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Abstract. Electron collisions are fundamental phenomena in modern physics with diverse
applications ranging from collision ionization to quantum computing and high-energy plasma studies.
This paper focuses on the intricate dynamics of electron collisions within a saddle-shaped electric
potential and a constant magnetic field, mimicking the conditions found in beam splitters (and particle
accelerators). While existing studies often employ a quantum framework to model these interactions
and actually perform the experiment, we adopt a classical approach to provide a more intuitive
understanding of the phenomena involved. The transition from quantum to classical representation
eliminates probabilistic elements, allowing for precise and deterministic simulations. We utilized a
self-programmed python script based on mathematical expressions for the situation, which are also
self-derived in the paper. We have managed to replicate 2/4 results simply by altering the starting
positions of the electrons and have added further functionality within the python simulations for
further research and development i.e., a softening factor controlling the relative screening effect of
the material of the constriction, and a time delay feature to be able to offset the starting time of one
of the particles relative to the other. Our hope with this paper is for people to be able to take our
results, and the model used to derive them, and use it for the purposes of further research and
exploration.

Keywords: saddle-shaped electric potential, perpendicular magnetic field, Electron collisions.

1. Introduction

Electron collisions play a very important role in modern physics. This phenomenon can be utilized
in various scenarios such as collision ionization [1], cubit encoding [2], and low energy plasma [3].
While low energy collisions have been replicated several times, and are utilized at a regular basis
[4]1[5][6], high-energy electron collisions are not as common an occurrence. In order for the like-
charged particles (electrons) to collide with one another, electromagnetic particle accelerators are
required; these not only accelerate the particles, but also need to counter-act the opposing forces
which exist between them. Therefore, the particle accelerators generally used in beam splitters and
other similar devices must be capable of accelerating electrons to a high enough energy to allow for
a Coulomb collision between the electrons while negating the screening effects of the medium [7].
Furthermore, it is not simply the ability to collide two electrons/charged particles but use these
Coulomb interactions to create beams/flow of charges or particles is crucial technology in a wide
range of scientific and technological fields; from radiation therapy[11] to microscopy[12] and
lithography[13], beam splitting, especially of charged particles. Overall, these collisions play a
pivotal role in understanding the behavior of subatomic particles and the fundamental forces which
shape our universe. The electrical field inside a beam splitter does the job of accelerating the electrons
towards each other against the opposing Coulomb force of the other electron. In a lot of cases where
the particles aren’t accelerated to a high degree, the electric field must also be shaped to compensate
for the screening-effect of the medium in which the collision is taking place. In the case of our
experiment, which further aims to replication real world tests of high energy electron beam
splitting[7][9], the electric field of choice is of a saddle shaped. The saddle shape allows the electrons
from almost any variable starting position and energy level to approach the central co-ordinates (0,0)
in reference to the potential. Since our aim is to interact two like-charged particles, making the saddle-
shape of the potential very important in bringing the two electrons together from symmetrical starting
positions. As the model, just like the experiment, aims to target the electrons towards a central point,
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a saddle shaped potential is the most consistent way to do so. Since the electrons are repelling against
one another, and the saddle shaped potential is taking the electrons through a curved path to accelerate
them towards one another, the magnetic field is used to cancel out, or even rotate the electrons towards
one another. A magnetic field on a moving charge has the same effect as a gravitational field to a
moving mass, it adds angular acceleration to the charge. Since the a combination of the saddle shaped
potential and Coulomb interaction would distribute the electrons away from one another, the constant
magnetic field forces the electrons to rotate towards the center of the collider constriction.

