efficiency for a given thruster design. Explicit determination of discharge loss and volume
averaged plasma parameters are also obtained. The model was used to predict the
performance of the nominal and modified three and four ring cusp 30-cm ion thruster
configurations operating at the full power (2.3 kW) NSTAR throttle level. Experimental
measurements of the modified engine configuration discharge loss compare well with the
predicted value for propellant utilizations from 80 to 95%. The theory, as validated by
experiment, indicates that increasing the magnetic strength of the first closed magnetic
contour line reduces maxwellian electron diffusion and electrostatically confines the ion
population and subsequent loss to the anode wall. The theory also indicates that increasing
the cusp strength and minimizing the cusp area improves primary electron confinement
increasing the probability of an ionization collision prior to loss at the cusp.

Nomenclature
o, p,ivtot = neutral, primary, maxwellian, ion, total electron number density
R; = Larmor radius
& U, U = primary electron, ionization, excitation energy
Vo, Ve = discharge voltage, cathode voltage
Ay, = primary, maxwellian magnetic cusp loss area
Leusp = magnetic cusp length
L = primary electron confinement time
14 = discharge chamber volume
Vomi = primary electron, Maxwellian, ion velocity
Jp.M.ion.D.B.s.A = primary electron, maxwellian electron, ion, discharge, beam, screen, anode current
M xe = electron mass, xenon atomic mass
B = magnetic field strength
VT = collision frequency and time
O, i excite = total, ionization, excitation atomic cross section
A = mean free path
danode = distance to anode
D, u = diffusion and mobility coefficients
P = power
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J; = total excited neutral production
Tooi electron, ion, neutral temperature

O; = screen grid transparency to ions
Og = screen grid open area fraction
A, = grid area

My = propellant utilization

k = Boltzmann constant

I. Introduction

Ion engines offer the potential for orders of magnitude performance improvement over traditional chemical
propulsion systems, resulting in shorter trip times, reduced launch vehicle costs, and with the push for high power
electric propulsion mission architectures, far more ambitious science return than ever before. In spite of the
tremendous advantages the technology offers, actual use of the state-of-the-art ion thruster technology on NASA
science missions has been limited, due to its insufficient electrical efficiency, high fabrication and test costs, and
reliability/lifetime issues. The current inefficiencies of the state-of-the-art ion engine are directly related to the
production and confinement of the discharge plasma in the engine’s discharge (ionization) chamber. Poor plasma
confinement is directly related to thruster lifetime, as non-uniform plasma production increases wear of the ion
engines electrodes and electron source. Therefore an understanding of plasma production and confinement is critical
to increasing efficiency, life, and reliability, of the ion thruster.

The state-of-the-art ion thruster, used on both the DS1 Mission and to be used on the Dawn mission, is the 30-
cm-diameter NASA NSTAR thruster'* The NSTAR thruster is characterized by a ~60% total efficiency, 3000s Isp,
and a lifetime of 235 kg of Xenon propellant throughput or 30,000 hours of operation’. The current and past
research on the NSTAR ion thruster has predominantly focused on improving lifetime by understanding the wear
mechanisms that lead to thruster failure for the nominal NSTAR thruster configuration. The life of the NSTAR
thruster is primarily limited by erosion of the accelerator grid electrode®, erosion of the discharge cathode keeper,
and depletion of the electron emitter source material’. Research focused on understanding the physical processes
and/or plasma physics inside the thruster to improve overall performance and life, has however, been less
emphasized. In many ways, these two research areas are intrinsically linked, in that design changes to improve
thruster performance may impact thruster life, and vice versa. Improving the ionization efficiency of the thruster can
reduce the discharge power requirements to run the hollow cathode, which in turn reduces the temperature at which
it operates, increasing life of the emitter, and thereby increasing life of the thruster. Similarly, removing the non-
uniformity of the plasma produced in the discharge chamber offers the potential to increase grid life by a factor of 2,
which would increase the overall lifetime of the thruster and the total impulse that could be acquired per unit engine,
requiring fewer engines to do the same mission. It is therefore a challenge with the potential for great rewards to the
EP engineering community to improve the performance of the SOA NSTAR thruster.

The research activity described in this paper uses a combined approach of analytical model development of the
bulk discharge plasma in conjunction with experimental measurements inside of an operating ion thruster, to
quantitatively understand and improve upon the confinement and production of the discharge plasma. The spatially
resolved Langmuir probe measurements are discussed in greater detail in Ref. 5. Results will be presented detailing
the experimentally validated enhanced NSTAR thruster magnetic field configurations that improve ionization
efficiency by up to 20% and plasma uniformity by up to 50%, significantly increasing the efficiency and lifetime of
the NSTAR thruster. The model development in conjunction with experimental measurements, details the physics of
magnetic electron and ion confinement, in a ring cusp geometry. The analytical model may also be used as a design
tool for larger thrusters at different operating conditions, as it has no empirical based formulations, and only depends
on a given thrusters geometry, magnetic circuit design, and throttle point.

II. Discharge Plasma Confinement Theory

A zero dimensional analytical discharge performance model was developed to predict the thruster performance
as a function of geometry, magnetic field, and operating conditions, without the need for empirical data or prior
thruster testing. The model also details the physics of magnetic confinement of ions and electrons. The model
explicitly defines plasma properties by their functional dependence on the throttle conditions, geometry, and
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magnetic field. The goal was to create a model that is by
definition scalable to larger thrusters, therefore serving as a
predictive design tool to determine and optimize thruster
performance.

