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Interplanetary missions require changes in velocity to travel along planned trajectories, make
course corrections, and for planetary capture. When performed using traditional propul-
sive methods, the mass and monetary costs increase exponentially as the total sum of the
necessary velocity change increases. Magnetoshell Aerocapture (MAC) is an experimental
technology that has mission-enabling potential, especially for the outer edges of the solar
system, mainly because it reduces the costs associated with creating the changes in velocity
needed for orbital insertion, through reductions in mass. It works by entraining the neutral
population from the atmosphere within a plasma dipole. Through this transfer of mass and
energy, the momentum of the neutrals is transferred to the spacecraft, effectively creating a
drag force. Previous models for MAC have explored the plasma chemistry reactions within
this process, and the resulting power transfer for ionization and charge exchange, where four
populations (ions, electrons, stream neutrals, and secondary neutrals) were considered. Here
an expanded model is presented where dissociation is additionally considered and the result-
ing seven populations are included. Results show that the inclusion of dissociation expands
the amount of power being captured from the neutral atmospheric stream by the dipole.
Additionally, at lower temperatures, there is a secondary peak power transfer within the sys-
tem. Together, these findings imply that previously determined regions of operation within

a planet’s atmosphere for a spacecraft using MAC could be more extensive than expected.
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Chapter 1
INTRODUCTION

Orbital insertion maneuvers are required for planetary capture. To perform them, a
change in velocity AV is applied to decelerate the spacecraft and change its trajectory from
hyperbolic to elliptical or circular. The amount of AV needed to complete a maneuver is
dependent on the spacecraft’s entry velocity and the desired resulting orbit. Traditionally,
AV is created using chemical burns resulting in propulsive insertion. This method requires
transporting the mass needed for the burn to the final destination. Reducing or eliminating
this mass could free up space for additional science, and create cost savings through mass
savings. Therefore, alternative methods to chemical insertion, such as aerobraking, aero-
capture, and solar electric propulsion are being investigated and implemented, and in some
cases have already been used [1][2][3][4].

Aerocapture is a theoretical orbit insertion maneuver. During aerocapture AV is applied
to the spacecraft by a single pass through the target planet’s atmosphere. This is done
through either lift modulation, where the geometry of the spacecraft is used to change the
angle of the spacecraft to adjust its trajectory, or through drag modulation, where the area
of the spacecraft is changed to create a deceleration event and change its trajectory. NASA
[5][1][6], ESA[7], JAXAI8], and various other national space organizations have researched
the efficacy and feasibility of aerocapture and aerobraking for decades. Studies show that the
implementation of aerocapture over traditional methods would result in significant cost and
mass savings while shortening trip times and reducing risk because aerocapture inherently
requires an in situ utilization of the atmosphere[9][10][11]. In many cases, this allows for a
significant reduction in the amount of fuel needed for a mission. The savings generated by

using aerocapture over other propulsive methods open up mission possibilities that would



otherwise be prohibited by large costs or low returns[9]. While components of aerocapture
have been successfully tested, a full-scale test has yet to be conducted, making lack of heritage
one of the biggest drawbacks of aerocapture, despite its potential benefits.

Magnetoshell Aerocapture (MAC) is a con-
tinuously variable drag-modulated type of ae-
rocapture. Like other drag-modulated aerocap-
ture, MAC creates drag by changing its ef-
fective area, but instead of using a mechani-
cal or physical architecture, it utilizes a plasma
dipole. As the spacecraft enters the atmosphere,

the plasma dipole entrains neutral atoms and ‘
molecules, which through collisional processes

with the plasma, impart a drag force onto the Figure 1.1: Artists rendition of Mag-

craft. Figure 1.1 shows an artist’s interpretation netoshell Aerocapture[3].

of MAC, with the plasma dipole trailing behind

the spacecraft, entraining neutrals as it passes through the atmosphere of a planet. Like tra-
ditional aerocapture, MAC maintains mass and cost savings by using less fuel[12][3][4][13].
These savings are amplified because the MAC architecture is lighter than that of tradi-
tional aerocapture. Additionally, because it is a drag-modulated device, MAC provides more
control in the capture process which can serve to lower risk.

So far, most work on MAC has focused on modeling the plasma chemistry of reactions
with the largest cross sections for a single species[12][3][14][15]. These models provide an
analytical framework to explore the interactions generating drag in MAC. Some experimental
campaigns have been run[12][3][16], which have validated that the interaction between a
neutral stream and plasma dipole generates drag. Together, the results from the analytical
and experimental work support the concept of MAC as a cost-saving, mission-enabling device.

The present work seeks to broaden our understanding of the interaction between the

neutral stream and the plasma dipole by implementing an analytical model which expands



both the number of species being considered as well as the number of reactions. How these
components transfer mass and kinetic energy from the neutral stream to the dipole will be
explored. Past efforts have focused on electron impact ionization and charge exchange as the
main drivers of mass and power captured within MAC. Here, electron impact dissociation
is additionally included. This means that the number of species included expands to seven:
Hy o, Hy g, Hoy, Hgpy Hyg, H+, and e—. The sn subscript represents the stream neutrals,
while the nd represents the secondary neutrals formed after interaction with the plasma
dipole. Furthering our understanding of these interactions and how power is initially captured
into the MAC moves us closer to the implementation of this technology.

This thesis will first provide additional background on both traditional aerocapture and
MAC. The equations and assumptions for the model will then be enumerated, followed by
the method of implementation and specific values used. Results will then be presented,

analyzed, and placed into the larger context. Finally, future work will be presented.



Chapter 2
BACKGROUND

2.1 Mechanics of Flight and Orbit Insertion

Traveling to destinations outside of Earth requires changes in velocity. The sum of the
changes in velocity AV needed to accelerate through launch, complete intermediary trajec-
tory maneuvers, and orbit insertion at the final destination is the total AV for a mission [17].
When considering reaction mass propulsion, like chemical propulsion, this AV is governed

by the Tsiolkovsky Rocket Equation:

Av = veln@ (2.1)
mpy

Here, my is the initial mass, m is the mass after the maneuver is completed, and v, is the
effective exhaust velocity. The initial mass of the rocket grows exponentially as the AV of
a mission increases. Generally, exploration further from Earth requires increasing AV, and
thus the mass and cost of a mission. Since increases in mass correspond to increases in cost
and therefore less mass allocation to payloads, and since there is interest in exploring the
edges of the solar system, there is an incentive to investigate methods outside of reaction
mass propulsion with which to perform the necessary AV maneuvers. Aerocapture, and its

associated technologies, are one alternative being explored.
2.2 Traditional Aerocapture

Aerocapture was first proposed in 1969 by London as a means for changing the orbital
parameters of satellites [18][11]. Its in-situ utilization of a planet’s atmosphere allows for
a reduction in the cost of missions from mass savings because it becomes unnecessary to

transport the reaction mass needed to create the AV for orbit insertion. Aerocapture also



allows for shorter trip times, because increases in approach velocities necessitating a higher
AV, do not also need the corresponding increase in mass.

Figure 2.1 depicts the aerocapture process. The spacecraft enters into an intercept trajec-
tory along the orange line. As it approaches the body, its speed increases. Aerocapture is per-
formed along the red line as the spacecraft dips down into the atmosphere of the planet. The
AV needed to transition from the parabolic to elliptical orbit is applied during this phase of
flight. The duration of the maneuver and how it is performed depends on the desired AV and
the type of aerocapture being performed.

In the blue post-exit region, the

,° Postexit spacecraft moves along its new el-

Atmospheric liptical orbit. If it were to con-
Exit

_ JR—— . . . .
beriapsic mospheric tinue on this orbital path, it would

Raise g
Maneuver

pass through the atmosphere of the
o™ planet again, so a final periapsis raise
is completed to adjust the orbit and

place the spacecraft into its final el-

liptical postcapture orbit along the

Cruise

green line [10].

Figure 2.1: The spacecraft enters into the planet’s In Figure 2.1 colors of the de.

h f infl 1 th li f ) .
sphere of influence along the orange line, performs picted orbital path for aerocapture

the aerocapture maneuver along the red, and then .. . .
coincide with a risk assessment per-

exits onto the blue line. Finally, a stable orbit is formed by Spliker et al. Little ad-

reached along the green line [10]. ditional knowledge is needed to ex-
ecute the cruise (purple), post-exit (blue), and post-capture orbit (green) sections of the
aerocapture maneuver. In the approach (orange) and atmospheric flight (red) areas of flight,
analysis indicates that risk reduction actions in the form of additional research and test

should be completed for aerocapture to be completely flight ready.

Aerocapture maneuvers use either lift modulation or drag modulation to complete orbit



insertion. In the former, control surfaces such as flaps are used to exert influence on the bank
angle of the spacecraft to modulate its energy and thus trajectory as it passes through the
atmosphere [19][20]. The parameter used to quantify the shapes of these types of vehicles is
their Lift to Drag ratio or L/D. Vehicles with low L/D (L/D < 0.4) have been utilized in
flight in non-aerocapture scenarios and contain a significant amount of heritage. Mid-L/D
(L/D = 0.6 — 0.8) have also been utilized but with less frequency [21].

