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Abstract—In this paper, the applicability of dual stage ion optics
and in particular of the so-called dual stage ion engine to high
power, high specific impulse missions will be evaluated. First, the
performance limits of conventional two gridded ion engines (GIE)
will be discussed and the advantages provided by dual stage ion
engines reported. The limits of applicability of a dual stage ion
engine will be analyzed analytically and the results confirmed
numerically. The lifetime and performance of a three gridded
dual stage ion engine (DS3G) will be numerically investigated and
compared to those of a conventional GIE assessing for the first
time in the open literature under what condition dual stage ion
optics provide performance improvements over conventional GIEs
and what is its impact on the thruster lifetime. Dual stage ion
engines have been found to be capable of providing higher thrust
density and longer lifetime with respect to conventional gridded
ion engines.

Index Terms—Dual stage ion engine, gridded ion engine,
HiPER, ion opics, space propulsion.

NOMENCLATURE
A, grid area
d grid separation
E electric field
f focal length
g0 gravitational acceleration at sea level
Tpeam ion beam current
Isp specific impulse
Ji ion current density
le effective distance between the first and second grid
m; ion mass
P perveance
Prax perveance at the Child-Langmuir limit
q electron charge
r grid aperture radius
t grid thickness
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T thrust

T, grid transparency

V grid potential

Virin minimum centerline potential at the accel grid
Av velocity change required to complete a mission
AV, space charge contribution to V;,,;y,

AVyeom geometric contribution to Vi,

€0 vacuum dielectric constant

A grid spacing ratio

0 ion beam divergence angle

T acceleration to extraction voltage ratio
Subscript

1 relative to the first grid

2 relative to the second grid

3 relative to the third grid

a relative to the accel grid

I. INTRODUCTION

ECENTLY, both the USA and Europe have studied and
launched (or are about to launch) ambitious space mis-
sions like Dawn [1]-[3], Deep Space 1 [4], GOCE [5] and Bepi
Colombo [6]. These missions are so demanding in terms of the
required velocity change (Av) and lifetime that they can be
accomplished only with the use of electric propulsion and, in
particular, using an electric propulsion technology that provides
high Isp and long operational lifetime. The kind of thrusters that
best suit these requirements are gridded ion engines (GIE) due
to their high total efficiency (50-70%), high specific impulse
(of the order of 3500 s for commercial devices and more for
science missions thrusters), and long lifetime (tens of thousands
of hours).
The working principles of a GIE rely on the ionization of
a large fraction of an inert propellant (commonly Xenon) and
in the acceleration of these ions with the use of a set of grids
biased to different voltage levels; their power inputs range from
fractions of a kW to several kW, thrust levels from 0.002 to
0.7 N, and specific impulses ranging from 2500 to 9000 s.Their
main limitation is the maximum thrust that can be produced per
grid unit area (thrust density) due to the fact that the extraction
of the ions and their acceleration processes are deeply inter-
connected [7]. Considering that engineering limits exist to the
maximum grid size (mainly due to structural resistance to the
launch mechanical loads) [8], the GIE limit on thrust density
poses an upper limit on the maximum thrust achievable with
such devices and, consequently, on the maximum power that a
single GIE can process.
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At present, ambitious high-power missions like building
infrastructures on the L1 point of the Earth Moon system,
exploration of outer planet of the solar system, and building
of infrastructures on Mars are under study in Europe under the
HiPER project [9]. In this paper, we will use the requirements
of these missions as a starting point for the discussion of the
applicability and performance of dual stage ion optics; never-
theless, the results so obtained are of a much wider nature and
applicable to any high power mission requiring high specific
impulse.

GIEs have already been successfully used for very challeng-
ing missions like Dawn [1]-[3], Hayabusa [10], Deep Space
1 [11], GOCE [12] and will be used for Bepi Colombo [13];
hence, they have been included as a candidate technology for
application to future high power, high specific impulse missions
like the building of infrastructures on the EML1 point and on
Mars. Nevertheless, considering that these missions will base-
line a power per thruster of 25-50 kW and the use of clusters
made up of several thruster (up to 8) [9], the limitation in thrust
density of GIEs will pose concerns to their applicability due to
the mechanical resistance of the grids and the total area required
to accommodate the thrusters.

A solution to overcome the thrust density limitation of GIE
was envisaged by D. Fearn with the application of multistage
acceleration to ion engines [14]. Multistage ion acceleration is
a concept commonly used in the field of fusion research to inject
high energy particles in tokamaks where a set of multi-aperture
grids is used to extract ions from a plasma and accelerate them
up to MeV energy level [15]-[20].

This new kind of thruster was named dual stage four gridded
ion engine (DS4G) and a technology demonstrator was built
and tested by ESA-ESTEC in collaboration with Fearn and the
Australian National University demonstrating the possibility
of using multistage ion optics on a space thruster [14], [21].
During these tests, no attempts were made at the optimiza-
tion of the ion optics, and, because of the high voltages in-
volved and limited resources, several experimental difficulties
with insulation, reliability, and direct ion impingement were
encountered [22].

