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Detailed direct simulation Monte Carlo/Particle in Cell simulations involving the inter-
action of a hydrazine chemical rocket plume with the rarefied ambient magnetosphere are
presented for steady thruster firings in geostationary Earth orbit (GEO). The hydrazine
chemical rocket plume is modeled as a neutral gas mixture with thruster exit conditions
corresponding to a mass flow rate of 5.0 x 107* kg/s. The interaction of the steady plume
with the rarefied magnetosphere is modeled using a combined direct simulation Monte
Carlo/Particle in Cell methodology, allowing for a detailed assessment of non-equilibrium
collisional and plasma-related phenomena relevant for these conditions. Charge exchange
interactions between the plume chemical mixture and the ambient ions are modeled using
detailed total and differential cross sections. The influence of the Earth’s magnetic field on
the development of the ion plume is also modeled assuming a field strength of B =1.1x107"7
T. The magnetic field is found to have only a minor impact on the development of the
resulting neutral and ion plumes. The relative motion of the magnetic field lines with re-
spect to the spacecraft is assumed to be negligible for a satellite in geosynchronous orbit, so
spacecraft ions formed through charge exchange become trapped in gyroscopic orbit about
field lines that are stationary relative to the spacecraft. The incorporation of the plume
mixture into the model captures the variation in plume dissipation times per species, with
the longest dissipation time corresponding to the Hs plume of 33 seconds.

I. Introduction

A fundamental understanding of plume dynamics is imperative for developing both predictive and mitiga-
tory capabilities to avoid plume impingement on critical spacecraft surfaces. Chemical interactions between
post-combustion neutral species generated by spacecraft thrusters and ambient ions in the upper atmosphere
play an important role in determining the dynamic behavior of these plumes. In particular, the high-density
neutral plume emitted during a thruster burn is subject to charge exchange reactions with the ambient
ions. This interaction can alter the local magnetospheric properties, and lead to excitation of plasma waves.
Studies of such interactions, both experimental and computational, have been centralized around LEO trans-
portation spacecraft, including Space Shuttle, Soyuz, Progress and the Mir space station.!™®

The study by Burke et al.! examined the energy distribution of positive, single-charge ions detected by
the Shuttle Potential and Return Electron Experiment (SPREE) during a thruster burn of the Tethered
Satellite System (TSS 1) mission. Data collected by this sensor included information regarding both energy
and angular distributions of ions impacting the sensor, over ion energies ranging from 10 to 100 eV. This
study also compared SPREE data with results from a two-dimensional collisionless molecular model. The
model tracked trajectories of neutrals and pick-up ions (plume-related ions formed through charge transfer
of plume neutrals with ambient ions) during a thruster burn event, and provided information regarding the
distribution of ions that eventually impact the SPREE sensor. This allowed for a comparison between the
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measured and predicted ion energy distributions. It was also found that significant scattering occurs near
the thruster exit as well as after charge exchange between the neutral gas and ambient oxygen ions.

The present study aims to examine the interaction between spacecraft thruster plumes and the am-
bient magnetosphere in geostationary Earth orbit (GEO) conditions. While previous work has examined
plume/ ionosphere interactions in low Earth orbit (LEO),”® this study focuses on non-equilibrium collisional
and plasma-related phenomena at GEO, which is characterized by very rarefied and high-energy ambient
conditions relative to LEO. The rarefied nature of the magnetosphere, as well as the surrounding plasma,
requires the use of a combined direct simulation Monte Carlo/Particle in Cell (DSMC/PIC) methodology,
which is detailed next. Results are presented for a steady spacecraft thruster burn, in which the neutral
rocket plume is modeled as a mixture of three primary propellant species. The effects from the geomagnetic
and self-consistent electric fields on the development and propagation of the neutral and ion plumes is also
investigated.

