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CHAPTER 1

Introduction

Since the proposal of the dipole blockade mechanism [1] some 20 years ago and the subsequent demon-
stration of nonlinearity in a magnetic optical trap [2], Rydberg atoms, with their large cross-sections
and longer lifetimes, have come to advance quantum information technology and both understanding
of quantum many body systems and quantum optics.

To explore rydberg physics one needs atomic clouds of very low temperature with as many atoms as
possible. In order to achieve these particle clouds, we can turn to lasercooling and magnetic optical
traps (MOTs).

The YQO group explores Rydberg physics using Ytterbium as their medium. Ytterbium, with
its two valence electrons, not only offers a broad singlet-singlet transitions but also a narrow 182 kHz
inter-combination transition, allowing for a lower Doppler temperature in the trap. It also however
presents additional challenges to overcome, as it requires a more complex experimental setup to
overcome the low vapour pressure of the element.

The group has build an experimental setup consisting of a 2D MOT vacuum chamber and a
3D MOT science chamber and have taken to optimizing the variables of their experimental setup.

This project will use the python library ’PyLCP: A python package for computing laser cool-
ing physics’ [3] to simulate particles in the experiment, in order to eventually be able to give theoretical
predictions to be compared with the optimization measurements done by the group.

PyLCP allows for the usage of different models with differing precisions, which will be explored in
this thesis. Additionally i will analyse PyLCP to be able to make changes and setup our simulations.
Following this i will continue by simulating the setup as used in the group and compare my findings to
experimental results as found by the group. Finally i will give an outlook for future use of the library.
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CHAPTER 2

Theory

2.1 Concepts of light-atom interaction and laser cooling

To be able to understand the physical background of the simulations, laser cooling and magnetic
optical traps need to be understood. Therefore this chapter will explain the basic theory of magnetic
optical trapping and laser cooling. In this I will mention the concept of absorption/emission, the
Dopplereffect and Zeeman splitting. For a more detailed look at these, one can read p. 161, chapter 5,
chapter 7 and chapter 8 of [4].

2.1.1 Lasercooling and magnetic optical traps

Laser cooling and trapping techniques rely on forces arising from the absorption and reemission of
light by the atoms.

An atom can absorb a photon, if it has an energy 7iw; close to an atomic transition in the atom, that is
the energy difference between two electronic levels in the atom. If the photon has the same energy
as the transition, it is at resonance. The closer a photon to resonance is the more likely it is to be
absorbed.

In this process, not only the energy of the photon is transferred to the atom, but also its momentum.
An atom, having absorbed such a photon, is then raised into its exited state.

In addition to this process an exited atom can also fall back to its ground state by sending out a photon
either spontaneously or induced by a photon with the energy of the transition.

The stimulated emission applies the momentum of the incoming photon to the atom. The spontaneous
emission gives the atom a momentum kick in random direction. Thus, over many emission-absorption
cycles, the momentum kicks from spontaneous emission cancel out, while the momentum gained from
stimulated emission and absorption is directional, creating a force along the direction the photons
travel.

These forces will be explored more indepth in the next chapter 2.1.2.

Lasers with highly coherent and monochromatic light are used to address the atomic transitions. They
propagate as Gaussian beams with the intensity profile given as:

10r) = Iy - 20 @.1)
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2.1 Concepts of light-atom interaction and laser cooling

2P,
ﬂ'WO

(2.2)

where P, is the power of the beam at the center of the beam at its point of focus and wy, is the 1/¢*
width there.

When such a laser is addressing an atomic transition, the Doppler effect can be used to create
a damping force on the atom absorbing the light.

The atom, counter-propagating to the beam, sees the wave fronts of the beam in quicker succession from
its perspective. This causes it to experience the light with a blue shift in frequency of w; . = k-7
A laser that has been red-detuned, L.e. shifted to a lower frequency than resonance, will compensate
for this effect. The atom experiences light closer to resonance again, and thus experiences a force
along the direction of the beam it is counter-propagating, slowing it down.

An atom co-propagating with the beam experiences a red frequency shift w, .., = —k - ¥ and so the
red-detuned laser beam is very far from resonance and exerts very little or no damping force on the
atom. However, a blue-detuned laser could be used to accelerate such co-propagating particles.

A red-detuned laser thus creates a cooling force, while a blue-detuned laser creates a heating force.

The damping force alone is not enough to trap atoms. For this magnetic fields need to included into
the process.
Due to the Zeeman effect, the magnetic sublevels in an atom shift with the magnetic field as

AE, =ug-m-B (2.3)

where p 5 is the Bohrsches magneton and B is the local magnetic field at which the atom is located.
The transitions Am can only be driven by light of certain polarisation. Specifically for right and left
polarized light o and linear polarized light 7:

+1 foro*
Am=4-1 foro~ 2.4)
0 for

Using a magnetic field with a linear gradient and B = 0 at the centre, and laser beams with o*/0-~
polarisation as in the figure 2.1, we can build a trap that pushes atoms towards the centre.

Due to the changing magnetic field the atoms on the right side of the MOT are closer to resonance
with the o~ beam than with the o beam. This means that the atoms are much more likely to absorb a
photon coming from the right and will experience an overall force to the left.

On the opposite side, atoms will be more on resonance with the o beam thus creating a force to the
right. This creates an overall restoring force towards the centre of the beam.

If the beams are now also red-detuned we create a damping force that cools the atoms. This combination
is what creates a MOT.

So far, this explanation is for a one-dimensional MOT. A MOT can be extended by adding several

of these one-dimensional setups in the spatial directions in which the atoms need to be cooled and
trapped.
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Chapter 2 Theory

Energy levels

_ ¢
Y

Figure 2.1: Basic schematic of the setup of a MOT along one axis with varying energies for transitions over the
position z, as seen in [5]

2.1.2 Optical Bloch equations and forces

The changes of population and the resulting scattering forces on the particles can be derived from the
optical Bloch equations (OBE), which evolve the density matrix of the atomic level system in time.
This section will be largely based upon [6].

To understand the OBE we will first look at the density matrix itself. For this I will describe a simpler
two level system which can be described visually. Note however that in a MOT there are more energy
levels.

The density matrix for a two level system is given as:

p= (pee ”eg) = (Cecg Cec%) (2.5)
pge pgg Cg e € Cg

where ¢, and ¢, are the probability amplitudes of the states |e) and |g). The diagonal terms therefore
describe the population of the states in an ensemble of atoms or alternatively the probability to find
an atom in this state, while the off diagonal states describe the coherence between the states. The
following applies: p,, = P;e and p,, + Py = 1.

Coherence in this case describes the super-positions of the different states.

The density matrix for this system can be described as a vector in a Bloch sphere like figure
2.2. The projection of the vector to the z-axis describes the populations, with the north pole represent-
ing the exited state and the south pole the ground state, while the phase in the x-y plane describes
coherences. The vector can be described as in [6]:

* %
R cgci+cec§,ls Pge t Peg
R=[i(cgc, —coCy) [ =|i(Pge = Peg) (2.6)
3k 3k
CeCe = Cglyq Pee ~ Pgg
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2.1 Concepts of light-atom interaction and laser cooling

Figure 2.2: Exemplary Bloch sphere [6].