High energy wave-packet colliders, and charged particle beam splitters all utilize an electric
potential and magnetic fields in order to drive the electrons close enough for Coulomb interactions.
Existing studies model these interactions within a quantum framework [7][9], getting results which
follow the experimentally verified probability distributions. While doing so provides an accurate
model for predictions, it may not, however, provide an intuitive understanding of the subject. With
this study, we aim to model these interactions within beam splitter using a classical framework to
understand and visualize what is happening at the atomistic scale. Transitioning from a quantum
framework to a classical one removes the probabilistic element of the collision. Just like the wave-
like nature of the electron, a quantum framework would comprise of more outcomes than a simple
classical simulation. A classical interaction with the exact same parameters would naturally have the
exact outcome in both theory and reality [15], while the quantum reality of the phenomenon ensures
an element of randomness in the context of the experiment. The electron, rather than a point-like
particle in a classical framework, would be a probability-wave of positions. This means that in every
trial, the electrons exists in a superposition with the peak of the probability wave at the starting
position. While doing so provides a more accurate representation of the real outcomes of the
experiment, the electrons can also be modelled to have a variable starting position in a classical
framework. In order to mimic the quantum nature of electrons, while also maintaining a visual and
understandable classical model.

In this paper, we will alter the starting positions of the electrons in the classical model to then
replicate the quantum experimental results [7][9]. With the aim to explore and model electron
collisions within a saddle-shaped electric potential, and constant magnetic field, simulating the real
conditions inside a beam splitter using a classical framework. Our primary focus is ultimately to
contribute to the advancement of knowledge in the field of electron collisions and the ability to have
an intuitive understanding of the phenomenon.

2. Formalism

2.1. Coulomb Collision

In order to successfully create a classical simulation modelling the motion of two electrons within
a complex system, one of the first interactions which needs to be resolved is the Coulomb interaction
between the two charged particles. Coulomb collisions are binary elastic collision between 2 charged
particles through their own electric fields (Insert Reference). As the name suggests, these collisions
are based on the Coulomb inverse square law, and formalize how the separate fields of the 2 charged
particles (in our case, electrons) would interact classically and produce ideal elastic collisions. An
ideal Coulomb interaction between 2 electrons is represented as

e? 1 e?
Uc(ri,rs) = — —) = :
olri,r2) dmege, ( |71 — ”'2|) dmeper/(x1 — @2)? + (Y1 — y2)? (1)

Where 77 and 7, mark the positions of the electrons; e is the elementary charge of the electron;
€o is the permittivity of free space, and er is the relative permittivity of whatever medium the
experiment is conducted in. Visualizing this interaction without any other forces involved results in
the following trajectories (Fig. 1):
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Figure 1. Conditions — Starting co-ordinates: (0.045, -0.045) and (-0.045, 0.045); Electric and
Magnetic field strength = 0; Permittivity of free space and relative permittivity = 1; Charge of
electron (e) = -1

However, even without the presence of an electric or magnetic field, a realistic experiment
colliding 2 charged particles in any medium would experience what is known as “screening”. Due to
the structure of the material that is the medium, and the existence of charged particles which are
relatively large in context to the electrons, the pure Coulomb interaction between the 2 particles is
“screened” by the material itself. Because this screening effect is a result of the Coulomb interaction
between the material and the electrons, a small factor can be used to modify (1) to account for the
screening. With a new variable Sscreening representing a softening factor for the Coulomb interaction
caused by the screening effect, we have

Vo) = ——— (L~ ! ): @

47TEUET‘ |T_i - TQ‘ [(r_i - 'r_é)z + Sscree-n-i-ng]

b=

Where Sscreening iS proportional to the distance between the 2 detectors in the experiment, or the
size of our reference frame in the simulation.

2.2. Saddle Potential

In order to accelerate the electrons towards each other with a Coulomb interaction already present
between the two electrons; there exists an electric field. This electric field, in order to compensate for
the repulsive nature of the coulomb interaction, cannot be linear with respect to the co-ordinate system.
Rather, just like the experiments, we have modelled a saddle-shaped electric potential Insert
Reference represented as

Usaddie (%,y) = %wﬁch + %wiyz, 3

Where wxand wyare the frequencies describing the curvature of the barrier potential. The potential
is being described through its frequency related factors wxand wy primarily due to the harmonic nature
of this potential: in fact, the frequency factors are directly related to the harmonic-oscillating behavior
a charged particle would exhibit in this saddle-shaped potential. On the contrary, the constants can be
easily visualized as mere factors to the individual quadratics that exist in the x and y axes
independently. We can visualize this potential as a surface plot for conditions wx = wy =1 as shown
in Fig. 2:
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Figure 2. (a) Figure 2x. (b)
Figure 2. (a) Is a surface plot of the potential of the above defined electric field: high values
represented by lighter colors, and smaller values represented by darker colors? (b) Is a vector field

of the same potential; where the vectors represent the force experienced by a positive charge within
the field.