At present, the limits of applicability of a dual stage ion
engine in terms of the operating conditions at which its use
will be beneficial in terms of thrust density in comparison
to a conventional GIE are still unexplored. Even more im-
portantly, unexplored is the effect that the use of multistage
acceleration will have on the thruster lifetime. Moreover, for
what concerns lifetime, no data can be extrapolated from
multistage particle acceleration devices used in fusion re-
search since their functioning is normally limited to short
periods of time not comparable with the tens of thousands
of hours of operating lifetime that are commonly required by
ion engines.

In this paper, these two questions will addressed by studying
the limits of applicability of a dual stage ion engine, numeri-
cally investigating the lifetime of such a thruster, and comparing
the results so obtained to the requirements of Deep Space 1,
Dawn, GOCE, Bepi Colombo and of futuristic high power
mission like the building of infrastructures on the Earth Moon
L1 point and on Mars and a NEP mission to Saturn.
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Fig. 1. Conventional GIE ion optics schematic.

II. CONVENTIONAL GRIDDED ION ENGINES

Existing GIEs conventionally use two grids. The first grid
(screen grid) is held at high positive potential (normally around
750-2000 V), the second grid (accel grid) is at negative poten-
tial (about —200 V) and has the double function of providing
the needed potential drop to extract and accelerate the ions
and to prevent the backstreaming of electrons from the plasma
formed downstream of the thruster back into the discharge
chamber. If a third grid is present (decel grid), it is normally
held at a potential close to the beam plasma potential and has
the sole function of protecting the accel grid from the impact
of the charge exchange ions (CEX) created in the downstream
plasma that tend to backstream toward the accel grid due to its
negative voltage. The benefits obtained from the use of a decel
grid are normally outweighed by the increase in complexity
relative to its presence, and, for this reason, it is commonly not
used [7].

A. Performance of Conventional GIEs

To understand the ion extraction process and how this influ-
ences the performance and lifetime of a GIE, we will refer to
the perveance of the extraction system (P)[23], [24]

I
NG W
where [ is the extracted current and AV the extraction voltage
drop (AV =V; — V3). The perveance is strongly linked to
the space charge effects relative to the extraction of an ion
current and its maximum value can be obtained using the Child-
Langmuir equation [7] as

drey [2q r?

Prax = (2)

where P,,,, is the perveance at the Child Lagmuir limit, €,
q and m,; are, respectively, the vacuum dielectric constant, the
electron charge, and the mass of the extracted ions, r1 is the
first grid aperture radius, and d; the separation between the first
two grids (Fig. 1). From the knowledge of the grid voltages
and of their spacing and assuming to be in space charge limited
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conditions, the performances of a GIE in terms of extracted
current and specific impulse can be derived as [23]

deo [2q Vi—Va)¥/% 4ey [2 [ 1
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where E = (V4 — V2)/d; is the electric field in between the
two grids, V7 and V5 are, respectively, the voltages on the first
and second grid relative to the spacecraft ground (Fig. 1), and
dy is the separation between the first two grids. From (3) and
(4), the thrust density can be derived as

Vi
E?T, cosOy | ——— 5
g 9 g Vi—V, ©)

Aopen o 8‘EO

A

T
1, = Ji(golsp)

where A,pen, and A, are, respectively, the grid open and total
area, Ty = Aopen /Ay and T is the thrust.

According to (3) and (5), the extracted current density and
the thrust density can be augmented by increasing the electric
field between the grids or by reducing the potential difference
keeping the electric field constant.

The variations of both these parameters are limited since an
increase of the electric field in the first gap over a threshold level
will cause arcing between the grids, and since the value of V] is
fixed by the desired specific impulse and V5 by the occurrence
of electron backstreaming.

In fact, if the voltage of the second grid is not chosen
carefully, the electrons present in plasma formed by the neu-
tralized ion beam downstream of the thruster will have enough
energy to backstream into the ion optics and eventually into
the discharge chamber. Such flow of electrons will cause large
thrust losses drastically affecting the thruster efficiency and
may also lead to overheating of internal components leading to
the impossibility of operating the GIE. For this reason, a nega-
tive voltage is always applied to the second grid, and, given the
electron and ions densities and temperatures commonly found
in the downstream plasma of GIEs, voltages less negative than
—100 V cannot be commonly employed [25].

Another limitation to the achievable current and thrust den-
sity is relative to the extraction process itself and on the effect
that this has on the thruster lifetime. In fact, if the working
perveance of the grids exceeds the P,,,, value, the sheath
existing between the discharge chamber plasma and the ion
optics will start to protrude inside the ion optics region [26]
producing ion trajectories that directly impinge on the second
grid seriously compromising the thruster performances and
lifetime. Considering that the second grid holes are normally
smaller than the first grid ones to retain the non-ionized pro-
pellant, working perveances no higher than 50% of P,,,, are
conventionally used [7].