II. Modeling of Plume/Magnetosphere Interactions

A. DSMC/PIC Framework

The charge exchange collisions between ambient ions and rocket plume combustion species occur under
very low density conditions. The most appropriate numerical method for simulation of these phenomena
is the direct simulation Monte Carlo (DSMC) method.” The plasma formed in this process is subject to
self-consistent electro-static fields, which is most appropriately modeled using the Particle in Cell (PIC)
method.'® The combination of rarefied collisional and plasma phenomena relevant to the physical system
of interest is therefore analyzed using MPIC,'! which uses the DSMC and PIC methods simultaneously to
model the flow field.

B. MEX/CEX Collision Dynamics

The ambient magnetosphere model used in this study is comprised of HT, the primary ion species found
at GEO. The spacecraft thruster ejects a high-density plume of neutral particles which expands into the
surrounding ambient flow. Interaction of the chemical rocket plume mixture with the ambient HT leads to
the formation of an ion plume mixture through charge exchange (CEX) reactions. The chemical system
under consideration is thus comprised of seven chemical species: the ambient HT ions, and the hydrazine
combustion products, Ha, Ny and NH;z and their corresponding ions, Hy , NJ and NH;.

The ambient HT ions are allowed to participate in both momentum exchange (MEX) and CEX inter-
actions with the plume constituents, but the post-collision properties of Ht are not updated in order to
preserve the properties of the ambient environment. All of the chemical species comprising the spacecraft
plume mixture participate in MEX/CEX interactions, and binary collisions and post-collision scattering are
computed based on detailed total and differential cross sections. The rotational, vibrational and electronic
internal structure of plume constituents is currently neglected in this work, but should be included to handle
the energy transfer in non-resonant charge exchange collisions.

The collision details involving plasma mixtures requires a careful treatment for collisions between neutral
and charged particles, particularly in cases where the collision partners are not like species. Within the
DSMC method, collision dynamics are imposed in the center-of-mass frame of reference of the colliding
particles. Collisions involving two neutral particles are processed using the Variable Hard Sphere (VHS)
model, in which the probability of a collision is computed according to:

-_99 (1)
(@9) mas

where o is the total cross section and g is the relative collision speed, and a candidate pair is selected
for collision if P > R,, where R, is a uniformly distributed random number. Heavy particle interactions
are treated according to standard DSMC collision dynamics, with the possibility of a charge transfer for
neutral/ion collision pairs. The total number of candidate collision partners within a cell is determined
using Bird’s No-Time-Counter (NTC)? method. The probability of a collision event is then determined
for these candidate pairs based on the total collision cross section. MEX collisions for neutral particle
interactions are modeled using variable hard sphere® (VHS) total cross sections and isotropic scattering.
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The corresponding VHS parameters including the reference diameter d,.y, reference temperature 7.5, and
temperature exponent w for the gas mixture constituents are provided in Table 1.

Table 1. VHS parameters for H>/N>/NH3

dref | Tref w
Hy, | 2.92A | 273K | 0.75
Ny | 4.17A | 273K | 0.75

NH; | 5.94A | 273K | 0.75

Post-collision velocities involving neutral collision pairs are assumed to follow isotropic scattering in the
center-of-mass frame of reference. Collisions involving neutral/ion pairs, however, scatter anisotropically,
with a strong forward-scattering tendency. Total and differential cross section data for this system are
obtained from the literature!?'4 for both direct and charge transfer collisions based on guided ion beam
experimental results as well as the electron nuclear dynamics formalism. While the total cross section is
invariant under transformation of reference frame, the differential cross section must be converted from the
laboratory (LAB) reference frame to the center-of-mass (CM) reference frame for use within the DSMC/PIC
framework. The differential cross section (DCS) transformation is established through the relationship
between the LAB and CM total cross-sectional area:

d0(90M> dU(eLAB)
———=d) = ———2d0 2
A0, Mo = g = das (2)
where:
dQC]V[ =27 Sin(QCM)dQCM, (3)
dQLABZQﬂ'SiD(QLAB)dQLAB. (4)

For a LAB — CM transformation, Eq 2 is written as:

do(8cm) _ do(8raB) dQraB _ do(0pap) sin(0pap)d0ran
dQcnm dQrap dQom dQrap  sin(0car)dfc