While the actual values for the constants will be derived later in section 3.2, there are certain
relationships which exist in past experiments and must be replicated. Due to the nature of the scale
of our model, this collision can be classified as occurring in a moderate to wide constriction: in which,

the electric field would be such that

®* > 1 [14]. For the case of our model, an effective

wy
approximation such that % = 1 would suffice.

y
Since wx= wy, our initial saddle-potential is a good approximation of the actual electric field in the
experiment and model; therefore, can be utilized in order to visualize the paths of the charged particles
without other interference. In Fig. 3, the colored lines show the equipotential trajectories of individual
electrons on the horizontal plane representing the 2 spatial dimensions, and the height representing
the potential at which they are travelling.

Equipotential Electron Paths

Figure 3. Each color line individually represents a unique potential value, and the lines themselves
are all points on the surface where the potential stays constant at that specific value
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These trajectories of constant potential were calculated simply using (3)
Usaddle (il:‘, y) =C

1 1
§w5y2 = 5%2::132 +C
w2 C
_ )
=+ w2 +ﬁ

Where C is any potential for which Usaddie(X,y) = C holds true.

2.3. The Lorentz Force

Now having covered both the Coulomb interaction between the two particles, alongside the saddle
potential of the electric field, the last remaining component of the experiment to be considered is the

constant magnetic field. Throughout the experiment, there will be a constant magnetic field acting on
0
0

B =
both our electrons L] In order to incorporate the effect of this magnetic field,

We used the Lorentz Force to further formalize its relationship to the velocities, and therefore, the
positions of the particles. The Lorentz Force is represented by

Frorentz=q (E +V >B)

Where Frorent- is the force experienced by a charged particle with charge g, and velocity v
within an electric field £ and magnetic fieldB? In practical terms, this equation demonstrates that
the force experienced by a point charge q is a combination of the force in the direction of the Electric
fieldE, and proportional to the magnitude of the electric field and the quantity of charge, and the force
perpendicular to the direction of the Magnetic field B and velocity v of the charge, and
proportional to the strength of the magnetic field, magnitude of the velocity, and charge of the point
particle [10].

Motion of electron in Magnetic field with no Electric interference

Figure 4. Path of an electron in a constant magnetic field and an initial velocity of 10 units in the z-
direction.

As seen in Fig. 4, the effect of a magnetic field B (As defined above), on a charged particle
without the existence of an electric field results in a harmonic circular motion (In the figure, the
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trajectory is a helix due to the initial velocity of the particle). Meaning that similar to factors wxand
wy representing the electric field, a similar frequency factor wc or the “Cyclotron Resonance
Frequency” can be used to describe the magnetic field.

The Cyclotron Resonance Frequency is simply the frequency of a charged particle moving
perpendicular to the direction of a uniform magnetic field B. By definition, this motion must be
circular, and can therefore be represented through an equality of the Lorentz force and centripetal

acceleration [8]. Equating the magnitudes of the forces in our case:
muv

= qBv
r
v qB
T _17 T
Since - = o
We = 4p
m
we x B

Therefore, we can define a new constant wc, such that:

0 0
B = [0 0] (4)
B

Transforming our vector fields to accommodate for this magnetic field for each of the 2 electrons
based on their starting velocities results in Fig. 5

Vector field representation of Loretnz Force on Electron (1) Vector field representation of Loretnz Force on Electron (2)
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Figure 5 @ Figure 5.x(b)

Figure 5. The force experienced by positive charges 1 (a) and 2 (b) in a constriction with both an

electric saddle potential and constant magnetic field. The difference in the 0-point for these fields

occurs due to the difference in the direction of their caused by a difference in starting position and
the requirement of the electrons to be fired towards one another.