From these considerations, it is clear how the thrust density
produced by a conventional GIE is limited by the maximum
electric field that can be applied between the grids. In particular,
assuming that the electric field is kept constant, the thrust

TABLE 1
MAIN PERFORMANCE PARAMETERS FOR
SOME HIGH-POWER ION THRUSTERS

s Pover T Grid At ey | SPCCe
N /mz] mpulse [s]

HiPEP [27] 393 0.670 3730 1.8 9620
NEXIS [28] 232 0.475 2550 19 7500
NEXT [29] 6.9 0.237 1020 23 4180

XIPS [7] 4.3 0.166 490 34 3550
NSTAR [7] 23 0.093 640 1.5 3130
JAXA [30] 4.6 0.210 960 22 3500
RIT XT [31] 8.1 0218 350 6.2 6420

T6 [32] 4.5 0.145 380 3.7 4120

# All the thrusters in the table have circular grids apart from HiPEP
that has rectangular grids

TABLE 1I
REQUIREMENTS OF SOME HIGH POWER,
HIGH SPECIFIC IMPULSE MISSIONS [9]

Mission Class Thruster Power Specific Thrust
Class [kW] Impulse [s] [N]
Infra-structure to 25 5000 0.82
Earth-Moon L1 10000 04
NEP missions to 25 10000 04
Saturn 15000 0.31
Mars Infra-structure 50 10000 0.66

density is almost independent of the value of Vj, and hence
from the chosen Isp since, according to (3)—(5), an increase
in V; (and hence in Isp) will produce an equivalent decrease
in the extracted current density. The assumption according to
which the electric field is kept constant can be justified noting
the fact that in existing GIEs, the electric field between the grids
is commonly maximized to achieve high performance while at
the same time avoiding arcing, hence any significant increase
in Isp (V4) will have to be balanced by an increase in the stage
gap keeping the electric field constant.

III. REQUIREMENTS FOR FUTURE
Hi1GH POWER SPACE MISSIONS

In Tables I and II, the performance of some existing high
power GIE and the requirements for some of the HIPER mis-
sions are reported.

Comparing the data in Tables I and II, it can be noted
how only two of the existing thrusters (NEXIS and HiPEP)
are able to meet some of the thrust requirements and, in the
case of HiPEP, providing an Isp close to the one needed by
the high power missions reported in Table II. Regarding the
other thrusters, they are either not able to meet any of the
requirements or, in the case of the RIT thruster, they are able
to provide an Isp well in excess of 5000 s but delivering a thrust
that is only one quarter of the required one.
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Fig. 2. Voltage profile through the grids of a four grid dual stage GIE.

If we now concentrate on NEXIS and HiPEP (since the other
thrusters will need to be heavily modified to meet the HIPER
requirements), and we consider that a cluster of either 6 or 8
thrusters is to be used, a total grid area of either 2.2 to 3 m?2
for HiPEP and of 1.5 to 2 m? for NEXIS will be needed. Such
a large grid area would be clearly unpractical; hence, the need
of increasing the thrust density produced by GIEs to meet the
HiPER requirements with an electric propulsion subsystem of
acceptable dimensions.

IV. DUAL STAGE ION OPTICS

From (3)—(5), it can be seen that, in a conventional GIE,
assuming that the electric field is kept constant, an increase
in Isp leads to an almost equivalent decrease in the extracted
current density hence producing a very limited increase in thrust
density. The difficulties in increasing the thrust density due to
the interdependence between Isp and extracted current can be
overcome by using dual stage acceleration.

In a dual stage ion optics system, three or four grids are
employed (Fig. 2). The first grid (screen grid) as in single stage
ion optics is kept at high positive potential, the second grid
(extraction grid) is kept at a positive potential lower than the
first grid and has the only function of providing the potential
difference needed to extract the desired current, the third grid
(accel grid) is kept at negative potential and has the dual func-
tion of providing the potential difference to accelerate the ions
and to repel the downstream electrons avoiding backstreaming,
the fourth grid (decel grid), if present, has the function of
protecting the accel grid from the impact of CEX ions created
in the downstream plasma.

In such a setup, the extraction and acceleration processes of
ions take place in different areas and are hence not as deeply
interconnected as they are in single stage devices. Equations
(3)—(5) stay formally the same for a dual stage ion optics
system with the only difference that now the value of V5 can
be changed freely, and hence the extracted current and Isp
are no longer formally interconnected. This allows increasing
the thrust density by keeping a constant extracted current and
increasing specific impulse. The limit in such increase lies in
the ability of designing a second stage able to accelerate the
ions avoiding direct impingement.
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However, before the use of dual stage acceleration for an ion
engine can be considered to be a viable and useful option, two
fundamental questions need to be answered:

1) under what conditions is the increase in performance
large enough to justify the increase in system complexity?

2) what impact will the use of dual stage acceleration and
the consequent use of high potentials have on lifetime?

Both questions will be answered for the first time in this
paper, respectively, in Sections V and VI

V. LIMITS OF APPLICABILITY OF DUAL STAGE
IoN OpTICS ON GIE

In this section, the limits of applicability of dual stage ion
optics on GIEs in terms of the operating conditions for which
the increase in performance will be enough to justify the
increase in system complexity will be investigated.

As it has been said above, in a dual stage ion optics system,
the extraction and acceleration processes are decoupled, hence
it might be inferred that the selection of the extracted current
and accelerating potential drop (hence specific impulse) are
completely independent. In reality, in an ion engine, it is
desirable to have a well collimated ion beam. There are two
justifications for this: the first one is that, as it can be seen in
(4) and (5), the beam divergence has a negative effect on the
thruster performance in terms of Isp and thrust; the second one
is relative to interference with the spacecraft since the wider
the plume the greater the need for careful consideration of the
location of the thruster with respect to other spacecraft surfaces.

