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Ion Thruster Grid Design Using an Evolutionary Algorithm
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An evolutionary algorithm was used to optimize the geometry and accelerator grid voltage of an ion thruster grid
set with regard to maximizing impulse per unit area, essentially equivalent to maximizing propellant throughput
capability per unit area. Grid operating conditions, including a net accelerating voltage of 1800 V and current density
of 4.0 mA /cm?, corresponded to high-power operation of NASA’s evolutionary xenon thruster. The evolutionary-
algorithm-derived grid set had a predicted lifetime nearly twice that of the NASA’s evolutionary xenon thruster grid
set, primarily the result of a lower accelerator grid voltage magnitude.

Nomenclature

A, = aperture grid area
cl, c2 = child chromosomes
c = mean neutral speed
d, = intermediate recombination constant
d, = mutation range
d,, d, = screen or accel grid hole diameter
E ax = electric field
e = elementary charge
F = aperture thrust
f = fitness value
o = perveance fraction
ft = thrust factor
Jbs Joe = Dbeamlet current
Jt+/J* = double-to-single current ratio
JsJe = downstream current density
Jp = upstream current density
k = mutation precision
L = predicted grid lifetime
lee = aperture center-to-center spacing
l, = effective ion acceleration length
L, = grid spacing
m; = ion mass
T geq = propellant flow rate

= perveance
Pax = maximum perveance
Des Pm = recombination or mutation probability
pl, p2 = parent chromosomes
R = net-to-total voltage ratio
R, = mutation fraction of variable range
Tes Iy = random numbers
t, t, = screen or accel grid thickness
Vb = discharge voltage
Vi = margin against electron backstreaming

Vy = net accelerating voltage

Vi, V, = screen or accel grid potential
Vr = total accelerating voltage

Wo = neutral transmission probability
& = permittivity of free space
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N = propellant utilization efficiency
¢ = ion transparency
O, b = screen or accel grid open-area fraction

1. Introduction

NE component of an electric propulsion ion thruster that may

be life-limiting is the ion optics assembly, or grids, used to
accelerate ions from the discharge chamber to produce thrust [1,2].
Charge-exchange ions erode both the accelerator (or accel) grid hole
barrel and downstream face, which can lead to electron back-
streaming and/or accel grid structural failure. lon thrusters designed
for future deep space missions require increasingly robust optics. For
instance, as of June 2008, an engineering model, NASA’s evolu-
tionary xenon thruster (NEXT), had accumulated over 16,550 h of
operation and processed 337 kg of xenon propellant during a long-
duration test (LDT) designed to validate the thruster’s mission
throughput requirement of 300 kg [3].

Present ion optics designs for deep space thrusters, such as those
of NEXT and NSTAR (NASA’s solar technology application
readiness), consist of two grids, the geometry of which is depicted in
Fig. 1[3.,4]. The relationship between individual grid parameters and
grid performance and lifetime is complex and difficult to test experi-
mentally, due to the large number of combinations and expected
lifetime capabilities. Accordingly, simulation codes, such as the ffx
code [5,6] and others [7-11], have been developed to predict grid
performance and lifetime. The ffx code has been validated against
experimental data from both the NEXT and NSTAR ion thrusters
[5.12].

Consider the problem of maximizing the impulse per unit area
provided by an aperture, given in Eq. (1). This is the thrust F provided
by an aperture multiplied by the operation time L, normalized to its
area A,. The downstream current density j = J,/A,, the propellant
(xenon, which determines m;), the double-to-single current ratio
JS*/J;, and the net accelerating voltage V were chosen as inde-
pendent constant variables. The dependent variables, which could be
calculated using the ffx code, were the grid lifetime L and thrust
factor f1.

The quantity to be maximized, or the fitness value f, given in
Eq. (2), was chosen as the predicted operation lifetime multiplied by
the thrust factor, which takes into account beamlet divergence mul-
tiplied by the grid transparency to ions (¢) taken to a power. A high
ion transparency minimizes discharge chamber losses [13]:
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An evolutionary algorithm, one of many global optimization
techniques, was applied to this problem. Six unknown variables were
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Fig. 1 Two-grid ion optics geometry.
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Fig. 2 Outline of an evolutionary algorithm.

used to maximize the fitness value: screen grid thickness z,, screen
grid hole diameter d, grid spacing /,, accel grid thickness ¢,, accel
grid hole diameter d,, and accel grid voltage V,. The evaluation
function was a simulation, the ffx code, which provided lifetime,
thrust factor, and ion transparency predictions given a set of input
parameters.