In an electromagnetic field, this vector moves in the Bloch sphere. The direction of this movement and
thus the evolution of the populations of the states is influenced by the current position of the vector
and thus by the current coherences.

An atom changes states at a rate which is described by the Rabi frequency

=-—— 2.7
Where d is the electrical dipole moment between the two states and E, the field driving the transition.
The Rabi frequency will appear in the OBE again, as it describes the change of the components of the

density matrix.

We can evolve p in time by inserting it into the time evolution of a quantum mechanical oper-
ator in the Heisenberg-picture given by:

ih— = [H, 0] (2.8)

To account for spontaneous emission the following terms need to be included:

dpeg Y
=—-= 2.9
( dr ) spon 2 Peg -
(dp_) — yp
dr spon 8

7th May 2024 12:55 5



Chapter 2 Theory

and equivalently for p,,.
With this we get the optical-Bloch equations as seen in [6]:

Pt el @y - @
Pt o ypye+ 1@z~ Q07

d;% _ _(% +i8)py + %Q*(pee ~ Pgg)

% _ ‘(% —i6)png + éﬁ(pgg ~ Pee)

where p;; = pije_i& and ¢ is the detuning.

Assuming a steady state solution of 2.10, that means all time derivatives are 0, we can gain
some understanding about the scattering rate from the laser field and with it understand saturation.
In the steady state the Bloch-vector does not move anymore. Where an atom to be in a perfectly
homogeneous light and magnetic field, then it would equilibrate into this state.

Solving the OBEs for this state, we can derive solutions for the different components of the matrix to
then define saturation, where the off-resonance saturation parameter is given by:

sz —0 @2.11)
1 +(26/y)

the on-resonance saturation parameter is given by:

2007 1
Y s
and lastly the saturation Intensity is given by:
h
= (2.13)
3T

Saturation occurs because of the atoms lifetime in the exited state. When an atom is already exited,
it cannot be exited into the same state again before it has decayed and therefore no absorption can
occur in this time. At first glance one could think that, the more photons one sends in the higher
the scattering rate is. This is however limited and instead the populations of ground and exited state
converge to be equal. As can be seen by 2.13, the saturation fully depends on the combination of the
wavelength of the beam used and the decay time, both of which are given by the transition we are
trying to drive. Saturation is therefor unique to every transition.

Since excitation into and decay rate out of the exited state y are equal in the steady state solution, we
can get a scattering rate of

Yp =VPee (2.14)
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2.1 Concepts of light-atom interaction and laser cooling

where the population of the exited state is given by

_ So/z
1+5)+ (2(5/)/)2

Pee (2.15)

Next we take a look at the force in general. The expectation value of the quantum mechanical force is
defined as

A d 4
F=(F)=—(P) (2.16)
dr
using 2.8 we arrive at the semi-classical force
F =-V(H) (2.17)
The force an atom experiences from absorption into spontaneous emission is then given by
F =hkyp,, = hky, (2.18)

The first factor of 7k describes the momentum transferred by a single photon, the second term
YPee =Y, describes the rate at which photons scatter of the atom. 2.18 will be used by both the
heuristic model and the rate equation model. The OBE model will expand the optical Bloch equations
to include more energy levels and directly use the Hamiltonian and 2.17.

7th May 2024 12:55 7



Chapter 2 Theory

2.2 Different models for calculation of the force on the atoms

For our simulations we will calculate the forces on the atoms using PyLCP. PyLCP gives us three
models in order to simulate these forces. The heuristic equation, the rate equations and the full optical
Bloch equations (OBEs). This section describes these models and the differences between them.

2.2.1 Heuristic model

The heuristic model is a fast but fairly adhoc way of calculating the force. Continuing with the steady

state solution we can calculate the forces the atoms experience broadly.

Combining 2.18 and 2.12 and accounting for a further frequency shift from the Doppler effect

wy = —k -V we arrive at

> So/2

F = hky —5
l+sg+4(6—k-V)7 /]y

as the force per laser beam, see [6] p. 74-75.

We also need to account for the frequency shift due to the Zeeman effect and the polarisation of the
beams. The former is done by adding in the term ¢ - u,;, - B, where g = —1,0, 1 represent o, w and
o, and summing over these three options. This can be done for a F = 0 to F = 1 transition where the
dipole transition strength is equal for all three transitions and the Lande factor is 1.

Finally we need to take a closer look at the polarisation. To make the calculation easier we want to
rotate the polarisation onto the magnetic field. Technically, the magnetic moment of the Zeeman split
states rotates around the local magnetic field axis with the Lamor frequency. Moving into a frame of
reference following the B field at every point means we lose information about the rotation between
the two points. However, because the Lamor frequency is so high compared to the time it takes to
move to the next point in space we can neglect this effect and use the absolute value of the magnetic
field, while handling the polarisation as part of the intensity rotated onto an axis defined by the local
magnetic field.

Combining the previous concept and adding up the force of all beams leads to the acceleration of a
particle as calculated in PyLCP [3] with particle mass M, laser index 1 and constant acceleration a (e.g.
gravity):

(2.19)

- 4 2
> Dkyy 50,1(€1,4)
TTOM LNy s 4K T qu BV 220
Lg j 20,5 qHp Y

(e;’ q)z is the polarisation of the laserbeam 1 rotated onto the magnetic field vector.

Also note that the total saturation of all beams was approximated as a sum over all saturation
parameters. This is an approximation, as depending on the lasers the reality lays somewhere inbetween
this aproximation and an aproximation where we look at the saturation of each beam separately. The
latter might be more applicable to our usecase, as we will see later on in this thesis.

2.2.2 Optical bloch equations

The OBE (optical bloch equations) model does not assume the steady state anymore. Instead the
goal is to evolve the density matrix in order to be able to calculate a force at every point from the
populations and coherences that the density matrix describes. Equations in this section are taken from

8 7th May 2024 12:55



2.2 Different models for calculation of the force on the atoms

[3] unless specified otherwise, though one could compare the equation to [7] and [8], since this is
where PyLCP bases its model upon.

Starting from the full Hamiltonian

H= Hatom

+H.y-d-E-f-B (2.21)

Where d and [i are the dipole operators, the field hamiltonian is

. E B
Ay = / (E"— + —) dv (2.22)
2 2y
and the atomic Hamiltonian is )
N P N
Hatom = m + Hint (223)

A

H,;,, is the Hamiltonian describing the atom’s internal Hamiltonian, while the first term describes its
kinetic energy.

Using 2.8 we can get a time evolution of p for the given Hamiltonian at any given point. The
derivation of the evolution will give similar results to 2.10, though some changes will be applied
to create a evolution that is efficiently solve able in code and to derive the solution including decay term.

In order to include a decay part into the equation a radiation reaction approximation is applied.
This approximation adds the electric field created by photon emission to the external electric field.
The gradient of this field is O at the position of the atom and will thus not affect the force in any way.
The approximation can be described as (see [8]):

E(X) = Ey(X) + Egg (2.24)
e ] d’d
RE 67reoc3 dr’

The time evolution now includes a real component describing the decay. PyLCP writes this equation
in matrix form p = (1/#)I" - p where p gets turned into a flattened vector in order to later be used
with a numeric solver.