N_eutralizer_ :
Cathode

A. Plasma Production

There are several assumptions in the model to simplify the
analytical formulations for a zero dimensional approach. It is
assumed that there are two populations of electrons in the
discharge chamber, a primary electron population emitted from
the discharge cathode, and a Maxwellian population comprised of
primaries that have undergone an inelastic collision and
secondary electrons released in the ionization process. The
primary electron current can be represented analytically by a Figure 1. Ion thruster functional diagram.
monoenergetic electron distribution at the primary electron
energy, €, % The primary electron energy is the difference between the discharge voltage and the cathode region
plasma potential, V.

-_ l:h‘glj \7c1'ocity
* +Ton Beam

e, =Vy—Ve¢ (1)

Primary electrons can lose their energy by collisional excitation, ionization, or recombination. Primary electron
collisions with other electrons are assumed to be negligible, as the ion engine discharge is only partially ionized.
Similarly, energy loss due to inelastic primary collisions with ions, are also assumed to be negligible. Energy loss
from elastic primary electron collisions with neutrals and ions are also ignored, as such energy transfer is
proportional to the ratio of the colliding particle masses. For Xenon this ratio is ~10. In low pressure, partially
ionized plasmas, ion-electron recombination occurs at the walls, and recombination in bulk plasma can be ignored.
This is justified as the ion-electron collision frequency is an order of magnitude lower than the neutral-electron
collision frequency, as the plasma is only 10% ionized. Consequently, both electrons and ions are assumed to be
lost to thruster surfaces. Both the Maxwellian and primary electrons undergo inelastic collisions with neutrals,
resulting in the production of Xe ions and excited Xe neutrals and ions. It is, however, assumed that energy loss
associated with the production of multiply charged Xe (Xelll,XelV) and excitation of multiply charged Xe is
negligible. This assumption is also valid as the threshold energy for electron impact Xell and Xelll production is 35
V and 70 V respectively’. In the model, ionization or excitation of Xel may only result from primary or secondary
electron inelastic collisions with a neutral Xe. It is assumed that electron-ion ionization/excitation is negligible due
to the low number of ions relative to neutrals in the discharge chamber. It is also assumed that the plasma is quasi-
neutral, namely the ion density is equal to the total electron density and the total electron density is the sum of the
maxwellian and primary electrons.

N, =M, 2

I£
My =Ny T 1p (3)
The final two assumptions are that ions are cold relative to electrons, with a temperature of 0.05eV, and that volume
averaged double ion production in the discharge plasma is negligible®, and as such is ignored in the calculations. The
latter assumption is marginal, at high propellant utilization efficiencies where the discharge voltage may increase,
but elimination from the analytical model was made to allow for explicit determination of all parameters. As ion
engines are typically operated at 90% propellant utilization efficiency, where the primary electron energy is well
below the threshold voltage for double ionization, this assumption is valid’. Although there are no measurements of
ion temperature in the NSTAR thruster, ions are assumed to be born with the gas temperature during ionization. The
gas temperature is essentially the wall temperature, 300°C, therefore an ion temperature of 0.05 eV is reasonable®.

B. Plasma Confinement

Before the analytical model was developed, the theory for electron and ion confinement in the discharge plasma
was formulated. A primary motivation for this research was the lack of such a theory applicable to ion thruster
design and operation. In the 1970’s and 1980’s however, there was an extensive amount of basic plasma physics
research in magnetic confinement for high power fusion containment. As such, this area was revisited for
application to the low temperature and density plasma regime of an ion thruster.
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1. Electron Confinement

In an electron bombardment ion engine, electrons are confined in a ring cusp magnetic field geometry. The
magnetic field lines which originate and terminate at the cusps confine both the primary and Maxwellian electron
populations. Electrons spiral around and along the field lines according to their Larmor radius until they eventually
find and are lost to the magnetic cusp. Primary electrons are assumed to be mono-energetic with an energy that
greatly exceeds the plasma electron temperature, allowing them to interact with the magnetic field in a single-
particle manner. By definition they aren't part of the Coulomb-collision-produced Maxwellian distribution of the
plasma electrons, and the plasma electrons and ions are assumed to not significantly affect their motion. As such the
primary electrons are treated as a group of independent particles constrained to the field lines lost at a different rate
than that of the maxwellian electron population.

In a multi-pole cusp confinement engine, primary electrons are lost to the magnetic cusps in an area equal to
twice the Larmor radius times the cusp length'®. The magnetic cusp length is equal to the total circumference of all
the magnet ring cusps inside the ion thruster.

A,=2RL,, (4)

The total time the primary electrons spend in the discharge chamber is therefore a function of the volume of the
containment device, the velocity of the electron, and the confinement area.

_r
, =
Apvp
The total distance traveled by a primary electron is thus equal to the product of the confinement time and electron
velocity.

t

)

Lconﬁne = vptp (6)
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.=y =—
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cusp

(7

Due to the presence of the neutral population, there is a probability of collision with a neutral, the mechanism by
which ions are formed in the discharge chamber. Therefore, the probability that a primary electron is lost to the
cusps is a function of the energy dependent total inelastic collision cross section, neutral density, as well as the
electron confinement due to the ring cusp magnetic field. The probability that a primary electron is lost to the
magnetic cusp may be computed from a differential equation approach. To determine the probability of electron loss
as a function of time, a differential equation can be written to represent a differential diffusion of electrons in an
increment of time, dt. Such an incremental diffusion is proportional to the inelastic collision frequency.

oJ prost = P,LOSTVmelasticat (®)
Integrating Eq. (8) leads to the following expression for the primary electron current lost to the anode.
-Vt “Vinelastict
Jprosr = Jpoe =Jpe ™ ©)
The inelastic collision frequency is defined as follows.
Vinelastic = nu O-inelastic vprime (10)
Therefore, Eq. (9) may be rewritten as follows.
_nOGUV r!m(’l
JIprosr =JIpe ! (11)

An additional substitution can be made, recognizing that the product of v t is simply the electron confinement

prime
length developed in Eq. (7). Therefore, Eq. (11) may be rewritten as follows.

