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ABSTRACT
An approach for electromagnetic deflection of high energy particles, space dust, and
micrometeoroids for the purpose of protecting spacecraft is investigated. First, a general equation
system is established, with the most significant force component being that from the Lorentz
force. An additional mechanism for aiding the deflection through the means of increasing the
charge of the particle when in contact with an artificial plasma is presented. Various results from
simulations are shown, taking into account different spacecraft and plasma parameters. High
energy protons are successfully deflected by solely using a field on the order of 10-4 Tesla. Some
micrometeoroids in the microgram weight range are also deflected with magnetic field and
plasma density on the order of 100 Tesla and 1015 m-3, respectively. Heavier micrometeoroids on
the range of a microgram are seen to be deflected at extremely high magnetic fields on the order
of 4000 Tesla at head-on trajectories. Unless a new technological breakthrough occurs in this
area, such a high field is impossible to currently engineer. However, a 100 Tesla field makes
deflection possible for 70.8 percent of 1000 particles simulated using random trajectories for the
same microgram particle in a 1015 m-3 artificial plasma. Future work will include analyzing more
simulation results for different initial conditions, including but not limited to studying highenergy cosmic ray deflection. In addition, current technology readiness level studies and cost
analysis shall be performed.
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Chapter 1
Introduction
Perhaps one of the most important factors to consider regarding future spacecraft design
is protecting the craft from dangerous radiation, space dust, and micrometeoroids. In future
missions to other planets and even to distant stars, an efficient method of protecting crew,
equipment, and structure of a spacecraft has to be established. A potential solution to this
problem, which involves utilizing plasma and magnetic shielding, is explored.
High-energy particles, such as protons emitted from the Sun, can cause damage to
equipment on board of a spacecraft and potentially affect the health of a possible crew. The
deflection of a high energy proton is explored in this paper.
Micrometeoroids are naturally occurring materials, normally originated from meteoroids.
Chondritic micrometeoroids ranging from the micron to millimeter scale are the most common.
At 1 AU, most of those chondritic particles are Mg- and Fe-rich, as seen from impact residue
observations of the Hubble Space Telescope solar arrays [1]. Space dust particles are even
smaller and less massive than micrometeoroids. The main objective of protecting spacecraft from
space dust is due to the fact that those particles can create electromagnetic pulses as they collide
with a spacecraft, which could potentially affect communications [12].
Even though micrometeoroids are relatively small, their considerable kinetic energy is the
problem. A 0.1 g micrometeoroid with a relative impact velocity of 50 km/s has approximately
64 times more kinetic energy than a rifle bullet of 4.2 g traveling at 960 m/s. This poses a great
threat to the hull of the spacecraft, which could potentially compromise the mission.

2

NASA`s current technology for protection against micrometeoroids consists of a physical
shield made of Kevlar and other highly resistant materials [8], called the “Whipple Shield.”
Those shields are utilized by probes, satellites, shuttles, rockets, and the ISS. The major problem
with these shields is that they are not reliable over long periods of time, especially for deep space
travel. Micrometeoroids will damage a physical shield over a longer period of time due to a large
number of particle impacts, or even completely compromise its integrity, depending on the
magnitude of the projectile` s kinetic energy.
A plasma is comprised of ionized particles that are electrically conductive, hence being
responsive to electromagnetic fields. The plasma can be contained by a strong magnetic field and
may serve the purpose of deflecting micrometeoroids and space dust particles.
A micrometeoroid or dust particle will acquire a charge as it moves through the solar
wind plasma, and this charge buildup will be added to any further charge acquired if an artificial
plasma around the spacecraft is involved. The Solar Wind is a continuous stream of highly
energized particles originated at the Sun` s corona. The Solar Wind is a plasma, albeit one with
very low density, ranging from 1 to 10 particles per cubic centimeter on average. These particles
are ejected radially outwards with velocities ranging from 300km/s to 1000km/s, depending on
the degree of activity in the Sun [2].
This paper will explore the following questions:
1. How does an object acquire charge in a plasma depending on the respective size?
2. What are the necessary parameters in the Lorentz force equation and how significant
each one is in order to achieve particle deflection for micrometeoroids, space dust,
and high-energy particles?
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3. What density of an artificial plasma will increase the charge magnitude in order to
augment deflection?
4. Is it possible, with current or near-term technology, to electromagnetically alter the
path of a micrometeoroid, space dust, and high energy particles to significant values?
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Chapter 2
Theory and Methods
As a particle moves through a plasma, it acquires a charge due to the fact that the electric
potential of the particle will equal the floating potential of the medium after being exposed to it
for a long time. A force due to the magnetic field present and the charge of the particle may
generate a means of deflection for projectiles approaching a craft. In some cases, adding an
artificial plasma region can be crucial for deflection to be possible. The artificial plasma region
will serve the primary purpose of augmenting the charge of the particle so that the deflection
force increases. This concept will be explored further throughout this paper.

