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Abstract

This thesis investigates the possibility of numerically simulating a beam splitter for ultracold
atoms using tunneling through a potential barrier. The theory chapters cover the basic concepts
of the topics required (quantum gases, Gross-Pitaevskii equation, tunnel effect) to understand
the physical principles underlying the numerical simulations done in Julia with the QuantumOp-
tics.jl toolbox. This is complemented by a description of this toolbox and the methods used for
numerical calculation.

First, we numerically exhibit the basic idea of splitting an incoming wavepacket. The effect of
the pseudopotential was demonstrated, as well as the heavy particle approximation. We show
that the effect of the interaction is small for suitable parameters. A comparison between the
soliton solutions and a Gaussian wave package didn’t result in visually observable differences.
Changing the width of the potential changed the shape and offset of the reflected wave and the
law of reflection could also be shown to hold true for a BEC.

However, there were also some issues that prevent the simulation of an interferometer with this
contraption. The most critical one being the inability to have a non-expanding wave after the
split at the barrier due to the limited range of the g-Factor.
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1 Introduction

Ever since the discovery of matter waves and consequentially of quantum theory, a considerable
amount of time and resources have been invested in experiments and theoretical models to de-
scribe the behavior of such waves. Many phenomena from optics have been reproduced with mat-
ter waves (like interference), while other phenomena are completely unique to matter waves (e.g.
dipolar quantum gases).

One of the phenomena that was recently ex-
perimentally reproduced is the so-called beam A

splitting [2]. This is essential for interferome- Beamspliter Coating
ters. In optics, you would usually have a laser
that shines on a semi-reflective mirror with a

45°

refractive index that is just big enough for 50%

of the light to transmit through the material —’ - _\“5—’_

and 50% of the beam to reflect from the mir-
ror (see fig. . All that is really required
for this to work is a material with the desired

refractive index, so this is very easy to man-
ufacture. However, this does not work with
matter waves. If you would launch a matter
wave (e.g. an electron) onto any material, all

you would likely get is Rutherford scattering. Figure 1.1: A beam typical beam splitter in optics.

In most cases, the particle would just get ab- In this case, the semi-reflective material is provided

sorbed by the material. Direct reflections are by & coating for phase consistency of the wave. {1}
very rare because the particle would have to directly hit the center of an atom to get reflected.
Therefore one cannot get a similar behavior of matter waves with a solid semi-reflective mirror.
But instead of a material that reflects the particle one could create a potential barrier and utilize
the tunnel effect for reflection and transmission. But we are facing an issue here with matter
waves: Due to Heisenberg’s uncertainty principle, regular matter waves will naturally disperse,
so we won’t have a point like beam hitting the “mirror”, but rather a broad wave front that
continues to disperse after the potential barrier. This makes building an interferometer techni-
cally challenging. So to prevent this, one could use a Bose-Einstein condensate (in short BEC)
instead of thermal atoms. The BEC has a self-interaction term that can prevent the dispersion
of the wave function. Therefore the goal of this thesis is to analyze the feasibility of a beam
splitter using a BEC and a potential barrier. This could then be used to build a matter wave
interferometer if the technical challenges can be overcome.



2 Theory

2.1 Quantum gases

Quantum gases are one of the most fundamental topics in quantum physics. Their roots go back
to the very first discovery of quantum effects (Planck’s law of radiation, coming from the study of
photon gases), even though at that time it wasn’t clear where those effects come from. Together
with various other areas of research, this eventually lead to the development of quantum theory.
Today, many areas of research are based on quantum gases, ranging from fundamental research
on complicated forms of quantum gases (such as molecular quantum gases) to solid-state physics
and condensed matter physics (e.g. in figure , to the study of gases within gas giants and
stars.

As we can already see, quantum gases are very important in modern physics in general, but also
for this thesis. This section, therefore, covers the very basics of quantum gases in order to gain a
sufficient understanding of the topic for the rest of this thesis. However, a closer look at quantum
gases is recommended to fully understand the topic and can be usually found in any book on
statistical physics. The book used for this thesis (in German) is given in reference [3].

Figure 2.1: Researchers led by Francesca Ferlaino at the University of Innsbruck and Austrian Academy
of Sciences report in Physical Review X on the observation of supersolid behavior in dipolar quantum
gases of erbium and dysprosium. In the dysprosium gas these properties are unprecedentedly long-lived.
This sets the stage for future investigations into the nature of this exotic phase of matter. 4]
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2.1.1 Quantum gases in general

The basic description of quantum gases sounds quite straightforward: Quantum gases differ from
regular gases by the dominance of quantum effects related to their wave nature and symmetry
constraints. So those can be spin-spin interactions, state occupations, etc. Thermal movement
usually weakens those effects and turns the quantum gas into a regular gas, therefore most
quantum gases have to be cooled to a temperature near absolute zero. Very rarely, some quantum
gases can be described at fairly high temperatures (electron gas approximation in a conductor
for example). Some quantum gases have even been shown to form far above the theoretical
predictions for their maximum temperature and are thus in active research (high-temperature
superconductors come to mind).

