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Abstract

A multi-fluid magnetohydrodynamic model has been developed to investigate artificial clouds in the lower ionosphere. The

model is based on the five-moment approximation of the fluid equations with separate continuity and momentum equations for

each species. The model can have multiple neutral and ion species, background and cloud designation of species, and multiple

chemical reactions between species. The model is used to simulate a barium cloud initiated in the bottom side ionosphere. The

neutral barium cloud is observed to expand radially with a spherical density distribution. The barium ion cloud, produced by

ionization of the neutral barium cloud, expands mostly along the magnetic field lines. Both the barium and oxygen ions are

observed to rotate about the magnetic field. A diamagnetic cavity develops quickly and then collapses within the 10s model

period. Initially there is an oxygen ion density enhancement in the center of the cloud that later evolves into a depletion

with enhancements on opposite field-aligned sides of the depletion. The direction of the ion rotation about the magnetic field

alternates with time. The associated magnetic field twist propagates away from the cloud along the field line as a shear Alfvén

wave. This last result, previously unreported, results from the additional physics included in the multi-fluid formulation of the

fluid equations.
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• The barium and oxygen ions rotate about the central axis of the cloud due to the velocity 15 

difference term in the ion momentum equation. 16 

• The ion cloud alternates rotation direction and the magnetic field twist radiates along the 17 

magnetic field line as a shear Alfvén wave. 18 
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Abstract 23 

 A multi-fluid magnetohydrodynamic model has been developed to investigate 24 

artificial clouds in the lower ionosphere.  The model is based on the five-moment approximation 25 

of the fluid equations with separate continuity and momentum equations for each species.  The 26 

model can have multiple neutral and ion species, background and cloud designation of species, 27 

and multiple chemical reactions between species.  The model is used to simulate a barium cloud 28 

initiated in the bottom side ionosphere.  The neutral barium cloud is observed to expand radially 29 

with a spherical density distribution.  The barium ion cloud, produced by ionization of the 30 

neutral barium cloud, expands mostly along the magnetic field lines.  Both the barium and 31 

oxygen ions are observed to rotate about the magnetic field.  A diamagnetic cavity develops 32 

quickly and then collapses within the 10s model period.  Initially there is an oxygen ion density 33 

enhancement in the center of the cloud that later evolves into a depletion with enhancements on 34 

opposite field-aligned sides of the depletion.  The direction of the ion rotation about the magnetic 35 

field alternates with time.  The associated magnetic field twist propagates away from the cloud 36 

along the field line as a shear Alfvén wave.  This last result, previously unreported, results from 37 

the additional physics included in the multi-fluid formulation of the fluid equations.   38 

 39 

Plain Language Summary 40 

A numerical fluid model was developed that is used to investigate the early time expansion of an 41 

artificially-generated cloud in the upper atmosphere.  In the model results, disturbances in the 42 

background ionosphere and thermosphere are observed due to the expanding cloud.  The 43 

expanding cloud is observed to rotate about the magnetic field due to the different forces acting 44 

on it.  Electromagnetic waves, produced by the rotating cloud, are observed radiating along the 45 

magnetic field line away from the artificial cloud.   46 

 47 

  48 
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1 Introduction 49 

The evolution and dynamics of artificially created plasma clouds are rich with a variety 50 

of interesting plasma physics that has made them the subject of investigation for many decades 51 

[Davis, 1979, Haerendal, 2019].  Observations include radial expansion of the neutral cloud, 52 

field-aligned expansion of the ion cloud, development of a diamagnetic cavity and collapse, 53 

snowplowed background ions, “skidding“ of the ion cloud, electron heating, and small or large 54 

scale structuring of the ions described as striations, flutes, sheets, and/or surface waves 55 

[Rosenberg, 1971; Lühr et al., 1986; Bernhardt et al., 1987; Lühr et al ., 1988; Bernhardt, 1992; 56 

Huba et al., 1992; Blaunstein et al., 1993; Delamere et al., 1996; Szuszczewicz et al., 1996].  For 57 

artificial clouds produced in the bottom-side ionosphere, affects have been observed in the 58 

underlying E-region as well [Stoffregen, 1970], and surprisingly some artificial clouds have been 59 

observed as much as 10 hours after the initial release [Milinevsky et al., 1993]. 60 

Numerous models have been developed over the decades using a variety of approaches 61 

(e.g. fluid models, particle-in-cell models, hybrid models, chemistry models, and empirical 62 

models) for investigating the dynamics and stability of artificial plasma clouds [Ma and Schunk, 63 

1991; Ma and Schunk, 1993, Ma and Schunk, 1994; Winske, 1998; Xie et al., 2014; Bernhardt et 64 

al., 2017; Holmes et al., 2017, Pedersen et al., 2017; Zhang et al., 2019].  Here we are primarily 65 

interested in three-dimensional fluid models. 66 

A three-dimensional time-dependent numerical model was developed by Ma and Schunk 67 

[1991] that solved the single fluid continuity and momentum equations for multiple ion and 68 

neutral background and cloud species.  Divergence-free current closure is assumed when solving 69 

for a potential electric field, and the background magnetic field was assumed static.  Collisions 70 

between species are included as well as a chemistry source term for the photoionization of the 71 

neutral release cloud.  A drift-diffusion approximation is used when solving the ion momentum 72 

equation where the ion velocity in the inertial term is replaced with a zero-order approximation.   73 

Ma and Schunk [1993], hereafter referred to as MS93, used this model to study the early 74 

time evolution of an artificial barium clouds in the ionosphere.  For an ion cloud with no 75 

directional velocity in a uniform background, it was found that: 1)  the neutral barium cloud 76 

expanded radially in all directions, 2) the barium ion cloud, produced from photoionization of the 77 

neutral barium cloud, expanded primarily in the field-aligned direction producing a spheroidal 78 
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shaped ion cloud, particularly evident in the central region of the cloud, 3) a density depletion 79 

developed in the background oxygen ions with density enhancements on opposite field-aligned 80 

sides of the depletion, and 4) both the barium and oxygen ions circulated in the same direction, 81 

but with different angular velocities, around the central field-aligned axis of the cloud.  The 82 

oxygen ion density enhancements were attributed to the electrostatic snowplow affect.  The 83 

circulation of the barium and oxygen ions was attributed to a combination of E cross B and 84 

diamagnetic drift.  This model was later extended to include realistic E and F region density 85 

profiles [Ma and Schunk, 1994].  A similar model was later used to study the long time evolution 86 

of a cesium ion cloud in the ionosphere [Zhang et al., 2019]. 87 

A three-dimensional two-species single-fluid magnetohydrodynamic (MHD) model was 88 