Solar Wind parameters
The solar wind is a plasma permeating interplanetary space in the Solar System.
Approximate values for solar wind parameters, such as ion temperatures, electron temperatures,
and particle density are required in order to calculate the charge acquired by a micrometeoroid.
The quantities 𝑇𝑇𝑒𝑒 and 𝑇𝑇𝑖𝑖 refer to the electron and ion temperatures. The values in the following
table shall be used for the simulations [3].

Table 1 - Typical Solar Wind parameters at 1AU

Density (m-3)

Flow speed (m.s-1)

9x106

400x103

𝐓𝐓𝐢𝐢 (𝐊𝐊)

4x104

𝐓𝐓𝐞𝐞 (𝐊𝐊)

1.5x105

5

Spacecraft parameters
The magnetic field will use a solenoid configuration on the circumference of the
spacecraft. For the simulations presented in this paper, the spacecraft will have a radius of 10
meters and a height of 2.5 meters. The coil radius will equal that of the craft. The figure below is
a graphical representation of the spacecraft geometry to be considered for the simulations.
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Figure 1 - 3D modeling of spacecraft design to be considered.

Shielding Effectiveness

The “stand-off” distance 𝑅𝑅𝑝𝑝 of a magnetopause occurs when there is a pressure balance

between the solar wind plasma pressure Psw and the magnetic field pressure PB . By balancing the
incoming pressure from the solar wind and the pressures created within the artificial
magnetosphere, PAP , we have

(1)
(2)
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(3)

nsw is the solar wind density, nAP is the artificial plasma density, vsw is the solar wind

flow speed, uAP is the average particle speed in the artificial plasma, mi is the ion mass, 𝑅𝑅𝑐𝑐 is the
radius of the coil, and μo is the vacuum permeability constant. 𝐵𝐵𝑜𝑜 , the field magnitude very close
to the coil, can be defined as

(4)
N refers to the number of turns of a solenoid winding and I to the current. 𝑅𝑅𝑝𝑝 will define

the effective distance of the magnetic field interaction with the micrometeoroid. When r > 𝑅𝑅𝑝𝑝 ,

the magnetic field from the solar wind will become dominant.

The boundary of the magnetopause separates the diamagnetic cavity formed around the
spacecraft and the deep space medium. The width of this “barrier” is approximately the electron
skin depth [7].
(5)
where 𝜔𝜔𝑝𝑝𝑝𝑝 is the plasma frequency, λ𝑒𝑒 is the electron skin depth, and c is the speed of

light. The former is defined as

(6)

ne is the electron density within the artificial plasma boundary, 𝜀𝜀𝑜𝑜 is the vacuum

permittivity constant, and e is the fundamental unit of charge. Hence,

(7)
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me is the electron mass.
Equations of Motion

The first step is to define an equation of motion for a micrometeoroid approaching a
spacecraft with a spatially-varying and time-constant magnetic field. In this first case scenario,
the charge of the micrometeoroid, acquired solely through its motion from far away permeating
the solar wind plasma in interplanetary space, will be assumed constant. In other words, an
artificial plasma enveloping the spacecraft will not be considered for now, but will be included
for a second case scenario. From Newton` s second law, we have
(8)
where m is the micrometeoroid` s mass, Q is its charge, B the magnetic field at a specific
point in space, and 𝐸𝐸𝑐𝑐 is the convective electric field. 𝐹𝐹∇𝐵𝐵 is the grad-B force, 𝐹𝐹𝐶𝐶 is the curvature
drift force, and 𝐹𝐹𝐷𝐷 is the drag force. The equations developed are in Cartesian coordinates.
Mass

The most common type of micrometeoroid is that of chondritic material, with a
significant percentage being Mg- and Fe-rich. Ordinary chondrites represent more than 60% of
all stony micrometeoroids, with an average density ranging from 3.21 g/cm3 to 3.4 g/cm3. The
simulations presented assumed a density of 3.3 g/cm3.
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Micrometeoroids are generally classified as having a diameter less than 0.1 mm, and
greater than 1 µm in the low-range of the spectrum. Since the larger particles, even though not as
common, pose a greater threat to a spacecraft, our analysis will consider the mass range of 1 to
1000 µg. That corresponds to

Charge

As the micrometeoroid travels through interplanetary space, it comes into contact with
the interplanetary plasma, namely the solar wind. Due to a natural electric potential in the solar
wind, any particle travelling through it will acquire a charge. From Gauss` Law, this charge is
(9)
Here 𝑅𝑅𝑀𝑀 is the radius of the micrometeoroid, and 𝜑𝜑𝑀𝑀 is the electric potential of the

micrometeoroid. Since 𝜑𝜑𝑀𝑀 will equal 𝜑𝜑𝑆𝑆𝑆𝑆 , the electric potential of the solar wind, after being
exposed to it after a long time, we must know the value of 𝜑𝜑𝑆𝑆𝑆𝑆 .

The potential range acquired by a micrometeoroid travelling through the interplanetary

plasma, the solar wind, is between 6 and 14 Volts [4]. Moreover, for the purposes of simulations,
we will assume 𝜑𝜑𝑆𝑆𝑆𝑆 = 10V.