Drag-modulated aerocapture has not been as widely used. Instead of working with the
L/D of the vehicle, drag modulation aerocapture works to control the vehicle’s ballistic

coefficient. [19]. The ballistic coefficient is defined as:

m

B B CDSref

(2.2)

Here, m is the mass of the craft, Cp is the coefficient of drag, and S,y is the reference area.
This ratio describes the relationship between inertial and drag forces[22]. In drag-modulated
aerocapture, the denominator of this ratio, the effective drag area, is changed, typically in
the form of a deployable device.

While not strictly aerocapture, aerobraking is a closely related maneuver that bears not-
ing, especially since it is a heritage technology, while aerocapture is not. Aerobraking differs
from aerocapture in that it utilizes multiple atmospheric passes for orbit insertion instead of
a single one. Until the early 1990s aerobraking and aerocapture were used interchangeably
[11]. Since then literature has differentiated between the two maneuvers. In aerobraking
passes are completed higher in the atmosphere of the planet. This means that the thermal
loads and dynamic pressures on the spacecraft tend to be smaller than those acting on the
spacecraft during aerocapture maneuvers. While aerocapture has not yet been performed,
aerobraking maneuvers have been completed since the early 1990s by NASA (Magellan, Venus
Express, Mars Global Surveyor, Mars Reconnaissance Order)[10], ESA (ExoMars Trace Gas
Orbiter)[7], and JAXA (HITEN)8].

While it has not yet been flight tested, since its inception, there have been over 350

published investigations into the application of aerocapture and its related technologies.
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Figure 2.2: Publication record of aerocapture-related literature by target destination [11].

These are displayed graphically by their target destination in Figure 2.2. A marked increase
in the number of studies done can be seen in 2005, with the publication of NASA’s In-Space
Propulsion Technology Program (ISPT), which placed aerocapture as one of its central aims.
In the same year, NASA indicated an interest in exploring the Ice Giants, resulting in a
corresponding jump in aerocapture publications to that destination [20]. Interest in the Ice
Giants as potential candidates for aerocapture has continued since then, as has an interest
in Mars and Venus.

In 2005, Hall et al. completed an exhaustive cost-benefit analysis of available orbit inser-
tion technologies. To do this, they compared chemical propulsion, solar electric propulsion,
and aerobraking, to aerocapture for 11 robotic missions at 8 different destinations. These
technologies are inherently disparate in their composition, so the analysis focused on finding
unifying ways in which to create direct comparisons. The authors achieved this by quanti-
fying the overall cost of a mission as well as the mass savings. They found that aerocapture

overwhelmingly creates both cost and mass savings, the magnitudes of which vary depending



on the destination [9].

Figure 2.3 summarizes the findings

related to cost benefits by comparing the 47
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Neptune N1, Uranus U1, and Titan T1.

Figure 2.3: Cost comparison of Aerocapture
to next most cost-effective method for a mid-

sized launch vehicle. [9].

For these, utilizing aerocapture would save between 0.7 and 1.5 million dollars per kilogram.
Cost savings per kilogram are small to negligible for the both Venus (V1 and V2) missions
and both Mars (M1 and M2) missions explored. The only place where aerocapture is more
expensive than non-aerocapture is the Jupiter J2 mission.

Figure 2.4 summarizes key findings with regard to mass. Similar to the cost savings the
largest mass savings appear for the Ice Giants (N1, Ul) and Titan T1, where the percent
increase in the final amount of delivered mass ranges between 823% and 218%. The percent
increase in mass is more modest comparatively at Venus V1, but not insignificant, and small
at Mars M1 and M2. A percent increase of infinite for Jupiter J1 and Saturn S1, where
aerocapture is an enabling technology. The trends in mass savings largely scale with AV.
In cases, like Mars, where a low AV is needed, or the orbit insertion is less complicated, the
mass benefits of aerocapture do not carry through. The negative mass benefit in Jupiter J2

is attributed to the large aeroshell needed to protect the spacecraft from high temperatures



Best A/C  Best non-A/C What is
Mission mass, kg mass, kg % Increase  best non-A/C?
Venus V1 5078 2834 79 all-SEP
Venus V2 5078 3542 43 all-SEP
Mars M1 5232 4556 15 A/B
Mars M2 5232 4983 d chem370
Jupiter J1 2262 =0 Infinite N/A
Jupiter 12 2262 4628 —51 chem370
Saturn 51 494 <=0 Infinite N/A
Titan T1 2630 a9l 280 chem370
Uranus Ul 1966 618 218 chem370
Neptune N1 1680 180 332 chem370

Figure 2.4: Comparison of additional mass made possible by the use of Aerocapture. [9].

and pressures resulting from high entry velocities; even though this mission saves on fuel,
the mass difference cannot be made because the overall AV is small.

Hall’s assessment focused largely on providing an analysis of the cost and mass savings.
However, there are many components, in different stages of mission readiness, that makeup
aerocapture. A NASA Technology Overview defined the aerocapture aspects of a mission
to include: guidance and navigation modeling, atmospheric modeling, aero-heating, thermal
protection systems, aeroshell structure and design, mass properties analysis, and spacecraft
design [5].

Studies completed since Hall et al. initial assessment have largely supported their central
findings. Namely, aerocapture is a mission-enabling technology for the ice giants, and overall,
it represents significant cost savings for most missions over other orbit insertion methods.
Current work relevant to aerocapture has focused on the application of aerocapture to small
satellites [23], related enabling technologies such as improving density modeling[19], or the
ways in which the development of new TPS materials could broaden where aerocapture
can be practically applied[1][24]. Most recently, a white paper by Dutta et al. makes the
argument that aerocapture has become feasible at the Ice Giants even with the large thermal

loads and dynamic pressures because of significant advances in TPS materials [25]. They
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additionally focus on the ways in which current orbital insertion methods, like aerobraking,
which are comparatively more complex have been successfully implemented, implying that

aerocapture as a less complex maneuver, should be possible to implement successfully.
2.3 Plasma Aerocapture

Plasma aerocapture is a subcategory of aerocapture where the traditional hard shell is re-
placed by a plasma dipole, creating a magnetoaeroshell. Since Kirtely et al. suggested
and Kelly et al. analytically demonstrated that the size of the magnetoshell can be con-
tinuously varied (CV), it additionally falls underneath the category of continuously-variable
drag-modulated aerocapture. Broadly, MAC functions by entraining atmospheric neutrals
into a magnetically confined plasma. The neutrals are captured as interaction with the
plasma turns them into ions. Once captured, the neutrals transfer their momentum to the
spacecraft via the magnetic field lines to create drag.

While significant technological advances have made the implementation of traditional
aerocapture theoretically feasible at more locations|25], its execution still involves high heat
loads and dynamic pressures because it requires diving deep into a planet’s atmosphere [24].
Plasma aerocapture could help mitigate these risks since it can be implemented at higher
altitudes relative to traditional aerocapture. Additionally, its ability to modulate the amount
of drag produced makes plasma aerocapture well-suited to mitigating risks associated with
insertion at planets where there is a lack of knowledge available on the planet’s atmosphere
B][12][14][15] .

Figure 2.5 shows how a CV drag aerocapture device functions. As with other drag-
modulated devices, insertion depends on the ballistic coefficient 8. In single or multiple-
stage drag modulation aerocapture devices, the craft enters the atmosphere at an initial 3;
and deploys drag devices to create a change in acceleration and exits at a final 85. This is
in contrast to CV drag devices where the 8 value can range between (5, and (5 as it moves
through the atmosphere. The ability of CV devices to modulate their g value means that CV

drag devices have inherent risk mitigation built into their structure because they are able to
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Figure 2.5: In CV Drag Aerocapture, the effective area of the spacecraft is varied. [22].

adapt to potentially unseen circumstances [22]. In the single and multi-stage devices, there
is more risk because they are comparatively less able to adapt to potential issues since there
are only minimal ways in which to vary their 8 coefficient. In MAC, the § value is related
to the amount and mass of neutrals entrained by the plasma dipole, the entry velocity of the
vehicle, and the effective area over which the dipole acts.

While a full plasma aerocapture device has not yet been constructed, theoretical work has
been completed on modeling plasma aerocapture, and some experimental campaigns have
been run for concept validation. Slough et al. were the first to propose the concept of MAC
2]. Building on the concept of a Magnetic Sail, they proposed a high /3, plasma aeroshell
which would encapsulate the spacecraft, both protecting the spacecraft and providing a drag
modulation device. Note that this /3, is distinct from the ballistic coefficient previously

discussed. Here (3, refers to the ratio of the plasma pressure to the magnetic pressure, as

defined below:
nk BT

- B2 /210

In their design, a rotating magnetic field is produced using a pair of polyphasic coils,

B (2.3)

which drives the necessary current for the plasma to inflate and then maintain a large-scale
magnetic structure. Definitions for the drag force on the spacecraft and a basic parameter
scaling for the plasma magnetoshell are laid out. The authors identify three conditions for the

MAC to be effective. First, the local atmospheric drag on the spacecraft needs to be small.
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Second, the scale of the MAC during the maneuver must be on the same order of magnitude
as the mean free path for the dominant reaction, which they identified as charge exchange.
Finally, the strength of the magnetic field must be such that the charge exchange collisional
frequency must be less than the ion cyclotron frequency. The first of these conditions relates
to the inflation of the high g plasma, while the latter two conditions work to ensure that the
newly created ions are captured long enough for them to transfer their momentum to the
spacecraft and thus produce drag. By applying the parameter scaling, Slough et al. find that
the drag force scales with magnetoshell size and plasma density. These preliminary findings
are echoed throughout all successive studies.