The imaginary components of d - E describes the coherence between the states here. This part has to
be included in the evolution as well. So similarly PyLCP turns the rest of the evolution into matrix
form too. In total this yield for the evolution of p:

[F - i(Hint - Z (_l)q [DZmES,n—)m,—q - D;nmEO,nﬁm,—q - Mn,qB—q])] P (2.25)

q.n,m

Sk o—

p=

The shape and factors of the matrices then describe the OBEs. The shape of these matrices combined
with 2.7 gives us back 2.10 with an additional magnetic field part. The only missing part is the
detuning, which is either contained in H;,,, or the electrical field depending on computational speed.
With the evolution of the density matrix done, we can now move to the force. From 2.17 we get the

7th May 2024 12:55 9



Chapter 2 Theory

semi classical acceleration of the particle:

O | A A A~
i;:M[V(d-E0+ﬁ-B)]+a (2.26)
in this, fi and d are given as expectation values using the density matrix via the calculation for any
operator O
(0Y =Tr (O - p) (2.27)

2.2.3 Rate equation model

With the rate equation model we do away with coherences in the optical Bloch equations and purely
focus on the population of the states. Instead of evolving the density matrix we now evolve the
population vector of a given state and manifold |i, n), which is given from the Einstein rate equation

[9] like
N+ 3T RTINS =N+ D vl N = Yy TN (2.28)
m,j,l m>n m<n
where the first term describes the optical pumping, the second term describes the decay into the state
from higher states and the last term describes the decay out of the state.
For the force we will want to use 2.18. For this the excitation rate will need to be calculated. As can
be seen in [10], similarly to the heuristic equation it is given with laser index 1

nom _ Y f;',j,lSO
il = =
b 21+4(5l—kl-v—Aw)/y2

(2.29)

with the fractional strength of the driven transition f; ;; and the energy difference between the states
between which the transition is driven Aw. The fractional strength is given in [10] with polarisation ¢

| <ild &)
frji= P (2.30)
2 | (k| d|u) |
With this the force can be calculated using
= h—)'}/ —
F= WZRZN'"(N?—N[’)+a 2.31)

where 3, Ri";"/" (N} — N[') describes the upper level population according to Einstein’s rate equations
[9].

2.2.4 Momentum diffusion
Previous calculations give us an expectation value of the force at any given point in our evolution of

the particles trajectory. Yet it does not contain the fluctuation of said force as given by the random
spontaneous emission events. For this we turn to the so called momentum diffusion constant.

10 7th May 2024 12:55



2.2 Different models for calculation of the force on the atoms

It is given from [7] as

d\( 2 = = = 0 .o » »
2D, = (E) (P =By () =2re [ anl(Feor- Fo) - Foy- GFopl - @32
Following through with this calculation for a two level system one eventually gets
2D, % 1PYp, (k> +a’ + 57) (2.33)

where  describes absorption, @ describes stimulated emission and the wave vector k part describes
the spontaneous emission. PyLCP now neglects the latter two terms and generalizes the results for
more states. This gives
2D, =k, Y YT pmn (2.34)
n<m

2.2.5 Differences between the models

Knowing the models a little better I will now describe what physical concept each model would
capture compared to the previous model.

For this we will want to consider a situation where the atom moves around in a perfectly ho-
mogeneous magnetic and light field. As mentioned before the particle will eventually move into the
steady state solution, but at the start its population will fluctuate a little as the Bloch vector finds its
equilibrium. Figure 2.3 shows this process.

The particle would find a new equilibrium like this depending on the local fields in a real MOT.

The heuristic model neglects the first part of this graph and assumes the particle immediately moves
into the constant population observed towards the end.

These fluctuations, described by the current Rabbi-frequency, happen on a timescale of 1/7y.

If an atom moves the distance of the wavelength of light in that time, then the phase of the coherence
relative to the light field matters. If y is low and therefore the fluctuations are long, and if the atom
is moving slowly at a speed at which the coherences matter then the OBEs must be used. However,
if only the fluctuations play a role, then the rate equation, which capture the Rabbi-frequency are
sufficient. If however, y is high compared to the time of flight 1/74;,,, for the atom to travel one 4,
then the heuristic model becomes a good approximation because the relative phase does not play a
role and the fluctuations take too little time to matter.

As we have seen the heuristic model depends on the assumption that there is no change in population
and ignores coherences. This means that this model will give more of an averaged force over longer
time spans. By adding in the current population of the states we can include fluctuation of the
populations and therefore the Rabbi-frequency. Finally with the OBE we can add in coherences to
capture the full internal dynamics of the atoms.

7th May 2024 12:55 11



Chapter 2 Theory
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Figure 2.3: Probability |c,(?) |2 for the atom to be in the exited state for Q =y and § = y with time in units of %
calculated numerically from the OBEs by [6].

12 7th May 2024 12:55



CHAPTER 3

Description of the experimental setup

This chapter describes the experiment and shows its layout, so that the implementation of the setup
later in this thesis can be understood.

The experiment consists of two chambers. A vacuum chamber with a two dimensional mag-
netic optical trap, which creates an atomic beam, and a science chamber with a 3D MOT which traps
and cools the incoming beam in order to conduct experiments on. The atomic beam created in the
2D MOT chamber ensures that we have a high enough atom density going into the 3D MOT. This is
necessary for Ytterbium since dispensing particles directly into the 3D MOT would not trap enough
particles, as the vapor pressure from this element is too low.

2D MOT Science Chamber
2 4 Crossed
; Optical Trap
I?Ssgﬁnbge:?r? 1 = ;3 = Electric field
._I Probe lens control
I\
]
atomic flux '/
o % o
.o.:.‘:.’:.:OO..QqO'OOOG0.00. T XX !
%% o ~ —t— ‘ 1
differential
pumping tube
o Iamam %

Figure 3.1: Schematic of the setup as used in the YQO group. Picture created by Thilina Senaviratne, who is a
part of the group.
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Chapter 3 Description of the experimental setup

Figure 3.1 shows the setup of the experiment. Note that the z-axis is defined towards the science
chamber, while the y-axis is defined upwards from the ground. The distances shown are the ones used
in my code.

Atoms are heated in dispensers at a temperature of 7 = 500 °C. These dispensers are located at the

diagonals of the chamber about 4 mm back from the center of the first beams. They shoot out the

atoms at an angle of 45° towards the center of the chamber.

An atom coming out of the dispenser first enters the vacuum chamber where four two dimensional

MOTs collimate the atoms into a beam. The atoms however come out in a cone, which can be

described by an angle in the x-z and the x-y planes. Figure 3.2 shows the cone in the x-y plane.
Having measured the angle from this picture I come to an opening angle of 8 = 23.5°.

Figure 3.2: Picture of the 2D MOT with the tube in the back as atoms come out of the dispenser. The cones are
lit up slightly in the picture.

The x-z angle is harder to determine as no pictures along this axis can be taken. Therefore I refer to an
older thesis from the group [11] for an angle of @ = 23°.

From the dispenser the particle enters into the laser fields. These lasers are retro-reflected to
use their power once again in the opposite direction.