Fig. 5(a) models the motion of a positive charge with a constant velocity (-1, 1), and therefore
curves shown must be reversed to understand the motion of an electron with the same velocity. In
this case, the resultant curvature would be counter-clockwise instead of the clockwise seen in the
figure. Similarly, Fig. 5(b) models the motion of a positive charge with a constant velocity (1,-1), and
the centripetal path of the electron would be clockwise rather than the counter-clockwise as seen in
the image.
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3. Methodology

3.1. The Equations

In order to model the motion of 2 electrons inside an electric saddle potential Usaddle, and a constant

magnetic field B mechanically, we need to evaluate all the forces acting on both the electrons within
our system. In our case, the forces acting on particle-1 and particle-2 will be evaluated separately
such that:

Fi=Fp+ FP (5)
F=Fy+Fp (6)

Where Ff,the force is experienced due to the saddle-shaped Electric Field and Coulomb
interaction between the particles, and#}% is the Lorentz force experienced due to the constant

0
Magnetic field5 = [o ]

We

3.1.1. Solving for £7»

From 2.2, we know that:
1 1
Usaddie = §w5y2 - §w2,$2.
Since the Coulomb interactions, which must also be modelled under F° (Since it is an electric
interaction), can also be represented in terms of a potential Ucoutomb from 2.1 where:
2 2

[& (&
Ucouiomb = |‘T'_‘ 7:2" -
—

\/($1 —x9)? + (y1 —12)?.
We can now utilize the definition of a Potential: ¥ = =2 in order to evaluate F°. In the case of
our model, the variable: F° must be simplified into its components and solved independently for

particle 1 and 2 (Note: x and y represent the position of the particle with respect to our defined frame
of reference) such that:

Fy, — &tai

= |Fp,| = | -%%m @
0 0
Fg, — ot

F;O = | I 203; - _dg_;;f (8)
0 0

Where Utot = Usaddle + Ucoulomb such that:

1 1 1 e?
Usor = —=w2z3 — —wizs + —w?y? + —w?ys +
’ 2" ! e =)+ (g - e)?

277 2 2

)
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The next step is to evaluate the partial derivatives and calculate an exact expression for the Forces
Friand F-2. Utilizing (7) and (8), we have:

Fo — _8Utot . — 62($1 — ) :
: Orr " (11— @) + (51 — 12)%)?
o Uyt 2 e () — CEQ)

Iy, =— o —wyyr + (@ 562)2 + (g1 —12)2)3
’ Oy ’ ((z1 $2)2 (y1 — 2)2)3
F, OU, o4 — gy e*(x1 — 1) 3

Yo ! (w1 —22)? + (11 —42)?)?

Which allows to conclude:

w2z + ¢ (z1-2) 3
. ((x1— 12)24—(1}1 y2)?)2
FP = |~y + e (a1-0) 10
: W et )3 10)
0
_ 2 -
w§$2 B e“(x1—wx2) ,
(z1—22)%+(y1-y2)?) 2
g 2
o __ 2 (& (Ilfﬂjg) (11)
2 T | TWyl2 — 3
YT (@1-m2)2 4 (1 -12)2) 2
0

3.1.2. Solving for F&

From 2.3, we know that the effect of a constant magnetic field and electric field (which in our case
0

is represented asB = [0

] ) on a charged particle can be modeled using the equation:
w(!

=QEo+q (V >B)
Since we have already modelled the effect of qEoas F°, we only need to compute for ¢(7 x B) as
the equivalent expression for FB. Once again, this computation needs to be carried out for the 2
different particles and factored into a final expression for the force. From this point forwards, we will

be using the substitution g = e, where q is the charge of any particle and e is the charge of an electron
(Since the model is based on electron collisions).

