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Abstract

All existing pressure standards (classical and quantum-based) are large apparatuses—
typically, the size of a van or larger. In this thesis, we report on the progress towards
building a portable version of a cold-atom based pressure standard which can easily

transported by a van instead. Specifically, we discuss

* the flexible laser design that can produce 780 nm pump light anywhere in
a 26 GHz range and repump light anywhere in a £6.8 GHz range within

<1 MHz with no realignment.

* the magnetic field coils that can produce gradients in excess of 400 G/cm
without changing temperature (provided that >14mL/s of 10C to 15 C wa-

ter is available).

* the low-outgassing vacuum chamber that can supply rubidium for measure-

ment while minimizing contamination in the chamber under test.

* preliminary results characterizing the performance of its rubidium source

and magneto-optical trap.
« future plans for the apparatus.

This pressure standard leverages the linear relationship between the pressure
of a vacuum chamber and loss rate of atoms from a magnetic trap in that chamber.
Using the universality of loss rates with respect to trap depth, we can use this appa-
ratus to measure the total collision cross section between the trapped rubidium and
any species of collision partner. We can also take advantage of the flexible design

of its laser system to quickly alternate measurements between 3°Rb and 8’Rb to
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confirm the universal behaviour of both isotopes. We plan to take the apparatus
to Physikalisch-Technische Bundesanstalt in the coming months to compare the

cold-atom based standard against their orifice flow standard.
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Lay Summary

Physicists need standards to translate units into something they can measure and
calibrate their gauges with. Existing vacuum pressure standards are large, im-
movable devices that produce a known pressure of nitrogen or argon, but cannot
calibrate pressure gauges for other background species. Worse, existing vacuum
pressure gauges can lose calibration over time.

We can instead use the loss rate of atoms from a magnetic trap to measure
pressure. Because atoms are immutable and do not drift with time, they can be
used to create a pressure standard—one that works for all background species.
However, existing atom-based pressure standards are still large and immovable.

This work describes our efforts to produce a portable version of a cold atom-
based pressure standard that can be transported to other pressure standards to di-
rectly compare readings with. We have completed preliminary tests of the appara-

tus, and are working on its final assembly.



Preface

All the work presented in this thesis was conducted on at the Quantum Degener-
ate Gas (QDG) laboratory at University of British Columbia, Vancouver campus
and at the MAKE+ lab at British Columbia Institute of Technology, Burnaby cam-
pus under the supervision of Professor Madison. The project to create a portable
cold-atom vacuum pressure standard was started by Dr. James Booth under the
Prometheus CFI grant!, but I have designed or modified every part of the appara-
tus. Therefore, I am responsible for the work presented in this thesis unless it was
specifically credited to someone else.

The overview of the theoretical background of the project in chapter 2 is based
on three works. The guide to different traps (section 2.1) is heavily influenced by
Harold Metcalf’s Laser Cooling and Trapping of Neutral Atoms [30]. Fig 2.2 was
taken from his book. The collision theory section (section 2.2) is primarily based
on Chapters 2-5 of Mark Child’s Molecular Collision Theory textbook [6], which
I took fig. 2.3 from. This section also received heavy input and guidance from
Dr. James Booth and Professor Madison. The discussion of the universality of
quantum diffractive collisions (section 2.3 and section 2.4) and its implications are
based on the PhD thesis of Dr. Pinrui Shen [43] and the paper that he, Dr. Booth,
Professor Madison, and Professor Krems released [3]. table 2.1 was taken from
their work in [3], and table 2.2 was compiled from their work in [45] and [46].
fig. 2.6, fig. 2.4, and fig. 2.5 were taken from their work in [3].

The initial vacuum chamber bakeout and assembly described in section 3.1 was

conducted with Dr. Shen’s assistance. The rebuilt design of the chamber (depicted

'In a sense, it has become is closer to ‘the apparatus of Theseus’ than the ‘apparatus of
Prometheus’
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in fig. 3.3) was completed in consultation with Professor Madison and Dr. Booth,
and some of the assembly and leak testing of the rebuilt chamber was conducted
with assistance from Dr. Booth.

Most of the work described in chapter 4 was conducted by the BCIT MAKE+
group, especially Matt Grieg. I wrote the coil simulation and optimization code.
Matt, Fardin, and I assembled the coils I designed. Matt designed the coil controller
with assistance from Fardin Barekat and Behnam Mohammad, and Matt and Fardin
assembled the coil cooling hydraulics. They also donated many spare parts that
were lying around the MAKE+ lab, including the motor that drove the pump and
the water chiller, and assembled the ‘angry amp cart’ that currently houses the coil
controller, hydraulics, and coils, and will eventually house the entire apparatus.
Finally, Fardin provided assistance lifting the cart into the U-Haul van that I used
to transport it to UBC for final testing and assembly. I designed the magnetic
field coil mounts with some input from Mladen Bumbulovic of the UBC PHAS
Technical Services, and Garrett Kryt of the BCIT MAKE+ group 3D printed them.

Dr. Booth originally designed the optics for the project (not discussed in chap-
ter 5). Although the original design did not produce enough power and was prone
to misalignment, the apparatus still uses the components he purchased, including
the Vescent laser controllers and lock boxes. table 5.2 was adapted from a table in
the Vescent D2-135 user manual fig. 5.5. Daniel A. Steck’s documents compiling
the relevant theory and numbers for trapping rubidium-85 and rubidium-87 were
of great value, and I used his work to calculate the frequencies used in the control
code for the apparatus. Fig 5.1 is a modified version of figure 2 in his work in
ref [48]. The Vescent wikis were also a useful resource for understanding how the
saturated adsorption and offset locks work. The images showing the interiors of
the Vescent D2-210 (fig. 5.3) and Vescent D2-250 (fig. 5.4), as well as the Vescent
D2-135 lock box (fig. 5.5) were taken from their wiki. Also, fig. 5.18a, fig. 5.18b,
and fig. 5.19 were taken from the ColdQuanta PICAS user manual [8].

The analog outputs, digital outputs, and direct digital synthesizers (section 6.1.2)
used in this apparatus were designed by Dr. Todd Meyrath and fabricated by the
BCIT MAKE+ group. The QDGBus FPGA controller (section 6.1.1) was designed
by Wenjun Wu, Tristan Calderbank, Shi Jing (Koko) Yu, and James Liu. The shelf
of electronics was assembled by the BCIT MAKE+ group, although I modified it
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by removing excess amplifiers, installing the microwave electronics, and repair-
ing/replacing broken components.

The magnetic trap measurement sequence described in section 7.2.2 and sec-
tion 7.2.3 is heavily informed by the sequence used by Riley Stewart on the MAT
apparatus in the QDG lab.

I would like to acknowledge CMC Microsystems and Canada’s National De-
sign Network (CNDN) for providing access to SolidWorks and Altium. I received
financial support from the Patrick David Campbell Graduate Fellowship and the
Arvind Gupta and Michelle Pereira Graduate Scholarship. I also acknowledge
financial support from the Natural Sciences and Engineering Research Council
of Canada (NSERC/CRSNG) and the Canadian Foundation for Innovation (CFI).
This work was done at the Center for Research on Ultra-Cold Systems (CRUCS).
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Chapter 1

Introduction

1.1 Review of Existing UHV Pressure Standards

SI units are now defined in terms of physical constants, meaning that they are
immutable quantities'. The speed of light in a vacuum is fixed at 299792458 meters
per second. The ground-state hyperfine transition frequency of caesium-133 is
fixed at 9192631770~ !. Therefore, measuring ‘base’ units such as the second or
meter is straightforward if technically challenging [21].

Measuring ‘derived’ units that are composed of some combination of base units
can require more work. Metrologists build standards to link derived units back to
the base units, which can be found by measuring the physical constants. These
standards can be used to calibrate gauges that may be more responsive, cheaper,
more portable, or in some other way more convenient to use.

Pressure is a derived unit measured in units of force per unit area, or mass per
length per time squared. For roughly human-scale pressures (hundreds of pascals to
hundreds of megapascals), metrologists use piston gauges. Piston gauges compare
the measured pressure to a precisely calibrated weight in a precisely calibrated area
(P =mg/A), moving the burden of calibration to easier-to-measure units. The pres-

sure range of piston gauges can be extended with the use of a mercury manometer,

! Although some individuals have speculated about the possibility of time-variance in fundamen-
tal constants [41], the general consensus is that fundamental constants should be treated as constant
unless measured otherwise.
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Figure 1.1: A high-level schematic of a basic orifice flow standard.

but are still limited to measuring pressures above 1 Pa [26].

Lower pressures can be created using a static expansion standard. It uses a
mercury manometer to measure the pressure in a small volume, then adiabatically
increases the volume to create an inversely proportionally small pressure (Papa =
“/};‘;zl nitial)- These can create pressures down to 10~%Pa to 10~° Pa (roughly

106 Torr to 10~ 7 Torr; 1 Torr = 133.322 Pa), although recent efforts have extended

that range to 10~ Pa [29]. This calibrated pressure can be used to calibrate a spin-

ning rotor gauge, which measures pressure using the viscous drag on a magnetically-
levitated spinning ball [15].

However, creating and measuring pressures in the ultra-high vacuum (UHV)
(107*Pa to 1078 Pa or 107 Torr to 10~'° Torr) is more challenging. Typically,

an orifice flow standard (also known as a continuous expansion standard) is used



to create a known pressure in a known gas, which is used to calibrate a UHV
gauge such as an ion gauge [37]. An orifice flow standard works by using a using a
flowmeter to produce a calibrated flow of gas Q into a chamber (chamber 1), which
has a calibrated medium-vacuum gauge (such as a spinning rotor gauge) and the
gauge under calibration attached to it. The first chamber is attached to a second
chamber via an orifice of known conductance C. The second chamber is pumped
out by a UHV pump such as a turbomolecular pump. See fig. 1.1 for a schematic
of the system.

Initially, a large flow Qj, is introduced to the first chamber so that the medium-
vacuum gauge can measure P;. Q = C(P; — P,), so P, can be calculated. Provided
the gas is not ‘sticky’ or reactive, the system is in steady-state, and the pressure is
still within the molecular flow regime (below 1 x 1073 Torr), the ratio of pressures
r=pP/P=(1- CQ—IQ’I) will always be constant [22]. The flow Q can be then reduced
to Oy, changing P; but preserving r. The new pressure in the first chamber can be
calculated using P| = % bringing it within the measurement range of the UHV
gauge. This known pressure can be used to calibrate the UHV gauge [37].

One of the most commonly used gauges for the UHV regime is the ion gauge.
Ion gauges measure pressure by ionizing the gas under measurement then detecting
the new-created ions via the current they induce in a filament. However, ion gauges

have several drawbacks:

» Ton gauges have a minimum measurable pressure (usually 2 x 10~!! Torr)

due to x-rays produced during the measurement process [12].

* Jon gauges change the local pressure by ionizing the gas under measurement
(removing it from the chamber) and by heating the local chamber (which
increases the pressure both increasing the local outgassing rate and due to
the ideal gas law [P o< T]). [12]

* The calibration of the ion gauge can drift over time due to physical changes
in the geometry of its mechanical components and/or chemical changes to

the emission filament due to exposure to reactive gases [2, 18].

* They require calibration, which currently is only done with orifice flow sys-

tems. The orifice flow technique only works for inert, non-sticky gases—
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only Argon and Nitrogen calibrations are routinely offered for ion gauges.
Thus, the gauge readings for other species in a vacuum system are inaccurate

[2].

In 2009, a different method of sensing UHV pressure was proposed: recording
the loss rate of atoms from a trap due to collisions with the background gas. This
loss rate is proportional to the pressure, and the proportionality constant hinges
on the velocity-averaged collision cross section between the sensor atoms and the
background particles [12]. These cross sections can be difficult to calculate ab
initio, and measuring them by calibration against an orifice flow system only works
for two species (N; and Ar), neither of which are the dominant background in UHV
(typically H, or H,O) [22].

In 2019, it was demonstrated that the velocity-averaged loss cross section is a
universal function of the trap depth, allowing us to measure the velocity-average
collision cross section directly for many background gas species [3]. Therefore,

the cold atom approach offers several distinct advantages:

* Atoms are immutable objects with no manufacturing errors, so this technique

requires no calibration.

* The measurement can be performed at room temperature. If a ‘sticky’ sensor
atom is used, it minimizes the effect on the pressure of the chamber under

test.

* This technique can be used for any type of background gas, not just the

nonreactive gases that must be used in an orifice flow system.

* The universality provides a method of easily measuring the collision cross

section between the sensor atoms and new background species.

1.2 Motivation

All published orifice flow standards and cold atom standards are large, immovable
systems, so no direct comparison between them as been made. While an indirect
comparison of this standard with an orifice flow system has been performed by

using a calibrated ion gauge, it is possible the gauge lost calibration during the
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shipment or installation [3]. We hope to remove any doubt of the validity of the
technique by performing a direct comparison with an existing pressure standard.
As such, our goal is to build a portable version of the cold atom standard, then
transport it to different metrology groups around the world to perform a direct
comparison with their standards.

A secondary goal is to test the validity and limits of the universality. Com-
paring with an orifice flow standard will allow us to validate our self-calibrated
rubidium cross sections by comparing the pressure we measure using them with
the pressure produced with an orifice flow standard. We do not yet know the lim-
its of calculations, so proving that the universality approach is reliable could help

guide the development of theoretical and computational collision models.

1.3 Design Requirements

Specifically, we need an apparatus that can

* produce a magneto-optical trap and magnetic trap (see section 2.1 for a de-

scription of such traps).
* measure loss rates of rubidium atoms from a magnetic trap.
* connect to other vacuum chambers to measure their pressure.
* contaminate other vacuum chambers as little as possible.

* be transportable without needing a lengthy reassembly stage at the destina-

tion.

Ideally, any calibration and realignment could be achieved within the time it would
take to bake out the connection between the apparatus and the system under test

(under a week).

1.4 Thesis Overview

This thesis discusses the progress in realizing a portable version of a cold-atom
standard. Chapter 2 discusses the atomic traps, scattering theory, and the universal-

ity of quantum diffractive collisions that the apparatus will use to measure pressure
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for a wide variety of background species. Chapters 3-7 discuss the technical details
of how the apparatus was designed and constructed, as well as relevant calibration
data for each of the components that compose the apparatus. All of the components
are inter-connected, but can be roughly divided into five major subsystems, each of

which have a chapter dedicated to them:

¢ The vacuum chamber that is connected to other chambers to measure their

pressure.
* The magnetic field coils, their driver, and their cooling system.

* The lasers and optics that produce the necessary frequencies to control the

sensor atoms,
* The electronics that control the light and magnetic field driver.
* The software that controls the electronics.

Chapter 8 discusses the remaining work that needs to be done—primarily as-
sembling all of the subsystems together into a cohesive whole.

The apparatus has completed one series of full-system tests. It needed to use
some temporary components that limited its performance, but offered us some
valuable data characterizing how its atomic source performs and what parameters
are optimal. These tests are discussed in Chapter 9. Finally, all of the above is

summarized in Chapter 10.



Chapter 2
Background

This chapter gives some background on the quantum mechanics behind how the
apparatus works. It starts with a description of atomic traps, then discusses some
basic quantum collision theory, and end ends with a description of pressure mea-
surement using atomic traps, including a new form of universality that allows us to

measure velocity-averaged collision cross sections.

2.1 Atom Traps

Two common ways of confining cold atoms are the magneto-optic trap (MOT)
and the magnetic quadrupole trap (MT) [30]. MOTs can both cool (collect) and
confine atoms, while all other traps (e.g. magnetic traps, electric field traps, optical
dipole traps) are conservative and cannot cool their trapped atoms. The best a
conservative trap can do is selectively retain its lowest-energy atoms, bringing the

net temperature of the trapped ensemble down [27].

2.1.1 Magneto-Optical Traps

Magneto-optical traps are typically used to confine atoms and cool them down
to millikelvin (mK) temperatures. To do this, MOTSs use permanent magnets or
magnetic field coils to create a magnetic field with a single extrema in the center,
and three pairs of orthogonal, counter-propagating circularly polarized laser beams

that coincide at the minimum of the magnetic field (see fig. 2.1). The light from
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Figure 2.1: A prototypical schematic of a MOT. The blue arrows represent
the direction of the magnetic field generated by the magnetic field coils.
The red cylinders represent the laser light, and the 6+ and 6~ indicate
the polarization of the incoming beams.

the lasers is detuned by § below some atomic transition frequency (a.k.a. ‘red-
detuned’ light). The spatially-varying magnetic field induces a spatially-varying
Zeeman splitting in the trapped atoms. The counterpropagating beams serve two
purposes; they create an damping force that slows the atoms down, and work with
the magnetic field to produce a spatial confining force [30]'.

Suppose an atom is travelling through two equal-intensity counterpropagating
beams of monochromatic light tuned below some atomic resonance (red-detuned).
The atom will have a velocity component parallel to one beam and antiparallel to
the other. The doppler effect will shift the antiparallel light closer to resonance and
the parallel beam further from resonance, so the atom will preferentially absorb
photons from the antiparallel beam. The spontaneous emission from the atom had

no preferred direction, so the net effect of the momentum transfer from the photons

ISee sec. 11.4 of ref [30] for a more thorough description.
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Figure 2.2: Energy splitting in a MOT due to the Zeeman effect (taken from
ref [30], fig 11.4)

is a force decelerating the atom in the direction of the antiparallel beam.

If there are counterpropagating beams in three dimensions, then the atom will
always preferentially experience a net force antiparallel to its direction of travel.
The net effect is a damping force on the atom known as an ‘optical molasses’ (see
sec. 7.2 of ref [30] for a more detailed explanation).

The optical molasses slows atoms down, but a position-dependent force is nec-
essary to confine atoms in a specific location. The Zeeman effect causes the energy

levels to separate according to eq. (2.1):
AE = —Ji-B= —uggrmpB (eq 2.19 in Ref [16]) 2.1)

where B is magnitude of the magnetic field, [i is the magnetic field moment, g is

the Lande g-factor of the atom, and m is the magnetic quantum number
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If the magnetic field is generated from a pair of anti-helmholtz coils, then the

magnetic field is described with eq. (4.3). Inserting this magnetic field into eq. (2.1)

produces
dB Va2 +y2+472
AE = upgrmr (dzlz_o> + (2.2)

where (42|.—o) is the magnitude of the magnetic field gradient in the z (axial)
direction.

If the counterpropagating beams have opposite circular polarizations, then the
o4 light will be able to drive the AF = +1,Amr = +1 electric dipole transition,
and the o_ light drive the AF = +1,Amp = —1 transition. This means that the
atom will always ‘see’ the light source to the side of the magnetic field zero it is on
as more resonant, so radiation pressure will always push it towards the magnetic
field zero (see equation 11.4 of [30] for the specific force equations).

Magneto-optic traps are excellent tools, but have several problems:

* The recoil from atoms re-emitting light puts a lower bound on the tempera-
tures achieved by atoms in a MOT. This bound is called the “Doppler Limit”,
and is generally within an order of magnitude of 300 K [30] 2. This is much
too warm for some applications (such as creating a Bose-Einstein Conden-

sate).

* The cycle of excitation and relaxation means that the atoms in the MOT are
in a mix of electronic states, which makes it harder to extract results for a

single state [17].

e The MOT trap depth is highly dependant on the trapping parameters, and is
very sensitive to beam alignment. This makes the trap depth ‘unstable’—
it can change day-to-day as the laser alignment changes [42, 43]. As the
relationship between loss rate and collision rate is dependant on the trap
depth, this variation of the trap depth with time makes measuring the decay

rate from a MOT unsuitable for a pressure standard.

2The Doppler temperature of 3’Rb is 145.5 uK [48]
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2.1.2 Magnetic Traps

A magnetic trap (MT) takes advantage of the Zeeman splitting (eq. (2.1)) to pro-
duce a trapping potential without using optical forces [30]. This apparatus uses
a quadrupole magnetic trap (QMT), which produces the conservative potential
shown in eq. (2.2).

The confining forces in a MT are not nearly as strong as those in a MOT, and
they cannot cool their atoms, so only cold ensembles can be trapped within them.
However, the depth of a MT is well-defined, which makes them an attractive choice
for pressure metrology since the collision-inducted loss rate of the trapped atoms
will depend on the trap depth. Furthermore, if atoms are transferred to the F=1
ground state of rubidium-87, there is only one state they can be trapped in: the
|F = 1,mp = —1 > state. Unlike a MOT, a magnetic trap does not change the state
of its trapped atoms, so this means that the trapped atoms remain in a definite state,
dramatically simplifying our analysis of the experiment.

Our experiment initially confines atoms in a MOT, then transfers the atoms
to a magnetic trap by turning extinguishing the light and increasing the magnetic
field strength. This approach combines the trapping strength of a MOT with the
well-defined depth of a magnetic trap.

2.2 Collision Theory

2.2.1 Classical Collisions

In a classical non-relativistic two-body elastic scattering event, one can replace
the two colliding particles with a single reduced-mass particle passing through the
inter-particle potential (described as a function of r, the inter-particle separation).
One can extract original trajectories by viewing the origin as the center of mass of
the two particles.

In this picture, the incoming reduced mass particle approaches on course to
pass a distance b (the ‘impact parameter’) from a second particle, reaches a min-

imum separation a from the second particle, and is scattered away at angle ©.
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Figure 2.3: A diagram of a classical elastic scattering event as seen from the
center of mass frame. The black curve represents the path the incoming
particle takes, and the origin is the center of the inter-particle potential
(taken from ref [6], fig 2.1)

Classically, that angle is

®=|r—2b / (e (eq2.5inref[6])  (2.3)

where ® (known as the deflection function) is the deflection angle relative to the
initial velocity, r is the distance between the two particles, V(r) is the potential
between the two particles, and £ is the energy of the incoming particle.

The magnitude of the deflection angle is called the ‘scattering angle’ (6 = |©|).

