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Report Abstract:

This report presents the outcomes of the project to realise a contactless magnetic thrust vectoring
(MTV) system suitable for use on miniaturised propulsion systems that can be used in nanosatellites.
The main project research goals have been realised, most notably with successful 3-axis vectoring of
a plasma plume using a solid state steering system consisting of concentric magnetic coils, and the
creation of a tool for generating low continuous-thrust trajectories. Models have also been
developed for optimal orbital trajectories within existing guidance, navigation, and weak stability
boundary transfer. The outcomes demonstrate how a small spacecraft using low-thrust electric
propulsion can be transferred from low Earth orbit to lunar orbit, or (via gravity assists) into
interplanetary trajectories. The addition of vectoring the thrust can allow a spacecraft to maintain a
fixed orientation during a manoeuvre. This project was led by the team at the University of Auckland
(New Zealand), in collaboration with partners at L3 Harris (USA) and the Australian National
University (Australia).
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Introduction/Overview:

This project was planned in four work packages; characterization of magnetic thrust vectoring (MTV)
in simulation and experiments with a large scale thruster, miniaturisation to a CubeSat-compatible
system, optimization of the MTV system and orbital trajectory planning using constant thrust and
vectoring. The main outcomes of the project are described in the refereed publications attached to
the report.

Work Package 1: Plasma Characterisation

The significant effort in WP1 focussed on the design and construction of the MTV system. This work
was led by University of Auckland PhD student Antonella Caldarelli, and successful realisation of
thrust vectoring was published in 2022 (Caldarelli et al. 2022a, 2022b). During the project the plasma
plume experimental apparatus was constructed (Filleul et al. 2021), calibrated, and the results
validated using multiple measurement techniques, which required the development of some novel
approaches (Caldarelli et al. 2022c, submitted). The 3-axis coil system to enable MTV was designed
and implemented as shown below in Figures 1 & 2.

Work Package 2: Thruster Miniaturisation

Work on miniaturising the thruster centred on the use of a high-temperature superconductor (HTS)
based MTV, and was undertaken with researchers at the Robinson Research Institute, Victoria
University of Wellington (New Zealand). However, while a preliminary design and simulation
indicated that a suitable HTS magnet was feasible, the requirements for the power system and
necessary cryocooler were out-of-scope for the project. Further research on developing an HTS
system suitable for spaceflight continues with RRI as part of a research programme funded by the
New Zealand Ministry of Business, Innovation & Enterprise.

Work Package 3: MTV Optimization

Travel to ANU for experimental thruster optimisation was prevented by COVID19 restrictions in New
Zealand, however additional experimental work at UoA was conducted that resulted in a technique
for achieving higher plasma densities, and thus higher thruster efficiencies (Filleul et al. 2022).

Work Package 4: Trajectory Optimization

Low-thrust trajectory work was led by University of Auckland PhD student Darcey Graham and in
conjunction with Waqar Zaidi at L3Harris (previously ADS) and resulted in two publications (Graham
et al., 2020, 2022), with further publications likely to arise in early 2023. The detailed description of
the code development undertaken was presented in the previous report and optimised trajectories
were found for a spacecraft using a low delta-v thruster, operating in the Earth-Moon and
Earth-Venus environments. Initial trajectories found using the technique developed can be used as a
starting point for higher fidelity trajectory optimization.

Cater, Rattenbury & Charles
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Team:

The project team consisted of the following staff; UoA: Dr John Cater, Dr Nicholas Rattenbury, UoA
Graduate Students: Antonella Caldarelli, Darcey Graham, Felicien Filleul (employed as a research
assistant), ANU: Prof. Christine Charles. L3 Harris staff included: Dr Thomas Kelecy and Dr Waqar
Zaidi.

The team maintained and developed a relationship with Jacob Englander, interplanetary trajectory
analyst formerly of NASA Goddard Space Flight Centre and now at the Applied Physics Laboratory.
Cater and Rattenbury continue to work with the Robinson Research Institute at the Victoria
University of Wellington on mission design for a spacecraft with a magneto-plasma-dynamic thruster.

Budget:

Since the previous report funds have been spent on:
(i) Consumables and measurement equipment for the plasma propulsion apparatus,

(ii) team travel to the International Electric Propulsion Conference, Boston, MA, July 2022.
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Figure 1: (a) Schematic of the experimental apparatus showing measurement devices. The plasma is
energised by a small loop antenna (left). The magnetic nozzle is created by the three-axis magnetic
coil system (b), shown in isolation.
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Figure 2: The plasma expansion chamber of the Huia experiment. Visible through the port in the
chamber is a probe used to measure the characteristics of the plasma plume as the axial and radial
direction of the ion beam is altered.
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Abstract

The radial characterization of an ion beam generated in a magnetically steered radio-
frequency (RF) plasma source is presented. In the symmetrical magnetic nozzle (MN)
configuration, radial profiles of the ion saturation current obtained with a planar
Langmuir probe show a double-peaked profile. The same behaviour is confirmed by
the radial measurements of the total ion current and the ion energy distribution func-
tions (IEDFs) obtained with a retarding field energy analyzer. The IEDFs also show the
presence of an ion beam centred atr = —2 cm. On the contrary, radial measurements
taken with a magnetic nozzle deflected on the r — z plane exhibit a single-peaked
profile with both the local ion population and the ion beam centred atr = —5cm, in
the direction of the MN orientation. It is shown that the ion beam location is changed
as a result of a deflected magnetic nozzle, and that it follows the direction of increasing
radial magnetic field.

Keywords: Magnetic nozzle, lon beam, Magnetic steering, RF plasma

Introduction

In the last decade, the aerospace industry has seen a boom in the manufacturing of
small and nano-scale satellites for space communications, environmental and weather
monitoring, and scientific research. The miniaturisation of spacecraft means that they
are cheaper to build, cheaper to launch and provide greater flexibility when designing
a space mission. However, their size poses restrictions in terms of mass, volume and
power budget. Mechanical systems, such as reaction wheels, have been employed so
far to control the thrust vector of the spacecraft and perform attitude and orbit con-
trol (AOC) manoeuvres. These devices are usually heavy and complex, and their mov-
able components add potential failure modes to the mission. The concept of contactless
thrust control could allow for more reliable AOC systems.

Electric propulsion (EP) systems have been extensively used in space missions given
the high specific impulses that can be generated and the subsequent savings in propel-
lant mass requirements. Contactless steering systems that employ electromagnetic
fields to control the motion of charged particles have been studied in the past for Hall
effect thrusters [1, 2]. Magnetic nozzle (MN) radio-frequency (RF) plasma thrusters

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.
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(sometimes referred to as Helicon thrusters) are a new electric propulsion technology
which has become of interest in the last two decades as an alternative to other high
power EP systems. A recent experimental campaign has shown thruster efficiencies of
~ 20% and up to 70 mN of thrust for 6 kW of RF power input [3], and the generation of
an accelerated ion beam caused by either a current-free double-layer or an ambipolar
electric field has been demonstrated in such devices [4—7]. Due to the nature of their
design, the idea of controlling the thrust vector by means of a steerable magnetic nozzle
(a convergent-divergent magnetic field) has been proposed [8, 9]. Magnetic thrust vec-
toring would allow for a simpler and more reliable orbit and attitude control mechanism
since it does not comprise of any moving/rotating components.

To assess the potential of magnetic thrust vectoring, it is important to character-
ize and understand the physical properties of a plasma generated and expanding in a
deflected magnetic nozzle. The first experimental study of steering of an ion beam in
a RF plasma thruster was done by Cox et al. [8] in the Chi-Kung reactor. Transverse
magnetic fields (TMF) were applied with respect to the thruster axis, and their effect
on the plasma accelerated in the electric field of a double-layer was investigated. It was
noticed that the ion beam was effectively deflected as a result of the TMF. However, the
magnetic field was not the dominant factor in controlling the ion beam deflection, as the
latter was not following the orientation of the TMFs. Additionally, the system allowed
only for magnetic steering in one plane. Merino and Ahedo [9] analysed the theoretical
performance of a 3D magnetic steering system for a plasma jet. Assuming a fully mag-
netised ion population and a collisionless plasma, they modelled a steerable magnetic
nozzle and its effect on the plasma plume. As they only presented an analytical model,
no actual experimental data were discussed. Imai and Takahashi [7] measured the axial
and horizontal thrust components of a MN RF plasma under an asymmetrical magnetic
field. Thrust vector control by magnetic steering was experimentally demonstrated in
two dimensions by mounting four additional solenoids after the plasma source exit by
Takahashi & Imai [10]. Spatial mapping of the ion saturation current showed that the
plasma plume was effectively being deflected, and that the plasma density profile was
following the magnetic nozzle orientation, but the experiments lacked the characteriza-
tion of an ion beam in the steered configuration. Due to the location of the thrust vector
control system, the implementation of their design in an actual thruster would also not
be trivial.

The aim of this study is to present the first measurements of a novel magnetic steering
system based on the study by [9] incorporated into a radio-frequency plasma reactor at
The University of Auckland. The aim of the research is to study how the characteristics
of an expanding plasma are affected by different magnetic nozzle orientations, with par-
ticular focus on the generation of an accelerated ion beam. As such, it is out of the scope
of the project to directly measure the thrust components and quantify the thrust vector
capability of the system. Radial profiles of an argon plasma expanding in a magnetic noz-
zle deflected on the r-z plane are presented. Specifically, a retarding field energy analyzer
was used to radially characterize the ion energy distribution function, and measure-
ments of a deflected ion beam are presented. Radial profiles of the ion saturation current
taken with a planar Langmuir probe are also discussed to qualitatively assess the plasma

deflection expanding in an asymmetric magnetic field.
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Experimental apparatus section briefly describes the experimental apparatus and the
plasma diagnostics used. Magnetic nozzle deflections section presents the magnetic
nozzle characteristics from magnetostatic simulations where the magnetic steering sys-
tem was modelled. Finally, Results section discusses the experimental results.

Experimental apparatus

The experimental campaign to assess the performance of the magnetic steering system
is performed in the apparatus Moa. The set-up is an expansion of Huia, a RF plasma
reactor at The University of Auckland [11]. Figure 1a shows a sketch of the system with
the key components. The plasma source region is defined by a 90 mm inner diameter
borosilocate glass tube extended by a 500 mm diameter, 700 mm long stainless steel
vacuum chamber to allow plasma expansion. Moa is pumped down to a base pressure
~ 2 x 1077 Torr via a turbo pump with a pumping speed capability of 625 L/s for argon.
During the experiments, the flow rate of gas is kept at 12 sccm to maintain a chamber
pressure of 0.5 mTorr. The plasma is created by a 1.3 turns loop antenna matched via an
L-type matching network to maximise power transfer from a variable frequency 1 kW
RF power supply with a frequency range between 27.12 and 40.68 MHz. The antenna is
made of a 3 mm diameter copper wire that was wound around a cylinder with an exter-
nal diameter of 10 cm to fit around the glass tube. The point on axis at the intersection
between the end of the plasma source tube and the beginning of the vacuum chamber is
set as the origin of the coordinate system used throughout this study, i.e. (r,z) = (0,0)
cm.

The magnetic steering system, shown in Fig. 1b, is formed by three skewed, concentric
coils of increasing diameter placed co-axially with respect to the plasma source, inclined
at 15° with respect to the system axis z and precessed by an angle of 120° with respect to
each other to create a rotational-symmetry arrangement. The three coils form the MTV
system and the deflection of the magnetic nozzle is accomplished by independently

30l Pump
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-20 0 20 40 60
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(a) (b)
Fig. 1 a Schematic of the experimental apparatus. The loop antenna is placed at z = —18 cm, while the
centre of the magnetic steering coils is at z = —8 cm. b Picture of the magnetic steering coils
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varying the current input in each coil. The design of the magnetic system is based on
the study presented by [9]. The steering system is mounted at the interface between the
plasma source and the vacuum chamber to steer the MN at the beginning of plasma
expansion. For the purpose of this study, only the most inner coil was employed to gen-
erate the non-symmetric magnetic field and allow the magnetic nozzle to deflect on the
r-z plane. The solenoid has an inner diameter of 70 mm, and a width of 40 mm to accom-
modate for 323 turns of AWG 12 copper wire.

Plasma diagnostics

Two main diagnostics probes were used to characterise the plasma expanding in the
symmetric and deflected magnetic nozzle cases. A planar Langmuir probe (LP) was used
to measure the ion saturation current, while a retarding field energy analyser (RFEA)
was used to measure the plasma potential and the ion energy distribution functions.
The probes were mounted on a movable (rotation and translation) 1/4” steel shaft intro-
duced in the top ports of the expansion chamber. Both probes were moved radially in
the region —15 < r < 15cm.

The radial mapping of the ion saturation current Is¢ in Moa is used to detect steering
of the plasma within the region of the deflected MN. The measurements are obtained
with a Langmuir probe made out of a single sided 2 mm diameter nickel disk biased at
-100 V to ensure total electron rejection. Radial profiles of I, were taken with the probe
placed at two different axial locations: zp = 9 cm and zp = 19 cm.