9

Convective Electric field

Due to the fact that we are not dealing with a vacuum, the electric field component in the
Lorentz force equation cannot be dismissed. A convective electric field perpendicular to the
magnetic field originated at the spacecraft will be induced in order to counteract the solar wind
magnetic field.
This induced electric field is especially significant to the deflection of “cosmic radiation”
(generally particles with energies in the order of MeV and greater). However, those particles will
not be part of the analysis. Instead, the focus will be on high-energy protons that are part of the
solar wind. The convective electric field can be calculated from the instantaneous electric
potential formula from the physics of collisionless shocks. [11]
(10)
The convective electric field will only be present inside the magnetopause barrier.
Everywhere else this electric field has a magnitude of zero.
For the simulations presented, the convective electric field did not contribute significantly
to deflection of high-energy particles, space dust, and micrometeoroids. The magnetic field was
the primary contributor for deflection of all the aforementioned particles.
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Magnetic field

The magnetic field in consideration is a space-varying one only. No time dependence will
be included in the formulations for the magnitude of the magnetic field. Since we are analyzing a
situation where the magnetic field will be produced by a solenoid, the B-field in the form of
elliptic integrals, which will be evaluated numerically in the simulations, is
(11)
(12)

(13)
The mapping of magnetic field lines around the spacecraft is shown in the picture below.

Figure 2 - Dipole magnetic field lines extending away from center of
spacecraft/coil system.
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Varying lengths of the arrows indicated in Fig. 1 correspond to the magnetic field
strength. The arrows represent vectors; hence a longer arrow means that the magnetic field is
stronger at that point.
Producing relatively large magnetic fields with a superconducting toroid solenoid in a
spacecraft system has already been proposed [6] through the use of a cryogenic design. For the
purposes of the simulations done, the magnetic field 𝐵𝐵𝑜𝑜 was chosen to have a an order of

magnitude ranging from 10-4 Tesla to 103 Tesla. The currents necessary are in the order of 103

Amps to 1010 Amps, respectively. Producing extremely high currents in the giga-amps and
greater range poses extremely complex engineering difficulty. Even with a superconducting coil,
those currents in the higher end of the spectrum are not feasible with the current technology
level.

Grad-B force

When the density of magnetic field lines changes, it produces a drift motion called the
Grad-B drift. The difference in the Larmor radius at different positions in the orbit is what results
in this drift. The Grad-B force is defined as
(14)
Here, r is in the direction of ∇𝐵𝐵, 𝑣𝑣⊥ is the velocity perpendicular to the magnetic field,

and 𝑟𝑟𝐿𝐿 is the Larmor radius. The ± refers to the sign of the charge. Since in our analysis the
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charge acquired by the micrometeoroid will be negative, the plus or minus notation will be
substituted by a negative sign.
(15)
The Larmor radius is
(16)
Therefore,
(17)
From the simulation results, the Grad-B force does not affect in any way the results. That
is due to the large Larmor radius for the space dust and micrometeoroids. For high-energy
particles, the incoming speed is too large to have any effect.
Therefore, for the simulation results presented in this paper it will not be included.

Curvature drift force

A centrifugal force will be experienced by particles in the presence of a magnetic field
where the lines of force are curved. This effect is generates a force
(18)

lines.

in the 𝑟𝑟̂ direction. 𝑣𝑣∥ represents the velocity component parallel to the magnetic field
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The curvature drift force contribution was also seen to be irrelevant in the simulation
results. Hence, this force will not be included in the main equation of motion present in the
simulation code.

Ion Drag Force

When the micrometeoroid advances through a plasma region, it will suffer from a drag
force caused by direct momentum transfer from the heavier particles in the plasma, the ions. The
coulomb drag force will not be included for simplicity. The ion drag force for a particle in
motion through a plasma can be approximated by [5]
(19)
𝜂𝜂𝑖𝑖 represents the ion density in the plasma, 𝑢𝑢𝑖𝑖 is the average ion velocity, and 𝑣𝑣 is the

particle`s velocity.

This equation is an approximation for the case when 𝑢𝑢𝑖𝑖 >> 𝑣𝑣, meaning when the average

ion velocity is much greater than the particle` s velocity.

Formulation of three-dimensional equation set

When not considering an augmented density artificial plasma, 𝐹𝐹𝐷𝐷 will be negligible due

to the extremely small value of nsw . Therefore,
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(20)
Therefore, the main equation becomes a coupled system of equations in x, y, and z:

(21)

Adding an artificial plasma

The equations of motion previously described are only valid for the situation of a
micrometeoroid approaching a spacecraft with spatially-varying magnetic field. The charge on
the projectile was assumed to be constant. With an artificial plasma region, the charge will now
change.
The objective of creating a plasma region with density 𝑛𝑛𝑃𝑃 ≫ 𝑛𝑛𝑆𝑆𝑆𝑆 , where 𝑛𝑛𝑃𝑃 is the

particle density of the artificial plasma and 𝑛𝑛𝑆𝑆𝑆𝑆 that of the solar wind, is that the micrometeoroid

will acquire a negative charge as it moves through the plasma due to the fact that the electron

current density 𝐽𝐽𝑒𝑒 is greater than the ion current density 𝐽𝐽𝑖𝑖 . Moreover, Eq. (9) must be updated to
this new scenario. Therefore,

(22)
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𝑄𝑄𝐴𝐴𝐴𝐴 is the charge acquired by an object moving through the region of artificial plasma.