FP = e(vj x B) (12)

FP =e(v3 x B) (13)

Expanding (12)
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Viz We

=€ [V1g U1y Uiz

Therefore

eV Ywe
FP = e(v] x B) = —ev] TW, (14)
0
The same process follows for (13)
Vog 0
e(v3 x§)=e voy | X | 0
Vaz We
i j k
=€ (VU2 U2y V22
0 0 w,
Therefore
F2B = B(U_é X g) = | —€U2zWe (15)
0

3.1.3. Final expressions

Since we now have the mathematical expressions forf?: £5 ’“:B andF¥ in (10), (11), (14), and
(15) Respectively. We can utilize our main relationship (5) in order to derive an expression for the
force acting on both of our electrons independently.
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wizy + e*(x1—as) . - iy -

S 5 5 ((wr:vg)jﬂyryg)z)a 1yWe
lﬂ=W+FBz—w®erH;$aiﬁﬁ + | —eviyuw,
0 I 0 |
[ 2 - -

o w%xQ N ((5"1—2:2)(;:-;(?;?2—)@;2)2)% €V2yWe

Fé ) PE) ' FQB - _wng N ((351—;:)(:-:(_;1:2—)92)2)% + —EV2,We
0 I 0 |

_ Vg ]

Since F =md=ms =m |v,|, We can equate the above relationships in order to derive the
v,

Equations of motion for the 2 particles:

o _
w2ry + el r2) 4 oenywe
(w1—w2)2+(y1—y2)2) 2
g 2
Fl — _w2y + € (yl—yz) _
1 3 CV1 W )
Y ((z1—2)?+(y1—y2)?) 3 e
0
- w2$2 . 62(.’2;'1—3’;2) + 6U2 w —
]
* (x1—=2)2+(y1—y2)2)2 gl
g 2
F.2 — _wa o € (ml—:r:g) _
2 T EV2,W
Y (w1 —22)2+(y1—y=2)?) 2 e
0

In order to utilize these equations for the purposes of modelling motion in python, we need to
convert the acceleration into a velocity through finite differences. For the purposes of writing out the
equation, we will use the f(x) notation of functions and At to represent the finite difference, as we are
not taking the differentiating limit:

v Avg Ve (AL —vg ()
x Al At

o | = [B | = | vultEAt)—vy(t)
y At At

J Av, vy (t+AL)—v,(t)
z | At At 1

Therefore (Note* v. = 0):

e?(x1(t) — z2(t)) ’
(1 (t) — 22(£)2 + (ya(t) — 1(1))?) 3

v1a(t + At) = At(w?zq (t) + + eviy(twe) +v1z(t), (16)

e?(y1(t) — y=(t))

viy(t + A :/_\,—wigl ; —
vt A0 = Al )+ ) ") + (n(t) — ya0)7)

— evy (f)we) + v1y(t), (17)

Vo, (t + At) = At(w?ao(t) — 5+ evay (twe) + vaz(t), (18)

) — u2(t))?)?
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e*(z1(t) — xa(t)) ’
(@1 () — 22())2 + (1(t) — y2(1))?)

vay (4 At) = At(—w?ys(t) — — eva, (Hwe) + v2y(t), (19)

Where:
x(t) = v, (t)At + x(t — At)
y(t) = vy (t)At + y(t — At)

3.2. Determining the constants

In order to construct an accurate model for the real experiments, the value of certain constants
must be held as constant. Some of these values include the w values including wx, wy, and w: as they
parameterize the electric and magnetic fields under the influence of which the electrons will move
through the whole apparatus.

Due to the scale of the experiment and constriction through which the electrons will pass, the
relationship between wx and wy would be such that =, = 1. Due to the nature of the simulation, all
values are merely in proportional relationship to one another, where e = —1 (Charge of 1 electron), m
= 1 (Effective mass), the size of the constriction is 0.05, and DT = 0.00005 (The finite difference).
Similarly, in order to maintain simplicity and the symmetry in the saddle potential, we have set wx=
wy= 1. Due to this, the shape and proportionality of the potential would be exactly equivalent to the
potential as proposed in section 2.2.

