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Executive Summary

We decided to approach this project through the use

of a computer generated model as well as a physical model in charged particles damage

the hope that they will complement each other. In these spacecraft

: o » FORTRAN model generates
models we used many tifent aspects of the disciplines of magnetosphere and particle
physics and mathematics to help construct these position

: . L e NetLogo model visualizes both
interpretations of the magnetic field produced by our planet. g

The model produced by this simulation is described
by a set of integral equations which combine aspectseaiiagnetic field and its strength as
well as the movement and later repulsion by the magnetosphere. These equations are primarily
related to the natural structure of the magnetosphere and can be seen as computing an average
simulation which recreates tineagnetic field and particle density at differentiating quantities. In
an attempt to make our observations as accurate as possible we have coupled our work with a
series of existing models created by N.A. Tsyganenko, which have proven accurate to known
values for magnetosphere strength and average particle density in a given area.

We successfully wrota model in FORTRAN which simulates particle movement and
magnetosphere generation and have imported this data into Net logo for visual@ation
current moels tend to agree with known models and data collected regarding the average
particle density and movement of these materials around the magnetosphere. Also we have been
able to view the movement tendencies of individual particles as they progresslyeatidal
horizontally around the earth. Through our work we intend to add to our program and make it as
precise as possible in order to apply our simulations to the space industry, which suffers as a
result of spacecraft destruction due to interaction betiesse craft and masses of highly
charged particles.

As a visual representation of magnetosphere generation we have also created and
designed a physical model which uses electromagnetic properties to generate a magnetic field
similar to the means in whiche earth generates the magnetosphere. Through this model we

have been able to collect data which further validates the information produced by our models.



Introduction

The interaction between charged particles and the magnetosphere has beerdasébpic c
followed by physicists and those involved in the space industry for a number of years and have
proven an area of importance when considering spacecraft shielding. Due to this interaction and
the inherit damage which occurs as a result of paismdeecraft interaction, we feel that the
mapping of particles as they encircle the magnetosphere is extremely important and required in
order to minimize the expense associated with spacecraft shielding. Through our models we have
been able to follow the pbable movement of these particles in order to map areas of relative
less particle density.

When considering the interaction of charged particles the source of this radiation should
be considered in order to determine areas of mass particle densityrasraatdy the number
of particles in a given area. In terms of our simulation the main source of proton emission is the
sun which emits these particles as well as other atomic radiation in a fairly consistent area of the
earth, although lateral rotationsases that different areas of the surface and magnetosphere are
exposed to this radiation. As these particles then shift about the magnetosphere they move in
patterns of horizontal and vertical movement. This movement applies to minimal particle
movement ad cannot be applied to mass particle density due to the fluid movement of these
particles as they form groups which move vertically between the two poles and rotate about the
earth.

As a result of this concentration about certain points of the magnetegpiese particles
then spread outward from this point and move around the earth, whereas some are trapped in

orbit about the earth, others permeate through the magnetosphere and the majority simply fall



away from the field lines and are pushed past énth&reating a tail of protons and other atomic

particles and radiation. In terms of our model this phenomenon is simulated through

incorporating magnetosphere permeability, solar wind velocity, particle acceleration, and

magnetosphere generation.
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Figure 1.1 Magnetosphere Diagram (A Brief Introduction to Geomagnetism, 2008)

Because these particles have a high rate of acceleration and an inherit charge, when they

encounter electronic devices including those located within spacecraft, damage occurs which

renders the entire operation of launching this spacecraft useless and occurs a large waste of

money due to the destruction of electronic components aboard spacecraft as they encircle the

earth. In attempt to prevent this damage spacecraft are oftengatavith layers of dense

shielding which block these particles from interfering with electronic components and destroying

these probes or satellites, which are somewhat successful although with the added weight of this

shielding in then becomes much morpexsive to launch these devices. With our simulation we

intend to map areas of relative less particle density in order to designate these areas as safer for

spacecrdfentry.



Mathematical Model

The model described below is based on the Newtonian equafiorgion and the geodynamo
equations relating to the geomagnetic generation as well as several equations which represent the
interaction of them. The RECALC_08, IGRF_GSW _08, and T89C subroutines all calculate the
magnetic fieldB based on the scalar pot@lsA.