Between the regular gaseous state and the quantum gas state, all quantum gases go through a
phase transition where either quantum effects or thermal effects become dominant, depending on
the direction of the temperature change. At the exact temperature of the phase transition, both
effects are equally strong, thus forming a mixed state similar to e.g. ice water.

Since there are only two fundamental particle types in quantum theory, there are also just two
fundamental quantum gases in statistical physics:

e Fermi gas: As the name suggests, this is a gas consisting of fermions, i.e. particles with

half-integer spin, obeying Fermi-Dirac statistics.

o Bose-Einstein condensate: Again derivable from the name, this is a gas consisting of bosons,
i.e. particles with integer spin, which is governed by Bose-Einstein statistics.

These form the very basis of quantum gases. Many complicated problems use one of these
gases as an approximation for the real system in order to get a quick result and then introduce
modifications to the gas to get a better approximation for the problem (e.g. the free electron
approximation in solid state physics).

2.1.2 Bose-Einstein condensate

As already mentioned, the Bose-Einstein condensate (in short BEC) is a gas made of bosons.
Bosons are integer spin particles, which means they don’t follow the Pauli exclusion principle.
Fermions, on the other hand, being half-integer spin particles, do follow the exclusion principle.
As a reminder, the Pauli exclusion principle states that two half-integer spin particles cannot
occupy the same state. This has a major impact on the behavior of the gas.

But first, we have to get a certain sense of what temperature actually means for our gases as they
approach temperatures near absolute zero. An imprecise, but sufficient description of tempera-
ture for this thesis is as a measurement of energy, usually connected by the Boltzmann constant
like E = kgT. The most important part here is when the temperature approaches zero, the
energy reaches its minimum. Quantum mechanically speaking this means that the gas has to be
in the lowest possible energy state.

What does that mean for our two gases? Let’s imagine we have a box that we fill with bosons.
Each boson is cooled to 0K. Now we add the first boson. The lowest possible energy state
in our system is the ground state. Therefore as the boson cools down, it will occupy the
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ground state. If we then add a second boson, it will also occupy the ground state, because
bosons don’t follow the Pauli principle and can therefore occupy the same state multiple times.
So all bosons that we add to this box will occupy the ground state. Bosons

Now let’s do the same with fermions. We add the first fermion, \ /
which again will occupy the ground state. But if we add a second

fermion, it cannot occupy the ground state since the ground state is \\ //

already taken by the first fermion. Therefore the second fermion has \ 7

to occupy the next higher state. So as we add fermions to the box,
we will fill up all the lowest possible states up to a certain energy
called the fermi energy.

This difference is illustrated in figure The upper picture shows Formions

all bosons occupying the lowest possible state, so the ground state. \ /
The fermions can only occupy each state once and therefore fill up \ -— - -e- ---- 7/ E;
the lowest states up to the fermi energy Ey. \ © /
This has many implications for the BEC, two of the most famous \ O /

ones probably being superconductivity and superfluidity. But the

focus of this thesis is not so much on the statistical physics of the

gas, but rather on the wave mechanics of the gas. Since all bosons

are in the same state (the ground state), all bosons share the same Figure 2.2: Comparison of
wave function. Due to weak attractive forces between the bosons, bose gases (BECs) and fermi
the particles will start to gather on a single point. As these particles &35¢s. ol

move closer together, their wave functions will start to overlap and form a single wave function
that can be used to describe the gas as a whole. This creation process of a BEC, as it cools down,
is illustrated in figure (starting on the left and moving to the right).

i
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Figure 2.3: Velocity-distribution data (3 views) for a gas of rubidium atoms, confirming the discovery of
a new phase of matter, the Bose—Finstein condensate. Left: just before the appearance of a Bose—FEinstein
condensate. Center: just after the appearance of the condensate. Right: after further evaporation, leaving
a sample of nearly pure condensate. [6]
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2.2 Gross-Pitaevskii equation

Bose-Einstein condensates require a different treatment than single quantum particles due to
their self-interactions. This can be effectively described via a nonlinear self-interaction term
in the Schrédinger equation. The resulting equation is then called the nonlinear Schréodinger
equation or more commonly Gross-Pitaevskii equation. This section focuses on the derivation of
the equation as well as some possible solutions and approximations.

2.2.1 Derivation of the equation

The following derivation was heavily inspired by [7]. More information on the GPE can be found
in reference [§].