Eq. (9) represented how much charge the micrometeoroid would acquire by traveling through the
solar wind from far away, which will be represented by 𝑄𝑄𝑜𝑜 in the new equation. Thus, the timedependent charge equation is

(23)
We must now solve for 𝑄𝑄𝐴𝐴𝐴𝐴 . From the concept of Eq. (9), we have that

(24)

Now 𝜑𝜑𝐴𝐴𝐴𝐴 refers to the potential of the artificial plasma region. It will depend on both the

electron and ion current densities of the plasma. For a projectile in motion, 𝐽𝐽𝑒𝑒 and 𝐽𝐽𝑖𝑖 are defined

as [5]

(25)
(26)
(27)
(28)

𝑛𝑛𝑒𝑒 and 𝑛𝑛𝑖𝑖 are the electron density and ion density in the plasma, respectively. 𝑢𝑢𝑖𝑖

represents the average ion velocity whereas 𝑢𝑢𝑒𝑒 the average electron velocity in the plasma.
The quantity 𝜑𝜑𝐴𝐴𝐴𝐴 can be solved by assuming a spherical capacitor model for the

micrometeoroid.

(29)
(30)
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Solving for 𝜑𝜑𝐴𝐴𝐴𝐴𝐴𝐴 , we have

(31)

(32)

(33)

Solving for 𝜑𝜑𝐴𝐴𝐴𝐴𝐴𝐴 , we have

(34)
(35)

(36)

The total charge acquired is then

(37)

In Eq. (37), the natural log term corresponds to the electron contribution whereas the term
to the right represents the ion contribution to the particle charging. The electron contribution is
significantly more relevant. However, the simulations will include both terms for calculating the
charge to output more accurate results.
The artificial plasma will affect the magnetopause barrier width depending on the average
temperature of the plasma. A temperature of 50x106 K shall be used for simulations involving the
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artificially added plasma. Since this higher density plasma will become less dense further away
from the craft, we determine an effective artificial plasma radius 𝑅𝑅𝐴𝐴𝐴𝐴 where the density is
constant and equal to 𝑛𝑛𝐴𝐴𝐴𝐴 . At distances greater than 𝑅𝑅𝐴𝐴𝐴𝐴 , 𝑛𝑛𝐴𝐴𝐴𝐴 = 𝑛𝑛𝑆𝑆𝑆𝑆 .

Finite Differencing Scheme for numerical simulations

A fourth-order Runge-Kutta differencing scheme was utilized for simulations due to the
fact it provided the best ratio of computer response time and the resulting error in the
calculations. The vector form of the algorithm is [10]

(38)

Here a, b, and c represent the respective component in analysis. For example, for the x
component in Cartesian coordinates, a equals 𝑣𝑣𝑥𝑥 , b equals 𝑣𝑣𝑦𝑦 , and c equals 𝑣𝑣𝑧𝑧 . Each vector of k is
defined to be a matrix of three elements for the corresponding component corresponding to a
value of 𝑖𝑖. Moreover, the solution to the differencing scheme is
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(39)
The symbol 𝜓𝜓 represents the chosen component to solve for and 𝑖𝑖 is the location of that

component in the 𝑘𝑘𝑛𝑛 matrix. Ο(∆𝑡𝑡 5 ) is the error if this fourth-order Runge-Kutta algorithm is
implemented.

The value of ∆𝑡𝑡 must be selected after taking in consideration the errors due to a nth order

Runge-Kutta scheme. The minimum error Ο𝑜𝑜 and minimum step-length ho have the following
correlation to the order n of the scheme.

(40)
(41)
Here Ω is the value corresponding to double precision arithmetic. For the results below, Ω

was taken to be 2.22x10-16.

Table 2 - Runge-Kutta order and respective parameters

n

ho

1

1.5x10-8

1.5x10-8

2

6.1x10-6

3.7x10-11

3

1.2x10-4

1.8x10-12

4

7.4x10-4

3.0x10-13

5

2.4x10-3

9.0x10-14

𝚶𝚶𝒐𝒐
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After considering these values, a fourth-order Runge-Kutta showed a good balance
between computer processing requirement and error. The value of ∆𝑡𝑡 will be set to 1x10-5 for the
simulations presented. This value was chosen due to the fact an adaptive Runge-Kutta scheme is

not being used and it still allow the computations to be completed within a reasonable timescale.
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Chapter 3
Results and Discussions
High-Energy Particle
Deflecting high-energy particles, namely particles in the category of “harmful cosmic
radiation” can be achieved with significantly less complication when compared to the deflection
of a micrometeoroid. The main reason for this is the high charge to mass ratio when considering
highly energized particles. Due to the fact that micrometeoroids have significantly larger masses
than subatomic particles, the former is less trivial when considering deflection.
Protecting spacecraft from “cosmic radiation” is also a topic of major importance for
future deep space missions. These particles can be harmful to both the spacecraft` s electronic
systems and to the crew itself.
Simulation 1 below illustrates how a high-energy ion can be electromagnetically
deflected without the aid of an artificial plasma, and with a reasonable magnetic field value.
Table 3 - Simulation 1 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝐿𝐿 (𝑚𝑚)
𝑅𝑅𝑝𝑝 (𝐿𝐿)
Energy (KeV)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑄𝑄 (C)