Kirtley et al. builds on Slough et al.’s work by developing additional equations for a
transient analytical model, performing a MAC mission design and analysis for Mars and
Venus, and running an experimental campaign for a Phase 1 project[3]. In a deviation from
Slough et al., Kirtley et al. makes the determination that a high-g plasma is not necessary for
successful mass and energy capture. Since a low-f dipole plasma is easier to create, model,
and maintain during flight, subsequent models and designs assume a low-/3 configuration.

Kirtley et al.’s 2D transient model provides insights into the interaction between the
neutral stream and plasma dipole, past initial parameter scaling. For this model, they
assume a cylindrical geometry, uniform azimuthal plasma, uniform neutral flow, a cubic
radial fall-off for the initial density distribution on the plasma, and a fixed magnetic field.
They employ equations for density, diffusion, and heating, and propagate them over different
time scales to demonstrate the relaxation of electron and ion temperature to a steady state.
Their results indicate that the ion temperatures will equilibrate to the average temperature
of the incoming flow, while the electron temperature will find an equilibrium at a value lower
than the ion temperature. They find that the equilibrium ion density depends on both the
temperature of the incoming flow and the diffusion rate.

These models are then applied to the specific cases of Mars and Neptune to predict
the drag across a variety of design parameters to choose the most appropriate set. Their

final design at Neptune resulted in a MAC system weighing 207kg, as compared to an
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885kg traditional aeroshell which increased the dry payload fraction by 8%. At Mars, they

estimated that using MAC would result in 224 MT of mass savings, resulting in total cost

savings on the order of $2 Billion.

Figure 2.6: Magnetoshell formed
during Phase 1 testing by acceler-
ating a high-velocity argon jet at a

magnetic dipole[3].

Figure 2.6 displays the plasma magnetoshell
experiment run by Kirtley et al. during Phase 1.
They used a 200-turn magnet with a two-phase
spherical RF antenna. A stationary magnetoshell
was observed when the high-velocity jet impinged
on the magnet. The thrust stand recorded a cor-
responding force of 220mN which they calculated
to represent a relative drag increase of 1150 over
the case without the magnetoshell on.

Kirtely et al. continued their work in a Phase
2 project [12]. Expanding on their Phase 1 work,
they proposed a design to build a MAC and test
it by launching from the ISS. Their final design
included a standard copper electromagnet con-

taining a total of 210 turns, to produce a center

field strength of 0.0172 T. Its total mass, including the PPU system is estimated to be 4

kg. A proxy to the designed magnetoshell was tested to quantitatively validate the concept.

Figure 2.7 displays the experiment in progress. With the magnet off on the left, a small

amount of propellant can be seen. When the magnet is turned on the right, a large dipole

field is formed and expands, confirming its functionality.

Throughout the two phases of funding for MAC Kirtley et al. developed a transient ana-

lytical model, performed mission studies for MAC at Mars, Venus, and Earth, and designed

a MAC device for a 6U cubsat to be launched from the ISS for testing. From these analy-

ses, they showed that drag can theoretically be produced with MAC, and that compared to

traditional aeroshell devices, MAC represents significant mass and cost savings, as well as
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reduced risk. They also ran two experimental campaigns. In the first, they demonstrated
that a neutral beam impinging on a magnetic dipole will cause measurable drag. In the
second, they tested an injector system to show that a magnetoshell will expand around a
stationary magnetic dipole.
Hancock et al.[26] im-
plemented the model de-
veloped by Kirtely et al.
to further investigate the

application of MAC at

Mars. They explored ad-

ditional magnet sizes as ) ) )
Figure 2.7: Phase 2 testing displayed that when the magnet

well as the sensitivity of _
was turned on (right) a magnetoshell would form and ex-
the system. Their analysis

confirmed that MAC sys-

pand about the injected gas. Left shows the magnet off for

comparison [12].
tems are capable of pro-

viding the needed AV to perform orbit insertion maneuvers at Mars. They additionally
demonstrated that the largest mass driver within the MAC system is the magnet itself and
that the design requirements for the size of the magnet increase quickly with the altitude at
which the MAC maneuver is performed. Higher altitudes require stronger and thus heavier
magnets because the atmosphere is less dense. To achieve an equivalent amount of drag
needed at a lower and more dense altitude, a larger magnet creates a greater effective area
for the magnetoshell to capture neutrals. This shows that in designing a MAC system, there
is a mass trade-off between the mass of the magnet and the amount of TPS materials needed
since lower altitudes require smaller magnetoshells to create the equivalent drag, but more
protection from thermal loading, and thus more mass.

Kelly et al. were the first to derive a self-consistent model for the plasma dipole from first
principles incorporating both mass and energy conservation [4]. In their model, they consider

both ionization and charge exchange reactions with the neutral stream at a fixed density.
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Using this model, they are able to provide a more detailed method for calculating drag.
The approach used by Kelly et al. allows for a more detailed accounting of the mass and
energy transfer than the models developed by Slough et al. and Kirtely et al. because they
consider the global interactions together instead of extending the physics of a single particle
to the global case. Through their analysis, Kelly et al. find that there is a trapping region
within which ions are created through interaction with the neutral stream and contribute
to the mass and energy of the plasma. Outside of this region, particles are deflected. They
additionally find that ingested mass scales with both the magnetic field strength and the
neutral stream density, demonstrating that MAC can be used as a drag-modulating device.

In further work, Kelly et al. include a 1D model of the neutral stream to more accurately
determine the transfer of mass and energy [13]. Critically, this model revealed the existence
of three separate operating regimes for the interaction between a neutral stream and plasma
dipole. Transitions between the regimes depended on the neutral stream velocity. Since the
neutral stream velocity is representative of the spacecraft approach velocity, and since not
all of the regimes were able to produce a self-sustaining plasma, this set limits on the types
of missions where MAC can be applied. The expanded model is used to determine how drag
scales with MAC parameters and to find flight envelopes for MAC use at Venus, Mars, Saturn,
and Neptune. Kelly et al. find that the amount of drag produced by the interaction between
the neutral stream and the plasma dipole increases with plasma density and magnetic field
strength. The latter dependence is important because a stronger field strength also means a
larger effective area. Given the ballistic coefficients’ dependence on area, this further confirms
that MAC can be a continuously variable drag device by modulating the magnetic field
strength. Analysis of the flight envelopes shows that MAC is possible at Saturn, Neptune,
and Venus, but not at Mars because the lower velocities needed for orbit insertion are outside
of the operating conditions for MAC.

Little et al., develop a more detailed model for exploring the mass and energy transfer
of the neutral stream to the plasma dipole[14]. They first solve for the steady-state neutral

stream density within the control volume. Then, they incorporate these solutions into the
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steady-state continuity and energy equations, which are then combined to find the total
power balance within the control volume. Mode transition locations are identified within the
power balance in terms of effective ionization energy and electron/ion confinement times.
Understanding how the transitions between different regimes are dependent on what is phys-
ically happening within the plasma provides additional insight into the operating regimes of
MAC. This model deviates from previous work in its treatment of how the plasma density
scales with respect to the magnetic dipole. Instead of using a scaling with the magnetic field
strength, they choose to scale based on the magnetic flux function.

Kelly et al. expand on the model for MAC by coupling the equations for the stream
neutrals found in [14] with expanded continuity and energy equations for the ions, electrons,
and secondary neutrals to create a global model which accounts for the physics of the system
in a more detailed manner[15]. Unlike in [14], the equations are time-resolved instead of
steady-state. They run the model with Argon to find how the temperature and density
of the electrons, ions, and secondary neutrals evolve over time. Their results confirm the
existence of three different operating regimes for MAC previously identified in [14].

The most recent work on MAC was an experimental campaign executed by Kelly et al.
where a high-velocity neutral beam was accelerated and impinged upon a stationary magnetic
dipole [16]. They observe that when the neutral beam interacts with the plasma dipole, its
density and temperature increase. By invoking a power balance, they are able to show that
there is a transfer of energy from the neutral beam to the plasma dipole. Limitations on test
facilities prevented operation in regimes that would have directly validated exactly how the
energy is being transferred. While they were unable to resolve the transfer of momentum
to demonstrate how drag is created by the interaction, the results produced indicate that
there is an effect, which with further testing and more sensitive instrumentation could be
observed.

Overall, these studies indicate that MAC maintains the benefits of the traditional ae-
rocapture structure discussed in the previous section in terms of mass and correlated cost

savings. Since its structure is lighter than traditional aerocapture devices, these savings are
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amplified. Additionally, with MAC, there is less of a need to dive deeper into the atmo-
sphere as compared to traditional aerocapture since the necessary densities for capture exist
at higher altitudes, reducing the intensity of frictional heating ao the need to allocate mass to
TPS. MAC’s ability to function at higher altitudes coupled with its capacity to continuously
modulate the drag make it a lower-risk orbit insertion method.