used to investigate the Combined Release and Radiation Effects Satellite (CRRES) mission G2 89 

barium release in the magnetosphere [Xie et al., 2014].  Their model solved the continuity, 90 

momentum, and energy equations for the time-dependent evolution of the ions and magnetic 91 

field.  The neutral barium cloud was described by a Gaussian density profile that expanded with 92 

time.  Results are presented for a barium cloud released with an initial directional velocity 93 

transverse to the magnetic field.  The model results showed expansion of the neutral and ion 94 

clouds, a fast Alfvén wave propagating outward in all directions, the expansion and collapse of a 95 

diamagnetic cavity, and a density depletion in the hydrogen ion background with density 96 

enhancements on opposite field-aligned sides of the central depletion. 97 

The development of magnetic cavities and surface structures on an expanding cloud have 98 

also been investigated using three-dimensional MHD, Hall MHD, and particle codes [Winske et 99 

al., 2019]. 100 

In this paper we use a multi-fluid MHD model to study the early-time dynamics of an 101 

expanding barium cloud in the lower ionosphere/thermosphere.  The difference between multi-102 

species and multi-fluid models is that in the multi-fluid approach the different species are treated 103 

as separate fluids that can move relative to each other, and the presence of a “velocity 104 

difference” term in the ion momentum equation that takes into account affects due to the relative 105 

motion of each ion species [Ledvina et al., 2008].  In the multi-fluid approach diffusion occurs 106 

naturally as a result of each species ability to move relative to each other.  The results reported 107 
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here describe a simulation of a barium cloud in the bottom-side ionosphere, with initial 108 

conditions that closely match those used by MS93. 109 

This paper is organized into 4 sections.  In section 2 we describe the basic equations used 110 

in the model and presuppositions.  Section 3 covers model initialization and numerical 111 

techniques.  Section 4 provides a discussion of model outputs with a conclusion in section 5. 112 

 113 

2 Model Description 114 

The Special Transport and Chemistry (STC) model has been developed to investigate the 115 

dynamics of artificial plasma clouds.  Our model is a time-dependent three-dimensional model 116 

based on the five-moment equations [Schunk, 1977] for each neutral and ion species.  It is 117 

assumed that each species can be effectively described by a drifting Maxwell-Boltzmann 118 

distribution.  The STC formulation is capable of handling multiple chemical species and 119 

numerous chemical reactions between those species. For the purpose of comparing with MS93, 120 

the energy equation is not solved, and constant temperature has been assumed.   121 

 122 

2.1 The Transport Equations 123 

The continuity and momentum transport equations for the neutral species are 124 

 𝜕𝜕𝑛𝑛𝛼𝛼
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ �𝑛𝑛𝛼𝛼𝑉𝑉�⃑𝛼𝛼� = 𝑆𝑆𝑛𝑛𝛼𝛼 (1) 

 𝜕𝜕�𝜌𝜌𝛼𝛼𝑉𝑉�⃑𝛼𝛼�
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ �𝜌𝜌𝛼𝛼𝑉𝑉�⃑𝛼𝛼𝑉𝑉�⃑𝛼𝛼� = −𝛻𝛻𝑝𝑝𝛼𝛼 + � 𝜌𝜌𝛼𝛼𝜈𝜈𝛼𝛼𝛼𝛼�𝑉𝑉�⃑𝛽𝛽 − 𝑉𝑉�⃑𝛼𝛼�
𝛽𝛽=𝑖𝑖,𝑛𝑛

+ 𝑆𝑆𝜌𝜌𝛼𝛼𝑉𝑉��⃑𝛼𝛼  (2) 

where 𝑛𝑛𝛼𝛼, 𝜌𝜌𝛼𝛼, 𝑉𝑉�⃑𝛼𝛼, and 𝑝𝑝𝛼𝛼, are the number density, mass density, velocity, and pressure of species 125 

𝛼𝛼, 𝜈𝜈𝛼𝛼𝛼𝛼 is the momentum exchange collision frequency between species 𝛼𝛼 and 𝛽𝛽, and 𝑆𝑆 is a 126 

source term due to chemistry [Eccles and Raitt, 1992].  The summation in the momentum 127 

exchange collision term is over all species, charged and neutral.  The force terms on the right-128 

hand-side of the momentum equation are the pressure gradient force, momentum exchange, and 129 

the chemistry source term. 130 
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The continuity and momentum transport equations for the ion species are 131 

 𝜕𝜕𝑛𝑛𝛼𝛼
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ �𝑛𝑛𝛼𝛼𝑉𝑉�⃑𝛼𝛼� = 𝑆𝑆𝑛𝑛𝛼𝛼 (3) 

 𝜕𝜕�𝜌𝜌𝑖𝑖𝑉𝑉�⃑ 𝑖𝑖�
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ �𝜌𝜌𝑖𝑖𝑉𝑉�⃑ 𝑖𝑖𝑉𝑉�⃑ 𝑖𝑖�

= −𝛻𝛻𝑝𝑝𝑖𝑖 −
𝑞𝑞𝑖𝑖𝑛𝑛𝑖𝑖
𝑒𝑒𝑛𝑛𝑒𝑒

𝛻𝛻𝑝𝑝𝑒𝑒 + 𝑞𝑞𝑖𝑖𝑛𝑛𝑖𝑖�𝑉𝑉�⃑ 𝑖𝑖 − 𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� × 𝐵𝐵�⃑ +
𝑞𝑞𝑖𝑖𝑛𝑛𝑖𝑖
𝑒𝑒𝑛𝑛𝑒𝑒