The total power of the laserbeams is distributed as listed in table 4.1, measured for a total power after
the 2D MOT fiber outcoupler of 100.1 mW. Such a distribution is chosen because the first of the four
MOTs overlaps with the dispenser. This means that the atoms are faster here and thus need more
power to be trapped.

14 7th May 2024 12:55



Table 3.1: Laser power distribution of the 2D MOT

MOT number | Horizontal beams [mW] ‘ Vertical beams [mW] ‘ Total [%]

1 335 24.8 59%
2 6.75 3.13 11%
3 6.26 10.86 17%
4 0.4 0.29 1%

A quadrupole magnetic field with a gradient calculated to @, = 54% and a very small z component
is present here. A pushbeam has been added to push particles through the tube in order to increase the
capture number in the 3D MOT. It has a detuning of § = 17.5 MHz a power of P, ., =41 yW and a
waist of w ., = 0.9 mm. Its detuning is positive to ensure that it mainly pushes the particles already

moving towards the science chamber.

Moving along towards the science chamber the atoms enter a differential pumping tube, which
ensures the pressure in the chambers stay low. The length for this tube can be seen in figure 3.1. It is
situated 9.6 cm away from the center of the first beam and its diameter is 3 mm.

From this tube the particle then enters into the science chamber where it is trapped using a full 3D
MOT.

The lasers beams in the x-z plane are angled at 45°. The laser beams divide their total power of
Ps;p =40mW as 2:1:2, where the two horizontal pairs of beams get double the power the vertical gets.

The atoms go through three stages in the 3D MOT. In the first stage, the particles are trapped
with blue light. The second stage consists of a handover process to the green light. The YQO group
has optimized this transition through the use of frequency broadening. In the last stage, the atoms are
then cooled in a pure green MOT.

Both the handover and the green cooling process take comparatively long to the trapping in the 2D
and 3D blue MOTs. This part will therefore not be simulated. Instead, only the trapping in the blue
3D MOT will be looked at.

7th May 2024 12:55 15



CHAPTER 4

PyLCP: A python package for computing laser
cooling physics, description and analysis

PyLCP implements the three models described above [3]. This allows one to choose which model to
use based on the accuracy needed for the current problem at hand.

In this chapter, I will explain the implementation of PyLCP a bit more in detail and analyse some
changes [ made that are useful for our simulations. In addition I will compare the models in order to
see what level of accuracy is needed for our simulations.

4.1 PyLCP implementation

PyLCP works by letting the user specify the laser fields, magnetic field and Hamiltonian for the
problem at hand. These are inserted into the selected model. The module then provides functions to
run the the simulations.

These function take the given fields and Hamiltonian and use them to calculate the forces the
particles experience at their position using the the equation given in 2.2. For the rate equation the time
derivative of the populations of the states also get calculated. For the optical Bloch equation the p is
calculated.

These, together with the current state of the particle, are then inserted into a Runge-Kutta solver [12,
13]. Such a solver finds numerical solution for differential equations.

4.2 Simplifications made by PyLCP

Since the implementation can only have a finite complexity, some simplifications are made by PyLCP.

The first of these is found in the laser beams. The only positional argument the beams take
are the waist for Gaussian beams. However, the beam does not get assigned an origin, nor does the
beam width vary with distance. This means that the Gaussian beams are infinitely long Gaussian
distributions. This suffices for our setup, but one could imagine a setup where the distances are very
large, making this relevant.
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4.3 Units

The second simplification is made in order to shorter computational times. The momentum diffusion is
simulated using a Monte Carlo method. Such a method relies on repeated generation of random values
in order to approximate complex analytical problems numerically. Specifically, PyLCP simulates the
diffusion by applying random *momentum kicks’ to the particle at random moments determined by
the decay rate. This is called 'random recoil’ by PyLCP in the code and can be turned on and off using
a Boolean.

During every time step A¢, PyLCP calculates the probability of a decay as [3]

P = Aty "t 4.1)

A random number p is generated, and if p < P, two random 7%k kicks are applied to the particle.

The timestep At is shortened after this process in order to make sure no multiple decays happen in
future steps of the solver. This is done based of the amount of scatters that PyLCP calculates to have
happened. This means that the runtime will increase significantly if one turns this method on.

A final limitation of PyLCP is that we can only specify a single y. This means that for the
heuristic model we cannot really simulate a multiple transition setup like in Rubidium. For the other
models there is a workaround as described in [14], but it is rather complicated.

4.3 Units

By default, PyLCP sets ¥ and k to 1 and 72 = 1. In principle however one can specify any unit system
as long as 2 = 1 is conserved.

I chose to keep y and k as 1, which means that we rescale our timescale and space coordinates to
Xy = % and 1, = % Because I give k in cm this means that [x,] = cm™' and (7] = s

All velocities, times, positions and gravity can be rescaled accordingly. We however want to pay
special attention to the magnetic field and the mass, as we want to make these unitless as well.

We can do this using the following rescalings:

’ m\2 1
M _M-Mu-(xo-0.0lc—m) i 4.2)

where M,, is the atomic mass constant and M the mass of the particle in atomic units. For the magnetic
field gradient we use

@ =y 10‘4% ca - (2nty) (4.3)

where « is the magnetic field gradient in % U is the Bohr magneton and 2r¢ is the decay time
associated with y.

4.4 Timestep comparisons
The Runge-Kutta solver has an option to determine the upper boundary of the timesteps Ar between

calculations by the solver. Ultimately, the solver chooses the step size based on an estimated error that
would accumulate per timestep. However the user can specify the maximum A¢. A default limit is
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Particle in a 1D blue MOT for different timesteps Particle in a 1D blue MOT for different timesteps Particle in a 1D blue MOT for different timesteps
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Figure 4.1: Particle simulation for different allowed maximum timesteps.

implemented, but can be changed using an appropriate variable.

The heuristic model can use larger timesteps because it purely calculates the average of the force the
atoms experience. This changes with the local fields the particle experiences, who change more slowly
in position then the coherences and population of the other models. The optical Bloch equations and
rate equations meanwhile will choose smaller timesteps to accuratly simulate the faster changing
internal state of the atoms.

However, if we allow the timesteps to be to large, as we can see in figure 4.1, the solver, seeing very
little change in the light and magnetic fields, will take steps that are so large the trajectory stops being
smooth for the heuristic equation. In order to prevent this I set the timestep to At = 1000 % for the
blue MOT.

For other MOTs this value needs to be changed based of vy, but for the purposed of our simulation it
works fine.

4.5 Saturation intensity comparisons

Equation 2.20 from chapter 2.2 shows that per default, PyLCP handles the saturation in the heuristic
model by summing over the saturation of all laser beams. This would model an atom that gets saturated
by all beams simultaneously.
However, since we will be using large detunings and magnetic fields, this approximation might not be
applicable to us. Instead the atom will interact only with one laserbeam along an axis because of the
concepts described in chapter 2.1.1. Therefore, I tested whether or not we could get more accurate
results for the heuristic equation if we instead just use the saturation of the laserbeams individually,
therefore replacing the sum with just the saturation parameter of a single laser.