II. Evolutionary Algorithm

Genetic algorithms and evolution strategies are two subcategories
of evolutionary algorithms, both of which generally mimic biological
evolution to seek problem solutions [14]. The general overview
of an evolutionary algorithm is presented in Fig. 2. The algorithm
works with a population of solutions called chromosomes. Each
chromosome codes for a set of values for the unknown variables of
the problem.

Initially, on generation zero, the chromosomes were generated
randomly. The algorithm used the ffx code to evaluate the
chromosomes and assign them fitness values. Selection, crossover/
recombination, and mutation were then used to form the next (it is
hoped, improved) generation. Genetic algorithms tend to use binary
value encoding and large chromosome populations and to favor
crossover over mutation; evolution strategies tend to use real-value
encoding and smaller populations and to favor mutation over
recombination [14,15]. The algorithm in this work, using a 100-
chromosome population and real-value encoding, would be
considered closer to an evolution strategy than a genetic algorithm.
An evolutionary algorithm was appropriate for this problem, as it
could use the ffx code to evaluate many sets of input grid geometries
and operating conditions in parallel.

The use of a genetic algorithm for electric propulsion thruster
design was first demonstrated by Nakayama and Wilburin 2001 [16].
In that work, Nakayama and Wilbur developed a Thruster Perfor-
mance Evaluation Code (TPEC), which was used in a genetic
algorithm to optimize a discharge chamber design. The results of the
algorithm were in good agreement with experimental data. In
following work, Nakayama and Wilbur [17] used an algorithm with
the igx ion optics code for grid design at high specific impulse
(~10 kV) . The fitness value used there maximized the thrust factor
multiplied by a beam current ratio taken to a power to expand dif-
ferences between the chromosomes. The algorithm was run at several
fixed beamlet currents, resulting in maximized thrust and minimized
accel grid charge-exchange ion impingement current. Additionally,
Nakayama and Wilbur’s [17] fitness values were set to zero if
electron backstreaming was not avoided. Five genes were used per
chromosome, which coded for screen grid thickness, grid gap, accel

grid potential, accel grid hole diameter, and accel grid thickness. The
screen grid potential (10 kV) and the screen grid hole diameter
(7 mm) were held constant. In those cases, the optimization was
considered complete on or before the 80th generation, in which 100
chromosomes were used per generation. In both of the studies by
Nakayama and Wilbur [16,17], genetic algorithms were successfully
used with simulation codes as the method of fitness-value evaluation.

Table 1 reports the methods used in the evolutionary algorithm
applied to the present problem. To ensure that the spread of fitness
values was neither too large nor too small, linear rank-based fitness
assignment was performed using a selective pressure of 2.0 [18]. This
method reassigned the chromosome fitness values from 2.0 (best) to
0.0 (worst) following evaluation using the ffx code. Elitism was used,
with the best chromosome from a generation copied directly to the
next without alteration. The remaining population was filled through
recombination and mutation operations. After choosing two chromo-
somes using roulette-wheel selection [18], recombination was
applied at a rate of 75%, and mutation of individual parameters was
applied at a rate of 25%. The probability of selection in the roulette-
wheel method is proportional to an individual’s fitness-value
magnitude. The methods of intermediate recombination and muta-
tion for real-value chromosome encoding are described in [18,19].

Forillustration, consider parent chromosomes p1 and p2 that were
chosen to create child chromosomes c1 and c¢2. In Table 2, recom-
bination was applied if r, < p., where r, = [0, 1] was a uniform
random number and p, was the recombination rate. If recombination
occurred, the value of each variable v; (¢, d,, etc.) in cl and c2
became a random combination of the corresponding variable values
in pl and p2. For variable v;, a uniform random number r; was
chosen that determined the linear combination factor a;. The constant
d, was set to 0.25 so that the child variable domain was statistically as
large as the parent variable domain [19]. Mutation occurred if
rm < P, Where a different r,, = [0, 1] was chosen for each child
chromosome variable and p,, was the mutation rate. The mutation
rate was set to 1.5/n, where n was the number of variables (six), so
that, on average, 1.5 variables per child chromosome were mutated.
Here, d,, was the mutation range, which was a fraction R, of
each variable’s acceptable domain, and k£ was the mutation precision.
With this scheme, small mutations occurred more often than large
mutations.