The following chapters will continue to build on the analytical work completed by Little
et al. and Kelly et al. Their global models self-consistently solve for the transfer of mass
and energy with a single species where the charge exchange and ionization reaction rates are
considered. Here, these models will be extended to include electron impact dissociation into
the continuity equations for the neutral stream to more accurately account for the physics

involved in the power transfer of the neutral stream to the plasma dipole.
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Chapter 3
PLASMA AEROCAPTURE MODEL

To determine the impact of including dissociation in the model between the neutral
beam and plasma dipole, an analytical model is presented for the cases with and without
dissociation. First, the model geometry is presented including general assumptions and
the control volume definition. Then equations and specific assumptions for the case without
dissociation and with dissociation are laid out. Chapter 4 details the implementation method
in Mathematica for the equations developed in this chapter and includes the values used in

the calculations.
3.1 Model Geometry

The magnetic field is defined in cylindrical coordinates (r, 0, z) following Jackson [27], as a
loop current centered at the origin with a radius r. and center magnetic field strength of
By. The field is assumed to be uniform in 6, and low-3. In the equations below, W is the
magnetic flux function, K and E are the complete elliptic functions of the first and second

kind respectively, and « is included for simplification purposes.

1
B =~y x VU (3.1)
T — 2Bor?r (2 — k%) K (k%) — 2E(K?) (3.2)
™ R2\/ (12 +1r?) 4 22
4
[ AL — (3.3)

(r+mr.)?+ 22
Figure 3.1 displays a cross-section of the magnetic field [15]. The neutral stream is shown
impinging on the dipole along the z-axis. As it approaches the dipole from infinity, the

stream has a uniform density n., and velocity u.,. The relevant control volume and surfaces
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Figure 3.1: The neutral flow, n., impinges on the plasma dipole with a velocity of us. V*
the relevant volume considered, while S* and U* are the corresponding surface and flux

enclosing that volume[15].

considered are denoted by x’s. Following the derivations completed by Little and Kelly
[14][15], the boundary of the control volume is given by:

Ut = /2, (3.4)

V¥ is the magnetic flux function shown above. py is the characteristic Larmor radius normal-
ized by the magnet coil radius. Then, V* is the volume encapsulated by ¥* and S* is the
surface of that volume. The control volume will increase with magnetic field strength and
magnet coil radius. It will decrease if the mass of the ion species becomes heavier, or if the

stream velocity increases.
mMiUeo

= 3.5
PL Byt ( )
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3.2 Plasma Aerocapture without Dissociation

3.2.1 Continuity Equation

Stream neutral density is derived from the continuity equation following the processes and

assumptions laid out in [14]. The general form of the continuity equation is:
on; .
5 TV () = > (3.6)
s

The first term on the left-hand side represents the change in the species’ density over time.
Since a steady state is assumed, this term reduces to zero. The second term on the left hand
side represents the flux of species across space. We assume that the stream has a uniform
velocity and only acts in z with respect to the plasma dipole, reducing this term to a partial
derivative with respect to z only, with the velocity represented as a constant u,,. The right-
hand side represents the sum of all sources and sinks for the neutral stream density and is
quantified here through the reaction rates considered. For the case without dissociation, both
electron impact dissociation and charge exchange reaction rates are included and represent
sinks for the stream neutral density. There are no sources for the neutral stream within
the control volume. Neutrals created by the interaction between the neutral stream and the
plasma are regarded as a separate secondary neutral population. Considering the case for

H2 with a single ion species, these simplifications and specifications result in:

8nsn o _chnsnne i RiznsnnHZ—l— (3 7)

0z Uoo Uoo

Here, the subscript sn refers to the stream neutrals. Without dissociation, the application of
charge neutrality (ngey = n.) allows for further simplification, making the equation easier

to solve.

a sn Rca: Rzz
" :—;nsnne (3.8)

0z Uy

The equation is closed using an assumption on the scaling of the electron density with respect

to the magnetic flux, where the subscript r is a reference location as defined below and a = 4.
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This assumption ties the density of the electrons to the magnetic flux and has been previously

used as an approximation in strongly confined plasmas.

Ne v\
= — 3.9
Ner (\Ijr ) ( )

Substituting this gives the final form of the continuity equation for the case considered:

sn cx 12 v “
on :_unmnw (_> (3.10)

0z Uso v,
3.2.2  Power Captured

As the neutral stream interacts with the dipole, the molecules are captured at a rate equal

to the ionization and charge exchange reactions.

v\ @
7icap = (ch + Riz)nsnne,r (\If_> (311)

To find the total capture rate, the reaction rate equations are summed over the control
volume through integration, using U* as the boundary condition. With Ncap = f NeapdV the

total capture rate becomes:

. g a
Ncap = /(RCJS + Riz)nsnne,’r <\I/_) dv (312)

Each neutral captured from the stream by the dipole brings with it a unit of kinetic energy
so that the resulting power captured from the stream is:

Mg U2

Foop = =5 Now (3.13)

3.2.83  Power Balance
The power balance within the dipole can be simply written as:
F)i = Lout (314)

P, is defined as the sum of the power captured F,.,, and the power from the initial plasma
injected F;,; into the dipole.
Py, = cap+Pinj (315)
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P,.; is approximated using the N, to represent the total population of ions and electrons
exiting the control volume at an average rate of 7;,;. Approximating the power lost in this
way allows for an exploration of the general scaling and physics. A detailed accounting of
exactly how the power is being lost is left to future work.

Ntot

Ttot

Pout - (3].6)

3.3 Plasma Aerocapture with Dissociation

The inclusion of dissociation into the plasma aerocapture model necessitates accounting for
H in addition to H2 in the interaction between the neutral stream and the plasma dipole
because H2 creates H within the stream prior to reaching the control volume. The process for
finding the representative equations for the interaction between the neutral stream and the
plasma dipole is similar to the case without dissociation. The geometry remains the same so
that only the change in density along z is considered, and the same scaling for the electron
density is applied. Subscripts in the following equations are supplemented with either an H

or H2 to differentiate between the species. This gives the coupled equation set:

a sn \Ij aQ ‘Ij «
naZ,H2 — —RdissnsmHZne,r <\If_7-) - Riz,HQnsn,H2n67r (\If_r) — ch7H2n5n7H2nH2+ (317)

a n \I} @ \Il «
naSZ’H — +2Rdissnsn,H2ne,r (\II_T) - Riz,Hnsn,Hne,r (\I/_T) - Rc%Hnsn’HQnHJr (318)

In this case, because of the increased number of species, the charge neutrality assump-
tion (ne = nyy + nyey) does not help simplify the equations. To solve the equations, a
new parameter s is introduced, which represents the ratio of ion densities considered. The
definition of x in combination with the charge neutrality assumption is used to simplify the

continuity equations so that they can be solved.

k= dF (3.19)

Ngo+

B I v\*/ 1 (3.20)
Ngo+ = Ne 1+,{ —ne,r \I/r 1_}_/{ .
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K v\ “ K
N4 = Ne (1 n R) = Ny (\I/_,,> <1 n ﬁ) (3.21)

Substituting the definitions for the ion densities in terms of x into the continuity equations

results in their final form:

ansn H2 Ner v “ 1
: - 7 T s - iss — dliz — Ly P 22
ER uoo (\117) Nosh,H2 < Ry Ri. o — Rex 2 <1 +m>) (3.22)

ansn H Ne,r v “ R
— = : I 2R issllsn - Riz sn,H — ch sn 3.23
0z Uoso (\I/r> < dissfion, H2 . Tttt (1 + fi)) (3.23)

Physically, these equations show that for the steady state case, the dissociation, ionization,
and charge exchange reactions decrease the neutral H2 population. Dissociation adds to the
H population while ionization and charge exchange subtract from it. Note that for both H2

and H, only resonant charge exchange is considered.

3.8.1 Power Captured

Power captured is found in the same way as the non-dissociation case but with the inclusion

of H. First, the capture rate of the particles is defined again following [14]:

. ] «
NCCLP,H2 = /(RCZ,HQ + Riz,H?)nsn,HQne,r <\I/_) av (324)
. ] «
Ncap,H = /(ch,H + Riz,H)nsn,Hne,r (\I’_> av (325)
Ncap,Tot - Ncap,H2 + Ncap,H (326)

Using the definition of NmP’Tot the total power captured from the steam is given as:

2
Pcap,Tot — (msn,HQ +2mns,H)Uoo Ncap,Tot <327)

3.3.2 Power Balance

The form of the power balance remains the same as in the non-dissociation case. Substituting

the relevant terms gives:

Pin = Pcap,Tot + Pinj (328)
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Ntot

Ttot

Pyt = (3.29)

In this case, the terms in P,, represent additional species compared to the case without

dissociation.
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Chapter 4
MODEL IMPLEMENTATION

In this chapter, the method of implementation in Mathematica is described first. Then,
the specific spacecraft parameters used in the analysis are defined and explained. Finally,

the cross-sections and reaction rates used are presented.
4.1 Method

Both models were implemented in Mathematica. The case without dissociation was less
computationally intensive and is described first. Since the general setup for both models
is identical, commonalities between the two cases are highlighted in the description of the
model without dissociation. With dissociation, the increase in the number of variables used
necessitated iterative methods to find a solution. This increased the complexity and com-
putational load for finding a solution. Methods used to find a solution for the case with
dissociation are described last.