One can find a by finding the smallest root of r in

b V(r)
1-2
r2 E

=0 (eq 2.4 in ref [6]) 2.4)

In an atom trap, the atoms in the cold ensemble are colliding with the back-
ground gas particles, sampling a wide range of impact parameters and speeds for

each measurement. It is impractical to try to calculate impact parameters for each
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collision individually; instead, we take the ensemble view, calculating and mea-
suring collision cross-sections. The differential cross section is flux of scattered
atoms per unit solid angle, dQ, and the total elastic cross section is obtained by

integrating across the entire solid angle:

do b
—_—= _— eq 2.16 in ref [6 2.5
o ;Sm(e)% (eq [61) (2.5)
o= [%un (eq 2.17 in ref [6]) (2.6)
=/ 10 eq2.17 inre )

where Z—g is the differential cross section, and o is the total collision cross section.
Note that eq. (2.3) must be inverted to find 5(6). The sum in eq. (2.5) is the sum
over all b that correspond to a given 6.

The classical cross-section fails and becomes infinite when either % or 0 is
zero. Quantum mechanics fixes this problem and makes the cross section finite.
The point when quantum mechanics becomes relevant can be estimated using the
uncertainty principle, AxAp > % [6].

The position uncertainty is the impact parameter uncertainty (Ab), and the cor-
responding momentum uncertainty is the uncertainty in the transverse momentum

p. following the collision (Ap, ). Some algebra shows that

Apj_ /] Af

AB = ~ =
p 2Abp  wAD

where A = h/p is the de Broglie wavelength of the center of mass particle.
So, for classical collision results to be valid, the scattering angle and impact pa-

rameter must satisfy

A A
6>>A6%9C:m>>% (2.7
where 6, is the critical angle below which quantum mechanical effects dominate.
Small-angle collisions where eq. (2.7) is not satisfied require a quantum me-
chanical description to determine the collision cross section [6]. These small-angle
collisions contribute far more to the loss of atoms from shallow traps than the large-
angle classical collisions, so understanding the quantum mechanical description is

crucial for precise pressure measurements [3]. However, classical calculations can
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still be used to understand the qualitative variation of the loss cross section of atoms

at large trap depths.

2.2.2 Quantum Collisions

Provided that the potential between the trapped and background particle is spheri-
cally symmetric (such as the Coulomb, Van der Waals, and Lennard-Jones poten-

tials), the center of mass Schroedinger equation can be rewritten as

(V2+i2—U(r) y(r)=0 (eq 3.7 in ref [6]) (2.8)

where k? = Z;ILTE, U(r)= 2“%2(”, and u is the reduced mass of the collision partners.

At a point far from the center of the potential, solutions to the equation should
resemble _
. eikr
v(r,0) ~ (X4 f(k,0)—) (eq 2.55in [16]) (2.9)
r
where the first term represents the incoming wavefunction, and the second term
represents the spherical scattered wavefunction, with f(k, 0) as its amplitude.
The differential cross-section is simply the expectation value of the outgoing
wave function into an infinitesimal solid angle d€2, and the total cross-section is

the same as eq. (2.6).
do

aQ

A common technique for finding f is partial wave analysis, where y and f are

1£(8)] (2.10)

expanded as a sum of Legendre polynomials [6]°:

y(r,0) = i Yy = iRl(k, r)P;(cos(0)) (2.11)
=0 =0

£(,0) = ¥ fi(k)Pi(cos(6)) 2.12)
=0

where P is a Legendre polynomial and R; is the radial wave equation solution.
If the collisions are elastic, then each ‘partial wave’ y; should contain an in-

coming and outgoing portion of equal amplitude due to conservation of kinetic

3ch. 3
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energy before and after the collision. Thus, the only change in the wavefunction
should be a relative phase between the incoming and outgoing portions. Solving

for R; and comparing to f gives

R;(k,r) = By ji(kr) + Ciny(kr) (eq 2.57 in ref [16])
6;(k) = arctan (—g’) (eq 2.58 in ref [16]) (2.13)
I
f(k,0)= % i(2l +1)e'% sin(§))P(cos(6)) (eq 2.59inref [16]) (2.14)
=0

where j; are the spherical Bessel functions, and n; are the Neumann functions.
Each [ corresponds to a “partial wave” contribution to the solution, with §; is its
phase shift. These phase shifts can be solved numerically for specific interaction

potentials using the procedure outlined in section 2.5.2 of ref [16].

2.2.3 Collisions with a Background Gas

In this work, we trap ultracold (<1 K) atoms inside of ultra-high vacuum (UHV)
room-temperature container. We assume the background particles in the vacuum
are in thermal equilibrium with their container, and follow a Maxwell-Boltzmann
velocity distribution. Thus, on average, they should have significantly more kinetic
energy than the trapped atoms [1].

When a background particle collides with a trapped atom, energy and momen-
tum is transferred to the trapped atom. If the collision is elastic, the momentum,
energy, and Kinetic energies are conserved in the process. For a trapped atom with

low initial momentum compared to the background particle

A = Haz, (eq. 1 in ref [1]) (2.15)

ny
|AV,* = 2] (1 —cos(8)) (2.16)
AE, =2 (17 + 452~ |7 )
My 502 .uz ) :
AE; ~ > |AV|” = =—V,"(1 —cos(0)) (eq. 1 inref [17]) (2.17)
m

t

where Ax means the change in the parameter x after the collision, E; is the kinetic
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energy of the trapped atom, m;, is the mass of the trapped particle, v, = 0 is the

initial velocity of the trapped atom, v, is the relative velocity between the trapped

mymy,

and background particles, and p = rr—

is the reduced mass of the trapped and
background particle.

The approximation in eq. (2.17) holds if the initial velocity of the background
atom is much larger than the trapped atom. This will always be true unless the
vacuum chamber is in a cryogenic chamber or outer space.

If the trapped atoms are in the bottom of a potential well of depth U, then
if the energy imparted to a trapped atom (AE) is greater than U, then the atom
is ejected from the trap. Using eq. (2.15) eq. (2.16), and eq. (2.17), one can see
that when 0 > 0,,;, = arccos <1 - #&2) the trapped atom will knocked out of
the trap. If the scattering angle is less than the classical limit (8p), the trapped
atom may stay inside of the trap, raising the average energy of the trapped atoms.
In a ‘shallow’ trap, 6y < 6y, so any heating of the trapped atoms is described by

quantum mechanics [1].

Quantum Diffractive Energy

To apply the correct physics, it is important to know what trap depths are ‘shallow’
and therefore need to be treated quantum mechanically. In a diffractive collision,
0 < 1, so MacLaurin expanding eq. (2.16) gives |AV,| =~ |V,|6 so eq. (2.15) be-
comes |AV;| ~ %2‘9' Quantum effects should occur when the impact parameter
uncertainty is comparable to quantum collision radius of the trapped atom (r;), so

the important scattering angle is

A 2h
9 =~ 9(] = — =
Try MV, 1y
Solving for v; and using the modified eq. (2.15) gives Ay, ~ % The quantum

mechanical collision cross-section for a hard sphere is & = 2772, so Av, ~ fvf;;h
t

[1].

Finally, the important energy scale is when the change in kinetic energy of the

trapped particle is equal to the trap depth. Using the above expression for change
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in velocity gives

ATTH?
U; =

(eq. 2 inref [1]) (2.18)
M Otot

as the ‘Quantum Diffractive Energy’—the energy scale below which quantum ef-

fects dominate [3].

2.3 Pressure Measurement using Cold Atoms

The total collision rate with an ensemble background particles of the same velocity
is the product of the density of the particles, their velocity, and their collision cross-
section with the trapped particle (I'tota1 = 7V Oiotal)-

To find the rate at which trapped atoms are ejected due to these collisions,
the total collision cross section must be replaced with the loss cross section—the
differential collision cross section integrated along all solid angles greater than
emin.

T do .
Dioss|v, = MpVOioss & npVp —sin(0)(2m)do (2.19)
By, A2
where n,, is the density of background particles, v, is their velocity, and Oj; is the
loss cross section.

The background particles follow a Maxwell-Boltzmann velocity distribution.

Thus, eq. (2.19) must be averaged over the distribution to produce the actual loss

rate of atoms from the trap:

2\ 12 my 3/2 e mp?
l—‘loss = nb<GlossV> =np <> <> / Oloss (v)vze 25Ty (2'20)
T kT 0

There are three ways of determining the velocity-averaged loss cross section:

1. Calculate it: Calculate the cross section using a potential energy surface

found using ab initio methods (from first principles) [14].

2. Measure it: Use a pressure standard to generate a known pressure, measure

Ioss, then rearrange eq. (2.21) to find the cross section [3].

3. Fit for it using univerality*: Record loss rates at different trap depths for a

4A prior draft of this thesis attempted to coin the word ‘Universalitate’ to describe this process
but the word was rejected by a reviewer.
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fixed but unknown background gas pressure, then use quantum diffractive
universality (discussed later in section 2.4) to fit for the cross section and

pressure simultaneously [3].

Regardless of the method used to find (Ojossv), the procedure for measuring the
pressure is the same. Particles in UHV are treated as an ideal gas, so PV = NykpT .
Rearranging it gives P = npkpT where ny, is the density of the background gas

particles. Because nj, = %’
0SS

kpT 2.21)

This method of measuring pressure is independent of the geometry of the de-

tector and requires no calibration.

2.4 Quantum Diffractive Universality

Recent research shows that the loss cross section in shallow traps (U ~ U, or

smaller) is universal function of the trap depth [3, 44, 45]:

(GlossV) = (CtotarV) (1 — PQDU <(l]]>> (2.22)
d

where pgpu is probability of a particle being retained in the trap after a collision,
4nhv,

mt<0-lossv> ’

The function can be approximated using a power series and fitted using mea-

U U\’
() -5(2)

J

(Ootarv) 1s the total velocity-averaged collision cross section, and U, =
sured data:

The cross section for a new species can be measured by recording I'joss across
arange of trap depths, then fitting eq. (2.23) for it.

There is no analytic proof for this universality, but there is numerical (fig. 2.4)

and experimental (fig. 2.5) evidence for it.
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Figure 2.4: Numerically computed velocity-averaged loss cross sections for
He (red triangles), Ar (black circles), and Xe (blue squares) colliding
with Li (dashed lines) and Rb (solid lines), taken from [3] [fig 2b]
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Figure 2.5: Experimental data for trapped Rb and background He, Ar, Xe,
H;, Ny, and CO; fitting to the same universal curve [3] [fig 3f]
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Term B;
1 0.673(7)
2 -0.477(3)
3 0.228(6)
4 -0.0703(42)
5 0.0123(14)
6 -0.0009(2)

Table 2.1: The universal coefficients in eq. (2.23) calculated by fitting to the
quantum scattering calculations. Each parenthetical number is the esti-
mated error in each coefficient. Taken from ref [3].

2.5 Refinements

2.5.1 Other Loss Mechanisms

Elastic collisions with background particles are not the only loss mechanism in
magnetic traps. They will not compromise differential pressure measurements,
where the relative increase in pressure due to an introduced background gas is
measured by subtracting off the baseline from the measured value. However, they

may affect direct pressure measurements.

Intra-trap collisions

Two-body collisions between trapped atoms can also eject trapped atoms. They can
do this by elastically scattering one or more atoms out of the trap (evaporation) or
by inelastically changing the state of one of the collision partners to an untrappable
state. Three-body collisions can also induce losses. However, even if the density
of the trapped atoms is 1 x 107 cm ™3, the loss rate is ~1 x 10~> Hz — much smaller

than the loss rates due to background collisions [43].

Majorana Losses

Quadrupole magnetic fields coils have a zero in the center. Atoms passing near the
zero-field region can make a nonadiabatic spin-flip transition (mg 4 1), which can

transfer atoms into an myr = 0 state. This stops the atoms from interacting with
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the magnetic field, so they fall out of the trap. These losses can be avoided by
using a trap without a magnetic field at the center, such as an loffe-Pritchard trap
[49]. Fortunately, the loss rate is constant for a constant magnetic field, so they
can also be compensated for in differential measurements (along with the effects
of outgassing in the measurement chamber) by pumping the chamber to its base
pressure, recording the base loss rate, and subtracting it off of subsequent readings
[43].

2.5.2 Trap Anisotropy and RF Khnife

Most atom traps are created in rectangular glass cells, but the equipotential surfaces
of a magnetic trap are oblate spheroids. As a result, atoms with some orbit paths
may remain trapped, while other atoms with the same energy can collide with the
cell wall and escape. To help address this issue, the energy distribution of the
trapped atoms can be shaped using an ‘RF Knife’. A coil is placed near the glass
cell and is driven at an RF frequency to produce an RF magnetic field. This creates
an oblate spheroid of atoms whose AF' = 0,Amp + 1 magnetic dipole transition
is driven. If they reach a non-negative mpg = 0 state, they cannot remain trapped
and gravity pulls them out of the trap. Sweeping the RF frequency changes the
size of the surface resonant with a specific energy level, removing atoms of energy
E > hv,,, [3]. This creates an effective trap depth, which is useful when applying

quantum diffractive universality to measure cross sections.

2.5.3 Energy Distribution Corrections

Not all atoms in the magnetic trap have zero energy—in fact, they need some en-
ergy or they will fall out [49]. A more rigorous calculation of popy integrates over

the energy distribution of the atoms in the trap:

f(fmax (Otoss (Emax — E)v)p(E)dE
Jo"™ p(E)dE

— (Giour?) [1 B, (l}d) (- Em>f>] (225)

(Oloss(U)v) = (2.24)
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Collision Partners | original Oy (1 X 10~ m3s~1) | corrected Ofion (1 X 107 P m3s~h
87Rb-N, 3.11(3)(2) 3.14(5)(2)
87Rb-He 2.40(12)(8) 2.41(12)(8)
8’Rb-Ar 2.77(5)(2) 2.79(5)(2)
87Rb-Xe 2.71(3)(3) 2.75(3)(3)
87Rb-H, N/A 3.8(2)
87Rb-CO, 2.82(6)(2) 2.84(6)(2)

Table 2.2: Originally calculated collision cross sections (calculated using
eq. (2.23)) and corrected collision cross sections (calculated using
eq. (2.25)). The first number in parentheses is the statistical error, and
the second is the systematic error. All cross sections are taken from [45]
except for g7Rb-Hj,, which is taken from [46].

where p(E) is the energy distribution of the trapped atoms.
Using this method produces small (~1%) corrections to the total collision cross

sections (see table 2.2). See ref [45] for a more explicit treatment of this error.

2.5.4 Limitations

The collision cross-section (o(v)) as a function of velocity displays an oscillatory
behaviour superimposed on a monotonically decreasing average cross-section (see
fig. 2.6). These oscillations (known as Glory oscillations) occur due to the inter-
ference between the short-range and long-range inter-particle collision physics [6].
The quantum diffractive universality initially reported in ref [3] arises in part due
to the effects of averaging o(v) over the Maxwell-Boltzmann velocity distribu-
tion of the background particles. This averages away the short-range oscillatory
behaviour (which is different for different background species), leaving only the
shared slowly-decreasing long-range behaviour responsible for the universal de-
scription of the collisions (eq. (2.22)). This universality can break down under

several conditions:

* Extreme background temperatures: If the background particles are too cold
(~1K), then the velocity distribution is too narrow to smooth out the short-
range physics. If the background particles are too hot (~1000 K), the highest

velocities can reach a collision regime where the total cross section is domi-
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Figure 2.6: Calculated cross sections as a function of total angular momen-
tum for several different potential energy surfaces. Notice the initial
oscillatory behaviour followed by the monotonic decrease. Taken from
ref [3].

nated by the short-range physics, and the universal approximation no longer

applies [3]. This has not been experimentally verified yet, but is not a major

limitation: ConFlat flanges (the standard method of connecting vacuum parts
together at UHV) are rated from 77 to 723 K, so nearly all vacuum chambers

operate within those temperature limits. [28]

* Low reduced mass: Low mass collision partners (several AMU or smaller)
tend to have a small polarizability and Cg Lennard-Jones coefficients, which
govern their long-range behaviour. This makes their short-range interac-
tions more prominent even at low collision velocities. Low-mass particles
also have higher velocities, which increases the amount that they probe the
short-range physics. These factors make the quantum diffractive universality
description specific to Cg interactions incomplete for these species [46]. This
is a concern when using quantum diffractive universality to compute colli-
sion cross sections for low-mass collision partners, but fortunately it is less

challenging to calculate cross sections between low-mass collision partners.
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 Large trap depths: If the trap depth approaches U, then the sixth-order poly-
nomial expansion in U /U, will fail. More terms will be required to extend

the universal description to larger U /U, values.

2.6 Summary

Monitoring the loss rate of atoms in a magnetic trap provides an excellent and
repeatable method of measuring pressure that works for all collision partners—not
just inert gases. The portability of the apparatus will allow us to directly compare
the efficacy of the technique against other state-of-the-art UHV pressure standards
to promote international recognition of a new pressure standard realized with cold
atoms. Furthermore, direct comparison will allow us to compare the collision cross
sections calculated using quantum diffractive universality with those measured by

comparing against a known pressure.
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Part 11

Apparatus
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Chapter 3

Vacuum Chamber

In order to measure the pressure in a vacuum chamber, we need a vacuum chamber

to contain the MOT and MT. Specifically, the vacuum chamber needs to include

* an optically transparent science section to create and image the trapped en-

semble of rubidium atoms
¢ arubidium source.

* a valve connecting the portable chamber to the chamber under test that can

be closed during transportation.

* a pump to keep the vacuum chamber under vacuum while it is shipped be-

tween destinations.
We also imposed several design constraints:
* It should minimize the amount of Rb that leaks into the chamber under test.
* To minimize the disturbance to the system under test, it should

— have a small interior volume.
— outgas as little as possible.

— have a good conductance to the chamber under test.
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Source Cell

CQ Adapter Plate

Adapter

NEG Tube

Inline Valve

CF133 Cross

CF133 Valve

Measurement Cell
Figure 3.1: The original design of the vacuum chamber.

3.1 Design

The design of the vacuum chamber went through several configurations. First, we
assembled the chamber shown in fig. 3.1.

We used a prebuilt Rubidium source from ColdQuanta with an integrated dif-
ferential pumping tube, 2D MOT, and push beam (see section 3.1.4 for more de-
tails). Opposite the dispenser was the measurement cell (purchased from Precision
Glassblowing) where the pressure measurements could be made.

To the right of the cross is a CF133 valve that could be used to valve off the
non-evaporable getter (NEG)—a type of chemical pump that readily adsorbs cer-
tain common species seen in vacuum chambers (such as H, and N) ! If connected
directly to the chamber, NEG would disrupt pressure measurements as it reduces
the observed pressure. However, a NEG is ideal for keeping the vacuum pres-
sure down during transit as it can pump hydrogen (the most common background
species) very efficiently, and does not need to be supplied power after its initial

activation. Therefore, we planned to close the CF133 valve during measurements,

ts pumping rate was conductance-limited by the CF133 valve, but has a pumping rate of
312 L/s for hydrogen and 45 L/s for nitrogen
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but open it when not conducting measurements to keep the base pressure down.

Opposite the CF133 pump cut-off valve is the CF275 inline valve used to con-
nect the portable sensor to other vacuum chamber or pumps. It is critical that it
remains sealed when in transit. First, it protects the walls of the chamber from
atmospheric water - if left open, we would need to re-bake the entire chamber after
connecting to a chamber under test, which would necessitate removing then rein-
stalling and realigning the optics and magnetic field coils. More importantly, it
protects the rubidium dispenser from oxidization.

We used this chamber to collect the data discussed in chapter 9. During testing,
we discovered several flaws with the chamber: its conductance to the measurement
cell was poor, it had no way of pumping inert gases, and it leaked. This necessitated

a redesign and rebuild of the vacuum chamber.
3.1.1 Conductance

Vacuum Conductance

Atoms in UHV are well within the molecular flow regime, where the mean free path
of a particle is much larger than the size of the vacuum chamber (at 1 x 10~7 Torr
[1 x 107 Pa] - the upper pressure limit of the apparatus - the mean free path of
a particle is ~1km as compared to the ~3 cm internal diameter of the vacuum
chamber) [22]. This means the particles are virtually non-interacting.

The flow rate of particles through a pipe is
Q0 =CAP (3.1)

where C is the conductance of the pipe and AP is the difference in pressure between
the ends of the pipe. If several pipes are joined together, the conductances add

according to [56]

1 1
— =)= (3.2)
Ctot Z Ci

1
Ion pumps and NEGs are diffusion-limited - they can only pump an atom if it
reaches them. Therefore, they are limited by the conductance between them and

the region they are pumping. This means the effective pumping rate of a pump
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with pumping rate S is [56]:

SCiot
S+ Ciot

Seffective = (3.3)
The conductance of a duct in a vacuum system depends on the rate that particles
enter the duct, and the probability that they will pass through the duct [22]. The

conductance of an aperature is

1
Ci= ZAV.C1 (3.4)

where A is the area of the aperture and v,, = / % is the average velocity of a
thermal particle of mass m.

The conductance of a long tube of cross-sectional area A, length L, and circum-

ference H is [22] c
a

= 3LH
1+ 64

(3.5)

And if a tube has a bend in it, the conductance changes as if the length of the

tube has increased [56]
0
Leftective = Laxial +1.33 ED (3.6)
where 0 is the angle in radians and D is the diameter of the tube.

Conductance of Chamber

We calculated the conductance from the 3D MOT to the far side of the inline valve
to be approximately 1.2Ls ™!, limited by the narrow diameter of the glass cell and
the CF133 cross. The effective pumping rate of the 3D MOT by the NEG was
estimated to be 0.9 L/s.

3.1.2 Leak Checking

Figure 3.2 shows that the pressure in the chamber rose steadily once only the NEG
was pumping, which suggested that gases that the NEG could not pump easily (i.e.
atmospheric gases) were present in the chamber - in other words, there was likely

a leak.
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Figure 3.2: A set of MOT loss rates (I') taken using the original vacuum
chamber (fig. 3.1). MOT loss rates provide a useful proxy for the pres-
sure in the chamber. The orange dots were fitted using eq. (9.2) to
extract the loss rate, while the blue dots were fitted using eq. (9.4) to
extract the loss rate. The chamber has a turbo pump connected through
the inline valve, and it can also be pumped by opening the NEG valve.
At 17:22, the inline valve to the turbo pump was closed, causing the
pressure to slowly rise. At 23:05, the valve to the NEG was closed,
causing a sharp spike in the pressure. At 23:10, the valve to the turbo
was re-opened, causing the pressure to fall to its original value.
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We used an Agilent HLD MD30 Helium Leak Tester to look for the leak in the
chamber. Typically, one tests for leaks using a leak tester by venting the chamber,
attaching it to the leak tester, then spraying different sections of of the chamber with
Helium. If the leak tester detects helium on its inlet, it suggests that the sprayed
section of the chamber has a leak that is letting the helium in.