𝐽𝐽 × 𝐵𝐵�⃑

+ � 𝜌𝜌𝑖𝑖𝜈𝜈𝑖𝑖𝑖𝑖�𝑉𝑉�⃑𝛽𝛽 − 𝑉𝑉�⃑ 𝑖𝑖�
𝛽𝛽=𝑖𝑖,𝑛𝑛

+ 𝑆𝑆𝜌𝜌𝑖𝑖𝑉𝑉��⃑ 𝑖𝑖 

(4) 

with 132 

 𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
1
𝑒𝑒𝑛𝑛𝑒𝑒

�𝑞𝑞𝛽𝛽𝑛𝑛𝛽𝛽𝑉𝑉�⃑𝛽𝛽
𝛽𝛽=𝑖𝑖

 (5) 

where 𝑞𝑞𝛼𝛼, 𝑒𝑒, 𝐸𝐸�⃑ , and 𝐵𝐵�⃑  are the ion species charge, electron charge magnitude, electric field, and 133 

magnetic field, and 𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the charge-averaged ion velocity.  The force terms on the right-hand-134 

side of the ion momentum equation are the ion and electron pressure gradient force, a velocity 135 

difference term, the ponder motive (or partial J cross B) force, momentum exchange, and a 136 

chemistry source term.  The velocity difference term is only nonzero when an ion species has a 137 

flow velocity different from that of the charge-averaged ion velocity [Winglee, 2004; Harnett 138 

and Winglee, 2005].  This term isn’t present in the single fluid or multi-species approximation of 139 

the fluid equations.  140 

Faraday’s Law completes the equation set with the induction equation for the evolution 141 

of the magnetic field 142 

 𝜕𝜕𝐵𝐵�⃑
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ �𝐵𝐵�⃑ 𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� = 𝛻𝛻 ∙ �𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐵𝐵�⃑ � − 𝛻𝛻 ×
𝑚𝑚𝑒𝑒 ∑ 𝜈𝜈𝑒𝑒𝑒𝑒𝛽𝛽=𝑖𝑖,𝑛𝑛

𝑒𝑒2𝑛𝑛𝑒𝑒
𝐽𝐽 (6) 

Note that the magnetic field is tied to the charge-averaged ion velocity.  Ampere’s Law, ignoring 143 

the displacement current, was used for the current density 144 

 𝐽𝐽 =
1
𝜇𝜇0
𝛻𝛻 × 𝐵𝐵�⃑  (7) 
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Charge neutrality is assumed (𝑛𝑛𝑖𝑖 = 𝑛𝑛𝑒𝑒) making it appropriate to ignore the displacement current 145 

and is valid for spatial scales larger than the Debye length [Ledvina et al., 2008].  Note, defining 146 

the current density as the curl of 𝐵𝐵�⃑  ensures the current is divergence free (i.e. current closure). 147 

A modified Ohm’s law equation has been substituted for the electric field, when deriving 148 

the ion momentum equation and the induction equation, which was derived from the electron 149 

momentum equation 150 

 𝐸𝐸�⃑ = −𝑉𝑉�⃑𝑒𝑒 × 𝐵𝐵�⃑ −
1
𝑒𝑒𝑛𝑛𝑒𝑒

𝛻𝛻𝑝𝑝𝑒𝑒 +
1
𝑒𝑒𝑛𝑛𝑒𝑒

� 𝜌𝜌𝑒𝑒𝜈𝜈𝑒𝑒𝑒𝑒�𝑉𝑉�⃑𝛽𝛽 − 𝑉𝑉�⃑𝑒𝑒�
𝛽𝛽=𝑖𝑖,𝑛𝑛

 (8) 

Using the electron drift velocity derived from the definition of the current density 151 

 𝑉𝑉�⃑𝑒𝑒 =
1
𝑒𝑒𝑛𝑛𝑒𝑒

�𝑞𝑞𝛽𝛽𝑛𝑛𝛽𝛽𝑉𝑉�⃑𝛽𝛽
𝛽𝛽=𝑖𝑖

−
1
𝑒𝑒𝑛𝑛𝑒𝑒

𝐽𝐽 (9) 

in the ohm’s law equation for the electric field results in 152 

 
𝐸𝐸�⃑ = −

1
𝑒𝑒𝑛𝑛𝑒𝑒

�𝑞𝑞𝛽𝛽𝑛𝑛𝛽𝛽𝑉𝑉�⃑𝛽𝛽
𝛽𝛽=𝑖𝑖

× 𝐵𝐵�⃑ +
1
𝑒𝑒𝑛𝑛𝑒𝑒

𝐽𝐽 × 𝐵𝐵�⃑ −
1

𝑒𝑒𝑛𝑛𝑒𝑒𝜇𝜇0
𝛻𝛻𝑝𝑝𝑒𝑒 +

𝑚𝑚𝑒𝑒 ∑ 𝜈𝜈𝑒𝑒𝑒𝑒𝛽𝛽=𝑖𝑖,𝑛𝑛

𝑒𝑒2𝑛𝑛𝑒𝑒
𝐽𝐽 (10) 

where the various terms on the right-hand-side of the equation are the V cross B term, the Hall 153 

term, the ambipolar electric field term, and an ohmic resistive term.  The Ohmic resistive term in 154 

the Ohm’s law relation was dropped when substituting for the electric field in the ion momentum 155 

equation and both the hall and electron pressure gradient terms were dropped when substituting 156 

for the electric field in the induction equation. 157 

 158 

2.2 The Collision Frequencies 159 

The momentum transfer collision frequencies are all calculated from theoretical 160 

expressions appropriate for the five-moment approximation [Schunk and Nagy, 1980].  The 161 

neutral-neutral (hard sphere) momentum transfer collision frequency between neutral species s 162 

and t is 163 

 
𝜈𝜈𝑠𝑠𝑠𝑠 =

8
3√𝜋𝜋

𝑛𝑛𝑡𝑡𝑚𝑚𝑡𝑡

𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑡𝑡
�

2𝑘𝑘𝐵𝐵𝑇𝑇𝑠𝑠𝑠𝑠
𝜇𝜇𝑠𝑠𝑠𝑠

�
1/2

𝜋𝜋(𝑟𝑟𝑠𝑠 + 𝑟𝑟𝑡𝑡)2 (11) 
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where 𝑘𝑘𝐵𝐵 is Boltzman’s constant and 𝜇𝜇𝑠𝑠𝑠𝑠 is the reduced mass defined as 164 

 𝜇𝜇𝑠𝑠𝑠𝑠 =
𝑚𝑚𝑠𝑠𝑚𝑚𝑡𝑡

𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑡𝑡
 (12) 

and 𝑇𝑇𝑠𝑠𝑠𝑠 is the reduced temperature defined as 165 

 𝑇𝑇𝑠𝑠𝑠𝑠 =
𝑚𝑚𝑠𝑠𝑇𝑇𝑡𝑡+𝑚𝑚𝑡𝑡𝑇𝑇𝑠𝑠
𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑡𝑡

 (13) 

and r is the Van Der Waals radius.  Values for the Van Der Waals radius used in the model 166 

calculations were taken from Mantina et al. [2013]. 167 

The ion-ion, ion-electron, electron-ion, and electron-electron (coulomb interaction) 168 

momentum transfer collision frequency between species s and t is 169 

 
𝜈𝜈𝑠𝑠𝑠𝑠 =

16√𝜋𝜋
3

𝑛𝑛𝑡𝑡𝑚𝑚𝑡𝑡

𝑚𝑚𝑠𝑠 + 𝑚𝑚𝑡𝑡
�

2𝑘𝑘𝐵𝐵𝑇𝑇𝑠𝑠𝑠𝑠
𝜇𝜇𝑠𝑠𝑠𝑠

�
−3/2 𝑘𝑘𝑒𝑒2𝑒𝑒𝑠𝑠2𝑒𝑒𝑡𝑡2

𝜇𝜇𝑠𝑠𝑠𝑠2
𝑙𝑙𝑙𝑙𝛬𝛬 (14) 

where 𝑘𝑘𝑒𝑒 is Coulomb’s constant (𝑘𝑘𝑒𝑒 = 1 4𝜋𝜋𝜖𝜖0⁄  where 𝜖𝜖0 is the permittivity of free space) and 170 

𝑙𝑙𝑙𝑙𝛬𝛬 is the Coulomb logarithm. 171 

The non-resonant ion-neutral (Maxwell molecule interactions) momentum transfer 172 

collision frequency between ion species i and neutral species n is  173 

 
𝜈𝜈𝑖𝑖𝑖𝑖 = 2.21𝜋𝜋

𝑛𝑛𝑛𝑛𝑚𝑚𝑛𝑛

𝑚𝑚𝑖𝑖 + 𝑚𝑚𝑛𝑛
�
𝛾𝛾𝑛𝑛𝑘𝑘𝑒𝑒𝑒𝑒2

𝜇𝜇𝑖𝑖𝑖𝑖
�
1/2

 (15) 

where 𝛾𝛾𝑛𝑛 is the neutral gas polarizability.  Since momentum is conserved, the momentum lost by 174 

one species has to be equal to the momentum gained by the other species, therefore 175 

 𝑛𝑛𝑖𝑖𝑚𝑚𝑖𝑖𝜈𝜈𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑛𝑛𝑚𝑚𝑛𝑛𝜈𝜈𝑛𝑛𝑛𝑛 (16) 

 176 

2.3 Chemistry 177 

 For the chemical reaction of photo ionization of neutral barium, the reaction is 178 

 𝐵𝐵𝐵𝐵 + ℎ𝜈𝜈 → 𝐵𝐵𝐵𝐵+ + 𝑒𝑒− (17) 

Photo ionization results in the loss of neutral barium and the production of barium ions.  The 179 

source terms for conservation of mass of 𝐵𝐵𝐵𝐵 and 𝐵𝐵𝐵𝐵+ are therefore 180 
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 𝑆𝑆𝑛𝑛𝐵𝐵𝐵𝐵 = −𝑘𝑘𝑛𝑛𝐵𝐵𝐵𝐵 (18) 

and 181 

 𝑆𝑆𝑛𝑛𝐵𝐵𝐵𝐵+ = 𝑘𝑘𝑛𝑛𝐵𝐵𝐵𝐵 (19) 

where k is the photo ionization rate.  It is assumed that the barium cloud is optically thin.  This is 182 

a reasonable assumption for barium clouds with column densities less than 7.0 ∙ 1010 𝑐𝑐𝑐𝑐−2 183 

[Stenbaek-Nielsen, 1989].  This condition is satisfied throughout the simulation.   184 

Photo ionization also results in a loss of momentum from the neutral barium fluid and a 185 

source of momentum for the barium ion fluid.  The source terms for conservation of momentum 186 

for 𝐵𝐵𝐵𝐵 and 𝐵𝐵𝐵𝐵+ are 187 

 𝑆𝑆𝜌𝜌𝐵𝐵𝐵𝐵𝑉𝑉��⃑ 𝐵𝐵𝐵𝐵 = −𝑘𝑘𝜌𝜌𝐵𝐵𝐵𝐵𝑉𝑉�⃑ 𝐵𝐵𝐵𝐵 (20) 

and 188 

 𝑆𝑆𝜌𝜌𝐵𝐵𝐵𝐵+𝑉𝑉��⃑ 𝐵𝐵𝐵𝐵+ = 𝑘𝑘𝜌𝜌𝐵𝐵𝐵𝐵+𝑉𝑉�⃑ 𝐵𝐵𝐵𝐵+ (21) 

where it is assumed that the barium ions carry away all of the momentum of the parent neutral 189 

barium atoms. 190 

 191 

2.4 Model Initialization and Numerical Approaches 192 

This section introduces STC model initialization, coordinate system, and parameters 193 

associated with the initial plasma cloud.  Numerical approaches are discussed as well. 194 

 195 

2.4.1 Initialization 196 

 For this study, the model uses a Cartesian grid with dimensions of 300 × 300 ×197 

888, with the initial cloud centered at the origin. The starting physical size of each grid cell is 198 

∆𝑥𝑥 = ∆𝑦𝑦 = ∆𝑧𝑧 = 150 meters, and the computational domain is 𝑥𝑥 from −150∆𝑥𝑥 to 150∆𝑥𝑥, y 199 

from −150∆𝑦𝑦 to 150∆𝑦𝑦, and z from −444∆𝑧𝑧 to 444∆𝑧𝑧.  As the cloud expands and approaches 200 

the boundary of the computational domain, a new larger grid is established.  Each dimension of 201 

the new grid is double that of the original grid but with the same number of grid cells.  202 
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Therefore, 8 grid cells in the original grid map to one grid cell in the new grid, the new grid cell 203 

having the equivalent volume as the original 8 grid cells.  All physical quantities are mapped and 204 

conserved onto the new spatially larger grid.  In this simulation, this “re-gridding” process 205 

occurred 5 times.  Free inflow/outflow boundary conditions (i.e. Neumann boundary conditions 206 

with no gradients across the boundary) are specified for all quantities with the boundary cells 207 

being set equal to the adjacent grid cell values. 208 

Following MS93, the background consists of one thermosphere species of neutral 209 

oxygen, 𝑂𝑂, and one ionosphere species of oxygen ions, 𝑂𝑂+.  The 𝑂𝑂 and 𝑂𝑂+ densities are 210 

initialized across the entire domain as 1.0 ∙ 108 𝑐𝑐𝑐𝑐−3 and 1.0 ∙ 106 𝑐𝑐𝑐𝑐−3 respectively, with 211 

zero velocity.  The background magnetic field is in the z direction, 𝐵𝐵�⃑ = 𝐵𝐵0𝑧̂𝑧, with 𝐵𝐵0 = 3.0 ∙212 