The design of the retarding field energy analyser used for this study is based on Ref.
[12], whose similar design was also used in other studies [5, 8, 13]. The description of the
RFEA and its electric circuit used herein are presented in details in Ref. [14]. It includes
four mesh grids (earth, repeller, discriminator, and secondary grid) and one nickel col-
lector plate where the ion current is measured. The aperture of the probe orifice has a
diameter of 2 mm, and the grids are electrically insulated using a 0.1 mm thick poly-
imide sheet. The probe is operated in ion collection mode. The earth grid is grounded
to ensure a uniform potential profile at the probe entrance, while the repeller grid is
biased at —90V to reject all incoming electrons. The voltage of the discriminator grid
is swept from 0 V to 80 V to obtain the I-V characteristics. The IEDFs presented in the
paper were obtained from the raw I-V characteristics by using a Gaussian deconvolution
method [4, 7].

Magnetic nozzle deflections

The magnetic steering system was modelled on ANSYS Electronics Desktop 2021-R1
and the magnetic field was computed using the software’s 3D magnetostatic solver. The
symmetric magnetic nozzle configuration involved using all three coils to generate a
maximum magnetic field on axis of B; max = 320 G. For the preliminary study of mag-
netic steering, only the most inner coil, MTV1, was used to deflect the magnetic nozzle
on the r-z plane and to also produce a B; max = 320 G. Figure 2a and b show the mag-
netic field lines and the field magnitude for the symmetric and deflected case, respec-
tively. Along the z axis, the magnetic field exhibits a single peak at the magnetic nozzle
throat (r,z) = (0, —8) cm and it then decreases rapidly to 67 G for the symmetric case,
and to 26 G for the asymmetric field case. The deflection angle of the magnetic nozzle,
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Fig. 2 Magnetic field lines and field magnitude on the z — r plane for (a) the symmetric magnetic nozzle
case, and (b) the deflected magnetic nozzle case

O4ef> was defined as the angle between the axis z and the central field line with vertex at
the nozzle throat i.e., z = —8 cm. Magnetostatic simulations predicted deflections of the
magnetic nozzle of up to Oger = +14°. The achievable MN orientations would be suffi-
cient to perform attitude and orbit control manoeuvres as the majority of thrust vector-
ing corrections do not exceed 8-10°[9].

A preliminary analysis of the ion gyroradius on axis, rg, was also carried out to esti-
mate the coupling between the ions and the magnetic field. Ions are assumed to be mag-
netized when the ratio of their Larmor radius g ; to the characteristics length of system
Ris rgi/R < 1. Considering ions with a thermal speed of approximately 400 m/s and at
room temperature [15, 16], the ions are assumed to be well magnetised in the plasma
source for both the symmetric and the deflected nozzle orientation (rgi/R < 1), where
the characteristic length of the system is the glass tube radius i.e., R = 4.5 cm. In such a
configuration (i.e. axial location of MN throat and antenna not coinciding), it has been
shown that an increase in axial plasma density in the source is achieved when the ions
are magnetized under the antenna [11, 15, 17]. In the expansion chamber, where the
characteristic length of the system is the expansion chamber radius, where R = 25 c¢m,
for the symmetric case, the ions are magnetized in the region of interest for the meas-
urements (rg;/R < 1). In the asymmetric magnetic field case, the ion gyroradius on axis
becomes comparable to the chamber radius at a distance of 19 cm from the source exit
(rgi/R ~ 1), leading to a partially-magnetized ion population in the zp = 19 cm meas-
urements region.

Results

Radial measurements of the plasma were initially done in a symmetrical magnetic nozzle
configuration to obtain a baseline profile of the plasma. For this study, the experiments
were carried out at a frequency of 27.12 MHz, an RF power of 250 W, an argon pres-
sure of 0.5 mTorr, and a B, max of 320 G for both the symmetric and deflected magnetic
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nozzle case. Given that the frequency used does not affect the overall plasma charac-
teristics and behaviour [11], conducting the experiments at 27.12 MHz would have not
resulted in any substantial difference than if they were run at the standard 13.56 MHz.
During the data acquisition, the plasma remained stable with a reflected power always
less than 0.5%.

lon saturation current profiles

Figure 3a and b show the radial profiles of the ion saturation current measured with the
Langmuir probe at zp = 9 cm and zp = 19 cm for the symmetric and deflected MN ori-
entation, respectively.

For the symmetric case, Is¢ exhibits a peak at ¥ = —7 cm and one at r = 5 cm when
the LP is located at zp = 9 cm. When the data is collected at zp = 19 cm, the ion satura-
tion current peaks are at r = —10 cm and at ¥ = 8 cm. Measurements of /g, taken in
the plasma source showed a single maximum on axis, implying that the double-peaked
current profile occurs downstream in the diverging magnetic nozzle section. This fea-
ture has been reported in other RF devices when the plasma has been expanding in a
magnetic nozzle [7, 18-20]. The formation of these high density conics has been attrib-
uted to hot electrons generated under the antenna that escape the plasma source along
the last radial field lines leaving the glass tube [19-21]. Additionally, it has been shown
that the generated thrust in a magnetic nozzle RF thruster is increased by this high elec-
tron pressure conical structure [22]. It is also worth noticing that the plasma presents an
asymmetric radial profile even for the symmetric magnetic nozzle configuration. This
asymmetry could be due to a non-uniform power deposition and subsequent plasma
generation process in the source [7, 23]. The highest RF voltage drop occurring between
the two antenna ends could lead to capacitive coupling happening under this region.

The ion saturation current profile for the deflected MN case (Fig. 3b) presents a very
different trend. I, shows a single peak centred at » = —4 cm for zp = 9 cm, and at
r = —5 cm for zp = 19 cm. A possible cause of the double-peak to single-peak profile
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Fig. 3 Radial profiles of the ion saturation current taken with the Langmuir probe at zz =9 cm (open circles)
and zp =19 cm (open squares) for: (a) the symmetric magnetic nozzle case, and (b) the deflected magnetic
nozzle case. The sampling rate of the data acquisition unit was set to 10°Sample/s, where each scan lasted 1 s.
At each location, the reported /s, is the average of 10° samples. The vertical dash-dotted lines in (b) represent
the radial location of the central magnetic field lineatz = 9cmand z = 19cm
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transition in the deflected magnetic nozzle case could be the non-uniformity of the
magnetic field in the plasma source (which is clear in Fig. 2b). Some of the high energy
electrons created under the antenna will be lost to the source walls following the bent
streamlines thereby inhibiting their escape from the plasma source into the chamber and
reducing local ionization downstream of the MN. The drop in the collected It when
compared to the symmetric case could be caused by an increased plasma loss to the
source wall before expanding in the chamber, following the deflected field lines. When
analysing the radial profiles, it is interesting to consider the direction of the central mag-
netic field line. At z = 9 cm, the central magnetic field line deflected by 64.f = 14° has a
radial coordinate of r = —4.2 cm, which coincides with the peak in current measured at
(r — z) = (—4,9) cm. On the other hand, the radial position of the deflected central field
line at z = 19 cm would be —6.7 cm, while the Isy¢ peak is measured at (r — z) = (—5,19)
cm. This discrepancy could be explained by ion demagnetization, and the subsequent
ion detachment from the field lines, at z = 19 cm where the calculated gyroradius of the
thermal ions is comparable to the chamber radius.

lon beam detection

For thruster applications, the existence of an accelerated ion population is a key contribu-
tion to the axial momentum flux exhausted from the source i.e., the axial force [22]. In
the current experimental set up, ion-neutral collisions affect the accelerated ion popula-
tion expanding in the magnetic nozzle, where charge-exchange collisions create slow ions
and fast neutrals. Thus, the ion beam component decreases and the measured thermal
ion population increases. The formation of the high-density conics in the symmetric MN
case have also been linked to downstream ionization that would add to the local ion pop-
ulation [18]. At the operating conditions of this study, the presence of an ion beam can
be detected by an RFEA and it is characterised by a second peak in the IEDF at a higher
voltage than the plasma potential, where the beam potential, V3, is defined as the location
of this second maximum. To ensure that the RFEA was actually measuring an accelerated

ion population, the ion energy distribution functions measured at the same experimental
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Fig. 4 |-V characteristics measured with the RFEA at (r,z) = (0,19) cm at Prr =250 W, B, max =320 Gina
symmetric MN configuration, and 0.5 mTorr. a Radial-facing RFEA, Vp =21.98 V (b) Source-facing RFEA, Vp =
21.28Vand Vg =40.25V
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condition but with the probe orifice first facing the chamber walls (radial-facing) and
then facing the plasma source exit (source-facing) were compared. Figure 4 shows the
I-V characteristics and the derived IEDFs for both the radial-facing and source-facing
RFEA orientation. The radial-facing profile shows one peak located at a plasma potential
of Vp = 21.98 V. On the other hand, the IEDF obtained from the source-facing RFEA pre-
sents two peaks: one at the local plasma potential Vp = 21.28 V, and the second one at a
higher potential, Vg = 40.25 V. Because of the extreme similarity between the measured
plasma potentials, one can infer that the IEDF does not present a distribution broadening
effect, nor that the probe orientation is significantly perturbing the plasma, but that the
RFEA is actually measuring a higher energetic, directional ion beam [4, 12, 13].

lon beam characterization

The retarding field energy analyzer is used to radially characterize the ion energy dis-
tribution function, the total ion current, and the plasma and ion beam potentials. The
probe is placed at zp = 19 cm and with the orifice facing the plasma source exit to col-
lect the ion beam signal. The standard deviation of the measured current is calculated
to be 0.2t A. For the symmetric case, the total ion current plot in Fig. 5 shows a double-
peaked, slightly asymmetric profile confirming the ion saturation current profile meas-
ured by the Langmuir probe. Indeed, the Ij plot presents a maximum at 7 = —11 cm and
at r = 8 cm. Contrarily, the deflected MN case shows a single peak centred at r = —5
cm, again similar to the I, profile of Fig. 3a.
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Fig. 5 Radial profiles of the total ion current measured by the RFEA at zp = 19 cm for the symmetric
magnetic nozzle case (open circles) and the deflected MN case (open squares)
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Fig. 6 lon energy distribution functions as a function of radial position and discriminator voltage taken with
the RFEA at z = 19 cm for the symmetric magnetic nozzle case
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Fig. 7 lon energy distribution functions as a function of radial position and discriminator voltage taken with
the RFEA at z = 19 cm for the deflected magnetic nozzle case

Figure 6 shows the contour plots of the normalised ion energy distribution functions
as a function of radial position and potential for the symmetric magnetic nozzle case.
The IEDFs show a local thermal population of ions at Vp & 20 V with a double-peaked
profile at r = —11 cm and r = 8 c¢m, consistent with the measured total ion current.
The energy distributions show the presence of a second, higher energetic ion popu-
lation at a potential of Vg &~ 40 V. This accelerated population is defined as the ion
beam, and it appears centred at r = —2 cm. An estimate of the ion beam energy at the
location of its centre i.e., (r,z) = (—2,19) cm can be found as eg = e(Vg — Vp) ~ 19

eV. The ion beam potential is constant between —5 < r < 5 cm, and then decreases by
10 V at the edges.
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The measurements taken with the asymmetric magnetic nozzle orientation clearly
show the deflection of the ion beam in the direction of increasing radial magnetic
field. As seen in Fig. 7, the local ion population presents a single peak at r = —5 cm
at a slightly higher potential than the symmetric case i.e., Vp = 24 V. The energy dis-
tribution of the ion beam is not centred anymore, but it shows a shifted profile that
also peaks at r = —5 c¢m, and it is characterised by a narrower beam width. Addition-
ally, the potential of the accelerated ions peaks at r = 0 cm where Vg & 43 V to then
decrease radially e.g., Vg &~ 38 V at r = —5 cm. The energy of the ion beam in the
deflected case at (r,z) = (—5,19) cm is then estimated to be g ~ 14 eV. It is noticed
that the ion-neutral mean free path for the operating pressure is shorter than the dis-
tance between the source exit and the probe position i.e., A ~ 10 cm and zp = 19
cm. Thus, the accelerated ion beam component is decreased at the measurement
location due to charge-exchange collisions, and elastic collisions could affect its direc-
tion, further reducing the collected beam current. Additionally, the plasma profile
structure for both the symmetric and deflected magnetic nozzle scenario peaks in the
centre and decreases radially, indicating the presence of an electric field that would
accelerate the ions outwards increasing the plasma cross-field diffusion.