(5)

The transformation is established by obtaining an analytical expression (if possible) for the term on the far
right hand side of Eq 5. The relationship between 0y 45 and 6c); may be determined by considering the
schematic of scattering of two particles A and B in the center-of-mass (CM) frame of reference shown in
Figure 1. If the particle B is considered to be at rest in the laboratory frame of reference, then the point
B lies on the dashed circle with a radius py = pw, where p = myms/(m; + ms) is the reduced mass and
v = v; — vy is the relative velocity prior to collision. In the case when mj; = mo, both A and B lie on the
dashed circle, and it is straight-forward to show that the relationship between ;45 and O¢; is:

Ocm = 20paB (6)
resulting in the differential cross section transformation for direct or (resonant) charge transfer collisions:
do(6 do (6
o(0ran) _ 4cos Oy az o(fcm) (7)

dQLAB dQCM

In the gas mixture, it is necessary to account for cases where m; # msy. To simplify the analysis, we assume
that vi >vs such that the second particle is at rest, and point B thus lies on the dashed circle as in Figure
1. This is a reasonable assumption at GEO, since the H* are approximately 1 keV, and the hydrazine
chemical species are characterized by energies of less than 1 eV. Following this approach then, we have that
m; corresponds to myg+, and my < mg regardless of the collision partner for all chemical species in the
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Figure 1. Transformation from LAB—CM frame of reference for particles of different mass.

hydrazine mixture, as shown in Figure 1.
Invoking the sum of angles and law of sines, we can establish the relationship between the scattering angle of

particle 1 (H" in this case) in the LAB frame (6p45) and the CM frame (6car), and finally the expressions
for sinfy ap and df; 4p which are required for the transformation:

Ocnr = 0pap +sin™! (:;L; sinf)LAB> (8)

my/macosOrap

\/1 - (ml/mg)2 sin® 07 ap

sin @y = sin |:9LAB + sin71 (:Zl Sin@LAB>:| (10)
2

The transformation can be made by expressing the right hand side of Equation 5 in terms of 8¢,s and then
plotting the CM DCS as a function of 8cp,. However, Equations 8 - 10 can only be solved approximately
using an iterative solution approach, so an immediate analytical form is not possible. If instead the right
hand side is left in terms of 0, 4, the final LAB — CM transformation is expressed as:

do(Bcn) sinfpap do(0LaB) (11)
dQC’M mi/mocosfrap ) dQLAB

7(7711/’”12)2 sin2 OLAB

sin |@pap + sin ™ (%sinHLABﬂ (1-1— G

The right hand side is evaluated with a value for the LAB DCS and the corresponding angle 645 (from
experimental data), and finally the transformed value for the CM DCS is obtained. These values are plotted
against 6c)s, which is determined for each value of 01 4p from Equation 8. This transformation is applied
to the differential cross sections describing the post-collision scattering of Hy — H*, Ny — HT and NH; — HT
collision partners in the center-of-mass frame of reference, and the resulting cross sections are plotted in
Figure 2(a). The LAB—CM transformation is most prominent for cases in which the collision partners are
of equal mass (m; = mg), and the differential cross section in the CM frame of reference approaches the
LAB frame value when m; << mgy. Total direct (non-transfer) and charge transfer cross sections employed
in this model are reported in the literature for the mixture constituents,'>'* and the charge transfer cross
sections are shown in Figure 2(b).

C. Magnetic Field Model

In addition to CEX interactions, charged particles in GEO are subject to interaction with Earth’s magnetic
field. The interaction of spacecraft ions with the magnetic field plays an important role in the evolution of the
ion plume. Both the strength of the magnetic field and the orientation of the field lines relative to the plume
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Figure 2. (a) Differential cross sections (DCS) and (b) total cross sections (TCS) for collision dynamics of
H2/No/NHs — HT system.

propagation have a substantial impact on the development of the plume, as magnetization of spacecraft ions
can impede ion flow in the axial and radial directions. The magnetic field model developed for this work
investigates the impact of magnetic field strength on the spacecraft ion plume formation assuming a fixed
field line orientation relative to the spacecraft.