10−5 Tesla and is initialized uniformly across the grid.  The artificial cloud consists of neutral 213 

barium, 𝐵𝐵𝐵𝐵.  Only one chemical reaction is considered, the photo ionization of barium to 214 

produce barium ions, 𝐵𝐵𝐵𝐵+.  The barium photo ionization rate was 𝑘𝑘 = 0.04 𝑠𝑠−1. 215 

The simulation begins at 0.1 seconds and finishes at 10 seconds.  The initial (𝑡𝑡0 =216 

0.1 𝑆𝑆𝑆𝑆𝑆𝑆) density and velocity of the neutral barium cloud was taken to be the solution to the 217 

classical “steady state” diffusion at constant temperature [Bernhardt, 1979].  The solution to the 218 

3-D diffusion equation for 𝑛𝑛 and 𝑉𝑉�⃑  is 219 

 𝑛𝑛𝐵𝐵𝐵𝐵(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡 = 𝑡𝑡0) =
𝑁𝑁𝐵𝐵𝐵𝐵

(4𝜋𝜋𝐷𝐷𝐵𝐵𝐵𝐵𝑡𝑡0)3 2⁄ 𝑒𝑒−�𝑥𝑥2+𝑦𝑦2+𝑧𝑧2� 4𝐷𝐷𝐵𝐵𝐵𝐵𝑡𝑡0⁄  (22) 

 
𝑉𝑉�⃑𝐵𝐵𝐵𝐵(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡 = 𝑡𝑡0) =

𝑟𝑟
2𝑡𝑡0

 
(23) 

where 220 

 
𝐷𝐷𝐵𝐵𝐵𝐵 =

𝑘𝑘𝑇𝑇𝐵𝐵𝐵𝐵
𝑚𝑚𝐵𝐵𝐵𝐵

�
1

𝜈𝜈𝐵𝐵𝐵𝐵,𝑂𝑂 + 𝜈𝜈𝐵𝐵𝐵𝐵,𝑂𝑂+
� (24) 

and 𝑁𝑁𝐵𝐵𝐵𝐵 is the total number of neutral barium atoms in the initial cloud. Equation 22 represents 221 

an initial Gaussian density profile.  It is easily verified that equations 22 and 23 together are a 222 

solution to the continuity equation with no source terms.  The total number of neutral barium 223 

atoms in the initial cloud was 𝑁𝑁𝐵𝐵𝐵𝐵 = 4.4 ∙ 1024 atoms. 224 
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The temperature of all species (𝑂𝑂,𝑂𝑂+,𝐵𝐵𝐵𝐵, and 𝐵𝐵𝐵𝐵+) was 1160 degrees Kelvin.  The 225 

neutral barium and oxygen Van Der Waals radius [Mantina et al., 2013] was 𝑟𝑟𝐵𝐵𝐵𝐵 = 2.68 Å and 226 

𝑟𝑟𝑂𝑂 = 1.52 Å and the neutral gas polarizability [Miller, 2000] was 𝛾𝛾𝐵𝐵𝐵𝐵 = 39.7 and 𝛾𝛾𝑂𝑂 = 0.802.   227 

With these values, the initial value for the barium diffusion coefficient 𝐷𝐷𝐵𝐵𝐵𝐵 is 7.5 ∙228 

106  𝑚𝑚2 𝑠𝑠⁄  which is slightly larger than the 1.75 ∙ 106  𝑚𝑚2 𝑠𝑠⁄  value used in the MS93 229 

calculations.  This means that for the simulation results reported here, the neutral barium cloud 230 

will expand faster than the neutral barium cloud in the MS93 results.  In both MS93 and here the 231 

conditions are for a low beta plasma with both the electrons and ions frozen to the magnetic field 232 

(i.e. Ω𝑖𝑖 > 𝜈𝜈𝑖𝑖𝑖𝑖 and Ω𝑒𝑒 > 𝜈𝜈𝑒𝑒𝑒𝑒). 233 

   234 

2.4.2 Numerical Techniques 235 

The numerical framework used to solve the continuity, momentum, and induction 236 

equations is operator splitting [MacNamara and Strang, 2016].  This is a common technique that 237 

decouples PDE terms into simpler equations and allows the flexibility to incorporate different 238 

discretization methods to different parts of a PDE problem. 239 

The flux corrected transport technique [Boris and Book, 1976] is applied to convective 240 

transport for mass and momentum (neutrals and ions only). The technique consists of computing 241 

a transport flux, diffusive flux, and an anti-diffusive flux such that the diffusive flux ensures 242 

stability and monotonicity, and the anti-diffusive flux removes excess diffusion where possible.  243 

Number densities below 1.0 ∙ 10−4 𝑐𝑐𝑐𝑐−3 are not tracked and are set to zero when they occur.  244 

To achieve second order accuracy in time, Strang splitting [Strang, 1968] is used to sub-step the 245 

solution forward in time.  STC alternates the sub-stepping sequence between 246 

 𝐿𝐿𝑥𝑥
𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑦𝑦

𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑧𝑧𝑑𝑑𝑑𝑑𝐿𝐿𝑦𝑦
𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑥𝑥

𝑑𝑑𝑑𝑑 2⁄ , 𝐿𝐿𝑦𝑦
𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑧𝑧

𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑥𝑥𝑑𝑑𝑑𝑑𝐿𝐿𝑧𝑧
𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑦𝑦

𝑑𝑑𝑑𝑑 2⁄ , and 𝐿𝐿𝑧𝑧
𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑥𝑥

𝑑𝑑𝑑𝑑 2⁄ 𝐿𝐿𝑦𝑦𝑑𝑑𝑑𝑑𝐿𝐿𝑥𝑥
𝑑𝑑𝑡𝑡 2⁄ 𝐿𝐿𝑧𝑧

𝑑𝑑𝑑𝑑 2⁄ .  Numerical 247 

stability is attained by limiting the time step using the following 248 

 249 

 
∆𝑡𝑡 ≤

1
2

∆𝑑𝑑

max (|𝑣𝑣𝑖𝑖| + �𝑐𝑐𝑠𝑠,𝑖𝑖
2 + 𝑣𝑣𝐴𝐴,𝑖𝑖

2 )
 (25) 
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where ∆𝑑𝑑 is the width of the grid cell, 𝑣𝑣𝑖𝑖 is the species flow speed, 𝑐𝑐𝑠𝑠 is the sound wave speed 250 

defined as  251 

 
𝑐𝑐𝑠𝑠 = �

3𝑘𝑘𝐵𝐵𝑇𝑇𝑖𝑖
𝑚𝑚𝑖𝑖

 (26) 

and 𝑣𝑣𝐴𝐴 is the Alfvén wave speed defined as 252 

 𝑣𝑣𝐴𝐴 =
𝐵𝐵𝑧𝑧

�𝜇𝜇0𝜌𝜌𝑖𝑖
 (27) 