However, we needed to avoid exposing the Rubidium source to atmosphere,
and wanted to avoid attaching unbaked vacuum components directly to the cham-
ber. We valved off the chamber, attached an angle valve to the exhaust line of the
turbo pump between the turbo and the scroll pump, then baked out the connection
between the chamber and the turbo pump using heater tape. Next, we valved off
the turbo’s exhaust, then replaced the scroll pump with the leak tester. We initiated
the test sequence, which meant that the leak tester vented the roughing line but
the turbo pump remained under vacuum. Finally, we slowly opened the roughing
line valve, ensuring that the pressure on the leak tester did not rise more than 10x
above its minimum value - if the pressure rose too high, it could damage the mass
spectrometer filament.

When we leak-tested the chamber, we discovered a leak ~3 x 1073 TorrLs~!
between the measurement cell and the CF133 cross. This explained why the pres-
sure in the chamber rose dramatically when the turbo pump was valved off. A
leak that large would seriously compromise sensitive pressure measurements, SO

the vacuum chamber needed to be rebuilt.

3.1.3 New Design

To address those issues, we rebuilt the vacuum chamber (see fig. 3.3), correcting

the following flaws:

* Prior to baking, the leak detector could not detect a leak (minimium de-
tectable leak was 1 x 10712 TorrL/s)

e It improved the estimated conductance to the 3D MOT to ~1.3L/s and in-
creased the estimated 3D MOT effective pumping rate to ~1.3L/s.

¢ It included an ion pump to allow for pumping of inert gases.
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Measurement
Cell

Figure 3.3:

Angle
Valve

The final revision of the vacuum chamber used in the apparatus

Blanks Cell

Source

CQ Adapter Plate NEG

5-cross

Part Part No

3D MOT Cell | Custom 13mmx13mmx70mm cell
Source Cell ColdQuanta Rubidium CASC
Cube Lesker CU6-0275

Reducer Lesker RF1000X275

Inline Valve MDC 316001

Angle Valve | Norcal AMV-504400
5-Cross Lesker C5-0275

NEG Holder | Lesker FN-0275S

NEG Edwards 300NP

Ion Pump Gamma TiTan 25S

Blank Lesker F0275X000N

Table 3.1: Rebuilt vacuum chamber components
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3.1.4 ColdQuanta Rubidum Source

The apparatus uses a prebuilt Rb dispenser from ColdQuanta. The dispenser re-
leases rubidium when it is heated by applying a current through the dispenser rod.
Using a dispenser reduces the amount of rubidium contamination in the chamber
under test because rubidium can be dispensed only when measurements are being
made.

The source cell also has a differential pumping hole and a 2D+ MOT 2. The
differential pumping hole also reduces the level of rubidium contamination in the
chamber under test. It consists of a wall at the end of the source cell with a small
(1 mm diameter) hole in the center of it. Normally, rubidium has a very small
chance of passing through the hole. However, activating the integrated 2D MOT
reduces the atoms’ radial velocity (relative to the axis of the differential pumping
hole), which dramatically increases the probability that the atoms pass through the
hole. To further encourage the atoms to pass through the hole, a ‘push’ beam of
light resonant with the pump transition and parallel to the differential pumping hole
can be turned on.

The push beam is not essential for loading the 3D MOT, but we found that it
increased the loading rate by a factor of 10 (see section 9.2.2 for the details of this

measurement).

3.2 Preparation

This section describes the procedure used to reduce the level of outgassing in the
vacuum chamber used in the apparatus. It starts with some general theory about

the pressure inside of a vacuum chamber before applying it to our apparatus.
3.2.1 Leak Rate in Vacuum Chambers
The pressure in a vacuum chamber

dpy 1 & _
o V(;)C,(Po—PLHR) (3.7)

2 A 2D+ MOT consists of a a 2D MOT and a push beam
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where Py is the pressure in the chamber, P, is the pressure in chamber i with con-
ductance to it C;, and R is the leak rate into the vacuum chamber.

If a chamber is only connected to one other vacuum component and is being
pumped out through it, its steady-state (‘base’) pressure is Py = P; + %. To de-
crease the base pressure of the system, one must decrease the leak rate, increase
the conductance into the chamber, and/or decrease the pressure in the chamber it is
being pumped into (get a better pump). Once under vacuum, the conductance and
pumping rate are fixed, so the only way to reduce the base pressure is to change is
the leak rate, R.

There are a number of contributions to the leak rate. One minor source is the
atmosphere leaking through the seals in the vacuum chamber. However, unless the
chamber has been improperly sealed, the dominant source is ‘outgassing’ - atoms
that have stuck to the walls of the vacuum chamber and are slowly desorbing and
bouncing through the chamber [22]. Provided the chamber was adequately cleaned
prior to being pumped down, water will be the dominant species outgassing. In a
typical metal vacuum chamber, the outgassing rate at room temperature is approx-

imately [13].
3¢—9
t

qH,0 ~ (3.8)

where gg, 0 is the outgassing rate of water in millibar litres per second per centime-
tre squared, ¢ is the time elapsed in hours since starting to pump down the vacuum
chamber.

While metals outgas at a rate proportional to % polymers tend to outgas at a
rate proportional to % This means that pumping them down to a given pressure
takes an order of magnitude longer. It is necessary to expose polymers to vacuum
in a few applications (such as glass-to-metal seals), but their use in UHV chambers
should be minimized as much as possible. [22].

The outgassing rates of water vapour and hydrogen gas increase with the tem-
perature of the chamber. Therefore, to remove them rapidly, the entire chamber
is heated or ‘baked out’. Typically, heating the walls of the chamber to 150 C to
200 C for around several days removes almost all of the water from the walls of the
chamber [22].

Once the water has been removed, hydrogen is the dominant background species.
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It comes from the hydrogen that is dissolved into the steel in the vacuum chamber
walls. It slowly diffuses towards the surface and desorbs, contaminating the cham-
ber. The diffusivity of hydrogen is exponentially related to temperature—baking at
300 C for three months (theoretically) produces the same result as baking at 1000 C
for an hour [4]. Consequently, CERN bakes their vacuum parts at 950C for two
hours in a vacuum furnace [5]. Other groups have baked their vacuum chambers
at 400C for several days to several weeks [14, 36]. Note that as the hydrogen con-
centration decreases, its desorbing rate becomes recombination-limited rather than
diffusion-limited, further slowing the desorption rate and producing diminishing

returns on the bakeout time [19].

3.2.2 Baking the Vacuum Chamber

Due to the vacuum chamber being rebuilt multiple times, and some parts being
more sensitive to high temperatures than others, we conducted the high-temperature

bakes in several stages.

First Bake

First, we baked the original chamber (minus the glass measurement and source
cells) at a high temperature to remove hydrogen. Specifically, we baked the inline
valve, coldquanta adapter plate, and zero-length reducer  at 300 C for 55 days.

To conduct the bake, we first assembled the vacuum components and connected
them to an ion gauge and a turbo pump backed by a scroll pump. We activated the
scroll pump, waited 30 minutes, then activated the turbo pump. We waited another
30 minutes, then degassed and activated the ion gauge to monitor the pressure of
the chamber during the bakeout.

Next, we started to build an enclosure around the chamber made in aluminum
foil-wrapped ceramic bricks. The foil was primarily to reduce the amount of dust
from the bricks. Once the enclosure wall was partially constructed, we placed three
ceramic full trough infrared heaters (Salamander FTE-650-400-0-L6-Y-0) around
the chamber, crimped them to fiberglass-insulated electrical cables, insulated the

3There were also some components baked at this time that were not used in the rebuilt vacuum
chamber - a CF133 valve, two CF133 blanks, one CF275 blank, and a CF133 cross
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crimp joint with glass tubes, then fed the fiberglass cables through the partially-
constructed wall. We connected the electrical outlets to variacs, which were pow-
ered by Briskheat SDC120KC-A digital temperature controllers, which operated
using bang-bang feedback control*. We placed the Briskheat controllers’ thermo-
couples near the heaters to provide more accurate control of the temperatures.

We also attached separate thermocouples to areas that were more sensitive to
high temperatures (the one attached to the CF133 valve was labelled ‘small valve’
and the one attached to the CF275 inline valve was labelled ‘large valve’) and areas
that were close to heaters (‘near side’ and ‘far side’). When installing the thermo-
couples, we first wrapped any exposed metal (such as the tip) in Kapton tape, then
inserted the tip into the nearest leak-check slot so that we measured the tempera-
ture of the chamber, not the ambient air. Once a thermocouple was installed, we
wrapped wire around the part of the vacuum chamber the thermocouple was mea-
suring and twisted it to tighten the connection.

Because the turbo pump (turbo) could not be heated above 70 C, we used a bel-
lows to connect the chamber to the turbo. The bellows was wrapped in alumunum
foil (to help disperse the heat), heater tape (wrapped more densely close to the oven
and less densely close to the tubo), and several more layers of aluminum foil. This
reduced thermal gradients in the system and allowed more of the chamber to be
heated, which reduced the surface area of relatively cold metal that gas can con-
dense onto during the bake [12]. It is important to minimize the size of the cold
spots because the condensed gas will outgas after the bake has concluded.

Once the thermocouples and heaters had been placed, we completed assem-
bling the oven. We brought the oven up to target temperature by increasing the
briskheat set temperatures and variac voltages, ensuring that the temperature never
changed faster than 1C/min. Once the pressure in the chamber was no longer drop-
ping, we slowly brought the temperature down and disassembled the oven, heaters,
and thermocouples. See section 3.2.2 for a diagram of the vacuum chamber. See
section 3.2.2 for a plot of the temperatures, and fig. 3.6 for a plot of the pressure
during the bake.

The initial oscillations in pressure were due to the temperature of the chamber

4Bang-bang feedback control is the simplest form of feedback control. If the temperature was
below the set point, they turned on. If it was above, they turned off
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NEG Tube CF133

NEG
Science Cell

Figure 3.4: We baked this chamber with the source cell and science cell re-
placed with CF133 blanks. It was baked at 300 C for 55 days. The inline
valve, NEG tube, zero-length reducer, and source cell adapter were re-
used in the rebuilt vacuum chamber.

increasing in steps. We suspect that the pressure spike observed at 25 days and
corresponding decrease at 35 days was due to one of the controllers’ thermocouples
shifting in position, which would cause the controller to change its average output
power. By day 45, the pressure had reached its steady-state value, limited by the
compression ratio of the turbo pump. The ramp down in pressure at the 55 day
point was due to the temperature of the chamber being decreased (due to the ideal
gas law, Pipal = %Pinmal). The slow increase in pressure following this may have
been due to atmospheric hydrogen slowly backflowing through the turbo pump
after the pressure temporarily fell below the pump’s base pressure.

Second Bake

It is unlikely that the apparatus would be able to connect directly to the chamber
under test due to geometric constraints. We wanted a selection of hydrogen-free
conflat parts we could use to build an interconnect between the two chambers.

We also wanted a low-outgassing ion pump and ion gauge available to reduce the

5The author was infected with COVID-19 during this period of time and was not paying close
attention to the experiment.
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Figure 3.6: Pressure reported by the ion gauge while conducting the first

bake.

39



system’s base pressure and measure the pressure in the interconnect. As a result,
we built a vacuum chamber out of spare parts and baked it at a high temperature to
remove as much hydrogen as possible from those parts. Some of these parts (the
ion pump, an elbow, both blanks, and a valve) were used later when we rebuilt the
chamber.

We baked the ion pump (with its external magnets removed), angle valve, el-
bow, blanks, and a 12” bellows at 400 C. ® The procedure was very similar to the
above except the bake was split into two ovens - one that went to 400 C heated by
two heaters, and one that went to 300 C that was heated by a single heater. The
chambers were held at temperature for 37 days. See fig. 3.7 for a diagram of the
chamber that was baked. See fig. 3.8 and section 3.2.2 for the temperature and

pressure during the bake.

Third Bake

Once we had baked the all-metal components in the original chamber at high tem-
perature, we installed the glass measurement cell and coldquanta source and re-
baked the chamber at a lower temperature to remove water (see fig. 3.10 for the
temperature log). It was during this bake (on day 27) that we activated one of the
rubidium dispensers and the NEG. After this bake, we recorded the data discussed
in chapter 9.

Rubidium dispenser activation: Following the instructions in the source’s user
manual [7] we set the dispenser current to 3 A for 80 minutes (until the pressure in
the chamber stabilized). We then set the current to 5.5 A for one minute, then reset
it to 3 A until the pressure re-stabilized. We spiked the current, reset it, and waited

for the pressure to settle two more times before declaring the source activated.

NEG activation: We activated the NEG by setting its current to 5.5 A for 70
minutes. We observed the pressure in the chamber rise from 2 x 1078 Torr to
1 x 107> Torr in this time. This is because NEGs release their adsorbed hydro-

6We also baked another CF275 elbow, an ion gauge in a CF275 tube, a CF275 cross, two CF275
blanks, another CF275 valve, and a 6” CF275 bellows. We baked a CF275 tee, a CF275 valve, a
CF275 elbow, a CF275 valve, and an SRS RGA-200 in a separate oven attached to the same chamber.
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12" Bellows Tee

Turbo Bellows

lon Gauge

Turbo Pump

Figure 3.7: The collection of spare parts baked with the intention of using
some of them in an interconnect between the apparatus chamber and
the chamber under test. The ion pump, leftmost CF275 angle valve,
blanks, and uppermost elbow were used in the rebuilt chamber. We plan
to use the 12” bellows for the interconnect. They were baked at ~400 C
for 37 days.

gen when activated. The turbo pump we were using to pump out the system had
a poor compression ratio for hydrogen (400), and the scroll pump we were using
had a base pressure of 5 x 102 Torr, meaning that the pumps could not remove the

released hydrogen from the chamber.

Fourth Bake

When we realized that we needed to rebuild the vacuum chamber, we decided to
replace the CF133 cross with a CF275 cube to improve conductance. We purchased
a cube from Lesker and baked the it at 420 C for 25 days to remove its hydrogen.
To conduct the bake, we connected a bellows that led to a turbo pump and ion
gauge on one side of the cube. We blanked off the remaining five sides of the

cube. Because only one small component was baked, we did not build a full oven.
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Bakeout Temperatures vs Time
(Start: 2021-09-01 16:56:00 End: 2021-10-20 15:30:46)
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Figure 3.8: The temperatures in the chamber during the second bake. The
thermocouples attached to the ion pump and 4 cross came loose and
produced inaccurate readings for significant portions of the bake.

Instead, we wrapped the cube in heater tape, then aluminum foil, then a second
layer of heater tape, more aluminum foil, then enclosed the bundle with ceramic
bricks. The bundle of heater tape was powered by a single variac, and another
variac controlled the temperature of the bellows connecting to the turbo pump. See

section 3.2.2 for the temperature of the chamber during the bake and fig. 3.12 for
the pressure of the chamber.

Fifth Bake

We assembled the final version of the chamber (as depicted in fig. 3.3) in an oven
and baked it out at 200 C using three IR heaters. Due to a last-minute change to the
chamber design, we baked the five-cross connected to the other components but at
a much higher temperature (400 C) by wrapping it in heater tape, then covering the
heater tape in aluminum foil. This allowed us to remove hydrogen from it while
protecting the more sensitive glass cells from high temperatures.

We re-activated the Rb dispenser in the ColdQuanta cell, which caused a sharp

spike in the pressure as we ‘burnt off’ oxidized Rb from the outside of the dis-
penser.
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Figure 3.9: The pressure recorded by the ion gauge near the scroll pump dur-
ing the second bake. We discovered that selecting a portion of text in a
Windows shell pauses the command the shell is running. This inadver-
tently caused the script that was collecting the pressure data to freeze
for much of the bake.

3.3 Outgassing Performance

We replaced the scroll pump with a leak tester and used the procedure described
in section 3.1.2 to check for leaks in the rebuilt chamber. We could not detect
any leaks larger than 1 x 1078 TorrL/s. Unfortunately, a leak in the housing of
the turbo pump prevented us from detecting leaks smaller than that; any helium
we sprayed near the chamber would leak in through the turbo pump, ruining the
measurement.

We do have some evidence to suggest the leak rate in the new chamber is min-

imal. Monitoring the ion pump current gives a measure of the pressure in the ion
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we were able to monitor the pressure on a dial, our pressure logging

device encountered an issue and did not reproduce the readings on the
dial.
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Figure 3.11: The temperature of the cube, bellows connecting it to the turbo

pump, ion pump, and turbo pump during the fourth bake. The tempera-
ture was increased slightly for the last week of the bake to increase the
amount of removed hydrogen. Fluctuations in the temperature were
due to fluctuations in the mains voltage.
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Figure 3.12: Pressure recorded with the ion pump during the fourth bake.
The slight spike in temperature on August 3rd was due to an increase
in the temperature. An impending power shutdown in the building
cut the bake short. We decided to not continue the bake because we
expected that other vacuum parts baked at lower temperatures would
outgas significantly more than the cube.

pump chamber. When the inline valve connecting the chamber to the turbo pump is
opened, the pressure in the ion pump rises to 7 x 10~!! Torr, while the turbo pump
ion gauge reads 3 x 10~° Torr. When the inline valve is closed, the ion pump pres-
sure quickly drops to the minimum value—1 x 10~!'! Torr. This suggests that the
base pressure in the chamber is at least below 5 x 10~1° Torr. We look forward to

being able to confirm the exact base pressure of the system with our atoms.
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Figure 3.13: Recorded temperatures of the rebuilt vacuum chamber during
the fifth bake. The five-cross’ temperature was increased to 400 C to
remove as much hydrogen as possible from it.
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Figure 3.14: Recorded pressure in the rebuilt vacuum chamber during the

fifth bake. The spike in pressure on September 26th was from acti-
vating the Rb dispenser.
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Chapter 4

Magnetic Field Coils

4.1 Theory

There are many configurations of magnetic field coils that can trap cold atoms,
such as the anti-helmholtz, ioffe-pritchard, and baseball configurations [38, 50].
We decided to build a quadrupole anti-helmholtz trap as they are the simplest to
produce. Ideally, it consists of two axially concentric winds of wire with current i
flowing in opposite directions (see fig. 2.1).
The on-axis magnetic field of a single coil loop is [20]
2

s M a‘i .
E T 2 rappr s b

and the on-axis magnetic field of an ideal anti-helmholtz coil is

= Moo, 1 1 R
B, = §a2l <((Z+d/2)2 +a2)is - ((Z—d/2)2+a2)1~5> Z 4.2)

where a is the radius of the wires, d is the spacing between them, u is the magnetic
constant, and z axial distance from their midpoint.

In the real-world, the size of the coils may be comparable to the inter-coil spac-
ing, so the spacing between the winds needs to be taken into account by summing
the contributions from many pairs of radii a; spaced d; apart.

The off-axis axial and radial components of the magnetic field can be found
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using elliptical integral functions [24] , but the magnitude of the magnetic field is

approximately’
x2+y2 + (27)2

dB
B(x,y,z) = Z 5 (4.3)

Therefore, to maximize the trap depth of magnetic field coils, the axial mag-

netic field gradient must be maximized.

4.1.1 Thermal Stability

Because pressure is proportional to temperature, it is critical that the temperature of
the atoms in the glass cell - and thus the glass cell - remain at the same temperature
as the chamber under test. Generating a large magnetic field gradient (more than a
two hundred Gauss per cm) requires a lot of power (more than fifty watts), so it is
important to consider how the coils will be cooled.

Air cooling occurs primarily due to convection. The rate that heat is lost from
a plate at temperature 7 of area A into a fluid of ambient temperature 7; follows
Newton’s law of cooling (eq. (4.4)) [35]:

P=hA(T-T,) (4.4)

where h ~ 10— [35].
One can use the surface area of the coils for A to give a crude estimate of its

ambient cooling capacity. One can increase the cooling capacity by

* increasing the area A by adding a heatsink. However, this introduces extra

bulk to the coils which will likely get in the way of the optics.

* increasing / by adding a fan to blow extra air across the plate. However, this

can also introduce stray magnetic fields, vibrations, and potentially extra dust
There are also two other problems with air-cooling:

* The vacuum chamber and optics will be enclosed in a box, so the air would

need to be pumped in and out

'For our coils, this approximation is within 5% of the true value for any point within the glass
cell.
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* Most importantly, air cooling is proportional to the temperature difference
between the air and the object. Keeping an object close to the temperature

of the air minimizes the cooling capacity of the air.

Because of these issues, we decided to build water-cooled coils.

4.1.2 Types of Coil Construction

Water-cooled coils can be constructed in two main ways: They can either be made

from a solid conductor then enclosed in a watertight container that water flows

through, or they can be made from metal tubing that the water flows through.
Several different geometries of such coils made from a solid conductor exist,

including using

* magnet wire (solid-core wire with a thin enamel coating on the exterior)

wrapped around a spindle.

* conductive foil topped with an insulator (such as Kapton tape) and wrapped

in a helix (a ‘jelly roll’ coil).

* spiral-cut plates stacked on top of eachother (also known as a Bitter coil)
[47].

Two main geometries of hollow-core coils can also be constructed. They can
be wrapped from a single long tube, or created from a set of smaller coils that are
hydraulically in parallel but electrically in series. Although the latter design offers
significant advantages for cooling (creating a coil from four 2x8 coils connected
axially offers 16x less flow resistance than a monolithic 8x8 coil), we struggled
to manufacture them such that they didn’t develop leaks or internal short-circuits.
Consequently, we built a water-cooled, hollow-core coil. To compensate for the

high flow resistance of its narrow tubes, we used a high-pressure pump.