VX Awyz = By

curl of A scalar potential field
B is the magnetic field vetor

The geomagnetic field vectd, is best described by the orthogoocamponentX (northerly
intensity),Y (easterly intensity) and (vertical intensity, positivelownwards); dtal intensityF;
horizontal intensityH; inclination (or dip)l (the anglebetween the horizontal plane and the field
vector, measured positive downwards) dedlination (or magnetic variatiob) (the horizontal
angle between true north and fiedd vedor, measured positive eastwards). Declination,
inclination and total intensity and almost every variaiale be computed from the orthogonal

components using the equations

X=Hcos(D) X =Fcos(I)cos(D) Z = Fsin(I)
Y =Hsin(D) Y =Fcos(I)sin(D) F = +H2+ 72
Z=F*—H* F=-X2+YZ+Z? H= X*+Y?

H = F cos(]) [ = tan-1 (Z/H) D = tan! (Y/X)




However both are utilized in the subroutines to calculate the appropriate véluesspect to
the time and the scalar potentials at their positions to get the magnetic field components at their

positions along with therthogonal calculations of such values

0%% ax
M dt? q (ar X B)
M is Mass
Q is the charge of the patrticle
B is the magnetic field vector
When we have the magnetic field components then we use the particle motion equation to

calculate the interaction in between the field and the charged particle. We use this eéquation
calculate the interaction of a certain proton to simplify the computation.

0%x

_ (9.58¢ — 2) (ax B)
gez o T (G K

The first derivative in the velocity of the particle that is known or set to comparative to real

values.

Ox
30 = [m v u]

The cross product the positions x, y, and z is found implicitly:b

dx
(ﬁ X B) — (VFBZ — VEBF)

dx
(5 xB) = —WxB; —V;By)
y

dx
(5 xB) = By —VyBY)



After we receive the values for this particle interaction we the use them to determine the change
in the position of the particle with respect to time. Each time data is receive whether it is

positions or components they are then stored in pagticular array.

Background

In our project there are various different concepts that are necessaryp@bend the program

and what the math model evaluates. The sun produces solar wind which is plasma particles that
are charged. We focus on the posilyvcharged particles. This bombardment of solar wind

constantly being produced is what creates the shape of the magnetosphere. The magnetosphere is
represented by the magnetic field components at locations at the shells at certain distances in

radii.



Computational Model
Introduction

In the FORTRAN portion of our computational model we © Almostall of our data is -
calculated in and stored in arra’

are initializing the points of the magnetosphere and of onetwo orthree dimensions.

calculating the X, y, z coordinates of the particle

interacting with the magnetosphere. Our FGRRN model uses a Tsyganenko magnetospheric

magnetic field model. We chose to use the T89c source code along with GEGRREKOne

of our mentors suggested we use the T89c source code because it best suits the purpose of our

project. GEOPACK2008 is a ollection of subroutines that are a result of several upgrades of

the original package written by N. A. Tsyganenko in 22989. We use the T89c source code

to call GEOPACK2008 subroutines as well as other subroutines from a module. The data from

the FORTRAN model is then modeled in NetLogo. Our NetLogo model visualizes the

coordinate and component data from the FORTRAN model.

FORTRAN Model

The FORTRAN code calculates every value visualized by our Netlogo model. These values are
calculated through owrritten code as well as the subroutines that we received as a source code.
The set values that are initialized have been taken from realistic situations provided through
research as well as credible references relaying information based on their cahtaativi
information. The difficulties in the calculations are writing code to utilize equations based on
variables and yet ones that can still be utilized by the computer.

The values we set at the beginning of our program are either options, in detag, fo

programmer to choose based on his computing power and yet still be a good representation of



what he is trying to calculate or technical initialization for many of the subroutines. Also we set
some scenario values in order to display interaction legtiee particles and the magnetosphere

in a varying range of actual situations. The variables that manage time are created for precision.
So depending on number of shells, the distance between them, the total distance in radii, the total
number of pointstathe positions found on the surface of our shells, and the number of cases or
scenarios we create for the interaction, and the modified magnetosphere situations we allocate
the size of the array at which the data will be stored.

The first subroutine cald CHG_DAY takes the numbered month and day that, with the
help of the year, calculates the universal or international day which is needed for the
RECALC_08 subroutine.

The RECALC_08 subroutine:

e Prepares the value used to help calculate the convertibe space physics
coordinate systems.
e Prepares the coefficients for the internal (main) magnetic field calculation with
the IGRF_GSW_08 subroutine.
These variables are calculated with a relation to time and are all put into the commoh blocks
/IGEOPACK1/ andGEOPACK2/. IGEOPACK1/ is dedicated to the storage of the coordinate
system elements. The interval 198810 is the intervals at which the magnetic field coefficients
are known. After they are multiplied by the Schmidt normalization fact6he compones of a

dipole field are calculated relating to GE@ordinates because it is parallel to the geodipole

! In FORTRAN common blockprovide global data.