In figure 4.2 we see that, for parameters like the ones used in the experiment, we find that applying
the saturation of the beams individually yields results practically equal to the more accurate models.
Our suspicions therefore turn out to be correct.
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4.5 Saturation intensity comparisons

Comparison of force profiles in a blue 1D MOT with different heuristical methods
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Figure 4.2: Comparison of heuristic methods for a blue 1D MOT. Heuristic total describes the default equation
PyLCP uses, while Heuristic separated describes the saturation of each beam being applied individually.

I also tried to find a case where the opposite is true, therefore where the atom interacts with both

beams as equally as possible. For this I consider to the most extreme case, a optical molasses (therefore
no B-Field) with extremely small detuning.
Because there is no magnetic field, that could change with position, in the optical molasses, we have
no positional component to the force from there. Additionally, because the particle moves in a one
dimensional space, in which PyLCP makes no changes to the light field, we also do not gain any
positional arguments from the laser fields. It therefore makes more sense to look at the force as an
argument of the particles velocity. Figure 4.3 shows how both approximations now deviate from the
more accurate OBEs. The beams still have to be seen somewhat separated as the dopplershift causes
the atom to be more on resonance with one of the two beams, but not entirely as the magnetical fields
are removed and the detuning is low.

From this I gather that separating the intensities is the correct way forward.
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Comparison of force profiles in a 1D molasses with different heuristical methods
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Figure 4.3: Comparison of heuristic methods for a blue 1D MOT. Again default is the default used by PyLCP,
while separated mean applying the saturation individually per beam.

4.6 Model comparison

In order to know what model we want to use later on for the simulations, I compared the different
models by sending out particles in one dimensional MOTs with variables as used in the experiment.
I did this for the later described blue and green MOT with and without random recoil. The blue MOT
has a broad linewidth of y = 29.1 MHz, while the green MOT has a narrow linewidth of y = 182 kHz.

Figure 4.4 shows a particle with a speed realistic to the experiment as it moves in a one dimensional
blue MOT for all three different models. The particle starts in the MOT center and moves away from
it, to then be trapped by the MOT as it is again pushed to the center of the MOT. The figure shows this
for the case with momentum diffusion and without.

Comparing the models we can see that the OBE differs slightly from the other two. A combination of
a typical speed and the blue vy therefore create a small difference for this MOT.

The blue light is mainly used to trap the atoms when they are still fairly fast and traveling in larger
spaces. The heuristic model is then totally sufficient here, since the OBE only differs less then 0.1 mm
from the heuristic model, while the 2D MOT chamber is several centimeter in width.

Adding on the momentum diffusion in figure 4.4 adds flucutations to the particles position. These
are most notable when the particle is slowed towards the center. Here these random recoils create
fluctuations in the range of Ax = 0.2 mm. This again is insignificant for the blue MOTs.

To compare the models for the green MOT it is more useful to look at the velocity, as the green MOT
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4.6 Model comparison

in the experiment is used to cool the atoms to very low temperatures, which correlates with the velocity
of the particles.

Figure 4.5 shows the velocity in time. Again this simulation was done for a particle velocity realistic
to the experiment. We conclude that there is even less of a difference between the OBE and the other
two. This shows that even here y is high enough compared to 1/7 ¢;,,, for the heuristic model to be
accurate.

However when we now turn on random recoil, as seen in figure 4.5, we can see that diffusion start to
matter here significantly.

This is because one random kick by a photon causes a much larger dopplershift relative to the linewidth,
which causes the particle to be strongly red detuned compared to before the kick.

From this I conclude that for the blue MOTs the heuristic model without momentum diffu-

Comparison of models in 1D blue MOT Comparison of models in 1D blue MOT
0.0 -
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Figure 4.4: Comparison of the 3 models for parameters like the blue MOTs used in the experiment without
random recoil (left) and with random recoil (right).

Velocity comparison of models in 1D green MOT Velocity comparison of models in 1D green MOT
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Figure 4.5: Comparison of velocities for parameters like the green MOT used in the experiment without random
recoil (left) and with random recoil (right).

sion will suffice. Even for the green MOT the heuristic model will suffice, however we need to consider
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momentum diffusion here as the fluctuation in velocity means significant fluctuations in temperature
for a ensemble of atoms.

4.7 Runtime improvement

Computational times for the simulations can get long, with a simulation of one atom taking several
seconds. Since we want to simulate many atoms many times I spends time trying to speed up the code.
This is described in more detail in appendix A. I ended up using multiprocessing, which allows me to
use multiple cores of the computer to simulate multiple particles at the same time.

4.8 conclusion

With my findings of this chapter I can now setup the simulations of the experimental setup. I
found that the heuristic model is significantly more accurate when the saturation of every beam is
applied separately. I furthermore found that for our simulations the heuristic model suffices. I lastly
implemented changes to decrease computational times. This is done by choosing larger timesteps for
the solver and by implementing multiprocessing.
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CHAPTER 5

Implementation of the experimental setup

In order to implement the setup I have divided the simulation into three parts. A dispenser sampling
part, where I sample velocity vectors for the particles that get simulated. A 2D MOT simulation, where
the trapping in the 2D MOT and the movement along the z axis through the tube are simulated. And a
3D MOT simulation, where the 3D MOT trapping is simulated. Dividing the 2D and 3D simulation
has the benefit that one can simulate the parts separately, which could pay a lot in computational time
in case one of the two simulations isn’t needed, makes debugging of single components easier and
allows for more both components to be simulated separately.

In order to be able to make predictions about good parameters for the different components of
the experiment I want to be able to scan the parameters. I do this by selecting different sets of
parameters with which i simulate 1000 particles each time. I then count the number of particles
trapped.

For this to run smoothly both the defining the variables of the experiment and the simulations are
handled in a class. This class then has functions with which I can initialize the setup for both 2D and
3D separately and functions that allow me to set certain variables and reset certain objects like the
lasers or magnetic fields accordingly.

5.1 Dispenser sampling

In order to get usable data from my simulations, we need to add some sort of realistic random sampling
of atoms. This will ensure that we can get realistic data without having to simulate too many particles,
because the particles we simulate will be representative of the particles that would go through the
experiment.

For this I generate velocity vectors representing the starting velocities of the particles.
This is done by first generating an absolute velocity and then assigning generated angles to create a

carthesian velocity vector.

The absolute value of the velocity of a particle is taken from a Maxwell-Boltzmann distribution with
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probability density:

2 _y2om_
f) = \/;vzk e T 5.1)
B

The dispenser is supposed to operate at about 500°C. Using this we generate velocities as can be
seen in figure 5.1. I have build in a cutoff point for the velocity, above which no velocity is actually
simulated, because simulating particles with speeds to high to be trapped is just a waste of time. By
trying out the simulation for a few different such velocities, I came to the conclusion that 50 m/s works
well. When going to higher powers of the MOT this velocity could be increased as well.

Next I generate two angles. One for the x-z plane and one for the x-y plane.

The distribution for these angles is based on PhD thesis [15]. From here I deduced that the probability
to find a particle with opening angle @ must follow a cosinus. Therefor the following distribution was
chosen:

fla) = %(1 +cos @) 5.2)

Which gives us a a normalized and raised distribution based on a cosinus. The constraint to the angles
are given in chapter 3. In order to account for these I reroll any angle until it fits within the constraints.
One angle constraint that still has not been attended to, is the angle towards the back of the chamber,
away from the science chamber. In the experiment the particles are mostly launched towards the
science chamber. Similarly I chose a, quite arbitrary, angle of 5° for the maximum angle here because
most particles who would fly out towards the back don’t get trapped anyways and this way we save on
computational time by not simulating those.