If a collimated beam is desired, an extra constraint is imposed
on the system causing the entity of the acceleration process to
influence the ion extraction in terms of the optimum perveance
ratio P/ P,,q, needed to produce an (ideally) zero-divergence
ion beam. This effect can be easily understood by represent-
ing each of the grids as electrical lenses of focal length f
equal to [33]

B 4V
B Edown -

f (6)

E,p

where V is the beam energy in eV at the grid aperture and £,
and Fg,,n are the electric fields upstream and downstream of
the grid. Using (6), a dual stage ion optics (where the decel grid
has been omitted) can be represented as shown in Fig. 3.

As it can be seen in Fig. 3 the lens corresponding to the
second grid is either convergent or divergent depending on the
relative strength of the electric field in the first and second gap.
When the field is weaker in the first gap than in the second
(Ey < E3), the lens is converging, hence a flatter shape of
the plasma sheath (and consequently a higher perveance ratio)
is required to obtain a collimated jet, whereas if the contrary
happens (E; > F5), the plasma sheath needs to penetrate more
into the plasma to produce more converging ion trajectories
to compensate the presence of two diverging lens; this causes
a reduction of perveance and hence a reduction of the total
extracted current [34].

This change in optimal perveance can be studied as a func-
tion of the ratio of the potential drop applied to the acceleration
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Fig. 3. Sketch of a dual stage ion engine extraction system using the electric
lens analogy for (a) £q1 < Eg and (b) E1 > Es.

stage to the one applied in the extraction stage. To do so, the
analytical model developed by Kim, Whealton, and Schilling
[34] will be used. According to this model, the beam divergence
can be expressed as

P T2 FQ T2
0 =0.625| —— —04—=————+0.53—=—1
DSGIE [Pmax m A(1+T) 005
P ty T t3-+to
0.315 1+ 240352 A+ =2—=
+ (-Pmax)|: +t1+ Tl( + dl )
X (1+0.5F)1‘5} (7

where P is the working perveance, r and ¢ stand, respec-
tively, for the grids aperture radii and thicknesses (Fig. 2),
A =dy/d;y is the ratio between the first and second stage
grid gaps, S = r1/d; is the first grid hole aspect ratio, and
I' = (Vo — V3)/(Vi — V3) is the ratio between the acceleration
and extraction potential drops. In particular, it must be noted
how for a fixed extraction voltage, an increase in I' corre-
sponds to an increase in Isp (since the higher I', the higher
the acceleration voltage drop and hence the total voltage drop
AVior = AVyee + AVeyy), whereas for a fixed Isp, an increase
in I" corresponds to a decrease in the extraction voltage.

Assuming a grid geometry and imposing Opsare = 0, the
perveance ratio P/ P, needed to produce a zero divergence
jet can be calculated using (7). The same can be done for a
conventional GIE as shown by Coupland [35]

P
Pmax) . (8)

Fixing the ratios r/r1 and {2/t using values commonly
found in typical GIEs (r2/r1 = 0.8 and to/t; = 4), the values

Ocre = 0.295 (1 —-2.14

Assuming a constant extraction voltage this means that the
lower the Isp, the lower the optimum working perveance and
hence the extracted current. In particular, the optimum value
of P/P,,,. for a dual stage ion engine falls below the one
of a conventional GIE for values of I' lower than 0.7-1.5
depending on \. This reduction in the working perveance could
be balanced moving toward lower values of the ratio between
the grid spacing in the second and first stage (\). Reducing the
value of A means either increasing the first stage gap (but this,
according to (2), will cause a decrease in P,,,,) or decreasing
the grids spacing in the acceleration stage. However, it must
be noted that the minimum value of grid spacing is limited by
the maximum electric field that can be applied between two
grids before arcing happens and by structural and engineering
limits, i.e., the grids and their supports need to be physically
machinable, assemblable, and able to sustain thermal loads
during operation and vibration loads at launch.

These two limitations apply both to the extraction stage
(grids 1 and 2) and to the acceleration stage (grids 2 and 3).
Considering that the grid gap conventionally used in existing
GIE is of the order of 0.5 mm and that this value is the
minimum value obtainable keeping reasonable margins over the
incurrence of arcing and thermal problems, we can state that
this should be kept as an absolute minimum limit also for the
acceleration stage gap. Hence, we will assume that for a dual
stage ion engine A = 1 for values of I" lower than unity (since
as explained above, the value of the gap in the second stage will
not be smaller than in the first one) and A\ o< I' for values of T’
higher than unity to preserve the maximum electric field.

Using these assumptions together with (3)—(8) and neglect-
ing the value of the accel grid potential in comparison to
the screen grid potential the ratio between the thrust density
produced by a dual stage ion engine and that produced by a
conventional GIE can be expressed as

(T'/A)psare _ (P/Puax)DscriE
(T/A)are  (P/Puwax)cIE VI+T @
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Fig. 5. Dual stage ion engine T/A ratio as a function of I" normalized with

respect to a conventional GIE.

As can be seen from Fig. 5, the dual stage ion engine the-
oretically offers advantages over a conventional GIE in terms
of thrust density only if the potential difference applied in the
second stage is 0.6 times the one in the first stage or bigger.
Considering the simplified nature of this analysis and taking
into consideration the increase in complexity relative to the use
of dual stage optics, the dual stage ion engine will probably be a
viable and useful option only for values of I" bigger than unity.