Immediately after a CEX event, the newly formed ion enters into a gyroscopic orbit about a magnetic
field line. This orbit is characterized by the Larmor radius, rr, and the gyration frequency, wy,, which are
determined according to:

ion

x0
= l=0 12
rL wr, ) ( )
qionB
= —. 13
wr myon ( )

In Eq. 12, V,ig" is the initial x-velocity of the H2+ / N;r / NH; species entering the gyro-orbit, which is equivalent
to the post-collision x-velocity after a charge exchange reaction. In Eq. 13, ¢?°" is the fundamental charge,
B is the magnetic field strength, and m®" is the molecular mass of the Hy /N5 /NHZ species. From these
expressions, it is clear that the magnetic field strength uniquely determines the gyration frequency for a
given charged chemical species. The Larmor radius, however, is dependent on both magnetic field strength
(through wy,) as well as on the translational energy of the magnetized ion orthogonal to the field line.

Within the present axisymmetric simulations, the magnetic field lines are assumed to be oriented vertically
(parallel to the z—axis, shown by dashed lines in Figure 3). Thus, only the xz—velocity component of the
magnetized ions follows a gyroscopic motion, while the z—velocity component is unimpeded by the magnetic
field. Magnetized ions entering a gyroscopic orbit with a non-zero velocity component along the field line
thus follow a helical trajectory. The frame of reference is held fixed to the spacecraft thruster at the origin,
such that the ambient flow, and hence the geomagnetic field lines, have a velocity equivalent to the orbital
velocity relative to the spacecraft. The gyroscopic motion due to the magnetic field is imposed on the ions
through a time-dependent velocity, which for a constant magnetic field aligned with the z—axis, is determined
according to:

on

V;’on =V + ( ;8” _ VB) sin (q:,nion t+ ¢ion> ’ (14)
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7/2 i Vi < Vg,
37/2 if Vien > V.

on __

(15)
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(a) Magnetized spacecraft propellant (b) Spacecraft propellant neutral/ion (c) Magnetized spacecraft propellant
ion. collision resulting in MEX and new ion on new guiding center.
guiding center for propellant ion.

Figure 3. Schematic of cross-field diffusion mechanism incorporated in magnetic field model for B = 1.1 x 10~7
T. (a) Magnetized spacecraft propellant ion (where Prt represents any of H;L, N;r, NH;F) with gyroscopic
motion about magnetic field line undergoes MEX collision (b) with spacecraft propellant neutral. (c) Post-
collision velocity of spacecraft propellant ion is used to update the phase angle, which defines new guiding
center.

The gyroscopic term on the right-hand side is added when ¢;,, = 37/2 and subtracted when ¢;,, = 7/2.
The velocity V9" is the initial velocity of the magnetized ion as it enters the gyro-orbit, which is assumed
equal to the post-collision velocity of a spacecraft propellant ion formed through CEX. When the ion enters
the orbit, the phase angle, ¢'°", is specified according to the relative velocity of the ion with respect to the
magnetic field line velocity, V. This is shown schematically in Figure 3(a), for a case in which the ambient
flow (and therefore the field line velocity) is directed to the left. If the ion has a velocity to the left relative to
the field line, the ion enters the orbit with a phase of ¢?°" = /2. This represents a minimum orbital velocity,
and the ion velocity is thus Vo = V; min. If the ion has a velocity to the right relative to the field line, the
ion enters the orbit with a phase of ¢ = 371 /2, and the ion velocity corresponds to Vyo = Vi mae- The time
t in Eq.(14) is initialized to zero when the ion enters the orbit, and is advanced by the simulation timestep.
The gyration frequency in Eq.(13) is species-dependent, and has a values of wy g, = 0.87, wr n, = 0.06
and wr nm, = 0.1 revolutions per second, for Hy, Ny and N Hj, respectively. The timestep used in the
simulations is dt = 2.5 x 10~ s, and thus a single orbit is resolved by O(10%) simulation timesteps.