JP,LOST — JDe_nuo—uL(‘unﬁne (12)
The probability of primary electron loss is written as follows.

J
Y PLOST _ 1,0 4Leouine
Prob, ,s=—>"=¢ (13)

Ip
4
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Eq. (13) indicates an exponential decrease with increasing neutral density, cross section, and confinement length. It
is desired to minimize the loss of primary electrons to the anode as such losses reduce electrical efficiency. If a
primary electron is lost prior to having an inelastic collision, the energy expended in creating the primary is lost. For
a given engine operating point, the neutral density and cross section are fixed values. Therefore, to improve
electrical efficiency the total confinement length must be increased. Equation (13) indicates that for NSTAR
conditions and geometry, a cusp field strength of 2000 G is sufficient to ensure 99% of all primary electrons
undergo an inelastic collision and only 1% are lost to the cusps. Such field strength is within the capability of
commercially available permanent magnets.

The secondary or the Maxwellian electrons are confined according to the hybrid radius''. The hybrid radius is the
square root of the product of the ion and Maxwellian electron Larmor radius.

RL,Hybrid =R (14)

The magnetic cusp loss area for primary electrons is equivalent to twice the hybrid diameter times the total cusp
length'’.

L,ion”"L,elec

Ae,therm = 4RL JHybrid Lcusp ( 1 5)

Unlike primary electrons, due to their significantly lower energy (velocity) as a result of energy exchange with ions
during inelastic collisions, the plasma electron population motion is affected by the ion population and hence gyrates
at the hybrid larmor radius. At the large hybrid radius described above, cross-field radial diffusion across field lines
can occur for the secondary electron population if the magnetic field is not sufficiently strong.

Magnetic mirroring was also investigated to see if electron primary loss was reduced by mirroring. A magnetic
mirror is based upon the invariance of the magnetic moment of a particle and conservation of kinetic energy. The
supposed mirror for a particle would be defined by the saddle point magnetic field between cusps, and the stronger
magnetic field at the cusps. Particles traveling on field lines between those areas could then conceivably be mirrored
back from the cusps (throat). Conservation of the magnetic moment and energy requires that as particle moves from
an area of weak magnetic field to stronger magnetic field, its perpendicular velocity component must increase and

parallel component decrease. Therefore, for mirroring to occur, vi goes to zero at the throat, and the particle is

reflected back towards the saddle point. Not all particles in a magnetic mirror, however, are confined. There is a
region of velocity space called the loss cone, inside of which particles are lost the magnetic cusp’. For the ion
thruster, the loss cone angle is on the order of 5 degrees which suggests that a large number of electrons should be
magnetically mirrored from the cusp region. Therefore the primary electron confinement length calculated
previously can be interpreted as the number of bounces it must make before being lost to a cusp.

2. Ion Confinement

Enhancing magnetic ion confinement is vital to minimizing overall discharge loss as reducing the number of ions
lost to the walls reduces the discharge power requirements. lons are charged particles, but due to their relatively
large mass and large gyro radius relative to the discharge chamber dimensions, they are not magnetically constrained
to the field lines. Although ions are lost to the magnetic cusps, ion diffusion to the anode wall is the primary
mechanism for their loss. Diffusion in a plasma is driven primarily by particle density gradients. In the absence of a
strong electric field, ions will tend to drift to low density regions in the plasma, eventually making their way to the
anode where the plasma density is zero. Although there is an axial electric field, established by the difference
between the plasma potential and cathode common potential of the screen grid, its magnitude is not sufficient to
prevent the loss of ion current to anode walls in the nominal NSTAR thruster. The rate at which diffusion occurs
depends on many factors, including the degree of ionization of the plasma, the presence and strength of a magnetic
field and the mass and charge of the diffusing particle. Classical and neoclassical diffusion in a magnetic field are
not relevant to the ion thruster discharge plasma, as those constructs assume only coulomb collisions, and have no
functional dependence on neutral-charged particle momentum transfer collisions. Therefore, only relations for
diffusion in partially ionized plasmas are relevant.

In the absence of a magnetic field, ions diffuse via random walk collisions with a step length equal to their mean
free path and as a result of ambipolar electric fields brought about by localized density gradients in the Maxwellian
electron population. In the presence of a magnetic field, however, ions diffusion is magnetically constrained as
demonstrated by previous researchers'™!!. The effect of the magnetic field must therefore manifest itself in the
random walk diffusion process and/or in the ambipolar electric fields generated by the Maxwellian electron
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population. The probability that an ion will have a collision prior to its recombination at the anode wall is virtually
zero, suggesting that the cyclotron gyration of the ion does not reduce radial diffusion to the anode wall. Therefore
magnetic confinement of ions must be due to the requirement of quasineutrality in the discharge plasma. As
electrons are light, their motion is governed by electron cyclotron gyration about the field lines as they drift towards
the magnetic cusps. As electrons leave an area, the deficit of negative charge will set up an electric field that will
attract ions. Therefore, ions will follow electrons in their magnetically constrained motion in order to shield out
electric potentials that would otherwise exist due to electron magnetic confinement. The ion and electron number
density profiles presented in Ref. 5 support this physical explanation. In more simplistic terms, the fact that ions are
electrostatically confined by the plasma electrons is simply the requirement that diffusion of the plasma must be
ambipolar.

In order to develop an analytical formalism for the electrostatic confinement of ions by the secondary electrons,
we can recognize that random walk diffusion does apply to the secondary electron population. As shown
experimentally by Koch and Matthieussent, the plasma electrons, in the presence of ions and a magnetic field
actually gyrate at the hybrid gyro-radius'".