Conclusion

The first measurements of a magnetic steering system mounted co-axially in a magnetic
nozzle radio-frequency plasma thruster at The University of Auckland are presented. A
Langmuir probe and a retarding field energy analyzer were used to radially characterize
the plasma expansion in a symmetric and deflected magnetic nozzle. In the symmetric
configuration, both the ion saturation current and the ion energy distribution radial pro-
files showed a double-peaked behaviour. The latter could be a sign of high density conics
formation and local ionization downstream of the plasma source caused by transport of
hot electrons from the antenna region. The measurements taken in the deflected magnetic
nozzle case proved that the plasma was affected by the asymmetric magnetic field. Radial
profiles of the ion saturation current, the total ion current and of the IEDFs changed from
a double-peaked to a single peak profile centred around » = —5 cm in the direction of the
magnetic nozzle. However, further experiments are required to fully understand the gen-
eration of the high-density conics, and how to optimize the magnetic steering system to
allow for the conics to be created even when the magnetic nozzle is deflected.

The ion energy distribution functions clearly showed the radial location of the ion
beam changing with the deflected magnetic field. The direction of the accelerated ion
beam was found to be following the magnetic nozzle orientation, even though the ion
beam intensity and its direction were affected by ion-neutral collisions and ion demag-
netization; thus, further measurements of the ion energy distribution functions closer to
the plasma source exit are necessary to quantify and better characterize the steering of
an ion beam.
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Abstract

Two dimensional mappings of the floating potential, Ar Il emission and ion saturation
currents are used to characterize an 80 cm long magnetized rf plasma column. The
data brings new evidence supporting that the level of ion magnetization under the

rf loop antenna plays an important role for the efficient generation of plasma over an
extended region when the magnetic nozzle is sufficiently separated from the antenna.
Densities up to 10'® m~3and a blue core are observed for an rf power of 200 W and
magnetic fields above 400 G when ions are magnetized. The local wall charging under
the antenna is probed and observed to change coherently with the local ion magneti-
zation and seems critical to the global creation and transport of energetic electrons,
which are indirectly observed far from the antenna when the ion Larmor radius is
much smaller than the glass tube radius over the entire region of investigation.

Keywords: Magnetic nozzle, Anisotropic charging, Blue core, Electron transport

Introduction

Spontaneous acceleration of quasineutral plasmas through a magnetic nozzle (MN) is
one of the basic principles of novel spacecraft electric propulsion [1, 2]. One such pro-
pulsion technology, the helicon thruster (HT), also called magnetic nozzle rf plasma
thruster, has been continuously scrutinized both theoretically and experimentally over
the past 20 years. This has recently resulted in the milestone of a prototype achieving
a thrust of ~ 55 mN and an efficiency of nearly 20% at 4 kW using argon [3]. Efforts
are on-going to further improve the understanding of the thrust generation mechanisms
and increase the system efficiency in order to make HT competitive with legacy thruster
technologies [2]. The motivation comes from the HT promises of longer lifetime and
system simplicity, thanks to having no electrode or live elements in contact with the
plasma [4].

Several mechanisms contributing to the thrust generation have been identified since
the first report of an ion beam-generating current-free double layer in a helicon device
in 2003 [4]. From the force balance point of view, the total thrust has two principal
positive contributions. The first one is the thermal plasma pressure on the backplate
of the thruster source tube. The second one is a Lorentz force owing to an azimuthal
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diamagnetic electron drift interacting with the radial component of the applied mag-
netic field [5]. Diamagnetic drifts are induced by radial gradients in electron pressure
and tailoring the radial profiles of electron density and temperature is therefore key to
achieving a high performing thruster. In particular, peripheral high density and high
temperature conical structures have been repeatedly observed downstream of a MN
[6-8]. Studies have quantified the contribution of these structures to the axial momen-
tum flux, while their geometry would result in a larger plume divergence compared to
axially peaked plasma structures [9, 10]. The leading hypothesis for the formation of
high density conics is local ionization by electrons energized a few skin depths under
the rf antenna and exiting along some of the most radially outward magnetic stream-
lines capable of escaping the thruster source [6, 7, 11]. A good understanding of the
efficient transport of energetic particles is therefore key.

Radial ion fluxes and associated momentum loss to the radial source wall have been
identified as affecting the HT’s efficiency [12, 13]. Increasing the magnetic field inten-
sity can reduce the cross-field diffusion and studies have found the level of ion magneti-
zation in the source tube to be a critical parameter in obtaining an ion beam [13-17].
Recent studies have correlated the level of ion magnetization in the source tube with the
observations of plasma densities > 10'® m~3 at the MN throat, for relatively low rf pow-
ers and magnetic field intensities [18—20]. In a similar fashion to the conics, this high
density peak at the location of strongest axial magnetic field seems to be predominantly
due to remote ionization by energetic electrons transported from the antenna region,
while a wave-heated regime has not been identified so far for such configurations [19].
For efficient transport of these high energy electrons, the anisotropic charging of the die-
lectric source tube could be an important factor [19, 20]. The magnetic behavior of the
plasma in the source tube is therefore another key factor to consider for improving the
performances of the MN rf thruster. Localized charging under the rf antenna due to an
asymmetrical capacitive mode is also anticipated to pay a role in the ion dynamics [21].

This study presents evidence of the role of ion magnetization and associated ion-wall
interactions in the generation of high density plasmas in the region from the rf antenna
to the MN at a relatively low rf power of 200 W. The hypothesis of ion magnetization-
driven local wall charging affecting the transport of hot electrons is investigated through
local and volumetric ion saturation and floating potential measurements. The in-situ
measurements are completed by nondisruptive optical emission intensity diagnostics.
The findings are discussed in terms of their expected impacts on magnetic nozzle rf
thruster performances. Section 2 presents the apparatus and employed diagnostics, Sec-
tion 3 briefly reviews the two modes of operation of the plasma discharge, and Section 4
details the volumetric and glass tube surface floating potentials. Section 5 relates the
findings to the efficient generation of high plasma densities.

Apparatus & diagnostics

The measurements are conducted in Huia, a plasma experiment at the University of
Auckland specifically designed to allow flexible study of rf magnetized plasma genera-
tion and transport. Huia’s active plasma region is a 150 cm long, 9 cm inner diameter
borosilicate glass tube, a section of which is represented in Fig. 1. Huia is complementary
to the Australian National University based Echidna experiment, working at different
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Fig. 1 Schematic of the Huia plasma device with main components labeled. The loop antenna is located
at z = 0.cm while the movable solenoid pair is centered at z = zg = 30 cm. The movable planar Langmuir
probe is inserted through a linear/rotary vacuum feedthrough at z = 120 cm. The axial location of the gas
inlet coincides with the axial location of the turbo pump inlet. The light grey elements are all grounded
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Fig. 2 Axial magnetic flux density with the solenoids placed at zg = 30 cm. The dotted vertical line marks
the position of the loop antenna

radiofrequencies and using a different rf antenna type [19]. A base pressure of a few
10~7 Torr is maintained with a 250 1/s turbo pump backed by a primary pump. Argon
is injected upstream of the glass tube through a mass-flow controller. The power from a
1 kW rf generator set at 27.12 MHz is fed to a 4/3 turn tightly wound loop antenna, the
center of which marks the origin of Huia’s (r, z) reference frame (see Fig. 1). The rf load
impedance is matched to 50 2 using an L-type matching network. A pair of solenoids of
352 turns each is used in a Helmholtz configuration to create a maximum magnetic flux
density of 23.82 G/A on axis. The axial magnetic flux density profile is shown in Fig. 2.
The position of the solenoids can be adjusted from z = —10 cm to z = 80 cm, allowing a
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wide range of magnetic field configurations. The axial position of the center of the sole-
noids is denoted as zg, which also marks the location of maximum axial magnetic field
intensity Bo.

In the results that follow, the rf power was maintained at 200 W with a reflected power
smaller than 1% at all times. The argon pressure is fixed at 1 mTorr and the antenna-sole-
noids distance was varied between zg = 0 cm and 40 cm. The maximum axial magnetic
flux density is varied between 75 G to 950 G.

The plasma floating potential V¢ and the ion saturation current s, are measured using
a 2 mm diameter nickel disk mounted atop a thin ceramic tube to form an uncompen-
sated planar Langmuir probe (LP). The probe is left floating to acquire V¢ or is biased at
—100 V to measure I [22]. Where the electron temperature 7. is known, the ion den-
sity n; is deduced from

Iyt = 0.61nieApup, (1)

where e is the elementary charge, A, the probe surface area, and up the ion Bohm speed.
The factor of 0.61 accounts for the presheath-sheath density drop. The probe is mounted
at the extremity of an off-center 1.5 m long movable shaft inserted at the downstream
end of Huia (z = 120 cm in Fig. 1). The shaft is covered by a glass sheath to ensure mini-
mum disruption to the predominantly dielectric plasma boundary conditions inside
Huia [20]. Taking advantage of the axisymmetric geometry of Huia, the shaft is simply
rotated to produce two-dimensional (r-z) scans.

A band-pass optical filter centered around 488 nm with a FWHM of 10 nm is used
together with a Raspberry Pi camera module as an optical plasma diagnostic. The cam-
era module is based on a color 12 MP Sony IMX477 CMOS sensor. The images were
captured in the RAW format using the open-source libcamera library and the rawpy
python module in order to by-pass the on-chip post-processing. When filtered, the light
gathered by each color channel is extracted and summed together to produce a grayscale
image of the scene. The pictures of the plasma in Huia are shot radially to produce (r-
z) two-dimensional maps of the glow in broadband visible (VIS) light and for the Ar II

relaxation emission at 488 nm.

Single density peak to double peak mode transition

Two separate studies by Bennet et al. and Filleul et al. performed on Echidna and Huia,
respectively, have both observed a similar behavior when the separation between the
antenna and the solenoids center (i.e. zg) is increased beyond some threshold [19, 20].
Interestingly, it was further shown that the working frequency and the type of antenna,
whether a double-saddle type or the loop antenna aforementioned, played no role in
the mechanisms at work [20]. The key points of this dynamic are summarized here and
reproduced from Ref. [20] to pave the way for the next section.

The common configuration found in most magnetized rf plasma devices used for the
study of helicon thrusters is with the antenna located in the region of uniform magnetic
field (minimum axial gradient) [4, 5]. Figure 3 shows the axial density profile measured
in Huia in such a configuration when the solenoids are located on top of the antenna
(zp = 0 cm, orange curve) for By = 300 G. It can be seen that the axial plasma density
peaks at ~ 4 - 107 m~3 just 2 cm downstream from the loop antenna and then decreases
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single to double peak modes. By = 300 G for all three cases. The antenna position is marked by the dotted
vertical line

closely following the axial decay of By (c.f. Fig. 2). This behavior is not surprising as most
of the plasma would be created under the antenna and the locally peaking magnetic field
would act in reducing the cross-field diffusion and the plasma losses to the walls. As By
decreases downstream, wall losses would increase and the plasma density decrease in
the absence of local plasma creation, as observed in Fig. 3.

When zp is increased to 30 cm, the axial density profile follows the solenoids and the
peak density value is two times higher than when zg = 0 cm. This change in the peak
location as well as in the maximum density increase takes place monotonously when
zp is progressively increased [19, 20]. For zg > 30 cm, it is observed that the peak den-
sity then decreases and at zg = 40 cm, a second maximum in density appears under the
antenna (blue curve in Fig. 3). For larger zg, this double peak mode is observed to persist
for zg up to 60 cm [19, 20].

It should be noted that the ion densities reported in Fig. 3 have been calculated with
Eq. 1, using the ion saturation currents measured with the planar langmuir probe and an
axially constant electron temperature of 7. >~ 4.5 eV, measured with an rf compensated
Langmuir probe for different zp.

Figure 4 shows the 2D (r-z) maps of the ion saturation. The measurements were
carried in the top half of the (r-z) plane and mirrored for clarity. Figure 4(a) is for the
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Fig. 4 2D mappings of the ion saturation current measured with the planar Langmuir probe when the
solenoids are 30 cm away from the antenna and with By = 300 G (a), when zg = 40 cm and By = 300G (b),
and zg = 40 cm and By = 600 G (c). The solid black lines represent the field lines which intersect the glass
tube under the antenna atr = £45cmandz = 0cm

same conditions as the red curve of Fig. 3, while Fig. 4(b) is for the blue curve. Fig-
ure 4(c) is also for zg = 40 cm but at twice the magnetic field intensity By = 600 G.
It can be observed that the single and double peak features are not restricted to the
centreline (r = 0 cm), as shown in Fig. 3, but exist on axial profiles for which |r| <1
cm. More interestingly is the fact that doubling By has returned the plasma to the
single density peak mode at zg = 40 cm.

The fact that I, has increased under the solenoids in the zg =40 cm / By = 600
G case compared to zg = 30 cm / Bg = 300 G can be attributed to the radial reduc-
tion in the magnetized electron column from the antenna to zgp, as the electrons are
fully magnetized in the entirety of the probed plasma volume. The electron Larmor
radius is indeed still of the order of 1 mm at a distance of 30 cm away from the sole-
noids and when By = 300 G. However something is happening in the zg =40 cm /
By = 300 G which is preventing the high density mode to take place.