2 These coefficients are determined from vector components of the field and they are used to represent the vector
field and do not recreate the magnetic scalar potential.

% Geographic Coordinate system is defined so that-sis i in the Earth's equatorial plane but is fixed with the
rotation of the Earth. Itg-axis is parallel to the rotation axis of the Earth, and-éis (Y = Z x X)



axis. Then the GElcomponents are calculated with respect to the sun at the universal time

which includes a call to the SUN_08 subroutine which cateslfour quantities necessary for
transformations between the coordinate systems. Then they are used to create the scalar products
of the field in the GSW, which in our model is set to equal the GSM system. In this main system
we use theX-axis is from tle Earth to the Sun. Théaxis is defined to be perpendicular to the

Earth's magnetic dipole so that & plane contains the dipole axis. The posi#vaxis is

chosen to be in the same sense as the northern magnetic pole.

Once all of the main fieldoefficients have been calculated the values for the positions of
each point on each shell is calculate based on the distance in
radii which is gradually changed within the-bop to allow
them to progress in distance from the earth. We do this with ® A(:) = the parameters, dependi

on the chosen seip of the solar
equatons that allow the positions to be in the same spot in wind, used to modify the
magnetosphere
spherical coordinates and still receive those changes.

With the deloop that has created the positions where the components will be calculated
and has steadily spaced the shells at a set distaaammwert then from spherical coordinates to
Cartesian coordinates. After, we calculate the vector components at the points for the field
including the internal and external field that varies from a reguipoldi field to extreme and
conservative solawvind magnetosphere malformation.

The T89C subroutine calls the T89 subroutine to calculate the GSM components for the

magnetosphere at set solarwind velocities to transform it. The parameters that are set based on

the disturbance level are created fronrgeeA, C,D, E,F,G,H, I, J (19661974), HEOS1

* Geocentric Equatorial Inertial Systam (GEI) hasdisxis pointing from the Earth towartise first point of Aries

(i.e. the position of the sun at the vernal equinox). This direction is the intersection of the Earth's equatorial plane
and the ecliptic plane. Thaxis is parallel to the rotation axis of the Earth ¥mbmpletes the righhanded

orthogonal setY = Z x X).



AND -2 (19691974), andSEE-1 and-2 spacecraft data sets. Then it computes the external
magnetic field components based on:

i Model formulas for the magnetic field components contain in total
30free parameters (17 linear and 13 nonlinear parameters).
First 2 independent linear parameters AA(2) correspond to contribu
tion from the tail current system, then follow A(3) and A(4) which are the
amplitudes of symmetric and antisymmetaoms in the contribution from
the closure currents; A(5) is the ring current amplitude. Then follow the
coefficients A(6)A(15) which define Chapmakerraro+Birkeland current field.
The coefficients c1€19 (see Formula 20 in the original paper),
due to DivB=0 condition, are expressed through A@G)5) and hence are not
independent ones.
A(16) AND A(17) CORRESPOND TO THEHRMS WHICH YIELD THE TILT ANGLE
DEPEN
DENCE OF THE TAIL CURRENT INTENSITY (ADDEDBDN APRIL 9, 1992)
Nonlinear paameters:
A(18) : DX - Characteristic scale of tli&hapmarFerraro field along thX-axis
A(19) : ADR (aRC) Characteristic radius of the ring current
A(20) : DO- Basic halfthickness of the tail current sheet
A(21) : DD (GamRQ) defines ate of thickening of the ring current, as
we go from nightto dayside
A(22) : Rc- an analog of "hinging distance" entering formula (11)
A(23) : G- amplitude of tail current warping in the-direction
A(24) : aT- Characteristicadius of the tail current
A(25) : Dy- characteristic scale distance in the Y direction entering
in W(x,y) in (13)
A(26) : Delta- defines the rate of thickening of the tail current sheet
in the Y-direction (in T® it was fixed at 0.01)
A(27) : Q- this parameter was fixed at O in the final version of T89;
initially it was introduced for making Dy to depend on X
A(28) : Sx (X0)- enters in W(x,y) ; see (13)
A(29) : Gam (GamT) enters in O in (13) and defines rate of tail sheet
thickening on going from night to dayside; in T89 fixed at 4.0
A(30) : Dyc- the Dy parameter for closure current system; it fil®dat 20.00

