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A Complex Atom Lens

Erik Michael Anciaux, Ph.D.
The University of Texas at Austin, 2018

Supervisor: Mark G. Raizen

This dissertation presents progress on an atomic beam brightening and focusing
experiment that has been shown to create a beam with higher brightness and greater
resolution than that of any previous atomic focusing experiment. Our method of beam
brightening relies upon using a permanent magnetic hexapole as a lens in conjunction
with transverse laser cooling to focus and collimate a supersonic beam of metastable
neon atoms. We then use an adjustable electromagnetic hexapole as a lens to focus
the brightened atomic beam.

Neutral atom beams have long been used as a tool to spectroscopically probe two
dimensional surfaces, however the lack of a means to create bright, high-resolution
neutral atom beams has limited their utility as a nanoscale resolution probing mecha-
nism. While optical and electron microscopy have been the workhorses of microscopy
for decades, we believe that our scheme for beam brightening and focusing will un-
leash the promise of neutral atom microscopy.

Our scheme of beam brightening and focusing can be repeated in series and reveals
a pathway to true high density nanoscale neutral atom focusing. Simulations suggest
that when combined with aberration correction, our scheme will be able to produce
an atomic beam with su cient brightness and resolution to be useful as a surface
sensitive hanoscale probe.
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Chapter One: Introduction

Neutral atom beams have been a useful tool for many areas of scienti c research
beginning with the famous Stern-Gerlach experiment, verifying the quantization of
angular momentum [1]. Since, neutral atom beams have been used as a mechanism
to load atoms in stationary traps [2], as well as a tool for studying cold chemistry [3]
among many other uses including but not limited to isotope separation [4] and atom
interferometry [5].

While advances in electron beam and photon beam technologies have allowed for
advancements in e-beam lithography [6, 7] and XUV photolithography [8, 9], atom
beams have also been proposed as a mechanism for nanoscale fabrication [10, 11,
12, 13]. E-beam lithography and XUV photolithography both rely upon damaging a
resist prior to etching or depositing material onto the damaged region. In principle
atomic beams could be used to directly deposit material onto a sample, potentially
eliminating the need for a separate etching and resist removal process.

Atom beams have also been used as a probing mechanism, analogously to electron
beams and light beams in scanning electron microscopy and optical microscopy [14,
15]. A potential bene t of using atoms as a probe is their short deBroglie wavelength
and relatively low kinetic energies. This lowers the fundamental spatial resolution
limit and allows for greater surface sensitivity than available from traditional e-beam
and optical methods.

Metastable atom electron spectroscopy in particular is an exciting probing mech-
anism using metastable atoms to analyze surface states of two dimensional structures
[16, 17]. While it has shown great promise as a tool for spectroscopy, there is cur-
rently no means of creating a beam of metastable atoms su ciently small and dense
to realize the promise of metastable atom electron spectroscopy at the local level.

Three parameters that describe atomic beams are resolution, density, and bright-
ness. The resolution of a beam travelling along the z axis is the standard deviation
of the distribution of atomic positions along an axis perpendicular to the direction of

travel, ,. The density is de ned as 2—'y where | is the atom current (atoms per
second). The brightness is de ned aB Ly where 4 and  are the emittances in
the x and y directions respectively. , = 2 % 2. where yois the standard de-



viation of atom divergence angles along the x direction. A major goal of atomic beam
experiments is to optimize one of resolution, density or brightness without sacri cing
the others.

At present time, a major roadblock preventing atom beams from being a useful
tool for nanofabrication and microscopy is the lack of a method for creating a bright,
dense atomic beam with nanoscale resolution. Further development of atom optics
techniques are necessary to create an atom beam that can truly realize the promise
of atomic beam nanofabrication and neutral atom microscopy.

1.1 Atom lenses

Over the past century, several tools have been developed for the manipulation and
control of atomic motion analogous to optical elements for control of light including
atomic mirrors and lenses [18, 19].

The development of atom lenses in particular has been a great challenge for atomic
physicists. Many techniques have been tried including passive lenses based on the
camera obscura e ect [20, 21] or matter wave diraction from Fresnel zone plates
[22, 23] and active lenses based on optical [24, 25] and magnetic forces on neutral
atoms.

Each type of lens comes with its own advantages and disadvantages when it comes
to resolution, density, and brightness. Certain lenses can also image two dimensional
shapes, while others are limited to speci c patterns or focusing to a point or a line.

A major challenge for any atom lens experiment is the problem of aberration
correction. Often, the types of aberrations found in atom lenses are analogous to
the types of aberrations found in optical lenses including geometric aberration and
chromatic aberration.

1.1.1 Pinhole lens

An atom pinhole lens is exactly analogous to an optical pinhole camera. In both

cases, a beam passes through an object plane prior to passing through a much smaller

pinhole. The resulting image can be calculated using simple ray tracing methods.
The image will be inverted and demagni ed by a factoM = 1— The resolution

will be on the order of the size of the pinhole, however the ux is severely limited due



Figure 1.1: A diagram of the beamline of a pinhole lens. The object plane consists of
a thin Im, with a speci c pattern cut out. A portion of the beam then propagates
through the pinhole lens toward a substrate that serves as an image plane. Source:
Melentiev, et al. [20]

to the size of the pinhole and the relatively few atoms that can be passed through a
pinhole without an active focusing element. The focusing ability is also fundamentally
limited by di raction inherent in the atomic beam. These barriers limit the utility of
pinhole lenses in atom nanofabrication and microscopy applications. Pinhole lenses
are not limited to speci c geometries and can image arbitrary two dimensional shapes.
A diagram of a pinhole atom lens is shown in Figure 1.1.

1.1.2 Fresnel zone plates

A second type of passive lens, a Fresnel zone plate, has been used as a focusing
element. Both optical and atomic Fresnel zone plate imaging rely on di raction to
achieve a small spot size. When considering wave phenomena of massive patrticles like
atoms, we consider the atom to have wavelike properties according to its deBroglie
wavelength. g = % where h is Planck’'s constant and p is the momentum of the
atom. A zone plate consists of a series of alternating opaque and transmissive rings
designed such that waves that di ract from the zone boundaries will constructively
interfere at a point downstream on the axis of the zone plate. The zero order section

is opaque, thus blocking the densest portion of the beam.



Figure 1.2: a) A close up image of a plate used in Fresnel zone plate imaging. The
central opaque zone is the large region in the top right of the image. The radial opaque
regions provide structural support for the sub micron width freestanding zones. b)A
diagram of a method of Fresnel zone plate imaging A collimated supersonic beam
partially passes through a Fresnel zone plate. Portions of the beam passing through
transmissive zones will di ract and constructively interfere at a central point. Source:
[22]

The e ectiveness of Fresnel zone plate imaging is limited by the loss in ux due to
blocking the brightest portion of the beam. The width of the central peak of the image
scales inversely with the area of the central opaque zone, requiring further tradeo s
between beam density and ux. As the beam has nite temperature, di erent atoms
will have di erent momenta and will thus have di erent deBroglie wavelengths. This
will cause di erent atoms to come into focus at di erent positions, an e ect analogous
to chromatic aberration. A recent experiment has shown focusing down to a spot size
of 4um however there is no obvious mechanism to reduce chromatic aberration for



true nanoscale focusing[23]. Fresnel zone plates can be used to image two dimensional
objects. A cutout of a Fresnel zone plate and a diagram for the beamline of Fresnel
zone plate imaging are shown in Figure 1.2.

1.1.3 Standing light waves

Most optical focusing elements rely on matter to focus beams of light. Standing wave
focusing relies on standing waves of light to focus beams of atoms. A standing light
wave can be produced with a monochromatic source and optical cavity. If the cavity
is aligned along the x-axis, the electric eld will be up to phase factors and direction
E = Eo(y) coskx) cos(t ), wherek is the wavenumber and is the angular frequency.
The intensity will therefore be given byl / cog(kx) If the standing wave is slightly
detuned from the resonance frequency of a two level atomic transition, the potential
energy of atoms in the standing wave will be proportional to the intensity of the
beam. Atoms moving transversely to the standing wave will feel a force proportional
to the derivative of the intensity, Fy / @@Xcoé(kx). Up to a phase factor this force
isFy /  sin(2kx). For blue detuned light, this force will be towards the anti-nodes
of the standing wave and for red detuned light, this force will be towards the nodes
of the standing wave. Atoms within an intensity period of the standing wave will
be focused towards a focal line parallel to the y axis downstream from the standing
wave.

The sinusoidal focusing forc&, /  sin(2kx) matches the ideal harmonic focusing
forceF, /  x to rst order, however far from the nodes (for red detuned light) or
antinodes (for blue detuned light) the rst order approximation breaks down, causing
an aberration analogous to geometric aberration in optical imaging. It also has no
means of accounting for chromatic aberration as the focal plane will be dependent
on the velocity of the atoms and will not be the same for all atoms. As no part of
the beam is blocked, standing wave focusing does not su er from the problem of lack
of ux, however it is limited to focusing only periodic patterns and cannot directly
image a two dimensional object. A cartoon of standing wave atom focusing is shown
in Figure 1.3.



Figure 1.3: a) Lines of chromium atoms deposited onto a substrate from standing wave
atom nanofabrication. b) A quantitative measurement of the of chromium deposition
onto a substrate. Source: Anderson et al. [26] c) A cartoon of the beamline a
standing wave atom nanofabrication experiment. Atoms inside the standing wave
feel a potential well and a focusing force toward lines on a focal plane downstream
from the optical cavity. Source: Zhang et al. [27]

1.1.4 Permanent magnetic hexapole

A permanent magnetic hexapole is a cylindrical device with a cross section consisting
of six magnetic sections, with alternating in-out-in-out-in-out magnetization and a
central bore along the axis of an atomic beam. Inside the central bore of the hexapole,
the magnitude of the magnetic eld increases with the square of the distance from
the axis. On low eld seeking atoms, this causes a harmonic force ek / ,
which is the ideal eld pro le for focusing and imaging. Magnetic hexapoles have
long been proposed as a means for focusing beams of neutral atoms [12, 28, 29]. A
hexapole cross section built by Kaenders et al. is shown in Figure 1.4.

Kaenders et al. developed a means of true imaging of a complex two dimensional
shape using a permanent magnetic hexapole as a lens to image a beam of cesium
atoms. Their technique also employs a counterpropagating slowing laser that reduces
the velocity spread of their thermal atomic beam, thus reducing but not eliminating
chromatic aberrations. While their magni cation factor was of order of unity and the



Figure 1.4: a) The orientation of magnets used in a permanent magnetic hexapole
lens in an experiment done by Kaenders et al. [28]. b) A diagram of the beamline
used in the Kaenders experiment. c¢) The resulting image plane showing inversion
and reconstruction of the original object.

resolution of 20Qum, their method shows promise in both imaging a two dimensional
object and focusing a beam to a single spot.

A decade later, Chaustowski et al.[30] developed a similar method of atom focusing
using a permanent magnetic hexapole to focus a beam of metastable helium atoms
to a small spot. This experiment yielded 3 10" cm ?s ! with a spot size on the
order of 1 mm. The detected images are shown in Figure 1.5.

While permanent magnetic lenses have yet to achieve the small feature sizes
demonstrated by standing light wave focusing, their ability to image complex pat-
terns and focus beams to a single spot give a much more promising starting point for
future atom lens development. Permanent magnetic lenses are still subject to chro-
matic aberrations as atoms with di erent momenta will be focused to di erent image
planes, while geometric aberrations persist as atoms will feel a non-ideal focusing
force due to the fringing magnetic elds through which they pass upon entering and
exiting the bore of the hexapole.

1.1.5 Pulsed magnetic hexapole

In 2013, our group proposed a novel method for neutral atom focusing relying on a
pulsed, tapered, electromagnetic hexapole lens[31]. Our method attempts to elim-



Figure 1.5: a) A diagram of the beamline used in the experiment done by Chaustowski
et al. [30] b) A microchannel plate image of an unfocused beam. c) A microchannel
plate image of a beam of metastable helium focused by a permanent magnetic lens.

inate geometric aberrations inherent in permanent magnetic lenses by pulsing the
magnetic lens on after the atomic beam has entered the bore of the hexapole and
pulsing the lens o prior to the beam exiting from the hexapole. Simulations also
show that we can reduce chormatic aberration by employing a slight taper in the
lens, such that atoms towards the front of the beam feel a stronger focusing force and
atoms towards the back of the beam feel a weaker focusing force, allowing all atoms
in the beam to be focused to the same focal plane. Simulations suggest that for given
initial beam conditions, the pulsed tapered magnetic hexapole lens can image a beam
of atoms with sub-10 nm resolution.