Combining the radial Is¢ profiles in Fig. 4 with radial electron temperature profiles
acquired with an rf compensated probe (not reported here), one can calculate the
average rf skin depth under the antenna to be around 1.2 cm (8, = ¢/wpe, With wpe
the electron plasma frequency). This implies that most of the rf power is deposited
in the first 2 cm under the antenna.
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Floating potential and anisotropic wall charging

The observation that a similar mode switching is taking place when the magnetic
flux density is increased (c.f. Fig. 4) or when the solenoids are moved away from the
antenna (c.f. Fig. 3), whilst the rest of the operating parameters are constant, alludes
to the key role played by the plasma magnetization under the antenna. Moreover, it
was observed that the mode transition is occuring at the same zg and By regardless of
changes in rf power (fromm 200 W to 500 W) or in argon pressure (from 0.5 mTorr to
5 mTorr) [19].

For ions at room temperature and By = 300 G, the ion Larmor radius ri; stays
smaller than the glass tube internal radius of 4.5 cm up to 32.5 cm away from the sole-
noids. This distance increases to 41.5 cm when By = 600 G. Beyond these points, ri;
increases rapidly. Said otherwise, for the cases zg = 30 cm / Bp = 300 G and zg = 40
cm / Bg = 600 G, the ions are fully and partially magnetized between the solenoids
(rLi ~ 0.5 cm) and the antenna (r1; >~ 3.7 cm), respectively. For zg = 40 cm / By = 300
G however, r1; >~ 8 cm under the antenna and the local ion flux to the wall would be
increased in this case. This was previously remarked in Refs. [19, 20] but not sup-
ported by measurements of the local charging of the wall.

Figure 5 shows the 2D (r-z) maps of the plasma floating potential V; measured with
the Langmuir probe for the same conditions as in Fig. 4. It can be seen that the float-
ing potentials behave similarly to Ly, i.e. zs = 30 cm / Bop = 300 G and zg = 40 cm /

5 10 15 20 25 30 35 40 45 50 55 60 65 70
z (cm)
Fig.5 2D mappings of the floating potential Vf measured with the planar Langmuir probe when the

solenoids are 30 cm away from the antenna and with By = 300 G (a), when zg = 40 cm and By = 300G (b),
and zg = 40 cm and By = 600 G (c)
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By = 600 G have very similar V¢ features and magnitudes whereas the mapping of V¢
for zg = 40 cm / By = 300 G portrays a different plasma dynamic.

Noticeably, V¢ is relatively constant and uniform in the dense plasma column under the
solenoids when the ions are magnetized under the antenna in Fig. 5(a) and (c). Also simi-
lar are the islands of maximum V¢ above and below, i.e. radially outward from the dense
plasma location, which indicates that the glass tube is significantly positively charged
under the solenoids. Finally, another interesting feature in these two mappings is the fact
that V; takes its lowest values right under the antenna. The axial scans of V; taken closest
to the glass tube edge at the coordinate r = 4.3 cm for the cases zg = 30 cm / By = 300
G and zp = 40 cm / By = 600 G are plotted in Fig. 6 for better visualization of the ani-
sotropic charging of the glass tube. V¢ has clear global minima that match well with the
location of the loop antenna at z = 0 cm. It should be pointed out that rf sheath dynam-
ics induced by the presence of the antenna could also play a role in the presence and in
the magnitude of these local drops in the glass charging [21]. In both cases, the glass
tube has a differential charging of around 60 V between the antenna and zg. One last
feature worth noting in Fig. 5(a) are the valleys of lower floating potential which follow
the last field lines to cross the antenna region. Such a characteristic dip in V; has been
previously associated with the presence of energetic magnetized electrons, presumably
excited in the rf skin layer under the antenna and travelling all the way to z = —60 cm to

potentially contribute to remote ionization [23].
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Fig. 6 Floating potential profiles measured along the glass tube inner surface, atr >~ 4.3 cm for the
conditions of Fig. 5(a) and (c) 2DVf
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When the ions are not magnetized under the antenna, i.e. for the case zg = 40 cm
/ Bo = 300 G in Fig. 5(b), while there is still a visible local minimum of V§ under the
antenna, the global characteristics of V¢ are very different. V¢ peaks axially under the
antenna and progressively decreases along z to reach ~ —45 V downstream of the
magnetic nozzle throat. The radial profiles are also more homogeneous with nearly
radial V¢ isolines in the right-hand side of the MN, contrasting with isolines following
the magnetic field lines when the ions are magnetized. Since the floating potential is
defined as the potential necessary to equalize the local fluxes of ions and electrons,
the region of maximum V¢ under the antenna when zg = 40 cm / By = 300 G can be
interpreted as a region of larger ion flux. This is consistent with the local maximum
in ion saturation current under the antenna in Fig. 4(b). The picture emerges where
local ions with Larmor radii of the order of 8 cm collide with the glass tube surface
before even completing 1/4 of their gyration. The ions will be unable to travel down-
stream along the field lines and will locally contribute to a more positively charged
glass tube. Fewer of the warm and energetic electrons excited some skin depths under
the antenna will be able to travel downstream, as a result of being electrostatically
trapped under the antenna, inducing a local density peak under the antenna. This
reduced transport could at least partly explain why the amplitude of the density peak
under the solenoids decreased between zg = 40 cm and zg = 30 cm in Fig. 3.

To complete the picture on the role of the local ion magnetization in the gener-
ation of high density plasmas in Huia, a Langmuir probe was placed at r = 4.3 cm
and z = 0 cm, i.e. against the glass tube under the antenna, and By was progressively
increased. The recorded V; vs By characteristics are reported in Fig. 7 for four differ-
ent values of zp, alongside with the calculated values of ri; under the antenna. The
similar shapes and magnitudes of the V¢ curves for the four different zp is striking,
suggesting that the local plasma equilibrium conditions are the same in each case but
occur for higher By as the solenoids are progressively moved away from the antenna.
For each zp, the floating potential under the antenna shows a sharper decrease for By
values which result in r1; = 4.5 cm. This observation brings yet another clue of the
importance of local ion-source wall dynamics for the global plasma equilibrium. This
also suggests that assuming ions at room temperature is a reasonable approximation,
at least under the antenna.

A closer look at the different regions of the characteristics in Fig. 7 reveals some
insights of the local flux balance as By increases. It is worth noting that for all the condi-
tions presented in Fig. 7, the electrons stay magnetized with r1e < 4.5 mm. rpe is calcu-
lated considering T, ~ 10 eV, which was measured under the antenna against the glass
tube with an rf compensated probe. In other words, the magnetization effect on the
electrons’ flux to the wall can be taken as constant in what follows. Changes in V¢ are
expected to be driven mostly by the level of ion magnetization and electrostatic effects.

When the ions are unmagnetized under the antenna (i.e, r1; > 4.5 cm), the local V;
asymptotically increases to values around +50 V when By decreases, which would result
in a larger fraction of trapped high-energy electrons and a plasma generation more local-
ized to the antenna region. The trend in V; with By is similar to the trend of r1;. Below the
rLi = 4.5 cm threshold, an increasing fraction of ions are magnetized under the antenna,
and fewer will collide with the glass tube during their gyration, making V; more negative.
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Fig. 7 V; (circle symbols, left axis) measured at z = 0 cm, i.e. under the antenna by placing the LP right
against the glass tube wall as a proxy for the local wall charging when the applied magnetic field is increased.
The measurements are repeated for increasing value of zg, from 25 cm (a) to 40 cm (d), in 5 cm steps. The ion
Larmor radius rj under the antenna (solid line, right axis) is also shown. The horizontal dashed line represents
the glass tube inner radius

The minima in V; in Fig. 7 correspond to an ion gyroradius between approximately 2 and
3 cm. Beyond that point, the floating potential is seen to increase again. The following quali-
tative picture is proposed as a possible explanation as to why V; increases again for values of
By that make r1; < 2 cm under the antenna. When r;; >~ 2 c¢m, ions in the center of the col-
umn under the antenna have Larmor orbits grazing the glass tube and will only collide with
the glass tube when moving upstream or downstream from this location. This is promoted
by the relatively short ion-neutral collision mean free paths (~ 3 cm at 1 mTorr) which
would increase the cross-field diffusion. For larger By, most ions are closely tied to the mag-
netic field lines as ri; ~ 1.5 cm, the minimum value of 71 in the conditions of interest. This
could promote the increase in ion flux from ions existing along the streamlines that intersect
the glass tube under the antenna. The local ion flux to the glass tube increases again and it is
seen to plateau as i gets to its minimum value. The plateauing is specially visible in Fig. 7(a).
Qualitatively, this is owing to the inhibition of the ion cross-field diffusion. When the field
strength is increased to By = 600 G for zg = 30 cm, the profile of V along the glass tube, not
presented in this study, shows that there is no further global minima of V¢ under the antenna.
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High density genereation

Figure 8 shows the ion density on axis under the solenoids, measured with the planar
Langmuir probe as By is increased, for zg = 30 cm and zg = 40 cm. This figure shows
the effectiveness of the plasma generation in the single peak mode. The increase in #;
is the steepest when ions are progressively getting magnetized under the antenna. One
continuous and one dash-dotted vertical lines mark the thresholds of ion magnetization
under the antenna, as reported in Fig. 7, for zg = 30 cm and zp = 40 cm, respectively.
Beyond these thresholds, the rates of increase of n; with By are lower. For zg = 30 cm, #;
eventually reaches a saturation point at 1.3 - 10'® m~2 around 800 G, probably because
the plasma cross-field diffusion cannot be further reduced.

Figure 9 shows the light emission of plasma as By is increased and with the solenoids
placed 30 cm away from the antenna. The two vertical bands in each image are where
the plasma emission is blocked by the solenoids. The scene axially spans slightly over 60
cm. In order to give a faithful color representation, the top row in Fig. 9 was produced
with the camera with the stock wide bandwidth UV-NIR filter in place. The bottom row
images were produced by removing the UV-NIR filter and by placing the 488 nm filter in
front of the objective lens.

It is visible in both rows that the plasma stays mostly confined to the antenna
region when By = 75 G. At higher magnetic fields, the plasma luminosity increases
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Fig. 9 The top row a-d shows the evolution of the plasma discharge along the glass tube in broadband
visible light as By is increased at a fixed power of 200 W, an argon pressure of 1 Torr and zg = 30 cm. The loop
antenna is visible as a thin black line at the extreme left of each picture. The bottom row e-h shows the same
scene but captured again through the 488 nm filter. The camera’s shutter speed was set at 1/125 s while the
analog and digital gain of the sensor were fixed to unity. The white balance was kept constant for the VIS light
photographs, and is irrelevant for the filtered ones

downstream and from 300 G onward the characteristic blue light of the Ar II emis-
sions starts to dominate inside the collimated column under the solenoids (c.f. Fig. 9(c)
and (d)). At 600 G, a blue core is formed, which is evident with the strong 488 nm light
intensity in Fig. 9(h).

Excitation of an argon ion to a state which then decays by emitting a 488 nm pho-
ton can either happen from a direct electron-neutral collision or through a electron-ion
collision [24]. However, the latter is 15 to 30 times more efficient than the former [25].
Therefore, most of the 488 nm light seen can be attributed to electron-ion collisions.
Moreover, this process has a threshold in electron energy of 17 to 20 eV [24, 26]. Hence,
the Ar I light in Fig. 9 is likely a sign of the presence of electrons in the inelastic range far
downstream from the antenna, especially since the excited ion state which can emit the
488 nm photon has a lifespan of a few nanoseconds, i.e. far shorter than the travel time
of thermal ions from the antenna to the solenoids [27]. Ions created under the antenna
are also unlikely to efficiently travel downstream as the ion-neutral collision mean-free
paths are around 3 cm at the present working pressure. The sign of a significant frac-
tion of electrons in the inelastic range beyond zp is suggestive of the non-local plasma
ionization in Huia taking place due to the transport of high-energy electrons from the
antenna.

The continuous increase in the Ar II light intensity under the solenoids with By
matches the trend of the measured ion density in Fig. 8. The onset of a wave-heated
mode is often associated with the observation of a step increase in plasma density with
By [28]. Since no such step increase was observed here, nor wave modes identified in
Echnida [19], the data from Figs. 9 and 8 support the hypothesis that the remote ioni-
zation far from the antenna could be due to the downstream transport of electrons
energized under the antenna. Such energetic electrons have been measured with the rf
compensated probe and will be the focus of a future work.

Conclusion

Volumetric and localized in-situ measurements, as well as non-disruptive optical meas-
urements, are presented to explore plasma modes in a long converging-diverging mag-
netized rf column. The experimental conditions can be taken as a proxy of the conditions
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existing in the source tube of a magnetic nozzle rf thruster before the plasma expands
into space.