These angles and the absolute velocity now make spherical coordinates which are then converted to

Maxwell distribution of the velocities from the dispenser
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Figure 5.1: Exemplary velocity distribution
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carthesian coordinates using:

Vy v-cosf-cosa
vy =]V sin,B'- cos (5.3)
V- sina

Z

This then gives us the initial velocity vectors which describe our particles.

5.2 2D MOT

For the MOTs we can use edited versions of functions in PyLCP. PyLCP gives us quadrupole magnetic

fields of form B = cx(—% - % +z€_). In the 2D MOT however the z component is kept very small.
For the purposes of my simulations it is set to zero.

Therefor a magnetic field of shape B = a/(—% - %) was created. Similarly an edited Gaussian
laser beam function, that allows for a offset, was created, so that one could add in multiple lasers in a
spatial arrangement.

The zero of the coordinate system is set at the center of the first of the four 2D MOTs. 1 sim-
ulate particles coming from one of the dispensers at the bottom. No other dispenser needs to be added
since the setup is almost fully symmetric, except for gravity, which plays very little role in the initial
simulation of the 2D MOT, as the particles move fairly fast compared to the gravitational acceleration
they experience.

To save on computational time and to be able to distinguish between captured and lost parti-
cles later, I added events for the solver to track. For the 2D MOT, these events terminate the simulation
and then set a flag to indicate whether the particle is lost. This happens if the particle either flies out
towards the back, towards the sides or does not make it into the tube. The first two events save a lot
of time, as they quickly stop any particles that are to fast to be captured or that fly in the wrong direction.

This simulation also includes the tube and the pushbeam, which will be explained in the next
sections, and runs until the particles are either lost somewhere or until they reach four centimetres
away from the 3D MOT. This distance is chosen to ensure that the pushbeam is simulated throughout
the tube, while making sure that any particles exiting at the sides of the tube have not yet entered the
beams. These particles at the sides will reach the beams faster because of the 45° angle of the 3D
MOT. Because of this a larger distance must be set.

I count particles as trapped by the 2D MOT if they make it to the endpoint of the simulation
without getting lost. With this I can support my cutoff velocity chosen in the previous section 5.1 for
the variables as discussed in the chapter 3. Figure 5.2 shows the number of particles trapped by the
2D MOT declines to zero towards this point.
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Figure 5.2: simulation of 2D MOT with 100k particles

For the 2D MOT I did scans to support the findings from the experiment. I run my simulations for
multiple parameter sets and count the particles trapped. Particles are seen as trapped here if they are
trapped in the 3D MOT as described in section 5.5.

Figure 5.3 shows this scan for a magnetic field of @ = 400%. It is a heat-map of the percentage of
particles captured to particles simulated. In general the figure shows how for higher power more
particles are trapped. It further implies a maximum for a detuning in the area of —1.0-I399 to —1.1-T"3¢q.

Figure 5.4 shows the experimental findings for this same scan. As can be seen I find a very
similar results with the a similar shape. Key differences are that my scan is slightly shifted towards
lower detunings and that in my scan the 2D MOT efficiency drops faster for lower power.

The differences for the power can be explained if either the beam width used in my code is not perfectly
accurate, as this is squared in the calculation of the intensity, or if the power distribution used in my
code is different from the one in the experiment.

My scan however was done for a very different magnetic field gradient @. The gradient given from the
experiment at @ = 54%m is determined through some calculation the group did. My scan suggest the
gradient to be much smaller though. This would be consistent with some scans shown in appendix D.
Here the maximum moves towards higher detuning for smaller B fields. As a smaller B-field means a
smaller Zeeman shift in the energy levels. Higher detuning would then compensate for this.

My simulations therefore validate the findings of the group but suggest that the magnetic field gradient
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is significantly smaller then previously thought. Smaller then @ = 40% even, as I still find a shift
towards lower detuning in my scan.

Default Parameters Table
Variable Value

2D MOT Variables scan for ParticlePercentage

blue k-vector [1/cm 1.575e+05 -1
blue gamma [Hz. 1.828e+08
2D MOT detuning [Hz -3.55e+07 -1.
3D MOT detuning [Hz -4.00e+07 0.24
detuning [Hz 1.75e+07 -1
2D MOT waist [cm. 0.90
3D MOT waist [cm. 0.90 -1
waist [cm: 0.09 0.22
tube position [cm)] 9.61 -1
tube length [cm. 16.50
tube radius [cm 0.15 -1 0.20
2D MOT B-field gradient [G/cm 0.0 :
3D MOT B-field gradient [G/cm 12.0 1. 5‘5
2 [
Default Powers Table [l 018 %
Beam PTImW] ER a
2D MOT total: 472.55 <7 E
2 OTTIX 184, R 0163
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2 OT2Y 17.2 .
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3D MOT vertical 8.0
pushbeam: 0.041 8 0.10
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Figure 5.3: Variable scan of the 2D MOT

—
=

&
n

Asp Mot/ 399
Loading rate

2090 410.0 520.0
Pop Mot (MW)

Figure 5.4: Variable scan of the 2D MOT from the experiment.
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5.3 Pushbeam

I added the pushbeam used in the experiment to push the particles forward towards the science chamber.
This beam is just a blue laser along the z-axis with a positive detuning and low power. I added the
option to turn this beam on or off in the simulations.

Figure 5.5 shows the velocity of atoms two centimeters behind the tube with and without push-
beam. One can see how the velocities are higher when the pushbeam is turned on. Furthermore, more
particles made it through the tube when the pushbeam was on. Lastly, the atoms seem to accumulate
at certain velocity range around v = 357,

From the first two observations, I conclude that the idea of the pushbeam to accelerate atoms towards
the science chamber, in order to prevent them from falling down through gravity before they enter the
3D MOT, is indeed confirmed.

The third observation can be explained because the atoms, accelerated by the pushbeam, eventually
reach velocities high enough to where they are far away from resonance. This lowers the rate at which
the atoms absorb new photons and thus the acceleration. The velocity at which this happens is the
same for all atoms, because the transition in the atom is the same. This causes the peak around the
before mentioned 35 7.

We scan power and detuning of the pushbeam as well. This will also be compared to the ex-

Velocity distribution at end of the tube with and without pushbeam

Default Parameters Table

Variable Value 25
blue K-vector [1/cm 1.575e+05 Pushbeam off
blue gamma [Hz. 1.828e+08
2D MOT detuning [Hz -3.55e+07 Pushbeam on
3D MOT detuning [Hz -4.00e+07
pushbeam detuning [Hz 1.75e+07
2D MOT waist [cm 0.90 20
3D MOT waist [cm 0.90 ———
pushbeam waist [cm 0.09 Nof, captured = 63
tube position [cm. 9.61 Non, capturea = 373
tube length [cm 16.50 @ R —
tube radius [cm 0.15 Q@
2D MOT B-field gradient [G/cm 54.0 215
30 MOT B-field gradient [G/cm 120 £
by
Default Powers Table °
Beam W] 2
2D MOT total: 472.55 €10
2DMOT IT'X 184.T =]
2DMOT 1Y 136.3 z
2DMOT2X 37.09
2DMOT 2Y 17.2
2D MOT 3°X 34.4
2D MOT 3Y 59.67 5
2D MOT 4 X 2.198
2D MOT4Y 1.593
3D MOT total: 40.0
3D MOT horizontal 16.0
vertica 8.0
pushbeam: 0.04T1

10 15 20 25 30 35
Velocity (m/s)

Default parameters used to initialize the simulation. Comparison of velocity distribution at the end
The 550 mW power of the 2D MOT already is of the 2D chamber simulation with and without
adjusted for losses here. pushbeam

Figure 5.5: effect of the pushbeam on particle velocities
periment.