In 2016, in the rst experimental iteration of the pulsed electromagnetic hexapole,
we designed and built a prototype lens that imaged an atomic beam with greater reso-
lution and higher image delity than shown in any previous atom imaging experiment
[32]. A diagram of the beamline we used is shown in Figure 1.6 and the resulting
images are shown in Figure 1.7.



Figure 1.6: A diagram of the beamline for the rst iteration of the pulsed magnetic
hexapole lens. A supersonic beam is optically pumped and laser cooled prior to being
passed through an object plane. It then propagates toward the magnetic lens before
being imaged on a microchannel plate and phosphor screen. A mechanical chopper
is employed to reduce the longitudinal extent of the beam, thus reducing chromatic
aberration.

The prototype lens was e ective for imaging millimeter size objects down to the
100um scale, however further re nement of the process is necessary to reach the
nanoscale. Like any other focusing mechanism, our lens has a magni cation factor
equal to the ratio of the image distance to the object distance. At a realistic ratio of
1:10, in order to reach a 10 nm spot size, we would have to start with a beam size
on the order of 100 nm. This would require passing a millimeter size atomic beam
through a 100 nm slit, causing a reduction of ux of at least four orders of magnitude
in one dimension or eight orders of magnitude in two dimensions. A single lens
imaging system cannot achieve both the resolution and ux necessary to be useful
for atom nanofabrication or neutral atom microscopy.



Figure 1.7: The imaged atomic beam focused by a prototype magnetic hexapole lens.
The top row shows the focusing of a slit as the lens is brought into focus. The 150
resolution beats that of any previous atom focusing experiment. The middle and
bottom row show two series of two-dimensional shapes being brought into focus to
demonstrate the ability of the lens to image two-dimensional structures.

1.2 A complex atom lens

The body of this dissertation will focus on the second iteration of the magnetic fo-
cusing experiment in the Raizen lab. This iteration expands on the progress made by
the prototype pulsed electromagnetic hexapole lens, demonstrating a mechanism for
enhancing the brightness and density of an atomic beam by a factor of 20 through the
use of a permanent magnetic hexapole, laser cooling and a pulsed magnetic hexapole
lens. In principle, this method of beam brightening can be repeated in stages to create
a su ciently bright beam that can be focused to the nanoscale using an aberration-
corrected atom lens while maintaining levels of atom ux necessary for e cient neutral
atom nanofabrication and microscopy. A diagram of our experimental beamline is
shown in Figure 1.8.

The experimental beamline begins with a pulsed Even-Lavie supersonic nozzle
with a dielectric barrier discharge attachment. This supersonic nozzle provides for a
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Figure 1.8: A diagram of the experimental beamline of our complex magnetic lens.
A supersonic nozzle creates a pulsed beam of cold metastable neon atoms, which is
optically pumped and longitudinally cooled, prior to being focused by a permanent
magnetic hexapole lens. It is transversely cooled at the focus, prior to a second
round of optical pumping before it is focused via pulsed magnetic hexapole lens onto
a detector.

pulsed high density cold beam of metastable neutral atoms. This nozzle can create
signi cantly brighter and colder beams than those created from thermal sources,
allowing for higher density beams with less potential chromatic aberration. Upon
exiting the nozzle, the atomic beam is collimated using a conical skimmer. Chapter
2 of this work will cover the Even-Lavie nozzle in further detail.

We then optically prepare the atom beam by optically pumping the atoms to a
low eld seeking magnetic state and longitudinally laser cooling the atomic beam in
its moving frame to reduce longitudinal beam temperature. Chapter 3 will cover all
optical elements of this experiment.

The beam then passes through a permanent magnetic hexapole that serves as a
collector lens to focus the divergent atomic beam to a spot downstream from the
lens. The theoretical framework for magnetic forces on atoms including hexapole
lenses will be discussed in Chapter 4.

At the focus of the permanent magnetic hexapole, we employ transverse laser
cooling to collimate and brighten the atomic beam. The beam is then optically
pumped back into the low eld seeking magnetic state. Focusing and collimating
in conjunction form a sort of funnelling e ect on the atomic beam, which will be
discussed in Chapter 5.
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The beam then propagates towards a nal pulsed electromagnetic hexapole lens,
which focuses the beam onto a detector downstream. Chapter 6 covers the properties
of the pulsed lens including sources of aberration that we must overcome in order to
achieve true nanoscale focusing.

Phase space, including preserving and enhancing phase space density is an impor-
tant aspect of any imaging system. | will describe the framework of the experiment
in the phase space picture in Chapter 7.

| will cover the the experimental results including performance of the permanent
magnetic lens, beam brightening through transverse cooling and focusing using the
pulsed electromagnetic hexpole lens at di erent object and image distances in Chapter
8.

The nal chapter, Chapter 9 will summarize the work presented in this document
and examine pathways towards true nanoscale atomic focusing with a complex atom
lens.
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Chapter Two: Supersonic nozzle

The starting point for the experiment is the Even-Lavie supersonic nozzle with di-
electric barrier attachment [33] [34] [35]. The Even-Lavie valve is a common tool used
in the Raizen lab due to its ability to create cold, dense supersonic beams and has
been discussed in many Raizen lab theses [36] [37].

2.1 Supersonic expansion

Due to the excellent work quantitatively describing supersonic expansion by several
of my former colleagues, | will qualitatively describe the features of our nozzle that
give rise to our supersonic neon beam.

Our nozzle is backed by a reservoir of neon gas at 20 bar and cooled with a dewar
of liquid nitrogen. At equilibrium, the velocity distribution of atoms in a gas is given
by the standard Maxwell-Boltzmann distribution:

3
m 2 my 2

TKaT e *sT: (2.1)

f(v) =

When a gas passes through an aperture, if the mean free path of the atoms in the gas

is much larger than the size of the aperture, the resulting beam will have a thermal

distribution. If the mean free path is much smaller than the aperture, the atoms

will be able to collide and thermally equilibrate upon expansion resulting in a cold

mono-directional beam. In this case, the average velocity of the atoms will be much

greater than their velocity spread. This regime is known as the supersonic regime.
The mean free path is given by

| = p—é ; (2.2)

wherel is the mean free path, is the collisional cross section and is the number
density of atoms.

To calculate , we use the Lennard-Jones parametel; 0:278 nm as a stand
in for collisional diameter. = d2; [38]. To calculate , we use the ideal gas law.

p
kg T*
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Plugging in values gives
| = 1a_kL 2:5nm:; (2.3)
2d 2P
The diameter of our nozzle is 20Am, ve orders of magnitude larger than the mean
free path, thus our beam will be in the supersonic regime.

In addition to the size of the aperture, the shape of the nozzle also plays an
important role in the parameters of the beam as it exits the nozzle. The ideal nozzle
shape for creating a supersonic beam is that of the de Laval nozzle shown in Figure
2.1 in which the gas passes through a tube of smoothly decreasing diameter before
reaching a chokepoint (the aperture) and expanding through a tube of smoothly
increasing diameter. For ease of opening and closing the aperture, the Even-Lavie
valve does not have the converging tube prior to the aperture, but uses a trumpet
shaped opening for controlled adiabatic expansion of the beam exiting the nozzle.

As the beam passes through the nozzle, it will adiabatically expand and its initial
thermal energy will be converted into mono-directional kinetic energy. From the rst
law of thermodynamics in a system with no heat transfer

Us +(PV)f = U +(PV)i; (24)

whereU is the internal energy, P is the pressure and V is the volume. Although V is
poorly de ned in this case, we know thatP; = 0 and (PV); = nkg T from the ideal
gas law. We also know that initial internalU; = %nkBT is the thermal energy of the
system. Putting these together gives

U = gnkBT + nkBT = gnkBT (25)
The expectation value of the atomic beam velocity far from the nozzle will be given
by r r
2U 5kg T
V= L= B 490ms?: (2.6)
mn m

Two other relevant parameters for describing a supersonic beam are speed ratio and
divergence angle. The speed ratio is de ned as the ratio between the velocity of the
beam in the lab frame and the velocity spread of the bean = <. We calculate
this by measuring the time of ight (TOF), , of the beam from nozzle to detector
and the full width at half maximum (FWHM) of the signal in time as it reaches the
detector.
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Figure 2.1: A diagram showing the pressure, temperature, velocity of atoms as they
pass through a de Laval nozzle. The Even-Lavie valve has a at plane at its choke-
point, but has a similar trumpet shape upon its exit. Source: wikimedia [39]

While the Even-Lavie nozzle has been shown to cool large moleucules below 1 K,
smaller lighter elements such as helium and neon will produce the coldest beams [40].
p

S 2 22— 2.7)
FWHM

Depending on the exact nozzle parameters used, this ratio can reach as high as 30.
This speed ratio is also known as the Mach number.

The Even-Lavie valve boasts a beam with a full angle at half maximum of 10
degrees [34]. We do not experimentally verify this as we use a 5 mm diameter skimmer
20 cm from the nozzle. This ratio corresponds to an angle of 1.43 degrees, signi cantly
smaller than the full angle at half maximum of the beam produced by the nozzle.
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The relatively tight divergence of the beam does help in passing a larger proportion
of atoms through the skimmer and along to the rest of the experiment.

2.2 Even-Lavie valve structure

At its essence, the Even-Lavie valve is a solenoid valve. The seal of the valve is a
stainless steel plunger held with a spring against a 200 micron hole in a kapton gasket.
A current pulse is passed through a solenoid outside the body of the plunger, creating
a force on the plunger away from the kapton gasket, allowing gas to escape through
the hole in the gasket and into the vacuum chamber. A cutout of the nozzle is shown
in Figure 2.2.

The nozzle has a 40 degree opening so as to optimize the atom number, divergence
angle, and speed ratio of the resulting beam. We operate the nozzle with a pulse
opening time of 3Qu and a repetition rate of 4 Hz.

Figure 2.2: (a) A cutout of the Even-Lavie Valve attached to a dewar lled with liquid
nitrogen. Gas enters the nozzle through a 1/16 in. OD stainless steel tube pressurized
at 20 bar. A stainless steel tube (shown in gold) held between two kapton gaskets
(shown in red) houses the plunger and restoring spring. (b) Inside the stainless steel
tube lies a plunger shown in green that, when the valve is closed, is pressed against
a hole in the front kapton gasket with a small spring (shown in blue.) The plunger is
kept in place with two ceramic spacers (shown in orange.)
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2.2.1 Dielectric barrier discharge

In order to create a beam of metastable neon atoms, we must excite the atoms
exiting the nozzle to the metastable state. To accomplish this we use a dielectric
barrier discharge (DBD) attachment to the nozzle. Upon exiting the nozzle, a short

burst (10 cycles) of high voltage (1000 V) RF (750 kHz) current is sent to a dielectric

material that forms the nozzle exit. The DBD creates an electron discharge from

which electrons bombard ground state neon atoms, exciting them to higher energy
states, a photograph of which is shown in Figure 2.3.

Figure 2.3: A photograph of the Even-Lavie valve with DBD upon nozzle opening.
Electrons bombard the neutral neon atoms, exciting them to higher energy states.
The orange glow is a result of emitted photons as atoms decay between higher and
lower energy states. Source: Luria et al. [34]

A small fraction, roughly a part in 10*, will be excited to the desired metastable
3p, state. (This metastable state will be discussed in detail in Chapter 3.1.) An
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added bene t of the DBD is its minimal heating of the atomic beam, allowing us to
produce a cold, mostly collimated supersonic beam of metastable neon.