As already mentioned, the BEC interacts with itself, which comes from a weak potential between
each particle in the BEC. A general ansatz for a Hamiltonian that considers this would be:

H= Z(—hV2+UTZ>+ ZV i —1;) (2.1)

G
Since each interaction is summed over twice, we have to half the sum over all particle poten-
tials. This can then be inserted into the time-dependent Schrédinger equation using an ansatz
¥(ri,ra,...,rN,t) for the many-body system:

0
zhaw(rl,rg,...,rlv,t) = HY(ry,r2,...,TN, t) (2.2)
We can then apply the variational principle onto equation which leads to the following
functional:
0
S = / ot (z‘hat - H)wdt &Bry dPry... Pry (2.3)
Q

Next, we assume that the gas has a temperature of absolute zero and therefore, as described
in section all particles occupy the same state. This allows us to apply the Hartree-Fock
approxnnatlon, which means that we assume that the wave function can be constructed by
products of single-particle wave functions:

Y(ry,re,..,rn,t) = Hz/zi('ri,t) (2.4)
Inserting this back into our functional in equation we get:
h2
S — /¢ (m +ooVE U - (N - 1) /|¢r PV —r) dr ’>¢(r,t)dtd3r (2.5)

The rewriting of the potential was possible since each integral over the potential will always yield
the same result, therefore we can rewrite the sum over each particle in equation into the
number of particles times the potential. The second integral and the absolute squared of the
wave function comes from the recombination of the outer integrals into one integral.

This can then again be re-substituted into equation which leads to:

zh%¢(r,t) = (—hv2 +U(r) —1) / [ )V —r)d’r ’)d}( 1) (2.6)
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After that, we assume a dilute gas and use a Fermi pseudopotential V(r) = %5(7‘), which
utilizes 3D wave scattering theory. Since integrating a Dirac delta distribution [9] times a function
d(r" —r)f(r") over r' yields the function at point r,

/ 5 — 1) f() dr' = f(r) (2.7)
Q
we then finally get our Gross-Pitaevskii equation:

Arh2ag
m

L0 R?
ihp(rt) = | ==V +U(r) + (N - 1) (e, t)* | o(r,t) (2.8)
ot 2m
The factor before the absolute squared is then usually substituted by a constant g, which then
leads to:
gt = (2292 )+ glotrof? ) wir. ) 29)
th— = |- .
ot 2m g ’ ’
The only difference to the regular time-dependent Schrédinger equation now being the pseu-
dopotential Viseudo = 9|9 (T, t)|2. We can now also see why the Gross-Pitaevskii equation is often
called nonlinear Schrodinger equation: The pseudopotential contains a nonlinear dependency on

the wave function, making the whole equation nonlinear.

2.2.2 Solitons

Solitons (or solitary waves) describe a wave packet that, due to the cancellation of dispersive
effects, maintains its shape. Their definition, according to |10, is:

e Their partial shape is constant in time;
e They are localized within a region;

e They can interact with other solitons, and emerge from the collision unchanged, except for
a phase shift.

The first solitary wave was described for water waves by John Scott Russell in 1834 on the
Edinburgh-Glasgow canal, which he called the “great wave of translation”. [10]

Due to the pseudopotential derived in section and described in chapter|l] the BEC counters
its natural dispersive behavior and therefore maintains its shape. It can also interact with other
solitons and emerge unchanged. BECs thus fulfill the definition of solitons. Again, as mentioned
in chapter [T} this is crucial for building an interferometer. Otherwise, the particles would just
continually disperse and change their form within the potential, creating multiple problems.

2.2.3 Typical models for solitons

Two models for solitons are often differentiated: The bright soliton solution with a positive
amplitude (see ﬁgure and the dark soliton solution with a negative amplitude (see figure .
In addition to this, gaussian wave packages (see figure are often used as an approximation
which still yields good results.
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Bright soliton solution

1.0f

0.87

Figure 2.4: The general form of the bright soliton solution (blue) and its probability density (orange).

The bright soliton solution in 1D is based on the sech(z) function (the inverse of cosh(z)) with
the following coefficients (see for reference):

Y(x) = 7;’;’ sech(ﬁ%i’x) (2.10)

with mass m and the proportionality factor g of the pseudopotential.

Dark soliton solution

Lof -
0.5¢
= 00}
=
=05 —— tanh(z)
_10l | tanh? () |
-3 -2 -1 0 1 2 3

Figure 2.5: The general form of the dark soliton solution (blue) and its probability density (orange).

An analogues ansatz can be made for the dark soliton solution, which is based on the tanh(x)
(see for reference):

P(x) = 1/_Jtanh< T;;glzm) (2.11)

with mass m and the proportionality factor g of the pseudopotential. The factor 7 is the value
of the wave ¥ (z) at z — oo.
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Gaussian particle approximation

041 —— 7 Yexp(—2z2/2)
03l 7r*1/2exp(fx2)
=02t
=
0.1}
0.0 .
-3 -2 -1 0 1 2 3
xr

Figure 2.6: The general form of the dark soliton solution (blue) and its probability density (orange).

An approximation to both solutions can be made with Gaussian particles, which are given by a

Y(x) = (7“172) v exp (—;;) (2.12)

with o determining the width of the wave function.

regular Gaussian distribution:

2.2.4 Effect of the pseudopotential

04f
12
— P
02}
®
=
0.0}
_3 ) ~1 0 1 2 3

Figure 2.7: A comparison of attractive (in green) and repulsive (in orange) potentials for a Gaussian
wave (in blue).