The algorithm determined fitness values in parallel, using nine ffx
programs to evaluate 11 chromosomes on each generation (one
chromosome was directly transferred between generations). Each
chromosome took 10 to 15 min to evaluate, which involved solving

Table 1 Guidelines for the evolutionary algorithm

Feature Value/method
Population 100 chromosomes

Encoding Real value

Scaling Rank selection. Selective pressure is 2.0
Selection Roulette wheel

Elitism Yes, best chromosome
Recombination  Intermediate recombination. Rate p. = 75%
Mutation R, =0.5, k=8, andrate p,, = 1.5/6 =25%

Table 2 Recombination and mutation scheme

Recombination®

Ifr. < p. Ifr, > p.
Recombination occurs No recombination
Ve = Vp1ay +v,0(1 —ay) Vel = VUp
Voo = Vp10y + V(1 —ay) Ve = Upp
Mutation®
Ifrmfpm ItrWl>plW
Mutation occurs No mutation
VAR /
vci = Vi + Sdmam Uci = Vi

aq, = r, + d,(2r; — 1) for r; = [0, 1}, @; = [~d.. 1 +d,], and d, = 0.25.
bs=—1or +1, dy, = Ry (Umas — Vpin)s Ry = 0.5, @, = 274, u = [0, 1], and
k=s.
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for the beamlet shape and calculating charge-exchange ion erosion
rates.

III. Fitness Value

The evaluation function (in this case, the ffx code) provided
lifetime, thrust factor, ion transparency, and electron backstreaming
margin data to the algorithm based upon the constant input
conditions and the independent variables of each chromosome.

A. Constant Input Conditions

Two throttle points of the NEXT LDT were used to define the
constant operating conditions. Operation at a net voltage of 1800 V
and beam current of 3.52 A is expected to lead to structural failure of
the accel grid, due to groove wear-through, and the greatest amount
of crossover ion impingement is expected at a net voltage of 1800 V
and beam current of 1.2 A, due to operation at low perveance [20].

For a beam current of 3.52 A and a flatness parameter of 0.84 [3],
the centerline current density was near 4.0 mA /cm?. The double-to-
single current ratio and net accelerating voltage were set to 8% and
1800 V, respectively [3]. A discharge voltage Vj, of 25 V set the
screen grid voltage V, to 1775 V. The screen grid physical open-area
fraction ¢, was specified to be 66.7% (typical). Finally, the discharge
propellant utilization efficiency 7, was set to 89%. The fitness value
was evaluated at these conditions.

Because ion thrusters normally obtain power from solar arrays, it
is necessary to have throttling capability as the available power varies
with distance from the sun [4]. For the NEXT LDT 1.2 A beam
current, 1800 V condition, the current density near the edge of the
thruster (j,) is near 0.5 mA/cm? [3], and it is here that crossover ion
impingement is most likely. Acceptable solutions were required to
operate at this current density with no crossover impingement. If
crossover was observed, the fitness value was set to zero.

B. Independent Variables

Each chromosome coded directly for the six unknown variables:
screen grid thickness 7, screen grid hole diameter d, grid spacing [,
accel grid thickness z,, accel grid hole diameter d,, and accel grid
voltage V,,.

C. Dependent Variables

Certain values, dependent upon the input conditions and
chromosome variable values, were set at run time: aperture center-to-
center spacing [, through the specified physical screen grid

transparency ¢;,
;= 7 d?
“ V2v3e

and beamlet currents J, and J,,, through the specified current
densities j and j, and center-to-center spacing /..,

NERVAI
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D. Fitness-Value Evaluation

There are several possible end-of-life mechanisms for an ion
thruster. Two possibilities related to accel grid erosion are structural
failure, due mainly to pit and/or groove wear-through, and the onset
of electron backstreaming, due mainly to hole barrel enlargement and
grid thinning. Electron backstreaming was the end-of-life
mechanism for the NSTAR extended-life-test (ELT) [21], whereas
groove wear-through is thought to be the most likely end-of-life

mechanism for the NEXT LDT [20]. Accordingly, the end-of-life
mechanism depends on the grid geometry and operation conditions.

The evolutionary algorithm needed to quickly evaluate many
potential solutions. As a result, lifetime predictions were calculated
from beginning-of-life erosion rates. To encompass both structural
and electron backstreaming failure mechanisms, the end-of-life of
the accel grid was taken to be the time at which 40% of the accel grid
mass was worn away. Several full-length simulations using
variations of the NEXT grid geometry showed that this was the point
at which the onset of electron backstreaming was predicted. Full-
length simulations could be used to determine grid lifetimes and
identify the end-of-life mechanisms; however, these simulations
would increase the algorithm runtime significantly and were not
feasible. Although full-length lifetime simulations were not used,
beginning-of-life predictions were observed to be within 8% of
postalgorithm full-length predictions.