4.2 Optimization of Design

‘We needed a coil with

* An inductance of less than 500 ttH (due to constraints in the coil power sup-

ply design).
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* A resistance of less than 100 mQ (due to constraints in the coil power supply

design).

* Able to produce the largest magnetic field gradient possible with a supply
current of up to 60 A (due to constraints in the coil power supply design).

* A power draw at maximum current of less than 200 W (due to our power

budget and cooling capacity of the chiller)

¢ The cooling capacity to maintain its temperature within 3 C of the water
temperature fed to the coils if supplied water at 100 psi (to maintain a worst-

case 1% error due to heating of the background atoms).
* An outer diameter of less than 90 mm and an axial length of less than 50 mm

* An inner diameter large enough to easily shine a 12 mm diameter beam
through without clipping, even if the coils are misaligned. We decided this

meant the inner diameter must be at least 15 mm.

It also must be made from inexpensive commercially available copper tubing.

We created software that brute-force modelled every coil configuration that
met the above specifications and compared axial gradients. The model with the
largest promised gradient was the 8 axial turn, 8 radial turn coil made from 0.125 in
OD 0.65in ID copper tubing. It would have 78 mm OD, 16 mm ID, and would
be 31 mm long. When driven at maximum power (200 W), it should produce a
gradient of 386 G/cm when spaced 22 cm apart, consuming 59 A. It should heat
up an average of 1.9 K and heat its water 3.6 K, which flows through both coils
at 13.3mL/s. Finally, it should have a combined series resistance of 57 mQ and
inductance of 139 uH.

The software also can model air-cooled coils, coils that are hydraulically in
parallel but electrically in series, enclosed foil ‘jelly roll’ coils, and coils that are
cooled by water flowing through a heatsink at their base. Details of the models

used are discussed in appendix A.
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4.3 Construction of Coils

Once we decided on an 8x8 design of 1/8” tubing, we needed to construct the
coils. Winding magnetic field coils can be challenging. Copper work-hardens, so
the copper tubing needs to be reshaped as little as possible during construction.
The coils need to be kept taut so they do not unwind, but not so taut they they push
lower winds out of position. Finally, the copper tubing must be insulated with a
material that is thin but tough enough to avoid damage when the coils winds are
tightened.

We experimented with a variety of insulating materials (electrical tape, kapton
tape, plasti-dip insulation, heatshrink, and spray-on magnet wire varnish) before
deciding on physically separating the winds with thin sheets of plastic film.

We purchased 50’ lengths of 1/8” OD .065” ID soft copper tubing from Mc-
Master (5174K1) to create the coils. We threaded a 3/8” bolt through a 5/8” steel
tube and machined 1.5 thick plastic end caps with 5/8” ID holes to act as end
plates for compressing the winds. One of the end plates had a 5/16” hole drilled
through it to allow the innermost winding to escape without kinking (see fig. 4.1a
and fig. 4.1b). We wound the copper tubing eight times around the spindle, tight-
ened it, then loosened it slightly to make room for the insulation.

We laser-cut 3.88 mil plastic film 2 circles of similar inner and outer diameter to
the current copper tube layer, and cut them in one spot so they formed a single-turn
helix. We then inserted them between the copper windings by forcing the copper
tubing apart with a screwdriver and feeding the film into the gap. This insulated
adjacent windings on each layer from each other.

On the last turn, we inserted a longer sheet the 3.88mil polyamide film ina 'C’
shape around the copper to form an insulating layer between it and the next layer
of windings. We then wrapped the copper in a layer of Kapton tape (to hold the
windings in place), then a layer of 6.8mil plastic film 3 (to provide a flat surface for
the next set of winds to build upon), then a layer of thin yellow electrical tape* to

hold everything in place.

23M polyester antifog film 9962 70-0000-6490-0
33M polyester antifog film 9962 70-0000-6443-9
43M #1350 YL1 ZC 5159-03
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Once each coil had been wound, we vacuum-potted® the coils with thermally
and electrically insulating epoxy®. This epoxy holds the coil windings in place and
reduces the amount of heat that can get transferred from the coils to the ambient air
(specifically, the air near the measurement cell). This process left an uneven surface
and several millimeters of material between the copper tubing and the surface of
the coil.

To first order, the magnetic field gradient is inversely proportional to the inter-
coil spacing. As we expected the coils to be mounted approximately 20 mm apart,
this significantly reduced the maximum magnetic field gradient that could be achieved.
To reduce the effect of this ‘dead space’, we used a belt sander to grind down the
surface of the coil opposite the entry and exit tubing (see fig. 4.1c to see the sanded
surface of one of the coils). There was a slight mistake made when sanding one of
the coils - a small section of the copper tubing was also sanded away. To reduce the
risk of the water pressure causing the weakened section to fail, we ensured that the
high-pressure water entered the coil on the far side of the weakened tubing. This
coil is the ‘more shaved’ coil in fig. 4.2.

We needed a low-resistance method of connecting the power supply to the
coils. We clamped two 1/8”x1/2”x1” copper tabs together, and drilled two holes
through them: a 1/4” hole normal to the two tabs so a bolt can clamp the tabs to-
gether, and a 1/8” hole along the mating surface so the tabs could clamp around the
tubing. We polished the mating surfaces of the tabs and copper tubing, tinned them
with solder, then used a blowtorch to solder the surfaces together (see fig. 4.1c).

Finally, we needed to be able to connect the coils to their mounts. We created an
alignment tool out of a 5/8” solid aluminum rod, a 5/8” ID and 1 OD washer, and
thick 3” metal plate with a 5/8” hole. We slid the rod into the hole and the washer
onto the rod, then the whole assembly onto the coil mounting plate. We then slid
the coil down the rod until it was approximately 1/2” from the mounting plate, then
tightened the plastic grub screws in the mounting plates until they touched the coil.
This ensured that the hole through the center of the coils and the hole in center of

the mounting plates were concentric. The alignment tool also ensured that the coil

SVacuum potting is a process where epoxy is mixed and dispensed under vacuum to prevent air
bubbles or other voids from forming.
SMG chemicals 832TC thermally conductive epoxy
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Parameter Simulated Measured
Resistance ® 57.3mQ 78 mQ
Inductance ° 139 uH 155 uH
Combined Flow Rate 13.3mL/s 14mL/s
Magnetic Field Gradient 6.53G/cm/A | 6.4G/cm/A
Water Temperature Increase |1 | 2.1 K 1.5K

Table 4.1: Simulated and measured parameters of the constructed coils.

was normal to the mounting plate. We then clamped the coil into place and built
a mold of hot glue around the inside and outside gap of the coil, leaving a small
hole on the outside to inject epoxy into. The mold was filled with epoxy seeded
with glass microbeads’ to increase its strength. Once the epoxy had dried, we
removed the hot glue, leaving only the epoxy (see fig. 4.1d). Finally, we clamped
the electrical connection tabs to the holders, and attached nipples to the ends of the
copper tubing to connect the high pressure water to.

We thank Matt Grieg and Fardin Barekat from the Make+ group at BCIT for
their help with the assembly of the coils.

4.3.1 Measured Coil Parameters

Although not perfect, the simulated values provided a good starting point to make
design decisions. The inductance and resistance were close enough to the simu-
lated values for the coil controller to meet its performance specifications, and the
flow rate was very accurate. Unfortunately, the coil transferred 30% less heat to
the water than expected, which means that the the coils will be 30% warmer than

predicted.

7fibertek glass micro bubbles

8The simulated resistance does not include the resistance of the 2m cables connecting to the
coils nor the contact resistance to the coils, which is why the measured resistance is significantly
higher.

9We attempted to measure the inductance of the coils using impulse steps of 5 A and 60 A, which
produced readings of 102 uH and 208 uH respectively.

10The flow rate was measured at a pump pressure of 150 psi.

"'The water temperature increase is the increase in temperature of the water as it passes through
the coils. It should be approximately constant for different inflow temperatures. The increase was
measured when driving 45 A through the coils—the current corresponding to the maximum steady-
state power that the water cooling system could accommodate.
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(a) The jig used to wind the coils (b) The plastic insulation between winds.
Notice the ‘canoe’ on the inter-layer wind.

(c) Soldering the copper tabs to the cop- (d) The finished product - a coil epoxied
per tubing to its holder

Figure 4.1: Photographs from the coil assembly process.
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Magnetic Field vs Distance
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Figure 4.2: Axial magnetic field at different axial distances from the shaved
surface of each of the coils. Surprisingly, the less shaved coil produced
a higher gradient. It’s possible the more shaved coil has a short-circuit
between some of its winds.

Different measurements of the magnetic field produced different results. The
magnetometer we used produced different values for different gain settings, so
we took the average of all measured values. Adding the field of the two coils
as measured in fig. 4.2 produces an average slope of 6.0 G/cm/A, but measuring
the field directly between the coils produced a slope of 6.8 G/cm/A. It is likely
that these discrepancies are due to poor calibration of the magnetometer. A more
accurate value for the gradient can be measured using the atoms once the apparatus

is fully reassembled.
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4.4

Coil Mounts

Once we had decided on a coil design, we needed a method of mounting the coils

in place.

4.4.1 Design Goals

We identified several design goals:

No closed conducting loops that are not perpendicular to the magnetic field:
This prevents eddy currents from forming, which could introduce abbera-

tions in the magnetic field

Able to withstand 10 N of force without deforming more than 1 mm or mov-
ing more than 100 um: This ensures that the coils remain aligned even after

being bumped or adjusted with a screwdriver.

Able to withstand 500N of force vertically without snapping: This is to

ensure the glass cell is partially protected by the coils and mounts.

Able to be adjusted up to S mm in three dimensions with 100 ym resolution:
To improve the SNR, it is important to transfer as many atoms from the
MOT to MT as possible. Being able to move the coils in three dimensions
allows us to bring the magnetic field center to the center of the three optical
beams rather than needing to keep the beams aligned while trying to find the
magnetic field center. It is not critical that the magnetic field movement is
repeatable because the exact intersection of the laser light is not precisely
known. It is more important to be able to finely adjust the coil positions than

it is to know how much the coil position was adjusted by.

4.4.2 Design Overview

We decided build the mounts out of 3D-printed acrylonitrile butadiene styrene

(ABS) because it is non-conductive, relatively stiff, and easy 3d-print. Each mount

comes in three parts: a plate that holds the coils (the ‘coil plate’, fig. 4.3a), a plate

that connects to the outside world (the ‘base plate’, fig. 4.3e), and a translation
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stage with dovetail slots (the ‘translation plate’, fig. 4.3b). The base plate and the
coil holder plate attach to the translation plate using dovetail tabs (fig. 4.3c).

We can translate each coil independently in the horizontal plane using screws
that push against the dovetail tabs. To move them, one must loosen the screws
on one side of the translation plate, the tighten the screws on the other. The top
base plate is mounted to the bottom base plate using four 1/2”x7” posts, which
should leave ~0.8 in (~20 mm) between the coil faces. This means that the axial
distance between the coils is fixed, but the magnetic field center can be adjusted in
the vertical direction by adjusting the height of the two posts the bottom base plate
is connected to.

We thank Garrett Kryt from the BCIT MAKE+ group for printing the coil
holders.

4.4.3 Performance

We measured the vertical force specifications by placing weights on top of the coil
mounts. We measured the horizontal force by pushing a scale against the screws

and converting the mass reading to newtons.

* The coil mounts could withstand 50kg being placed on top of them without
snapping.

* We found we could easily adjust the coil position in increments of 100 um
by turning the screws, and could move along the full 10 mm range in each

direction.

* We needed to add a third adjustable support post to the base plate, but once
it was installed, the coil mounts dynamically moved 1 mm or less when 10N
was applied and shifted 100 um or less afterwards. This is more flexible
than is ideal—future mounts will be printed out of a stiffer plastic—but still

should be adequate for our purposes.
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(a) The plate that the coils are expoxied
to. The inner threaded holes are for the grub
screws for aligning the coil prior to epoxing it,
and the outer threaded holes are for mounting
the RF knife or other accessories.

(b) This plate is what the dovetail tabs
slide along. One set of slots is 2.75” apart
to interface with the coil plate, and one is 2”
apart to interface with the base plate. The
threaded holes are 17 deep so that the tab
threads will give before the translation plate
threads.

(c) These dovetail tabs are what connect
the base and coil plates to the translation plate.
The hexagonal cutout in the bottom houses
a metal nut that the screws screw into. We
printed the tabs at a range of widths from
equal to the width of the dovetail slot in the
translation plate to .02” narrower. We found
that .007” narrower generally provided close
sliding fit.

(d) These tabs screw into the translation
plates so that the push screws have something
threaded to push against. They are separate
from the translation plate to protect against
stripping - because everything is plastic, it is
possible to over-torque the push screws and
strip the threads. These tabs are easy to re-
place in-situ, while the replacing the transla-
tion plate is more expensive and complicated.

(e) A single mounted coil

(f) Both coils mounted together.

Figure 4.3: A collage of images of the coil mounts
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Direction Force (N) | Dynamic Displacement (mm) | Permanent Displacement (mm)
Weak Side | 10 1 0.01

Weak Side | 50 4 0.1

Strong Side | 10 0.1 0.01

Strong Side | 50 0.5 0.1

Table 4.2: Dynamic (while loaded) and Permanent (after loaded) displace-
ment of the upper coil when a force was applied along its strong side (in
line with the 1.5” support posts) and weak side (perpendicular to its 1.5”
support posts). Displacement of the lower coil was significantly less as
the mounts tended to torque about the support posts.

4.5 Magnetic Field Coil Driver

To power the coil, we wanted a coil power supply that could supply current to a

~60 mQ, ~140 uH coil and

* drive the output current from zero to within 1% (preferably .1%) of its full-

scale value (0 A to 60 A) in under 1 ms.

* maintain the set current within 1% (preferably .1%) of its set value.

* programs its set current viaa —10V to 10 V BNC input.

Matt Grieg from the MAKE+ group at BCIT (with help from Fardin Barekat
and Behnam Mohammad) built a custom power supply that partially.

4.5.1 Theory of Operation

The coil driver operates on a 50 kHz control loop on a microcontroller. The control

loop operates in two separate modes depending on how far the output current is

from the setpoint.

In normal operation, the control loop measures the input signal voltage, as well

as the voltage across and the current through the coils. It controls the duty cycle
of a 14-bit 200 kHz PWM signal alternating between -5.75V and +5.75V, which is
fed through a two-stage LC filter to produce V,,,;, which is calculated using

Vour = Vtarget (t> +kp€(t) +ki/e(t)dt
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where Iye; = 6.5A/VViy, Viarger = Rlser, and e(t) = Viarger — Vineasured-

However, if the difference between the set current and the measured current is
greater than 1.5 A, then a high-voltage rail discharges directly into the coil, forcing
the current to rise at approximately % = % The control loop monitors the current
through the coil and disconnects the high-voltage rail when it predicts the current
will reach the target value. The high-voltage rails are kept stable at 10V with a
16 mF bank of capacitors.

The coil controller does not directly control the coil current. Instead, it mon-
itors the resistance of the coil and calculates the necessary set voltage to produce

the desired current. The resistance of the coil is calculated as follows:

1. Collect 100 samples of the current and voltage. Each sample is taken at

50kHz, so it takes 2 ms to collect 100 samples.

2. If none of the samples were taken while the high-voltage rail was engaged,
divide the mean voltage by the mean current and push it onto a 64-word
FIFO.

3. Take the mean value of the FIFO.

4.5.2 Water Cooling

Matt and Fardin also assembled a water-cooling system to ensure that the coils
remained cool while being driven at high current. See fig. 4.4 for a schematic of
the water cooling system.

The water chiller’s pump can only provide ~1.7 psi of pressure, so it chills a
2.4 L reservoir of water!? that the high-pressure pump draws from.

The high-pressure pump is a rotary vane pump driven by an electric motor at
30V (1/3 of its maximum voltage of 90V) and produces ~150 psi of pressure. The
pump produces some vibration in the water which the accumulator'® smooths out.
The high-pressure gauge is used to monitor the pressure going into the coils and

can be used to set the underpressure release switch, which turns off the pump if

12The reservoir was created by gluing PVC plates to a 6” tube of PVC.
13The accumulator is just an intentional air void in the system, which forms a pneumatic spring
for damping out vibration.
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Figure 4.4: A schematic of the hydraulics used to cool the magnetic field
coils. Note that water flows counter-clockwise, following the direction

of the arrows.

Part Part No

Pump PB 101x Brass Rotary Vane Pump
Pump Motor Baldor GPP2530

Chiller Haake Circulating Bath D1-G
Reservoir N/A (homemade)

Accumulator N/A (homemade)

High Pressure Gauge McMaster 4089k64

Pressure Switch

P88G-5-C15TB

Over-pressure Release Valve

Internal to pump, set to 300 PSI

Low Pressure Gauge Unknown
Filter McMaster 4422k4
Chiller Hose Kurivama 3/8” ID 275 PSI

High-Pressure Hose

Flex-Loc 300 Non-Conductive 3/8” ID IC-114/03

Table 4.3: Parts used in the coil cooling hydraulics.
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Figure 4.5: The vibration damping mounts the pump sits on.

the pressure drops below a certain threshold (currently set to ~120 psi). The low-
pressure gauge is used to monitor the pressure going into the filter. The filter is in
place because we discovered a small residue in the chiller after running the pump
for several days - possibly from the pump. All components in the high-pressure

loop are connected with high-pressure hose rated for pressures up to 300 psi.

Vibration Damping

The pump and water chiller produce some noise and vibration that needs to be
dampened for the lasers to remain locked. The heavy side of the pump is mounted
on a spring with rubber washers on either end. The light end is held in place with
a rubber vibration damping sandwich mount ((McMaster 93945K117)) with the
screw isolated using a rubber washer. See fig. 4.5 for an image of the mounts.

The chiller sits on top of four vibration-damping rubber mounts (McMaster
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60525K?25) to reduce the vibration from its pumps. All of the hydraulics are
mounted on a plastic sheet that is bolted to the frame of the cart using rubber vi-
bration damping sandwich mounts (McMaster 93945K118) to further reduce trans-
mitted vibrations. The vacuum optics and locking optics were mounted on a third
set of rubber vibration damping sandwich mounts (McMaster 93945K117) to add
a final layer of protection from vibrations. The end result was a reduction in am-
plitude of the vibrations by an order of magnitude (see fig. 4.6 and fig. 4.7). No
significant vibrations were transmitted to the floor (fig. 4.8), so the chamber under
test does not need vibration isolation. It is also more likely that the chamber un-
der test will introduce more vibration than this apparatus introduces as orifice flow
standards are typically pumped out by a turbo pump backed by a scroll pump.
Anecdotally, we discovered that a person could not feel the vibrations from the
pump or the chiller when they placed their hand on the vacuum optics table. In
fact, we found that we could hit the cart with a screwdriver and even the vibra-
tion from that was difficult to feel on the vacuum optics tables. After installing
the vibration damping, hitting the rack with a screwdriver also did not unlock the
lasers—a marked improvement from prior performance, where merely tapping the

rack could unlock the lasers.

4.5.3 User Controls

Coil Driver Touchscreen

The operating mode of the coil controller is set via a touchscreen (see fig. 4.10 for
an image of the touchscreen). The screen also provides useful information about

the operation of the coil:

* The output current is the current that the board measures it is producing. We
found that this value was slightly inaccurate (discussed in section 4.5.6) due

to a potential difference across the ground plane of the board.

* The output voltage is voltage between the board’s two output terminals.
Again, we found this value was slightly inaccurate due to the ground plane

potential difference issue.
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Frequency components of vibrations

0.06 1 — chiller on - chiller top.csv

—— Chiller on - floor next to chiller.csv
0.04 1 —— cChiller on - cart top.csv

—— Chiller on - vacuum table.csv

0.02 4 — Chiller off - chiller top.csv

0.00 L.—ﬂ‘- &

0.08

ax (mfs™2)

0.06

0.04 A

ay (m/s™~2)

0.02 A

0.00 A

0.100 A

0.075

0.050 A

az (m/s™2)

0.025 A

0.000 A

o

o

]
1

0.01

atotal (m/s~2)

0.00 A

T
0 10 20 30 40 50
Frequency (Hz)

Figure 4.6: A demonstration of the effects of the different stages of damping
on the vibrations produced by the chiller.
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Frequency components of vibrations
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Figure 4.7: A demonstration of the effects of the different stages of damping
on the vibrations produced by the pump.
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Frequency components of vibrations
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Figure 4.8: Acceleration on the floor of the room next to the cart with and
without the pump and chiller turned on. Any vibrations transmitted to
the floor are below the noise floor of the accelerometer we used.

* The left radio buttons select what controls the output current. ‘Off” turns off
the output, ‘Remote’ allows control via the BNC input, and ‘Local’ generates

a hardcoded test pattern.'#

* There are three displayed temperatures. ‘PCB’ refers to the temperature of
the display controller PCB. Coill and Coil2 measure the temperature from
two K-type thermocouples connected to two thermocouple terminals on the
display controller PCB. They currently are terminated with 1" long thermo-
couple cables, but can be replaced with longer thermocouples for monitoring
the coil temperature.

14The hardcoded test pattern alternates between producing 5 A for 505 ms, 0 A for 5ms, 65 A for
1000 ms, then O A for 105 ms. It then repeats the cycle for negative currents, then repeats the entire
sequence infinitely.
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Acceleration over time
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Figure 4.9: Accelerations on the vacuum optics table and the cart when the
cart is hit by a screwdriver.

* The displayed resistance is the resistance that is described in section 4.5.1.
It is updated every 128 ms. The displayed inductance is calculated once at

startup.

* The High bus voltages are the high-voltage rails used to drive fast current
transitions. They can be user-adjusted using potentiometers R32 and R34,

but it is not advised.

* The user can enable or disable the high-voltage kick using the ‘HV enable’

button

* “Test Load’ is not currently implemented as of 2022-09-13. It allows the

user to re-test the coil’s inductance and resistance

* The counter next to HV enable is not currently implemented. In a future
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Prometheus Coil Driver 077.85 mOhm

Output Voltage: 01.2510v ~ 00163.110uH
Output Current: 016.160A

HoH

Temperatures (C) High Bus Voltages

PCB :026.08 Positive (V): 10.134
Coil 1: 023.88 y .
Coil 2: 024.52 Negative (V) 09.920

Figure 4.10: An example image of the touchscreen controlling the coil driver.

board revision, the goal is to allow the user to control the voltage of the rails

directly from the touchscreen.