To validate this conclusion, two single hole dual stage ion
optics will be numerically investigated using the FFX code
developed and extensively validated against experimental mea-
surements at Colorado State University [25], [36], [37]. FFX
is a 3-D code that for an hexagonal aperture layout analyzes
a rectangular volume containing two quarter sized apertures
with symmetry conditions applied on the appropriate sides.
The code solves Poisson’s equation using a combination of
the red-black Gauss-Seidel method with relaxation and the
multigrid method. The space charge is introduced calculating
the density at each mesh point according to the mesh potential
along with the average values of the upstream or downstream
ion densities [25]. The plasma sheath shape upstream of the
screen grid is calculated self-consistently solving Poisson equa-
tion taking into account the electrons barometric law (n, =
neoexp[(Vo — V) /Tev]) for a fixed electron temperature value.
Doubly charged ions, CEX ion production, grid erosion, and
sputtered material redeposition are also taken into account.

In the numerical simulations, two values of I" will be used:
0.6 and 3. These values have been chosen since they corre-
spond, respectively, to a case where the use of a dual stage ion
engine should produce small or negligible advantages in terms
of thrust density and to a case where a dual stage ion engine
should provide a significant thrust density increase.

For both simulations, we will assume an extracted current of
0.3 mA (compatible to the extracted currents of the T6, RIT,
and XIPS reported in Table I) and extraction potential drop
of about 2000 V (as in most existing GIEs [7]). Given the
extraction voltage drop, the selected values of I' translate into
specific impulses of 6250 s (I' = 0.6) and 10000 s (I" = 3). In
the simulations, we will also avoid the use of a decel (fourth)
grid. This is justified by the fact that in a dual stage ion engine,
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TABLE III
IoN OPTICS GEOMETRY

Aper'ture ) Voltage [V]
radius Thickness
[mm)] Isp =6.000 s Isp=10,000 s
1% grid 1 0.4 mm 3200 8120
2" grid 0.8 4x the 1% grid 1200 6120
3% grid 0.8 4x the 1% grid 2250 250

the voltage of the accelerating grid will be of the same order
of magnitude as in a conventional GIE (since its function is
still to reduce electron backstreaming), hence the entity of CEX
erosion that can be expected should be comparable to the one
found in conventional GIEs. It can therefore be expected that
in this case, as it is for conventional ion engines, the increase in
complexity given by the presence of an extra grid will outweigh
the benefits deriving from the reduction of CEX erosion on the
downstream end of the accelerating grid. From now on, to avoid
ambiguity, we will introduce the term DS3G to refer to three
gridded dual stage ion engine to distinguish from the DS4G
thruster tested at ESTEC [14], [21].

For both specific impulse levels under examination, we will
use the same grid geometry except for the second stage grid
gap. The geometrical parameters have been chosen based on
the selected extraction voltage drop and extracted current and
on the values commonly used in conventional GIEs [7]. The
DS3G screen grid will have apertures of 1-mm radius, whereas
the extraction grid apertures will be about 0.8 mm to retain the
nonionized propellant and to focus the beam. The accelerating
grid will be taken to be identical to the extraction grid. The
extraction and acceleration grid thickness will be four times
that of the screen grid, the first stage gap will be about 0.5 mm,
and the second stage gap has been selected with the aid of the
model developed by Holmes and Thompson [38] to minimize
the ion beam divergence avoiding at the same time direct ion
impingement and arcing between the grids. The overall grid
geometry is reported in Table II1.

A. Conventional GIE

There are two possible choices regarding the design of the
conventional GIE to be compared to the DS3G. It is possible to
use a GIE that works at the same Isp level as the DS3G or a GIE
that works with the same extraction stage and extracted current.

Both comparisons are valid and provide useful insights into
the possible improvements (and/or drawbacks) that the use of
two stages produces. However, a DS3G and a GIE producing
the same Isp will have extraction stages that are significantly
different. This means that the results obtained will be strongly
dependent on the level of optimization of the two individual
thrusters, hence more difficult to judge impartially.

Comparing instead the performance of a DS3G to those of
a conventional GIE having the same extraction characteristics
(voltage drop, geometry, and extracted current), the design and
optimization of the extraction stage will be common to the two
thrusters, hence providing, at this stage, a more solid and reli-
able comparison since any potential weakness in the GIE design
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Fig. 6. Beam ion density, conventional GIE, Isp = 4, 600 s. Arbitrary units. Fig. 7. Beam ion density, Isp = 10, 000 s. Arbitrary units.
30
will be “transferred” to the DS3G design. Moreover, such a = o5
comparison adds another insight to the possible application of ; .
the DS3G since it shows what might be achieved by taking an g
existing conventional thruster (T3, T6, NSTAR, XIPS, etc.) and 2 15
adding an extra grid to it to increase its Isp and thrust density. @ 10
The conventional ion engine to be compared with the DS3G § 5
will have the first two grids equal to the DS3G ones reported :
in Table IT with applied voltages of 1750 V and —250 V, 50 100 150 200 250
hence having the same extraction potential difference as the zaxis, arbitrary unit
DS3G. This GIE has been simulated at a beamlet current level g, g Beam ion density, Tsp = 6,250 s. Arbitrary units.

of 0.3 mA.
The ion optics was able to successfully extract 0.3 mA
without any direct impingement as it can be seen in Fig. 6. The

ion beam divergence was about 10° and the specific impulse
about 4600 s.