Aside from the exact numerical value assigned to wxand wy, first a relationship, and then a value
needs to be assigned to wc. According to the experimental setup of “Two electrons interacting at a
mesoscopic beam splitter” [7], the relationship between wcand wy such that:

Wc 17.5 meV

Wy = 1.7 meV (20)
We 10

Using this as a starting point, we simulated the trajectories of the electron through an
Electromagnetic field represented by wx= wy= 1 and 5 < wc < 10 (with increments of 1) until a
relatively stable magnetic field strength was found. Fig.6 are the results of the simulated behavior,
and it is the general similarity of the electron trajectory to the reference material which lead to the
decision of using wc=9:

OmegaC =5 OmegaC = 6 OmegaC =7

= 000 = 000 > 0004

-0.02 -0.02 —0.02

—0.04 1 -0.04 —0.04 4
° °

-0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04 —0.04 -0.02 0.00 0.02 0.04

Figure 6. (a) Figure 6. (b) Figure 6. (c)
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OmegaC = 8 OmegaC =9 OmegaC = 10

Figure 6. (d) Figure 6. (e) Figure 6. (f)
Figure 6. As the cyclotron frequency is increased, the particles are more rotated away from their

starting locations by the time they exit the constriction. Given the functionality and working of the
Lorentz force, such a transformation is to be expected.

For the purposes of this exploration, | will be assuming that each quadrant within the constriction
represents a “detector”; in order to replicate consistent results with the experiment, the mc = 9 trial
provides with the most symmetrical results and will be used throughout the trials. While the position
of the electrons will be slightly altered throughout the simulation in order to classically achieve the
quantum effect of the 4 results, the velocities will be held constant throughout the experiment. If the
electrons are given an initial velocity too high, they would travel an unnecessary distance within the
constant finite difference (dt = 0.00005) and not interact with the electric potential and magnetic fields
in a way similar to the real experiment due to the low resolution of points available to be plotted over
the trial. However, if the electrons are given an initial velocity too low, the high resolution data would
require a lot more computation and the resulting velocities will also be more influenced by the
potentials than has been observed in the experiment which we are trying to replicate. In order to
determine the most accurately representative velocity within the “factorized” version of this
simulation, we plotted the trajectories of the electrons such that vix = —viy = —vax = vy, which means
that the electrons are shot directly at each other with symmetrical velocities around the parameter y =
x within the constriction of our experiment. Below are some of the relevant simulations with the
different values of v:

Starting speed = 1 Starting speed = 10 Starting speed = 20

0.04 % 0.04 0.04

Figure 7. (a) Figure 7. (b) Figure 7. (c)
Figure 7. As expected, the higher the velocity the lower the influence of the surrounding fields. As
can be seen in the trajectories of the electrons starting with an initial velocity of 1 unit/sec; the
overall coulomb collision and Lorentz interaction is much more prominent and take effect from an

earlier time-stamp. As the initial velocities increase, the particles need to get much closer before an
interaction is visible.

With these interactions and trajectories in mind, it was decided that I will be holding a vix=—viy =
—V2x = V2y = 10 as a constant throughout the trials and results.

4. Numerical results

Process of getting the figures and results
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Figure 8. (a) Figure 8. (b)

Figure 8. (a) is the first of the 2 solutions calculated, representing as the 2 electrons going to
separate detectors as they interact and has starting conditions as such: wy = wx =1, wc = 9,
Starting positions: (0.045, -0.045), and (-0.045, 0.045). Fig.8(b) is the second of the 2 solutions,
with the electrons still going to separate detectors, but each one going to a different one compared
with (a) with the starting conditions as such: wy = wx = 1, wc = 9, Starting positions: (0.045, -
0.045), and (-0.045, 0.038)

The detectors within a constriction like the one modelled throughout the report are placed in the
location of the top-left and bottom-right quadrants with the expectation that the colliding electrons,
just like the above trajectories demonstrate, will interact with one another and deflect back to one of
the detectors (away from their starting quadrants). This was one out of the 4 possible outcomes as
was elaborated in the experiment carried out by Dr. Ubbelohde [7]. Fig.8 (a) while being one of the
most common outcomes (even in the reference papers), is still quite restricted in its possible ways to
occur. If the constants are held as has been discussed in 3.2, and only the starting location of one of
the electrons is altered, the result is only valid for co-ordinates 0.043 <y < 0.045, x = -0.045 (for
electron 1 (blue)) and -0.045 <y < -0.043, x = 0.045 (for electron 2 (yellow)) (Note: These values are
to 2 significant figures). If the x-values remain constant, any deviation to the y-coordinate outside the
inequality to the degree of 10 will not produce the desirable results. Fig.8 (b) was the second out of
the 4 possible outcomes as was elaborated in the experiment. This, according to their experiment, was
also one of the more common outcomes, however is still quite restricted in its possible ways to occur
within our model. If the constants are held as have been in 3.2, and only the starting locations of one
of the electrons is altered, the result is only valid for co-ordinates 0.033 <y < 0.038, x = -0.045 (for
electron 1 (blue)) and -0.038 <y < 0.033, x = 0.045 (for electron 2 (yellow)) (Note: These values are
to 2 significant figures). If the x-values remain constant, any deviation to the y-coordinate outside the
inequality to the degree of 10 will not produce the desirable results. Notice, however, that this result
is possible in a much larger boundary than 4.1; where the inequality only existed between a value
differences of 0.002, however this result exists between an inequality boundaries of 0.005.