The pseudopotential can have different effects on the BEC depending on the proportionality
factor g as can be seen in figure For g > 0, the potential will be repulsive and thus increase
the natural dispersion of the wave. For g < 0, the potential will be attractive and therefore
decrease or even eliminate the natural dispersion of the wave.
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2.3 Heavy particle approximation

Gaussian wave packages disperse over time. This is due to their dispersion relation. But the
time it takes for the particle to increase in size depends on its mass. The following section will
derive this relation and explain its relevance to our problem. The whole derivation can be found
in [12].

If we start with a Gaussian wave package in momentum space

(k) =

exp (—W) exp(izg(k — kc)) (2.13)

o
2/
and do the inverse Fourier transform for a Taylor expansion of the dispersion relation

w(k) = kevp + (k — ke)vg + (k — ke)*T/2 + ... (2.14)

with the coefficients of the Taylor expansion being phase velocity v, = w(k.)/kc, group velocity
vg = W' (ke) and I' = w"(ke), over i(kx — w(k)t) like

o o?(k — ke)® .
P(x,t) = NG /exp(i(k:x —w(k)t)) exp(—(k2k)> exp(izg(k — kc)) dk (2.15)

we get a new Gaussian wave function that now has a standard deviation that depends on the
time ¢

2
P(x,t) = exp (—1 (z = (w0 + vgt)) ) exp(ikcr) exp(—ikct(vg — vp)) (2.16)

2 o2 —ql't

The probability density is then given by

2 2
2 _ o*(x — (w0 + vgt))
| (z,t)]” = exp (— ST (2.17)
The standard deviation for this probability density can then be derived as
4 4 1242
oty =y T (2.18)
o

For non-relativistic particles, the dispersion relation is w(k) = Z—’fi Therefore we get w’(k.) =
I' = %, which means a higher mass leads to slower expansion of the probability density. This
can be used as an approximation for the GPE in case the time frame of the expansion is small

enough.
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2.4 Tunnel effect

/\ /\ N i
<~
\/ V) &Y

Figure 2.8: Tunnel effect for a stationary elementary wave. |13]

The tunnel effect is a phenomenon of quantum mechanics. In classical physics, a particle cannot
pass a potential barrier if its kinetic energy is not larger than the potential. In quantum mechan-
ics, this is indeed possible with a certain probability. In order to describe this, we start with the
stationary Schrodinger equation:

2
B = %)+ Vit (2.19)

The solution for this if Vg < E is based on cos(x) and sin(x) functions, usually represented by
their exponential notation

Y = Aexp(itkz) + B exp(—ikz) (2.20)

where k = \/2m(E — Vg)/h is the wave vector of the particle. However, if Vg > E, then we get
exponentially decaying/increasing functions

Y = Cexp(kz) + D exp(—kx) (2.21)

where k = \/2m(Vg — E)/h is the decay constant.

This exponential decay leads to a usually small probability that the particle does indeed pass
the potential barrier despite having not enough energy, as can be seen in figure 2.8l The wave
comes from the left as a free particle, then hits the potential barrier and starts to decay to a
certain amplitude. After passing the potential barrier, it continues at a lower amplitude due to
the boundary conditions placed on the wave to be continuous.

The reflection that also occurs appears as a modulation of the wave on the left of the potential
since the incoming and the reflected wave will overlap here.

This can then be used to split the wave 50:50 if the strength and the width of the potential are
tuned to allow that.

10



3 Simulation Methods

To simulate the Gross-Pitaevskii equation for a Bose-Einstein-Condensate, numerical methods
are required due to the nonlinearity of the equation. Therefore, a framework for numerical
calculations called QuantumOptics.jl was used to propagate the wave function. It utilized the
split-operator method for this simulation. The framework itself and the numerical method are

introduced in the following sections.

3.1 Introduction to QuantumOptics.jl

QuantumOptics.jl

Figure 3.1: Logo of QuantumOptics.jl taken from the homepage. [14]

QuantumOptics.jl (in short QO.jl) is a toolbox for the simulation of quantum systems, written
in Julia. It was developed by the CQED group led by Univ.-Prof. Mag. Dr. Helmut Ritsch at
the University of Innsbruck. The framework was conceived by Sebastian Kramer in 2017/2018,
maintained and extended by David Plankensteiner between 2018 and 2021 and is currently main-
tained by Christoph Hotter and Laurin Ostermann [14].

As already mentioned, the framework is written in Julia. Julia is a script-like language that
is similar to Python but has quite a large performance benefit over Python due to being JIT
(just-in-time) compiled. This means that the execution time of Julia is similar to C and Fortran,
whereas the execution time of Python and other languages used in scientific computing is often
orders of magnitude slower than that (especially Python can be factors of 103 slower).

The toolbox was inspired by the Quantum Optics Toolbox for MATLAB [15] and the Python
framework QuTiP [16]. Benchmarks for comparing QO.jl to the other two libraries can be found
on the homepage of QO.jl.

11



3 Simulation Methods

3.2 Examples

1.0

0.8

o
o
L

Spin excitation
o
>
L
s

0.2+

0.01

20 30 40 50
Time

(a) Simulation of the Jaynes-Cummings System - the

most important model in quantum optics.