R

As ions are confined to the electrons, it is intuitive to think of the motion as an ion-electron pair walking in the
direction opposite the density gradient.

The random walk process may now be applied to the diffusion of the ion-electron pair whose motion is defined
by the hybrid Larmor radius. Chen shows, due to the presence of a magnetic field, the fluid equation of motion can
be used to solve for the perpendicular velocity component resulting in the mobility and diffusion coefficients shown
in Egs. (17) and (18)’.

R, . R

L.hybrid — LionTV L, max (16)

kT
D = . (17)
A
mvv|1+| 2
RL
[, = 7 (18)
mvv|1+| 2

L,

2

m

The perpendicular diffusion and mobility coefficients are reduced by the factor1+ , in the presence of a
Ly

magnetic field as compared to magnetic field free diffusion’. Therefore, the diffusion and mobility coefficients are

proportional to B and may be rewritten as follows for R L >> lm , Where ﬂ,m is248 mand R, isal to 7cm,

depending on the closed contour strength for the NSTAR discharge plasma.

2 2
R
D, zv—zzRsznO':Rsz =L (19)
1 T
yno
(I’IO'RL]
q gRinc _gRv _gR;
/’lj_ ~ 5 = = > = 3 (20)
v \% VT
vno
noR,;

It is clear that mobility coefficient is orders of magnitude less than the diffusion coefficient, due to the presence
of v* in the denominator. It is also clear that increasing the magnetic field strength, will reduce both plasma electron
and ion diffusion, by reducing the effective larmor radius. In terms of the random walk mechanism, the electron-ion
motion now walks at a path length equal to the hybrid larmor radius. As the charge particle is confined to gyrate
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about a field line N ~ /1—'" times until it has a collision, the step length between collisions is the Larmor radius.
L

Depending on where in the discharge chamber the ion is, the value of the magnetic field, and thus the larmor radius
differs. In order to calculate a 0D effect of magnetic ion confinement, a design parameter for the magnetic field must
be chosen to calculate the probability that ions produced in the discharge chamber are lost to the walls by diffusion
across magnetic field lines. The minimum closed magnetic contour is used to define the radius of gyration for the
approach developed here. The software MAXWELL 2D by Ansoft® was used to model the magnetic field of the
NSTAR thruster for both the nominal and modified magnetic field designs investigated.

Random walk electron-ion diffusion is governed by a step length between collisions that is the hybrid larmor
radius not the elastic scattering mean free path’. The probability that an ion diffuses an incremental area, dA, in a
collision time, T, can be represented by a differential equation.

S 1oss
0J, 1oss =———0A 1)
Dt
Integrating and manipulating Eq. (21) leads to the following equation for the ion current lost to the anode.
-D,
Jiross =Jn€ " (22)
Using Eq. (22) and substituting Eq. (19), the probability an ion diffuses an area A is as follows.
J, A
Prob,, =—=2==exp - ——— (23)
io RL,Hybrid

The area A, that the ion must diffuse to be lost, is not intuitive. However, if we think of diffusion as 1D process to
the wall, in an incremental distance dx, we can rewrite Eq. (21) and redo the integration as follows.

J d

LOSS

Prob, ,, =—=—>=exp| ——@— (24)
Jio L,Hybrid

Equation (24) shows us that under the pretext of a 0D model, and in the limit of R, >> ﬂ,m , linear ion diffusion

and loss is purely a function of the effective (hybrid) larmor radius and the distance it must travel before it reaches
the wall, assuming its motion is obeying that of the magnetically confined secondary electron population, due to
electrostatic attraction. This was shown with experimental spatially resolve Langmuir probe measurements in Ref. 5.

1
It is also interesting to note that use of Eq. (24) results in diffusion with a E dependence, which has been shown

empirically to be the case for diffusion in the presence of a magnetic field by other plasma physics researchers’.
III.  Analytical Model

A. Power Balance Approach

The model developed is based on a steady state electrical power and particle balance to the discharge plasma®.
The input power to the discharge chamber is equivalent to the output power that leaves the chamber. The power into
the chamber is derived from the primary electron input into the chamber, which is related to the discharge supply
output less the power needed to operate the hollow cathode.

B, =J,Vy,=Vc) (25)
Energy from the primary electrons is either lost due to recombination with the anode walls or it is transferred to the

propellant by ionization and excitation. Following a collision, the remaining energy goes into the Maxwellian
population.

P

in = Eon + Pexcite + PWALL + PMAXWELLIAN (26)

Each one of these terms can be explicitly defined in terms of known quantities. The power expended in ionization
and excitation is as follows.
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P, =U,J,, @7)

Ijexc'ite = zl]j‘]j (28)

As various excitations can occur, a summation over all possible states is required. This is the most useful
representation as the total excitation cross section data for Xel is readily available in the literature®. The power
expended in primary electron loss to the wall is as follows.

Py rosr = prosr (VD - Vc) 29

Substituting in Eq. (13) for primary electron utilization, we see that power loss due to primary electron loss has an
exponential dependence on neutral density, the inelastic collision cross section, and the electron confinement length.

_,IGO-ULCOn inf
Pp rosr = (VD Ve )J p€ ’ (30)

The remaining power from the primary electrons that do have an inelastic collision is assumed to go into a
secondary Maxwellian electron population.

3
PMAXWELL[AN = ETEJM (31

The Maxwellian population of electrons has two sources, primary electrons that have undergone any inelastic
collision, and electrons released in the ionization process. Therefore, the Maxwellian electron current may be written
as follows.