* ‘Spare’ is not currently implemented.

Non-Touchscreen Coil Driver Controls

¢ The BNC on the control panel (fig. 4.12) allows the user to control the ouput
current when the board is set to ‘Remote’ mode. The output current should
be 6.5A per volt fed in, to a limit of £10 V.

* The green and red buttons control the water cooling pump. Green turns it on,
and red turns it off. If the green button is released before the pressure switch

threshold is reached (~120 psi), then the pump will turn off.

* The collar on the pressure switch behind the control panel can be turned to
adjust the pressure switch threshold (see fig. 4.13)
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* The red button on the water filter (see fig. 4.11) can be depressed to purge
the filter of air. It works by opening a small hole on the top of the filter
housing. The pump pressurizes the filter, so the more-dense water displaces
the air out through hole. Releasing the button closes the hole, preventing

pressurized water from escaping once the air has been purged.

4.5.4 Error Conditions

* On startup, the coil driver checks to make sure the resistance and the induc-
tance of the coil is within bounds (75 mQ to 95 mQ, 100 uH to 225 uH). If
one or both of the values are out of bounds, the controller reverts to an error

state which requires a power cycle to clear.

* If at any point the calculated resistance of the coil falls out of bounds, the

controller will revert into an error state which requires a power cycle to clear

* If two successive high-voltage ramps are applied in the same direction within
20 ms, the second ramp is ignored until 20 ms has elapsed since the first

ramp.

4.5.5 Limitations

High-voltage rails: The high-voltage rails are supplied via voltage regulators. The
regulators can supply up to 1.5 A to the rails (depending on thermal effects). Be-
cause voltage regulators cannot sink current, each rail also has a 100 Q drain resis-
tor between it and ground, which means they can supply energy at a rate of >147J /s
and drain energy at a rate of 1J/s. In the worst-case scenario, jumping from 0 A to
65 A requires putting ~0.36J of energy into the magnetic field of the coils, which
means it should take ~26 ms to recharge the rail for the next jump (ignoring re-
sistive effects). However, jumping 65 A to O A takes 14 times longer to dissipate
the energy from the coil, so it takes ~360 ms for the rail to return to its nominal
voltage. This may limit how quickly successive measurement can be made using
the system.

As the above scenario is the worst-case scenario - lower-current jumps involve

less energy, and crossing past zero allows some of the energy that was stored in
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Figure 4.11: The water filter with the red purge button.
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Figure 4.12: The control panel for the coil controller and hydraulics. It
houses the touchscreen, the pump controls, the BNC for remote con-
trol, and the high pressure gauge.

the rail to be drawn again - but it limits the rate of successive high-speed jumps
the controller can execute. The controller has no lockout for the voltage of the
rails moving too far away from the nominal value, so the user should ensure the
rail voltages don’t move outside of 9V to 11 V by monitoring the voltages shown
on the display and adjusting the measurement duty cycle if the power rail voltages
drift outside of the desired range.

If the low rate of power dissipation on the rails is limiting the desired behaviour,
smaller drain resistors can be connected in parallel to the existing resistors. It is
not recommended that the net drain resistance fall below 25 W as it will put a lot
of strain on the voltage regulators.

Coolant Temperature: While the cooler datasheet claims it can dissipate
200 W of heat when the air is 20 C, we found the cooling system can only dis-
sipate ~125 W from the coils while keeping the water temperature below the air
temperature of 20 C. This inefficiency is likely due to losses of heat through the
tubing and inefficiencies in the reservoir. At 40 A, the coils produce around 125 W
of heat, so the coils can be run from Oc to 40 continuously without averse heat-
ing effects. However, at 65 A, the coils produce almost 260 W of heat. If currents
from 40 A to 65 A are expected to be used for extended periods of time, the user
should monitor the water temperature to make sure the coils are not heating to
unacceptable levels. If the coil temperature becomes too high, the user should in-
crease the delay between successive measurements to allow time for the water to

cool down. If that is not possible, one can use workarounds such as introducing

71



Figure 4.13: The underpressure valve with its control collar (the component
with the white label).
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open-loop water cooling, or slowly replacing water with ice cubes inside of the
chiller, but replacing the chiller with a higher capacity model such as the H50-500
is recommended.

The high-current duty cycle limitations are not expected to dramatically limit
the performance of the apparatus as each measurement cycle includes times of
low current (when loading the MOT) or no current (when recording the back-
ground light level). Current experiments in our lab use magnetic field gradients
of 250 G/cm or less, which means this controller will not have to exceed 40 A to
replicate their results. The thermal limitation of the cooler may only limit perfor-
mance when making measurements at very low pressures (<1 x 107!° Torr) using
very deep magnetic traps.

Water Filter: An unknown source—likely the high-pressure pump—slowly
produces debris in the water. To prevent the debris from clogging the coils, we
installed a water filter. The water filter has a pressure gauge in front of it; replace
the filter if the low pressure gauge reading rises above ~10 psi.

Displayed Inductance: The inductance value displayed on the touch screen
is not always accurate - the cause is not known as of 2022-09-13. Because the
calculated inductance is not used for anything other than validating the coils are
attached to the driver, the issue was not addressed in the current prototype.

Only Input Step Functions: The controller was designed to respond to step
inputs. If the input signal changes, it should vary quickly (such as a ramp from
0V to 10V that occurs within 1 us. If given a continuous input function (such as a
sinusoidal or triangle wave signal of frequency 1 x 10° Hz to 10 Hz), it may cause
a resonance in the control loop, causing erratic or damaging behaviour.

Disabling the high-voltage rails can improve the controller’s resilience to con-
tinuous input functions, but will diminish its response time to large step inputs,

increasing its settle time by an order of magnitude.

4.5.6 Performance

Fig. 4.15 shows that the controller can ramp from O A to 64 A or back in under
1 ms—important for quickly switching from a MOT to a deep magnetic trap and

back. This meets our maximum current and rise time requirements. However,
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Coil Driver Step Response
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Figure 4.14: The step response of the coil driver for different set currents.
See fig. 4.16 for the long-term behaviour.

fig. 4.14 shows that that there are some flaws to the output:

* It takes roughly 5 ms for the current to stabilize. This is because the PWM
output filter takes too long to reach its target value. Future board revisions
will have a higher knee frequency for the filter which will increase the re-

sponse time at the cost of a higher ripple frequency.

* The initial ‘settle value’ that the controller reaches after ~5ms can be up
to 2% off of the set current, and it may vary slightly (by up to 2% of the
set current) over the next 500 ms. This is because there is a small voltage
across the ground plane of the board, causing inaccurate voltage and current
readings. This means that the controller initially controls the coil to a slightly
wrong voltage, causing the initial offset. Then, as the new resistance values

propagate through the FIFO, the controller changes the output to a new set
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Coil Driver Step Response
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Figure 4.15: A view of the initial current ramps displayed in fig. 4.14.

point over the next few hundred milliseconds (see fig. 4.16). Future board
revisions will include differential measurements to eliminate problems due

to voltages across the ground plane.

The output current instability is not optimal, but should not critically compro-
mise performance of the apparatus. As the trap depth is ultimately set with an RF
knife, we decided to accept the flaws with the coil controller so that we could as-
semble the apparatus more quickly. A revised board with differential sensing, a

faster output filter, and an improved microcontroller is currently being designed.
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Coil Driver Step Response at 65A
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Figure 4.16: A long-term view of the current stability of the coil driver. The
noise is likely primarily measurement noise, but the drift is due to flaws
in the controller design. The settling time is longest at 65A because
the controller is at the top of its range. It is also why the current never
reaches the set current.
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Chapter 5

Optical Design

5.1 Locking Optics

5.1.1 Pumping Scheme

We plan to trap rubidium-87 atoms using the D, line hyperfine transitions (see
fig. 5.1). The majority of the light needs to be resonant with the F=2 to F'=3
transition (the ‘pump’ light), but we also need some light resonant with the F=1
to F’=2 transition to ‘repump’ atoms that fall into the F=1 state back into the F=2

state

5.1.2 Specifications
Therefore, in order to trap 3’Rb atoms, we needed to generate the following fre-

quencies and amplitudes of light:

* For the 3D MOT, we wanted one fiber-coupled beam with

— >40 mW of 3Rb F=2-3 (384.228 1152 THz) pump light whose
% frequency can be detuned from O MHz to —30 MHz.

* frequency can be set within 1 MHz.

+ linewidth is less than 6 MHz (the atomic transition linewidth).
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Figure 5.1: Hyperfine structure of Rubidium-87 D2 line (taken from ref [48],
fig 2) and annotated with the pump and repump transitions.
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# power can be attenuated to less than 10 uW within 10 ps and can
be attenuated to less than 100 nW within 10 ms.

- >1mW of ¥Rb F=1-2" (384.234 6832 THz) repump light whose
* frequency can be detuned from 0 MHz to —30 MHz.

+ frequency can be set within 1 MHz.
+ linewidth is less than 6 MHz (the atomic transition linewidth).

# power can be attenuated to less than 100 fW within 10 ms.

* For the 2D MOT, we wanted two fiber-coupled beams with polarization par-
allel to the key of the fiber, each with

- >20mW of 8’Rb F=2-3" (384.228 1152 THz) pump light that can be
detuned from 0 MHz to —30 MHz and whose frequency can be set
within 1 MHz.

- >0.4mW of 3Rb F=1-2’ (384.234 6832 THz) repump light whose fre-
quency can be set within 1 MHz.

— The ability to effectively attenuate the repump light to at least <100 nW.
* For the push beam, we wanted one fiber-coupled beam with

- >2mW of 8’Rb F=2-3" (384.228 1152 THz) pump light that can be
detuned from 10 MHz to —10 MHz and accurate within 1 MHz.

— The ability to attenuate the light to less than 10 uW within 10 us and
less than 100 nW within 10 ms.

The pump detuning range was specified so that the atoms can be trapped in a
MOT (requiring a pump detuning of —12 MHz to —18 MHz), and cooled (requiring
a pump detuning of at least —30 MHz) before being transferred to a magnetic trap.
Maintaining a resolution of at least 1 MHz gives us flexibility in what detuning is
set, allowing us to find the optimal MOT settings for capture of and imaging the
rubidium atoms.

The steady-state scattering rate of cold 3’Rb atoms is given by eq. (9.5). Atoms
can fall out of a magnetic trap by if they leave the |F = 1,mp = —1) state. The
longest lifetimes we can expect to see in a magnetic trap are in the order of 10 mHz
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[43], so to maintain an error of less than 1%, we need the ultimate scattering rate
of all light reaching the atoms to be less than 100 uHz. We use eq. (9.5) to estimate
the intensities of light to achieve this. The specifications for the 2D MOT are looser
because the light has no direct path to the 3D MOT.

We based the power requirements on the input powers suggested in the ColdQuanta
2D MOT user manual [8], although we removed the repump light from the push
beam. This is because we planned to use fiber-coupled components to shutter the
push beam light. Fiber-coupled shutters and AOMs never completely block the
light passing through them, and the push beam light shines towards the 3D MOT.
Any repump light shining into the MOT would be disastrous—it only takes 1 pW
of on-resonance repump light to bring the scattering rate above 1 mHz, which could
disrupt low-pressure measurements. This decision reduced our maximum attain-
able loading rate, but section 9.2.2 illustrates how we could still achieve adequate

loading rates without any push beam.

5.1.3 Design

Both lasers are powered by Vescent D2-105 Laser Controllers. One ‘reference’
laser (a Vescent D2-100-DBR standard model) is locked to the 85Rb D2 F=3-3"/4’
crossover transition using the Vescent D2-210 saturated absorption spectroscopy
cell and a Vescent D2-125 laser servo. Its light is combined with the light from a
second ‘power’ laser (a Vescent D2-100-DBR high-power model) using a Vescent
D2-250 heterodyne module. A Vescent D2-135 offset-locks the light to 90 MHz
above the desired pump transition - the 87Rb D2 F=2-3" hyperfine transition. If
the pump light should be on-resonance, then the power laser should be 976.2 MHz
below the reference laser (90 MHz above the desired output frequency).

After splitting off some light for the heterodyne, the power laser’s light goes
through a quarter-wave plate (QWP), half-wave plate (HWP), then a Glan-Thompson
linear polarizer (GT). This is to clean up the polarization before it goes into the
fiber; despite using polarization-maintaining fibers, we noticed that if light is launched
into the fiber off-axis, the EOM’s insertion loss skyrockets.

Roughly 32 mW of the power laser’s light is coupled into a polarization-maintaining

fiber where it is split into two separate fibers. 25% of the light goes through a fiber-
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Figure 5.2: Above is a diagram detailing outlining how the light is generated
and transported to the 2D and 3D MOTs. Part numbers and abbrevia-
tions are in table 5.1

coupled acousto-optic modulator (AOM) and a fiber-coupled shutter to be used as
a push beam. The AOM shifts the frequency of the light by —90 MHz and can
attenuate it by 40 dB to 50 dB within 60 ns. The shutter takes 3 ms to respond, but
adds an additional 50 dB of attenuation.

75% of the light goes into the electro-optic modulator (which has a maximum
optical input power of 25 mW) to be amplified by the 1W tapered amplifier. Once
amplified, the light is coupled into a fiber-coupled AOM (which also drops the fre-
quency of the light by —90 MHz and provides up to 40 dB to 50 dB of attenuation),
then split equally into two paths. One path goes through a fiber-coupled shutter, a
polarizing fiber, then through a 50:50 splitter to produce the two arms of the 2D
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Part Part No

Pump Laser Vescent D2-100-DBR High Power
Reference Laser Vescent D2-100-DBR Standard
Spectroscopy Module Vescent D2-210

Heterodyne Vescent D2-250

Beat Note Detector Vescent D2-260

Offset Servo Vescent D2-135

Laser Servo

Vescent D2-125

Laser Controller

Vescent D2-105

Optical Isolator (OI1)

10-D-780-VLP

Optical Isolator (OI2)

Vescent D2-130

Variable Beamsplitter (VBS)

Thorlabs VA5-780

Glan-Thompson Polarizer (GT)

Thorlabs GTH10M-B

Fiber Coupler 1 (FC1)

Thorlabs CFC2-B

Fiber Coupler 2 (FC2)

Vescent D2-120

Fiber Coupler 3 (FC3)

C40APC-B

Fiber-coupled AOM (FCAOM)

Brimrose TEF-90-10-780-2FP-HP/PM

Fiber-coupled EOM (FCEOM)

iXblue NIR-MPX800-LN-10

Fiber-coupled Shutter (FCS)

Photonwares FFSW-123740323

Diaphragm Shutter 1 (S1)

Thorlabs SHB0O5

Diaphragm Shutter 2 (S2)

Thorlabs SHB1

Taper Amplifier (TA) Toptica BoosTA 1W
Photodiode (PD) Thorlabs PDA100A2
50:50 splitter Thorlabs PN780R5A1
75:25 splitter Thorlabs PN780R3A1
99:1 splitter Thorlabs PN780R1A1

Table 5.1: The primary components used in the locking and distribution op-

tics.

MOT. The other path is coupled into a free space 8 mm diameter beam to produce
the 3D MOT. The 3D MOT light goes through a GT to clean up its polarization,
then some light is picked off by a variable beamsplitter to use for feedback control
of the light intensity. The rest of the light passes through a shutter (for additional

isolation), then through two more variable beamsplitters to produce the three beams

of light that are retroreflected for the 3D MOT.

This scheme offers several advantages:
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» There is an excess of power available at every stage that requires fiber-

coupling, so it is easy to re-align the optics to an acceptable level.

* Many of the difficult-to-align optics (such as AOMs) are fiber-coupled, elim-
inating the need for alignment.

* It is possible to set the pump frequency anywhere in a 26 GHz range de-
pending on the lock point, and the repump frequency can be anywhere from
0.05 GHz to 6.8 GHz away from the pump frequency. Any pump frequency
within a +0.25 GHz to +10 GHz range can be reached within a few mi-
croseconds, and any repump frequency can be reached within a few mil-
liseconds. This means that the lasers are able to trap either Rubidum-87 or
Rubidium-85, and can switch between trapping them in a few milliseconds

(provided the reference laser is locked to a known repump transition).

However, this scheme has one major weakness: Polarization drifts can accu-
mulate through the fibers, causing variations in splitting ratio of the fiber splitters.

This is discussed in further detail in section 5.1.4.

Reference Laser Lock

This module allows the user to perform doppler-free saturated adsorption spec-
troscopy [40]. Naively, one might hope to lock a laser to a certain hyperfine tran-
sition by shining the laser through a Rb vapour cell and using a photodiode to see
how much light passes through. The laser could be scanned in frequency, and the
amount of light transmitted through the cell would dip when a transition is encoun-
tered. Feedback control electronics could keep the laser centered on the bottom of
the correct ‘dip’.

Unfortunately, at room temperature, Rubidium atoms move at hundreds of me-
ters per second. When the atoms encounter photons of a given frequency in the lab
frame, they see a doppler-shifted frequency. Because the atoms are thermal, their
velocities follow the Maxwell-Boltzmann distribution, meaning that light even
1 GHz away from a transition frequency shone into a cloud of room-temperature
Rb atoms will interact with at least a few atoms. This makes the observed tran-
sition width ‘broadened’ to Afrwra = 1/ %182 fy which is ~500 MHz for room-
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Balance Adj.

Figure 5.3: This illustrates what is inside of the Vescent D2-210 Saturated
Adsorption Spectroscopy module (taken from [58]).

temperature Rb atoms [32]. The hyperfine transitions have a natural linewidth of
~6MHz and are separated by ~100 MHz, so they are swamped by the doppler
broadening [48].

One cannot use the scheme as designed above, but it can be modified to see
through the doppler broadening by adding a more powerful ‘pump’ beam of the
same frequency as the ‘probe’ beam that propagates antiparallel to the probe beam.
When the pump light interacts with a given velocity class of atoms !, it excites
them. If the probe light is off-resonance from the excited atoms, then it will be
attenuated as it will be absorbed by a different velocity class of atoms. However,

if the probe light is on-resonance with the atoms excited by the pump beam, then

A velocity class of atoms is the ensemble of atoms that share a velocity component along the
propagation direction of the light; all atoms where ¥ is the same number.
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it will see an increase in its transmittivity because there are fewer atoms that can
absorb the light. This means that there will be small spikes in the optical spectrum
when the pump light excites the velocity class of atoms that the probe light is on-

resonance with. There are two cases that cause this:

* Resonance Peaks: In this case, the pump and probe beams are on resonance
with the same transition (in the v, = 0 velocity class). This produces a spike

in the optical spectrum of the same frequency as the excited transition.

* Crossover Peaks: In this case, the pump and probe beams interact with two
different transitions in two different velocity classes of equal magnitude and
opposite direction (e.g. in the +v, class, pump beam excites the F=2-2’ tran-
sition while the probe beam is on-resonance with the F=2-3’ transition, and
in the -v, class the pump beam excites the F=2-3’ transition while the probe
beam is on-resonance with the F=2-2’ transition). In this case, the spike in

the optical spectrum is the average of the two transition frequencies.

We use a Vescent D2-210 to generate the signal for the laser lock. The light
enters the module via a half-wave plate that feeds into a PBS so the user can adjust
the power feeding into the optics. One arm passes through the PBS and out a hole in
the back (used for alignment). The other arm goes to the rest of the optics, where it
passes through a cleanup PBS, then into a 50-50 non-polarizing beamsplitter. One
arm goes to a reference photodiode, while the other arm passes through a fixed
half-wave plate and PBS to split into a pump beam and a probe beam. The probe
beam continues straight through the PBS, bounces off of a mirror, passes through
the vapour cell, passes through the PBS, and hits the signal photodiode. The pump
beam bounces off of a mirror and PBS so that it propagates the opposite to the
probe beam through the vapour cell.

The spectroscopy cell produces a local extrema at the lock point. However,
analog feedback control electronics work best at locking to a zero-crossing of a
slope, so there needs to be a way of locking to the frequency derivative of the
signal. The Vescent D2-125 accomplishes this by modulating the output signal
with a 4 MHz dither signal and demodulating it on the input (similar to how an FM
radio works). This effectively takes the frequency derivative of the system at the
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Figure 5.4: This illustrates what is inside of the Vescent D2-250 Heterodyne
module (taken from [59]).

cost of imposing 4 MHz sidebands on the output. Because the spectroscopy signal
has more than one peak, the zero-crossing of the slope in the derivative signal may
not occur at the precise location of the peak. Therefore, the controller allows the
user to add a DC offset to the error signal to make the zero crossing of the error
signal occur at the extrema of the spectroscopy signal. From there, a PI*D loop
filter (standard PID plus an additional integrator to boost gain at low frequencies)

keeps the laser locked to the zero crossing.

Offset Lock

The D2-250 combines the light from the two different lasers and fiber-couples them
into the beat note detector. Both inputs have half wave plates to set the amplitude
of the light from that laser. We found that it is more important to keep the beams
coupled into the fiber at precisely the same angle than it is to optimize the cou-

pling efficiency - if the beams are misaligned, the beat note signal is significantly
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Figure 5.5: A block diagram for the offset lock (taken from [57])
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The D2-260 is a 9 GHz beat-note detector. It digitizes the input signal by
switching the state of its output every rising and falling edge. The D2-135 divides
this digital signal by N (a multiple of 2) before using a phase-frequency detector
(PFD), charge pump, and loop filter to lock the lasers N X fprp apatrt.

The D2-135 has a number of inputs that we use to control the offset lock:

* 9-pin connector:

Front Panel Active: Pull low to enable computer control (and disable

front panel)

Gain sign: Set high to lock the controlled laser’s frequency above the

reference laser’s frequency and low to lock it below.

VCO External: Set high to use an external VCO rather than the internal

one

VCO High Range: If using the internal reference, effectively multiplies
N by 2.