Once magnetized, the motion of the spacecraft propellant ions is a superposition of the magnetic field
velocity and the unsteady gyration velocity in the z—direction. In a collisional flow, however, these magne-
tized ions may undergo collisions with other particles. A collision resulting in both momentum and charge
exchange would effectively ‘demagnetize’ the spacecraft propellant ion, and the resulting propellant neutral
would follow a linear trajectory according to its post-collision velocity. This demagnetization process is
modeled for the spacecraft constituent charge transfer only.

It is also possible for a collision between a magnetized propellant ion and a neutral particle to result
in momentum exchange only. Although the spacecraft ion keeps the charge and remains magnetized, the
momentum exchange will effectively bump the ions onto a new orbit with a new guiding center. This process
is shown schematically in Figures 3(b) and 3(c), in which a magnetized spacecraft ion undergoes a MEX
collision with an neutral spacecraft particle. In this particular scenario, the spacecraft ion velocity has a
phase ¢"" = 0, and thus has zero velocity relative to the field line guiding center. Upon collision, the
momentum transfer will result in a finite post-collision z—velocity component (e.g., to the right as shown by

the red arrow). This post-collision velocity defines the initial velocity V6" for a different orbit about a new
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guiding center, shown in Figure 3(c). To define the guiding center of the new orbit, the phase angle ¢
must be evaluated after each MEX collision using the velocity criteria specified in Eq. (15), where V" is
taken as the spacecraft ion post-collision velocity.

This treatment of MEX collisions involving magnetized spacecraft ions provides a mechanism for cross-
field diffusion of the spacecraft ions within these simulations. As mentioned in Section B, the ambient H
ions are modeled as being trapped indefinitely on the magnetic field lines to preserve the ambient conditions.
In consideration of the gyroscopic parameters in Eqgs.(12) and (13), the HT ions are modeled as magnetized
on field lines of infinite strength, B — oo. The influence of the magnetic field on the spacecraft ions,
Hi, NJ and NH;‘, is examined in this work by considering the case of B = 1.1 x 10~7 T found in GEO,

and the limiting case of B — 0.

D. Plume Configurations

The plume flow examined in this study involves the steady firing of a spacecraft thruster into the ambient
magnetosphere free stream in GEO. The flow is simulated on an axi-symmetric spherical computational
domain shown in Figure 4, with a radius of 35 km and an axis of symmetry along the x—axis. The thruster
considered in this study is located at the origin (z, z) = 0, and generates thrust in the —xz—direction, such that
the plume flow is initially directed in the +x—direction (indicated by the red arrow in Figure 4). An inflow
boundary condition is specified at the nozzle exit plane (not visible in Figure 4), with a nominal mass flow
rate of 1 = 5.0 x 1074 kg/s. The plume at the exit plane is modeled as a charge-neutral propellant mixture
of molecular hydrogen, nitrogen and ammonia, with the properties shown in Table 2. The simulation domain
is held fixed with respect to the spacecraft thruster, so the ambient Ht ions follow a thermal distribution
in this frame of reference. Recalling discussion of the magnetic field model, the geostationary magnetic
field lines are assumed to be aligned vertically in these figures, and are stationary relative to the spacecraft
thruster.

AMBIENT
(MAGNETOSPHERE)

40000

30000

—_—

.E. 20000
N

10000

PLUME
TGS I T M AT I o ... I ST RN AT (T
-30000 -20000 -10000 0 10000 20000 30000
X [m]

Figure 4. DSMC/PIC computational domain. Axis of symmetry lies along the x-axis, and the nozzle exit
plane is located at the origin. Red arrow indicates the plume flow direction, and geomagnetic field lines are
aligned with the z-axis.