In both cases, the relevant cross-sections and reaction rates were defined first. Simplifying
assumptions and sources used for these are described in greater detail in the following section.
Generally, in the cases where the reaction rate was defined as the interaction between a
beam and stationary particle, a representative cross-section was chosen. In some cases, it
was more appropriate or necessary to model the reaction rate as an interaction between a
stationary particle and a Maxwellian. For these cases, a table was created for the appropriate
temperature range and then interpolated. The refinement of the table for a given set was
balanced against the computational load and how accurate the resulting fit was. Step sizes
for temperature ranged between 0.01 eV and 0.001 eV.

Once the reaction rate was defined, the spacecraft parameters (uoo, noo, By, e, Pin;)
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were determined, and the desired range for the n.. and T" was defined. Next, the functions
for ¥, I,,mo, and I,z were inputted. Equations for these functions can be found in the
preceding chapter.

Finally, the differential equations for the neutral densities were solved using the built-in
function ParametricNDSolve. This function is an LSODA solver. Mathematica finds the
solution through an iterative process by testing different step sizes and methods until a valid
solution is found for a defined accuracy and precision [28]. The solution output is in the
form of an interpolating function.

The resulting solution gives the number density of the flow for the defined spacecraft
parameters at a specified location as an interpolating function. The interpolating function
is inputted to the Iy, function for a defined p; value. The solution to this is used to find
Neop and then P,,,. The ParametricNDSolve function is wrapped in the Table function, to
automate the process of finding multiple solutions at different conditions of n., and T'. The
output generated is a Table containing the following values per solution set: n.,, T, Negp,
and P,,).

For the case with dissociation, the general process described above remained the same,
however, there is an additional step into which the ParametricNDSolve is nested since the
value of k must be found implicitly. After the relevant cross-sections, reaction rates, and
spacecraft parameters were determined, an initial guess for the value of k was chosen. This
value was taken to be k = 1 for all cases. Unity for x physically represents equality between
densities for H2 and H and allowed for reasonably quick convergence in the first iteration.
This x value was fed into the ParametricNDSolve function where solutions for ngs s, and
np,sn were found. The solutions were then used to calculate the corresponding Neqp, m2,

Neap.rr, Peapm2, and P, g values as previously described. Using these results, the ratio of

Ncap,H

N Was calculated as an approximation of . If the calculated value was within 1% of the
cap,

initial value, the initial value was saved as the final x value. If the calculated value was not
within 1% of the initial value, the calculated value was defined as the new initial value. The

loop continued to iterate until the calculated value converged to be within 1% of the initial
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value. Then, the Table function moved on to the next set of n.,. or T being investigated.
The output generated for the case with dissociation was: ney, T, Neap r2, Neap iy Peap, 2,
P.op.m, and k. A running log of the x value generated during each loop was kept in a separate
table to track convergence. Solutions for x converged on average in just under a minute.
For some temperatures and spacecraft conditions, it was found that the s values would go
negative and have trouble converging. Since the regimes in which this was happening were
clearly non-physical, if this occurred, the computation was halted, and the maximum density
reduced to the next previous value which had converged. In this way, negative oscillations
were prevented and the solutions could be relied upon to represent physical processes. An
example of the convergence for k alongside the resulting density values is shown below in
Figures 4.2 and 5.3. The exponential increase in the x value is occurring at the point
where the density of H2 is dropping sharply. Given the definition of x, this makes sense; its

denominator is becoming very small resulting in a large value.
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Figure 4.1: This plot displays the convergence of x over time as the program looped through
different densities at a fixed temperature and magnetic field strength. The Table shows the

density value at the final 15 iterations and the corresponding .
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Figure 4.2: The plot displays the final converged value of x for a given density at the specified

conditions alongside the corresponding total power captured Pe.prot[J/$].
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Figure 4.3: The plot displays the final converged value of x for a given density at the
specified conditions alongside the corresponding captured densities of H2, N, gro[m ™3], and

H, Newp r|m™3].
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The processes described above required inputs in ranges physically representative and
useful to the study of plasma aerocapture. In the following sections, the spacecraft and
model parameters, specific cross-sections, and reaction rates, which were used as inputs to

the model are outlined.
4.2 Spacecraft and Neutral Stream Parameters

The spacecraft parameters for this system are the center magnetic field strength, By, the
magnet radius 7., and the velocity of the stream neutrals at infinity, u.,. The Neutral Stream

parameters are the species and the density of the stream neutrals at infinity, n...

4.2.1 Species

H2 is chosen as the species for this model because the atmospheres of many destinations
where MAC is an enabling technology (Neptune, Uranus, Saturn) are largely composed of
Hydrogen. The cross-sections and reaction rates for H2 are also readily available in the

literature.

4.2.2  Magnet center field strength

In the model, magnet strength is varied between 0.01 T and 1 T. The range encapsulates
magnet strengths used by others in their models. Previous studies have shown that this range
of field strength is achievable with currently available technology without taking on huge
increases in mass for a PPU [13] [2] [12] [3]. The value of B, impacts pr, and subsequently

the size of the control volume. Larger values of By lead to a greater capture area.

4.2.8 Magnet Radius

The magnet radius is taken to as r. = 1, following the MAC design laid out in [13]. Tt is

similar in magnitude to the magnet design choices made by others [2] [12] [3]. This value
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Destination Approach Velocity [m/s] AV [m/s] Velocity Range [m/s]
Saturn 35,000 8,000 27,000 to 35,000
Neptune 29,000 6,000 23,000 to 29,000
Uranus 24,000 4,500 19,000 to 24,000
Venus 11,700 4,600 7,100 to 11,700
Mars 5,900 1,200 4,700 to 5,900

Table 4.1: Approach velocities and AV values for relevant destinations.

is not varied in the implementation of the model, but given that it also appears in the

denominator of py, its impact should be similar to that of the magnetic field strength.

4.2.4  Stream velocity

The neutral stream neutral velocity is representative of the spacecraft’s approach velocity at
its destination. In the cases where the reaction rate is modeled as the interaction between a
beam and a stationary molecule, the stream velocity is analogous to the beam velocity, such
that u. = vp.

Values for the neutral stream velocity were chosen based on the relevant approach ve-
locities for Neptune because MAC provides the most benefit at the Ice Giants where it is a
mission-enabling technology. [29] and [9] both list 29000m /s as a possible approach velocity
for Neptune. [9] additionally gives the approach velocities and §V for a variety of locations,
which are adapted in a table below:

As seen in Table 4.1, choosing 29000m /s allows for the results to be directly applied to a
variety of cases. To inspect the impact of velocity on the resulting power captured, a value
of 23000m /s was run as well. This value represents the lower end of spacecraft velocity at

Neptune and intersects with the velocity range at Uranus.
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4.2.5 Stream Density

The stream density is taken to be either 10 or 10'°. This value was chosen because it
represents a good median density for altitudes relevant to MAC at Saturn, Neptune, and
Uranus. Specifically, according to [13], these densities correspond to altitudes between 400
and 700 km for Neptune and 650 to 800 km for Saturn. Examining two different densities
allowed for general observation of how an increase in density might be influenced by the
inclusion of dissociation. An accounting of mass and energy within the control volume

would be needed to fully determine its impact.
4.3 Cross Sections and Reaction Rates

Electron impact ionization of H2 and charge exchange of H2 are considered in both the
case without dissociation and the case with dissociation. For the case with dissociation,
electron impact ionization of H, charge exchange of H, and dissociation of H2 are additionally

considered.

4.8.1 [H+e  — HY +2e" ] H Electron Impact lonization

Janev et al. [30] give an analytical expression for the electron impact ionization cross-section
for the ground (1s) and metastable excited states (21, 31) as reproduced below. E is the
collision energy in eV, I,, = 13.6/n? is the ionization potential corresponding to the level, n.
The fit is zero at £ = 13.6. The expression is applied for n = 1 within the model, so that
only the case from the ground state is considered. In the region the accuracy of the fit is
stated as being within 10% of the data used to create the fit.

5

10713 I

_ nyj —4r,..2
Oisit = g Aoln(E/ 1) + ; Aj(1 = 2]« 107 [m?) (4.1)
n=1 I, =13.6/n* Ag =0.18450 A, = -0.032226

A =-0.034539 A3z = 14003 Ay =-2.8115 A; = 2.2986



32

5.x1072!
—21

0 = Lx102!

WE 1022 g 5.x10
= T 1.x102
5 10723 5 5.x102
10-24 1.x10723

L. 10. 100. 1000. L 3 10 15 20

Temperature [V] Temperature [eV]

Figure 4.4: Cross section for the electron impact ionization of H. On the right, is a larger

range, and on the left is the range that was used in the model[30].