B. First Case: ' = 0.6, Isp = 6,250

In this case, the value of I'" is about 0.6, hence according
to what has been derived above, it should represent the lower
limit of application of a dual stage ion engine. In this case, the
analytical model [38] produces a very small second grid gap
(of the order of 0.1 mm) to try to balance the reduced value of
the voltage drop in the second stage. Since the calculated grid
spacing is too small, an iterative numerical design was carried
out to obtain the smallest possible divergence and erosion rates.
The value of the second stage spacing that produces the lowest
jet divergence was found to be about 1 mm, but the accelerating
grid hole had to be increased to the size of the screen grid
one to avoid direct ion impingement. The extracted current
(and consequently the P/P,,,, ratio) had to be decreased by
about 20% to compensate for the presence of the divergent
electrostatic lens correspondent to the second grid.

The focusing of the jet has been examined obtaining a diver-
gence angle of about 10°. For the specific impulse level under
consideration, the use of a DS3G will produce a small increase
in the T'/A ratio with respect to a conventional GIE since the
20% decrease in perveance counterbalances the 34% increase
in specific impulse in comparison to the one produced by the
conventional GIE. This is in agreement with what has been
analytically derived previously showing that a I' value of 0.6
produces a T/A increase of only 14% that is most probably not
enough to justify the increased system complexity and hence
can be considered as the absolute lower limit of applicability of
dual stage ion optics for ion engines.

C. Second Case: I' = 3, Isp = 10,000

In this case, the model [38] suggests a second stage grid
spacing of 1.5 mm which the numerical investigation showed
to provide good performance.

As expected, the jet focusing in this case is better than for
the 6250 s case showing a divergence of about 3° as can also
be seen comparing the ion beam density plot in Fig. 7 to the
ones in Figs. 6 and 8. The gridlet system is also able to extract
0.3 mA of current providing at the same time a specific impulse
of 10000 s hence producing roughly twice the thrust density
of a conventional GIE operating with a similar extraction stage
(since the Isp is about twice and the extracted beamlet current
is the same) in agreement with what is shown in Fig. 5.

For what concerns the limit of applicability of a dual stage
ion engine, it can be then concluded that the numerical sim-
ulations confirmed the analytical predictions, identifying I' =
0.6 as the lowest potential ratio value for which a dual stage
provides performance improvement in comparison to a con-
ventional GIE. Assuming an extraction potential difference of
2000 V, this lower limit translates into a specific impulse of
6250 s.

VI. DUAL STAGE ION ENGINE LIFETIME SIMULATION

The concerns regarding a DS3G lifetime can be understood
by looking at the main lifetime limiting mechanism in GIEs. In
gridded ion engines to optimize the overall thruster efficiency,
the fraction of propellant that gets ionized is about 70-90%
since above this value, the ionization cost in terms of eV needed
per ion drastically increases [7]. While the ionized propellant
gets accelerated by the electrostatic fields present in the ion
optics, the remaining nonionized propellant will drift from the
discharge chamber toward the ion optics and finally exit the
thruster. Some of the beam ions will undergo CEX collision
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with this nonionized propellant. The CEX ions so produced
might then impact on the grids with an energy proportional to
the potential of the position where they have been created and
the grid voltage.

It is then clear that the higher the potential differences used
inside the ion optics, the higher the energy that CEX ions
could gain. Even though an increase in the potential difference
might improve the jet focusing reducing the amount of ions
reaching the grids, the possibility of CEX ions gaining high
energy still causes concerns regarding lifetime since the higher
the energy of the impinging ions, the higher erosion rate of the
grids produced by their impact. Erosion of the grids is the main
life limiting mechanism in GIE since it tends to thin the grid
thickness (up to the point were a grid undergoes mechanical
failure) and to increase the grid aperture size. The increase in
accel grid aperture tends to increase the voltage on the hole
centerline (since the accel grid voltage is negative and since
the bigger the hole the higher the distance to the centerline and
the weaker the effect applied voltage) up to the point where the
value of the centerline potential is high enough to allow electron
backstreaming causing the failure of the thruster) [7].

To verify the effect that the application of dual stage ion
optics has on GIE lifetime, a 20-cm dual stage ion optics system
able to provide a specific impulse of 10000 s and a thrust of
0.4 N (in compliance of the requirements reported in Table II)
will be taken into account. In particular, in this paper, we will
report the results relative to the simulation of the centerline
aperture of such system, whereas a more in detail analysis
of the whole grids will be the subject of further publications.
Since the simulation of the 10000 s case carried out before
provided good results, the DS3G extraction potential drop, grid
thickness, apertures diameter, and second stage spacing will be
taken to be equal to those presented in Table III for the 10 000 s
case. The result obtained from the DS3G simulation will be
compared to those obtained from an “equivalent” typical GIE
(from now on called TypGIE) having its two grids identical
to the first two grids of the DS3G, the same grids potential
difference as the first two DS3G grids, the same accel grid
potential and working with the same extracted current.

The aim of the simulation will be to evaluate the thruster life-
time and to compare it to the TypGIE one, to the requirements
of the HiPER missions and to those of past missions.