1
1 x10-4
1772.6
8.1 𝐿𝐿
0.835
400x103
0
0
-𝑅𝑅𝑝𝑝
0
0
1.673x10-27
1.602x10-19
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Figure 3 - Top view of simulation 1. A high-energy proton (0.835 KeV) is observed to be deflected
by a 0.1 mT magnetic field being generated by a coil in the borders of a spacecraft.

Figure 4 – Magnified Fig. 3.

The magnetic field of 1x10-4 was sufficient to deflect this high-energy proton. The energy
level of 0.835x103 eV corresponds to a proton with a velocity of 400 km/s. As previously
mentioned, that corresponds to the average particle velocity emitted by the sun.
The initial conditions are also presented in Table 3. The initial x position is -𝑅𝑅𝑝𝑝 , which

corresponds to 8.1 times the value of L of 1772.6 meters. -𝑅𝑅𝑝𝑝 represents the distance that the

magnetic field from the spacecraft is greater than the magnetic field from the solar wind. As we
can see from Fig. 4, deflection begins to become prominent when x is approximately -20 meters.
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Space Dust
Interplanetary and interstellar space is permeated by “space dust.” Those are extremely
small meteoroids, smaller than micrometeoroids. They can range in mass from 1x10-9 to 1x10-16
kg [5].
Since space dust is so small, it does not present a threat to the hull integrity of a
spacecraft. However, dust particle collisions with spacecraft generate minor electromagnetic
pulses [12]. Many of those EMP pulses could contribute to disturbing spacecraft
communications. That is the primary purpose of the space dust deflection analysis.
For the purposes of our simulations, the mass used was a nanogram, which corresponds
to the higher mass side of the space dust spectrum. As we can see in the figure below, a 100
Tesla field with an artificial plasma density of 1x1015 m-3 is able to deflect the particle at the
worse possible case scenario, intercepting the craft head on.

Table 4 - Simulation 2 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑛𝑛𝐴𝐴𝐴𝐴 (m-3)

2
100
20x103
0
0
-1000
0
0
1x10-12
4.1668x10-7
3.3x103
1x1015
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Figure 5 – Top view of simulation 2. A nanogram particle is observed to be deflected by a 100 Tesla
field with the presence of a plasma.

The Top View in Fig. 4 clearly represents how the particle is deflected. The artificial
plasma region represented in green is responsible for increasing the charge magnitude of this
dust particle in order to augment deflection. The particle`s initial conditions are also shown in
Table 4, where we can see that the y and z parameters for initial position and initial velocity are
zero due to the fact that we are investigating a worst-case scenario of a head on trajectory. The
initial position of -1000 meters from the spacecraft`s center was chosen because that provided
enough data for the simulation to be appropriately accurate since the field at 1000 meters from
the craft`s center is extremely small. If a greater distance than that would have been used, more
computation time would be necessary and the accurateness of the data would not change the
results in any impacting way.
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Micrometeoroids
The first case scenario is a micrometeoroid with initial charge from the solar wind
approaching a spacecraft with a spatially-varying magnetic field. The path chosen was the worstcase scenario: a micrometeoroid coming from far away directly at the center of the spacecraft.
The tables below present the data used for the micrometeoroid initial conditions and its impact
parameters.
Table 5 - Simulation 3 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑄𝑄𝑜𝑜 (C)

3
100
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15

Table 6 - Simulation 3 impact results
Simulation #
x (m)
y (m)
z (m)

3
-10.08
1.01x10-5
0

As seen in Table 5, the initial velocity is 20 km/s, with a 1𝜇𝜇g particle moving in the
positive x direction as shown in the figure below.
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Figure 6 – Top view of simulation 3.

After analyzing the results, it is clear that no significant deflection was made possible
with these parameters. A 1𝜇𝜇g particle, which is the lowest mass being considered for the
simulations, is not being deflected successfully by the largest magnetic field being analyzed, a
100 Tesla field. It becomes evident that even though the convective electric field increases as the
magnetopause boundary 𝑅𝑅𝑝𝑝 decreases, a larger magnetic field is actually more significant than
the relatively larger convective electric field.