2.2.2 Skimmer

In order to further collimate the atomic beam, we use a 5 mm skimmer 20 cm from
the opening of the nozzle. This gives the beam a maximum divergence angle of 1.43
degrees, compared to a 10 degree full angle at half maximum coming out of the nozzle.
The skimmer has the shape of a sharp cone with a removed tip for an aperture. The
sharp tip points toward the nozzle. The walls of the skimmer must be as thin as
possible so as to avoid heating the beam and clogging the aperture, as would occur if
one used a at hole in an attempt to collimate a supersonic beam. The temperature
pro le of an atomic beam passing through a skimmer is shown in Figure 2.4.
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Figure 2.4: A simulation of the local temperature pro le of a supersonic helium beam
passing through a skimmer. The temperature of the beam will be warmest near the
edge of the skimmer and coldest near its center. Source: Luria et al. [34]
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Chapter Three: Optical pumping and laser cooling

Throughout the length of the beamline, we have two mechanisms for manipulating
the atomic beam: a laser and a magnetic eld gradient. This chapter will focus on
the laser and its interactions with the atomic beam, notably through optical pumping
and laser cooling.

3.1 Neon

In principle, a cold beam of any atom with an easily accessible paramagnetic metastable
state would su ce as a probing mechanism for metastable atom microscopy. The no-
ble gases t these criteria and are therefore excellent candidates for atomic focusing.
As discussed in the chapter on the supersonic nozzle, lighter noble gases will form
colder beams upon supersonic expansion. A relevant parameter for the susceptibility
of an atom to be magnetically focused is its magnetic moment to mass ratio.

= BMg: (3.1)

here g is the Bohr Magneton, andg, = % for neon andg, = 2 for helium is the

Lance g factor.
_ B 2 % 38

— = = 2

m e 20u 20amu 3.2)
e 1 2_ g

m . 4u  2u 33)

He
As the magnetic moment to mass ratio is within a factor of four for helium and neon,

either would be an ideal candidate. The tiebreaker goes to the atom for which we
already had a laser in the lab. In our case, neon.

3.1.1 Electronic structure of neon

Pictured below are the electron con gurations of neon in its ground state and lowest
excited states. | will denote the di erent electron states using the standard Russell-
Saunders notation. The term symbol is given byS*'L; Where S is the total elec-
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tronic spin quantum number, 5+ 1 is the multiplicity of states, L is the total orbital

angular momentum quantum number, andl = L + S is the total angular momentum
guantum number. We use the standard notation folL: L = 0 is noted with the
symbol \S", L = 1 corresponds to \P", followed by \D", \F", \G" for L = 3;4;5.
Note J can take any valuejL + Sj, jL+ S 1j,jL+S 2j...jL §j

Figure 3.1: The electron con guration of neon in its'Sy ground state

As shown in Figure 3.1, neon in its ground state has no unpaired electrons, there-
fore S = 0. Additionally, like all noble gases, the ground state of neon consists of
lled, complete electronic orbitals and thus has no net orbital angular momentum,
L = 0. Therefore, the only possible value for Jigd = L+ S=0+0=0. This gives
the ground state term symbol'Sy,. Neon does not have a nuclear magnetic moment,
therefore the total atomic magnetic moment will be equal to the electronic magnetic
moment for all electronic states.

As shown in Figure 3.2, in neon's lowest energy excited state, an electron is
removed from the  orbital and added to the 3 orbital. In the lowest energy
con guration, the 3s electron will have spin in the same direction as the remaining
unpaired 2o electron, giving a total electron spin ofs = 3 + £ = 1. There also exists
a higher energy state in which the 8 electron spin is antiparallel to the unpaired p
election, however that state is not metastable and any atom in that state will decay
quickly to the ground state. To calculate the orbital angular momentum, sum the
orbital angular momenta of each electron in the2states. | =1+1+0+0 1=1.
There will be three possible values af, (J = 1;2; 3) hence it is referred to as a triplet
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Figure 3.2: The electron con guration of neon in itsSP lower excited state

state. The state with maximum total angular momentum,J = 2, will have the lowest

energy, followed by thel = 1 state and the J = O state. The term symbols for these
states will be denoted®Py1.».

Figure 3.3: The electron con guration of neon in itsSD upper excited state

We next consider the excited state in which the electron removed from thep 2
state is added to the 9 orbital as shown in Figure 3.3. Again, in the lowest energy
con guration, the 3p electron spin will be parallel to the spin of the unpaired |2
electron spin, giving a total electron spin ok = %+ % = 1. The antiparallel case will
have higher energy and is not relevant to this experiment. The state with the lowest
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energy will maximizeL. This requires the 3 electron to have an angular momentum
antiparallel to the unpaired 2o electron. The total orbital angular momentum will
be the sum of all » and Jp orbital angular momenta. 1 =1+1+0+0 1+1=2.
The three possible values of in this triplet state are J = 1;2;3. The state with
maximum J = 3 will have the lowest energy followed by the]l =2 and J =1 states.
The term symbols for these states will be denotetD .,

3.1.2 Transitions between excited states

Figure 3.4: The lowest lying electronic states of neon. Black arrows represent allowed
spontaneous transitions. The red arrow represents the only closed transition, which
will be the only laser transition we use throughout the experiment.

The allowed transitions are shown in Figure 3.4. Note that atoms in all states
with the exception of 3Py, 3P,, and 3D3 will decay to the ground state and may be
neglected. The allowed transitions are determined by selection rules. Because there
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is no allowed transition between the aforementionedP,, 3P,, and °D; states and
the ground state, these will be long-lived metastable excited states. The lifetime of
an atom in the 3P, state is 14.73 s [41], over 1,000 times longer than the lifetime
of the experiment. As there is no closed transition includingP, atoms, and 3P,
atoms have no magnetic moment and therefore do not interact with magnetic elds,
3P, atoms will feel no force from either laser radiation pressure or inhomogeneous
magnetic elds. A small number of collimated3P, atoms will reach the detector,
however their density will be quite low compared to the beam of focusé®., atoms,
therefore we neglect their presence in our atomic beam and instead xate on atoms
in the 3P,, and 3D states.

Ground state neon atoms cannot be excited to théP, state with a single pho-
ton, but can be excited through electron bombardment. While ine cient, electron
bombardment is the best method available for production of metastable atoms [42].
Once in the metastable®P, state, atoms can be manipulated using a laser tuned to
the 3P, ! 2 D5 transition. This transition has a wavelength of 640.402 nm, a lifetime
of 19.4 ns and a linewidth of 8.18 MHz.

3.2 Laser

This section will examine the laser system and its design. We use two diode lasers
at the same wavelength, a master and a slave. The master laser is an extended
cavity diode laser. We use Doppler free spectroscopy and a feedback loop to lock
the frequency of the laser to the’P, $ 3D transition of neon. We then send a
portion of the frequency locked master laser to drive the slave laser, increasing the
total available laser power in a technique known as injection locking.

3.2.1 Extended cavity diode laser

We use an extended cavity diode laser in the Littrow con guration as shown in Figure
3.5. This con guration has a di raction grating as one edge of its laser cavity. The
angle of the diraction grating is such that the m ; beam is re ected back into the
laser cavity and themy beam is re ected toward the laser diagnostics and experiment.
The di raction grating is on a rotatable stage such that the angle between the grating
and the output of the laser diode can be precisely controlled. We control this angle
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Figure 3.5: A diagram of an extended cavity diode laser

by pushing on one corner of the stage with a voltage controlled piezoelectric device.
The voltage sent to the piezo is determined by a feedback loop designed to maintain
the angle of the stage and thus the frequency of the laser. The angle controlling stage
also contains a mirror parallel to the di raction grating such that the laser will exit
that stage at the same angle relative to the diode regardless of the angle between
the diode and stage. Manually controlling the current sent to the laser diode as well
as the voltage sent to the piezo can ensure that the laser is single mode and has a
wavelength within one picometer of the optimal wavelength of 640.402 nm, however
more frequency precision and stabilization is needed. We use a wavemeter and Fabry-
Perot interferometer to measure wavelength and mode structure respectively. For
more detailed information on an extended cavity diode laser, the reader is encouraged
to read the paper by Arnold, Wilson, and Boshier irReview of Scienti ¢ Instruments
[44].

3.2.2 Doppler-free spectroscopy

The goal of Doppler free spectroscopy is to set the frequency of the laser to a reference
frequency. In our case, this reference frequency is 40 MHz below the frequency of the
transition between the3P, and 3D states. We use a glass cell with 50 mTorr of neon
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inside. We pass current through a coil around the cell to create an RF eld. This RF
eld will accelerate free electrons, which will bombard ground state neon atoms and
excite a small but su cient percentage of them to the metastabl€P, state. When
the RF eld is applied, the neon cell will have a soft orange glow from the allowed
3P $ 3D transitions. The optimal capacitance and inductance of the RF coil are
empirically determined, emphasis on \empirically."

In order to understand Doppler-free spectroscopy, we must rst analyze the sim-
pli ed case of Doppler-broadened spectroscopy. Experimentally, this entails sending
a laser through the neon cell and measuring the transmitted laser power as a function
of laser frequency. When the laser is on resonance with a certain velocity class of
atoms in the cell, some laser light will be absorbed by atoms in said velocity class and
will not reach the photodetector beyond the cell. However, this loss in signal will be
over a very broad range as the atoms in the cell have a thermal velocity distribution.
The apparent frequency of the incoming light will be Doppler shifted by an amount
proportional to the relative velocity in the direction of the laser for each individual
atom. If we were to use Doppler broadened spectroscopy, it would be very di cult if
not impossible to use a PID enabled feedback loop to lock the frequency of the laser
diode based on the power measured by the photodetector. A more sophisticated lock-
ing mechanism is needed. A diagram for Doppler-broadened spectroscopy is shown
in Figure 3.6.

Figure 3.6: (a) A diagram of Doppler-broadened spectroscopy (b) The qualitative
shape of the transmitted power as a function of laser frequency. The width of the
shape is proportional to the width of the velocity distribution of the neon atoms with
the cell.

In order to solve this problem, we add a counterpropagating beam overlapping
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with the original laser while both are inside the neon cell as shown in Figure 3.7.
We refer to the original beam that traverses the cell to the photodetector as the
probe beam and the counterpropagating beam as the pump beam. While scanning
the frequency of both the pump and probe beams, there will be a frequency at which
both beams are interacting with the same velocity class of atoms. In the Doppler-
broadened case, these atoms would absorb the probe light, but in the Doppler-free
case, a portion of these atoms will have been excited by the pump beam. When the
probe beam reaches an already excited atom, the atom will spontaneously emit two
photons in the direction of the incoming beam. This will result in an increase in power
measured at the overlap frequency [45]. This increase appears as a small dip known
as the Lamb dip, ideally with width equal to the linewidth of the laser transition,

in our case about 8 MHz. We use a PID enabled feedback loop with detected probe
laser power as an input and voltage sent to the di raction grating piezo as an output
to ensure that the frequency of the laser does not drift from the frequency of the
Lamb dip.

Figure 3.7: (a) A diagram of Doppler-free spectroscopy (b) The qualitative shape of
the transmitted power as a function of laser frequency. The narrow dip in measured
power occurs when the pump and probe beams are both addressing atoms in the same
velocity class in the direction of laser propagation. Note: in reality, we use an 80 MHz
acousto-optic modulator (AOM) whose frequency is modulated by an amplitude of

1 MHz. While not shown in the image, this allows us to use a lock-in ampli er to
amplify the Lamp dip and results in the output laser frequency being 40 MHz o
resonance.
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3.2.3 Injection locking

After accounting for the laser power that has been split from the master laser and sent
to the pump and probe branches for Doppler free spectroscopy and the beams sent
to the wavemeter (EXFO part number WA-1000) and Fabry-Perot interferometer for
beam diagnostics, there is insu cient laser power remaining to handle the demands
of the experiment. To create this laser power, we add a slave laser that is injection
locked to the master, ensuring its frequency and mode structure match that of the
master laser [43]. Both the master and slave lasers are temperature controlled using
thermoelectric coolers. A photograph of the master and slave lasers is shown in Figure
3.8.

Figure 3.8: The master and slave lasers

The slave laser is a diode laser and when not driven, has a wavelength approxi-
mately 640 nm, 100 mW output power and high noise. We seed the slave laser with
roughly 4 mW of power split from the master laser. This light enters the slave laser
through a partially transmissive mirror at the Brewster angle. If the frequency and
shape of the incoming light are su ciently close to the natural frequency and shape of
the slave laser, the slave laser will oscillate with the same frequency as the seed light,
but with a much higher output power. This gives us about 100 mW extra usable
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laser power for the experiment. A cartoon demonstrating the features of injection
locking is shown in Figure 3.9.