Table 2. Plume and Ambient Flow Conditions

Species || m [kg kmol™!] | k,T/qo[eV] | V [m s™}] n [m~?]
H, 2.02 0.03 1900 3.99 x 1023
N, 28.0 0.03 1900 1.74 x 10?2

NH; 17.0 0.03 1900 1.99 x 1022
Ht 1.01 1.0 x 103 0 3.0 x 106

Typical values of the spacecraft propellant ion gyroscopic radii are summarized in Table 3, based on
a nominal magnetic field strength of B=1.1 x 10~7 T including diurnal variation.!> The ambient/inflow
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Table 3. Larmor Radius (with B-field variation)

Species || mean [km] | variation (4/-)
v, 0.4 0.30/0.46
rL N, 5.6 42/6.5

YL NI, 3.3 2.6/4.0

properties of temperature, velocity and number density are specified only for the CEX reactant species
initialized as ambient (HT) or at the inflow (neutral species) boundary.

ITI. Results

In this section, steady-state plume results are presented first. In particular, the influence of the magnetic
field on the development of both the spacecraft neutral and ion plumes is investigated. The first case that
is presented examines the ion and neutral plume development in the absence of the geostationary magnetic
field. This allows for an assessment of the electrostatic field forces in the GEO environment. The second
case incorporates the influence of the magnetic field in addition to the self-consistent electric field. Recall
that only the Hf /N /NH7 ions become magnetized, thus the magnetic field does not directly impact the
motion of the neutral Hy /Ny /NHj particles. It is important to note, however, that the magnetized ions may
become demagnetized through CEX reactions, and so the influence of the magnetic field on the development
of the neutral plumes is examined as well.

The second set of simulation results examine an unsteady thruster firing, in which the thrusters are fired
for 2 seconds and then turned off. The evolution of the neutral plume is examined during and after the
thruster burn to determine the rate of dissipation of each chemical species from the computational domain.

A. Plume Development without Magnetic Field (B=0)

The steady-state flow field in the absence of a magnetic field is presented in Figures 5-7. The contours in
Figures 5-7(a) represent the number density of the spacecraft neutrals which are emitted from the thruster
with a bulk velocity in the +x—direction. As the neutral plume expands outward from the thruster, the
particles may undergo MEX and CEX collisions with the ambient particles as well as with each other. The
number density of the corresponding spacecraft ions generated through charge exchange are shown in 5-7(b).
Both neutral and ion plumes undergo expansion in the near-vacuum ambient, and the ion plume is also
subject to forces from the self-consistent electric field.

H, number density H; number density
40000 hydrazine plume (B=0 T) 40000 hydrazine plume (B=0 T)
—_— —_—
30000

T n(H;) [m?]
: 20000 1.0E+08
n(H,) [m"] 4.6E+07
1.0E+10 2.2E+07
1.0E+09 10000 4 1.0E407
1.0E+08 4.6E+06
‘ 1.0E+07 4YAY 2.2E+06
B ] 1.0E+06 0 e~ s 1.0E+06

-30000 -15000 0 15000 30000 -30000 -15000 0 15000 30000
X [m] X[m]
(a) Contours of Ho number density, B=0 T. (b) Contours of H;’ number density, B=0 T.

Figure 5. Contours of (a) Hy number density and (b) HJ number density for +z—flow configuration. The
lower saturation limit on the contour levels correspond to the ambient density. Note the difference in the
contour level upper limits.

Comparison of the neutral and ion plumes in Figures 5-7 reveals the influence of the self-consistent
electrostatic field on the ion plume. The neutral chemical species plume undergoes considerable expansion,
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N, number density N; number density
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Figure 6. Contours of (a) N2 number density and (b) Ng‘ number density for +z—flow configuration. The
lower saturation limit on the contour levels correspond to the ambient density. Note the difference in the
contour level upper limits.

NH, number density NH; number density
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Figure 7. Contours of (a) NH3 number density and (b) NH; number density for +z—flow configuration. The
lower saturation limit on the contour levels correspond to the ambient density. Note the difference in the
contour level upper limits.

but the plume generally propagates in the +z—direction. The plume concentrations in the farfield remain
orders of magnitude higher than the ambient density, which is represented by the lower saturation of the
contour levels at 1.0 x 10° m—3. Owing to the plume composition and relatively small molecular mass, the
Hs plume shows the greatest extent while the Ny and NH3 plumes are at lower concentrations.