As soon as the components for the every poinvefyeshell has been calculate for each
solarwind scenario the particle interaction has to be calculated. There are a set number of cases at
which the particles interact with the different scenarios. In each the particle is declared a proton
beforehand. Thaearest magnetic field point position value is found within the magnetosphere to

calculate the interaction with. The particle position is then calculated relative to the time step and



calculated interaction. Its positions, as they changed depending iméhare stored in the

array.
Limits

The computing done is simplified yet still accurate based on the components and realistic
data. However there is a lot of variables that we could not take into consideration when dealing

with computing power. Theeer t héds magnetic field itself is

produce in a way that has been proven to be unstable yet

* Models coordinate points for
magnetosphere

* Models coordinate points for
charged particle

number of points and shells at which the components are ® Visualizes anddvecgifies FORTRA
code data

our calculations occur at a time when the coefficients are

known and so reversal is not taken into account. The

calculated are restricted as well even though there is an
ever extending and present magnetic field. The number of particles and all of the varying aspects
to the particles that we were able to model and map was also limited.

NetLogo Model
Our FORTRAN mael computes coordinate sets along the magnetosphere as well as

coordinates for the particle. We use a NetLogo model to both visualize and verify the data
output from our FORTRAN code. The NetLogo model reads the coordinate values from the text
files written by our FORTRAN code. NetLogo then models the turtles on the x, y, z coordinate
plane according to their coordinate values. The result is an agent based model that shows the

various shells of the magnetosphere, the dipole, and the positions oftitle pa

The Netlogo model uses turtles t
display the positions and vector
components at those positions fc
the Magnetosphere all as the
positions of a particle as it moves
time progress.



Architecture of Software

Our code was written on a computer we built and installed the Ubuntu operating system
on. To program in FORTRAN we installed all the required gFortran software and installed
medit to edit our code on. FORTRAN isdt suited for computations of the physics variety. All
of our computations are done i n FORJuUBRGAIN, becau
as well as the fact that it is the only language we knéig.chose to use NetLo8D to visualize
our project with the help of Stephen Guerin. NetLogo reads the coordinate positions from the
array FORTRAN writes and maps out the turtl&se user will soon be able to control the
number of magnetosphere shells shown through the use of a slider. In addhi®slider, the
user will also be able introduce the particle into the magnetosphere with a button on the
interface. NetLogo 3D allows the user to rotate the perspective so that the magnetosphere

particle interaction from different angledArchitectureof NetLogo Model:

Magnetosphere data Particle data from
from FORTRAN FORTRAN

Net Logo
$a reads in data
from text

files

N 5

» v “a

" Maps turtles ac- \ /Maps turtles to con- \ / Maps turtles to ex- \
cording to dipole ) or { servative estimate of ) or \ treme estimate of
coordinates  / \ magnetosphere  / \, magnetosphere /

Particle position with

respect to ime



Architecture of FORTRAN

Model:

Initialize necessary values

A 4

Create arrays for storage

A 4

Create and calculate universal or interna-
tional date and magnetic field coefficients

A 4

Create shells up to boundary

v

Create point position for shell

A 4

Create magnetic field for each scenario
dipole, conservative, extreme for shell

v

Put values for point positions dipole, con-
servative, extreme into respective array

\ 4

Calculate particle interaction and put into
array




Physical Model

Purpose

We felt that by creating a physical model we e To gain a deeper understanding

particle interactions with magne
would be able to simulate a partigieagnetic field fields.

e To verify the data from our

interaction similar to that which takes place between the computational model.

Magnetosphere and chargeatticles from the sun. To
create a magnetic field similar to that of th
core is a geo dynamo, we believed that by building a dynamo in which magnets move relative to

the conductor a sufficient magneticl@ievould be created.

Electromagnetic Properties of the Physical Model

Our physical model is a dynamo and creates a magnetic field through electromagnetic
induction. When the magnets move relative to the conductor an electromotive force is created.
The crated field is called an induced electromagnetic field because the magnets rotate and the
conductor is stationaryThe electromagnetically induced electric field is determined from the
geometry of the conductor as well as the rotating magnets and tioé cange of the magnetic
flux throughthecoilThe moti onal el ectromotive force can

Induction:

dd,
dt

e £ is the electromotive force in volts.

s =

e & is the magatic flux through the colil (in \Bbers).



Application of our Physical Model

Our physical model applies to our computational model because we plan to introduce charged
particles into the electromagnetic field created by our dynamo. To introduce the charged
particles we will use a plasma lamp. Whendieamo is running and the plasma lamp is within
the electromagnetic field, the charged particles should be repelled. Although we are not able to
track charged particles we are able to view physically how charged particles interact with a

magnetic field.

Problems Faced

Although we consulted several engineers when building our physical model, we still faced many
problems. The first issue we dealt with was in designing a dynamo that would satisfy our needs.