 253 

The pressure gradient terms, velocity difference term, and the J cross B term in the 254 

momentum equation and the source term in the magnetic induction equation are all integrated 255 

using central difference Euler methods. The time step is defined as above. 256 

The momentum exchange collision term in the momentum equation for neutrals and ions 257 

is solved using a first-order implicit scheme.  The implicit scheme is stable for any step size, but 258 

with accuracy compromised for using a step size to large.  Using the same step size that is used 259 

for the convection works well with no noticeable loss of accuracy in the momentum exchange 260 

due to collisions (i.e. momentum is conserved). 261 

Chemistry, in general, will consist of a stiff set of N-coupled first-order non-linear 262 

differential equations.  These equations can be solved using a semi-implicit midpoint rule [Press 263 

et al., 1992].  Accuracy is achieved through an adaptive sub-stepping scheme.  The Bulirsch-264 

Stoer method [Press et al., 1992] is used to extrapolate to an optimal solution using a sequence 265 

of increasingly smaller sub-steps.  The chemistry solver was verified by comparing the results 266 

with those in Holmes et al. [2017].  267 

The resistive term in the magnetic induction equation has the form of a parabolic 268 

equation. Due to the spatially varying diffusion term, a heuristic stability criterion is adopted 269 

where the diffusion term is computed at cell interfaces and the solution is approximated by sub-270 

stepping a forward time center space differencing scheme [Press et al., 1992].  271 

 272 
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3 Results 273 

The 3D simulation results are presented in 2D slices through the origin in either the X-Y 274 

or X-Z planes at various times during the simulation, where the Z-axis is in the direction of the 275 

unperturbed B-field.  In some of the plots, streamlines are used to show the direction, or arrows 276 

to show both direction and magnitude, of a vector field projected onto the plane shown.  Half-277 

width half-max is used throughout to describe the radius of the cloud, even when the shape of the 278 

cloud is not Gaussian.   279 

The simulation begins at 0.1 seconds from a neutral barium cloud with a peak density of 280 

1.5 ∙ 108 𝑐𝑐𝑐𝑐−3 and a half-width half-max of 1.5 𝑘𝑘𝑘𝑘.  The initial barium cloud expands radially 281 

outward in all directions maintaining a spherical density distribution as shown in Figure 1a at 2 282 

seconds in the simulation.  The peak density of the barium cloud decreases with time as the cloud 283 

expands and as barium atoms are lost to 284 

photoionization.  At 2 seconds the neutral 285 

barium cloud peak density was 1.25 ∙286 

105 𝑐𝑐𝑐𝑐−3 with a half-width half-max of 287 

14.4 𝑘𝑘𝑘𝑘.  At 10 seconds (not shown) the 288 

neutral barium cloud peak density was 9.4 ∙289 

102 𝑐𝑐𝑚𝑚−3 with a half-width half-max of 290 

57 𝑘𝑘𝑘𝑘.  291 

A barium ion cloud develops from 292 

photoionization of the neutral barium cloud.  293 

The barium ions expand outward primarily in 294 

the field-aligned direction producing a 295 

spheroidal shaped density distribution with 296 

major axis in the field-aligned direction as 297 

shown in Figure 1b.  This is particularly 298 

apparent in the central denser part of the ion 299 

cloud.  Photoionization continually produces 300 

additional barium ions with the spherical 301 

density distribution of the parent neutrals that 302 

Figure 1. The barium neutral (a) and ion (b) 
number densities in the X-Z plane at 2.0 
seconds.  The arrows indicate the direction 
and magnitude of the flows in the X-Z plane.  
The black contour line indicates the size of 
the barium cloud at full-width half-max. 
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is most apparent in the outer portion of the ion 303 

cloud. At 2 seconds the barium ion cloud peak 304 

density was 8.3 ∙ 104 𝑐𝑐𝑐𝑐−3 with a half-width 305 

half-max perpendicular to the magnetic field 306 

of 3.6 𝑘𝑘𝑘𝑘 and parallel to the magnetic field of 307 

12 𝑘𝑘𝑘𝑘.  At 10 seconds (not shown) the 308 

barium ion cloud had a half-width half-max of 309 

9.6 𝑘𝑘𝑘𝑘 and 24 𝑘𝑘𝑘𝑘 perpendicular and parallel 310 

to the magnetic field, respectively, with a peak 311 

density of 1.5 ∙ 104 𝑐𝑐𝑐𝑐−3 well below the 312 

background ionosphere oxygen ion density. 313 

A spherical density depletion begins 314 

developing immediately in the background 315 

neutral oxygen (not shown) collocated with 316 

the central part of the barium cloud.  At 2 317 

seconds the neutral oxygen density depletion 318 

was 34.6 percent of the background value.  319 

The oxygen density depletion expands and 320 

deepens with time and persists until the end of 321 

the simulation at 10 seconds. 322 

Initially an oxygen ion enhancement develops, shown in Figure 2a at 0.16 seconds, 323 

collocated with the central part of the barium ion cloud.  The oxygen ion enhancement is 324 

surrounded by a torus-shaped oxygen ion density depletion.  This later evolves into an oxygen 325 

ion density depletion collocated with the central part of the barium ion cloud with oxygen ion 326 

density enhancements on opposite field-aligned sides of the depletion, shown in Figure 2b at 0.4 327 

seconds. 328 

In the outer portion of the barium ion cloud, consisting mostly of recently ionized barium 329 

ions, the barium ion velocity perpendicular to the magnetic field is outward with a clock-wise 330 

rotation around the field-aligned (z-axis) of the cloud.  Figure 3 plots the velocity magnitude and 331 

direction in the X-Y plane at the cloud center with BZ out of the page. In the inner portion of the 332 

Figure 2. The oxygen ion number density in 
the X-Z plane at 0.16 (a) and 0.4 (b) seconds.  
The arrows indicate the direction and 
magnitude of the flows in the X-Z plane. 
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barium ion cloud, the perpendicular velocity alternates between spiraling clockwise outward and 333 

clockwise inward as shown in Figure 3 at 0.18, 0.3, and 0.46 seconds.  The barium ion flow 334 

parallel to the magnetic field is always outward, away from the midplane (z = 0) of the cloud.   335 

The oxygen ion velocity, in the region overlapping the outer part of the barium ion cloud, 336 

alternates between outward and inward flow.  In the region overlapping the inner part of the 337 

barium ion cloud the oxygen ion perpendicular velocity alternates between spiraling counter-338 

clockwise inward and clockwise outward as shown in Figure 4 at 0.18, 0.3, and 0.46 seconds.  339 

The oxygen ion flows are much slower and in the opposite rotation direction compared to the 340 

barium ion flows near the cloud center.  The oxygen ion flow parallel to the magnetic field is 341 

also always outward, away from the midplane of the barium ion cloud.   342 

Figure 3. The barium ion flow velocity magnitude in the X-Y plane at 0.18 (a), 0.3 (b), and 
0.46 (c) seconds.  The streamlines indicate the direction of the flows in the X-Y plane. 