The corresponding ion plumes are siginficantly lower in density, although the concentration is still an
order of magnitude higher than the ambient density at distances of 10 km from the thruster origin. The
evolution of the ion plumes indicates a strong influence of the electric field on the charged chemical speices.
The acceleration due to the electrostatic forces drive the ions away from the thruster origin, both in the
upstream (—z) and downstream (+z) directions. In each case, the ion plume concentration is slightly higher
in the downstream direction, resulting in an asymmetry of the ion plumes about x = 0; this is attributed to
the higher concentration of neutral plume chemical species downstream which may undergo charge exchange.
This asymmetry, however, is quite subtle, which underscores the influence of the electrostatic field on the
ion plumes.

B. Plume Development with Magnetic Field (B=1.1 x 10~" T)

The steady-state flow field generated in the presence of the geostationary magnetic field is presented in
Figures 8-10(a) and Figures 8-10(b). The contours in Figures 8-10(a) again represent the number density
of the spacecraft neutrals which are emitted from the thruster. Recall that these spacecraft neutrals may
undergo charge exchange with the ambient HT ions, and then subsequently enter into gyroscopic orbit about
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the geomagnetic field lines which are stationary in this frame of reference. The number density of the
spacecraft ions generated through charge exchange are shown in Figures 8-10(b). The development of both
the neutral plume and ion plume in the presence of the magnetic field shows some general similarities to
the results in the previous section. The neutral plumes again develop largely in the +x—direction, as the
electromagnetic field does not directly influence the neutral particles. The ion plume, however, becomes
confined by the stationary magnetic field lines and exhibits a peaked cone-like structure centered near z = 0.

H, number density H; number density
40000 hydrazine plume (B=1.1x107 T) 40000 hydrazine plume (B=1.1x10"T)
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Figure 8. Contours of (a) Ho number density and (b) H} number density for +z—flow configuration. The
magnetic field model accounts for the gyroscopic motion of magnetized ions. The lower saturation limit on
the contour levels correspond to the ambient density. Note the difference in the contour level upper limits.
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Figure 9. Contours of (a) N2 number density and (b) N; number density for +r—flow configuration. The
magnetic field model accounts for the gyroscopic motion of magnetized ions. The lower saturation limit on
the contour levels correspond to the ambient density. Note the difference in the contour level upper limits.

When the ions are formed through charge exchange, the particles immediately enter into a gyroscopic
orbit about the stationary magnetic field lines, which are oriented parallel to the z—axis. This effectively
modifies the development of the ion plume in the +x—direction by confining the ion motion to within the
Larmor radius. At the same time, however, the ions are subject to the electrostatic field forces, which act
in directions orthogonal to and parallel to the magnetic field lines. The component of the electrostatic force
orthogonal to the field lines effectively pushes the ion onto a new guiding center, resulting in a diffusion
of the ion species across the field lines. This diffusion or spreading of the ion plume is most prominent
near the thruster (at small z—distance). At larger distances, the plume-induced field strength attenuates
and the spreading of the plume diminishes. Ion motion along the magnetic field lines is unimpeded, and
the components of the electrostatic forces parallel to the field lines accelerate ions vertically away from the
thruster, resulting in a cone-like plume structure. Although the ions enter into gyroscopic motion about
stationary magnetic field lines (or guiding centers), the acceleration of these ions due to the self-consistent
electric field competes with the gyroscopic acceleration. Thus the ion plumes show a distinct stucture in the
presence of the magnetic field. The asymmetry of the ion plumes is also observed in these contours, owing
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Figure 10. Contours of (a) NH3 number density and (b) NH;‘ number density for +z—flow configuration. The
magnetic field model accounts for the gyroscopic motion of magnetized ions. The lower saturation limit on
the contour levels correspond to the ambient density. Note the difference in the contour level upper limits.

to the enhanced neutral plume concentration in the +xz—direction.