We consulted an electrical engineer who helpedessgn our dynamo. Our next issue was that

we wrapped our coil so that it is parallel to the magnetic field and it produced no current. To fix

this we need a coil wrapped so that it is wrapped perpendicular to the magnetic field to create a
motional eletromotive force. Another problem is that the north and south poles of the magnets

are on the horizontal faces; as a result we did not align the magnets in the requirsdurtbrth

orientation for inductance the first time. The dynamo we created creaddte@ating

el ectromagnetic field and the earthés magneto
consulted informed us that putting a diode in the coil will produce a constant electromagnetic

field.



Future Plans

Our physical model isurrently not working due twarious reasons. To improve our physical

model we plan to:
e wrap a new coil
¢ replace the magnets in a negbuth orientation
e put a diode in the circuit

e test the charged particle indetion with a plasma lamn

Lo NOl$I4010] T |
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20,2148
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Physical Model Desigfabove).



Results and Discussion

Using the T89c source code along with GEOPAZIO8we were able to successfully compute

X, Y, z coordinates for the dipole and sixty shells of the magnetospherell as write a program

to track the charged particle naot. These shells represent the distortion of the magnetosphere
with a conservative amount of solar wind as well as with an extreme amount of sola®wind.
NetLogo model reads in the coordinates from the text file and shows the difftae.

completingour models we have collected our results and evaluated our data. Based on our
findings we have been able to compare our readings to real world data and have confirmed our
resultswith real worldnumbersWe havealsobeen able to make a number of othéeriences
regarding our simulations which are related to the movement of particles around the

magnetosphere and their overall behavior.



Teamwork

Our team consists of three members, Brandon Ramirez, Francisco Vigil, and Dennis Trujillo.
Each of us brings a different skill set or perspective as to how things should be approached. We
had three main parts of our projects: the computational/math model, the written portion (reports
and board), and the physical model/administrative work. ofigh each of us focused on one of
these parts of the project, each of us still maintained an understanding of the other portions of the
project and helped out. When our team would meet with mentors all of us would attend the
meetings if possible so thaaeh of us might have an understanding of the various parts of the
project. Brandon has previous experience with StarLogo and FORTRAN so he does the majority
of programming for our project and he is also the lead team member for the mathematical model.
Francisco helps Brandon with parts of the NetLogo and FORTRAN models and takes care of the
administrative work such as contacting mentors for help as well as constructing the physical
model. Dennis does is in charge of most of the research such as lopkialyies for variables

as well as the writing portion of the project.

Work Distribution

Brandon Francisco
FORTRAN Model Research FORTRAN Model
NetLogo Model Writing NetLogo Model
Math Model Presentations Administrative Work

Physical Model Scientific Method Physical Model




Conclusion

The interaction between particles and the magnetosphere is a topic in which there is much
potential in terms of the space industry and otheeawars which require traveling outside the
protection of the magnetosphere. As seen through our simulations the movement of these
particles around or past the magnetosphere is dependent on the particle mass, particle
acceleration, and points of introductjall factors which mandate the travel around the
magnetosphere and there orbit around the earth. Another factor which we have observed as
relative to our simulations includes the curl of the magnetic field and the equations of spherical

shell generationyhich have been integral to our project and simulations.

In terms of our project we have been able to write our program in FORTRAN based on a
source code written by N.A. Tsyganenko which describes the interaction between the
magnetosphere and chargedtioes. Based on data received from this model we have been able
to confirm our results with real world data collected by satellite and ground based magnetosphere
readings. In terms of our other models created for the purpose of visualizing our code and
physically producing a model of the magnetosphere we have been able to import our data into
Net logo and have produced a visualization which produces the magnetosphere and introduces a
charged particle with varying mass and acceleration, effectively mgdagmatural
phenomenon of magnetosphgarticle interaction. After designing and building our physical
model we have been able to run this model and collect data, which has currently been

inconclusive.



Based on the work we have done so far we intetidrtiber our project through
introducing an internal magnetic field to the model we have created, and possibly also adding
other variables which could be used to model the changing structure of the magnetosphere, as

opposed to creating an average simutabbthe magnetosphere.
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Appendix A: Screenshots of our 3D Visualization

(A) 3D model of dipole with blue and red links to differentiate the poles (below).

(B) 3D model of dipole without turtles (below).



(C)Front view of the 3D dipole model with white turtles and red and blue links (below).
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(D) Side view of the dipole 3D adel without turtles (below).




(E) Alternate side view of the dipole 3D model without turtles (below).

(F) NetLogo interface (below).