Figure 3.9: A small amount of laser light from the master is sent to a slave laser.
The slave laser will oscillate at the same frequency as the incoming laser, but with a
much greater power.

We can calculate the total slave laser power necessary for the experiment by adding
the power needed for each stage. For transverse laser cooling, we need two branches
of 10 mW light, requiring 30 mW of power from the slave given an approximate
AOM e ciency of 2/3. For longitudinal cooling, we need a nal power of 5 mW,
requiring 10 mW of slave power given the e ciency of the double pass of roughly
1/2. For optical pumping, we need three total branches each with roughly 2 mW of
power each, corresponding to a total of roughly 10 mW of input power. All told, we
need about 50 mW of power from the slave, well within the range it can produce.
This extra power will come in handy for future iterations of the experiment requiring
further stages of laser cooling and optical pumping.

This coupling of two oscillators with similar natural frequencies is not limited to
lasers, but extends to classical oscillators as well. It was rst noticed by Huygens
when examining two nearby pendulum clocks that would oscillate with the same
phase over a signi cantly longer period of time than had they not been coupled [46].
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3.3 Optical pumping

In section 3.1, | refer to the optical transition we use as being between the, and 3D
states of metastable neon. While this is true, it does not tell the whole story. Within
each of these states exist a number (5 f8P,, 7 for D3) of magnetic substates. We
denote these substates with the symbah; which take integer values ranging from

J to J. If J were a half integer, them;'s would also be half integers, but that will
not be the case in this experiment.

When there is no magnetic eld present, these substates are degenerate, but the
degeneracy is lifted when a magnetic bias eld is applied. The shift in energy in the
presence of a magnetic eld is given by the Zeeman shift E = B gm;g.

The speci ¢ substate we are most interested is the; = 2 low eld seeking state,
as this is the stable accessible substate that will be most strongly focused using a
magnetic hexapole lens. The magnetic bias eld need only be strong enough to lift
the degeneracy. In our casB = —=- = 8.t 2 10 *T where h is Planck's
constant. We tune this magnetic eld using Helmholtz coils with adjustable currents.

We can reach this state by hitting a metastable atom repeatedly with circularly
polarized light with a magnetic bias eld in the direction of laser propagation. Upon
absorbing a photon with circular polarization, the atom will absorb the angular mo-
mentum of the photon as well as its energy. The atom will thus be excited to the
corresponding®D; substate with m; one greater than its original value. The atom
will then spontaneously emit a photon and decay back to P, state. Upon emission,
the magnetic quantum number of the atom can either increase by 1, decrease by 1
or stay the same, depending on whether the emitted photon has circular or linear
polarization. The probability of each is determined by Clebsch-Gordan coe cients
[47]. Over a complete cycle of absorption and spontaneous emission, the magnetic
quantum numberm; can increase by 2, increase by 1 or not change. While the atom
is not guaranteed to increase over a single cycle, after a small number (about 10)
of cycles, nearly all atoms will end up in either theéP, state with m; = 2 or 3D,
state with m; = 3. The transition between these two states is closed, meaning that
once an atom reaches either state, it will not decay to a state with lowen;. Once
the atom is no longer in the laser eld, if it is still in the D3 state with m; = 3 it
will spontaneously decay to’P, state with m; = 2. The transitions between the3P,
substates and®D; substates are shown in Figure 3.10.
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Figure 3.10: A diagram of optically pumping an atom from any magnetic substate to
the m; = 2 substate. Like a game of Plinko [48] in which the player drops the ball in
the slot to the right of where it ended the previous fall and the ball steadily but not

monotonically makes its way to the edge of the board, the atom will make its way
towards the m; = 2 state.

Between the skimmer and permanent magnetic lens, we create a force neutral
optical pumping beam by retrore ecting a single circular polarized beam so as to
pump all atoms passing through the beam to then; = 2 state while providing a net
zero radiation pressure on the beam.

3.3.1 Flashed pumping

After the permanent magnetic lens and laser cooling system, the atomic beam is no
longer spin polarized, Another round of spin polarization is necessary. This time, we
use two distinct optical pumping beams instead of a single retrore ected beam.

Counterintuitively, we use the rst beam to pump all atoms to the high eld
seekingm; = 2 state. The second beam is focused to a waist of 300 along the
direction of atomic beam propagation immediately after the rst beam. As shown
in Figure 3.11, this beam is oriented opposite to the direction of the rst beam to
balance the radiation pressure and is polarized so as to pump atoms passing through
it to the m; = 2 state.

For the current iteration of the experiment, we leave both beams in DC mode,
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Figure 3.11: A diagram of the optical pumping elements of the beamline. Coming
out of the skimmer, the beam is unpolarized. We then optically pump it to the
m; = 2 state prior to focusing it and collimating it with a permanent magnetic lens
and transverse laser cooling respectively, at which point it is again unpolarized. We
then pump the entire beam to the high eld seekingn; = 2 state prior to pumping

a thin slice of the beam to them; = 2 stae using a 50um wide beam pulsed for
30ps.

but in future iterations, we plan to pulse the second pumping beam on and o to
selectively pump certain atoms in the beam depending on their longitudinal position.
We use this to pump only a central portion of speci ed width of the atomic pulse
to the low eld seeking state, while leaving the front and back of the pulse in the
high eld seeking state. The width of the low eld seeking slice of the ashed atomic
beam will be equal to the pulse duration of the pumping beam times the longitudinal
velocity of the atoms. This is a way to shorten the length of the low eld seeking
atomic pulse. When this total pulse is focused by a magnetic lens, the front and back
of the bullet will be defocused creating a wide shallow background layer of atoms
while only the middle of the beam will be focused into a bright central spot. This
is useful when correcting for chromatic aberration as having a long atomic pulse will
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be more subject to chromatic aberration than a short pulse.

3.4 Laser cooling

The following will be a discussion on laser cooling. There are many other great
discussions on laser cooling in other Raizen group theskeaser Cooling and Trapping

by Metcalf [54] as well from the original laser cooling paper by Wineland et al.[49]
Since its invention over 40 years ago, laser cooling has led to many new achievements
in physics, including magneto-optical trapping and the creation of a new state of
matter, the Bose-Einstein condensate [50]. Laser cooling help paved the way for
three Nobel Prizes including Chu, Cohen-Tannoudhi, and Phillips in 1997, Cornell,
Wieman, and Ketterle in 2001, and Haroche and Wineland in 2012 [51] [52] [53].

3.4.1 Doppler cooling

We will use the simplest form of laser cooling, known as Doppler cooling. First,
consider an atom absorbing an incident photon, then spontaneously emitting a photon
in a random direction. The atom will gain the photon momentumhk and receive a
momentum kickhk in a direction opposite the emitted photon wher& has magnitude
2= and direction in the direction of photon propagation. When continuously hit
with a laser with frequency near the resonant frequency of the transition, the atom
will continue to absorb momentum kicks in the direction of the laser. For now, we
neglect the random recoil kicks due to spontaneous emission as these kicks will average
to zero over a su cient number of cycles. Prior to determining the rate of absorption
and emission, let's de ne a few relevant parameterslg; = 3h—§ 4:1mWcm 2

is the saturation intensity of the 3P, ! 3 D3 transition, 194 ns is the natural
lifetime of the 3D5 state, and =1 2  8:18MHz is the decay rate of the’D;
state. The rate ¢ at which an atom will absorb incoming photons depends on the
intensity of the laser as well as its observed detuningfrom the resonant frequency
of the transition:

_ I=1 sat =2 .

T4l t (2= )7

The total radiation force on an atom will be given by the product of the photon
momentum and the scattering rate:

(3.4)
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_ I=lsat =2

Sl lElg (2= )2
To understand how this radiation force can be useful for cooling, consider a red
detuned laser incident an atom moving towards the laser in the lab frame. The
observed frequency of the incident beam will be blue shifted in the frame of the
moving atom by an amountk v due to the Doppler shift. v is relative to the lab
frame. = , Kk Vv where ; is the detuning of the laser in the lab frame. Red
detuning corresponds to negativey and blue detuning corresponds to positivey.

F= chk hk: (3.5)

_ I=1 sat =2
Sl I=lsm+(2( 0 Vv K)=)2
If the detuning and the Doppler shift are equal and opposite, the atom will feel a
force opposite its velocity, slowing it down and reducing its kinetic energy in the lab
frame. Temperature is a measure of average kinetic energy of an ensemble of atoms,
thus reducing the kinetic energies of the atoms through radiation pressure will reduce
the temperature of the ensemble.

Next we consider the force on atom when we add a second counterpropagating
laser with detuning and intensity identical to the rst. Mathematically, we add a
term identical to the single laser case, but wittk replaced with k:

F= shk hk (3.6)

1 1
I+ i+ @0 v =) 1+ L+@ oty K= )

at

hk ( ): (3.7)

2

|
F= —
Isat

This equation can be reduced to

I 16 v k 2
F=— — hk : (3.8
lsat 2 L+ =+@(o v K)=))L+ =+@2( o+ Vv k)=)?) (3.8)
To rst order in v:
8L < hk(v k
|sat ( ) (39)

A+ L+ 0=

| sat

Along the direction of propagation:

i g =y v (3.10)

| sat
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Figure 3.12: The force on atom due to laser(s) detuned by= =2 with intensity
I = ISat.

where

8- < h Kk
= i : 3.11
1+ 5+ (2 0= ) N
The velocity dependent forces on an atom from each laser and the total velocity
dependent force are shown in Figure 3.12.
As temperature is a measure of average kinetic energy, we treat cooling as kinetic

energy lost per unit time:

E .
@@Hcooling =F v JVJZ: (3-12)

To calculate the equilibrium expectation value of kinetic energy, we equate the cooling
rate to the heating rate due to the momentum kicks from the incoming photon and
the randomly oriented recoil kicks. While the recoil kicks do not a ect the expectation
value of the momentum, they do add %)2 to the kinetic energy expectation value.
m is the atomic mass, in this case the mass of neom 20 1:67 10 ?"kg The
equilibrium scattering rate is the sum of scattering rates of each of the two lasers. As
the scattering rates are equal, this will be twice the scattering rate found in 3.4:

1=l sat
= : 3.13
° 1+ 1=lgg+(2 0= )2 ( )
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The heating rate is given by

@E  _ (hk)? 1=l |
@tlheatmg T Tm 1 1ml gt @2 o= )2 (3.14)
Equilibrium will be reached When%‘fjcoOling = %Eiheating:
8} < h k2 2 _
Teat jvj? = (hi Hsa ; (3.15)
(1+|$I,j+(2 0:)2)2 m 1+ I=lgy+ (2 o= )2
Solving for mjvj? gives
}m-v-z—(1+ 1=l +(2 — )2)1_2 (3 16)
2 IVI© = =l sat o— 16 O, )
This kinetic energy is minimized when the detuning is given by
r
I
° 2 ! ISat (3 17)

In the limit of small I, the kinetic energy will correspond to the Doppler limit, the
lowest temperature that can be achieved through Doppler cooling:

ke T

1 h
émvéoppler é Z; (3-18)
wherekg is Boltzmann's constant.

The Doppler limits for velocity and temperature are given by
r—
h

Vboppler = ’m (3.19)

and

h
TDoppIer = %: (3.20)

The constant of proportionality in the velocity dependent force equatior / v
is given by

1
= Zhk?: (3.21)
2
Plugging in values for neon:
Vooppler  285cms (3.22)
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TDoppIer 196P-K . (3.23)

No matter how well Doppler cooling works, we will not be able to cool our atomic
beam below these limits. There are several other methods for laser cooling below the
Doppler limit including polarization gradient cooling, Raman cooling, and Magneto-
optical cooling which as of this writing is currently under development on the other
side of the Raizen lab [55] [56] [57].

3.4.2 Doppler cooling in the moving frame

The previous section discussed Doppler cooling in a dimension in which the average
velocity of atoms is zero in the lab frame. This is relevant for cooling trapped atoms
(which we don't do) and transversely cooling a moving beam (which we do.) To
longitudinally cool the beam, we must shift the frequency of the cooling lasers into
the moving frame. Due to geometric constraints, we use a single longitudinal cooling
laser to push the atoms with the highest velocities into the velocity class with most
atoms. This increases the peak density of atoms with respect to velocity. This will
be further covered in the chapter on experimental setup.

Our atomic beam moves with a mean velocity of 490 m s To calculate the detuning
necessary, use the relatioj = —.