2This issue is due to the multimode fiber that Vescent uses to connect the heterodyne to the beat
note detector. This exact issue is described here: https://www.vescent.com/manuals/doku.php?id=
d2:260_beat_note_detector. The issue has been slightly mitigated by first coupling the light into a
PM fiber before butt-coupling it to the Vescent multimode fiber.
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N | Internal VCO State | Min Frequency (MHz) | Max Frequency (MHz)
8 Low 385 850

8 High 770 1700

16 Low 770 1700

16 High 1540 3400

32 Low 1540 3400

32 High 3080 6800

64 Low 3080 6800

64 High 6160 10000

Table 5.2: Offset Frequency Lock Ranges of the D2-135 [57]

— N1 and N2: N = 8 x 22V2+M
— Lock On/Off: Pull low to disable lock.

* VCO Freq. Adjust: This input sets the output frequency of the internal VCO

(it is summed with the manual adjustment potentiometer).

Initially, we assumed that a —10V to 10 V input would map linearly to the full
range given in the D2-135 user manual (table 5.2).

However, we found that the VCO frequency was not precisely linear with the
input voltage (see fig. 5.6). To compensate for the nonlinearity, we built a spline
fit of the D2-135 transfer function and inverted it so that the correct voltage to get
the desired output frequency was known. Currently, the control software re-fits the
calibration data and creates the inverted model when an instance of the Prometheus
class (the object that controls the experiment) is created. Future versions of the
software will load the model from file unless a refit flag is specified to improve
startup times.

There is also the option to use an external reference rather than the internal
VCO. This configuration eliminates the temperature-dependant drift in the fre-
quency generated by the VCO. We have experimented with using a DDS to gener-
ate the reference frequency, and have successfully trapped atoms using this config-
uration. However, it also seems to suffer from some slight nonlinearity issues that

we have not fully explored at the time of writing this document.
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Figure 5.6: Output frequency as measured from the D2-135 Beat Note Div
2 output vs the set frequency assuming the VCO frequency is lin-
ear across its input range. The calibration data used are stored

here:

https://qdg-code.phas.ubc.ca:2633/Perrin/PrometheusPython/

src/branch/master/hardware/offsetdata.

5.1.4 Performance

Reference Laser Lock

The peak-locking circuit in the saturated adsorption lock produces large sidebands
spaced 4 MHz apart. If the dither amplitude is increased enough, they can over-

whelm the locking signal. This is one of the reasons we chose to use only the light

from the offset-locked laser — it removes these sidebands.

The reference laser lock is very sensitive to vibration—dropping a 15/64” allen
key onto the locking optics table from the height of six inches can unlock the

lasers. To address this issue, we mounted the optical table on four rubber vibration
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Figure 5.7: The spectrum of the reference laser. This was taken by beating
the light from the reference laser against light from another locked laser
in the lab, so the actual linewidth of the laser is ~3 MHz. The sidebands
are caused by the 4 MHz dither used to create the lock signal. The
sideband amplitude can be decreased at the expense of reducing the
lock signal amplitude, and thus the lock stability.

damping sandwich mounts from McMaster (P/N 93945K117). These dramatically
decoupled vibrations on the mounting rack from the optical table. We found we
could hit the mounting rack with a screwdriver and the lasers would remain locked

(see section 4.5.2).

Power Laser Lock

The power laser has a linewidth better than ~3 MHz—better than specified. The
exact linewidth is unknown as we did not have a low-linewidth laser to compare

against. The lock remained insensitive to vibration - the only thing that caused it
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Figure 5.8: The spectrum of the power laser. This was taken by beating the
light from the reference laser against light from another locked laser in
the lab, so the actual linewidth of the laser is <3 MHz. The offset lock
locks to the average frequency of the beat note, so it removes the side-
bands that are present in the reference laser spectrum (seen in fig. 5.7).
Technically, the fit should be a Voigt profile (the convolution of the gaus-

sian and lorentz functions), but a gaussian fit suffices for extracting the
FWHM.

to unlock was setting the gain too high or removing its lock signal.
The repump light beat note had a FWHM of 3.2 MHz. This suggests that the
phase noise of the EOM is negligible.
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Repump Light Linewidth
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Figure 5.9: The spectrum of the repump light (one of the sidebands generated
by the EOM) beat against the same laser as fig. 5.8. The microwave fre-
quency FWHM is ~35kHz. Assuming the phase noise of the EOM
is negligible, we expect spectrum of the repump and pump light to
be nearly identical since the repump light is in the same field as the
pump light but is frequency-shifted by the EOM. This spectrum con-
firms that the EOM does not add significant phase noise. Technically,
the fit should be a Voigt profile, but a gaussian fit suffices for extracting
the FWHM.

Power and Polarization Fluctuations

We observed fluctuations in the loading rate of the 3D MOT some of the time
but not all of the time (see fig. 5.10 for expected behaviour and fig. 5.11 for the
fluctuations).

These had a similar timescale to fluctuations in the power ratio between the
two arms of the 2D MOT (fig. 5.12), as well as fluctuations in the polarization of
the light in each of the two arms (fig. 5.13). Note that the white and red arms in the
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(a) An example loading curve for the MOT where the MOT has not
saturated.

run 2022-03-15 01-00-41 0.813702

hold time: 10.000
0.8 4 pump detuning: -15.000
push detuning: -15.000
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(b) An example saturated loading curve (where the MOT is filled to its
maximum size, producing a fluorescence signal that is not linear with the
atom number).

Figure 5.10: MOT loading curves without loading rate fluctuations.
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Figure 5.11: Examples of fluctuating loading rates. The orange line is fit to
the initial slope.
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2D MOT Powers (20220221151140 - run2.csv)
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Figure 5.12: Fluctuations in the power in the two arms of the 2D MOT splitter
prior to adding any polarization cleaning optics. Notice how the net
power through the arms is roughly constant but the splitting is highly
variable.

figure refer to the two output arms of the Thorlabs PN780R5A1 50:50 fiber splitter.
The white arm connects to the original fiber while the red arm is the tap.

Fluctuations in the power ratio affect the loading rate by reducing the overall
number of atoms in the 2D MOT. It also deforms the 2D MOT so atoms are less
likely to pass through the differential pumping hole. Polarization drifts also affect
the power in each arm. Inside of the 2D MOT optics, each arm of light passes
through a quarter wave plate. Light that is not polarized perpendicular to the key of
the fiber (fig. 5.14) is not transformed into circularly polarized light by the quarter
wave plate, reducing the effective power in that arm of the 2D MOT.

We believed that both issues were caused due to polarization fluctuations in
the fiber. FC/APC PM fiber connectors only have a polarization extinction ratio
(PER) of 20dB [51] so we expect that the light passing through multiple FC/APC
fiber connectors compounded the polarization fluctuations. Furthermore, the fiber-
coupled AOMs are rated for a PER of 12dB to 16 dB, which further exacerbates
the polarization fluctuations.

To test the theory, we coupled the light from the 2D MOT switch into free
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2D MOT Powers (20220228142304-2dsplitterwhite.csv)

—— horizontal 0.25

s -

T
o
=
o

Fraction Horizontal

14 F0.05
A

0 ¢! —— Fraction Horizontal

T T T T T T T 0.00
0 200 400 600 800 1000 1200
time (s)

Figure 5.13: Fluctuations in the polarization in the white arm of the 2D MOT
splitter prior to adding any polarization cleaning optics. Behaviour in
the red arm was similar.

FCIAPC

Figure 5.14: An image of the Thorlabs patch cables used on the ap-
paratus, taken from https://www.thorlabs.com/newgrouppage9.cfm?
objectgroup_id=3345. Light can be polarized along the fast axis (per-
pendicular to the connector key) or slow axis (parallel to the connector
key). We used FC/APC (Fiber Connector/Angled Physical Contact)
connectors to reduce back-reflections.
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2D MOT Powers (20220228155253-2dsplitterwhite-gt.csv)
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Figure 5.15: Polarization fluctuations in the white arm after adding a free-
space GT in front of the 2D MOT splitter.

space, through a GT polarizer, then into the 1:2 splitter for the 2D MOT. This re-
duced the polarization fluctuations by two orders of magnitude (see fig. 5.15 and
fig. 5.16). However, this solution was not optimal. It was difficult to couple the
light efficiently into the fiber splitter. We also wanted to minimize the number of
free-space optics to minimize the necessary realignment after shipping the appara-
tus.

To address the issue more permanently, we took two measures: We added GT1
before the light is coupled into the fiber, and added an in-line polarizing fiber from
OZ Optics (FOP-11-11-780-5/125-P-P-40-3A3A-3-1-ER=25) directly before the
2D MOT splitter. It acts like a fiber-coupled GT - it eliminates stray polarizations
from the fiber leaving only light polarized perpendicular to the key with a rated
PER of 25dB. We found that it kept the relative power fluctuations within 10%
and the polarization fluctuations within 1% (see fig. 5.17). We believe the residual
fluctuations may be caused the imperfect polarization extinction seen in FC/APC

connectors.
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Figure 5.16: Power fluctuations between the red and white arms after adding
a free-space GT in front of the 2D MOT splitter.
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(a) Polarization fluctuations in the red arm

after adding an in-line polarizing fiber.

(b) Power fluctuations between the red and
white arms after adding an in-line polarizing
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Figure 5.17: Polarization and power fluctuations after adding a inline polar-

izing fiber.
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5.2 Vacuum Optics

Once light of the correct frequency has been generated, it needs to be directed to
the MOTs.

5.2.1 2D MOT Optics

We purchased a prebuilt 3D printed optical assembly from ColdQuanta (part of the
Photonically-Integrated Cold Atom Source [PICAS], see fig. 5.18). It takes three
FC/APC fiber-optic inputs: one for each of the two 2D MOT arms, and one for the
push beam. Each perpendicular arm of the 2D MOT light passes through a QWP
then is reflected off of a series of beamsplitters to produce a large, rectangular beam
of light through the cell. It is then retro-reflected through a QWP to produce the
counterpropagating beam. The push light is collimated in a large ~1 cm beam that
shines through the cell. This reduces the intensity of the push light, but means it
requires no alignment.

The optical assembly clamps onto permanent magnet rods that produce the
magnetic field for the 2D MOT (fig. 5.19). The rods can be translated along a 2D
plane parallel to the axis of the source cell so that the center of the 2D MOT can be
aligned with the differential pumping hole. We checked the alignment by centering
a camera on the end of the source cell and moving the magnets until the differential
pumping hole was blocked by the 2D MOT.

When the push beam shone directly through the center of our 3D MOT, it
shifted the position of the MOT over by ~2mm. This caused our MOT fluores-
cence signal to change artificially due to the 3D MOT no longer being at the focus
of our imaging optics. To solve this issue, we shimmed the 2D magnet assembly

using washers until the push beam shone along the top of the 3D MOT cell.

5.2.2 3D MOT Optics
The 3D MOT light is collimated using a Thorlabs C40APC-B into an 8.6 mm beam.

It passes through a GT to remove any stray polarization drift that could affect the in-
tensity stabilization, then through a HWP and PBS to split off some light (~1 mW)
for intensity stabilization. It then passes through a shutter that provides additional

optical isolation during magnetic trap holds. All of the above are covered by a
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(a) ColdQuanta optical assembly (b) Magnet assembly (MAG-2000)
around the source cell (CASC)

Figure 5.18: Coldquanta PICAS components (images taken from Ref [8])

Figure 5.19: Magnetic field generated from the permanent magnets on the
PICAS (image taken from user manual)

3D-printed cover that absorbs reflected light and prevents it from reaching the 3D
MOT.

After the shutter, the light reflects off of a mirror (due to space constraints,
the light must be reflected), then passes through two HWP-PBS cubes to split the
light into three beams of equal amplitude. Each horizontal beam is reflected off
of Polaris MA-45 45-degree mounting adapters vertically through a 1 hole in the
horizontal optics table, then reflected horizontally by a second 45 degree mount
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Figure 5.20: Layout of the 3D MOT optics. The light shield is transparent in
the model but is opaque in real-life.

before passing through a QWP to produce circularly polarized light. The light
passes through the 3D MOT cell before being retro-reflected through a QWP. The
vertical light is reflected off of a 45 degree mount and passes through the center of

the coils, and its retro-reflection mirror and QWP are mounted to the optical table.

Imaging

We use a 17 tube-mounted system to house all of the imaging optics in front of the
PDA100A?2 amplified photodetector. We use a 75 mm convex lens located 75 mm
from the MOT (perpendicular to the glass cell) to collimate the light. A 50 mm
lens focuses the light onto the photodetector. An iris is located directly in front of
the photodetector blocks the reflections from the horizontal beams of light while
allowing the light from the MOT through. The optimal position was determined
by maximizing the ratio of light detected with the MOT on compared to the MOT
being off.
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Figure 5.21: Layout of the vacuum chamber, coils, and optics.
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Chapter 6

Electronics

6.1 Pre-existing Electronics

Several devices had been assembled by Dr. James Booth and the MAKE+ group at
BCIT prior to the author taking over this project.

6.1.1 QDGBus

Our lab uses a custom communication protocol to control our experiments called
‘QDGBus’. All devices are connected to a unidirectional 25-pin 1MHz parallel bus
that is controlled by an FPGA. There are 16 data pins, 8 address pins, and 1 clock

pin on the bus. It works as follows:

1. A python script compiles the commands into a series 64-bit bytecode in-
structions (8 bits for address, 16 bits of data, 8 bits of flags , and 32 bits

specifying the time that the instruction should be sent.

2. The bytecode is sent over ethernet to a linux daemon on a discrete processor
on the FPGA board

3. When the ‘start’ command is sent to the daemon, it starts to feed the bytecode
instructions to the FPGA via two ping-pong FIFO buffers. Meanwhile, the
FPGA starts a IMHz counter.
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Figure 6.1: A schematic showing the wiring of all the control electronics con-
nected to QDGBus

4. When the counter reaches the same value as the next timestamp in the in-
struction buffer, the FPGA sends the command over the parallel bus

5. If the address bits match the address of the device on the bus, the device

stores the data bits and executes the corresponding command

6.1.2 QDGBus devices

Three types of devices that were compatible with QDGBus had been built by the
BCIT MAKE+ lab under the Prometheus CFI project. They were based off of a set
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of designs by Todd Meyrath for the Raizen group at University of Texas [31].

Digital Outputs
Digital output boards can set 16 BNC outputs that latch to either TTL high or TTL

low, and could source over 100 mA of current. They have an address that could be
set using an 8-position DIP switch. Every new QDGBus command sent to a Digital
Output board assigns each output one bit of the data value, so the state of every pin
on a device can change simultaneously.

The apparatus uses one digital output board, which is used to control the lasers

and the shutters.

Analog Outputs

Analog output boards can set up to 8 BNC channels to a value between +10V.
Each channel can source up to 250 mA if properly cooled. Each output has its own
address, so the address of the analog output board is set via a 5-pin DIP switch.
The output is set by sending a 16-bit signed integer, scaled such that the minimum
and maximum values produce the minimum and maximum voltage.

This apparatus uses one analog output board, which is used to control the lasers

and the coil current.

Direct Digital Synthesizers

The direct digital synthesis (DDS) devices produce frequencies between DC and
135 MHz. They use all 16 bits of the data and two address bits to program the
registers in an AD9852, which produces an output frequency that the DDS board
filters to get the set frequency. The address is set with a 6-pin DIP switch because
the DDS occupies four addresses in the address space.

The boards we use have a slight design flaw - the data values sent to the chip are
latched but the address values are not. Occasionally, noise on the address lines can
result in effective timing delays, which can cause the DDS to fall into an invalid
state, requiring a reset.

Four DDSs are used on the apparatus - two to control AOMs, one to control

the RF knife, and one to provide a 122.88 MHz reference signal for the microwave

106



source.

6.2 Microwave Electronics

To produce the repump light, we needed to power the EOM with a ~1 W signal of
~6.568 GHz. To be able to change the repump amplitude, we needed to be able to
attenuate that signal. Finally, we needed to be able to control that signal using the
QDGBus protocol.

The optimal solution would have been to produce a custom microwave board,
but it can be challenging to produce electronics that work well at that frequency.
Instead, we used an evaluation board (EV-ADF5356SD1Z) for a microwave fre-
quency source (ADF5356) that could produce frequencies from 50 MHz to 6800 MHz.
Unfortunately, the board could only be programmed via a GUI application that
only ran on Windows. This meant that it would take seconds for the microwave
frequency to change, rather than the milliseconds needed to effectively control the
experiment.

We addressed this limitation two ways. Following the instructions in the eval-
uation board’s user manual, we removed R12 to disconnect the internal reference
from the power rails, and R27 to decouple the differential reference inputs [10].
We terminated Reference A with a 50 Ohm terminating cap and connected a DDS
to Reference B. This allowed us to change the output frequency by 1.5% in ei-
ther direction within 10 us (the programming time of the DDS). When operating
at 6.57 GHz, this allowed us to tune the frequency of by up to 100 MHz in either
direction (fig. 6.2).

6.2.1 Microwave Control Board

The DDS tuning approach only allowed us a small range of programmable fre-
quencies, and still required the board to be initially programmed via the GUI ap-
plication on startup. To solve the problem, we built a custom board that interfaced
with QDGBus and hijacked the evaluation board’s communication lines via the test
points. It uses some digital logic to interface with the address, a bank of FIFOs to
buffer the data, and a microcontroller to process the commands and program the
ADF5356.
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Figure 6.2: The DDS could only offer a limited tuning range before the mi-
crowave source railed out

Data Buffering

To solve this problem and to reduce the complexity of the control code, the

Input Address Comparison

of the data from the data lines during the 500 ns read window.
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First, we needed to receive commands from QDGBus and power the board. We
used an 8-pack DIP switch to set the address of the device and compare it to the

input address. If it matched, it passed the signal on to the next stage.

The Teensy 3.2 takes roughly 400 us to service an interrupt service request (ISR),
and 40 ns to read a set of digital inputs. Reading 16 pins required reading from

three separate digital input registers. This meant that it could not reliably pull all

incoming data is fed into a bank of 16-deep, 4-bit-word FIFO buffers (it was easier

to use four buffers than to get a 16-bit word FIFO due to component shortages).
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Figure 6.3: Schematic for the input stage of the microwave controller.

The microcontroller can pull data from the buffer at its leisure, and does not need

an ISR to store incoming instructions while past instructions are being executed.

Microcontroller and Output

The microcontroller receives the incoming data, and programs the microwave chip.
It uses a voltage divider to bring the 3.3V logic of the microcontroller down to the
the 1.8V logic of the ADF5356. We soldered wires to the eval board and to the
PCB, then used a three-pin crimp connector to connect them (CLK to TP3, DATA
to TP4, and EN to TP5). Ground was not connected; Digital and Analog ground on
the ADF5356 are shared, so the two boards already share a common digital ground
from their power supplies.

The microcontroller’s 12-bit analog output is sent to a BNC, which is con-
nected to a microwave voltage-variable attenuator (VVA). This is for two reasons:

It allows for easy tunability of the repump power, and it allows for compensation
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Figure 6.4: Schematic for the FIFO stage of the microwave controller.

for the ADF5356’s sporadic transfer function (see fig. 6.6).

Because the VVA also did not have a flat transfer function (fig. 6.7), its transfer
function was characterized, interpolated, then inverted, and a lookup table that lin-
earized it was generated and hardcoded into the microcontroller’s firmware. This
meant that the output power would be linear with the amplitude commands fed to
the microcontroller. The transfer function of the ADF5356 was not compensated
for in firmware because it had more features to map out, and it could be compen-

sated for by setting the repump power higher or lower.
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Figure 6.5: Schematic for the output stage of the microwave controller.

Programming the ADF5356

Several registers on the ADF5356 needed to be programmed in order to change the

frequency. The important values in the registers to program are

VCO
f out — Tout
VCOou = frrDN
1+D
SfrFD = fi REFm
FRACI1 + FRAC2
N = INT + MOD?2

MOD1

where d € Integers : 0 < d <6,
D e {0,1},

R € Integers : 0 < R <1023,

T € Integers : {0,1}1
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Figure 6.6: An example of the ADF5356’s ‘exciting’ transfer function
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Figure 6.7: The transfer function for the XM-A3B4-0404C-01 microwave
voltage-variable attenuator.
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INT & Integers : 75 < INT < 65535,
FRACI € Integers : 0 < FRAC1 < 16777215,
FRAC?2 € Integers : 0 < FRAC2 < 268435455,
MOD1 = 16777216,
and MOD?2 € Integers : 2 < MOD2 < 268435455
The microcontroller calculates their values prior to programming the appropri-
ate registers. See the ADF5356 datasheet for further information [9].

Control Sequence

The microcontroller could be controlled one of two ways: First, it could be sent
commands via a 115200 baud serial connection. This interface allowed every reg-
ister on the ADF5356 to be programmed. It also accepted high-level commands
such as ‘set frequency’ or ‘set output amplitude’. This interface was designed for
debugging the control code and testing to make sure that the QDGBus interface
was working correctly.

Second, it could receive high-level commands via QDGBus. It received a 16-
bit integer (n;j,) linearly mapping to the desired output frequency:

6.8 GHz
Jset = S1g— Min (6.1)

However, as the minimum output frequency of the ADF5356 was 50 MHz, it
left numbers 0-127 of the 16-bit input integer without a purpose. In other words,
if the nine most significant bits were set to zero, the seven least significant bits
could be used to send further configuration information to the microcontroller. If
bit 7 was set, it allowed the lower 6 bits to control the output amplitude (after
linearizing the output power using the lookup table). The remaining bits controlled
the output power of the ADF5356, whether or not the output was enabled, whether
the ADF5356 should be powered on or off, and whether the microcontroller should
reset its state.
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6.2.2 Microwave Performance

Response Time

* It takes roughly 8 ms from the start of programming for the new frequency

for it to turn back on and another 2 ms for it to settle.

* The analog output fed into the voltage-variable microwave attenuator al-
lowed the output amplitude to be set anywhere in a 30 dB range within tens

of microseconds.

* Enabling or disabling the outputs takes several milliseconds, and reduces the
amplitude of its output by ~30dB. Turning off the ADF5356 by program-
ming its “power off” register takes a similar amount of time and completely
disables the output signal. Turning on the ADF5356 by programming its

“power off” register returns the signal to its previous frequency.

