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1 INTRODUCTION

1 Introduction

1.1 The Standard Model, the eEDM, and their implications

on physics

The standard model of particle physics is a theory that attempts to combine three of

the four fundamental forces (electromagnetic, weak interaction and strong interac-

tion, not accounting for gravity) into a single frame of reference to explain elementary

particles. [3]

While the model has proven to be successful at giving very accurate experimental

predictions, some of which have given rise to some relevant discoveries in the fields

of atomic, molecular, and optical physics over the past century or so, it relies on

various assumptions and omissions that simplify the model at the expense of leaving

certain physical phenomena unexplained. This potentially limits the growth of the

field and maybe even prevents the discovery of new realms of physics beyond the

standard model. [3]

One such prediction that the electron electric dipole moment (eEDM), which is

essentially the measure of the distance between the center of charge and the center

of mass of the electron times its charge, has a very small value of about 10−38 e · cm

at most.

Experimentally measured values, however, may indicate a discrepancy in the

upper bound of this prediction, which is why measuring it is a means of testing the

standard model of physics. Moreover, finding a finite, non-zero eEDM larger than

10−38 e · cm is a violation of the standard model which implies a few things. First
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1 INTRODUCTION

of all, it tells us about an otherwise unpredicted charge parity (CP) violation within

the inner structure of the electron, and second it tells us about time (T) violations

as well.

Considering all of the above, if an experimentally measured eEDM is found to

be considerably larger than what the standard model prediction tells us, this would

imply that there is new, beyond the standard model physics, potentially opening up

the way for a new branch of studies within the field.

Nowadays, there are multiple collaborations trying to experimentally determine

the most precise measurement of the eEDM, including the JILA eEDM collaboration

led by Eric Cornell and Jun Ye at the University of Colorado - Boulder. During the

first two generations of the experiment, colloquially known as the Generation I (2017,

final eEDM limit of < 1.3× 10−28 e · cm in HfF+ ions [1]) and Generation II (2022,

which is predicted to give a final eEDM sensitivity of about 10−29, also in HfF+

ions), the collaboration has seeked to improve its methodology and experimental

techniques.
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1 INTRODUCTION

Figure 1.1: This image shows the progress in the search for the eEDM. Visible are
the the ACME collaboration’s (Harvard/Chicago/Northwestern) generation I (2014)
and generation 2 (2018) results, along with the JILA eEDM collaboration’s 2017
Generation I result. Note how both of these numbers are orders of magnitude larger
than the standard model prediction, which is of than 10−38 e · cm or less. Image
credits: Gerald Gabrielse (ACME)
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1 INTRODUCTION

1.2 The Generation III experiment at JILA

Figure 1.2: An artist’s depiction of the Generation III “Bucket Brigade” setup, in
which the tube serving as the conveyor belt can be appreciated carrying the ionized
ThF+ molecules along its axis. Image credits: Noah Schlossberger.

Working upon the legacy of the Generation I and Generation II experiments, the

JILA eEDM collaboration is looking to continue its efforts to experimentally mea-

sure the best possible measurement of the eEDM. Because of this, the idea of the

generation III experiment was conceived.

As opposed to the generation I and generation II experiments, both which used

HfF+ ions, the generation III experiment will use thorium fluoride ions (ThF+).

This switch was necessary given that the electric field between the Th and F atoms

(referred to as Eeff ) in ThF+ is 1.5 times stronger than that between Hf and F atoms

in HfF+. A vast amount of research time was spent doing spectroscopy on ThF+

to better understand it, given that it is was previously a relatively novel and not

well-characterized species. Refer to [2] and [4] for more information on ThF+.
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1 INTRODUCTION

The experimental setup of the Generation III experiment, colloquially known as

the Bucket Brigade, is essentially a very long conveyor belt of Paul traps. The ThF+

molecules are first ionized using various YAG and ECDL lasers to achieve the desired

quantum transitions, then they’re sent down the conveyor of the Bucket Brigade, then

they’re dissociated, and the fluoride atoms from the dissociated ions hit a screen in

front of an MCP camera which captures the data. Here, the dissociated ions form

two blobs each corresponding to the orientation of the thorium in the molecule at

the time of dissociation.

Figure 1.3: The full setup of the Generation III Bucket Brigade. The state prepa-
ration procedure, the conveyor belt, and the ion dissociation procedure can all be
appreciated in the image. Image credits: Kia Boon Ng, Sun Yool Park, Noah Schloss-
berger, et al.

This data can then be translated as resonance curves, forming a doublet of Gaus-

sians as seen in figure 1.4. Each Gaussian in the doublet corresponds to two different

resonances: one corresponding to the upper doublet states of ThF+ and the other

one corresponding and lower doublet states of ThF+ (as seen in the energy diagram
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1 INTRODUCTION

from figure 2.2). These resonances are essential in determining the eEDM, because

so it happens that the separation between the peaks of each Gaussian is equal to

2deEeff , where de is the eEDM. (figure 1.4)

1.2.1 The statistical motives behind the Generation III experiment

In essence, the motive behind why we want to build this rather elaborate setup,

complex in both theory and practice, reduces to a desire to maximize very simple

statistical concepts in our favor to give us as good an eEDM measurement as possible.