Due to the fact that the charge 𝑄𝑄𝑜𝑜 varies with the projectile radius (refer to Equation 5), a

larger particle radius will yield a larger charge. Depending on the charge to mass ratio, deflection
could potentially be increased by increasing the radius. For the next simulation, all the
parameters will stay the same as those of simulation 3, but the mass will be increased from 1𝜇𝜇g
to 10𝜇𝜇g. The tables below, as before, present the initial conditions and impact results.
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Table 7 - Simulation 4 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑄𝑄𝑜𝑜 (C)

4
100
20x103
0
0
-1000
0
0
1x10-8
8.977x10-6
3.3x103
9.988x10-15

Table 8 - Simulation 4 impact results
Simulation #
x (m)
y (m)
z (m)

4
-10.08
2.18x10-6
0

The results of simulation 4 made clear that by increasing the mass of the
micrometeoroids, hence increasing the charge acquired as it travels through the interplanetary
plasma, made the particle even harder to be deflected. If we compare the y deflection value of
Table 8 to that of Table 6, the deflection obtained after increasing the mass by one order of
magnitude results in approximately an order of magnitude decrease in the distance deflected.
We can safely conclude after these last simulations that it is not possible to deflect a
micrometeoroid in the mass range of 1 to 1000 𝜇𝜇g with a magnetic field in the range of 1 to 100

T. Since a magnetic field much larger than 100 Tesla will be required for a successful deflection
in this scenario, neither currently nor in the foreseeable future will this become possible.
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We must now investigate whether adding an artificial plasma region in the vicinity of the
craft will make deflection possible. The objective of having a region of higher plasma density
around the spacecraft, as mentioned before, is to increase the magnitude of the charge of the
micrometeoroid. With an increase in the charge, from the Lorentz force, there will be an increase
in the force experienced by the projectile.
It is worth noting that by increasing the density, the width of the magnetopause boundary
will decrease, diminishing even further the significance of the convective electric field to the
deflection. The impact data below shows the effect of adding an artificial plasma with density
𝑛𝑛𝐴𝐴𝐴𝐴 = 1x1015 m-3. All the other parameters are kept the same as those of simulation 3.
Table 9 – Simulation 5 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑄𝑄𝑜𝑜 (C)

5
100
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15

Simulation #
x (m)
y (m)
z (m)
𝑄𝑄(C)

5
-𝑅𝑅𝑐𝑐
-1.07x10-1
0
-7.73x10-11

Table 10 – Simulation 5 impact results
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As we can see from Table 9 and Table 10 charge data, the micrometeoroid`s charge
magnitude at impact increased by four orders of magnitude. Below we can see how the particle
charge changes as it approaches the spacecraft.

Figure 7 – Particle charge versus distance to spacecraft.

In Fig. 7, the sharp increase in the charge at -40 meters is due to the micrometeoroid
entering the plasma region. The particle charge increases significantly at the moment it enters the
plasma region, and then it continues to increase at a decreasing rate. As seen from the final y
value in Table 10, the change in y was increased by four orders of magnitude by adding the
artificial plasma when comparing to the results of simulation 3.
Below is a table showing the impact parameters for different artificial plasma densities
for the microgram particle in a 100 Tesla field.
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Table 11 – Simulation 6, 7, 8, 9 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑄𝑄𝑜𝑜 (C)
𝑛𝑛𝐴𝐴𝐴𝐴 (m-3)

6
100
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15
1x1011

7
100
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15
1x1013

8
100
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15
1x1015

9
100
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15
1x1017

6
-10.08
-3.70x10-2
0
-4.05x10-11

7
-10.08
-7.19x10-2
0
-5.89x10-11

8
-10.08
-1.07x10-1
0
-7.73x10-11

9
-10.08
-1.43x10-1
0
-9.57x10-11

Table 12 – Simulation 6, 7, 8, 9 impact parameters

Simulation #
x (m)
y (m)
z (m)
𝑄𝑄(C)

Increasing the artificial plasma density to a value does not correspond to a significant
increase in the deflection rate. In addition, increasing the density to a greater value than that
poses extreme engineering difficulty.
The plot below shows the particle charge versus the distance to the spacecraft with the
four densities analyzed in the two previous tables.
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Figure 8 - Particle charge versus distance to spacecraft for multiple artificial plasma densities.

It is noticeable from Fig. 8 how the particle charge increases tremendously as soon as the
particle enters the artificial plasma. In all situations a similar charge saturation scenario is
perceived. Even though the artificial plasma density increases by orders of magnitude, the charge
of the particle remains in the range of magnitude.
The figure below represents the relation between the deflection distance and the artificial
plasma density.
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Figure 9 – Deflection in the y axis versus the artificial plasma density.

The x axis in Fig. 9 is a log scale, therefore the non-linearity present between deflection
distance and the artificial plasma density becomes evident.
Below is a table with the required value of the magnetic field to deflect the microgram
micrometeoroid being analyzed. An image showing the simulated trajectory is also presented.
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Table 13 – Simulation 10 initial conditions
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑄𝑄𝑜𝑜 (C)

10
4000
20x103
0
0
-1000
0
0
1x10-9
4.167x10-6
3.3x103
4.636x10-15

Figure 10 – Top view of simulation 10. A micrometeoroid on a head-on trajectory is seen to be
deflected by a 4000 Tesla field with the presence of a plasma.