JM = Jion + (JD - JP,LOST) :Jiun + JD (1 - e—nanLmﬁne ) (32)

All equations must now be written in terms of known variables, namely the throttle point settings, Vp,Jg, Mpy, My,
and the dependent variable g,. Equations for excitation and ionization production rates can be written in terms of the
percentages of the two electron populations relative to the total plasma density.

nm np
"]ion = nontotVe( <O-ionvm> + O-iunvp) (33)
tot tot
nm np
Jj = nontotVe( z<o-excitevm> + zaexcitevp) (34)
tot nlot
As the plasma is assumed to be quasi-neutral the following is also true.
n, =n=n,+n, (35)
n n
_m _1__7 (36)
n n

To simplify the above equations further it is useful to introduce the dependent parameter, £, , the discharge loss.
_ IoVp

I
The discharge loss represents the energy expended in the production of ions that contribute to beam current. Beam
current is only a fraction of the total ion current that is actually produced. The total ion current, J;,, may leave the

thruster as beam current, or may recombine on cathode potential surfaces, or recombine on anode potential surfaces.
The ion current can therefore be written as follows.

Jp=Jpg+J v Jo=Jpg+J, +J +J (38)
Ion current to cathode potential surfaces (J¢) is the sum of current to the keeper (Jx) and to the screen grid (J;). Ion
current to the keeper is negligible, less than 1% of the total current, so it is ignored in this analysis. Ion current that
passes through the optics assembly, as opposed to recombining on the screen grid, is a function of the grid
transparency to ions. The transparency of the optics assembly to ions is a thruster design parameter, and may be

taken as an input to the model. For the NSTAR grids, the value is approximately 0.8 as calculated by CEX2D code'
and as measured during the ELT?. The transparency to ions is defined as follows.

g, (37)
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Iy

¢ =—"— 39)
Jp+J,
Therefore, the ion current may be written in terms of the anode and beam current only.
J B J B
iw ===+ J, = (40)
9 J 4

11—
¢l Jion

As discussed in the previous section, the probability that an ion is lost to the anode is a function of the ion larmor
radius. Therefore, substituting Eq. (24), the ion current can be written as follows.

J = s (41)

won
dannde

_RL,HybrizI
¢i I-e

In order to obtain an expression for the discharge loss, Eq. (26) may now be written in terms of €, and the equations
developed above.

gB JB —n,o, anu/m VC —n,o, ol‘mm/ine
83 JB - VC = Uian Jion + z UexciteJexdte + 83 JBe L, 83 JBe
D D ( 42)
3 EJ _ L . 3
+= 7—; ngci[e + BY B (1 —e 1,06 Lconfine )_ Tg
2 v, 2

Dividing by Jion, solving for €5, and substituting in the formulations for Ji,, and J; leads to the following expression.

n n,
( ” Z<Uexcitevm > +— Z O-excitevp J

3 tot tot
J 5 Te + Uion + z Uexcite n
n
B m p
160 Leonfine ( Z:<O-ion Vo > + Z Oion vp j
& = ¢i (1 e ) nll)l tot (43)
B =
Is Ve +—-T
( n,o,L ¢ ¢
1— 160 o Lconfine 1
VD

Equation (43) is the expression for the discharge loss in terms of no, Te, Ja, Vp, Nm/Ntor, a0d Leongine. The confinement
length and anode current have been previously defined. The remaining variable will be solved for in the following
subsection allowing an explicit expression for the discharge loss for any given ring cusp thruster design and
operating conditions. Comparison of this 0D model to experimental testing data is discussed in section I'V.

B. Plasma Parameters
The primary electron velocity determination is straightforward.

2e(V, -V
v, = /% (44)

The neutral density may also be written in terms of known parameters, derived from neutral particle flux in free
molecular flow.

8kT ]
Flux = o [ particles } (45)
4 \ m,, Area —time
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Relating this to total Xe mass flow rate through the grids and propellant utilization is also straightforward as
described in Ref. 6.

n="100 g 4 Flux* 4,6, = Myl +%0 241, A8, = Myl (46)
e mXe eﬂu
Solving for n, yields Eq. (47).
n, = 4J32kT (1 — 77u) (47)
o .
ed,d,
Xe

The primary to total electron density ratio may also be solved in terms of the known parameters. From
quasineutrality, we know the ion current density is equivalent to the total electron density. From Ref. 13 we have the
following expression for the beam current.

kT,

Jy =0.6n,ed,4, (48)

Xe

Taking Eq. (33), substituting in Eq. (48), and recognizing that n, = n, ,, yields the following expression.

0.6e4, /ﬂ
n n
my, :noV€(|:1__p:|<G Vv >+_pg v ) (49)

(1_ JA ] n ion " m ion”" p
JION

J4

tot fot

n
Solving for —2~ and substituting
Mot 0N

from Eq. (41) and for n, from Eq. (48) leads to the following.

0.6e4,’ ¢, k\T.T, (
2J,(1 —)((1 T )]mXeV
n, 7,

ntot (O-ion vp - <O-ion Vm >)
The Maxwellian to total density ratio and the primary to Maxwellian density ratio is easily computed Eq. (50) and
(36).

O'AV>

won- - m

(50)

An expression for Te is not as straightforward as the previous terms. Instead a derivation of the Maxwellian
averaged ionization reaction rate is obtained. Equation (33) may be rewritten by solving for <O'l.onvm>, dividing by

np,, and substituting in Eq. (41).