 

Figure 4. The oxygen ion flow velocity magnitude in the X-Y plane at 0.18 (a), 0.3 (b), and 
0.46 (c) seconds.  The streamlines indicate the direction of the flows in the X-Y plane. 
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A diamagnetic cavity develops, in the center of 343 

the barium ion cloud, with an associated 344 

diamagnetic current system that produces a 345 

dipole-like magnetic field perturbation around 346 

the diamagnetic cavity, shown in Figure 5 at 347 

0.14 seconds.  The reduction of the magnetic 348 

field in the diamagnetic cavity drops to 99.33 349 

percent of the background value at its lowest 350 

value and completely recovered to background 351 

levels before the end of the simulation at 10 352 

seconds.  A compression wave with 353 

perturbations in the magnetic field and ion 354 

density was also observed (not shown) 355 

propagating away from the cloud in all 356 

directions at the start of the simulation.  357 

Figure 6a shows the y-component of the 358 

charge-averaged ion velocity in the X-Z plane at 359 

0.18 seconds.  At this time the barium ions are 360 

flowing azimuthally rotating clockwise (Figure 361 

3a) about the z-axis while the collocated oxygen 362 

ions are flowing counter-clockwise (Figure 4a).  363 

The charge-averaged ion velocity is counter-364 

clockwise as shown in Figure 6a due to the 365 

higher oxygen ion number density compared to 366 

the barium ion number density in the center of 367 

the cloud.  Collocated with the azimuthally 368 

flowing ions, the magnetic field is twisted in the 369 

counter-clockwise direction as shown in Figure 370 

6b.  Positive delta-By is into the page and negative delta-By is out of the page.  A field-aligned 371 

current is also observed, Figure 6c, flowing towards the central region of the ion cloud.  These 372 

field-aligned currents close by flowing outward perpendicular to the magnetic field near the 373 

Figure 5. The magnitude of the total 
magnetic field (a) and perturbation 
magnetic field (b), and the y-component 
of the current density (c) in the X-Z 
plane at 0.14 seconds.  The streamlines 
in panel b indicate the direction of the 
perturbation magnetic field in the X-Z 
plane. 
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midplane of the cloud, and flowing away from 374 

the midplane along magnetic field lines near the 375 

outer regions of the cloud, followed by inward 376 

flow perpendicular to the magnetic field to 377 

complete the loop as indicated by the streamlines 378 

in Figure 6c.   379 

The twisted magnetic field and 380 

corresponding field-aligned-current, propagates 381 

in the field-aligned direction away from the 382 

center of the cloud eventually extending well 383 

beyond the expanse of the barium ion cloud.  384 

After time, the rotation of the ions in the center 385 

of the cloud reverses direction.  The twist in the 386 

magnetic field, and the direction of the field-387 

aligned currents, reverses direction accordingly 388 

and then propagates away from the cloud in the 389 

field-aligned direction.  This pattern repeats and 390 

a series of magnetic field twists and field-aligned 391 

currents are observed propagating away from the 392 

cloud in the field-aligned directions as shown in 393 

Figure 7 at times 0.3, 0.5, and 1 seconds.  No 394 

perturbations in the magnetic field strength or in 395 

the background oxygen ion density are observed 396 

associated with the propagating waves beyond 397 

the expanse of the barium ion cloud.  The ion 398 

rotation rate in the center of the cloud, and the 399 

associated magnetic field twist, diminishes in 400 

time with each reversal.   401 

 402 

Figure 6. The y-component of the 
charge-averaged ion velocity (a), the y-
component of the perturbation 
magnetic field (b), and the z-component 
of the current density (c) in the X-Z 
plane at 0.18 seconds.  The streamlines 
in panel c indicate the direction of the 
current flow in the X-Z plane. 
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4 Discussion 403 

The major differences between the 404 

MS93 model and the STC model are the way in 405 

which the electric and magnetic fields are 406 

calculated.  In the MS93 model the electric field 407 

is calculated from an electrostatic potential 408 

derived using ∇ ∙ 𝐽𝐽 = 0 where 𝐽𝐽 is calculated 409 

from the relative motion of the ions and 410 

electrons.  The magnetic field is constant.  In the 411 

STC model the electric field is calculated using 412 

an Ohm’s law relation derived from the electron 413 

momentum equation.  Ampere’s law is used to 414 

calculate the currents from the curl of the 415 

magnetic field which implies ∇ ∙ 𝐽𝐽 = 0.  The 416 

magnetic induction equation is used to calculate 417 

the magnetic field dynamics which leads to the 418 

development of the diamagnetic cavity and the 419 

Alfvén waves.  The STC model extends the 420 

model results reported in MS93 with the 421 

inclusion of the induction electric field and the 422 

magnetodynamics.  423 

Several of the observed features in the 424 

STC model results are similar to what was 425 

observed in the MS93 results.  The neutral 426 

barium cloud expanded radially in all directions.  427 

The barium ion cloud, produced from photoionization of the neutral barium cloud, expanded 428 

primarily in the field-aligned direction producing a spheroidal shaped ion cloud, particularly 429 

evident in the central region of the cloud.  A density depletion developed (after an initial density 430 

enhancement) in the background oxygen ions with density enhancements on opposite field-431 

aligned sides of the depletion.  Both the barium and oxygen ions in the central region of the 432 

Figure 7. The y-component of the 
perturbation magnetic field in the X-Z 
plane at 0.3 (a), 0.5 (b), and 1.0 (c) seconds. 
The Z-axis has been compressed relative to 
the X-axis. 
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cloud circulated around the central field-aligned axis of the cloud.  The similarities between the 433 

MS93 and STC model results provides some verification of the STC model results.  There are 434 

also several differences observed in the results of the two models, resulting from the inclusion of 435 

additional physics, including the development of the diamagnetic cavity, the alternating 436 

azimuthal flows of the ions in the central region of the cloud, and the Alfvén waves that 437 

propagate away from the cloud.   438 

A diamagnetic cavity was observed to develop in the central region of the barium ion 439 

cloud.  The diamagnetic cavity develops as a result of the radially outward flowing barium ions.  440 