The reaction rate is calculated using the assumptions outlined in [31] for v1 >> v2, under
the assumption that H is stationary with respect to e. This assumption is reasonable here
because the velocity of the electrons should be much greater than the velocity of the much
heavier neutrals. The results are interpolated in Mathematica and are displayed below along

with the equation.

e 9] 3/2 2 2
m, —mev mev
<OV >ip= = e ?Tee 4o, “lvdv [m?/s] (4.2)
izH izH
o 2nT.e 2e
10714 1014
_ 1o _ 1w
2 s 21071
L 107 g o
_I' 1017 - 10717
& 10718 & 10718
1071 10719
1020 1020
L. 10. 100. 1000. L 5 10 15 20
Temperature [eV] Temperature [eV]

Figure 4.5: Reaction rate for the electron impact ionization of H. On the right is the full
range for which the reaction rate was calculated, and on the left is the range that was used

in the model.
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4.8.2 [H+ H"— HY+ H] H and H+ Charge Ezxchange

The cross-section for a full range of values is given by Barnett et al. [32]. T;(X) are the
Chebyshev orthogonal polynomials. The equation from Barnett et al. and the plot are

reproduced below.

Ay &
O HHpluscx — €XP 7 + Zl aZE(X) (43)
X = [(InE — InEpin) — (InEpay — INE)]/(InEpae — InEp) (4.4)
ap=-72.6656 a1=-5.49142 ap,=-3.42948 a3=-1.98377
as=-0.878809  a5=-0.198932 ag=0.0837431 a7=0.121252

ag= 0.0827182 K, =1.2%1071  E,u. = 6.3% 10°

4.%10°1° ' ‘ 4.x10'9\
& 3.x10° € 3.x1071°
= 5
o g
2.x1071° 2.x10°1°
1. 10. 100. 1000. L 5 10 15 20
Temperature [eV] Temperature [eV]

Figure 4.6: Cross section for the electron impact ionization of H. On the right, is a larger

range, and on the left is the range that was used in the model[32].

Within the model, a static cross-section is used to simplify the calculations and lighten
the computational load. A value of oy ppius = 3.00914 * 10_19[m2] is chosen. This value is
reasonable for the temperature range (2 — 20eV') used in the model. At lower temperatures,
the cross-section is slightly larger but drops off to a more constant value around T = TeV'.
This implies that the ionization rate will be slightly under-predicted at those temperatures.
Using the static cross-section and a beam velocity of 29000[m/s] the resulting Re,mppius 1S

below.

Reprrmryv = 3.00914 % 1071 % 29000 = 8.73 % 10~ [m? /5] (4.5)
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4.8.8 [H2+ e~ — H' +2e~] H2 Electron Impact lonization

Janev et al. give the cross-section for the electron impact ionization of H2 [30]. There are
three different channels discussed for the ionization from the ground state, here, the non-
dissociative ionization channel is used. The fit and plot are reproduced below. Within the
expression, E is the temperature is eV, Cj is a constant, and 0 F is the threshold energy for

the specified ionization channel.

. 1.828 1
O_ndzss(QE—l—)O — (1 . IO-QZ)Q.lgln(COI) * 10—20[m2] (46)

on g T

Co=205%0E AE=1542[cV] z=E/AE

1.x10°1° - ‘ 1.x10-1°

9.x1072° 9.x10°20
o 8.x107%° — 8.x1072°
& 7.x1020 E 7.x10%
Z 6.x1070 2 6.x1072°
5 5.x1020 S 5.x10°2

1. 10. 100. 1000. L 5 10 15 20
Temperature [eV] Temperature [eV]

Figure 4.7: Cross section for the electron impact ionization of H2. On the right, is a larger

range, and on the left is the range that was used in the model[32].

The reaction rate is again found using [31] and assuming that v, >> vy (ie that H2 is
stationary with respect to e) as in the calculation of the reaction rate for the electron impact

ionization of H. A plot with the reaction rate values is shown below.
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Figure 4.8: Cross section for the electron impact ionization of H. On the right, is a larger

range, and on the left is the range that was used in the model[32].

4.8.4 [H+H"— HY 4+ H] H2 and H2+ Charge Exchange

The cross-section for charge exchange between H2 and H2+ is sourced from Janev et al.[30].
The authors note that the data sources from which the fit is created have good agreement
above 5eV. Below 5eV there is significantly less data available. The data which does exist
varies significantly across studies. The authors note that fluctuations in the cross-section
result from competing reactions in certain regions. The temperatures explored in this model
overlap with the regions where there are fluctuations. Specifically, results are collected at
1leV and 5eV. The equations and plots reproduced below for the fit are 207a, 207b, and
207c. E here is the energy in eV.

OHH+er = O5x + 00x[M] (4.7)
< 6.59 N 12.85exp(—1.84/E')
g =
OX = BO5(1 1 2.20E175) | FO0GT3(1 4 2,60 % 10-3E097 + 1.63 % 10-10 F276)

_— 11.38exp(—61.80/ E°5%)
70X T 11821 % 10-10F205 1 3.80 * 10-20 % E515

x(107%Y) (4.8)

* (107%) (4.9)
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Figure 4.9: Cross section for charge exchange between H2 and H24. On the right, is a larger

range, and on the left is the range that was used in the model[32].

As with the reaction rate for charge exchange between H and H+, a static cross-section is
chosen here to reduce computational load and simplify the calculation. A value of o.,gogasr =
1.00613%10~? is used based on observation of the cross-sectional trends. Between 1 and 5 eV,
the cross-section increases quickly, before leveling off around 7 eV for the region of interest.
The o value chosen means that the resulting reaction rate will be slightly over-predicted at

lower temperatures.

Rearromas = 1.00613 % 1071 % 29000 = 2.92 * 10~ [m? /5] (4.10)

4.8.5 [H2+4+ e~ — H + H + e~ ] H2 Electron Impact Dissociation

The cross-section for the electron impact dissociation was first found experimentally by
Corrigan et al.[33] for energies between 8.8 and 95 eV. They predicted that the measured
cross-section was being overestimated due to the possibility of the molecular ionization cross-
section being included in their measurements. Since that experimental result, there have been
additional theoretical models[34], but no experimental ones [35]. Using the available data,
Yoon et al. recommend cross-sectional values for a range of temperatures between 9 and 80

eV. A fit is created by interpolating between those data points and is shown below.
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Figure 4.10: Cross section for the electron impact dissociation of H2. On the right is a larger

range, and on the left is the range that was used in the model[35].

The reaction rate is again found using [31] and assuming that v, >> vyo (i.e. that H2 is
stationary with respect to e) as in the calculation of the reaction rate for the electron impact
ionization of H and H2. A plot with the reaction rate values is shown below. In these plots,
the expression for the reaction rate provided by Janev et al. is also shown. The value for

the calculated reaction rate is several orders of magnitude larger than what they found.

10-14 10714
@ 10715 — 10-15
mi 16 s 16
_ o 107
= 10 I Calculated
Z 2
é 10-17 & 1007 Janev et al
10-18 10-18
1. 10. 100. 1000. 1. 5 10 15 20
Temperature [eV] Temperature [eV]

Figure 4.11: Reaction rate for the electron impact dissociation of H2. On the right, is a

larger range, and on the left is the range that was used in the model[30].

4.3.6  All Cross Sections and Reaction Rates

All cross-sections used in the model are presented below. The charge exchange cross sections
are static and are several orders of magnitude larger than the others at all temperatures.
Dissociation and ionization dominate in different temperature ranges. Below about 75eV,
dissociation dominates above ionization. For the range of interest, between 1leV and 20eV/,

the dissociation cross section is larger than the ionization cross sections.
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All reaction rates used in the model are presented below. From 1 to 5 eV, the reaction

rates for the charge exchange are several orders of magnitude larger than the other reaction

rates. Dissociation and ionization for both species increase exponentially from 1 to 10 eV

and then level out at a magnitude about equal to the charge exchange cross section for H
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Figure 4.13: All included reaction rates. On the right, is a larger range, and on the left is

the range that was used in the model[30].
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Chapter 5
RESULTS

Using the expressions developed in Chapter 3, alongside the spacecraft and model pa-
rameters, and the reaction rates and cross sections detailed in Chapter 4, a control volume
analysis is completed for the interaction between a neutral beam and plasma dipole. Results
for the case without dissociation are presented first, then the case with dissociation. Finally
results from the two studies are compared to find the impact of including dissociation in the
model. Nominal conditions for the model are uy, = 29000m/s, ne = 10¥m=3, and r. = Im.
These values are used unless otherwise indicated. Subsections indicate which parameters are
varied. For the case without dissociation, only the magnetic field and temperature are varied
because trends related to other parameters can easily be extrapolated to the simpler case.

With dissociation, n., and u., are additionally varied.
5.1 Plasma Aerocapture without Dissociation

5.1.1 Varying Magnetic Field and Temperature

Figures 5.1 and 5.2 display the results for the case without dissociation. Each subplot
represents a fixed magnetic field strength or temperature, respectively while varying the other
parameter. In both cases, the temperature considered are 2,5, 10, 15, and20eV . Magnetic
field strengths considered are 1,0.5,0.25,0.05, and0.017". Consistent trends can be observed
with both the increasing temperature and magnetic field strength.