(b) Simulation of the Gross-Pitaevskii equation for two
colliding particles in 1D.

Figure 3.2: Two of the important examples given on the QO.jl homepage

Various examples are given on the QO.jl home-
page that show what the framework can do
and how easy it is to use. Figure[3.2]covers the
most important example for quantum optics
(figure and the most important example
for this thesis (figure . The Code for fig-
ure[3.2b|can be seen in figure[3.3] With 24 lines
of code (which also includes plotting through
All
you really have to do is create the basis, the

matplotlib), this is quite manageable.

Hamiltonian and the initial wave package. The
toolbox does the rest.

QuantumOptics.jl is able to use various meth-
ods to simulate quantum systems. The exact
method depends on the model and how the
model is implemented. One of the most effi-
cient methods and the method used for figure

using QuantumOptics

b_x = PositionBasis(-1e, 1e, 3ee)
b_p = MomentumBasis(b_x)
Tpx = transform{b_p, b_x)

transform(b_x, b_p)
position(b_x)

p = momentum(b_p)

Hkin = LazyProduct(Txp, p~2/2, Tpx)

Hpsi = diagonaloperator(b_x, Ket(b_x).data)
H = LazySum(Hkin, Hpsi)

fquantum(t, ) = (Hpsi.data.nzval .= -5@ .* abs2.(b.data); H)

Vo = gaussianstate(b_x,-2m,2,1.5) + gaussianstate(b_x,2m,-2,1.5)
normalize! (o)

tout, {: = timeevolution.schroedinger_dynamic([©:8.81:6;], o, fquantum)
density = [abs2(y.data[j]) for {=@, j=1:length(b_x)]

using PyPlot
contourf(samplepoints(b_x),tout,density,5@)
xlabel("x")

ylabel("Time")

tight layout()
savefig("gross_pitaevskii.pdf")

Figure 3.3: The code for the simulation of the Gross-
Pitaevskii equation as given on the QO.jl homepage.

and for the other calculations in this thesis is the split-operator method.

12



3 Simulation Methods

3.3 Split-Operator method

As already mentioned in section the split-operator method [17] is one of the most efficient
methods in use by QO.jl. The basic derivation of the equation is quite simple (see [18] for
reference): First, we split the Hamiltonian into position and momentum components (H =
H, + Hy) and enter this into the general ansatz for the time evolution of our wave function:

D(r £+ dt) = exp (-i};dt)w(r, £ = exp(—W)qp(r, ) (3.1)

Then we apply the Baker—-Campbell-Hausdorff formula [19][20] to the time evolution and get an
approximation which is accurate up to d’t:

ngdt> o <_iH2dt> exp <_W>¢(T’ nro(®) (2

P(r,t 4+ dt) =~ exp (—

This is not quite good enough. We also want to get rid of the commutator. Thus we apply strang
splitting [21]]20]:

H. dt | Hy dt i H dt
w(r,t—kdt)%exp(—l >exp(—l k )exp(—Z

2h h oF )wm H+0o(d*)  (3.3)

This reduces our error to d3t. After that is done, we can apply Fourier transforms (FT) and
inverse Fourier transforms (iFT) to directly get our time evolution:

P(r,t +dt) ~ exp (— i]zrhdt> F! <exp <— ZH; dt) .7-"<exp <— ih;rhdtw(r, t)) )) +0 <d3t) (3.4)

This is the crucial step in this method: The components of the Hamiltonian are now always

in the same space as the wave function (since we transform the wave function using FT/iFT).
Numerically speaking this means that the operators in their respective basis are always diagonal.
This means that if we apply the components of the Hamiltonian onto the wave function, we only
need to do multiplications. And multiplications only require very little calculation time. The
only other thing that we have to do besides the multiplications is Fourier transforms and inverse
Fourier transforms, which are also quite fast, as the name suggests, if fast Fourier transform
(FFT) is used.

That’s it. Nothing more to do. Just multiplications and FFT (one of the oldest, fastest and most
common algorithms in algorithm history). This is why this method is so efficient. Other methods
often require various different methods of numerical calculation, including discrete integrals which
usually demand quite a lot of calculation time while not even providing accurate results in many
cases. The Euler method for example, while easy to implement, requires a lot of calculation time
and usually does not the conserve energy of the system, making it physically very imprecise.

13



4 Results

This chapter covers the results of various simulations using QuantumOptics.jl and the split-
operator method. Most sections cover a comparison between two parameter values to demonstrate
the effect of the parameter on the probability density. However, due to the limited space available,
only a few frames of the rendered video can be shown which additionally have to be quite small.
It is therefore recommended to watch the associated video provided here . The code used to
generate these videos is documented here .

4.1 Basic simulation parameters and general remarks

0
x/x X/x X/ X

(a) Simulation of frame 0. (b) Simulation of frame 20. (c) Simulation of frame 35.