We will first present the evolution of the grids shape during
lifetime, and then from this, we will determine the operational
lifetime of the DS3G and TypGIE.

A. Grid Shape Evolution

In Figs. 9 and 10, the evolution of the radius and thickness
of the accel and extraction grids of the DS3G and of the accel
grid of the TypGIE are reported in terms of the average aperture
radius and grid thickness. The data reported in the figures
refer to the aperture relative to the center of the grids. This
choice is justified by the fact that the plasma density inside the
discharge chamber is maximum on the grid centerline, hence
the extracted beamlet current has the highest value there, and
consequently also the CEX ions fluxes and hence the erosion
rates are maximum on the grid centerline.
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Fig. 11. DS3G CEX ions impingement map.

As it can be seen from Figs. 9 and 10, the accel grid of the
TypGIE experience both a marked reduction in thickness and a
marked increase in the aperture radius, whereas the accel grid
of the DS3G experiences only a reduction in thickness and the
extraction grid of the DS3G only an increase in aperture radius.

This difference can be explained looking at the areas of
production of CEX ions for the TypGIE and the DS3G shown
in Figs. 11 and 12.

In Figs. 11 and 12, the different colors of the different
areas indicate where the CEX ions that are produced there will
ultimately impact. The CEX produced in the light gray area
will impact on the second grid, the ones in the black area on
the third one (for the DS3G), whereas the one produced in
the dark grey areas will be successfully accelerated by the ion
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Fig. 12. TypGIE CEX ion impingement map.

optics without impacting on any of the grids. As it can be seen,
the area that produces CEX ions that will impact on the accel
grid of the TypGIE is “split” in two by the presence of an
extra grid in the DS3G. In particular, in a conventional GIE,
the CEX ions produced in between the first two grids and the
ones produced downstream will both impact on the accel grid
producing both a reduction in the grid thickness (mainly due
to the ions produced downstream) and an increase of the grid
aperture (mainly due to the CEX ions produced in between the
first two grids). In a DS3G instead, the presence of an extra
grid changes this scenario in such a way that the ions produced
in between the first two grids do not impact on the accel grid,
hence not producing an increase in the accel grid aperture radius
as can be seen in Fig. 10. These ions will instead impact on
the DS3G second grid causing its aperture radius to increase
with less severe consequences. It must also be noted that the
CEX ions produced in between the second and third grid of the
DS3G where the highest potential difference is applied (6 kV in
this case) get successfully accelerated downstream, hence not
producing any damage to the ion optics.

As it can be seen from this first analysis, the consequences
of the CEX ions erosion are mitigated on the DS3G due to
the presence of an extra grid. This will most probably result
in an increased DS3G lifetime as it will be assessed in the next
section.

B. Lifetime Prediction

The lifetime of the DS3G and of the TypGIE will be eval-
uated using two different criteria: the first one based on the
thickness reduction of the grids and the second one relative to
the change in the minimum centerline potential at the accel grid
and to the occurrence of electron backstreaming.

As it has been shown above, the grid that experiences the
most severe thinning due to the CEX ions erosion is the accel
grid. Making the assumption that the accel grid will fail when
its thickness is reduced to zero, the lifetime of the two thrusters
can be extrapolated from the data in Fig. 9. The lifetime values
so obtained are about 55000 h for the DS3G and 32000 h
for the TypGIE. It must be noted that these values are best-
case lifetime expectations since the grids will actually fail
before the grid thickness reaches zero. Nevertheless, the relative
importance of this lifetime predictions is still valid showing
how the DS3G lasts significantly longer than the TypGIE due
to the presence of an extra grid that “splits” in two the CEX
fluxes separating the effects relative to the CEX ions produced

—o—DS3G ||
— & TypGIE |
VU, limit

0 10 20 30 40 50

time, kh

Fig. 13. Trend of the minimum centerline potential with time for the DS3G
and the TypGIE at the grid centerline.

in between the grids and of those produced in the downstream
plasma.

To obtain a more precise lifetime estimate, the second crite-
rion reported above will be used. In Fig. 13, the trend of the
minimum centerline potential is shown.

The minimum centerline potential tends to increase during
the lifetime of the thruster due to the accel grid aperture radius
increase caused by CEX erosion. When this value exceeds a
threshold, electrons will start to backstream into the thruster
from the downstream plasma causing high power losses and
defocusing the beam leading to the failure of the thruster. The
threshold value of the minimum centerline potential can be
calculated assuming a Maxwellian distribution of the down-
stream plasma electrons, fixing a maximum tolerable electron
backstreaming current and a value of the downstream electron
temperature [39]. Using the values commonly found in conven-
tional GIE of 2 eV for the beam plasma electron temperature
and of 0.1% for the ratio between the limiting backstreaming
current and the beam current [39], the threshold value of the
minimum centerline potential can be calculated to be —17 V.