Two modes of operation are observed. The first one has a single axial high density
peak coinciding with the location of maximum magnetic field. The second mode sees
the density being double-peaked on axis, with one peak under the antenna and a sec-
ond under the solenoids. The transition between the two modes takes place either when
the solenoids are moved farther away from the antenna at a constant magnetic field, or
when the magnetic field flux density is decreased for a given solenoid position. A strong
correlation is observed between the level of ion magnetization under the rf antenna
and the plasma being in one mode or the other. This is further supported by measure-
ments of the plasma floating potential under the antenna, ~ 1.5 mm away from the glass
tube, showing changes in the local glass tube charging that match well with the local ion
gyroradius becoming smaller than the glass tube radius. When ions are unmagnetized
under the antenna, while electrons are always magnetized, the local flux balance causes
the glass tube to be locally strongly positively charged, resulting in an electrostatic trap-
ping of high-energy electrons that would have otherwise traveled far downstream. This
causes the plasma to be in a double-peaked mode. In the single peak mode, densities up
to 10'® m~3 and strong Ar II emission are observed at a modest rf power of 200 W and
a magnetic field of at least 400 G. This is seen as a sign of efficient plasma generation
in a large volume far from the rf antenna. The observation of intense Ar II emission at
488 nm is also an evidence that electrons in the inelastic range are efficiently travelling
far away from the antenna or are remotely excited.

These results highlight the importance of considering the levels of ion magnetization
in the source tube of a magnetic nozzle rf thruster. In particular, obtaining high plasma
densities at moderate rf powers would be beneficial for achieving a high propellant utili-
zation fraction and thruster efficiency.
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Small spacecraft are likely to be launched as part of a rideshare mission rather than on a dedicated launch. These
spacecraft typically use low-thrust propulsion systems as they have lower fuel mass requirements. However, without a
dedicated launch, the lower thrust can make it difficult to reach interplanetary targets. Further mission design
difficulties arise as the optimizers used to search for such trajectories often require a good initial guess, which can be
difficult to find. This work patches together a perturbed Sims-Flanagan transcription in three different regimes, each
with a different central body, to perform a preliminary search for trajectories from a lunar rideshare to a weak capture
around Venus with little input required from the mission designer. Example trajectories of such a mission are presented.
The ability of this mission architecture to arrive as close to Venus’s upper atmosphere as possible is explored.

Nomenclature

= constraint function
thruster duty cycle
Lagrange multiplier
biective =  Objective function
another Lagrange multiplier
acceleration due to gravity at Earth’s surface, km/s?
safe height above a massive body, km
specific impulse, s
spacecraft total mass, kg
fuel mass flow rate, kg/s
= number of segments in a Sims—Flanagan trajectory
phase
active = number of active thrusters
number of Sims—Flanagan phases in a full trajectory
= spacecraft position relative to central body, km in
Cartesian coordinates
Tbody = radius of a massive body, km
Fperiapse periapse radius of an orbit, km
rsor = radius of the sphere of influence of a massive body, km
T thrust, KN
U universal variable in Keplerian propagation
u = thrust control vector, unitless in Cartesian coordi-
nates
spacecraft velocity relative to central body, km/s in
Cartesian coordinates
excess velocity relative to a massive body, km/s
spacecraft state vector, contains position, velocity,
and mass
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a = inverse of semimajor axis

At = time of flight of a trajectory phase, s

Av = change in velocity due to an impulse, km/s

S = turn angle of gravity assist, rad

u = standard gravitational parameter of a massive body,

km?3/s?

X = universal anomaly

Subscripts

B = final value in backward-shooting arc

cp = central body to perturbing body

F = final value in forward-shooting arc

k = index of trajectory segment

)4 = perturbing body

Superscripts

+ = value immediately following an impulse

- = value immediately before an impulse

1. Introduction

RELIMINARY trajectory design for spacecraft using low-thrust

propulsion systems is a challenging optimization problem. In
high-thrust systems, maneuvers can be approximated as occurring
instantaneously. In contrast, low-thrust events last days or weeks, as
lower thrust takes more time to significantly change the spacecraft’s
velocity. An instantaneous approximation is no longer appropriate.
Thrust must instead be modeled as continuous, so acceleration due to
thrust must be included in the equations of motion, increasing the
complexity of the problem. When carrying out a global search for
feasible trajectories, computation time is important as many different
trajectories must be computed and examined to find a feasible so-
lution. Simplified equations of motion are preferred to reduce the
computation time.

This work patches together perturbed Sims—Flanagan trajectories
from three different regimes, each regime a different two-body prob-
lem with a different central body. A preliminary search is conducted for
low-thrust trajectories to Venus. The model includes escape from the
Earth-moon system and capture at Venus. This work presents, for the
first time, the solution of a perturbed Sims—Flanagan-based trajectory
that passes through regimes with three different central bodies solved
inone problem, as well as the application to a low-thrust Venus mission
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from lunar rideshare. The aims of this work are to solve different parts
of a trajectory in one problem, to conduct a preliminary search for
Venus trajectories requiring little input from a mission designer, and to
demonstrate what can be accomplished by low-thrust systems. In this
case a relatively small 180 kg spacecraft using a Hall thruster capable
of 39 mN of thrust, with a specific impulse of 1500 s, is used. Small
spacecraft are unlikely to be granted dedicated launches onto inter-
planetary trajectories. However, interplanetary space is not completely
inaccessible to smaller spacecraft with low thrust, as gravity assists can
provide the changes in energy needed to reach ambitious targets [1].
The mission presented here starts with injection from a lunar ride
share, escapes the Earth—moon system using two lunar gravity assists
(LGAs), and arrives into a weak capture at Venus.

Venus was chosen as the target mission due to the increasing
scientific interest in Venus missions. Studies of the Venusian atmos-
phere could reveal much to atmospheric science as well as inform our
understanding of the evolution of our own planet. Venus was poten-
tially Earth-like until a few hundred million years ago; therefore by
studying its atmosphere we might better understand the future of our
own planet, and may also answer questions regarding similar exopla-
nets [2]. With new Venus missions such as the ISRO’s Shukrayaan-1
and NASA’s Discovery missions DAVINCI+ and VERITAS [3-5],
Venus is growing increasingly relevant as a target.

To find feasible trajectories, the trajectory is posed as an optimi-
zation problem. The criteria to decide which solution to the optimi-
zation problem is the “best” depend on the mission. Here, it means the
solution with the lowest fuel expenditure. Many optimization prob-
lems require a good initial guess for the values of the decision vari-
ables in order to converge on a locally optimal solution. Guesses are
difficult to produce as many variables are physically nonintuitive. As
aresult, some less apparent trajectory designs may be overlooked. To
overcome this difficulty, a global search with a low-fidelity solver can
be performed. This search can be robust to the initial guess, and the
solutions can be used as an initial guess in turn by a higher-fidelity
solver [6].

Careful selection of the optimization method can also aid in
solving the problem. Many different types exist, typically classi-
fied as indirect or direct techniques. Indirect methods solve for the
state and costate vectors [7,8]. Although indirect methods give more
accurate solutions than direct methods, they are more sensitive to the
initial guess, so are less suited to the problem posed here. Direct
methods convert the problem to a nonlinear programming (NLP)
problem to be solved by an NLP solver [9—11], as done in this work.
By solving the optimization problem as an NLP problem within a
monotonic basin hopping (MBH) algorithm [12,13], a large problem
space can be explored. This makes the optimizer less sensitive to the
initial guess.

There is a drive toward autonomous preliminary searches to make
preliminary search easier, for example, for onboard trajectory de-
sign [14]. Bounds on decision variables are given by the mission
designer for each decision variable. The model generates decision
variables from a uniform distribution within bounds set by the mis-
sion designer. These bounds can be wide to reduce the workload of
the mission designer. For example, a range in flight times could be
from a few days to thousands of days, or the start and final points of a
trajectory could be bound to be anywhere within a planet’s sphere of
influence (SOI). The other information supplied by the mission
designer is the target planet, any gravity assists, and information on
the spacecraft: namely, maximum thrust, specific impulse, thrust duty
cycle, and number of thrusters active.

Numerous methods have been used in the past to find interplan-
etary trajectories. For example, the circular restricted three-body
problem (CRTBP) models two massive bodies such as the Earth
and moon as well as the spacecraft moving in their vicinity. The
dynamics in this approach are more accurately modeled than the two-
body problem, as in the two-body problem the effects of additional
celestial bodies are approximated as perturbations. As a result, the
CRTBP can take advantage of dynamic features such as manifolds
[15,16]. However, the increased complexity increases computation
time and sensitivity to the initial guess, making CRTBP models less
practical for a wide preliminary search. Some have worked around

this by computing information about the dynamic structures present
to use as part of an initial guess [17], or by using optimization
algorithms that search a wide problem space, such as evolutionary
algorithms and reinforcement learning [18]. Other methods used to
find interplanetary trajectories include shape-based methods [14,19],
which assume the shape of the trajectory to save computation effort,
but may request too high thrust, and solutions to the Stark model,
which divides the trajectory into segments similar to the Sims—
Flanagan transcription, but is integrable [20]. Trajectories patching
together different regimes have been used before [1], including to
Venus, but not using the Sims—Flanagan transcription as used here.

This work uses a variant of the Sims—Flanagan transcription
[21,22]. This is a bounded-impulse model, meaning that thrust is
approximated as a series of discrete instantaneous impulses. With a
large enough number of impulses, the thrust profile becomes approx-
imately continuous. Between impulses the spacecraft motion is
modeled as Keplerian. Although high-fidelity models do not make
this approximation, it is useful for performing a global search for
feasible trajectories that can then be refined by a higher-fidelity
optimizer searching in a small local region of the problem space.
The perturbed Sims—Flanagan transcription is not new, though apply-
ing the n-body perturbed model to this mission scenario is. Others
have used the Sims—Flanagan transcription to solve interplanetary
trajectories before [11]. These cases did not include the escape and
arrival phases in the problem, looking instead at the interplanetary
sun-centered regime of the trajectory.

This paper is outlined as follows: First, the physical model used to
determine the motion of the spacecraft will be described. The model-
ing of gravity assists will also be described, as will the division of the
overall Earth—Venus trajectory into three stages. In the following
section, the optimization method will be explained by defining the
NLP problem with its constraints and decision variables, then the
MBH algorithm will be outlined. Example results for two trajectories
will be presented. Finally, an exploration will be made to find any
tradeoffs between final mass and the closest distance to Venus’s
surface, and the model will be verified against existing solutions in
literature.

II. Modeling
A. Trajectory Model

The trajectories designed here are divided into three stages, each
containing one or more trajectory phase patched together. Figure 1
illustrates one phase, which is adapted from the Sims—Flanagan
transcription. Each phase starts and ends with a control node, a point
where the spacecraft state vector—its position, velocity, and mass—
is defined as decision variables (also called control variables). The
state vector is then propagated forward in time from the start node,
and backward in time from the final node. The two arcs are forced to
meet halfway through in time at a match point. The final node of one
phase is the start node of the next phase to maintain continuity. Nodes
can be celestial bodies, gravity assists, or free points in space. Each
phase is split further into segments, with the trajectory propagated
forward or backward segment by segment. Continuous thrust can
then be approximated as a series of instantaneous impulses spaced
closely together in time. One impulse occurs at the center of each
segment. Other perturbing forces can likewise be included in these
impulses, modeled as an instantaneous change in spacecraft mass and
velocity.

Between impulses, the trajectory is propagated forward and back-
ward in time using Kepler’s equation [23]. Two-body dynamics are
assumed, where the spacecraft is one body of negligible mass, and the
massive body itis orbiting (the Earth, sun, or Venus) is the other body,
called the central body and positioned at the origin. Figure 1 shows
how the spacecraft state vector is propagated. Red arrows indicate
thrust and teal arrows indicate perturbing forces. These forces are
applied together at the same time at the impulses. Green lines indicate
where segments are divided, and the blue arrows indicate Keplerian
propagation. In forward shooting, the position and velocity vectors
are propagated from the point immediately after one impulse, located
at the red and teal arrows, through to the point in time at which the
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Forwards Kepler
propagation

Perturbations
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Backwards Kepler
propagation

Thrust
Mg = Mpyyy

Control node

Fig.1 A single trajectory phase showing division into N segments with impulses at the segment center. X indicates the state vector before (-) and after

(+4) each impulse, and m is the spacecraft mass.

following impulse occurs. In backward shooting, this is done in
reverse. The position and velocity are propagated backward in time
from just before one impulse to just after the previous impulse.
Impulses are instantaneous, so for a given impulse there is no change
at an impulse, but there is a change in mass and velocity.

To solve Kepler’s equation, this work makes use of universal
variables [24] coupled with the Laguerre-Conway root-finding
method [25]. Spacecraft position and velocity at the next (or previous,
for backward shooting) impulse are propagated to by solving for
them iteratively based on the current position and velocity. The
alternative is to solve for them by explicit integration. Solving
iteratively is computationally faster. Universal variables make the
solution applicable to trajectories of any conic section, rather than just
elliptical orbits. The Laguerre—Conway method was chosen as it
converges rapidly to a solution even given a poor initial guess [25].