20

15
10

i

0

yly

=5

-10

-15

-20

20 0
x/x X/x X/ X

(d) Simulation of frame 60. (e) Simulation of frame 75. (f) Simulation of frame 105.

Figure 4.1: Simulation of the probability density for the basic parameters of the beam splitter.

Figure shows the simulation that acts as a base for all the following simulations. The param-
eters for this are g = —50mz*t~2 (the coefficient of the pseudopotential), o = 45° (the angle of

14



4 Results

the potential), Vg = 5.0 mz?t 2 (the height of the potential barrier), w = +1.0Z (the padding
for the potential around the diagonal), m = 1m (the mass of the particle), N = 128 (the amount
of discrete points along each axis and therefore the simulated states per axis - 128 - 128 = 16 384
states in total), vg = 5.0zt~ 1, At = 0.1¢ (the time step for the simulation), to,q = 20.0¢ (the
end of the time span created for the simulation) and as particle type a gaussian particle (see
section for reference). All values are given in natural units (all constants set to 1). In
addition to each of the base wave functions, a term exp(imuvo(z — xo/2)) was used to control the
velocity /momentum of the particle. Each of the following simulations will use these as a base
and modify one or more of them to demonstrate certain behavior of the system.

Another remark for all upcoming simulations is that the position base is set to be periodic. This
means that if the wave function leaves the simulation area on one side, it will reappear on the
other side. This can be seen between frames 60, 75 and 105 where the split particles leave the
area on one side, reappear on the other side and then interfere with each other as they move
closer to the potential barrier again (this can be better observed through the videos).

As already indicated, the beam splitting does indeed work with a rough 50:50 split. This was
achieved by changing the value of Vg until it seemed to approach a 50:50 visually. This can be
observed between frames 20, 35 and 60 where the particle hits the barrier and gets split into two
parts. Interestingly though, the wave function seems to stay within the potential barrier for a few
frames while sliding up the barrier (this can be observed in the videos) and distributing its con-
tent to both sides, vanishing at frame 60. The two split parts now continue independently. This
leads to a slight offset from the center line of the transmitted part of the wave and a substantial
offset of the reflected part. The larger offset of the reflected part can possibly be explained due
to the reflection taking part at each potential edge. This leads to two reflected wave functions
that overlap and due to the pseudopotential then merge into one wave function (more on that in
section [4.5)). This also leads to a slightly elongated wave function of the reflected part as can be
observed in frames 60, 75 and 105. That is not the case for the transmitted part, which seems
to keep its circular (2D Gaussian) waveform.

Another interesting aspect of this simulation is the value of g. The attractive pseudopotential
shown in section only had a coefficient ¢ = —1mz*t =2, but the g-factor used for the simu-
lation is much stronger than that with g = —50mz*t~2. This is required for the particle to stay
together. For lower values, the natural dispersion becomes stronger than the pseudopotential,
which leads to an increasing wave package (more on that in section [4.2). The value of g that is
required for the particle to keep its form is also strongly dependent on the number of simulated
states N of the system. The value had to be much bigger for higher precision calculations (more
on that in section .

As already indicated, the interference patterns in frame 105 are to be expected. These come from
the interactions of the transmitted part of each of the split waves with the part of the other wave
that has not yet reached the potential or has already been reflected. Similar patterns can be seen
on 90° reflections on potential barriers (e.g. the GIF [24] on the German Wikipedia page on the
tunnel effect [25]).

15



4 Results

4.2 Strong vs. weak pseudopotential

[ [ 10 20
x/x x/x x/x x/x

(b) Simulation of frame 20.

x/x x/x

(e) Simulation of frame 75. (f) Simulation of frame 105.

Figure 4.2: Simulation of the probability density for a strong pseudopotential (g = —50mz*t~2) on the
left of each sub-figure vs a weaker potential (g = —25mz*t~2) on the right.

Figure [4.2] shows the effect of a g-factor that is too small for the particle to stay together in
comparison to the base parameter. Higher g-factors are unfortunately not possible to simulate
because the particle then starts to collapse to a single point. The simulation then either doesn’t
continue or creates a rapidly expanding wave function. This rapid expansion can be observed in
experiments and is called Bosenova. [20)

Due to the g-factor being too low, the wave function for g = —25maz*t =2 starts to expand between
frame 0 and frame 20 already. This accelerates after the split, so at frame 60, at which point
the wave function for the stronger pseudopotential also starts to expand. This is due to the split
of the waves and the associated decrease in amplitude of each part (the norm of the split waves
combined has to be the same as of the initial wave). This also leads to a decrease in strength
of the pseudopotential. So if the pseudopotential was strong enough to keep the particle at a

certain size before the potential barrier, then it will be too weak after it.
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4.3 Heavy particle approximation

[

xIx

(a) Simulation of frame 0.

20

x1x

(e) Simulation of frame 375. (f) Simulation of frame 525.