As it can be seen in Fig. 13, the value of V,,,;,, is constantly
higher for the TypGIE than for the DS3G hence resulting in
a longer DS3G lifetime. This can be explained analyzing the
influence that the grid geometry and the thruster operating con-
ditions have on the minimum centerline potential. According
to [39]V,,in can be expressed as the sum of the accel grid
potential, and of a space charge potential drop and a geometrical
voltage drop

‘/;Ilir1 = Va + A‘{sc + AVgeom (10)

where AV and AV, are, respectively, the space charge and
the geometrical contribution that can be expressed as [39]

A‘/;C:Ibeaml 17111 Q
2meg v; |2 Ta

V - Va a tu, — a ta
AVyeom :u [1 — Ztan ! (Tﬂ emp( > (12)
7le T tq Tq

where 7, and v; are the beamlet radius and the ion velocity at
the accel grid, V, is the ion beam voltage and V,,, r, and ¢,, stand
for the accel grid voltage, aperture radius, and thickness. Given

(1)



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

—&— DS3G

0.5 e T

time, kh
Fig. 14. Change of the t, /74 ratio with time for the DS3G and the TypGIE.

the higher Isp (and hence higher ion velocity) of the DS3G, its
value of AVj, is about half the one of the TypGIE explaining
why the DS3G shows a lower value of V,,,;,, at the beginning
of life. From Fig. 13, it is clear how the value of the minimum
centerline potential increases more quickly for the TypGIE than
for the DS3G; this is due to the different evolution of the accel
grid thickness and radius for the TypGIE and the DS3G (Figs. 9
and 10) and in particular, according to (12), to a different trend
of the ¢,,/r, ratio for the two thrusters (Fig. 14).

Looking at Fig. 14, it can be seen how for the TypGIE the
thickness to aperture radius ratio decreases more during the
lifetime than for the DS3G. Noting that, as reported in (12),
AVyeom increases as t, /7o decreases, the trends in Fig. 13 can
be explained.

Using the data reported in Fig. 13, the lifetime of the
two thrusters can be extrapolated obtaining a value of about
25000 h for the TypGIE and of about 50000 h for the DS3G.
As expected, these values are lower than the ones obtained
from the extrapolation of the thickness trend but still show
how the lifetime of the DS3G is significantly longer than the
TypGIE one.

The lifetime values so obtained can be compared to those
required by previous missions where GIEs were employed and
to those required by the HiPER missions. In particular, the
lifetime obtained for the TypGIE is sufficient to achieve the
requirements of the Deep Space 1 and GOCE mission (about
20000 h [12], [40]) and of the Bepi Colombo mission (about
17000 h [13]) but not enough if compared to the require-
ments specified in Table II. On the contrary, the DS3G shows
lifetime in excess of those required by past missions and of
those required by the HiPER project ( 28 000 h for the EML1
infrastructure and 45-48 000 h for Mars Infrastructure and NEP
mission to Saturn).

VII. CONCLUSION

In this paper, the limits of conventional gridded ion engines
have been explained and their possible application to future
high power high specific impulse missions analyzed. It has been
concluded that there is a need to increase the thrust density
that these thrusters can produce. This increase can be achieved
using thrusters with dual stage ion optics. New results are
presented for the first time in the open literature on the limits of
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applicability of this type of ion optics to space propulsion and
its effects on the thruster lifetime. The limits of applicability of
dual stage ion optics to gridded ion engines have been studied
both analytically and numerically with the numerical result
confirming the analytical predictions. In particular, it has been
found that dual stage ion optics is beneficial in terms of thrust
density increase for ion propulsion if the ratio between the
potential drop in the second stage to the one on the first stage
(T") is bigger than 0.6. In particular, if an extraction voltage drop
of 2000 V is assumed specific impulses in excess of 6250 s must
be used.

Subsequently, the lifetime of a dual stage ion engine has been
numerically analyzed and compared to the one produced by a
“typical” gridded ion engine having equivalent geometry and
operational conditions (same geometry of the first two grids
and same extraction voltage and extracted current). The dual
stage ion engine has been found to provide longer lifetime than
the conventional one due to the fact that using three grids, the
CEX production regions are split in two, lowering the erosion
rates of the accel grid. The computed lifetime has been found
to be compliant with the HiPER requirements and with those of
past missions where GIEs have been employed. Moreover, the
simulated dual stage ion engine gridlet was able to produce a
thrust density of 12.7 N/m? proving a significant increase over
conventional GIEs (Table II) and in particular in comparison to
GIEs working at similar Isp level.

The goal of such simulation was not to determine if a dual
stage ion engine is better than any “conventional” gridded ion
engine but to assess the effect that the use of dual stage ion
optics have on a gridded ion engine lifetime.

In particular, given the assumption of the DS3G and GIE
having extraction stages that are equivalent in terms of geom-
etry, extracted current, and extraction potential, and given the
reported results, it can be stated that the conversion of an
existing GIE into a dual stage ion engine with the aim of
increasing its specific impulse, thrust density, and processed
power will not cause any penalty in the engine lifetime.

Moreover, a careful design of the second stage can improve
the thruster lifetime splitting the CEX flux originally impacting
on the GIE accel grid between the DS3G second and third grid.
It must also be noted that the better the lifetime of the GIE, the
better the one of the DS3G obtained adding a grid to it since,
according to the assumption made, the two thrusters have the
same extraction stage.

In conclusion, the use of dual stage ion engines, due to their
capability of providing high Isp, high thrust density, and long
lifetime, appears to be very promising for future high power,
high Isp missions. Future work will consist in performing
numerical parametric study to analyze in depth the DS3G
ion optics capabilities and, possibly, in building and testing a
thruster prototype.
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