Y 766 MHz (3.24)

The frequency of the laser diode is 40 MHz below resonance in the lab frame, thus
we need to shift the frequency by an additional 726 MHz to reach resonance in the
moving frame or 730 MHz to reacho, = 5. To create this rather large shift, we use

a double pass con guration as shown in Figure 3.13. We pass the laser through an
AOM twice, each pass shifting the frequency by 730 MHE2 = 365 MHz.
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Figure 3.13: A diagram of the double pass con guration. The light passes through
a polarizing beam splitter, then de ected and frequency shifted by 365MHz by
an AOM. It is then retrore ected back through the AOM and frequency shifted
by another 365MHz. A quarter wave plate is added so that the net change in
polarization of light upon retrore ection is 90 degrees. As drawn, light would enter
through the cube with vertical polari@tion mand then be re ected by the cube with
polarization into and out of the page
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Chapter Four: Magnetic forces on neutral atoms

The energy of a magnetic dipole in a magnetic eld is given by = B. The
force on a magnetic dipole is therefore

F=r U=r( B): (4.2)
For atoms, the magnetic dipole momentis = m;g g, therefore the force on a
neutral atom is

F=r( mg g” B): (4.2)

An important phenomenon of atomic motion in an inhomogenous magnetic eld is
adiabatic following. If the direction of the magnetic eld changes signi cantly slower
than the Larmor frequency%t <! | = %B‘ the direction of the magnetic moment
will change with the direction of the magnetic eld, thus preserving its value of;.

For atoms with positive g, including neon, atoms with positivem; will be attracted
to points of minimum magnetic eld strength, while atoms with negativem; will be
attracted to points of maximum magnetic eld strength. We refer to these states as
low- eld seeking and high- eld seeking respectively.

F= mg sr (* B): (4.3)

But due to adiabatic following, we know that and B must point in the same
direction. Therefore » B = |Bj,

F= mg sr Bj: (4.4)

This is a very interesting result. The force on a magnetic dipole does not depend
whatsoever on the direction of the magnetic eld, but solely on the gradient of its
magnitude.

39



4.1 Magnetic n-poles

In this section, | will discuss various geometries of magnets that give rise to useful
magnetic elds.

4.1.1 Coaxial coils

The most common con guration of coaxial coils are the Helmholtz and anti-Helmholtz
con gurations. Both involve two identical coaxial circular coils separated a distance
equal to their radius. In the Helmholtz con guration, the current is owing in the
same direction in each coil while in the anti-Helmholtz con guration, the direction
of the current is ipped in one of the coils. We will also discuss systems of three and
four coaxial coils.

Note, for the remainder of this chapter, all math will be done under the assumption
that each coil is a single current loop, but the math does not change if each coil consists
of many loops. In the case, simply make the transformatioh! nl where | is the
current and n is the number of loops in each coil.

4.1.1.1 Dipoles

We will start by analyzing the Helmholtz case.
The magnetic eld in the axial direction along the axis of a single coil of radius
and current| on the z =0 plane is

_ olr 2 1 ]
B, = 2 @+ (4.5)
For two coils with current in the same direction, one located in the = ¢ plane and
one located in thez = + § plane, the sum of the magnetic elds will be
Ir 2 1 1
B,= — + : 4.
S 2 s e o
Taking a series expansion neglecting terms fourth order and higher gives
) 8 192@ r?) 4
B, = olr<( + z-+ 0(z%)): 4.7)

(a2 +4r2): (a2 +4r2)z
A couple interesting things to note: As the geometry is symmetric about the = 0
plane, only even powers of z will be nonzero. & = r, the z2 term will vanish,
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leaving only the z° term and terms of orderz* or higher. This special case is the
Helmholtz con guration. This con guration is particularly useful for creating nearly
homogeneous magnetic bias elds for optical pumping. The on axis eld is shown in
Figure 4.1 while the approximate o -axis magnetic eld is shown in Figure 4.2.

Figure 4.1: The magnetic eld in the axial direction for two coils with current in
the same direction. If the separation between the coils is equal to the radius, the
magnetic eld strength will be nearly constant over a wide range.

This equation only holds along the axis of the magnetic eld. To calculate the
magnetic eld everywhere is a surprisingly di cult problem, however we can easily
approximate the eld in the vicinity of the axis using Gauss's law for magnetism and
Ampere's law. This approximation will yield a power series in the distance from the
axis, , so we will denote each term in the series by its power of

First, we know the magnetic eld must satisfy Gauss's law for magnetism. In
cylindrical coordinates, this is

_ @B 1@B __.
r B= @z+_ @ =0: (4.8)
Z
_ 1 @B
B = = _@zd (4.9)

41



We do not know the full form of B, over all space, but we do know it along the z
axis, for which = 0. This is the Bo term. | will also switch to prime notation for
derivatives. Note, all primes correspond to derivatives with respect to z.

z
1 1
B:= = B,d = 5B 20 (4.10)

To nd the B, term, we use Ampere's law with no free currents or time varying
electric elds:

@B @B
B=— =Z=0: 4.11
r @z @ (4.11)
Z Z
- @Bl — 1 0 — 1 2R 00
B,, = @Zd = EBZOQI = 2 BS (4.12)

The total magnetic eld is the sum of each term in the power series. The power series
will quickly converge to the exact eld for <r .

1, 1
4 2
If desired, further terms can be found iteratively:

B =(Byo B2 B,or+ O( 3 (4.13)

Bn+20 2

B(n+2)z = By, B0 (n +2)2: (4.14)
Bn+2O 2

B(n+2) = Bn (415)

B"™ (n+1)(n+3)
For Helmholtz coils separated by a distance equal to their radius, to lowest order
in and z, in the neighborhood ofz=0and =0,

|
B —pL-2 4.16
5 br ( )

Note that this eld is of zeroth order in both z and . We refer to this eld as a
dipole eld. Also of note, the single coil produces a magnetic eld with lowest term of
zeroth order, thus the minimum number of coils to produce a dipole is one. Because
the dipole eld has no gradient, it will not provide a force on atoms inside it. This is
an added bene t, or at least not a detriment, to using Helmholtz coils as a means of
creating a bias magnetic eld for optical pumping.
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Figure 4.2: The approximate magnetic eld for two coils with current in the same
direction. If the separation between the coils is equal to the radius, the magnetic eld
will be nearly homogeneous over a wide range. The blue and orange ovals represent
the locations of current loops for spacinga = r and a = 2r respectively.

4.1.1.2 Quadrupoles

We will next consider the magnetic eld due to two coaxial coils with currents owing
in opposite directions. Again, we will use two coils of radius r, carrying current I, one
in the z= § plane and one in thez = § plane.

While quadrupoles are not used in our experiment, they are very useful for other
atomic physics experiments including magneto-optical trapping and magnetic slowing
[3] [51].
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B. = olr2 1 1
z — (((Z %)2_,_ r2)3:2 ((Z+ %)24. r2)3=2

> ) (4.17)

Taking a series expansion neglecting terms fourth order and higher gives

48 640@° 3ar?
~Z+ ¢ 5 )23 + 0(2°): (4.18)
(a2 +4r2?)2 (a2+4r?)2
Two ratios of a=r will give interesting results.Ifa = P 3r, the z® will drop out, however
this is not necessary to create a quadrupole eld. For xed, the coe cient of the
leading term will be maximized whera = r. This is referred to as the anti-Helmholtz

B,= olr¥

con guration. The axial magnetic eld is shown in Figure 4.3 while the o axis
magnetic eld is shown in Figure 4.4 and the o axis force eld on low eld seeking
atoms is shown in 4.5.

Figure 4.3: The magnetic eld in the axial direction for two coils with current in
opposite directions. If the separation between the coils is equal to the radius, the
radient of the axial magnetic eld will be maximized. If the separation is equal to
3 times the coil radii, the regime in which the eld is linear inz will be maximized.

To calculate the o axis eld, we use the same process as we did for the Helmholtz
con guration. Unlike the dipole case, the quadrupole case has a non-negligible deriva-
tive at z=0. To rst order,

48a

BY= olr’————
" (@2 +4ry)i

+ O(2%): (4.19)
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1 24a
—Bg = 0|I‘2—§
2 (a2+4r?)2

Summing the components gives a total magnetic eld, which to rst order is

B ,= + 0(22) (4.20)

24a 0”2

(a2 +4r2)3 ) #.21)

Figure 4.4: The approximate magnetic eld for two coils with current in opposite
directions. If the separation between the coils is equal to the, radius, the magnetic
eld gradient will be maximized. If the separation is a factor of 3 greater than the
radius, the linear regime will be maximized. The blug and orange ovals represent the
locations of current loops for spacinga=r anda = 3r respectively.

Note that this eld is antisymmetric and of rst order in both z and . We refer to
this eld as a quadrupole eld. Also of note, it is not possible to produce a quadrupole
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eld with a single coil, thus the minimum number of coils to produce a quadrupole
is two.
When inside a quadrupole, atoms will feel a force

. . . 24a 0”2 .
F= m;grf B migr ———=(2z : 4.22
sMjgl B BM;gr) (a2+4r2)§( )] ( )
2
= 24a Olr r p 472+ 2 (423)

Mg m
On either the z axis or the z=0 plane, low eld seeking atoms will feel a force toward
the origin of constant magnitude, while high eld seeking atoms will feel a force away
from the origin, also with constant magnitude, which makes sense because that is
the region of weakest magnetic eld. Otherwise, a coordinate shift can be made such

that z°=2z, °= ,r%= " z®@+ @ and the force will always point radially toward
the origin.
24a olr 2
F mg-————r %° 4.24
BM; G (a2+4r2)§ ( )
2 Ir 2
F BM; g 4 olr” o (4.25)

(a2 +4r2)3
This location of the eld zero can be moved a few dierent ways. First, the
coils can be moved up or down, causing a corresponding shift in eld zero. A set
of Helmholtz coils can be added along any dimension to move the perceived eld

zero in that dimension. For a quadrupole eld with magnitude and directionB, =
Bq(2z2 x% y¥). Adding a dipole eld By = By(XoR+ Yo¥+ 202) shifts the eld zero

by a vector S—‘;(xok + Yo 2z02). This can be useful for creating a force on atoms
that is approximately homogeneous over a large region. When atoms are in an o set
quadrupole eld far from its e ective center, the atoms will feel a force toward the
distant quadrupole eld zero. Provided the distance is far relative to the extent of
the atoms, the force will be approximately one dimensional. The eld zero can also
be moved by having two di erent currents passing through the two coils, however
this is mathematically equivalent of adding Helmholtz coils of the desired di erence
in current to the existing anti-Helmholtz coils as shown in Figure 4.6.
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Figure 4.5: The force eld on a low eld seeking atom in a quadrupole eld. De-
pending on how you scale your axes, in the region enclosed by the coils, the force will
generally be towards the center of the con guration

4.1.1.3 Octupoles

Next we consider the case of four identical coils axially separated from the next coil by
a distance equal to their radius, with current in alternating directions. The math is
the same for arbitrary spacings so long as the system is asymmetric about its central
plane. E ectively, the result will be two overlapping quadrupoles, the resulting eld
of which is shown in Figure 4.7. We can tune the ratio of the current in the outer
two coils and the current in the inner two coils to set the linear component of the
magnetic eld to zero.
Recall for a quadrupole eld,

2 4B, BA0E 3ar%) 5 s (4.26)

(a2+4r2): (a2+4r2)2
For two overlapping quadrupoles, the inner of which has spacirg= r and current
I, and the outer has spacing = 3r and current | ,.

BZ: Olr
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Figure 4.6: The force eld on an atom in an o set quadrupole eld. This particular
eld was simulated with identical currents and spacings for a pair of overlapping
Helmholtz and anti-Helmholtz coils. This is equivalent to a single coil running twice
the original current. Note that the force will be fairly constant over a large region
near the center of the coils.