Figure 4.3: Simulation of the probability density for a regular particle with high mass (m = 5m,
Vs = 0.9mz%2) on the left of each sub-figure and low mass (m = 1m, Vg = 0.2mz%t2) on the
right. The initial velocity of the particle was decreased to vy = 1Zt~! and the simulation end time
increased accordingly to tonq = 100.0¢. This was necessary because the momentum base is periodic. A
momentum py = 10.0mzt~ ! would lead to backwards movement, pg = 25.0mzt ' would lead to slow
forward movement.

Figure [4.3] shows the heavy mass approximation for a heavy and a light particle. The heavy
particle behaves similarly to the case with a weak g-factor with an even higher expansion rate,
which could probably be further reduced to the same rate as for ¢ = —25mz*t~2. However, the
light particle produces a somewhat unexpected result. The expansion is so fast that the particle
approaches the size of the simulation area in frame 100 already. This leads to small circular wave
packages that seem to periodically shift in size due to the continued expansion. This can again be
better observed in the videos. This “fast” expansion rate is due to the reduction in vy compared
to the base parameters which is not compensated for with a higher mass (see equation .
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4.4 Different Soliton models in comparison

=20 =20

x1x

(a) Simulation of frame 0.

x1x

(e) Simulation of frame 75. (f) Simulation of frame 105.

Figure 4.4: Simulation of the probability density for a bright soliton sech(z) on the left of each sub-figure

and an inverted dark soliton 1/1 — tanh?(z) on the right for g = —50 mz*t 2.

Figure [£.4] compares the two different soliton solutions to each other. Each 2D wave was built
by multiplying a 1D wave for each axis together. The dark soliton solution was inverted in order
to make it comparable to the other simulations. As already mentioned for the base parameters,
each wave function was multiplied by exp(imug(z — 29/2)) to account for the momentum of the
particle (once for each axis).

No real difference can be observed visually. Neither between these two nor in comparison to the
Gaussian wave. The only exception being the amplitude of the reflected parts, which could also
be due to a slightly different size of the initial wave packages.
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4.5 Wide vs. thin potential barrier

20 [

x/x

x1x

(a) Simulation of frame 0. (b) Simulation of frame 20.

20 -20 -20 -10

x/x

(d) Simulation of frame 60.

0
x/x

(e) Simulation of frame 75. (f) Simulation of frame 105.

Figure 4.5: Simulation of the probability density for a narrow potential (w = £0.5z, Vg = 5.5mz?t~2)
on the left of each sub-figure and a wide potential (w = +£2.2z, Vg = 5.0 mz%t—2) on the right.

Figure [£.5] compares two potentials with different widths in order to demonstrate the differences
in reflection behavior. As observable in frame 60, the narrow potential produces a nearly perfectly
circular reflected wave nearly without any offset to the center line. On the other hand, the two
reflected parts of the wave of the wide potential seem to be so far separated from one another
that the wave functions don’t merge up as with the base parameters. The offset from the center
line seems to be pretty much the same as for the base parameters. Interestingly, the strength
of the potential Vg requires only a very minuscule increase for the narrow potential compared
to the base parameters despite the width w being halved. The wide potential didn’t require
any adjustments of the potential height. Another interesting effect of the narrow potential is the
destructive interference of the waves from frame 105 onward. The waves had the same intensity in
frame 75, but start to interfere destructively in frame 105 which leads to a decrease in amplitude
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for the horizontally moving wave that eventually leads to complete destruction (see the video for
details).

4.6 Repulsive potential

x/x

(b) Simulation of frame 20.

(e) Simulation of frame 75. (f) Simulation of frame 105.

Figure 4.6: Simulation of the probability density for ¢ = 100 mz*t~2 on the left of each sub-figure and
g = 25mz*t~2 on the right.

Figure [£.6] shows the effect of positive values for g on the wave function. As mentioned in section
2.2.4] a positive g-factor results in a repulsive potential, increasing the effect of the natural
dispersion instead of decreasing it. An increase in wave size from lower g to higher g can already
be observed in frame 20 and is only increasing from frame 20 onward. Due to the strong repulsive
forces for g = 100 mz*t~2, the wave seems to scatter into many small dots towards the end of the
simulation. This seems to be due to the interactions of the reflected wave with the transmitted
wave in frame 75, which is only possible since the waves are large enough at this point to interact
that way. For g = 25ma*t2 there also seems to be a weak interaction in frame 75, but not
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enough to cause a major split of the wave, as can be seen in frame 105.

4.7 Lower angle potential

-10 0 10
xIx x/x x/x x/x

(a) Frame 0. (b) Frame 20. (¢) Frame 35. (d) Frame 60.

-10 0 10 = = = 0 10

x1Xx x/x xIx x1X

(e) Frame 75. (f) Frame 85. (g) Frame 105. (h) Frame 125.

Figure 4.7: Simulation of the probability density for a potential Vg = 8.5 mz?t~2 at an angle o = 30°.

Figure [£.7] shows a potential at a reduced angle. The potential appears quite jagged with this
setting. This is due to the fact that only N = 128 states could be simulated per axis with 16 GiB
of memory, therefore causing serious discretization errors for lower angles. These discretization
errors are then causing major scattering behavior of the waves, especially after the second reflec-
tion.