C. Unsteady plume simulations

Plume simulation results are presented next which examine an unsteady thruster plume firing for two sec-
onds, after which the thrusters are turned off. The thrusters fire in the +x—direction, and the neutral plume
expands in the near-vacuum ambient while undergoing charge exchange with the ambient ions. The simula-
tion results show the convection and eventual dissipation of the neutral plume to levels below the ambient
density of approximately 1 x 10 m ™3 for each of the chemical species. Each column in Figure 11 represents
the time evolution of the Hy, Ny and NHj3 neutral plumes, starting at two seconds (top row) and stepping
through time up until the majority of the plume has convected out of the domain (bottom row).

The total time required for the neutral plume to dissipate to the ambient density everywhere (£35 km
from the spacecraft) is approximately 34 seconds. The core of the neutral plume (the highest density region)
leaves the computational domain after approximately 15 seconds, which is the time required for a plume
traveling at the thruster exit velocity of 1900 m/s to reach the edge of the computational domain. As the
plume is comprised of chemical species which vary in molecular weight, the lighter plume species are faster
and the core of the Hy plume reaches the edge of the domain first, followed by the NH3 and then the Ny
plume core. This ‘time of flight’ is nearly half of the total dissipation time. The additional time required
for dissipation is largely a result of the plume expansion, as well as collisional effects near the thruster exit.
These mechanisms work to decrease or reverse the plume neutral particle velocities such that the edges of
the plume remain within the computational domain for an extended period after the core of the plume has
already vanished. It is found that the Ny plume vanishes completely (below the ambient number density
levels) first, after approximately 26 seconds, while the Hs is the final chemical species to dissipate completely.

IV. Conclusions

The focus of this work was to examine the development of spacecraft neutral and ion plumes during
steady and unsteady hydrazine thruster burns. The plume was modeled as a gas mixture comprised of the
primary hydrazine post-combustion products, consisting of Hy, Ny and NHj, and these chemical species
interacted with the ambient H' ions in the magnetosphere. Detailed differential and total cross sections
were used to model the formation of spacecraft ions formed through charge exchange (CEX) reactions with
the ambient magnetosphere plasma. Also of interest was the influence of the geomagnetic field on the ion
plume. A combined DSMC/PIC methodology was used to properly capture the non-equilibrium collisional
and plasma phenomena that are relevant in the rarefied plasma environment in GEO. The development of
the steady spacecraft neutral and ion plume was examined under two different magnetic field configurations,
assuming a magnetic field strength of B=0 T and B=1.1 x 107 T.

The development of the neutral mixture plume was not strongly influenced by the presence of the elec-
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Figure 11. Time evolution of Hz, N2 and NH3 neutral plumes during an unsteady thruster firing with B=1.1 x
107 T. Thrusters are fired for 2.0 seconds (top row) and then turned off. The lightest of the species, Hy
exhibits the greatest plume diffusion, while the heaviest of the species, NH3 convects out of the computational

domain first.
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tromagnetic field as observed from the number density contours. In previous work,” the neutral plume was
influenced indirectly by the magnetic field as a result of subsequent charge exchange from the ion plume chem-
ical species back to neutral particles. This influence is not observed here, as the collisionality is considerably
lower in the conditions examined at GEO. The electromagnetic field was found to influence the development
of the ion plume. In the absence of the magnetic field, the electrostatic forces caused the spacecraft ions to
accelerate outward from the thruster in +z—directions. When the magnetic field was introduced, the ion
plumes developed a conical structure in the radial direction in the presence of the magnetic field. This may
be attributed to the competition of the electrostatic acceleration and the confining gyroscopic motion by the
magnetic field.

The unsteady simulation of the two-second thruster burn examined the relative neutral plume convection
and dissipation at large distances (£35 km) from the spacecraft. Although the corresponding ion plume is
confined near the thruster origin, acting as a potential ‘source’ for neutral particle generation through charge
exchange, this has effectively no influence on the dissipation of the neutral plumes. The neutral densities
drop to values below the ambient, with only a few (O(107) m~=3) Hy neutral particles forming near the
thruster origin after 33 seconds.
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