48 oZ I
B, = B—+ —H—)+ O(2%): 4.27
=2 Pt e @ T O (4.27)
p__
To cancel out the leading term, set, = |,2%2%. Plugging the values for thez®

term gives

_ 640 l;, 2 2525 18

@ 57 168 13197
This coe cient is annoyingly bulky and distracts from the larger point of this exercise,
which is to show that the z component of the magnetic eld increases with the cube
of z. From this point | will refer to this coe cient as B:

B, )23 + O(2%): (4.28)
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B, = Bouz®+ 0z°: (4.29)

Solving forB in a manner similar to that of the last two sections gives

B,= gBothZ +0O(Z")( ° M): (4.30)
and
—_ 3 2 n 5n
B, = EBoth +0(Z")( ") (4.31)
—_ 3 3 n 5n
B 2= gBoa *+ O(')(° ") (4.32)
All together
3 3 3
B Bou((Z® 52 22+ ( EZZ + 5 3HAy: (4.33)

Note that this eld is antisymmetric and of up to third order in both z and
We refer to this eld as a octupole eld. Also of note, it is not possible to produce
an octupole eld with fewer than four coils, thus the minimum number of coils to
produce a octupole is four. Along the z axis, low eld seeking atoms will feel a force
toward the origin, with a magnitude that varies with z2.

4.1.1.4 Hexapoles?

Summarizing out ndings to this point in table form we have:

name Z dependence 0B, symmetry minimum coils | force on Ifs atoms
dipole 20 symmetric 1 F,=0
quadrupole z* antisymmetric 2 F. &
? ? ? ? ?
octupole z3 antisymmetric 4 F,l Z?

Clearly, there is something missing in this chart. From our intuition, we're looking
for a symmetric eld that can be made from three coils and whose axial eld strength
is proportional to z2 for small z. This can be made with three equally spaced coaxial
coils with current in alternating direction. Set the central coil as on thez = 0 plane
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Figure 4.7: The approximate magnetic eld for four equally spaced coils with current
in alternating directions. If the current in the outside set of coils is a factor oflf)g
larger than the current in the inside coils, the quadrupole term will cancel and the
leading term will be of orderz" 3 ".

with current 1, and the outer coils on thez = aandz = a planes with current| .
The axial magnetic eld will be given by:

r2 | | ,
B2 = ¥ : 434
z 2 (((Z a)2 + r2)3:2 ((Z + a)z + r2)3=2 (22 + r2)3:2) ( 3 )
Taking a series expansion neglecting terms fourth order and higher gives
Ir 2 I2 6a> 3r2 3,

We want the ratios |,=I and a=r that maximize the z? coe cient and zero the z°
coe cient. Using an equatipon solver and taking the nontrivial solutions gives us these
ratios. |1, = %I anda= *r. Plugging in these ratios gives
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972 4lz?
- 343 7r3
The axial magnetic eld strength is shown in Figure 4.8, the o -axis eld in Figure
4.9, and the force eld on low eld seeking atoms is shown in 4.10.

B, (4.36)

Figure 4.8: The magnetic eld in the axial direction for three coils, with current in
alternating directions. Each coil is spaced from the next by a distanc«f—r. The inside

coil has current a factor of;%% greater than that of the outside coils. Shown next

to a parabola for comparison. The range at which this approximation is valid can
be extended by increasing the distance between the coils and decreasing the current
in the central coil, but this will also serve to decrease the? dependence of the axial
magnetic eld.

We approximate the o axis elds using the same equations we used for the dipole,
guadrupole and octupole elds.

Note that this eld is symmetric and of up to second order in bothz and . We
refer to this eld as a hexapole eld. Also of note, it is not possible to produce
a hexapole eld with fewer than three coils, thus the minimum number of coils to
produce a hexapole is three. Along the z axis, low eld seeking atoms will feel a force
toward the origin, with a magnitude that varies with z.

The linear force dependence oum is the most useful aspect of the magnetic
hexapole for it gives us the famous equation d¢f, /  z of simple harmonic mo-
tion. It turns out, this is also the equation necessary for an atom lens as will be
discussed further in the upcoming chapters.

We return to our table from earlier in this section and Il in its holes.
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Figure 4.9: The approximate magnetic eld for three coils with current in alternating
directions. If the separation between the coils is equal tg§ times the radius and the
current in the inside coils is a factor of;%% greater than the current in the outside coils,
the coe cient of the z? term of the axial magnetic eld strength will be maximized
and the coe cient for the z° term will be zero.

name z dependence 0B, symmetry minimum coils | force on Ifs atoms
dipole z° symmetric 1 F,=0
quadrupole 7! antisymmetric 2 F. 1 %
hexapole 72 symmetric 3 FI z
octupole z3 antisymmetric 4 F,/ z

4.1.2 Permanent magnets

The magnetic elds of permanent magnets are signi cantly harder to solve analyti-

cally than those of their coaxial electromagnetic counterparts, but can generally be
solved numerically. Finite element modeling software such as COMSOL can be very
helpful, however a numerical solver such as Mathematica or Matlab can do the job.
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Figure 4.10: The force eld on low eld seeking atoms inside a hexapole eld. Along
the z axis and near the origin, atoms will feel a force toward the origin with strength
proportional to its distance from the origin.

Because | am most familiar with Mathematica, that's what | use.
The magnetic eld of a permanent magnet can be found by integrating the mag-
netic eld created by a dipole at each point within the magnet
z

B(n=" el M,
4 jrr93
wherer is the point at which the magnetic eld is measuredr' is the point inside in
the magnet creating the eld, m is the local magnetization, andn is the unit vector
pointing toward the measurement pointn = j[ [;
We start our analysis by nding the magnetic eld from a single magnet. We will
use magnets of rectangular cross section of width w and thickness t for our analysis,

dx® (4.37)
0

both for simplicity and because we use rectangular magnets in the experiment itself.

To limit the magnetic eld to two dimensions, we assume the magnets are of
in nite length. We also assume that the magnetic moment lies along the thickness
axis. Let's label the thickness coordinate as y, the width coordinate as x and the
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length coordinate as z. The top of the magnet will be at positior®= a and the
bottom will be at position z°= a t.
Z 1 YA w=2

Br)= -  dZ®  dx° dy°3”(” m) m
4 1 w=2 at q

We assume that the width as small enough that thg® integral can be approximated
as a product ofwB (r9. We start by nding the magnetic eld along the y axis and
using Maxwell's equations to nd the eld o axis and plot it in Figure 4.11.

y
(4.38)

_ 0 z ! oZ 2 m((y(yy")yz’o*)rzzﬂ2 1
Byo(y) = —Ww dz y 3
4 1 at  ((y y92+(29?):2

omwt
2 (aty)(att+y)
By symmetry there will not a component of the magnetic eld in the z direction. By
applying Gauss's law for magnetism we get

(4.39)

Byo(Y) (4.40)

r B Byo(y)+ ng“ =0: (4.41)

Bxi = XBy5(y) (4.42)

and applying Faraday's law we get

@ @
r B @B?XlJr@)?yz; (4.43)
By = xByoﬂ(y) (4.44)
and,
B xByg(y)& +(Byo(y) EBoy?y)w (4.45)

For the remainder of this section, we will use this eld as the approximate magnetic
eld due to one magnet and provide a coordinate transformation to nd the total
magnetic eld of a set of identical magnets at di erent positions.
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Figure 4.11: The approximate magnetic eld due to a single permanent magnet
of thicknesst = a, in nitesimally small width and in nite length positioned from
y= 2atoy= awith magnetization along the y axis.

4.1.2.1 Dipoles

Similar to using two coils with current in the same direction spaced a distance apart to
create a region of nearly uniform magnetic eld, we can use two permanent magnets
with magnetizations pointing in the same direction.

For the dipole eld, we have two magnets with magnetization along the thickness
(positive y) axis. The rst has top located aty = a and bottomaty = a t.
The second has top located ay = a+ t and the bottom aty = a.

Byo is very easy to estimate. Exploit the symmetry of the problem and add

a term identical to the single magnet case with the transformatiora ! a and
a+t! a t.
mwt omwt
B 0 + 4.46
oV s @ryariry) 2 (ary a try
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Taking a power series in y about they = 0 plane gives

Byo(y) Oth(a(a]_-'_ ) + 3?;3;(3;6.1: ::)?:[2
Similar to the Helmholtz case, the leading term is of zeroth order, however it is not
possible to eliminate the second order term using clever geometries. The magnetic
eld for this con guration is shown in Figure 4.12.

y?+ O(y*): (4.47)

Figure 4.12: The approximate magnetic eld due to two permanent magnets of thick-
nesst = a, in nitesimally small width and in nite length positioned from y = 2a
toy= aandy= atoy=2a with upward magnetization.

Note that again, the dipole eld is symmetric, has leading term of zeroth order in
both x and y and can be formed by a single magnet.

4.1.2.2 Quadrupoles and octupoles

In the previous section, we noticed that a set of coils with current in the same direction
created a dipole eld while coils with opposing currents created a quadrupole eld.
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For permanent magnetic elds, dipoles consist of two magnets with magnetization in
the same direction while quadrupoles are formed by two magnets with magnetization
in opposing directions.

We use the same geometry as the dipole case, but the top magnet will have
negative (downward) magnetization. Mathematically, this amounts to ipping the
sign corresponding to the eld due to the top magnet:

omwt omwt .
Byoy) 5 (a+y)a+t+y) 2 ( a+ty)( a t+y)

Taking a power series in y about they = 0 plane gives

(4.48)

omwt 2a+ t 4a3 + 6a’t + 4at’ + t°
ByO(y) ( az(a_l_ t)2y a4(a+ t)4

y’+0(y?)  (4.49)

This eld has leading term of rst order in y and has the same antisymmetric form
as the magnetic eld of anti-Helmholtz coils.

This quadrupole eld can be augmented or reduced by adding another set of
permanent magnets on the x=0 plane with magnetization along the x axis. First, we
consider the case of adding a set of magnets with magnetization pointing away from
the origin. Mathematically this is equivalent to making the coordinate transformation
y! x andx! y. This magnetic eld is plotted in Figure 4.13.

omwt omwt

Bxo(X) 2 (a x)(a+tt x) 2(a x)( a t x) (4.50)
Taking a power series in x about thex = 0 plane gives
omwt — 2a+t 423 +6a’t +4at’ + t3 By
Byo(X) (az(a+ t)2x + 2@+ 0 x°+ O(x>): (4.51)
The approximate magnetic eld in two dimensions will be
y2
B (Boo(¥) Bxat)Z)%  Big(X)yy: (4.52)

Adding this eld to the quadrupole eld from magnets along the y axis gives

X2

5B,8))9: (453)

2
B (Bxol) Buf0)%  BAWINR+( By + Byoly)

i i — _omwt 2a+t — _omwt 4a%+6 a?t+4 at?+ (3
For simplicity, let B, = 2(aryz and Bs = FUCTHE
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B (Bix+B3x® 3Bsxy?+Bix+3Bsxy?)R+( Biy 3Bsx’y Biy Bay*+3B3x?y)y
(4.54)
2 omwt 2a+t

B (s g0 Y9+ Oy ) (4.55)

Figure 4.13: The approximate magnetic elds due to one and two sets of two per-
manent magnets of thickness = a, in nitesimally small width and in nite length.
One set positioned along the y axis with one magnet from= 2atoy= aand
one positionedy = a to y = 2a both with inward magnetization. The second set
is positioned along the x axis with one magnet fromx = 2ato x = a and one
positionedx = a to x = 2a both with outward magnetization.

Note that similar to the anti-Helmholtz case, the quadrupole eld made from
permanent magnets is antisymmetic, is of rst order in x and y and can be made
with as few as two magnets.

When inside this quadrupole eld, atoms will feel a force of constant magnitude
toward the origin, as shown in Figure 4.14.
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F smgr (Bajx®  y¥i?) (4.56)

omwt 2a+t
a2(a+ t)2

F sM; g (xR + yy) (4.57)

Figure 4.14: The approximate force eld on a low eld seeking atom inside a per-
manent magnetic quadrupole eld. Near the origin, the force will be constant in
magnitude and toward the origin.

The next eld con guration we will analyze is with four magnets, all pointing
inwards. This is mathematically equivalent to all pointing outwards but with a ipped
sign.

Taking the quadrupole eld and ipping the sign of the contribution of the hori-
zontal coils gives

B ( Bix B3x®+3B3xy?+Bix+3B3xy?)R+(B1y+3B3x%y B.y Bay?+3B3x?y)y:
(4.58)

B ( Bax®+6Baxy?)&+( Bay’+6Bsx?y)y+ O(x"y™ ?) (4.59)
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Note that there are extra third order terms arising from a second derivative of the
fth order term that | did not take. The point remains however, this octupole eld is
of third order, can be formed from a minimum of four magnets and, is antisymmetric,.