Aside from the 2 results which have been parameterized and shown to function above, there are 2
other results which haven’t been replicated. If we are to characterize the detection of an electron at
the bottom left and top right detectors as (bottom left, top right), the following results: (2,0) and (0,2)
are the results still remaining to be modeled on this classical simulation. Despite various personal
attempts at modelling even those outcomes, we have not been able to exactly do so within this
classical framework. While the 2 results might potentially be a consequence of the real world quantum
interferences and interactions taking place, there may still be a way to achieve those results. The
attempts at creating those remaining two results with our model utilized not only basic parameters
like initial position and velocity, but also other parameters such as a softening factor and time-delay.
The softening factor is modelling the screening effect of the medium on travelling electrons within
the constriction while the time-delay is a physical implementation of a possible delay between the
releases of the electrons from the initial positions.
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The softening factor has a very clear influence on the trajectories of the electrons, where increasing
the softening factor directly reduces the strength of the coulomb interaction between the particles.
This physically occurs because the screening effect which is trying to be modelled is caused by the
coulomb interaction between our target charged particle and the surrounding atoms. Due to the fact
that beam splitters and other equivalent machinery are effectively influencing and directing particles
the size of its own component material or even smaller, the atoms inside the medium and surroundings
is something which cannot be assumed to not exist. Therefore, this particular phenomenon was
modelled as a component to the coulomb interaction as Sscreening in (2) and softening in 7.1.

The time delay also introduces interesting variation to the trajectory of the electrons. Captured as
the time_gap in 7.1, the gap allows one of the electrons (orange) to travel a certain distance before
interacting with the other electron. However, it is to be noted that the way it is programmed, the non-
delayed electron will still have a coulomb interaction with the stationary electron — mimicking how a
restriction on a particle of such size would play out in real life.

5. Conclusion

This study has delved into the dynamics of electron collisions within a saddle-shaped electric
potential and a constant magnetic field, resembling the conditions found in beam splitters and particle
accelerators. While conventional research often employs a quantum framework for modeling and
experimentation, our approach has been primarily classical — providing a more intuitive
understanding of these interactions. By transitioning from quantum to classical representation, we
have removed probabilistic elements, enabling precise and deterministic simulations.

Our efforts have resulted in the development of a Python script based on the mathematical
expressions detailed in this paper. We successfully replicated 2 out of 4 expected results by simply
altering the initial positions of the electrons. Furthermore, we have expanded the capabilities of our
Python simulations to facilitate additional research and development. Specifically, we introduced a
softening factor that governs the relative screening effect of the constriction material and a time delay
feature to offset the starting times of the particles. Utilizing these two added factors, a large variation
of new results can be mapped out, not to mention the variation which can be introduced within the
constants, positions, and velocities themselves. Therefore, it is not unreasonable to assume that a
method to derive the last two results become possible all within a classical framework.