In this form of Keplerian propagation, the universal anomaly y is
found iteratively by the Laguerre—Conway root-finding method, then
used to find the universal variables. Universal variables must be
defined differently depending on whether the orbit is elliptical, para-
bolic, or hyperbolic. Equations (2-7) are used depending on the type
of orbit as determined by the inverse of the semimajor axis:

1 2
a:—:———k
a ry p

M

The universal variables for an elliptical orbit, for which @ > 0, are
then

U=x1-y8), Uy=4xC, Us=x, ®
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1 .
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For hyperbolic orbits, where a < 0,
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Universal variables, found according to the conic section present in
the current orbit, are then used to find the Lagrange coefficients and
their time derivatives:

U
F=1--2
Tk
P11 Yy,
Ti417k

1
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G=1-—~ (8)

where

T Vg

©))

and the magnitude of the spacecraft position vector is propagated by
rk+1 :rkU0+00U1+U2 (10)

Finally, the position and velocity vectors can be propagated for-
ward to a later point in time using the Lagrange coefficients. This is
done to take the state vector from the point just after the impulse in
one segment to the point just before the impulse in the next segment.
Performing this in reverse results in backward propagation.

For forward propagation,

=L Gl ay
Vit1 F Glly

The impulse at the center of each segment enforces the effect of any
perturbations to the system. In this model, perturbing forces are due to
thrust and n-body gravitational perturbations. Thrusting, the only
component of the impulse in this work that affects spacecraft mass is

controlled using the thrust control vector u. The magnitude of the
impulse is equal to the total change that would occur over the time
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interval of the segment. This informs the choice to place impulses at
the center of each segment. Positioning an impulse at the center of the
segment gives the smallest maximum distance in time between the
impulse and the edge of the segment, improving the accuracy of
approximating the entire effect of perturbations and thrust across the
segment at a single point in time. Increasing the number of segments
each phase will increase accuracy by increasing the frequency with
which the direction of the position and velocity vectors of the
perturbing bodies is updated. The mass following an impulse is

forward propagation

My = |ty 1D Attty
my = (12)

myiy + || DAt ., backward propagation

where duty cycle D is the percentage of time during a thrust arc that
the thrusters are switched on. Here it was assumed to be unity, though
in practice this will not be the case. The maximum mass flow rate
’hmaxk is

(13)

The maximum thrust available T, is another value determined
by the thruster used. Its value may depend on the power available
from the spacecraft’s power source, but for this study it was kept
constant for to keep the problem simple at this low-fidelity stage, and
because the spacecraft is moving closer to the sun to reach Venus, so
solar power would increase to closer to the maximum. Kepler’s
equation uses a two-body model, but in reality the gravitational forces
of other celestial bodies act on the spacecraft. Expending fuel is the
only process changing mass at the impulse, but velocity is also
affected by n-body gravitational perturbations. The effect of thrust
events is modeled using the maximum possible change in velocity
over the time of the entire segment, modified by the thrust control
vector to allow throttling. The maximum change in velocity due to
thrust before throttling is

Avman _ Nactivel:nimax Atk (14)

where N, is the number of active thrusters on the spacecraft. In
this work, it was set to unity to simplify the problem, assuming that
the small spacecraft has only one thruster firing at a time.

The total change in velocity at a given impulse due to thrust and n-
body gravity is then

+ — —
v = Up + AUpgy Uy

n UF U,
+ Z[_ PP Ar + 222 Atk:| forward shooting
p=1 Tp Tep

_ ot
v, =0} —Avmaxkuk

- Z[— ,up;‘p Aty + MiTGC Atk] backward shooting ~ (15)

p=1 P cp

where all vectors are given in Cartesian coordinates with the central
body at the origin.

In Eq. (15), the second term is the change in velocity due to
thrusting. The third term is the effect of the perturbing body on the
spacecraft. The fourth term accounts for the gravitational forces of the
perturbing and central bodies acting on each other.

Ephemeris data for the Earth, moon, Venus, and sun were provided
by NASA’s SPICE toolkit [26,27]. Calling SPICE with each iteration
of the optimizer increases computation time by several hours. Instead,
SPICE data are initially queried over a wide range of dates outside the
optimizer. These values are passed to the optimizer, then interpolated
over the time of flight to allow a flexible epoch and flight time without
compromising computation time. This is done by supplying the opti-
mizer with ephemeris data over dates from the earliest permitted launch
date to the latest permitted launch date plus the total maximum time of

flight, and the epochs at which each data point is taken. Within the
optimizer, MATLAB’s spline function is then used to interpolate
ephemeris data to find the positions and velocities of all perturbing
bodies at the epochs of each Sims—Flanagan segment.

B. Gravity Assists

Two LGAs occur in the example trajectories presented here. The
number of gravity assists was not allowed to change within the
model, though it is possible to use this model for different mission
architectures, as will be demonstrated later in this work. A single
LGA is typically unable to provide the change in spacecraft velocity
needed foritto leave the Earth’s SOI. With two, a greater change can
be made, permitting the spacecraft to escape the Earth—-moon sys-
tem. Constraints are applied to the NLP problem to ensure that the
change in velocity is physically realizable, as will be described later
in Eqs. (19-21). They ensure that conservation of momentum is
maintained and that the spacecraft does not crash into the surface of
the moon.

Gravity assists are modeled using a zero SOI patched-conic
approximation. This means that the gravity assist is modeled as
instantaneous. It also does not switch to a moon-centered model,
occurring entirely within the Earth-centered system. The moon’s
position is taken at the epoch at which the gravity assist occurs. This
location, in Cartesian coordinates, is the position of the spacecraft
at the control node of a Sims—Flanagan phase. Upon reaching this
point in space, the gravity assist is applied as an instantaneous
change in spacecraft velocity, with feasibility determined by con-
straint functions.

The change in the effect of the moon’s gravity from a perturbing
force to the central body within the moon’s SOI is ignored at this
level of fidelity, as the spacecraft is only within the moon’s SOI for
approximately 5% of the trajectory phase. The instantaneous appro-
ximation is similarly justified as the time taken for a gravity assist,
around 1 day for each of two gravity assists, is relatively small com-
pared to the entire Earth escape trajectory, with a duration of al-
most 50 days. The use of these approximations saves several hours
of computation time. Modeling the gravity assists by switching to a
moon-centered system would add two Sims—Flanagan phases to the
model per gravity assist [6], increasing the size of the optimization
problem by adding the appropriate decision variables and increasing
the time taken to compute these additional phases.

C. Trajectory Stages

The trajectories presented consist of three different stages, shown
in Fig. 2, patched together. Three stages are necessary because
the model must switch between three different two-body problems
(Earth-centered, sun-centered, and Venus-centered) as the spacecraft
passes in and out of the Earth’s and Venus’s spheres of influence.
Each stage has a different central body and different scaling of units.
Stages are split further into phases, as in Fig. 1: stage 1 contains three
phases, and stages 2 and 3 contain one phase each. The end control
node of each phase becomes the start control node of the next.

As the optimization problem becomes large when all stages are
considered together, each phase is patched into the optimization
problem one at a time, the problem growing to include the new phase
in addition to all previous phases each time. Each new phase included
in the problem is able to alter all decision variables of all previous
phases. Although solving each phase separately, then fixing their
endpoints to become the start point to solve the following phase,
would make the problem space smaller, the increased flexibility of
the unfixed version makes it easier to find feasible solutions. The
increased ease of finding a feasible solution also reduces computation
time such that the nonfixed solution takes around four or five times
less time to solve. Figure 3 shows how the optimization problem
increases in size with each new phase in the trajectory.

Stage 1 is the Earth launch-to-escape stage, divided further into
three phases. This stage starts following launch with injection onto a
lunar intercept trajectory and ends in escape from the Earth’s SOIL,
using two LGAs. The first phase is a coast from injection onto a lunar
trajectory to the first LGA. The second phase is a thrust arc from the
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first to the second LGA. The third phase is another coast arc, this time
from the second LGA to the edge of the Earth’s SOI, where the
spacecraft is considered to have escaped. Stage 1 is Earth-centered,
with gravitational perturbations due to the moon and the sun.

Stage 2 is the interplanetary stage. The final spacecraft state at
departure from the Earth’s SOI from stage 1 is used as the initial point
of stage 2. An endpoint is targeted on the edge of Venus’s SOI with a
hyperbolic excess velocity relative to Venus of less than 0.5 km/s, to
target a capture. Thrust is allowed throughout. The sun is the central
body, and the Earth and Venus are perturbing bodies.

Stage 3 is arrival at Venus. The target point from stage 2 is used as
the initial point in a Venus-centered arrival trajectory. Stage 3 targets
an orbit of eccentricity greater than 0.7 to attempt Venus capture.
Such an orbit is not ideal for a science mission. To permit more time
close to or within Venus’s atmosphere to obtain data for a science
mission, with shorter gaps between passes, a low semimajor axis or a

circular orbit within the atmosphere would be preferable. Circular-
izing the orbit requires so many revolutions that the Sims—Flanagan
transcription is no longer useful, however. The trajectory would
require too many segments, suffering the curse of dimensionality.
The greater number of decision variables would increase the problem
size beyond reasonable computational cost. Instead, the model
attempts capture with a low radius of periapse such that the spacecraft
may dip into Venus’s atmosphere a few times for scientific observa-
tion. Stage 3 is a Venus-centered model, with the sun as the only
perturbing body.

Swapping from one stage to the next is done autonomously.
Trajectory phases are patched together at their shared control nodes
even when changing central body. The growth of the problem as each
new phase is added to the problem is shown in Fig. 3. At a control
node where the following phase has a different central body to the
previous phase, the state vector is transformed from the reference
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frame of the previous to the new central body. This is done simply by
adding or subtracting the previous central body’s position and veloc-
ity vector to or from that of the new central body, depending on how
the central bodies’ position and velocity vectors are defined relative
to each other (e.g., the Earth is defined relative to the sun, but the
moon is defined relative to the Earth). This requires no additional
manual work. All inputs from the mission designer—the definition of
bounds on each decision variable, which can be wide so they are not
difficult to select, and providing information on the spacecraft engi-
neering specifications—are already obtained before solving the opti-
mization problem.

Units of distance, time, and mass are all scaled in this work, and
scaled differently depending on the stage. Distance is scaled accord-
ing to the distances expected between the spacecraft and central body.
For stage 1, this is the moon’s average orbital radius. In stage 2,
distance is scaled such that 1 AU is one distance unit. For stage 3, it
was found that a smaller distance unit was required, so Venus’s radius
was used. Mass units are constant over all three stages, as the initial
spacecraft mass is set to equal one mass unit. The time units are set so
that for each stage, the orbital period of an object one distance unit
from the central point is 27z time units. All constraints and decision
variables are scaled according to these units.

III. Solution and Optimization

To search a large problem space for possible solutions, the trajec-
tory is posed as an NLP problem and solved using the sequential
quadratic programming (SQP) algorithm within MATLAB’s finincon
function. The derivatives of the constraints with respect to the deci-
sion variables, which form the problem Jacobian, are found by
fmincon using finite differencing. An aim of this work was to find
trajectories with minimal input from a mission designer, so the initial
guess for the NLP is generated from a uniform distribution within the
bounds on decision variables. These bounds are wide enough not to
require detailed knowledge of the system, and to enable numerous
locally optimal feasible solutions to be found with a variety of flight
times and launch dates. Note that finincon struggles to converge on a
feasible solution when given a large number of decision variables, a
poor initial guess, and a large search area. To remedy this, an MBH
algorithm was used [13,28].

MBH is a basin hopping algorithm. Figure 4 explains the algorithm
as aflowchart. It first searches locally around an initial guess by solving

START Generate initial

\

the optimization problem with an NLP solver. The optimized solution
is then perturbed by perturbations generated from a normal distribu-
tion, and re-solved. If a solution found using the perturbed variables is
more optimal than the previous solution, this perturbed solution is
identified as the new best solution, perturbed again, and solved again.
Otherwise, the previous solution is perturbed again and solved again.
The problem to be solved by the optimization algorithm is to
minimize the objective function Eq. (16) while satisfying the con-
straints defined in the following section within the tolerance chosen,
which in this study was 1 x 107 in the normalized units previously
described. The decision variables and constraints of the problem to
be solved are laid out in the section below. The decision variables are
provided to the constraint functions, which are solved by the optimizer.
The objective function in this work maximizes final spacecraft mass.
The greater the final mass, the less fuel expended in flight. As finincon
always minimizes the objective function, here we minimize the neg-
ative value of the final mass to effectively maximize final mass, i.e.,

fobjeclive = —myg (16)

A. Decision Variables

Decision variables in this model consist of the spacecraft state
vector (position, velocity, and mass) in Cartesian coordinates relative
to the central body at each control node, the thrust control vector, the
spacecraft velocity before and after gravity assists, the initial epoch,
and time of flight. Nodes are shared between phases, so the state
vector at the final node of one phase is also the state vector at the
initial node of the next, reducing the number of decision variables
required.