Precision and Linewidth

Although the ADF5356 has in principle a resolution of Hz, we measured the
FWHM of its amplified output signal as ~40 kHz. Furthermore, it imposes side-
bands on the pump light, which has a linewidth in the order of 1 MHz. As a result,
most of the precision with which the output frequency can be set is not useful.

When programming the frequency via QDGBus, the frequency resolution is
62'§6Cf¥ = 104kHz. As this is still less than the linewidth of the pump light, it is an
acceptable tradeoff for the simplified communication protocol.
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Figure 6.8: Spectrum of the amplified microwave source signal before it is
fed into the EOM.

6.3 Intensity Stabilization

We use the fluorescence from trapped rubidium atoms in the MOT as a proxy for
the number of atoms in the MOT. The fluorescence is proportional to the atom
number (provided the MOT is not too full), but is also dependant on the intensity
of the light in the MOT. Thus, it is critical to have a constant intensity of light
entering the 3D MOT so that the atom fluorescence linearly corresponds to the
atom number. We found that the amount of light entering the 3D MOT fluctuated
by ~ 15% over timescales of tens to hundreds of seconds (see fig. 6.9). These
fluctuations directly affect our measurements, so we needed to stabilize them.

We could monitor the amplitude of the light by directing some of the light
reflected from VBS4 (see fig. 5.2) and to amplified photodetector PD1 (a Thorlabs
PDA100A?2). We decided the best way to stabilize it would be to control the voltage
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Figure 6.9: Long timescale fluctuations in the unstabilized 3D MOT power.

of a voltage-controlled RF attenuator on the output of the MOT AOM DDS. We
purchased an XM-B6H4-0404C-01 to use as a VVA. As other groups have had
success using microcontrollers as low-cost feedback controllers [11, 23, 34], we

purchased a Teensy 3.2 to implement a modified PID feedback control algorithm.

6.3.1 Control algorithm

Nominally, the microcontroller runs its control loop at 50 kHz, taking 4 averages
of a 12-bit ADC read of the photodetector voltage and controlling a 12-bit output
voltage. Its output is connected directly to the VVA, while the photodiode’s output
is divided from a 5V maximum down to a 3.3V maximum via a voltage divider
to protect the microcontroller’s ADC input. A digital input allows it to switch be-
tween two setpoints which can be programmed (along with the PID constants, read

averaging, set point bounds, and output bounds) via a 9600 baud serial connection.
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In normal operation, the microcontroller’s output is nominally governed by a

discretized version of eq. (6.2).

de(t)
dt

V(1) = Kpe(t) +K; / e()dt + Kp 2 L F(s(t)elt)  =s(t) —x()  (62)

where y(¢) is the microcontroller’s output, x(z) is the microcontroller’s input, s(z)
is the set voltage, Kp, K, and Kp are the standard PID feedback constants, and
F(s(1)) is the feedforward function.

The PID control is implemented using the “FastPID” arduino library. It uses
32-bit bitshifted integers to perform the operations, which are significantly faster
than the floating-point numbers used in the default library. Its output is added to
the output generated by the feedforward function.

The feedforward function is stored in a lookup table. At startup, it loads a
lookup table from EEPROM. The user can also request the microcontroller regen-
erate the lookup table via the serial connection. It generates it by ramping through
256 output voltages twice and recording the average input voltage at each output. It
then uses linear interpolation to determine what output voltage should correspond
to what input voltage for all 2! possible setpoints, unless the setpoint is out of
range. In that case, it sets the output to the corresponding maximum/minimum
output value. It stores each value in a lookup table such that the necessary output
voltage is at the index of the desired input voltage.

If the setpoint is set to an out-of-range value, the output is set to the corre-
sponding maximum/minumum value, and the PID loop is disabled. As soon as
the setpoint returns to an in-bounds value (either by reprogramming it serially or
via the digital input changing state), the feedback loop runs once using feedforward
control, then operates normally. This minimizes the response time for the controller
as it does not wait to collect the feedback input or to run the PID calculation.

A digital input was selected to control the output state for several reasons:

* Our current experimental sequences do not require on-the-fly adjustment of

the light intensity beyond ‘on’ and ’off’, so an analog input is not necessary.

* The feedback loop can run more quickly because only one analog measure-

ment is required. The feedback control calculation takes ~8 s, and each
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analog measurement takes ~2 ps. We found that at least four averages were
needed for good operation, so reducing one set of reads sped up the control

loop by a factor of a third.

* The feedback loop removes a source of noise by having the setpoint remain

constant.
The control code also includes preprocessor directives to enable or disable
* feedforward control.

* negative control (used if a positive change in the output decreases the feed-

back signal).
* analog control of the setpoint.
* the serial port (to reduce noise and increase performance).

should we discover that we need to change the behaviour of the feedback controller

in future.

6.3.2 Performance

The data in this section were recorded with K; = 10000 and Kp = .01. Two separate
outputs were logged (both the feedback light split off VBS4 [reference] and the
transmitted light to the rest of the MOT [throughput]) using PDA102 amplified

photodetectors.

Step Response

The feedback controller responded to an input signal within 10 gs (not shown).
The input settled to its steady-state value within 240 s (see fig. 6.10)—better if its
calibration data were more recent. It could switch off the light within 2 us. As the

shutters take 10 ms to open/close, this performance is more than adequate.

Steady-State Performance

Over short timescales, the feedback controller increased the amount of noise by a

factor of two: the feedback controller output had a standard deviation of 0.30% of
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Figure 6.10: Step response of intensity feedback controller
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Figure 6.11: Open loop performance compared to closed loop performance
over short timescales.
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Figure 6.12: Open loop performance compared to closed loop performance
over long timescales.

the fullscale value while the open loop control had a standard deviation 0.16% the
fullscale value (see fig. 6.11). However, over long timescales, the trend reversed;
the feedback controller had a standard deviation ratio of .29% while open loop

control had a ratio of .77%, with excursions of up to 2.5%.
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This behaviour is expected - the analog input has some noise, which intro-
duces some noise to the output of the feedback controller. However, each data
point in a measurement involves recording tens of thousands of points that can
be easily averaged away. Therefore, the feedback controller’s response to low-
frequency (<1kHz, large-amplitude (greater than 1% of the full-scale amplitude)
disturbances is much more important than the amount high-frequency noise it gen-

erates.

Disturbance Rejection

To test the microcontroller’s ability to reject large disturbances, we introduced a
520 Hz triangle wave to the laser current. The intensity controller completely sup-
pressed it (see fig. 6.13).

The triangle wave caused a standard deviation of 0.76% of the fullscale am-
plitude of the signal, with excursions of over 3% of the fullscale amplitude. The
intensity controller reduced the standard deviation ratio to 0.33% - very similar to

its disturbance-free performance.

6.3.3 Conclusions

The intensity controller provided more than adequate stability, disturbance rejec-
tion, and response time for the purposes of this experiment. However, its perfor-

mance could be further increased by

» Using a Teensy 3.6 microcontroller with double the processing power and
16 bit ADCs and DACs.

* Reducing expense by using a Minicircuit ZX73-2500-S+ (which costs $50
instead of the $330 XM-B6H4-0404C-01).

* Building a PCB with an active filter to reduce the DAC noise and increase

output stability.

* Pipelining the ADC reads so they are performed in parallel with the feedback

calculations.

* Automating the PID tuning to further increase output stability [33].
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(a) Open-loop control demonstrating the added triangle wave dis-
turbance.
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(b) Closed-loop control of the disturbance.

Figure 6.13: Open loop performance compared to closed loop performance
when a triangle wave disturbance was added.
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Chapter 7

Software and Control

Building hardware is useless if it cannot be controlled. This chapter describes the
software used to control the hardware. The software used to control the experiment
is stored here: https://qdg-code.phas.ubc.ca:2633/Perrin/PrometheusPython, and
the underlying driver that controls the QDGBus is stored here: https:/qdg-code.
phas.ubc.ca:2633/QDG/QDGBusV1.

7.1 Software structure

Different parts of the apparatus need to work together to produce a cohesive result.
For example, detuning the pump frequency requires interfacing with an analog
output or a DDS and seven digital outputs. Keeping the repump frequency fixed
while detuning the pump frequency requires all of the above in addition to con-
trolling a microwave source and its DDS. Additionally, many components (such as
the AOMs and Offset Lock) require feedforward compensation. Including all of
this information in a single file would clutter it and be challenging to keep track
of. Consequently, the control of the apparatus is divided into several layers. At
the base layer, there are the device drivers for the raw digital outputs, analog out-
puts, DDSs, and microwave generators. The next layer models the physical devices
those outputs control (coil drivers, AOMs, EOMs, shutters, laser controllers, off-
set lock box, RF Knife). Finally, a top layer ‘Prometheus’ object calculates the

necessary outputs for the physical outputs to produce the desired result.
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Set Amplitude Set Amplitude

Figure 7.1: A block diagram showing (at a high level) the basic components
needed for the apparatus to operate. Methods have been renamed and
helper methods have been removed for clarity. Other modules will be
added in the future (such as a trigger for the DAQ, auto-locking by op-
erating the reference laser servo and two laser controllers, and serial
control of the TA and feedback controllers).

Specific measurement sequences control the Prometheus object without need-
ing to interface with the devices underneath, simplifying the control process and
reducing the risk of error in script development. They also control the USB DAQ
(a MCCDAQ USB-1608G) and save the data to a file.

All control software is written in Python, and the devices are controlled using
the QDGBus protocol described in section 6.1.1.

7.1.1 AOM Throughput Optimization
The fiber-coupled AOMs are rated for a maximum RF power of 1.5W, and have a

frequency-dependant diffraction efficiency. The DDS and amplifier chain used on
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the apparatus can produce up 1.5 W to 3 W depending on the output frequency and
temperature of the amplifiers. To protect the AOMs, we implemented a hard upper
limit to the DDS amplitude of any DDS connected to an AOM.

We also mapped out the insertion loss of each AOM for a variety of DDS am-
plitudes and frequencies and fitted the surface to a 2D spline fit (see fig. 7.2 for am
example). This allowed the software to fit and select the optimal DDS amplitude
for any set frequency, as well as attenuate the DDS amplitude. The default mode
in the software is to treat an amplitude of 1 as requesting the maximum throughput
for the set frequency (‘relative’ mode). However, the software can also be set to
‘absolute’ mode, where setting the amplitude to the same number maintains the

same throughput regardless of frequency.
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Figure 7.2: A grid of AOM throughput efficiency at different DDS ampli-

tudes and frequencies

7.2 Measurement Sequences
7.2.1 MOT Pressure Measurement

We can quickly obtain a rough estimate of the pressure in the chamber by recording

the loss rate of atoms from a MOT. (Gjessv) = 1.3 x 10~ m? /s for H, colliding
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Figure 7.3: Timing of different amplitudes and frequencies in order to mea-
sure pressure using a MOT

with Rb in a trap depth of 1 K [43], so
P~ (2.3 x 10~® Torrs)l" (7.1)

where I' is the loss rate of atoms from a MOT.
This technique provides a relatively quick measure of the pressure in the cham-
ber to ensure that no major problems occur with the more precise but longer mea-

surements using magnetic traps

Sequence

1. We record a baseline level of fluorescence with the 3D light on to provide a
reference level to subtract from all subsequent values. The pump detuning is

set to on resonance to prevent accidental trapping of residual rubidium.

2. We load the MOT by turning on the 2D MOT and push beam, and red-

128



detuning the pump. We found it took ~10 s for the MOT to fully load, so we
only loaded for 5s to avoid saturation (which would cause the photodiode
signal to become nonlinear in the atom number at high atom numbers). We
also remove points where the nonlinearity is present from our curve fits. See
Ref [25] for a technique that can be used to verify the photodiode linearity

with atom number.

3. We stop loading the MOT by turning off the 2D MOT and push beam. We

allow the background collisions to eject atoms from the MOT.

4. We turn off all light to allow Rb to leave the MOT and stick to the glass cell

walls.

7.2.2 MAT Pressure Measurement

One of the advantages of the optical system in this apparatus is its flexibility in the
frequencies it can produce—it can switch between being able to trap rubidium-85
and rubidium-87 without needing to relock its lasers. While the vacuum chamber
baked out, we took advantage of that functionality to connect the Prometheus lock-
ing optics and electronics into a pre-existing experiment (MAT) in our lab. Data
collection is ongoing, but we have been able to successfully rapidly switch between
trapping the two different isotopes of rubidium without human intervention.

This experiment loads its MOT directly from dispensers without using a 2D+
MOT and differential pumping hole, so the 2D MOT optics and push beam were

not used. We used the following measurement sequence shown in fig. 7.4

Sequence

1. We take the same baseline measurements as with the MOT.
2. We load the MOT as before
3. We red-detune the pump light, allowing the MOT to expand and cool.

4. We transfer the atoms to the magnetic trap by extinguishing the repump light,
transferring 8’Rb atoms to the |F = 1,my = —1) state and 3°Rb atoms to the
|F =2,mp = —1,—2) states.
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Figure 7.4: Timing of different amplitudes and frequencies in order to mea-
sure pressure using Prometheus optics and electronics with a different
experiment in the lab.

5. This step is only taken when taking measurements with 85Rb. We reduce the
magnetic field gradient so that the confinement felt by the |F =2,mp = —1)
atoms is not strong enough to overcome the pull of gravity, and they fall out

of the trap.

6. We repeatedly ramp the frequency of the RF Knife to remove high-energy

atoms from the trap, reducing the effect of heating within the trap

7. We hold the atoms in the trap, allowing collisions with the background to

eject the atoms

8. We ramp the frequency of the RF Knife again to set the trap depth of the
system

9. We reload the trap to see how many atoms remained in the magnetic trap
after the hold time.
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10. We eject atoms from the trap by shining resonant light.

11. We repeat the baseline measurement to ensure it is the same as before.

While a single decay curve is enough to determine the pressure using a MOT,
every MT measurement sequence only produces one point on the decay curve, so
the sequence needs to be repeated a multiple times at different hold times.

To extract the number of atoms in the magnetic trap after the hold, we can fit
V(t)=At+B (7.2)

for a short time after turning on the MOT and use the intercept B to extract the

atom number.

7.2.3 MT Pressure Measurement

We plan to use a combination of the two above sequences to measure pressure
using a magnetic trap in Prometheus:

We took some preliminary magnetic trap measurements using a modified ver-
sion of the above sequence with no RF Knife and a fixed magnetic field gradient.

These data are shown in section 9.2.3.
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Chapter 8

Assembly

8.1 Carts

Although the subsystems have been tested, the apparatus has not yet been assem-
bled onto a cart and fully tested.

The original plan was to assemble everything on a 19”x30” server rack en-
closed within a 23.5”x37°x58” frame on 4” casters However, this design of the
system used air-cooled coils, which offered inadequate thermal performance. This
meant that the rack does not have enough space to house water chiller. A new
267x487x36.5” cart on 6” casters was built to house all of the components, includ-
ing the water chiller.

Currently, the locking optics and control electronics are on the rack, while the
water cooling, coils and coil power supply, vacuum optics, and vacuum chamber
are mounted on the cart. One of the remaining tasks on the project is to integrate
the entire system onto the single cart by removing the section of the rack that the
electronics and optics are mounted to and installing it and the boxes in the rack (as
shown in fig. 8.1)

The vacuum chamber and vacuum optics will be bolted to the top of the rack.
The control electronics will be transferred to a sliding tray (for ease of troubleshoot-
ing) and will be located on the bottom of the rack. The locking optics will sit on a
sliding tray above the control electronics. Both will remain attached to a section of

the 19”x30” server rack used in the previous cart.
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Figure 8.1: A mockup of where all of the components in Prometheus can
fit on the new cart. The lower two shelves house the coil controller
and the hydraulics (not depicted). The acrylic and metal panels in the
vacuum optics cover have been made transparent to show the internals -
the panels are actually opaque.
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A small shelf will be placed on top of the Vescent lock boxes and bolted to the
shelf below it, holding the vescent boxes in place. The ion pump controller, dis-
penser controller, TA power supply, shutter power supplies, and photodiode power
supplies will be zip-tied to the small shelf.

The gap between the rack and the side of the cart will be used for routing

electrical cables, as well as the coil power cables and water cooling tubing.

8.2 Light Shielding

It is important to cover the optics for two reasons:

* Protecting the optics from being damaged: Damage can occur from stray
objects scratching the optical surfaces, but also from dust accumulating then

burning.

* Laser safety (protecting the humans from being damaged): The high-power
near-infrared (NIR) light we use extremely dangerous because the human
eye is not very sensitive to it, so it can cause retinal damage without trigger-

ing a person’s blink reflex.

8.2.1 Vacuum Optics

We purchased 17 slotted T-rods and acrylic sheets to form an enclosure around the
vacuum chamber and optics. The acrylic sheets were laser-cut to fit inside of the
slotted rods and around the mounts. This allows the panels to be easily removed
to realign the locking optics. Because the acrylic is reflective, we will cover the
interior surface with nonreflective photographer’s tape.

The panel that the inline valve passes through will be cut from 1/8” aluminum
using a waterjet. It has a circular cutout for the inline valve and a horizontal slot
that passes through the center of the cutout. This will allow the top part of the
panel to be removed without moving the tee slotted frame. This panel is metal so
that the optics can remain enclosed during a bakeout of the interconnect between

the apparatus and the chamber under test.
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8.2.2 Locking Optics

The currently layout (fig. 8.2) of the locking optics is not ideal for light shielding.
The original plan had been to cover the entire tray with a shield, but this would
enclose the TA without allowing for air circulation. The fiber optics are also very
messy - more space will allow us to mount them more cleanly. We plan to cover
the free space optics in a small opaque acrylic box that is screwed onto the optical
table using L brackets. We will then place the fiber optics on a single acrylic sheet
above the free space optics box. The TA will be moved to the back of the optical
table where it can cool more efficiently. The proposed new design is shown in
fig. 8.3, and will still fit under the 6” of height allowed for the locking optics in the

new cart.

8.3 Cart Walls

The cart does not currently have walls to protect the user from the high-power elec-
tronics inside. We will cut walls out of perforated aluminum sheets from McMaster
Carr (https://www.mcmaster.com/9232T341/) and bolt them to the sides of the cart.
The perforated aluminum will provide enough airflow to keep the electronics cool

while providing enough strength to protect the interior.
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Figure 8.2: Current layout of the locking optics. The fiber optics are spread

through two levels - the lower level houses the pre-TA optics and the
upper level houses the post-TA optics.
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Figure 8.3: Proposed layout of the locking optics. Support structures have
been suppressed and acrylic has been made transparent to allow a clearer
view of the optics within.
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Chapter 9

Results

Although we have not completed testing of the fully-assembled apparatus, we do
have some preliminary results from tests made with the old vacuum chamber. The

deviations from the final design are as follows:

* We used the leaky vacuum chamber shown in fig. 3.1 rather than the new

chamber with a higher conductance.

* The coil driver and coils had also not been completed at that point, so a
benchtop power supply powered old air-cooled coils that produced the mag-
netic field with a gradient of 11 G/cm when driven at 1 A (see fig. 9.1).

* Intensity stabilization of the 3D MOT light was not installed.
* The RF knife had not been installed so magnetic traps were cell wall limited.

* We had not yet installed the polarizing fiber that should improve the load
rate stability.

* The cover for the vacuum optics had not been completed so a cardboard box

was used to block external light.

* The vacuum chamber and optics were on a table rather than on the rack.
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Figure 9.1: Magnetic field vs axial position of the temporary coils when
drivenat 1 A

9.1 Analysis

9.1.1 MOT Analysis
The number of atoms in a MOT follows eq. (9.1) [43]:

N(t)=R—TN(t) / (B + Be)n(7,1)dV ~ R —TN(t) — BN(t)? ©.1)

where R is the loading rate of the trap, b = 8 + . is the two-body collision rate,
I" is the loss rate of atoms from the trap, n(7,t) is the density of atoms in the trap,
and N(z) is the number of atoms in the trap.

Note that when holding atoms in a MOT, R = 0. Solving eq. (9.1) produces

0 t <t
. 2R(1—¢7T=1s))
NO =C+ mpprmemrm <1< ©-2)
(n(1)—C)(1—be)
T e 120
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where € = %, Y= \/m C is an offset caused by background
light and reflections of the MOT light, ¢, is when the MOT starts loading, and #; is
when the MOT stops loading.

We assume that V (¢) (the photodiode voltage) is propotional to the atom num-
ber N(t). However, for very large values of N(t), this is no longer true - the outer
atoms in the MOT deplete the trapping light, preventing the inner atoms from being
fully illuminated [25]. We made a crude estimate of this critical photodiode voltage
by manually identifying the voltage at which the loading and decay curves deviated
from the expected form, and multiplying it by 0.8 to ensure that no nonlinear ef-
fects were identified. This rendered a critical photodiode voltage of ~0.5 V above
which we ignored data points. Once we complete reassembly of the apparatus, we
plan to use the alternate output from the push beam shutter to as a probe beam to
implement the technique described in ref [25]. This will allow us to more precisely
determine this critical value.

For large MOTs, we can fit the first 10% of the loading curve to a linear slope
to extract a value r proportional loading rate R of the MOT:

V(t)=r(t—ty) (9.3)

where ¢ is the time since the 2D MOT was turned on.

However, if the load rate too small (V < 0.05V), it can be difficult to make this
linear fit. In this case, we can add R to the fit of eq. (9.2).

We also tried fitting to a simplified version of eq. (9.2) by removing the two-
body collision term (eq. (9.4)). However, it did not accurately describe the MOT

signal for large MOTs.
0 t <ty
_eTt—ts)
N(t)=C+ M t, <t <t (9.4)
_ ,—Gamma(t—1;)
R(1—e . ) 1>1
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Figure 9.2: Load rate (in units of V/s) for different push beam parameters
(push power is in W and push detuning is in MHz from resonance with
the pump transition). The MOT loads for 10 s, the pump light detuning
is 12 MHz, and the load rate is in units of “normalized photodiode volt-
age” as discussed in eq. (9.6).