JB
_ Qanode
Ry, rybria

¢i 1-e :

nﬁ
<O-ionvm > = V - O'+Vp (5 1)
7’lm l’lp 7’10 e
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In order to determine T, Eq. (51) is solved for <G vV > and set equal to Eq. (55). Using a polynomial curve fit for

won-m

<O‘mnvm> , in terms of T., a Newtonian solver can be used to explicitly determine the value of T, for a given thruster

geometry, operating point (V4,Jg, 1M4), and magnetic field design. The prediction of T,, as a function of the minimum
closed magnetic contour is discussed in section IV. The prediction of T, as a function of n,, for specific magnetic
field designs is also discussed in section IV. The functional dependence is clear, as the magnetic field is increased,
ion loss reduces and the bulk plasma electron temperature is reduced. For a given magnetic field design, as the
propellant utilization is improved, T, increases. With an explicit determination of Te, all remaining parameters may
be calculated, including plasma density ratios and discharge loss.

IV. Comparison of Theory with Experiment

A. Experimental Measurements Summary

Bulk performance and plasma parameter measurements for four separate NSTAR thruster magnetic field designs
were obtained. Details on the engine modifications and test setup can be found in Ref. 5. For each case, the
laboratory model NSTAR engine, named the NKO1 thruster, was physically modified by the addition/replacement
of permanent magnets. The goal of the magnetic studies was to determine the dependence of plasma confinement
and plasma uniformity on the strength and shape of the imposed ring-cusp magnetic field. The four cases
investigated served to parametrically determine the individual effects of adding an additional magnetic cusp,
increasing the magnitude of the minimum closed magnetic contour line, and varying the magnetic field geometry
with respect to the anode wall; all design parameters captured in the 0D model.

CASE NUMBER OF CLOSED
RINGS CONTOUR (G)
Vi 3 20
(baseline)
V2 4 30
V3 4 50
V4 3 50

Table 1. Summary of NSTAR engine tests’.

Table 1 is a summary of the cases investigated. The nominal case, V1, is the 3-ring cusp engine configuration that
was used for the DS1 mission and extended life test’. Cases V2 and V3 are 4-ring cusp versions of the NSTAR
thruster. In case V2, a magnet ring was added to the center of the conical section of the discharge chamber. This
design closed the 30G contour, a 10 G improvement over V1. The primary purpose of this configuration was to
measure the effect that adding another cusp and pushing the minimum closed contour closer to the anode wall had
on plasma uniformity. Case V3, in addition to having a conical segment magnet ring and a new cathode ring, also
strengthened the middle ring cusp magnetic field by adding a ring of magnets directly over the existing middle ring.
The resultant magnetic field closed the 50G contour. Case V3 was used to determine the effect of increasing the
closed contour value, but trading it with a smaller magnetic field free region than V2. Case V4 is a 3-ring cusp
NSTAR engine, but with a strengthened middle magnet ring (as in V3), allowing closure of the 50G magnetic
contour line. V4 was used to separate the effects of physically adding an additional cusp from increasing the
magnetic contour closure and increasing the field free volume. All configurations were modified to have alternating
polarity cusps. For each of these cases, a 2D map of the magnetic field and magnetic contours was computed with
the software MAXWELL 2D. The individual cusp magnetic field strength’s was also measured with a Gauss meter.
Measurements were taken for the THI15 operating point for each configuration. Discharge loss curves were
generated for TH15 operation, to allow comparison of the actual performance to the predicted performance of the
analytical model for all cases in investigated. This data set is used to determine the validity of the ion and electron
confinement theory developed in section II.
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B. Model Results

DISCHARGE

PARAMETER Vi V3 va
Te (eV) 5 5 5
0/, 0.09 0.09 0.09
Ti(eV) 0.05 0.05 0.05
Js(A) 1.76 1.76 1.76
Vp (V) 25.6 25.5 25.1
Ve (V) 8 8 8
L. (m) 17.2 12.8 21.1
fa 0.43 0.18 0.26
Bcontour closed 20 50 50
dAnode (Cm) 2.3 1.9 1.5

Table 2. 0D Model input parameters.

The 0D analytical model discussed in section III was used to predict the performance of cases V1 and V3, and
V4. Discharge loss versus mass utilization curves were obtained experimentally and compared to the model
predictions for cases V1, V3, and V4. Case V2 was not modeled as the experimental discharge loss data collected
was not taken at a constant discharge voltage and cannot be directly compared to the model. The input parameters
for each case are shown in Table 2. The primary electron confinement length was computed from Eq. (11) for each
configuration, based on the measured/predicted cusp strength magnetic field and the dimensions of each magnet
ring. The ion loss fraction was calculated from Eq. (41), based on the Maxwell 2D simulations of the closed contour
line to anode wall minimum gap and the hybrid larmor radius. The electron temperature and primary electron
fraction were assumed to be 5eV and 9% respectively. Although an equation was developed to calculate the volume
averaged electron temperature, it is not used in this model as much of the ionization occurs in the cathode plume,
where an average value of 5eV was measured for all cases’. The primary-electron-to-total-density ratio of 9% is
computed from Eq. (52), based on an electron temperature of 5 eV. An ion temperature of 0.05 eV is used to
calculate the ion velocity and larmor radius. As discussed previously the ions are assumed to be lost to thruster
surfaces (recombination) or are extracted as beam ions from the thruster and are assumed to not gain energy as they
flow collisionlessly towards the grids or anode.
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Figure 2. Comparison of measured to predicted discharge
loss at TH1S5 for the nominal configuration.
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A comparison of the predicted and measured
discharge loss at TH15 is shown in figures 2 to 4
for cases V1, V3, and V4, respectively. All three
predictions compare well to tests data over the
propellant utilization range investigated. Figure 2
is a comparison of the predicted discharge loss
curves. The nominal case and case V4 differed by
a translation in the Y axis, but little change in the
shape of the curve. Case V3 and V1 differed in
both shape and magnitude. The translation in Y is
related to the ion loss which is independent of
propellant utilization or neutral density, as the
secondary electron diffusion is dependant on the
hybrid larmor radius only. The change in shape of
the curve from V1 to V3 is due to the exponential
dependence of primary electron confinement, on
the magnetic field and neutral density (propellant
utilization). This suggests that case V4 had
similar primary electron confinement to case V1,
and improved ion confinement. Case V3 had
reduced primary electron confinement, but
improved ion confinement, as compared to case
V1. It is important to point out that the model was
run assuming a fixed beam current (1.76A) and
discharge voltage (see Table 2). Therefore,
changes in discharge loss were due to changes in
discharge current only. It is fair to say that the
model adequately predicts the discharge loss over
the measured propellant utilization range for all
cases tested, suggesting the energy loss
formulation used in the OD model is
fundamentally accurate.