Figure 5.6 shows this scan. From high power and low detuning onwards we see a diagonal
area, where particles are trapped more often. This is very similar to the scan done by the group as
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seen in figure 5.7. The range I scanned was done for a slightly lower power range but the same trend is
very much visible.

My scan is less smooth than the experimental results. The difference in the number of particles
captured in my simulation is also not very large, as the difference in the number of particles captured
is only a few tens of particles. From this I can conclude that in the future more particles need to be
simulated for a pushbeam scan.

2D MOT Variables scan for ParticlePercentage
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Figure 5.6: Variable scan of the pushbeam
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Figure 5.7: The experimental findings of the loading rate in the 3D MOT for the same parameters as figure 5.6
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5.4 Tube

The tube is defined purely through events. Once a particle enters the tube it gets assigned a flag to
signify this.

A particle moving in the tube is then simulated up until it either makes it out of the tube on the other
side, or the simulation is stopped because a particle exits the area that is designated to be the tube.

After the 2D simulation with tube, every particle gets assigned two flags. One tells us whether the
particle made it into the science chamber is therefore successfully captured by the 2D MOTs and one
tells us if the particle was lost in the tube.

One has to be careful with parameter scans of the tube. After all the size and length of the
tube do not just determine what particles go through but moreover it keeps the pressure low. This
might be affected by such changes so a scan can not be directly translated to real changes in the
experiment.

5.5 3D MOT

As described above I start a 3D MOT simulation after the 2D MOT simulation separately. This also
allows me to extract data from the 2D MOT simulation before starting this simulation.

For the 3D simulation I shift into a frame where the laser beams define the axes and where
the MOT center is the zero of the coordinate system. This saves me from having to write a function of
a rotated and shifted magnetic field.

The starting positions and velocities of the particles are shifted into this frame using a rotational
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5.5 3D MOT

matrix. After the simulation is done they are shifted back into the lab frame again.

To determine whether a particle is eventually captured or not, one event tracks whether parti-
cles are lost because they fly out too fast, and one looks at whether a particle has slowed down enough
and is close enough to the centre to be considered captured. Again, I separate these particles using flags.

Figure 5.8 shows the starting velocities of particles that get captured by both MOTs. It further
shows the starting velocities of all particles simulated. One can see that the the particles captured by
the 2D and 3D MOT are the same. From repetitions of this simulation I found that for the default 3D
MOT parameters all particles that make it through the tube get trapped. Particles that would have a z
velocity component too high to be trapped by the 3D MOT enter the lower power beams in the 2D
MOT to quickly to be trapped anyway. The combination of the beam power distribution and the tube
therefore functions as a good filter for the 3D MOT.

With the 3D MOT I can now simulate the entire setup. Examples are shown in figure 5.9 and figure 5.10.

Number of particles from velocity in test Dispenser

Default Parameters Table All particles
Variable Value 30{ . Particles captured by 2D MOT
blue k-vector [1/cm: 1575e+05 ; ;
blue gamma [z T 586 +08 Captured particles in 3D MOT
2D MOT detuning [Hz 3.55e+07
3D MOT detuning [Hz -2.00e+07
pushbeam detuning [Hz T.75e+07 25
2D MOT waist [cm] 0.90
3D MOT waist [cm 0.90
pushbeam waist [cm 0.09 4
‘tube position [cm 9.61 o
tube length [cm 16.50 520
tube radius [cm. 0.15 4
2D MOT B-field gradient [G/cm 54.0 &
3D MOT B-field gradient [G/cm. 12.0 S
815
Default Powers Table =
cam P [mW] 2
2D MOT total: 472.55
2DMOTIX 184.T 10
2DMOT 1Y 136.3
2 OT2X 37.09
2 OT2Y 17.2
2 OT3X 34.4 5
2 OT3Y 59.67
2 OoT 4 X 2.198
2 oT4Y 1.593
3D MOT total: 40.0
3D MOT horizontal 16.0 0
3D MOT vertical 8.0 20 30
pushbeam: 0.041 Velocity (m/s)

Starting velocities compared. Velocities captured
Default parameters used in the simulation. by the 2D and 3D MOT perfectly overlap and thus
are the same.

Figure 5.8: Starting velocities off all particles compared to the ones captured by 2D and 3D MOT

Code to scan the variables of the 3D MOT has been added. 1 did not however find time to
run these scans yet.
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Chapter 5 Implementation of the experimental setup

Particle trajectories in 3D 2DMOT with tube and pushbeam

o
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Figure 5.9: Trajectories of the particles as they move through the setup. Again the blue dots represent the lasers.

Red trajectories are lost, orange are lost in the tube and green are captured.
The simulation uses the variables from figure 5.8

Particle trajectories in the experimental setup with tube and pushbeam
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Figure 5.10: Another simulation with the same parameters zoomed in on the tube.
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CHAPTER 6

Summary and outlook

In this thesis I have created a program build on the PyLCP library that allows one to simulate particles
as they move through the first phases of the YQO group’s experimental setup. It allows one to compare
parameters to maximise the number of atoms captured.

I made changes to the heuristic model to handle saturation better. I also concluded that for the purposes
of the YQO setup, the heuristic model was sufficient to simulate accurately.

With this knowledge, I set about simulating the experimental setup and was able to compare
my results with the experiment. From this I was able to conclude that the general behaviour of
the atomic number for different parameters found in the experiment seemed to match that of my
simulations, but that the magnetic field as calculated by the group might not be accurate.

I could also see changes in the atom trajectories and velocities directly for changes in the setup.

Picking up from this point, one could imagine implementing the green 3D MOT. PyLCP allows
time-dependent detunings and intensities, which can be used to mimic the frequency broadening in the
experiment. From this, the velocity distribution at the end of the process could be used to calculate
the temperature of the atomic ensemble. One would have to move to a computer cluster and use its
many cores for the simulations in order to achieve usable computing times.

Automatic implementation of other setups via an input can also be implemented. Here one would have
to overcome the problem that simulations for multiple transitions are not supported in the heuristic
model and implement arbitrarily rotatable magnetic fields and a comprehensive user interface.

In addition, some automation could be implemented that uses previous results from simulations to
narrow scan ranges to find parameters that are as accurate as possible.

Finally, one could still ask whether this library is worth using in all cases. For the YQO setup, only

the heuristic equation was needed. This could be implemented in a programming language that is
faster than Python. Alternatives already exist in C++ as used by for example [15].
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APPENDIX A

Attempts at parallelization of the heuristic
equation

In order to gain computational speed, one has to somehow parallelise the simulation process, because
the simulation of a single particle already takes fairly long.