Table 1 shows all of the decision variables used in this model.
Decision variables appear with different frequency depending on the
number of thrust and coast arcs. There are two coast phases in this
model. Final mass and a control vector are not required for those two
phases, as mass is constant across these phases and no thrust is
present to control. The first and last control nodes of the trajectory
are defined by an initial or final orbit by their orbital elements and
energy. Two control nodes are gravity assists, where the position
vector is the moon’s location. At these nodes the velocity vectors,
consisting of one decision variable for each of three directions in
Cartesian coordinates, are decision variables defined before and af-
ter the gravity assist. The two other control nodes are located at the
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Fig. 4 Flowchart showing the algorithm used for MBH.
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Table1 Decision variables, and how many of each, used

Variable Description Quantity
to Launch epoch 1

Voo Launch impulse magnitude 1

E Initial and final orbit characteristic energy 2
(w, e,i,Q,v) Initial and final orbital elements (argument of 2 each

perigee, eccentricity, inclination, and right
ascension of ascending node)

At), Time of flight of phase N,

Voo Excess velocity vector before gravity assist 6

Voot Excess velocity vector immediately after 6
gravity assist

vy Velocity vector at nongravity assist control 6
node

my Final phase mass N,-2

ry Position at nongravity assist control node 6

u Control vector N(N,-2)

spheres of influence of the Earth and Venus, where the system moves
between different two-body systems. Here each of the three compo-
nents of the position and velocity vectors in Cartesian coordinates is
a decision variable. The number of phases, and so number of control
nodes, is chosen a priori.

B. Constraints

Nonlinear constraints are enforced by the optimizer to ensure that
the trajectory is feasible. The first of these is a core part of the Sims—
Flanagan transcription. The forward- and backward-shooting arcs of
the trajectory are propagated to a match point halfway through the
phase in time, where like any other point in the trajectory there can be
no discontinuity in spacecraft position, velocity, or mass. The match
point constraint forces continuity by equating the state vectors at the
match point:

g —If
cmp = XB _XF = Vg — Vg =0 (17)
mg — Mg

An additional constraint is that the trajectory thrust profile can-
not demand more than the maximum thrust. Thrust magnitude and
direction at each segment is controlled by the thrust control vector. To
prevent calling for an infeasibly large magnitude of thrust, the up-to-
unit vector control prevents the magnitude of the control vector
exceeding unity. Physically, this means that the thruster operates
for less than 100% of the length of the segment.

el = \Ju2e + w2+ <1 (18)

The gravity assists are modeled using a patched-conic approxima-
tion. The spacecraft velocities relative to the Earth before and after a
gravity assist are decision variables. Constraints drive the gravity
assist toward feasibility. The first of these enforces conservation of
momentum by preventing the spacecraft excess velocity relative to
the moon from changing:

Cy, =VE -1, =0 19)

where v} and v, are, respectively, the spacecraft excess velocity
relative to the moon immediately following and preceding the gravity
assist.

Other constraints prevent the spacecraft from dropping below a
safe height h,, above the moon’s surface during gravity assists, and
ensure that the turn angle is feasible. The turn angle is the angle
through which the spacecraft velocity vector relative to the moon
turns during a gravity assist:

Caltitude = rperiapse > rbody + hsafe

1
# —5 i Tbody — hsafe >0 (20)
© \sin( =
()
where
-
§ = arccos (—v;"_ v'jr‘x’) 21)

Constraints are also used to help specify the target position of
the spacecraft when switching central bodies. These are used to
ensure that the final point in the Earth-escape stage is on the edge
of the Earth’s SOI, and that the final point of the interplanetary
stage is on the edge of Venus’s SOI when arriving at a Venus
capture:

Cescape — “rfﬂ “ —I'soly, = 0 (22)

Carrival — ”rfsz H — I'sor, = 0 (23)

where subscripts S1 and S2 refer to the first (Earth escape) and
second (interplanetary, ending in Venus arrival) stages, respec-
tively, and rgor, and rgoy, are the radii of the Earth’s and Venus’s
spheres of influence.

IV. Results

A. Example Trajectories

Two example trajectories produced by the model are presented
here: trajectory A and trajectory B. The goal of this work was to con-
duct a preliminary search for feasible trajectories, and to demonstrate
the capabilities of small spacecraft and the model used. The problem
space examined was large, so there are numerous similarly optimal
trajectories possible. This work was focused on conducting a pre-
liminary search for feasible trajectories, interested more in finding
several feasible trajectories for a given mission, so the solutions did
not have to be necessarily the global optimum. Two example trajec-
tories are presented to demonstrate that the method used in this work
is capable of finding feasible trajectories when searching a wide
problem space, and to suggest the capabilities of small spacecraft
to perform interplanetary missions.

Both example trajectories start from a lunar rideshare approa-
ching the moon from Earth, then reach a loose capture around Venus
following the three stages described earlier. The bounds set on deci-
sion variables allow a wide problem space to be searched. As each
stage has such different distance scales and different central bodies,
the three stages of each trajectory are presented separately. Table 2
describes the thruster model, as well as giving the initial mass for the
system. Figures 5—7 show trajectory A in physical space, Figs. 8—10
the same for trajectory B. Tables 3 and 4 show numerical results for
trajectories A and B, respectively, including launch dates and flight
times. The endpoint around Venus has been propagated forward in
Figs. 7 and 10 in a coast arc to show the path the spacecraft would
follow after reaching this point. This shows that the results of each
trajectory leave the spacecraft in a weakly captured orbit around
Venus.

Trajectory A takes 1362 days, or 3.7 years, to reach its weak capture
around Venus. Doing so demands the expenditure of 72.4 kg of fuel.

Table 2 Initial values for all trajectories

Parameter Value
Thruster used BHT600 Hall thruster
Thrust 39 mN
Specific impulse 1500 s
Initial total spacecraft mass 180 kg
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Fig.5 Trajectory A, stage 1 (Earth escape), shown from two different perspectives. Earth is a blue dot (not to scale) at the origin. The dashed green circle
is the moon’s orbit. The black curve shows thrust arcs of the trajectory, and the dot-dashed gray curve shows the coast arcs.
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Fig. 6 Trajectory A, stage 2 (interplanetary), shown in two dimensions
as the trajectory is approximately in plane with the sun, Venus, and
Earth. The sun is a red dot (not to scale) at the origin. Venus’s orbit is
shown in orange, and the Earth’s orbit in blue. The spacecraft trajectory
is in black.
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Table 3 Numerical results for trajectory A

Parameter Value

Final mass 107.6 kg
Launch date 19th August 2023
Venus arrival date 27th April 2027
Target orbit arrival date 12th May 2027
Time of flight 1,362 days
Closest distance to surface of Venus 104,814 km
First LGA v, 1.50 km/s
Second LGA v, 1.61 km/s
Venus arrival v, 1.40 km/s

This is not unexpected, as low-thrust systems require a long time to
change the spacecraft’s orbit to reach targets. Longer flight times mean
that more fuel is expended as the thrusters are active for longer. Pro-
pagating the spacecraft’s final state vector forward in time in a coast
arc, seen in Fig. 7, itis evident that the spacecraft will remain in a wide
orbit around Venus. This is, however, only likely to remain the case for
a small number of orbits before the spacecraft leaves Venus’s SOI once
more. This is expected because the orbit has such a large eccentricity;

/ N
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go® NN N
=, / / /'/\" N
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Fig.7 Trajectory A, stage 3 (Venus arrival), shown from two different angles. Venus is an orange dot, not to scale, at the origin, and the edge of its SOl is a
dashed orange circle. The spacecraft trajectory is shown in black, with a red arrow pointing to the start point. In purple, the trajectory is propagated

forward from the endpoint with no thrusting.
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Table 4 Results for trajectory B

Parameter Value
Final mass 115.7 kg
Launch date 11th July 2024
Venus arrival date 23rd March 2027
Target orbit arrival date 11th April 2027
Time of flight 1,004 days
Closest distance to the Venusian surface 11,052 km
First LGA v, 1.26 km/s
Second LGA v, 1.49 km/s
Venus arrival v, 0.50 km/s

perturbations due to the sun’s gravitational pull have significant effect
on the spacecraft at apoapse.

The final orbit, before any coasting is included, passes 104,814 km
above Venus’s surface at periapse. This is too high to sample the
atmosphere. Other observations of Venus could still be made, with
several passes of Venus possible before the spacecraft escapes
its SOL

A desirable Venus atmosphere mission would reach within the
Venusian atmosphere to take and analyze samples of the atmos-
phere. Depending on the engineering of the spacecraft, its exposure
to the highly damaging conditions of the Venusian atmosphere
would require limitation, though this is beyond the scope of this
work. Here 100 km above the Venusian surface was assumed to be a
minimum safe height. The closest approach of trajectory A is three
orders of magnitude greater than this height. While observations
could still be made at this height, and remains of interest for a low-
thrust spacecraft to reach a weak capture around Venus, impro-
vements can be sought. As will be seen in a later section, these
improvements can be achieved using more restrictive constraints
on the final radius of periapse.

Trajectory B has a time of flight of 1004 days, or 2.8 years. It
expends 64.3 kg of fuel. The final height above Venus at periapse is
11,052 km, much closer than trajectory A for making observations of
the planet, but still not good enough for sampling the atmosphere.
Propagating the final spacecraft state forward in time, shown in
Fig. 10, apoapse does now reach outside the SOI of Venus. Outside
Venus’s SOI, the sun’s gravitational pull dominates over that of
Venus, and so the spacecraft is likely to escape Venus sooner than
in trajectory A.

The velocity of both trajectories is initially determined by the
highly elliptical orbit the spacecraft is launched into to target the
moon. Figure 11 shows how the velocity magnitude of both exam-
ple trajectories evolves over its course. The high spike at the start of
each stage 1 trajectory is due to the spacecraft being injected near
periapse of a highly elliptical orbit around the Earth. Similarly,
peaks toward the end of stage 3 suggest periapse in an orbit around
Venus, as the spacecraft enters at a low enough velocity relative to
Venus, as seen in Tables 3 and 4, to become weakly captured. In the
interplanetary stage 2, deviations from a periodic orbit around the
sun are due to thrusting and interactions with the Earth or Venus.
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Fig.9 Trajectory B, stage 2 (interplanetary), shown in two dimensions
as the trajectory is approximately in plane with the sun, Venus, and
Earth. The sun is a red dot (not to scale) at the origin. Venus’s orbit is
shown in orange, and the Earth’s orbit in blue. The spacecraft trajectory
is in black.

The n-body perturbations had little effect, except that it was found
at the edge of a central body’s SOI, and perturbations are of the
same order of magnitude from this central body and the body it
orbits. For example, when crossing into the Venus-centered regime,
for the first Sims—Flanagan segment the sun caused changes in
velocity of the same order of magnitude as Venus despite being
modeled as a perturbation. All feasible solutions found had a
similar evolution of velocity, including the difficulty with the
SOI boundary.

In Figs. 5-10, coast arcs are shown as gray dot-dashed curves,
while thrust arcs are solid black curves. The maximum thrust avail-
able here is low such that it takes years to change the spacecraft
velocity enough to reach Venus. Once the spacecraft reaches Venus, it
enters a coast arc, and Venus’s gravity is able to keep the spacecraftin
orbit for at least 100 days.

Trajectory A takes 358 days longer to reach Venus than trajectory
B, and expends 8.1 kg more fuel. Both examples demonstrate thatitis
possible for the model described in this work to find a feasible
trajectory from a lunar rideshare to an orbit around Venus for a small
satellite using low thrust. The model searched a wide parameter
space, including a two-year-long launch window and thrust control
vectors generated anywhere from O (thrusters off) to 1 (thrusters at
full force) in any direction. This shows that it is possible to perform
low-fidelity searches in this way with little input from a mission
designer, and little knowledge of the problem. Maximum power
available to the thrusters is assumed to be constant, though in reality
would vary with distance to the sun and during events such as
eclipses.

The great difference between height above Venus’s surface at
periapse between trajectory A (104,814 km) and trajectory B
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Fig.8 Trajectory B,stage 1 (Earth escape), shown from two different perspectives. Earth is a blue dot (not to scale) at the origin. The dashed green circle is
the moon’s orbit. The black curve shows thrust arcs of the trajectory, and the dot-dashed gray curve shows the coast arcs.
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Fig.10 Trajectory B, stage 3 (Venus arrival), shown from two different angles. Venus is an orange dot, not to scale, at the origin, and the edge of its SOl is
a dashed orange circle. The spacecraft trajectory is shown in black, with a red arrow pointing to the start point. In purple, the trajectory is propagated

forward from the endpoint with no thrusting.
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to the gravity assist.

(11,052 km) demonstrates that the final orbits the spacecraft reaches
can vary significantly. The utility of a mission depends on how close,
and for how long, the spacecraft can be to objects of scientific interest.
For example, by reducing proximity to a few hundred kilometers, the
spacecraft may be able to take direct measurements of the dense at-
mosphere of Venus.

B. Tradeoff Between Final Mass and Proximity to Venus

Having observed great differences in final proximity to Venus in
the previous section, the tradeoff between final spacecraft mass (and
so, fuel expenditure) and the height above Venus of the spacecraft at
the periapse of its final orbit was explored. For some missions, a
specific final height margin may exist within which the spacecraft
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risks destruction by Venus’s hostile environment, above which useful
measurements cannot be taken. In general, it was assumed that
approaching as close to Venus’s surface as possible was preferable.