There are four mechanisms for energy loss in
the model.

1. Primary electron Utilization

2. lon Loss to the Anode

3. Plasma Electron Loss to Anode

4. Hollow Cathode Operation
The primary electron utilization was determined
from the electron containment length which is a
function of the total cusp length and cusp
magnetic field strength. Figure 6 is a plot of
primary electron utilization factor (percent of
primary electrons that have an inelastic collision
before being lost to the anode) versus electron
confinement length. The benefit of increasing
confinement length begins to level off at about
14m, due to the exponential dependence of
primary electron inelastic collision frequency.
The experimental cases are also included on the
graph for reference. Case V4 had the most
efficient use of primary electrons, due to the
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Figure 3. Comparison of measured to predicted discharge
loss at TH1S for case V3.
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strengthened middle magnet ring, and no net Figure5. Comparison of predicted discharge loss at TH15
for all cases.

increase in cusp length versus the nominal case.
At a propellant utilization efficiency of 90%, 95%
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of primary electrons underwent an inelastic
collision for V4. Case V3 had the least efficient use

of primary electrons, due to the addition of the 109 o

conical cusp (increase in the total cusp length), and 09

the use of a stainless steel shim on the front magnet é 081

ring that reduced the cusp strength on the front ring ZZ

from 1100 to 800G, in an attempt to increase the 8 05

field free volume in the vicinity of the grids. In case 8 | |

V3, only 85% of primary electrons underwent an 2z, |

elastic collision, with 15% lost to the magnetic L‘%O-Z’

cusps. For the nominal case, with a primary electron 0.1

containment length closer to that of case V4, 92% 00 ‘ ‘ ‘ ‘
of primary electrons underwent an inelastic ° ° e " %

collision according to the model, at 90% propellant
utilization. It is clear that the addition of magnet Figure 6. Primary electron utilization as a function of the
rings must be traded with the loss of primary magnetic confinement length for different discharge
electrons to the cusps. This issue could be mitigated voltages.
by strengthening all the cusps to 2000 G, however,
that must be traded with maintaining a relatively

field free volume in the discharge chamber. 050 o o
In spite of the reduced primary -electron 0.80 1 ——3cmgap

confinement of case V3, the total discharge loss was 0701 e V1

20% less than the nominal case, and equal to case 0.60 : xi

V4. This is because the ion loss to the anode was 0.50

lowest for case V3. Only 18% of the total ion = 40

production in the discharge chamber was lost to the 0.30 |

anode, as compared to 43% for the nominal case, 0.20 ]

and 26% for case V4. The ion loss factor, f 4> 18 0.10 1

both a function of the magnetic contour strength O o 3 a0 5 s 70 2 w0 1o

(the hybrid gyro radius) as well as the distance of Beiosed (G)

the contour from the anode. Given the exponential . .
dependence of ion loss fraction on this product, both Figure 7. Ion loss fraction as a function of the closed

decreasing the hybrid gyro radius and/or distance magnetic contour strength for different anode to contour
from the anode wall will improve ion confinement. SPacing.

There is a tradeoff in that increasing the distance

from the anode wall will reduce ion loss, but it will also reduce the magnetically field free volume reducing plasma
uniformity. Similarly, if the strength of the magnets is increased, the higher Gauss contour lines will push further
into the chamber, having a similar effect. Figure 7 is a plot of the ion loss fraction as a function the closed magnetic
contour value at 1, 2, and 3 cm spacing from the anode wall. The closer the closed contour line is to the anode wall,
the more dramatic effect increasing its value has on ion confinement. This was demonstrated by cases V3 and V4,
which closed the 50G contour line. In case V3, the contour was located 1.9 cm from the anode wall as opposed to
1.5 cm for case V4. This resulted in the improved ion confinement for V3 versus V4.

Energy used to operate the hollow cathode is also a major loss mechanism for the NSTAR thruster. Eight volts
was used to represent the plasma potential from which the electrons were supplied for all cases investigated'*. This
potential was also assumed to be constant over the investigated propellant utilization range of 95 to 80%. The limit
to this assumption is that the hollow cathode will begin to operate less efficiently and eventually go unstable as the
cathode flow rate is reduced. As the 0D model does not take hollow cathode efficiency as a function of propellant
utilization into account; it is only valid over a range where the cathode operation is stable. However, as ion engines
are typically only operated in the vicinity of 90% propellant utilization, far from the regime where the hollow
cathode goes unstable, this effect does not need to be captured for a performance model to be representative.
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C. Plasma Parameters
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Figure 8. Volume averaged electron temperature
at TH1S as a function of the closed contour
strength and anode gap.

Figure 9. Volume averaged n,/ng: and n,,/n¢, at
THI15 as a function of closed contour strength
for a 2 cm gap.