As expected, the wave gets reflected away from the horizontal axis at a certain angle in frame
60. To now investigate whether the law of reflection (“the angle of incidence equals the angle
of reflection”) also holds true for reflections on a potential barrier, one can investigate frames
75, 85, 105 and 125. This is when the reflected wave hits the potential barrier a second time
and thus gets reflected a second time. The law of reflection now implies that the angle after the
second reflection has to be the same as the original angle of incidence. This can especially be
seen between frames 105 and 125 where the particle moves vertically along the helper line at
r=-15.0zx.

The reflected wave seems to have a similar form as for the wide potential in section [4.5 where the
two reflections at each edge cause two non-converging parts of the wave to form. But compared
to the wide potential, the wave function for the angled reflection seems to be distorted and not
really circular if you have a closer look at frame 60. This is probably again due to the jagged
potential.
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4.8 High precision calculation

[ 10 20 =20 -10 10 20
x/x x/x x/x x/x

(a) Simulation of frame 0. (b) Simulation of frame 20.

x/x x/x

(e) Simulation of frame 75. (f) Simulation of frame 105.

Figure 4.8: Simulation of the probability density for the base parameters on the left of each sub-figure
vs the higher precision calculation (N = 384, g = —500mz*t~2) on the right.

Figure shows the comparison of the base parameters with the associated higher precision
calculation. There are no real obvious differences observable except for a slight reduction in
amplitude for the higher precision calculation in frame 60.

The most interesting part about this simulation is that the g-factor had to be much higher than
for the lower precision calculation. The reasons for this are not very clear, but it’s probably due to
the Fourier transform. A lower precision could cause major deviations after the Fourier transforms
that could lead to a smaller effective pseudopotential. But this is basically just speculation.
Figure [£.9] is more interesting in this case. It shows the same comparison but for the case of a
lower angle as in section [£.7] While not much different, the potential appears a lot less jagged
and there also seems to be less scattering as expected. This is despite the fact that the simulation
had to be run with N = 384 for 512 GiB of memory, which is not a power of 2 as required by most
FFT algorithms. Simulations with N = 512 would run into OutOfMemoryError() and N = 256
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was not a real improvement over N = 128. Simulations with N = 400 would cause even more
scattering due to the strong deviation from powers of 2. Therefore, N = 384 was chosen as a
compromise.

0
x/x x/x

x/x

(f) Simulation of frame 85.

20
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-20
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[
xIx xIx

0
xIx

(g) Simulation of frame 105. (h) Simulation of frame 125.

Figure 4.9: Simulation of the probability density for the lower angled setting (Vg = 8.5 mz*t—2, a = 30°)
from fig. on the left of each sub-figure vs the higher precision calculation for the lower angle (Vg =
8.5mz’t 2, a = 30°, N = 384, g = —500mz*t~2) on the right.
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5 Conclusion

Various predictions were successfully confirmed in this thesis. The split of the BEC into two wave
packages, being the most important aspect of this thesis, has been successfully demonstrated.
Even second and third reflections/transmissions were observable. The effect of the pseudopoten-
tial in reducing or even negating the natural dispersion of the wave package was shown as well
as the approximation with a heavy particle. The Gaussian wave package was confirmed to be a
good approximation to the two soliton solutions, which didn’t seem to differ significantly from
one another. The change in reflection behavior with different potential widths w confirmed the
suspicions about the reflections at each potential edge. A positive g-factor led to an increased
expansion rate of the BEC due to the now repulsive pseudopotential as expected. The law of
reflection (“the angle of incidence equals the angle of reflection”) was also demonstrated to hold
true for BEC reflections on a potential barrier.

But there were also some unexpected results and some issues demonstrated in simulating the
splitting of a BEC. The most important problem is the expansion of the particle after the re-
flection/transmission due to the reduction in amplitude and the inability to further increase the
g-factor to counter this. A possible workaround for this could be to start with two particles and
then have them move in such a way that their transmitted /reflected part overlap each other. The
resulting waves should then have the same amplitude as the initial wave, which should result in
both particles retaining their size after colliding with the barrier.

Another problem is the jagged potential for lower angles as well as the scattering that happens
after a certain point. The solution to both of these issues would be to increase the resolution
of the simulation. This is however not possible due to memory restrictions. Some optimization
in the code might be possible, but running the simulation with N = 512 would probably still
require more than 512 GiB of memory. An even better resolution with N = 1024 would probably
require a memory size close to 16 TiB, which is not possible on an ordinary motherboard.

Unexpected results where the field of periodically changing BECs that resulted from a low mass
in section as well as the minuscule amount of change in the strength of the potential barrier
required for the narrow potential to keep a rough 50:50 split. The first one could probably be
explained by a simple overlap of the expanding wave function. The reflected and transmitted
parts then meet at certain points in the simulation area and cause these periodically changing
wave packages. The second one seems to be a bit strange at first, but could probably be explained
with a more detailed analysis. But this would go beyond the scope of this thesis.
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