Our aim with this paper is to provide a platform for the scientific community to access and utilize
our findings, as well as the model we have employed to derive them. We hope that researchers will
leverage this work for further exploration and advancement in the field of electron collisions and
related applications in modern physics.
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Appendix

Main Simulation

import numpy as np
import matplotlib.pyplot as plt

## Starting Position
ONEstartx = 0.045

ONEstarty = 0.045

velocity =10

X_1 = [-ONEstartx]
y_1=[ONEstarty]

x_2 =1[0.045]
y_2=[-0.045]
## Velocities

v_x1 = [velocity]
v_y1 = [-velocity]

v_x2 = [-velocity]
v_y2 = [velocity]
## This dictates the time-step, and number of computations

dt = 0.00005
N = 10000

## Physical Constants

omegaX = 1 ## Note -- Includes Ex and Ey

omegaY = 1 ## Note -- Includes Ex and Ey

omegaC = 9# Magnitude of Magnetic Field in z direction
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e = -1 # Charge of electron

softening = 0 #Softening factor

time_gap = 0 # Time gap between the release of electron 2 and 1
## Defining the velocity Functions (If needed)

# Particle 1

def v1x (x1,x2,y1,y2,vX,vy):
coulomb_effect = ((€**2*(x1-x2))*((x1-x2)**2+(y1-y2)**2+softening**2)**(-1.5))

return dt*(omegaX**2*x1 + coulomb_effect + (e*vy*omegaC))+ vx

def v1y (x1,x2,y1,y2,vx,vy):
coulomb_effect = ((e**2*(y1-y2))*((x1-x2)**2+(y1-y2)**2+softening**2)**(-1.5))

return dt*(-omegaY**2*y1 + coulomb_effect - (e*vx*omegaC))+ vy
# Particle 2

def v2x (x1,x2,y1,y2,vx,vy):
coulomb_effect = ((e**2*(x1-x2))*((x1-x2)**2+(y1-y2)**2+softening**2)**(-1.5))

return dt*(omegaX**2*x2 - coulomb_effect + (e*vy*omegaC))+ vx

def v2y (x1,x2,y1,y2,vx,vy):
coulomb_effect = ((e**2*(y1-y2))*((x1-x2)**2+(y1l-y2)**2+softening**2)**(-1.5))

return dt*(-omegaY**2*y2 - coulomb_effect - (e*vx*omegaC))+ vy

## Making the loop
# i is our counting variable
# N is our initially defined number of computations

foriin range (N):
## Solving for the velocities and storing values in a list
#Particle 2

v_x2.append(v2x(x_1[i],x_2[i],y_1[i],y_2[i].v_x2[i],v_y2[i]))
v_y2.append(v2y(x_1[i],x_2[i],y_1[i],y_2[il.v_x2[i],v_y2[i]))

## Using velocities to calculate position and storing values in a list
##Time gap
if i*dt < time_gap:

v_x1[i]=0
v_yl[i]=0
v_x1.append(0)
v_yl.append(0)
x_1.append(-ONEstartx)
y_1.append(ONEstarty)
else:
v_x1[round(time_gap/dt)] = velocity
v_yl1[round(time_gap/dt)] = -velocity
v_x1.append(vix(x_1[i],x_2[i],y_1[il,y_2[i],v_x1[i],v_y1[i]))
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v_yl.append(viy(x_1[i],x_2[i],y_1[il.y_2[i].v_x1[i],v_y1[i]))
x_Ll.append(v_x1[i+1]*dt + x_1[i])
y_l.append(v_yl[i+1]*dt +y_1[i])

### round(time_gap/dt) gives an approximate value of i
#Particle 2

x_2.append(v_x2[i+1]*dt + x_2[i])
y_2.append(v_y2[i+1]*dt +y_2[i])
## Plotting the positions in 2D

bound = 0.05 ## | have made it just slightly wider than our inital position
## Setting up an axes for the plot

plt.xlabel('x")

plt.ylabel('y")

#plt.title('Starting speed ="' + str(velocity))
plt.xlim([-bound,bound])
plt.ylim([-bound,bound])

#Making a line for particle 1:

plt.plot(x_1,y_1, color ='blue’, label ='Particle 1', Iw=2)
plt.scatter(x_1[0], y_1[0], c="red")

#Making a line for particle 2:
plt.plot(x_2,y 2, color ='orange’, label = 'Particle 2', Iw=2)
plt.scatter(x_2[0], y_2[0], c="red")
plt.plot(x_1[0],y_1[0])

## Making the graphs visible
plt.show()
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