As we can see from the deflection plots in Fig. 10, this is extremely inefficient since the
particle trajectory is changing so much. That is the reason the field had to be increased by an
order of magnitude form the previous 100T. Deflection can be achieved with more ease if the
particle is coming at the spacecraft at an angle, which is also realistically more probable.
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The next simulation will utilize a randomizer to generate initial conditions for different
micrometeoroid paths. The randomizer only outputs initial conditions that would cause the
projectile to impact the craft if no deflection measures were taken into account. Below is a table
of ranges of values taken by the randomizer and a plot representing 1000 particle trajectories.
Table 14 – Simulation 11 randomizer parameters
Simulation #
𝐵𝐵𝑜𝑜 (𝑇𝑇)
𝑣𝑣𝑥𝑥 (m/s)
𝑣𝑣𝑦𝑦 (m/s)
𝑣𝑣𝑧𝑧 (m/s)
x (m)
y (m)
z (m)
m (kg)
𝑅𝑅𝑀𝑀 (m)
𝜌𝜌 (kg/m3)
𝑛𝑛𝐴𝐴𝐴𝐴 (m-3)

11
100
15x103 to 25x103
-5x103 to 5x103
-5x103 to 5x103
-1000
-50 to 100
-50 to 100
1x10-9
4.167x10-6
3.3x103
1x1015

Figure 11 - 3D view of simulation 11. 1000 random trajectories demonstrating deflection and
impacts of micrometeoroids. A 70.8% deflection rate was observed.
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Simulation 11 used the lower end of micrometeoroid mass, which is in the order of a
microgram. The initial velocities ranged from 15 to 25 km/s in the x axis since the objective is to
simulate random trajectories with high relative velocities on the direction of the craft`s motion,
which is in the -x direction. The velocities in y and z were randomized from -5 to +5 km/s in
order to simulate micrometeoroids approaching the craft at various angles.
The 708 out of 1000 particles deflected represent a successful result. The particles not
deflected are approaching the spacecraft at approximately head-on trajectories. However, it is
seen that the majority of particles that approach the craft at angles are deflected by a 100 Tesla
field. That field is an order of magnitude reduction from the 4000 Tesla field required to deflect
the same microgram particle at a head-on trajectory.
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Chapter 4
Conclusion
Protecting spacecraft against various particles such as micrometeoroids, space dust, and
space radiation is essential for deep space missions. Throughout this paper the concept of
deflecting those particles is explored with the use of a magnetic field. The effects of adding an
artificial plasma around the spacecraft is also explored.
The governing equation of motion for the simulations was defined. The final equation
format is primarily dependent on the Lorentz force component, since the Grad-B force and the
Curvature drift force were seen to contribute insignificantly. The ion drag force was considered
in the equation of motion when an artificial plasma was present.
First, the deflection of a high-energy particle was analyzed. A proton emitted from the
sun, part of the solar wind, was able to be fully deflected in a head-on trajectory. The 0.835x103
eV proton at 400 km/s was deflected by a 1x10-4 T magnetic field.
Secondly, space dust deflection was analyzed. A 1x1015 m-3 artificial plasma density was
used for the simulation. A nanogram particle was fully deflected by a 100 Tesla magnetic field
on a head-on trajectory at 20 km/s. Since the nanogram particle is in the higher spectrum of
masses for space dust being analyzed and it was successfully deflected, simulations for other
masses were not considered.
Thirdly, the deflection of micrometeoroids was considered for multiple scenarios.
Deflection was not successful without an artificial plasma. With the addition of an artificial
plasma of 1x1015 m-3 density, a microgram chondritic micrometeoroid was only able to be
deflected with a 4000 Tesla field at a head-on trajectory. However, a 100 Tesla field was
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sufficient to provide deflection for the majority of microgram particles approaching the
spacecraft at an angle.
It can be concluded that the deflection of high-energy particles, space dust, and
micrometeoroids is possible. For micrometeoroids, an artificial plasma had to be added around
the spacecraft in order to increase the charge. Consequently, an increase of deflection is noticed
since Lorentz`s equation is dependent on the charge.
For future work, engineering analysis shall be done in order to assess the current
technology readiness level and the financial demand required to build and maintain such
shielding device.
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Appendix A
Convective Electric Field Derivation
The equation of motion for a particle p is [11]

𝒘𝒘̇𝒑𝒑 =

𝑞𝑞
1
1
�𝑬𝑬 + 𝒘𝒘𝒑𝒑 × 𝑩𝑩� + 𝒇𝒇𝟏𝟏 − ∇ ⋅ 𝒑𝒑 + 𝑹𝑹 + 𝒇𝒇𝟐𝟐
𝑚𝑚
𝜌𝜌
𝜌𝜌

𝒘𝒘𝒑𝒑 is the velocity of a specific particle of mass m and charge q, 𝒇𝒇𝟏𝟏 is a conservative force
1

due to gravity or other accelerations, 𝑹𝑹 is a drag component due to collision with other species,
𝜌𝜌

𝒇𝒇𝟐𝟐 is a residual random component, 𝒑𝒑 is the pressure tensor, and 𝜌𝜌 is the density of the same

species as that of 𝒑𝒑.