In addition to assigning fitness values based on lifetime, thrust
factor, and ion transparency, limits were placed on acceptable solu-
tions’ margins against electron backstreaming (V,,) and unionized
propellant transmission probability (W;). A greater-than-40-V
margin against electron backstreaming was required to guarantee
that electron backstreaming was mitigated over the entire expected
lifetime. This requirement was seen to be sufficient from full-length
lifetime simulation of the algorithm solution.

To independently optimize grid geometry, similar conditions
within the discharge chamber must exist with respect to neutral
density, discharge voltage, and double-to-single ion current ratio.
The neutral density n, within the discharge chamber is given in
Eq. (3), where j is the current density, ¢ is the mean neutral speed, 1,
is the propellant utilization efficiency, i1 is the propellant flow rate
in amps-equivalent, J;/* /J;" is the double-to-single current ratio,
and W, is the overall neutral transmission probability. To obtain an
equivalent neutral density, current density, propellant utilization
efficiency, and double-to-single current ratio, the neutral trans-
mission probability must be equivalent among grid sets. The overall
transmission probability is calculated from the physical open-area
fractions and transmission probabilities (Clausing factors [22]) of the
screen and accel grids, as indicated in Eq. (4) [23]. Acceptable
algorithm solutions were required to have a neutral transmission
probability less than 0.132 (that of NEXT):

CTeew, \ o, ) L+ ST

- |8kT
c=,|—
Tm;

/St 1/ /) )
“ 'hAeq 1+(JZ+/‘I;)
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WO_¢SWS ¢aWa

W, :f(i) i=s.a @)
(see [22]).

E. Variable Ranges

Perveance fraction f, was used to help determine minimum and
maximum allowed variable values that encompassed the expected
results. Perveance P (in A/V3/?) is a measure of the current density
Jp passing between two surfaces according to a specified potential
difference and separation. The perveance fraction, as applied to ion
optics, is given in Eq. (5). A perveance fraction of unity indicates that
the maximum possible current density is being extracted for the given
total accelerating voltage V, and effective ion acceleration length /,.
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Table 3 Allowed variable ranges

Variable Lower limit Upper limit
2 0.25 (1;/d )y max
d.T 1'0 dS max
lg ((VN/RO9) - Vd)/Emax (lg/d.v)lypd.rmax
t(l 025 e max
dil 1'0 d.? max
Va VN(1 - (I/Rmin)) VN(1 - (I/Rmax))

The downstream current density j is lower than the upstream current
density j, by the factor of the ion transparency ¢:

., B de, |2¢
fo=p —yar  Pe="g[o
max T 1 (5)

/ 1
le= (lg+ts)2+zd329 VTZVN_V(“

The upper limits for t,, d,, and [, were determined using the
maximum ion acceleration length [, .. at a perveance fraction of
unity [Eq. (6)]. The R ratio Vyy/V; was expected to be near 0.9, and
the ion transparency was expected to be near the physical screen grid
open-area fraction. Typical /,/d, and ¢,/ d, ratios (from NEXT) were
used to determine dy yn,x from [, yox [Eq. (D]. In turn, I, . and £ ,5
were determined from d,,, using the ratios. Minimum grid
thicknesses and hole diameters were chosen to be 0.25 and 1.0 mm,
respectively. A thermal/structural analysis (for example, that of [24])
was not performed to determine minimum values and was beyond the
scope of this work. For the accel grid voltage, the R ratio was allowed
to vary between 0.85 and 0.95. A maximum electric field of
3 kV/mm was imposed to determine the minimum grid spacing. The
lower and upper variable limits, listed in Table 3, encompassed the
NEXT and NSTAR grid geometries and operating conditions, with
the exception of the minimum grid spacing, where the operating
electric fields of the NEXT and NSTAR thrusters are greater than

3 kV/mm:
[P (Vi /0.9)3/2
le max — % (6)
l t 21
s/ yp s/ typ

IV. Results

The variable values of the best chromosome in the population are
shown in Fig. 3 through generation 50. Convergence, in which the
optimum chromosome values were not changing for many
generations, was implied by generation 100.