Although the plasma parameter equations of section III were not used in the calculation of ionization rate, due to
the non-uniform or peaked nature of the plasma, it is still interesting to see how the model predictions of volume
averaged plasma parameters change as a function of propellant utilization and magnetic field. Figure 8 is a plot of
TH15 electron temperature versus closed contour magnetic field strength, for 1, 2, and 3cm distance from the anode
at 90% propellant utilization. As the magnetic field strength and therefore ion confinement is increased, the
discharge loss decreases, and the discharge current is reduced for a fixed beam current. As a result, the energy of the
primary electrons decreases and the Maxwellian electron temperature decreases, logarithmically, and levels off at
about 3eV. Figure 9 is a plot of primary-to-total and Maxwellian-to-total density ratio as a function of magnetic field
strength, assuming a fixed distance from the anode (2cm). As the magnetic field strength is increased, the fraction of
primary electrons in the total electron population decreases, therefore the plasma becomes more Maxwellian.

Figure 10 is a plot of electron temperature as a function of propellant utilization, for fixed magnetic contour line
closure values. For high utilization or low neutral number density, the temperature of the Maxwellian population
increases to provide the required level of ionization. The sensitivity of electron temperature to changes in neutral
density is higher for low field strength or poor ion confinement. Figure 11 is a plot of primary to total electron
density as a function of propellant utilization, for fixed magnetic contour line closure values. For high utilization, or
low neutral density, the primary electron fraction increases, largely due to the increase in discharge current, to
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10.00 __ 6 0.300 ¢
9.00 4 10G
—30G
8.00 | 406G 0-250 7 206
’ —30G
7001 0.200 | 406G
_ 6.001 — 506G
> E
< 5004 £ 0.150 4
= 4.00 q <
3.00 4 0.100 4
2001 0.050 {
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0.00 T T T T T T T d 0.000 T T T T T T T d
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Propellant Utilzation Efficiency Propellant Utilzation Efficiency
Figure 10. Volume averaged electron  Figurell. Volume averaged n,/n at TH1S as a

temperature at TH1S as a function of propellant
utilization for various closed contour strengths.
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provide the required level of ionization.
In summary, the model indicates that plasma parameters are highly dependent on the magnetic field
configuration, and that their sensitivity to changes in neutral density is reduced with increasing magnetic strength

V. Discussion of Plasma Uniformity

80 —

—— Case v1: Nominal NSTAR

Case v2: Enhanced 4 Ring Cusp
—— Case v3: Enhance 4 Ring Cusp Vi
—— Case v4: Enhanced 3 Ring Cusp

lon Current Density (A/m2)

I I I I I I I
-15 -10 -5 0 5 10 15
Radial Distance From Thruster Centerline (cm)

Figure 13. Ion current density comparison for all cases investigated for 14cm downstream of cathode (near
grid region) showing mirror image of the Langmuir probe data from 0 to -15cm”.

Although the 0D model cannot predict the plasma uniformity, as that requires a 2D treatment'?, the theory
developed can be applied qualitatively to the ion saturation profiles from Ref. 5. Figure 13 is a plot of the near grid
region ion saturation profiles for all four cases investigated. Cases V2 and V4 had the most uniform plasma while
cases V1 and V4 were highly peaked on axis. Inspection of the magnetic fields of each case indicates that plasma
uniformity in the near grid region is primarily a function of the magnetic field structure in this region. Increasing the
field free volume in the cylindrical region is critical for producing a flat beam profile. Conversely, reducing the field
free volume in this region resulted in a peaked beam profile (V1 and V3).

The fractional ion loss to the anode is a function of the magnetic contour value and the location of that contour
with respect to the anode. The 0D model only uses the minimum distance, as it is assumed that most ions flow to
this region, essentially a field free anti-cusp region that attracts both secondary electrons and ions. The Maxwell 2D
plots indicate that the conical region of the plasma actually closes the 60G contour line, with up to a Scm gap
between that contour and the anode wall, as opposed to the cylindrical region, where the contour line is as close as 1
cm from the anode. This suggests that ion loss in the discharge chamber may be concentrated in the cylindrical
segment. Inspection of ion saturation profiles in both the conical and cylindrical segments does seem to support this
theory. The experimental data does indicate that ion loss occurs primarily in the cylindrical region, and it is this loss
that contributes to the peaked nature of the beam profile, in cases V1 and V3.

VI. Conclusion

The objective of this research was to quantitatively understand and improve upon the confinement and
production of the ion thruster discharge plasma by theoretical development of discharge plasma confinement theory
validated by experimental measurements inside of an operating ion thruster. The results have shown that the primary
electrical inefficiency in the nominal NSTAR thruster is insufficient containment and the loss of ions and plasma
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electrons to the anode. The results have also demonstrated that ion confinement is dependent on the magnetic
confinement of the Maxwellian electron population. As diffusion in the discharge plasma is ambipolar, ions are
electrostatically confined to the electrons. Increasing the magnetic strength of the chamber’s maximum closed
contour line reduced the Larmor radius of the Maxwellian electrons and reduced cross field diffusion to the anode.
As the fraction of ions that were lost to the anode was reduced, the discharge current to produce the same beam
current was reduced for the enhanced NSTAR cases, increasing cathode life and reducing discharge loss.

The primary requirements for the magnetic design of any ion engine must be to minimize discharge loss and
maximize the field free volume of the plasma, resulting in a flat beam profile. This is accomplished by the
determination of the optimum number, strength, and location of magnetic cusps. Unfortunately, the state-of-the art
engine was designed to minimize unit mass, and as a result the mass savings achieved by minimizing magnet weight
resulted in a magnetic field that does not adequately confine or distribute the plasma, resulting in substantial
performance and lifetime limitations. The improvements demonstrated above were accomplished via straightforward
changes in the magnetic field, and should be made to ensure future and continued use of ion thrusters on NASA
science missions.
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