In Figure 5.1, the influence of temperature at a set magnetic field strength can be ob-
served. This impact is minimal, but present, for every magnetic field strength. The width
of the parabola representing the power captured by the plasma dipole at a given magnetic

field strength is consistent as the temperature increases. The density range over which the
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parabola exists begins and ends at a lower plasma density for higher temperatures compared
to lower temperatures. This happens because, at higher temperatures, more energy can be
deposited into the plasma. Specifically, increasing the temperature changes the magnitude of
the reaction rates and their relative ratios to each other. Here, electron impact dissociation
and charge exchange of H2 are the reaction rates considered. The reaction rate for charge
exchange is taken to be a constant value, regardless of temperature, so the shifts in range
across temperature are more likely due to the electron impact ionization of H2. At tempera-
tures below 5eV the electron impact ionization reaction rate is orders of magnitude smaller
than that of charge exchange. Therefore, more of the power captured from the neutral
stream by the plasma dipole is due to charge exchange. As the temperature increases, the
reaction rate for electron impact ionization increases as well. Around 7eV', the magnitudes
of the two reaction rates are equivalent and the power contribution from both reaction rates
is significant. The increase in the ionization reaction rate with temperature means that an
equivalent amount of power can be captured at a slightly lower plasma density because the
electrons have higher energy.

Comparing across subplots, it is apparent that increases in magnetic field strength result
in a higher amount of power captured over a wider range of plasma densities. Changes in
temperature have a smaller impact on power captured than magnetic field strength because it
does not directly change the effective area of the control volume. The effect of the magnetic
field strength is more readily seen in Figure 5.2, where results are plotted for a range of
magnetic field strengths at a given temperature. The trends across the different subplots are
consistent. The weaker dependence on temperature is apparent here, as in Figure 5.1 with
how similar each of the plots in this set appears to each other. For each temperature, the
plasma density at which power begins to be captured is nearly identical for every magnetic
field strength. This value is lower by about half an order of magnitude between the lowest
and highest temperatures. With increasing field strength, the plasma density at which power
capture is captured widens by orders of magnitude. For example, the capture width is about

one and a half orders of magnitude larger for By = 0.025 than for By = 0.05. The maximum
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amount of power that can be captured becomes larger as the magnetic field strength increases.

The impact of the field strength on the power captured is a function of its relationship to
pr- As the field strength increases, p; decreases, which corresponds to an increase in the W*
boundary of the control volume and capture region. A greater capture region means more
mass and power can be absorbed from the stream. These trends follow the findings of Little

et al. [14].
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Figure 5.1: Power captured from the neutral stream by the plasma dipole for different

temperatures by magnetic field strength.
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Figure 5.2: Power captured from the neutral stream by the plasma dipole for different

magnetic field strengths by temperature.
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5.2 Plasma Aerocapture with Dissociation

5.2.1 Kappa Values

Prior to diving into the results for the case without dissociation, the x values utilized in
the calculation of these results are examined. k represents the ratio of ion densities, :If—;r
Large x values can occur either for very high densities of H+ compared to H2+ or as a
result of very small densities of H2+ as compared to H+. Small x values occur in the
inverse situations. Figure 77 displays the x values used for a range of plasma densities and
temperatures. Each subplot represents a different magnetic field strength. In both cases,
there is a wide range of x values which increase with both temperature and plasma density.
For low temperatures and plasma densities, the x values are very small, indicating a high
H2+ density as compared to H+. An initial dissociation of H2 is needed from the stream in
order for the H+ ion population to increase, so it makes sense for lower temperatures, where
there is a smaller population of H to correspond to regions of lower H+. At high densities,
across most temperatures, the x values are very large. As indicated in the methods section,
there was a region corresponding to an exponential increase in the x values corresponding to
a drop in the H2 population and an increase in the H population. This is visually represented
in the contour plots here. For a smaller magnetic field strength, the region of very big s
values is visibly larger and occurs at lower plasma densities, reflecting what has been seen
previously in the values of power captured, whereas for stronger magnetic field strengths,

Capture can occur over a greater area.
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Figure 5.3: These plots show the distribution of s values across a range of plasma densities

and temperatures at a given magnetic field strength. The range of temperature is equivalent

in each case, but the density range varies.
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5.2.2  Varying Magnetic Field and Temperature

Figures 5.4 and 5.5 display the equivalent results to Figures 5.1 and 5.2 for power captured
but with dissociation included. Each subplot again represents either a specific magnetic field
strength with results plotted for a range of temperatures, or the inverse. The ranges used
are equivalent to the case without dissociation. Both series of plots show similar trends as
the same series of plots without dissociation.

In Figure 5.4, the temperature is varied for a fixed magnetic field strength. As in Figure
5.1, for a given magnetic field strength, higher temperatures generally do not make a large
difference in the range or magnitude of the power captured. In contrast to the results found
in Figure 5.1, there is a second peak visible at lower temperature ranges which expands
the width of plasma densities where capture can occur. This phenomenon is due to H and
displays a clear impact of dissociation.

Like Figure 5.2, Figure 5.5 presents results at fixed temperatures for a range of magnetic
field strengths. Similarly to the case without dissociation, the impact of magnetic field
strength is more apparent in this configuration. As before, for each temperature, all the
magnetic fields are able to begin capture at almost the same density. This shows that for
a given temperature, there exists a minimum plasma density where capture becomes viable
for a desired level of power captured. The density at which this occurs increases linearly
with power. Also similar to Figure 5.2, increasing the magnetic field strength represents
an increase in both the range of operating densities as well as the maximum power capture
possible. In a deviation from Figure 5.2, and as seen less clearly in Figure 77, at the lower
temperatures, there is a second peak that is visible, indicating that when dissociation is
included, a wider range of power capture is visible. The prominence of the second peak
decreases with increasing temperature. Its formation is due to H and will be discussed in

greater detail in the following section.



10° - w - w — —
B 2ev HSev B [0ev B [5ev W 20ev
105 Be=1l.T
g 107,
z
§- 106_
Ry
105 L
10* ‘ ‘ - - -
1013 10v7 10%° 102! 1023 10%
Her [m—3]
10° ‘ : : ;
B 2ev HSev B l0ev B ]Sev W 20ev
108. Bo=0.25T
;-_.E 107_
g
g 10°;
Ry
105 L
10¢ ‘ ‘ - - -
1013 10" 1o 1021 10%3 10%
Her [m—3]
10° : : : :
E2ev B Sev B 10ev B [S5ev W 20ev
108L Bp=0.01T
é 107_
g
§ 106,
R,
105 L m
10° ‘ ‘ ' ' '
10'3 10"7 10%° 10% 1073 10°3
Her [m17%]

PcﬂpTot [J/S]

PcapTot [J.”‘S]

10° w . w . w w . w
O 2ev ESev ® [Qev W Sev B 20ev
108 Be=05T
107,
106_
105 L
10" - - ‘ ‘ ‘
1013 1017 10t° 102! 1023 1023
Her [m—3]
10° : : ‘ :
02y ESev H]0ev W ]Sev W 20ev
108, Bo=0.05T
107_
106
105 L
10% - - ‘ ‘ ‘
1013 107 1o 101 1033 10%3
ner[m_s]

47

Figure 5.4: Power captured from the neutral stream by the plasma dipole for different

magnetic fields by temperature.
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Figure 5.5: Power captured from the neutral stream by the plasma dipole for different

temperatures by magnetic field strength.

5.2.8  Varying Stream Density and Velocity

In the following two plots, the neutral stream density and velocity are varied. Within the

model, the stream density value is representative of the planetary atmosphere where capture
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occurs. It comes in as the boundary condition for the stream density at infinity. Increasing
this value means that there is a larger amount of neutrals available for capture. Neutral
stream velocity is representative of the approach velocity of the spacecraft. In the model
varying this parameter will increase the charge exchange cross-section for both H2 and H.
This in turn increases the rate at which that reaction occurs within the model.

Figure 5.6 displays the results for an increase in the stream neutral density. Increasing
the density from the nominal conditions by an order of magnitude results in an increase in
the range of operating plasma densities as well as the maximum possible power captured.

Results from varying the stream velocity are displayed in Figure 5.7. Decreasing the
stream velocity from the nominal conditions results in a small decrease in the power captured

at lower plasma densities. There is no change visible at higher plasma densities.
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Figure 5.6: Power captured for two different stream neutral densities for T" = 5ev and
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5.3 Impact of Dissociation

In assessing the impact of dissociation, it is useful to observe the breakdown in power cap-
tured between H and H2. Figure 5.8 provides this comparison. In the right-hand column,
Figure 5.5 is reproduced, where power captured at a given temperature is plotted for a range
of magnetic field values. In the left-hand column, for a given row, the power captured at
the same temperature is plotted by its component parts for a magnetic field strength of
By = 0.25T". The case without dissociation is also included in this same plot to provide a
direct comparison. Trends observed for the lowest temperature will be discussed first. These
are then extended to higher temperatures. Finally, changes in the trends with increases in
temperature are noted.