4.1.2.3 Hexapoles

Now for the fun part: permanent magnetic hexapoles. A permanent magnetic hexapole
consists of six magnets arranged in a circle, each separated by 60 degrees from the
next and with alternating inward-outward polarization. This is equivalent to having
three dipoles, each rotated 120 degrees.

Recall the eld of a single permanent magnetic dipole from earlier in the section:

mwt 1 3a% + 3at + t2
ByO(y) ° ( + 3 3
a(a+t) (a%)(a+t)
By symmetry, the zeroth order terms represent homogenous magnetic elds separated
by 120 degrees will end up cancelling. We are therefore only concerned with terms of

y?+ O(y"): (4.60)

i i i~ — omwt 1 — _omwt 3a2+3at+t?

second order and hlgsher. 2F20r S|3mpI|C|ty, leBg = S T B, = ) (ar 1
— _omwt 5a*+10a%t+10at?+5at3+t*
and B, = as(a+ 1)’ .

In this simpler notation, the nontrivial addition of each magnet to the total eld
will be

B* (Byy 2+ Buyy? 2Box 2 12B.,x 2y )¢ +( 2By X 4Bux y 9% : (4.61)

The rst magnet pair will be rotated zerg degreesx p! X;y ! y. The second pair
will be rotated 120 degreesx ! X+ -2;y 1 X Y The third pair will be
P

rotated 240 degreesx | ¥ iy 1 +-X Y
This ends up being a truly horrendous sum, but it looks much nicer in cylindrical
coordinates. We plot the magnetic eld of this con guration in Figure 4.15 and the

force eld on low eld seeking atoms in Figure 4.16.

omwt 3(3a? + 3at + t?) 2(sin(2 )X cos(2)¥)

B +0(* 4.62
s (9 (4.62)

, Wwhere = P X2+ y2and = arctan y=x.
This 2 dependence is a very important result as it requires thaf / , the

ideal harmonic eld for focusing. We will use this exact con guration as a focusing
element to focus a diverging beam of atoms exiting the supersonic nozzle.
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Figure 4.15: The approximate magnetic elds due to six permanent magnets of thick-
nesst = a, in nitesimally small width and in nite length. The magnets are separated

by 60 degrees and have alternating polarization. The edge of the magnet closest to
the center is a distancea = t from the center and the further edge is a distanca = 2t

from the center.

omwt 3(3a% + 3at + t?) . .
ad(a+ t)3

F B mj gj (463)

omwt 3(3a? +3at + t?)
ad(a+ t)3
For completeness, note that the hexapole eld is symmetric about the x axis and
could be created with any multiple of three magnets.

F 2 ij gj (464)

4.1.3 Current-carrying straight conductors

The nal con gurations of magnetic multipoles | will discuss are magnetic elds due
to in nite current-carrying straight conductors. In reality and in this experiment, all
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Figure 4.16: The approximate force eld on a low eld seeking atom inside a per-
manent magnetic hexapole eld. Near the origin, the force will increase with the
distance from the origin and point toward the origin.

conductors are nite, but assuming the distance from the point being measured to the
conductor is much shorter than the length of the conductor, assuming the conductors
are in nite is a reasonable approximation.

In cylindrical coordinates, the magnetic eld due to a current | travelling in the
positive z direction in a single in nitely long wire passing through the origin is

_ ol .
B = ﬁz ( 9; (4.65)

where is the point at which the eld is being measured and °is the point at which
the current is owing. Note this eld is exact over all space outside the conductor
and we will not have to employ Maxwell's equations to solve for an o axis eld.
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4.1.3.1 Dipoles

Consider the case of two parallel wires separated by a distance 2a with current |
travelling in opposite directions perpendicular to the x-y plane. Let the wire with
current owing in the positive z direction be located atx = a;y = 0 and the wire
with current owing in the negative z direction be located atx = a;y = 0, the
magnetic eld of which is plotted in Figure 4.17.

The total magnetic eld due to current owing through the two rods will be

| |
B= 5 ix ‘;)2+ y? (R oo ‘;)2+ 2 (xra)rey): (4.66)

g= o ( (x a9 yr (x+a)gp yR

2 ((x az+y?) ((x+a)2+y?)

Taking a Taylor Series near the origin and keeping terms of order up td'y? "
gives

) (4.67)

_ ol 2y y? 4 ny.
B = a—( ?k+( 1+ ¥)9)+ o(x"y* M: (4.68)

Just like with Helmholtz coils and permanent magnetic dipoles, this eld is of
zeroth order in both x and y and is symmetric about both the x and y axes.

4.1.3.2 Quadrupoles and octupoles

The next con guration will consist of four in nitely long straight wires located at

(x;y) =(a;0);(0;a);( a;0);(0; a). The rst and third will have current | owing

in the positive z direction while the second and fourth have current I owing in the
negative z direction. The magnetic eld of this con guration is plotted in Figure
4.18.

x &y yr (x+ay y2 (y af x§ (y+ak xy

(x @2+y?) (x+a2+y?) ((y a2+x) ((y+a?2+ XZ))
(4.69)

Taking a Taylor Series near the origin and keeping terms of order up td'y® "
gives

|
B=
2(

B = azll( 2y% 29+ O(x"y® "): (4.70)

63



Figure 4.17: The magnetic eld due to two in nitely long straight conductors, one
with current in the positive z direction at location (x;y) = ( a;0) and one with current
in the negative z direction at location &;y) =( a;0)

All third order terms drop out and we are left with just the rst order term alongside
terms of fth order and higher. This eld is of rst order in both x and y and
is antisymmetric about both axes. Assuming no net current, four conductors are
required to create this eld.

We next calculate the force on an atom near the center of the quadrupole eld
and plot the force eld on low eld seeking atoms in Figure 4.19.

ol .
F=  smgri azi( 2y2 29+ O(X"y® M)j? (4.71)

2 ol
F= smgj a2° R+ 4+ O(X"y* ") (4.72)

Note the near the origin, the force is of near constant magnitude and always
toward the center of the quadrupole eld.
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Figure 4.18: The magnetic eld due to four in nitely long straight conductors, located
at positions (x;y) = (a;0);(0;a);( a;0);(0; a). The rst and third have current

in the positive z direction. The second and fourth have current in the negative z
direction.

For the octupole eld we use eight conductors each a distan@efrom the center
and each separated by 45 degrees. Each conductor carries a current of magnitude |,
but in alternating directions. We plot the resulting magnetic eld in Figure 4.20.

B =

o X (x X))y (v wR i
1) 4.73
2 (x xee(y wat Y @79
wherex; = acos%- andy; = asinZ-.
Taking a Taylor series of this sum near the origin, dropping terms of seventh order
or higher gives

B = 221'4(( 8y> + 24x%y)% + (8x3  24xy?)9) + Ox"y’ ": (4.74)

As clean as this is, it is cleaner is cylindrical coordinates:
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Figure 4.19: The force on a low eld seeking atom four in nitely long straight wires
located at (X;y) = (@;0);(0;a);( a;0);(0; a). The rst and third will have current

I owing in the positive z direction while the second and fourth have current | owing
in the negative z direction.

83 ol . : :
B = Za?‘ (( sin®( )+3cos?( )sin( ))&+(cos®*( ) 3cos()sin’( )+ Ox"y’ ":
(4.75)
8 ° ol ; ny,7 n
B = % ( sin(3 )% cos(3)y) + O(x"y" "): (4.76)
Note the eld strength is of third order in and is antisymmetric.
The force on a low eld seeking atom is very easy to approximate:
24 2
F EM; G ol (4.77)

2a*
Note the force on low eld seeking atoms will be toward the origin and scales with
2
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Figure 4.20: The magnetic eld due to eight in nitely long straight conductors, each
a distance a from the origin, separated by 45 degrees with currents in alternating
positive and negative z directions.

4.1.4 Hexapoles

We use the same formula to calculate the eld due to six wires with current in
alternating directions as we used for eight wires. We plot the resulting magnetic eld
in Figure 4.21 and the resulting force eld on low eld seeking atoms in Figure 4.22.

ol X (x_x)9 (v )R
2 ((x x)2+(y w)?)
wherex; = acos?- andy; = asinZ-.

Taking a Taylor series of this sum near the origin, dropping terms of eighth order
or higher gives

B = ( 1) (4.78)

B = 2;|3(12><yk+(6x2 6y2)9) + Ox"y’ " (4.79)
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This equation is also simpler in cylindrical coordinates:

6 ol ? :
= 2(;3( sin2 & cos2¢)+ Ox"y’ M (4.80)

This eld strength is of second order in and is three fold symmetric.

Figure 4.21: The magnetic eld due to six in nitely long straight conductors, each
a distance a from the origin, separated by 60 degrees with currents in alternating
positive and negative z directions.

Due to the radial symmetry of the magnitude of the magnetic eld, the force is
again trivial to calculate:

12 ol
F B M; G —2 a3 n (4.81)
The radial dependence of this force renders the magnetic hexapole eld ideal for

focusing.
We have calculated the magnetic elds due to two, four, six, and eight parallel
rods a distance a from the origin, each rod having a current in an opposite direction

68



Figure 4.22: The force on low eld seeking atoms due to six in nitely long straight
conductors, each a distance a from the origin, separated by 60 degrees with currents
in alternating positive and negative z directions.

as its neighbors and we notice a pattern for calculating the approximate eld near
the origin. For a pole of order n (for dipoles, n=2, quadrupoles, n=4 etc.), to lowest
order, the magnetic eld is given by

oln
2 a n=2
Similarly, the force also has a general equation for any n-pole:

"2 sin((G 1R cos( L)Y (4.82)

Oln(% 1) n=2 2a

F B mj gj (483)

4.2 Chapter summary

To this point, we have analyzed dipole, quadrupole, octupole and hexapole elds due
to circular coils, permanent magnets and pseudo in nite current carrying rods and
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have noticed some interesting symmetries and analogs, regardless of the mechanism
for creating the magnetic elds.

Dipole elds are of zeroth order in position and are approximately constant over
a large region and thus to rst order, do not provide a net force on neutral atoms.
They have at least one axis of symmetry and can generally be created from a single
magnetic element (though two is often preferable). Dipole elds are useful for creating
a uniform bias eld across a region of space.

Quadrupole elds are of rst order in position and have approximately constant
eld gradient and will provide a force of constant magnitude on magnetic atoms over
a large region of space. They are antisymmetric and can generally be made from two
dipole elements in opposing directions. Quadrupole elds are useful for giving atoms
a uniform magnetic kick in a direction towards a speci ¢ point.

Hexapole elds are of second order in position and have a eld gradient that
increases linearly with distance along a chosen axis. Hexapole elds have at least one
axis of symmetry and can generally be made from any multiple of three magnetic
dipole elements. Hexapole elds are useful for providing a focusing force on a cloud
of atoms of nite spatial extent.

Octupole elds are of third order in position and have a eld gradient that in-
creases with the square of position. Octupole elds are antisymmetric and can gen-
erally be formed from two opposing quadrupole elds, requiring a minimum of four
magnetic elements. Octupole elds are useful for providing further background edu-
cation to the reader but are of no actual use to this experiment.

4.3 Magnetic monopoles

Section not found.
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Chapter Five: Permanent magnetic hexapole

While the previous chapter did an excellent job providing the theoretical framework
for permanent magnetic hexapoles, this chapter will discuss the physical framework
for the permanent magnetic hexapole that exists as part of our experiment.

In our experimental setup, upon exiting the nozzle and skimmer, the atomic beam
is cooled longitudinally and optically pumped to the low eld seekingn; = 2 magnetic
state. After optical pumping, the atomic beam passes through the magnetic hexapole
lens. The lens focuses the beam to a spot downstream, at which point it will be laser
cooled and collimated in the transverse direction.

5.1 Lens construction

We derived the equation for the magnetic eld of a permanent magnetic eld consist-
ing of six in nitely long permanent magnets with thickness t, width w, inner radius
a, and magnetization m, spaced sixty degrees apart with alternating inward-outward
magnetization:

omwt 3(3a% + 3at + t
ad(a+ t)3
The magnets we use are Neodymium N52 NdFeB block magnets from K&J Magnetics
with dimensions 3/4 in. x 1/16 in. x 1/4 in. and magnetization along the 1/4 in.
thickness axis. The remanence of these magnets is quoted as 1.45-1.48 T[59].