J=p®

30T ) 40
Vn=1800V,j=40A/m 2
25t 1 -0
é 100
2 L 1- —
3 20 \. v, S
= A 1 -150 3
5 15 —d S.:)
= s d 1 -200 5
E 10k ‘_/\*a @)
E b _\3:_ 250 ~
2 o5t —h fa
g 1 -300
tS
0.0 : ! : : -350
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Fig. 3 History of the most fit chromosome in each generation.

Table 4 Evolutionary algorithm and NEXT grid performance

Parameter EA solution NEXT
Beginning of life

Beamlet (ion density)

L/ LngxraoamL 178 1 (unity)

ft 0.99 0.97

o, % 72 93

Vo V —146 -210
ms 45 39

Lifetime simulations
L/Lnexta0%ML 1.92 0.95

Table 5 Evolutionary algorithm solution and NASA’s
evolutionary NEXT grid geometry

Parameter EA solution NEXT
l../d, 1.17 1.16
t,/d, 0.17 0.20
d,/d; Unity Unity
l,/d, 0.27 0.23
t./dy 0.43 0.40
d,/d, 0.65 0.64

W, 0.13 0.13

Table 4 compares the evolutionary algorithm grid to the NEXT
grid operating at a current density of 4.0 mA/cm?. According to
beginning-of-life erosion rates, the evolutionary algorithm (EA) grid
was predicted to last 78% longer than the NEXT grid, mainly due to
its lower accel grid voltage. Full-length lifetime simulations showed
a slight increase in the predicted lifetime for the EA grid and a slight
decrease for the NEXT grid, both within 8% of the beginning-of-life
predictions.

Table 5 compares the grid geometry found using the evolutionary
algorithm to the NEXT grid geometry, with selected values
normalized to the respective grid’s screen grid hole diameter d. The
algorithm solution had a slightly thinner screen grid and thicker accel
grid compared to NEXT. Because of a larger (operating) grid gap, the
EA solution operated at a slightly higher perveance fraction than the
NEXT grid (at the same current density).

V. Discussion

For nearly equivalent ion transparencies, 70-75%, and thrust
factors, 0.98-0.99, the main factor in the fitness value of this study
was found to be the accel grid lifetime. To maximize lifetime, it was
desirable for the algorithm to decrease neutral density, which lowered
charge-exchange ion production, and increase accel grid mass.

For constant propellant utilization efficiency, the algorithm was
observed to decrease neutral density by increasing the neutral
transmission probability W, [Eq. (3)]. If the transmission probability
was not limited to a maximum value, the algorithm solution went to a
large d,/d, ratio near 1. This was not immediately intuitive, as
alternatively decreasing the accel diameter would increase accel grid
mass. However, allowing the neutral density within the discharge
chamber to decrease would likely cause changes in the double-to-
single current ratio and discharge voltage among others, making
direct comparisons between grid sets difficult. The inclusion of a
model to examine discharge chamber—grid interactions, such as
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those of [25], [26], or [27], was beyond the scope of this work but
would represent a future algorithm improvement.

To increase accel grid mass, the accel grid thickness was
maximized under the constraint of operating with no accel grid ion
impingement at the low 0.5 mA/cm? current density. If the grid was
not required to operate at this low current density (i.e., with no
throttling requirement imposed), the solution went to a very thick
accel grid with 7,/d, near 1. A second reason for maximizing accel
grid thickness was to minimize the accel grid voltage magnitude,
which minimized charge-exchange ion impingement energy and
sputter erosion rate.

The only independent variable constrained by its allowed variable
range was the accel grid hole diameter, which was nearly minimized
to 1.0 mm. The screen grid hole diameter, screen grid thickness, and
grid spacing were similarly small, which indicated that the grid
preferred to operate at a low perveance fraction: in this case, 0.27 at
4.0 mA/cm?. Operating at a low perveance fraction had the effect of
funneling a large fraction of the charge-exchange ions created in the
intragrid region through the accel grid hole and out of the grid set
rather than into the accel grid. A small screen grid thickness also
helped to increase ion transparency.

VI. Conclusions

An evolutionary algorithm was used in conjunction with the ffx
ion optics code to design a grid set toward the goal of maximizing
impulse per unit area. The algorithm-derived grid set had a predicted
lifetime nearly twice that of the NEXT grid set at a current density of
4.0 mA/cm? and beam current of 1800 V. The EA and NEXT grid
sets had similar normalized geometrical ratios. The evolutionary
algorithm favored grid sets that minimized neutral density, max-
imized accel grid mass, and minimized the magnitude of the accel
grid voltage.
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