For a temperature of T' = 2ewv, the power captured without dissociation follows the same
trend as the case with dissociation until slightly past the first peak. At this point, the power
captured for the two cases diverges. In the case without dissociation, the power captured
drops off, while in the case without dissociation, there is a slight dip in the power captured,
after which it increases to a second maximum. The second peak is due to the accounting of

H, its location can be attributed to the magnitudes of the reaction rates with respect to each
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other. At lower temperatures, the reaction rate for the ionization of H is greater than the
reaction rate for the ionization of H2. Around 7 eV they are equal, and then the reaction
rate for H2 overcomes H slightly. The difference in the magnitudes of the reaction rates for
ionization helps to explain why the second peak disappears as the temperature increases.
The magnitude of the difference between the reaction rates is greater at lower temperatures,
so the differences are more pronounced there. As the temperature increases and the power
contribution from reaction rates becomes more equal at the same temperature, the second
peak becomes less distinct. Instead, the slope of the curve approaching the maximum power
captured becomes flatter. In MAC, power captured from the neutral stream translates
to drag. An increase in the maximum possible power capture then translates to a wider
operating region for MAC. Overall, power capture occurs over a greater range of plasma
densities for the case with dissociation than without.

Across different temperatures, the changes in the range of capture can be attributed to
differences in reaction rates. py is also a contributing factor in how the power captured
breaks down between H2 and H. The value for p; will decrease with a decrease in the mass
of the species. Since H has a smaller mass than H2, its resulting py, is smaller as well, which
corresponds to a larger ¥* and a greater capture volume. For all temperatures, the maximum
power captured from H is larger than the maximum power captured from H2 because its
capture volume is greater. This difference is more pronounced at lower temperatures because

of the differences in reaction rates.
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Figure 5.8: The right-hand column replicates Figure 5.4. The left-hand column shows the

power breakdown between H and H2 and the total power captured for the corresponding

case without dissociation.
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Figure 5.9: Parameter space identification for Figure 5.10 and5.11.

Figures 5.10 and 5.11 describe the densities of H2 and H in the control volume and
surrounding areas for two different plasma densities under the same conditions. The black
lines in Figure 5.9 visually indicate where in the parameter space these density distributions
exist. The plasma density in Figure 5.10 is two orders of magnitude smaller than in Figure
5.11. The red and blue ovals represent the control volumes for the H2 and H capture regions
respectively, as defined by ¥U*. In Figure 5.10, the total power captured from the neutral
stream is just past its first peak. Since the conditions shown are for lower temperatures, the
first peak also corresponds to the maximum power captured from the H2 component of the
neutral stream. In the density distribution for H2 shown on the left-hand side of Figure 5.10,
there is a corresponding shadowing effect within most of the control volume, indicating that
there is no more H2 in that region. However, the reaction front just in front of the shadowed
region still falls inside of the control volume, indicating that there is still a population of H2
which will be ionized and captured into the plasma dipole.

In Figure 5.11 for the higher density case, the location of the reaction front for H2 has
moved almost completely outside of the capture region for H2, which corresponds to only a
very small amount of power being captured from the stream. Referring back to Figure 5.9
confirms that only a very small amount of power is being captured from the H2 component

of the neutral stream. Physically, while the reactions are still taking place, the resulting ions
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are being deflected by the plasma dipole instead of captured. For the density of H, in Figure
5.11, there is again a shadowing region where there are no more neutrals. The reaction front
is still within the blue control volume. While there is essentially no power being captured
from the H2 population, the location of the reaction front indicates that there is power
being captured from the H population. Looking back at Figure 5.9, this corresponds to the
maximum power captured from the H population.

Figure 5.13 parameterizes the results discussed earlier in this section. Plotting the values
of interest at the magnetic field strengths at which they occur provides a more quantitative
look at the impact of dissociation on the power captured. While this is created for the
nominal case where T' = 5eV/, the results can be extrapolated to the other cases observed.

In each of the subplots within Figure 5.13, either the plasma density, the power captured
value, or the ratio between the two, at a physically significant location is plotted by magnetic
field strength. There are two physically significant locations explored. The simpler of the two
is the maximum. This location is where the maximum power capture occurs. The second
location is the inflection point on the P, curve. The inflection point represents a mode
transfer in the state of the plasma dipole from being sustained by the injection of power
into the plasma dipole to being sustained by the injection of power from the neutral stream
itself. The locations where these shifts occur influences the implementation and feasibility
of plasma aerocapture.

Figure 5.12 displays this breakdown for the nominal case with dissociation where T = 5eV/
and By = 1T. P, is the sum of the injected power F;,; and FPu,1o- The value for P, is
dominated by the power injected into the plasma dipole until the plasma becomes dense
enough to support itself. The transition point is marked in pink in Figure 5.12. The slope
of the line at this location is the total power lost from the control volume. Shifts in this
line demonstrate how the equilibrium split between P,; and P, 7, changes. An outward
shift places the equilibrium point lower on the P, curve, where the impact of the injection
regime is amplified. Shifting downward moves the equilibrium to a location where Peqp, 70t

dominated over P,;. The gray point in Figure 5.12 denotes the maximum power captured.
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At a temperature of 5eV ;| these points and the corresponding plasma density and power

values were collected by magnetic field strength. The subplots in Figure 5.13 display them.
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Figure 5.10: Density distribution for H2 (left) and H (right) for specified conditions at a

plasma density of n., = 10%.
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Figure 5.11: Density distribution for H2 (left) and H (right) for specified conditions at a

plasma density of n., = 10%°.
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Figure 5.12: Total power captured, power injected, power in, power out, and the first and

second derivatives of the power in as a function of plasma density.

Subplot a) displays the plasma density where the mode transition occurs. Overall, a lower
plasma density is needed to transition between the regimes when dissociation is considered.
In both cases, there is little variation in the plasma density of the transition between magnetic
field strengths. Subplot b) looks at the power captured when the transition occurs. As
before this value is greater for the case without dissociation. This means that when the
MAC transitions to being self-sustaining, the power captured is smaller. The combination of
subplots a) and b) result in subplot e), where the slope at the point of transition is plotted.
Physically, the mode transfer is occurring at higher densities and powers for the case without
dissociation because its range for power capture is more narrow than that of the case with
dissociation. Since the inclusion of H widens the density range over which the power capture
occurs, and because density and power captured scale in a linear fashion within this region,
its mode transfer occurs at lower densities and resulting powers.

Subplot ¢) displays the density of the plasma when the power captured reaches its max-
imum. For both with and without dissociation, the density of the plasma at peak power

captured increases with the magnetic field, with dissociation consistently providing for more
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maximum power captured at a given magnetic field. Since each particle captured brings with
it a unit of kinetic energy, including H through dissociation, there are greater opportunities
to capture power over just considering H2. For modeling MAC in general, this implies that
accounting for dissociation will result in more power captured. This effect will be greater if
the dissociated species is lighter compared to the atomic or molecular species because the
corresponding capture area increases as the mass of the species decreases.

As outlined in [13] the practical application of MAC is dependent on its region of operation
overlapping with a region within the atmosphere which allows for capture at a given planet.
To find the flight envelope, the minimum wu., at which the plasma dipole is self-sustaining
(ie. the point at which the mode transition occurs) is identified for a given n., density.
Then, that density is mapped onto a density map of the planet’s atmosphere as a function
of altitude. Since the mode transition occurs sooner with dissociation, this means that the
flight envelopes are larger than predicted [13], implying that there is a wider range over

which MAC can be applied.
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Figure 5.13: This set of plots parametrizes the minimum, maximum, and inflection values

by the magnetic field for the case where T' = 5eV | providing a clear view of how the results

scale with magnetic field strength.
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Chapter 6
CONCLUSION AND FUTURE WORK

MAC is a mission-enabling technology for the Ice Giants and Saturn and a mission-
enhancing technology for Venus, Mars, and Titan. Its implementation has to potential to
reduce cost through mass savings and to reduce risk through its ability to continuously vary
drag and thus adapt to unforeseen elements within the atmosphere during capture. MAC

Previous analytical work has focused on implementing models for MAC which take into
consideration electron impact charge exchange and ionization to determine the transfer of
mass and energy between a neutral stream and a plasma dipole for a single species. Here,
dissociation is considered in addition to electron impact charge exchange and ionization to
further understand how mass and energy are transferred from the neutral stream to the
plasma dipole. Findings indicate that including dissociation the mass and power transferred
from the neutral stream to the dipole increases both the range over which the power can be
transferred and the maximum amount of power being transferred. At lower temperatures,
there is also a secondary maximum peak of power transfer which is a direct result of the
dissociation. These shifts indicate that MAC becomes self-sustaining sooner than previously
expected, which implies that the previously determined flight envelopes [13] for the regions
across which MAC is viable are likely wider.

Future work could focus on expanding the model to self-consistently solve for mass and
energy, utilizing these more detailed expressions for the power captured from the stream. In
this way, the impact of differences in the density of n., could be explored. Experimental
campaigns to expand understanding of the entrainment of the neutrals into the plasma
dipole could also be executed. In particular, spectrography could be employed to examine

the distribution of species for a more detailed understanding of how the power transfer occurs.
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