The magnetic field can be thought of as moving outward with the charge-averaged ion velocity 441 

(Equation 6) producing the magnetic cavity.  The resulting magnetic field gradients are 442 

responsible for producing the diamagnetic currents.  The combination of the magnetic field and 443 

diamagnetic currents produces the J cross B force, or magnetic pressure and tension forces, that 444 

balances the ion pressure gradients and prevents the ion cloud from expanding perpendicular to 445 

the magnetic field.  Diamagnetic cavities have been observed in the artificial ion clouds 446 

produced by AMPTE [Lühr et al., 1986; Bernhardt et al., 1987; Lühr et al ., 1988] and CRESS 447 

[Bernhardt, 1992] although the observed diamagnetic cavities were all at much higher altitudes 448 

than the simulation results reported here.  The size of the diamagnetic cavity that develops is 449 

limited by the kinetic energy of the ions producing it [Winske et al., 2019; Haerendel 2019].  In 450 

the simulation results reported here, the reduction in the magnetic field at the center of the ion 451 

cloud is small and transient, disappearing quickly as the magnetic field diffuses back into the 452 

cloud due to the finite conductivity of the plasma (i.e. the resistive term in the magnetic 453 

induction equation).    454 

Initially there is an oxygen ion density enhancement in the central region of the cloud 455 

driven by the partial J cross B force accelerating the oxygen ions perpendicular to the magnetic 456 

field towards the central region of the cloud.  An oxygen ion density depletion is left in the wake 457 

of the inward moving ions producing the torus-shaped density depletion around the midplane of 458 

the cloud.  The initial accumulation of oxygen ions in the center of the cloud produces pressure 459 

gradients that accelerate the ions outward along the magnetic field away from the midplane of 460 

the cloud.  This field-aligned flow is further enhanced by both the ambipolar electric field and 461 

collisional coupling with the expanding cloud [Schunk and Szuszczewicz, 1991].  Ultimately the 462 

initial torus shaped density depletion in the midplane expands to fill the entire central region of 463 
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the cloud with density enhancements on opposite field-aligned sides of the depletion.  Whether 464 

the oxygen ion enhancements result primarily from kinetic snowplow or electrostatic snowplow 465 

depends on the electron temperature and the relevant collision frequencies [Schunk and 466 

Szuszczewicz, 1991]. 467 

The azimuthally flowing ions observed in both the cloud and background ions results 468 

from the “velocity difference” term in the ion momentum equations.  An identical simulation 469 

was performed without the velocity difference term in the ion momentum equation.  The results 470 

were similar but without the azimuthal ion flows, the associated magnetic field line twist, or the 471 

shear Alfvén wave that propagates away from the cloud.  The velocity difference term creates a 472 

force transverse to the flow when an ion specie velocity is different from the charge-averaged ion 473 

velocity [Winglee, 2004].  Initially the barium ions are expanding radially outward in the 474 

midplane of the cloud and the oxygen ions are stationary or moving slowly inwards toward the 475 

center of the cloud.  The charge-averaged ion velocity at this time is slowly outward.  For the 476 

outward flowing barium ions �𝑉𝑉�⃑ 𝑖𝑖 − 𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� × 𝐵𝐵�⃑ > 0 while for the inward flowing oxygen ions 477 

�𝑉𝑉�⃑ 𝑖𝑖 − 𝑉𝑉�⃑ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖� × 𝐵𝐵�⃑ < 0 causing the barium and oxygen ions to accelerate azimuthally in opposite 478 

directions as shown in Figures 4a and 5a.  The continued evolution of the ion flows in the cloud 479 

are governed by the relative balance of the pressure gradients, the velocity difference term, the J 480 

cross B force, and the collision forces between species.  As the cloud expands and the cloud 481 

expansion rate decreases the influence of the velocity difference term diminishes and the 482 

magnitude of the ion azimuthal flows decreases.   483 

The azimuthal charge-averaged ion velocity leads to twisting of the magnetic field, via 484 

the magnetic induction equation, in the midplane of the cloud.  The resulting twist in the 485 

magnetic field then propagates in the field-aligned direction away from the cloud midplane as an 486 

Alfvén wave.  The magnetic field and ion velocity perturbations are perpendicular to the wave 487 

propagation direction and no perturbations were observed in the background ion density or 488 

magnetic field strength.  It is therefore concluded that the disturbance propagates as a shear 489 

Alfvén wave.  The energy carried by the shear Alfvén wave is anti-parallel to the magnetic field 490 

direction when the magnetic field and ion velocity perturbations are in the same direction, and 491 

parallel to the magnetic field direction when the magnetic field and ion velocity perturbations are 492 

in the opposite directions [Siscoe, 1983].  In the results reported here, the intermediate Alfvén 493 
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wave speed in the background oxygen ions is 164 𝑘𝑘𝑘𝑘 𝑠𝑠⁄   which corresponds to the wave 494 

traveling 148 km in 0.9 seconds as shown in Figure 7c.  Current closure in the shear Alfvén wave 495 

is primarily carried by the electrons in the field-aligned direction and by the ions in the 496 

perpendicular direction [Gekelman et al., 1997; Gekelman et al., 2011].  An examination of the 497 

ion and electron velocities in the model results shows that this is the case here as well. 498 

 499 

5 Conclusions 500 

The STC model has been developed to study the evolution of artificial clouds in a 501 

background ionosphere/thermosphere.  The model solves the 3-D multi-fluid MHD continuity 502 

and momentum equations for multiple neutral and ion species with the induction equation for the 503 

magnetic field, and source terms for photoionization chemistry.  The results presented here are 504 

consistent with the model results presented by MS93.  The neutral barium cloud expands radially 505 

with a spherical density distribution.  The barium ion cloud, produced by ionization of the 506 

neutral barium cloud, expands mostly along the magnetic field lines.  Both the barium and 507 

oxygen ions are observed to rotate about the magnetic field.  Late in the simulation, an oxygen 508 

ion density depletion is observed with density enhancements on opposite field-aligned sides of 509 

the depletion.  Several features are observed that were not reported in MS93 that can be 510 

attributed to the addition of the magnetic induction equation.  A diamagnetic cavity develops and 511 

disappears.  Initially there is an oxygen ion density enhancement in the center of the cloud that 512 

later evolves into a density depletion.  The direction of the ion rotation about the magnetic field 513 

alternates with time.  The associated magnetic field twist propagates away from the cloud along 514 

the field line as a shear Alfvén wave.   515 
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