We designed a cylindrical delrin block with 1.375 in. outer diameter and circular
cross section and 3 in. length as shown in Figures 5.1 and 5.2 to serve as a mount for
the permanent magnetic lens. The mount has a central circular bore through which
the atomic beam passes. The bore was drilled to t snugly over a titanium tube of
outer diameter .25 in. and inner diameter .18 in. which serves as the vacuum chamber
for this section of the beamline. The titanium tube is connected to the remainder of
the vacuum chamber using quick connect ttings from Kurt J. Lesker Company[58].
Twelve identical trenches of width .064 in. and depth .5 in. spaced 30degree apart

) 2(sin(2 )% cos(2)9)+ O( 4): (5.1)
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are carved out of the delrin to house the magnets themselves. Six of these trenches
are not used. Each trench can t an array of magnets two deep and four wide.

Figure 5.1. A CAD drawing of the cross section of the cylindrical delrin lens mount.
The magnets sit in the trenches of the mount. The atoms pass through a titanium
tube inside the central bore of the lens.

Physically, this corresponds to om  1:45T, w = :062%°= 1:8755mm, a =
:187%%= 4:7625 mm,t = 6:35 mm for single magnets or = 12:7 mm for stacks of two
magnets.

Plugging in numbers for magnetic eld for an array one magnet deep gives

B 18747Tm? 2(sin(2 )* cos(2)y): (5.2)

For a stack two magnets deep, we would get

B 19936Tm?2 2(sin(2 )* cos(2)y): (5.3)

In the limit of an in nite stack of magnetsie. t!1

B 20349Tm?2 2(sin(2 )* cos(2)y): (5.4)

It is clear that adding more magnets beyond a second stack does not drastically
change the strength of the hexapole eld.
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Figure 5.2: The permanent magnetic hexapole. Six arrays of N52 permanent magnets
stacked two deep and four long rest in trenches cut out of a cylindrical delrin block.
Inside the block is a hollow titanium tube through which the atomic beam passes.
As shown, the atomic beam passes right to left through the permanent magnetic
hexapole lens.

An interesting check is to calculate the magnitude of this approximate eld as
I a. For a single magnet

Bjia 0425T: (5.5)

For a stack of two magnets, we would get

Bjia 0452T, (5.6)

while for an in nite stack of magnets,

Bj,a 0462T: (5.7)

For an in nite stack of magnets, the ratio between the approximate magnetic
eld and the remanance of the actual magnets is roughly .31831. If this ratio looks
interesting to you, it should. If it doesn't, it's 1. Recall that the width of magnets
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used is 1/16" or 1/3 the inner radius a of the hexapole. If the total width of the six
magnets were to equal the circumference of the hexapole with radius a, the ratio of
width to inner radius would be 3. Because our magnets are a factor of smaller,
our approximate eld at = ais smaller than the remanance eld by a factor of .
Keep in mind, that our approximation methods are based on the assumption that
the width of the magnets is su ciently small than an integral can be approximated
with an average value multiplied by a width. Still, this serves as a nice sanity check
for the validity of our approximate magnetic hexapole eld strength.

For the remainder of this chapter, we will analyze only the two magnet stack case.

It is worth analyzing how the strength of the magnet scales with inner diameter,
which is relevant because a hexapole with a larger inner diameter will enable a lens
with a wider aperture:

aZ 2
iBj/ wt; 2/ = (5.8)

An interesting thing to note is that the eld strength varies with a—z whereas a hexapole
built from straight conductors has a eld strength that varies with a—i The permanent
hexapole will retain its strength for increasing inner radius better than a hexapole
made from straight current carrying conductors. This renders it the more e ective
lens for wide aperture applications.

Next we look at the force on low eld seeking atoms within the bore of the
hexapole. We derived the force to be

omwt 3(3a2 + 3at + t?) .

F gM; g B(a+ 1) (5.9)
Foo2omg 2T 3(3223:a3+a:)z 9 (5.10)
Plugging in numbers gives
F 1:11 10 ¥Nm ! ~ (5.11)
I will refer to this constant of proportionality as Fo:
Fo 2 gm g2 3E@+3aH 1) g, b (5.12)

ad(a+ t)3
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One major assumption we have made throughout this exercise is that the magnetic
eld is due to in nitely long magnets. Obviously this is not the case. The magnets
we use are 3/4 in. long but can be placed side by side such that the total length
of the magnet is any integer multiple of 3/4 in. We make the incorrect assumption
that the magnetic eld inside the bore of the magnets is as derived and immediately
outside the edges, the magnetic eld is zero. While this is physically impossible, it
serves as a reasonable mathematical starting point.

The total impulse on a low eld seeking atom traveling through the bore of the
hexapole will therefore be

p Fo % (5.13)

where s the travel time through the bore of the hexapole.

5.2 Focal length approximation

We next assign a focal length to this now nite length. From geometric optics, we
know that a perfectly collimated beam passing through an ideal lens will focus to a
single spot a distance downstream from the lens regardless of its initial transverse
position. For a single atom with velocity parallel to the lens axis, it will cross the
lens axis at this focal point as shown in Figure 5.3. Using ray tracing methods on a
particle moving parallel to the axis of a thin lens a distance from its axis will be
focused to a point downstream determined by the impulse it feels and its longitudinal
velocity. The ratio of this distance, the focal length to the axial distance is equal to
the ratio of longitudinal velocity to the perpendicular velocity kick it feels from the
lens impulse.

Using a thin lens approximation,

Vv p =m
— = = : 14
f Vv, Vv, (5.14)
Plugging in numbers for the power gives
2:53m magnets ®: (5.15)

f
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Figure 5.3: A diagram of an atom passing through a permanent hexapole eld. The
atom will cross the lens axis at a point downstream from the lens. This distance is
proportional to the ratio of the longitudinal velocity of the atom to the impulse an
atom feels. This ratio will be constant for all values of initial axial position

For a 3/4" long hexapole, this corresponds to a focal length of approximately 40 cm.
For arrays two, three and four magnets long, this corresponds to focal lengths of 20
cm, 13 cm, and 10 cm long respectively.

Throughout this analysis, we have made several nonphysical approximations that
a ect the validity of these calculations, nonetheless we have reached a starting point
for what to expect from the permanent magnetic lens. As this serves as a sort of
collector lens, its purpose is funnel as many atoms into as dense of a spot as possible.
At this point, we value the e ectiveness of the lens for wide apertures more than its
precision. Analysis of its performance will be analyzed in Chapter 8.

5.3 Atomic funnel

At the focus of the permanent magnetic hexapole, we employ transverse cooling to
collimate the atomic beam at its narrowest point. As shown in Figure 5.4, the overall
shape of this focused and collimated beam somewhat resembles the shape of a funnel
with a wide opening converging to a narrow neck at which point it is collimated.
Recall from Chapter 3 the force on an atom due to laser cooling,
81 ohk?

|
o V=V 5.16
L+ + 2 0= )2 520
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where

B i L
S e e o (5.17)
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This approximation holds roughly over the regior]"z‘—"j < J oj. Laser cooling will be
unable to collimate atoms with transverse velocity outside this region.

For o= 8:18 MHz, this gives a maximum transverse velocity of approximately
5:1ms 1. Any atoms with greater transverse velocity will not be collimated.

The transverse velocity spread of our beam can be calculated geometrically. This
also sets the minimum usable focal length:

vjj? < 5lms?h (5.18)

For longitudinal velocity v; = 500ms * and inner radius of the hexapole lens tube
a=2:25mm,

f> 22cm (5.19)

If the focal length is shorter than roughly 22 cm, atoms with the greatest divergence
angle at the focus cannot be collimated through laser cooling. These atoms will thus
be removed from the beam.

Another factor to be considered is the time it takes laser cooling to collimate
the focused beam and the associated laser width along the direction parallel to the
propagation of the beam.

Given the transverse force on atonf v , the transverse velocity of the atom
as a function of time will be

V=\vge mt: (5.20)

The nal velocity achievable is the Doppler velocity. Continuing to attempt to cool
once the velocity has decreased below the Doppler limit will not further cool the
beam:

VDoppler = Voe Ht nal . (5.21)
m Vv
tha = —21n D‘ifp'er (5.22)
0
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For a detuning o= and intensity | = Iy,

_ Mye VDoppIer .
= I 42s: 2
t nal 4_9 h k2 n VO HS (5 3)
In physical space, this corresponds to a distance = vt hq 21 mm along the

longitudinal direction of the beam, meaning our transverse cooling laser must be at
least this wide in the longitudinal direction. In the direction transverse to both the
the laser and the atomic beam, the beam need not be wider than a few millimeters.
A beam of this aspect ratio can be made by means of a telescope with cylindrical
lens. We use a telescope with 50 mm and 350 mm lenses to expand a circular beam
with 5 mm diamter to create an elliptical beam with a 25 mm major diameter and 5
mm minor diameter.

We now have limits on both the minimum focusing distance between the magnetic
lens and the cooling lasers as well as the minimum width of cooling laser to cool the
beam to the Doppler limit.
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Figure 5.4: a) A cartoon of the atomic beam focused by a permanent magnetic lens
and collimated by means of transverse laser cooling at its focus. (not to scale) b) A
photograph of the atomic funneling portion of the beamline. A funnel is added to
demonstrate the shape of the atomic beam as it is focused and cooled.
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Chapter Six: Adjustable electromagnetic hexapole

Upon being focused and cooled by the permanent magnetic hexapole lens, the atomic
beam undergoes a second round of optical pumping back to the low eld seekng=

2 state prior to propagating toward the adjustable magnetic lens. Rather than relying
on static magnetic elds from permanent magnets, the adjustable electromagnetic
lens relies upon the pulsed magnetic elds due to current carrying wires. The power
of the lens and therefore the focal length will be determined by both the temporal
duration and magnitude of the current passing through the electromagnets that form
the magnetic lens.

6.1 Lens construction

The magnetic hexapole eld for the adjustable electromagnetic hexapole lens is cre-
ated using six straight current carrying rods, in the con guration demonstrated in
Chapter 4. The rods themselves are 3.4 in. long, 1/16 in. diameter pure tungsten
rods sold by McMaster Carr as welding electrodes[60]. Tungsten was chosen due to
its low resistivity (52:8n m at 20 C), comparable to that of copper (18n m) as

well as its high sti ness (Young's modulus 411 GPa) comparable to that of stainless
steel (Young's modulus 190 GPa). The high conductivity maximizes the current and
therefore magnetic eld strength for a given voltage. The sti ness allows the rods
to be straight over a long region of space, a necessary condition to avoid geometric
aberrations due to bends, kinks or other defects in the rods.

The six rods that make up the lens sit in trenches of two specially designed delrin
mounts shown in Figure 6.1. The mounts are identical; one is at the front of the lens
and one is at the back. The trenches are .064 in. wide and form an asterisk shape.

In the center of this asterisk shape is the lens tube, which is a 1/8 in. OD,
1/16 in ID polyether ether ketone (PEEK) tube. PEEK is a thermoplastic polymer
with excellent vacuum properties[61]. It was chosen as it is UHV compatible, easily
available, electrically insulating and relatively nonbreakable. Previous versions of this
experiment have used Vespel, which is similar to PEEK, but is not sold in tube form,
and glass which at the thickness needed is very breakable. Similarly to the titanium
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Figure 6.1: A part drawing of the delrin lens mount for the adjustable electromagnetic
hexapole lens. The six tungsten current rods t one each into the six anges of the
central asterisk shape. The PEEK lens tube sits inside the center of the six rods.
The six holes perpendicular to the trenches serve to hold the 6-80 bushings and set
set screws, while the holes parallel to trenches, but o set 60 degrees hold plastic rods
that form a rigid structure around the lens.

lens tube for the permanent magnetic lens, the PEEK lens tube is attached to the
vacuum chamber via quick connect ttings from Lesker[58].

The tungsten rods are pressed against the outside of the PEEK lens tube using
twelve 6-80 set screws from Thorlabs, one for each rod for each delrin mount. The set
screws themselves are held by in place by threaded bushings inserted into the outside
of the delrin mounts. The centers of the tungsten rods will be a distance equal to the
sum of their radius and the radius of the PEEK tubing from the center of the tube.
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