Several searches for trajectories were conducted. Each search had a
different upper bound on final spacecraft mass, to force a spread of
final mass values in order to search for any trends in a relationship
between final minimum height above Venus and final mass. Figure 12
presents the feasible results from these searches. There is no trend of
note. Although the trajectories with higher final mass were able to
achieve periapses closer to Venus, there is a large spread in the data
and fewer trajectories found at lower final masses.

No noted tradeoff between fuel expenditure and final proximity to
Venus is encouraging to Venus missions. Lower fuel costs leave a
greater mass budget for launching scientific equipment. This result
implied that restricting the final proximity to Venus in the optimizer
was possible at little to no fuel cost, and so further investigations were
undertaken.

Searches optimizing for minimum final radius of periapse, instead of
maximum final mass, were conducted to investigate this tradeoff
further. It was found that the model can readily converge on feasible
solutions with a final radius of periapse of only a few hundred kilo-
meters above Venus’s surface. Trajectories reaching low heights above
Venus were found consistently. The final masses found when radius of
periapse is the objective function have a similar range, but slightly
smaller values, to those seen in Fig. 12 were possible, and enforced by
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Fig. 12 The height above the surface of Venus at periapse of the final
orbits with respect to the final mass of the spacecraft for different feasible
trajectories found in global searches for lunar-rideshare-to-Venus tra-
jectories.
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changing the bounds on the final mass decision variable. To further
this, an extra constraint restricting the final radius of periapse between a
minimum safe value of 100 km and a chosen maximum value was
introduced to the optimization problem seeking to maximize final
mass. The maximum value was set to 500, 1000, and 5000 km for
different runs of the search. Each time, computation time was a few
hours longer than without this constraint, but a similar number of
feasible trajectories were found.

An example of stage 3, the Venus arrival stage, for a trajectory with
final periapse bound between 100 and 500 km above Venus’s surface,
is shown in Fig. 13. The total flight time from Earth to Venus is 607
days (1.7 years), and the final mass is 116 kg. The closest approach to
Venus’s surface here is 500 km, similar to other trajectories with these
bounds, suggesting that the optimizer does tend toward its upper limit
for radius of periapse. Further investigation could confirm this, but
there is still no apparent link between this and final mass. Propagating
the trajectory beyond its final point in Fig. 13 finds that the trajectory
leaves Venus’s SOI, so is likely to escape its orbit after a few passes
around Venus.

It is likely that there is no observed tradeoff between final mass
and final proximity to Venus because the final orbit has a large
eccentricity and semimajor axis. Apoapse can remain close to the
edge of Venus’s SOIL, from where the spacecraft arrives, and so little
change to the spacecraft arrival state needs to be made to resultin an
orbit with a given radius of periapse. The spacecraft is still at risk of
leaving Venus’s SOI, as in Figs. 10 and 13, escaping Venus sooner.
Highly eccentric orbits as seen here spend less time at periapse, in
this case a few hours, providing less time for taking observations. It
may be possible to form a multi-objective function to optimize for
both final mass and proximity to Venus, and this exploration has
seen that it is possible to impose additional constraints on arrival
orbit with some cost to computation time. A Pareto front showing
the highest final masses possible for a given final proximity to
Venus could be obtained by generating solutions from the same
seed and applying an apoapse constraint.

C. Validation of Results

To verify the model used, the model was tested against trajectories
existing in literature. Being able to reproduce trajectories in literature
would indicate that the model in this work is capable of producing
feasible low-thrust trajectories. Being able to find trajectories with
similar final masses would indicate that the model used here performs
well finding optimal trajectories, where final mass is the objective
function.

Figure 14 shows a solution to a trajectory based on one produced
for the canceled Asteroid Redirect Robotic Mission (ARRM) mis-
sion. This is an Earth-escape section of a full ARRM trajectory using
two LGAs, following injection onto the first LGA [29]. This was
chosen due to its similarity to the first stage of the problem in this

o
)
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Fig.13 A Venus arrival trajectory, shown from two different angles. Venus is an orange dot, not to scale, at the origin, and the edge of its SOl is a dashed
orange circle. The spacecraft trajectory is shown in black, with a red arrow pointing to the start point. In purple, the trajectory is propagated forward from

the endpoint with no thrusting.
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Fig. 14 Potential ARRM trajectory found using the model used in this
work. The Earth is the blue circle at the origin, not to scale. The moon’s
orbit is the red dashed circle. The trajectory is the solid black curve and is
coasting.

work. The trajectory in literature starts at its first LGA on 14th May
2018, with an altitude of 5523 km and a v, of 0.974 km/s. It reaches
its second LGA on 11th June 2018 with an altitude of 60 km and a v,
of 1.05 km/s. The trajectory is entirely a coast arc. The solution in
Fig. 14 begins with its first LGA on 14th May 2018, which has an
altitude of 5371 kmand a v, 0of 0.977 km/s. It reaches its second LGA
on 10th June 2018, with an altitude of 41.59 and a v, of 1.027 km/s.

Being able to find a feasible trajectory close to a trajectory
designed in literature for a different mission with a similar scenario
to stage 1 suggests at least the Earth-centered stage of the model
functions to find feasible trajectories. The trajectory found in Fig. 14
is close enough to the trajectory presented by Strange et al. [29] to be
the same solution, allowing for slight differences due to approxima-
tions such as only including perturbations due to the moon and sun
where they include perturbations from more bodies. However, as the
Earth-escape portion of the ARRM trajectory was entirely a coast arc,
it cannot be used to compare optimality.

Figure 15 shows a possible trajectory for the Jupiter Icy Moons
Orbiter (JIMO) mission, for which there is a known globally optimal
trajectory [11]. The trajectory begins with escape from the Earth,
undergoes an Earth gravity assist, and then travels to rendezvous with
Jupiter. This reference trajectory was chosen from the literature to
validate the model used in this work because it is interplanetary, so
can test the interplanetary regime of the model used in this work, and
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Fig. 15 Potential JIMO trajectory found using the model used in this
work. The red circle at the origin is the sun, not to scale. The blue dashed
circle is the Earth’s orbit, the orange dashed circle is Jupiter’s orbit, and
the solid black curve is the spacecraft trajectory.

because it has a known global optimum, the ability of the model used
in this work to find optimal trajectories can be tested.

The JIMO trajectory produced by the model from this work leaves
the Earth on 19th January 2021 and reaches the Earth for its gravity
assist after 2.68 years on 24th September 2023. The spacecraft arrives
at Jupiter after 5.41 years on 20th February 2029. It leaves the Earth
with an initial v, of 0.936 km/s, and the v, of its gravity assist is
7.53 km/s. Its minimum altitude above the Earth is 500.0 km. The
final mass is 17,149 kg. The known global optimum has a final mass
of 17,102 kg. Finding a trajectory close in its objective function, the
final mass, to the known global optimum suggests that the model
described in this work may be capable of finding global optima. The
solution found by the model used in this work is slightly higher than
the global optimum, likely due to the assumptions made, for example,
the bounded-impulse approximation of continuous thrust and the
assumption that the Earth and Jupiter are the only perturbing bodies
in this sun-centered trajectory.

D. Discussion of Results

The model could consistently find solutions to the lunar-rideshare-
to-Venus problem, though only 9.5% of the solutions produced by
each MBH run were feasible. Without moons to aid in gravity assists,
it is more difficult to reduce the velocity of the spacecraft relative to
Venus to the extent it becomes captured. Restricting bounds to permit
only Venus excess velocities of at most 0.5 km/s was necessary to find
solutions. The tradeoff is a longer flight time in stage 2, and fewer
solutions found in stage 2.

Perturbations due to n-body gravity caused problems when within
a few thousand kilometers, or especially when outside, of the boun-
dary of a body’s SOL. In this region, the model attempts to appro-
ximate a non-Keplerian system as two-body Keplerian, and so the
physical approximations become unreliable. Outside the SOIL, the
perturbing body becomes the dominant force over the central body,
but s still modeled as a perturbation. This causes the model to fail to
solve for a feasible thrust profile that can counter the force of the now
dominant third body, resulting in escape from the celestial body or an
infeasible trajectory. This problem occurs at the interface between the
interplanetary and Venus capture stages. It can be reduced by target-
ing an orbit with apoapse less than 90% of the SOl radius from Venus,
as this drives the trajectory away from the SOI.

The model used in this work performs a global search. Its solutions,
including the example trajectories in this work, can be upgraded to
higher fidelity to bring the trajectories closer to flight fidelity, and to
examine the approximations made in the model [6]. High-fidelity
models do not make the patched conic or bounded impulse approx-
imations as has been done here. Transferring a patched conic LGA to a
full propagation in the moon-centered two-body problem removed
this approximation, but the conversion can be difficult [30]. Additional
improvements to fidelity can be made by implementing a power
system model [31]. This work assumed constant power available to
the spacecraft’s thrusters, so a constant maximum thrust, as traveling
closer to the sun will only make more power available to solar-powered
systems. In reality, the maximum power available may be more sig-

nificantly variable.

The spacecraft considered here had a mass of 180 kg. This is
small compared to other interplanetary spacecraft, which can be
several tons, but significantly larger than the tens of kilograms seen
in smaller spacecraft such as CubeSats. Launching spacecraft of less
mass is generally cheaper, so applying this model to CubeSats
would improve accessibility of interplanetary space to those with-
out the resources to build large-scale spacecraft.

This work used MATLAB’s finincon function to solve the NLP,
without taking advantage of the sparsity of the problem. Another
solver such as SNOPT [32] could be used to solve the problem and
can be supplied the sparsity pattern, possibly finding solutions faster.
This work uses finite differencing to solve the NLP problem. Using
analytical derivatives [33] could also improve the accuracy of sol-
utions [31].

The goal of reaching Venus was achieved, butimprovements could
be made to the final orbits. These loosely captured orbits are readily
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found by the optimizer, as by finding semimajor axes large enough to
reach the edge of Venus’s SOI, the entry point of the spacecraft into
Venus’s SOI could be close to a point on the final orbit. With such large
semimajor axes and high eccentricities, passes close to Venus are
several days or weeks apart, and only last a few hours. It was shown
that by introducing constraints on the final radius of periapse over
Venus, closer proximity can be achieved with no cost to fuel use.
However, many of these closer orbits had apoapses outside Venus’s
SOL Outside Venus’s SOI, the sun’s gravity is the dominant force,
pulling the spacecraft away from Venus sooner than it would otherwise.

To increase the time spent close to Venus, the orbit could be
circularized and have its apoapse lowered closer to Venus. This could
be done by greatly increasing the number of segments and flight times
of stage 3. However, this then suffers the curse of dimensionality; as
more segments means many more decision variables, and each one
adds a state vector and thrust control. The problem would then
become computationally expensive, and could struggle to find sol-
utions in so large a problem space, so other methods could be
explored [34]. Other maneuvers exist that may not require such
computational expense as thrusting is limited to small arcs near
periapse directed opposite the velocity vector. When passing through
Venus’s atmosphere, atmospheric drag will have an effect not
explored in this work, which may be able to lower apoapse.

In this work, the challenging mission design problem of an Earth—
Venus trajectory for a low-thrust spacecraft has been successfully solved
using patched adapted Sims—Flanagan trajectory arcs. Although the
solutions could be improved by circularization, the solutions found
can still be of use for scientific missions. The trajectories still permit
spacecraft to reach close to the Venusian atmosphere when constraints
are placed on the final closest approach to the surface of Venus. The
model and optimization methods used in this work can also be applied to
other planetary targets. Venus was chosen as the target due to interest in
studying its atmosphere and topography, but other bodies in the solar
system could be targeted, possibly with the addition of planetary gravity
assists in stage 2.

V. Conclusions

In this work, a preliminary search for low-thrust trajectories to Venus
from a lunar rideshare was conducted. By patching together Sims—
Flanagan-based trajectories in three regimes, it was possible to find
feasible trajectories from injection onto a lunar trajectory to weak
capture at Venus. Example trajectories demonstrate the possibility of
achieving this using two LGAs, followed by spiraling around the sun
until the spacecraft arrives at a final weak capture around Venus. A
search through a large problem space was performed using NLP with an
MBH algorithm. The trajectory model is based on the Sims—Flanagan
transcription to approximate continuous thrust as a series of impulses in
an otherwise two-body Keplerian problem, and includes n-body per-
turbations due to the gravitational forces of the Earth, moon, Venus, and
the sun. The result is a low-fidelity optimizer that produces solutions that
can be used as an initial guess by a higher-fidelity optimizer. By utilizing
gravity assists, it has been shown that even without their own dedicated
launch, it is possible for missions using small spacecraft and low thrust to
reach interplanetary targets. Searches for trajectories reaching different
proximities to Venus reveal that it is possible to specify missions reach-
ing close to or within Venus’s upper atmosphere with little or no cost to
final mass, though some cost to computation time.
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