By ignoring dissipative forces, the last equation can be rewritten as
𝑑𝑑 1
1 𝑑𝑑𝑝𝑝𝑖𝑖
=0
� 𝑚𝑚𝑖𝑖 𝑤𝑤 2 + 𝑒𝑒𝑒𝑒Φ� +
𝑑𝑑𝑑𝑑 2
𝑛𝑛𝑖𝑖 𝑑𝑑𝑑𝑑

𝑛𝑛𝑖𝑖 corresponds to the density of the species in analysis, which is an ion in this case.
1
2

𝑝𝑝 ∝ 𝑇𝑇𝑖𝑖𝛼𝛼

𝑚𝑚∆(𝑣𝑣 + 𝑐𝑐)2 + 𝑒𝑒𝑒𝑒∆Φ + 𝛼𝛼𝛼𝛼Δ𝑇𝑇 = 0
Δ𝑇𝑇 → 0

Moreover, after considering the assumptions made above, the change in electric potential
is
∆Φ = −

1
𝑚𝑚∆(𝑣𝑣 + 𝑐𝑐)2
2𝑒𝑒𝑒𝑒

∆Φ = Φ∆r
𝑤𝑤 = 𝑣𝑣 + 𝑐𝑐
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𝑤𝑤 = �

𝐵𝐵2
𝜌𝜌𝜇𝜇𝑜𝑜

𝜌𝜌 = 𝑚𝑚𝑚𝑚
𝑍𝑍 → 1

𝑤𝑤 is the OX component of the velocity of a particular ion, which will be defined as the

Alfven velocity. Z represents a hydrogen-like plasma.
Therefore,

𝜑𝜑(𝑟𝑟) = −

1 |∆𝐵𝐵|2
2𝜇𝜇𝑜𝑜 𝑒𝑒n ∆𝑟𝑟

1 𝑑𝑑𝑑𝑑 2
𝐸𝐸𝑐𝑐 (𝑟𝑟) = −
2𝜇𝜇𝑜𝑜 𝑒𝑒n 𝑑𝑑𝑑𝑑 2

Here 𝑛𝑛 is the plasma particle density of the space within the magnetopause barrier. The

𝑑𝑑𝑑𝑑 term will be approximately the electron skin depth, previously defined as L. Therefore, the

final equation for the convective electric field is

1 𝑑𝑑𝑑𝑑2
𝐸𝐸𝑐𝑐 (𝑟𝑟) = −
2𝜇𝜇𝑜𝑜 𝑒𝑒n 𝐿𝐿2
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mechanics; advanced propulsion systems.
RESEARCH EXPERIENCE
Honors Thesis
Spring 2017 - Present
Continuation of Summer 2016 research project. Currently investigating the deflection of high
energy particles and of small micrometeoroids that generate EMP effects.
Undergraduate Research Assistant at the ACEMG Group
Summer 2017 – Present
• Research group focus: Advanced Composites and Engineered Materials
• Skills: Synthesis of carbon nanotubes; SEM and XRD certified.
• Projects: Magnetic elastomers synthesis and testing; involves synthesis through chemical
processes and analysis through Solidworks. Analyzing samples with SEM and XRD.
Internship at the German Aerospace Center (DLR)
Summer 2018
Designed an optically accessible, liquid rocket representative injector, to analyze flow properties
upstream of injector tube. Tests were conducted with water and liquid nitrogen. An orifice flow
simulation code was written in MATLAB to compare experimental and theoretical results for
various properties, such as cavitation formation and spectral analysis.
Undergraduate Research Assistant at the Terrones Group
Spring 2016 – Spring 2018
• Research group focus: 2D Materials: Synthesis, Properties, Devices, and More.
• Skills: Synthesis and Raman characterization of nanomaterials such as MoS2, Ws2, and Graphene;
operating devices such as centrifuges, optical and digital microscopes.
• Co-author in two papers pending publication.
Summer Research Project at Penn State
Summer 2016
Erickson Discovery Grant research fellowship. Personal project on Plasma Shielding for
Micrometeoroid Protection on Spacecraft.
The Undergraduate Research Society U-RISE
Fall 2015
A six-month laboratory training program where I learned basic lab skills and safety.
LEADERSHIP & ACTIVITIES
Member – Sigma Gamma Tau Aerospace Engineering Honor Society
Fall 2017 - Present
President - Penn State Undergraduate Research Society
Fall 2016 – Spring 2018
• Organization mission: promote undergraduate research interest by assisting students to acquire
research positions and increase networking in the research field.
• Had the privilege of gaining experience as a leader and working as a team.
Member - Penn State chapter of AIAA
Spring 2016 – Present
Member - Penn State Undergraduate Research Society
Fall 2015 – Spring 2016
COMPUTER SKILLS
C++, Java, MATLAB, SOLIDWORKS, Arduino, MS Excel, Linux.