9.2 Measurements

9.2.1 Optimal Push Beam Detuning

The push beam’s frequency can be set independently from the pump light’s fre-
quency, but moving its frequency away from the pump light’s detuning reduces its
maximum power because it involves running the push AOM away from its optimal
frequency. However, we knew that the push beam works optimally for small blue
detunings. We tried loading the MOT at a variety of different push beam powers
and detunings to determine what produced the best load rate. Because the MOT
load rate also depends on the pump detuning, we repeated the scan for three differ-
ent pump detunings.

The steady-state photon scattering rate of an atom in a rubidium-87 MOT is
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Figure 9.3: Load rate (in units of V/s) for different push beam parameters
(push power is in W and push detuning is in MHz from resonance with
the pump transition). The MOT loads for 10 s, the pump light detuning
is 15 MHz, and the load rate is in units of “normalized photodiode volt-
age” as discussed in eq. (9.6).

[48]

Re(8) = 2T 9.5)
1+4(8) + 4

where 7 is the natural linewidth of the transition (6.06 MHz)), A is the detuning

of the light from the pump transition, I, is the saturation intensity of the pump
transition (this is dependant on the polarization of the light as well as the alignment
of the atom but it is at least 3.58 MHz), and / is the total intensity of the light going
into the MOT (we estimated it was ~360 mW / cm?). Therefore, we normalized the

fluorescence signal from the MOT by
Rc(0)/Rsc(A) (9.6)

so that the atom number would be linear in the fitted signal.
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Figure 9.4: Load rate (in units of V/s) for different push beam parameters
(push power is in W and push detuning is in MHz from resonance with
the pump transition). The MOT loads for 10 s, the pump light detuning
is 18 MHz, and the load rate is in units of “normalized photodiode volt-
age” as discussed in eq. (9.6).

We determined that the best loading rate could be achieved by using a maxi-
mum power push beam of the same detuning as the pump light, and that the best

pump light detuning to use was —12 MHz.

9.2.2 Dispenser Performance

Load Rate for different dispenser currents

Using the above parameters, we monitored the loading rate from the dispenser at
different dispenser currents. We also monitored the decay rate from the MOT as a
function of dispenser current to see if changing the dispenser current affected the
pressure in the measurement chamber. We conducted tests at the optimal detunings
discovered in the prior section.

The loading rate clearly peaks at 3.3 A and drops off steeply afterwards. We

145



load rate vs Dispenser Current for Push Beam and 2D MOT on
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Figure 9.5: Comparison of load rates (in units of V/s) across different dis-
penser currents with the push beam on compared to off.

146



hypothesize that this is due to background collisions reducing the 2D MOT size,
reducing the number of atoms than can be pushed through the differential pumping
hole.

We also saw a small increase in the fitted decay rate near the optimal loading
conditions, however manual inspection of the decay curves revealed it was due to a
tendency for fitting errors to occur at higher MOT fluorescence (see fig. 9.7b for an
example). If the poorly fitted curves are discarded, actual decay rate remained at
0.65(2) MHz during the entire test. This tendancy for fitting errors along with the
nonlinearity due to MOT saturation illustrates the need to load MOTs at smaller
amplitudes.

A second reason to load the MOT to smaller amplitudes is the risk of affecting
the chamber’s pressure. ColdQuanta promises atomic fluxes of up to 1 x 10'% atoms /s
if the 2D+ MOT is operated at full power. If all rubidium atoms make it to the
chamber and none are captured by the MOT or stick to the test chamber walls,
this could increase the pressure in the test chamber by >4 x 10~8 Torr/s. In the
real world, most atoms will be captured by the MOT or will stick to the chamber
walls, but once we can perform tests at lower base pressures, this is an important
effect to characterize. It may be necessary to hold the MOT prior to conducting a

measurement at low pressures to allow the excess Rubidium to dissipate.
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Figure 9.6: Comparison of loss rates (in units of Hz) at different dispenser
currents. Re-analyzing the data revealed that fitting errors caused the
apparent increase in the decay rate near the maximum load rate. Efforts
to improve the loss rate fitting are ongoing.
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Figure 9.7: Comparison of well-fitted and poorly-fitted MOT decay curves.
Points that are in red are ignored due to MOT saturation while points in
blue were used to generate the fit. Curves such as the one on the right
were manually rejected when re-analyzing the MOT decay curve data.
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Rubidium lifetime after being dispensed

In case we discovered that the source leaked contaminants into the chamber once
activated, we examined the possibility of loading the 2D and 3D MOTs from the
residual rubidium vapour that remained in the 2D MOT section after the dispensers
were turned off. To study this, we recorded the load rate for a period of time after
activating the dispenser (we ran it at 5 A for 10s then 3 A for 60 s before turning
it off). Whether we took measurements continuously (loading 50% of the time, as
seen in fig. 9.8) or spaced five minutes apart (loading 1.7% of the time, as seen in
section 9.2.2), we found we could load enough atoms to get a reasonable signal for

about fifteen minutes before the signal amplitude grew too small.

Reloading After Releasing

We investigated whether the residual rubidium vapour might collect and remain in
the 3D MOT region after loading the 3D MOT. To study this, we would load a 3D
MOT from the 2D MOT using the parameters that maximized our loading rate, hold
the atoms for five seconds, then release the atoms by blue-detuning the light. After
one second, we would then try to reload the 3D MOT, this time without activating
the 2D MOT. Fluorescence in the 3D MOT would indicate that residual rubidium
vapour remained in the 3D MOT region. However, we observed no change in the
scattered light from the 3D MOT region.

This means that

* The released Rb atoms quickly dissipate, likely sticking to the chamber

walls.

* The source cell does not appear to leak rubidium at a noticeable rate into the

main chamber.

This means that the apparatus is unlikely to contaminate the chamber under test

with a large influx of rubidium atoms.
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load rate and gamma vs time:
2D On but dispenser off
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Figure 9.8: Loading rate (V/s) and fitted MOT loss rate (Hz) over time with
the dispenser turned off and measurements being taken continuously. It
is clear that after 10-20 minutes, the fitted loss rates cannot be trusted.
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load rate and gamma vs time:
2D On but dispenser off with 5 minute breaks
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Figure 9.9: Loading rate (V/s) and MOT loss rate (Hz) over time with the
dispenser turned off and measurements being taken every five minutes.
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Figure 9.10: Comparison of loading amplitudes (as a proxy for loading rate)
over time when measuring continuously as compared to measuring in-
frequently. It illustrates how taking frequent measurements does not
significantly deplete the supply of free rubidium in the source cell.
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9.2.3 Magnetic Trapping

Magnetic Trap Fluorescence Signal
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Figure 9.11: A sample curve from the magnetic trap measurement

We tried taking a preliminary set of magnetic trap measurements with the mag-
netic field gradient set to 11 G/cm. A sample trace from the measurement sequence
is shown in fig. 9.11. The exponential decay in the magnetic trap recapture fraction
is shown in fig. 9.12. The non-exponential behaviour high recapture fraction at
small hold times (hold times less than 10 ms) is from the atoms not having enough

time to leave the magnetic trap before the MOT is turned on again.
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Recapture Fraction vs Hold Time
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Figure 9.12: A preliminary decay curve generated from a series of magnetic
trap measurements. The fitting code is not fully functional so the fit
parameters were estimated by hand.
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Chapter 10
Conclusions

This thesis has demonstrated significant progress towards constructing a portable
version of a quantum pressure standard. We have a vacuum chamber that can
dispense rubidium in a manner that minimizes contamination of the chamber under
test. It takes up roughly 400 mL of volume' when conducting measurements , and
provides reasonable conductance (1.3L/s) to the chamber under test 2 Tt has a
base pressure of at least 5 x 10~'° Torr, which should be sufficient for conducting
measurements at the high range of UHV, and may be able to reach much lower
pressures.

We have a magnetic field coil that can ramp to maximum gradient or back in
under 1 ms, allowing us to explore deep magnetic traps. We have a cooling system
that can maintain the surface temperature of the coils within 3 K under normal
operating conditions. It is adjustable in three dimensions which should speed up
realignment after we transport the apparatus without significantly compromising
alignment stability.

We have a system of electronics and optics that have been proven to be able to
operate the 2D+ and 3D MOTs in the vacuum chamber. They produce over 70 mW
of pump and repump light with a linewidth of under 3 MHz that can make small

adjustments within microseconds and can switch to trapping an entirely different

!'This number does not include the volume of the interconnect from the apparatus to the chamber
under test
2Not including the conductance of the interconnect
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species within milliseconds. We can keep the standard deviation of the 3D MOT
laser’s amplitude within 0.3% of of its fullscale value, and fully settle after a step
response within 200 us. Finally, we found that after adding vibration damping
mounts, we could hit our rack with a screwdriver without unlocking our lasers.

There is still some work that needs to be done. We need to finish reassembling
the apparatus in the new cart. We need to characterize the RF Knife’s performance,
then measure the base pressure in the apparatus using magnetic trap measurements.
We also should compare with our previous data to see if the optimal loading pa-
rameters have changed after exposing the Rubidium source to an atmosphere of
Argon when we rebuilt the chamber.

Once this work has been done, we plan to ship the apparatus to Physikalisch-
Technische Bundesanstalt (PTB) in Germany to directly compare against their ori-
fice flow standard. We have reason to be optimistic that this measurement can

happen soon!
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Appendix A

Magnetic Field Coil Modelling

A.1 Inductance

The mutual inductance between two coils is [60]

M:_Mm«k—i) K(k)+iE(k)), (A1)

2./r1r

(r1+r)?+x%

where r; and r; are the radii of the two coils, x is the spacing between them, and E
and K are the elliptical integral functions. When finding the self-inductance of the
coil, set x = g = r,,e > where r,, is the radius of the wire to compensate for the
finite diameter of the wire.

If there are n axial turns and m radial turns to the coil with radii ; and axial

positions x;, then the total inductance of the coil is

m m—1 m
L:nZM(ri,rj,g)+2n Z Z M(r;,r;,0)
i=1 i=1 j=it+1
m n—1 m—1 m n—1
+2) Y (n—j)M(ri,ri jp)+4 ), Y, ) (n—Kk)M(ri;rjkp)  (A2)
i=1j=1 i=1 j=it+lk=1

where p = x4 — Xx;.
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* the first term corresponds to the self-inductance of each coil

¢ the second term is the mutual inductance of all coils with different radii at

the same axial position

¢ the third term is the mutual inductance of all coils with the same radii but

different axial positions

¢ the fourth term is the mutual inductance of all coils with different radii and

different axial positions

A.2 Fluid Flow

A.2.1 Flow Rates

Fluid flow in a pipe is either laminar, turbulent, or mixed. Which regime it is in is

determined by its Reynolds number:

_pvd
u

Re (A.3)
where p is the density of the fluid, v is the mean velocity of the fluid, and d is the
diameter of the pipe.

If Re < 2300, the flow is laminar. If Re > 4600, the flow is turbulent. Note that
these numbers are approximate; different literature quotes the laminar cutoff as
between 2000 and 2300, and the tubulent cutoff between 4600 and 6100. We chose
2300 and 4600 as thresholds, but numbers may produce slightly more accurate

results.

Laminar Flow

If the flow is laminar, then the relationship between the pressure drop and the ve-

locity of the fluid is given by the Hagen-Poiseuille law [55]:

_ 32uLy

AP =0 (A.4)
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where L is the length of the pipe. Note that L/d > 96Re for eq. (A.4) to hold;

2AP

Bernouilli’s principle requires that v < )

Turbulent Flow

If the flow is turbulent, then the relationship between the pressure drop and the

velocity of the fluid is given by the Darcy-Weisbach equation [54]:

fLpv?
AP = AS
2d (A.5)
where f (the friction factor) solves the Colebrook equation [52]:
1 2.51 e
— =21 — — A.6
N7 <Reﬁ> T3m (A0

where e is the “relative roughness” - the ratio of roughness to tube diameter. Note

that f = % for laminar flow.

Mixed Flow

We could not find a consensus solution on how to treat “mixed flow”, where 2300 <
Re < 4600. As aresult, we took the weighted average of the two solutions:
(Re —2300)AP,,;, + (4600 — Re) AP

AP = 4600 — 2300 (A7)

A.2.2 Helical Corrections

There are a few corrections that need to be made to the above equations if the water

is flowing through a helical pipe.

Laminar Flow Threshold

Flow remains laminar in a helical pipe as long as Re < 2300 (1 +12 Z—f) where
d. is the diameter of the helix and d; is the diameter of the tube [39].
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Updated Friction Factor

eq. (A.5) is used for both laminar and turbulent flow in helical pipes. If flow is

laminar, then

% De < 11.6
64 1

= EW 11.6 < De < 2000 (A.)
%‘L\ﬂj De > 2000

where De = Re / fo is the Dean number.

2
If flow is turbulent, Re (j—) <700, and 0.0097 < % < 0.135, then

4\ 01
f=0.336 <> Re 92 (A.9)
d;

If the tube is rough, then let f. be the value calculated using eq. (A.9), f, be
the value calculated using eq. (A.6), and f; be the value calculated using eq. (A.6)
with e = 0. Then, use

fr
= fo A.10
f=1r 7. (A.10)
A.3 Cooling Theory
The heat generated by the coils is
2
Q:Ifo/OLI~|—a(T(x)—T,)dx:IZR0(1+o¢(T—Tr)) (A1)

where [ is the current flowing through the coils, Ry is the resistance of the coils at
temperature T, T is the mean temperature of the coils, and « is the temperature

coefficient of the conductor the coils are made out of.
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A.3.1 Non-liquid Cooling

Convective Cooling

The rate that heat is lost from a plate at temperature 7 of area A into a fluid of

ambient temperature 7, follows Newton’s law of cooling (eq. (A.12)):
Q=hA(T —T,) (A.12)

h, the convection coefficient, is typically experimentally determined, but some
efforts have been made to come up with an analytic equation for it. This type of
cooling is referred to as forced convection if the fluid is propelled over the surface

being cooled rather than simply allowed to convect naturally.

One empirical equation for the convection coefficient of air is [53]
h=12.12—1.16v+11.6v'/2 (A.13)

where all units are in MKS. It is valid for velocities between 2 and 20 m/s.

Radiative Cooling
Q=0ceA(T*—TH (A.14)
where o is the Stefan-Boltzmann constant, e is the emissivity of the surface, A is

the area of the surface, T is the temperature of the surface, and 7, is the ambient

temperature of the air.

Typically, radiatiative effects are less than 1% the size of all other effects and

can easily be ignored.

Conductive Cooling

The flow of heat through an object of cross-sectional area A is

aT

) = kA——
0 dx

(A.15)

where k is the thermal conductivity of the material the object is made from.
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A.3.2 Liquid Cooling

The rate that heat is transferred to a fluid flowing through a pipe is also described
by eq. (A.12), where h = %N u, where k is the thermal conductivity of the fluid and
Nu is the Nusselt number [39].

Laminar Flow
If the flow in the pipe is laminar, then

1 0.14
Nu=186 <RePrZ> ‘ <ng§> (A.16)

where Pr = % (Pradatl number), c is the isobaric heat capacity of the fluid, T is the
temperature of the fluid, and 7,, is the temperature of the wall. At low temperature

differences, it is reasonable to say u(Ty) ~ u(T,).

Turbulent Flow
If the flow in the pipe is turbulent, 0.7 < Pr < 16000, and L/d > 60 then

0.14
.U(Tf)) (A17)

Nu = 0.027Re3 Pr3 (
u(T,)

If the flow is through helical pipe rather than straight pipe and Re > 10*, then
multiply eq. (A.17) by 1+3.5%.

If 2 < £ <20, multiply eq. (A.17) by 1+ (4)*7. If 20 < & < 60, multiply
eq. (A.17) by 1+6(%).

Mixed Flow

Like before, there is no clear solution to the mixed flow regime. We took the

weighted average:

(Re —2300)Nuy,,,p + (4600 — Re)Nuy,y,,
Nu = Al
4 4600 — 2300 (A-18)
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A.4 Cooling Models

A.4.1 Hollow-core Coil Models

Naive Model

The simplest way of modelling the temperature of a hollow fluid-cooled coil is to
assume the coil is the same temperature as the fluid and that the temperature of the
fluid increases linearly over the length of the coil. Therefore, at steady-state,

0

Ty(L) — T¢(0) = 2(d)2)2pev

where v is the velocity of the fluid and Q is the heat created by the coils.

o 1 0 1 PRy(1+ (T —T,))
T = TC = T = - = — T
f 2222 per 70)=3 2(d2)2pey 0
Some algebra gives
2IRy(1 — aT, 2pevT;
_ o(1—aT,)+ nd*pcvTy (A.19)

2I2Ryo. + md?pcev
However, this does not take into account
* the temperature difference between the fluid and the conductor.

* the position-dependent power due to the changing temperature along the

length of the coil.
* the conductive flow of heat from hot sections of the coil to cold sections.
* heat flow between adjacent windings.

* any cooling effect other than the cooling from the water.

Exponential Model

This model takes into account
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* the temperature difference between the fluid and the conductor.

* the position-dependent power due to the changing temperature along the
length of the coil.

At steady-state, the infinitesimal heat flow from the conductor to the fluid is

2 X
d0 = hS(T(x) — T (x))dx = %(1 +a(Tu(x) - T,))dx/o 40— %dpcv(Tf(x) —7,(0))

where S = 7td is the circumference of the pipe.

Taking the derivative of both sides of the second equation and solving the ODE

produces
nLdh I’Ro(1—aT,)
T.(x) =—————T, — =
) =T —1Roa ) T ZLah— PRy
nLdh 1 1 I’Ro(1—aT;)
T, = T,(0)—T,+ — kx T, —— R S
) = Ldh—PRoat (( w(0) =Tt 5)e™ + oc) T ALdh— PRt
I’R nLdh I’Ro(1—aT,)
Pp=—-"(((al, - 1) (———m— -1 +a—— "~
L <<( VG rroa VY alah—PRea )
nLldh (T, (0)—T,) +1 (1)
e —
nLdh—I2Roo K
where K = 4hI°Roc and P is the total power produced by the coil.

pevd(rLdh—I*RoQ)

Exponential Conduction Model

It is possible to also take into account the effect of conduction along the length of
the coil. To do so, use
dT.(x)  I*Rg

e = 1+ ()~ 1)

BS(T.(x) — Ty (x)) + kA

x 72
[FER 0+ () — T = T pen(Ty 0 - T0)
anw|

dx x=0 -
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where S = 7d is the circumference of the pipe, and A = ”(Dzjdz) is the area of the

conductor.
We this to model the behaviour of the hollow-core water-cooled coils. It still

neglected the effect of heat being transferred between adjacent windings or any

passive cooling, but produced approximately correct results.

172



	Abstract
	Lay Summary
	Preface
	Table of Contents
	List of Tables
	List of Figures
	Acknowledgments
	I Background
	1 Introduction
	1.1 Review of Existing UHV Pressure Standards
	1.2 Motivation
	1.3 Design Requirements
	1.4 Thesis Overview

	2 Background
	2.1 Atom Traps
	2.1.1 Magneto-Optical Traps
	2.1.2 Magnetic Traps

	2.2 Collision Theory
	2.2.1 Classical Collisions
	2.2.2 Quantum Collisions
	2.2.3 Collisions with a Background Gas

	2.3 Pressure Measurement using Cold Atoms
	2.4 Quantum Diffractive Universality
	2.5 Refinements
	2.5.1 Other Loss Mechanisms
	2.5.2 Trap Anisotropy and RF Knife
	2.5.3 Energy Distribution Corrections
	2.5.4 Limitations

	2.6 Summary


	II Apparatus
	3 Vacuum Chamber
	3.1 Design
	3.1.1 Conductance
	3.1.2 Leak Checking
	3.1.3 New Design
	3.1.4 ColdQuanta Rubidum Source

	3.2 Preparation
	3.2.1 Leak Rate in Vacuum Chambers
	3.2.2 Baking the Vacuum Chamber

	3.3 Outgassing Performance

	4 Magnetic Field Coils
	4.1 Theory
	4.1.1 Thermal Stability
	4.1.2 Types of Coil Construction

	4.2 Optimization of Design
	4.3 Construction of Coils
	4.3.1 Measured Coil Parameters

	4.4 Coil Mounts
	4.4.1 Design Goals
	4.4.2 Design Overview
	4.4.3 Performance

	4.5 Magnetic Field Coil Driver
	4.5.1 Theory of Operation
	4.5.2 Water Cooling
	4.5.3 User Controls
	4.5.4 Error Conditions
	4.5.5 Limitations
	4.5.6 Performance


	5 Optical Design
	5.1 Locking Optics
	5.1.1 Pumping Scheme
	5.1.2 Specifications
	5.1.3 Design
	5.1.4 Performance

	5.2 Vacuum Optics
	5.2.1 2D MOT Optics
	5.2.2 3D MOT Optics


	6 Electronics
	6.1 Pre-existing Electronics
	6.1.1 QDGBus
	6.1.2 QDGBus devices

	6.2 Microwave Electronics
	6.2.1 Microwave Control Board
	6.2.2 Microwave Performance

	6.3 Intensity Stabilization
	6.3.1 Control algorithm
	6.3.2 Performance
	6.3.3 Conclusions


	7 Software and Control
	7.1 Software structure
	7.1.1 AOM Throughput Optimization

	7.2 Measurement Sequences
	7.2.1 MOT Pressure Measurement
	7.2.2 MAT Pressure Measurement
	7.2.3 MT Pressure Measurement


	8 Assembly
	8.1 Carts
	8.2 Light Shielding
	8.2.1 Vacuum Optics
	8.2.2 Locking Optics

	8.3 Cart Walls


	III Results
	9 Results
	9.1 Analysis
	9.1.1 MOT Analysis

	9.2 Measurements
	9.2.1 Optimal Push Beam Detuning
	9.2.2 Dispenser Performance
	9.2.3 Magnetic Trapping


	10 Conclusions
	Bibliography
	A Magnetic Field Coil Modelling
	A.1 Inductance
	A.2 Fluid Flow
	A.2.1 Flow Rates
	A.2.2 Helical Corrections

	A.3 Cooling Theory
	A.3.1 Non-liquid Cooling
	A.3.2 Liquid Cooling

	A.4 Cooling Models
	A.4.1 Hollow-core Coil Models