For this I have tried two different methods. In one I tried to change PyL.CP in order to work with a
larger vector in which every three entries represent the position/ velocity of one particle, in the other
we use multiprocessing as an option in python.

The first option meant going through the PyLCP source code and both adding the options for
larger vectors everywhere and changing certain calculations, which would now break seeing as how
they were written for vectors of length 3.

After doing this for the heuristic model though, I noticed that there was not a very large increase in
time gained. I tested it on a simulation of the 2D MOT chamber setup and the time per particle went
down from 8.8s to 6s. The problem with this is that this only occurs after the vector reaches sizes
of around 10 particles or larger. This means that we only gain about 33% in computational speed
compared to solving the particles one after another. Because we later on want to be solving about
1000 particles per simulation we would still need 6000 s or over an hour with this implementation for
one single simulation with the heuristic equation.

The reason for this relative lack in gain of speed is that the calculations can not be done purely in
parallel, as several vectors containing various information about the beams need to be normalised and
rotated around certain axes. This cannot be done for one large vector while keeping the solutions
independent from one another.

This problem will also exist for both the OBE and rate equation models, so I have not bothered
implementing this for those.

The second option is multiprocessing. For this we can use the pathos.multiprocessing library,

which allows us to split the calculation among the cores of our computer. This is obviously limited by
the amount of cores the computer we use has. It also slows down the calculations per particle slightly:
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Table A.1: computational time while multiprocessing

Nparzicles tcomputational [S]
1 8.84
4 9.67
8 10.93
16 14.47

The time gained however is very large seeing as how this is truly parallel, meaning we can reduce
the runtime for one simulation to about 10 minutes.

Overall the first attempt at using a different representation of the particles is not worth the ef-

fort in terms of how much time is gained. However using multiprocessing is definitely worth it since it
is both easier to implement and gives us much better efficiency.
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APPENDIX B

Additional pictures of the setup

Figure B.1: Three dimensional render of the experimental setup with laser beams drawn in. Created by Thilina
Senaviratne.

Figure B.2: Closer look at an opened up view of the setup. Includes magnetic coils. Created by Thilina
Senaviratne.
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APPENDIX C

Additional plots for the simulations

Following plots are for 10802 particles simulated with P, = 100.1 mW :

End particle distribution in MonteCarlo Dispenser

0.10 4

0.05 4

0.00 4

y (cm)

—0.05 +

=0.10 4

—0.15 4

T T T T T T r
-0.15 -0.10 —0.05 0.00 0.05 0.10 0.15
x (cm)

Figure C.1: Cross-section of the particle trajectories 2 cm after the tube for . The particles are distributed wider
along the y-axis where the power of the 2D MOT beams are lower.
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Appendix C Additional plots for the simulations

Number of particles by angle in MonteCarlo Dispenser
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Figure C.2: Angles at which the particles leave the tube. They are very small and thus the particles leave the
tube more or less parallel to it.

Tube scan for lost particles in x direction Tube scan for lost particles in y direction
0.15 5 0.15 R Rl Ei
-
0.10 0.10 4
-
0.05 0.05 1
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—~0.15 1 il LI UABE R EUHIER Y —0.15 4 o Ll
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10.0 125 15.0 17.5 20.0 22.5 25.0 10.0 12.5 15.0 17.5 20.0 22.5 25.0
z (cm) z (em)

Figure C.3: Plots that show where the particles get lost in the tube along the x and y axis. Particle tend to get
lost at the start of the tube more often. Furthermore particles tend to get lost at the top or bottom of the tube and
tend to not get lost at the start of the tube on the side facing the dispenser.
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End particle distribution in Boltzmann Dispenser
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Figure C.4: Particle distribution for a larger 2D MOT power of P,;, = 550 mW. One can see how the particles
are more squished together now. One can also see the effect of gravity better as the particles have fallen down a
bit.

7th May 2024 12:55 39



Appendix C Additional plots for the simulations

End particle distribution in MonteCarlo Dispenser
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Figure C.5: Here I swapped the intensities of the y and x axis in the 2D MOT. We can see how the distribution
shifts to be more spread among the lower intensity axis accordingly. We can also see that the particles are
moved to one side a little. This depends on what side we simulate the particles from as we see in C.6
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End particle distribution in Boltzmann Dispenser
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Figure C.6: Here I swapped the dispenser location to the other side of the setup. We get a mirrored distribution
of C.5
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APPENDIX D

Additional scans

2D MOT Variables scan for ParticlePercentage
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Detuning / MHz

Figure D.1: A scan of the 2D MOT for « = 54%1
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Figure D.2: A scan of the 2D MOT for a = 50% in a smaller range. One can see how the maximum moves

towards higher detunings
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Appendix D Additional scans

2D MOT Variables scan for MeanVelocity

Power /| mW

T T T T
-24.5 275 -30.5 -33.5 -36.5 -39.5 -42.5 -45.5 -48.5 51.5
Detuning / MHz

F33

F32
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Figure D.3: The corresponding mean starting velocities of the particles of the scan above. Higher power traps
all particles better, while higher detuning means particles of higher velocity are closer to resonance and are thus

more likely to scatter of the beams, meaning that they get trapped more often.
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pushbeam Variables scan for ParticlePercentage
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Figure D.4: Larger scan of the pushbeam for a waist of w,, = 0.1 cm and 2D MOT power of P, = 100.1 mW,
lower power seems to be more efficient in this case.

We do also see a diagonal band where the pushbeam is more effective. This corresponds well with the findings
of the group.
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Appendix D Additional scans

Default Parameters Table
Variable Value pushbeam Variables scan for ParticlePercentage

blue k-vector [1/cm 1575e+05 0.9
blue gamma [Hz 1.828e+08 0.395
2D MOT detuning [Hz -3.55e+07
3D MOT detuning [Hz ~2.00e+07
detuning [Hz 1.75e+07 0.8
2D MOT waist [cm 0.90
3D MOT waist [cm 0.90
waist [cm! 0.15 0.8 0.390
‘tube position [cm 9.61 :
tube length [cm 16.50
tube radius [cm 0.15
2D MOT B-field gradient [G/cm| 54.0
3D MOT B-field gradient [G/cm 12.0 :
Default Powers Table [ 0-385
s
m PImW 306
2D MOT total: 472.55
MOT I X 184.1T
v & -
OT2Y 17.2 0.380
0T 3 X 34.4
OT3Y 59.67 R
0T 4X 2.198
OoT4Y 1.593
3D T total: 40.0
3D MOT horizontal 16.0 . 0.375
3D MOT vertica 8.0
pushbeam: 0.04T
0.3

14 16 1.7 19 21 22 24 26 28 29 3.1
s/(x 0.01)

o
®
]

abejualIaga|dIHed

[N[SININININININ

The default parameters used to initialize the sim-
ulations. The 550 mW power of the 2D MOT
already is adjusted for losses here.

Percentage of particles trapped in the 3D MOT for
different tube beam parameters

Figure D.5: Variable scan of the pushbeam for a beamwidth of wz = 0.15 mm.
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