This is because the shape of the Gaussians changes drastically given three main

factors: the count rate (the number of “measurements” you obtain), the coherence

time (how long you have ionized molecules in a stable state to be able to interrogate

them), and the size of the molecular electric field between the Th and F atoms in

ThF+ felt by the electron spin (Eeff ).

Essentially, the larger the count rate you have, the smoother your resonance

curves are. The longer the coherence time is, the sharper and more defined the

resonance peaks are. And finally, the larger Eeff is, the more separated the each

resonance curve is from one another. A visual representation of these statements can

be found in figure 1.4. It must be noted that, in the real experiment, the resonance

curves forming these two Gaussians are not as separated as depicted in this figure,

which is purposefully exaggerated. Instead, the real resonance curves almost overlap

with one another, with the separation between their peaks being very small.
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1 INTRODUCTION

Figure 1.4: The larger the count rate you have, the smoother your resonance is. The
longer the coherence time is, the sharper and more defined the resonance peaks are,
and the larger Eeff is, the more separated the each resonance is from one another.
Image credits: Kia Boon Ng, Sun Yool Park, Noah Schlossberger, et al.

Hence, the Generation III experiment’s Bucket Brigade directly affects all of these

factors by allowing us to 1) run a large amount of experiments at the same time to

maximize the count rate, given its large capacity to have multiple Paul traps running

along its axis, 2) give us a large coherence time, given the many techniques being put

in place to keep the ions in a stable environment (hopefully for about 20 seconds,

realistically to about 8 seconds), and 3) have a molecule like ThF+ with an Eeff

large enough to produce a dectectable signal for the eEDM.

Before building the complete experiment, however, we are interested in the build-

ing just half of it to do tests and make sense of how much true coherence time we’ll

obtain from the setup once the full Bucket Brigade is built. This reduced setup is

colloquially called the “Baby Bucket”, and in it the ions will be ionized, go down a

1 meter long cryogenically-cooled and insulated tube and come back down the same

tube, and then be dissociated into the MCP camera. This is depicted in figure 1.5.

7



1 INTRODUCTION

Figure 1.5: The Baby Bucket setup. Image credits: Kia Boon Ng, Sun Yool Park,
Noah Schlossberger, et al.

For more information work being done on the Generation III experiment, refer

to its corresponding papers [2] and [4] found in the bibliography.

1.2.2 Trapping ThF+ with a rotating electric field Erot induced by elec-

trodes

Figure 1.6: A CAD model of the prototype of the electrodes in the full Bucket
Brigade and the Baby Bucket Brigade. Image credits: Anzhou Wang, Kia Boon Ng,
et al.

8
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One of the marquee features of the Generation III experiment, as a whole, is the use

of various long electrode rods placed radially along the axis of the trap that generate

a rotating electric field.

To make sense of the purpose of the electrodes, think of a dipolar molecule like

ThF+ in the presence of an external, static electric field. Due to its net positive

charge, it will want to escape the potential in the presence of the electric field given

the electric force ~F = q ~Eext (see figure 1.7). This is of course, inconvenient, given that

you want to have the ions stay in place for a long period of coherence to interrogate

them.

Figure 1.7: Depiction of a ThF+ molecule in a static electric field. Given the the
electric force pushing it towards the negative potential, the molecule swiftly flies
away.

We can change this, however, by letting the external electric field Eext rotate as

opposed to being static. Doing so results prevents the molecule from flying away

9



1 INTRODUCTION

(figure 1.8), staying relatively “trapped” and forming a circular trace with radius

equal to rrot along the x̂-ŷ plane of the trap (figure 1.9).

Figure 1.8: Depiction of a ThF+ molecule in a rotating electric field. If designed
correctly, the rotating electric force over a full period does not cause the molecule to
fly away

Figure 1.9: Circular trace of radius rrot formed by a molecule in a rotating electric
field over a full period

In the Bucket Brigade, this rotating electric field is called Erot, which is the

quantization axis of the ThF+ ions, and it takes the form:

10



2 SCIENTIFIC CONSIDERATIONS RELEVANT TO THIS PROJECT

~Erot = εrot


cos(ωrot t)

sin(ωrot t)

0

 (1.1)

where εrot is the amplitude of the electric field, and ωrot = 2 π frot is the angular

frequency of rotation.

2 Scientific considerations relevant to this project

2.1 The science transition in ThF+ and its relation to mea-

suring the eEDM

Being a molecule, the quantum energy states in ThF+ are quite complex given the

various couplings caused by the interaction of the thorium and fluorine atoms in

ThF+ along their respective degrees of freedom.
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2 SCIENTIFIC CONSIDERATIONS RELEVANT TO THIS PROJECT

Figure 2.1: The quantum states of ThF+, ranging from the large-scale Coulomb
interaction between Th and F, through the ro-vibrational levels, and finally into its
hyperfine states. Image credits: Kia Boon Ng.

The hyperfine interaction, depicted in the rightmost segment of figure 2.1, can

only be fully resolved if one decouples the Zeeman and parity states by applying a

rotating electric field (Erot) and a rotating magnetic field (Brot). Both of these fields

apply perturbation Hamiltonians to the field free system, which in consequence in-

duce a Stark shift and a Zeeman shift, respectively, onto the ions and their quantum

states. Starting from the hyperfine structure, the Stark shift lifts some degenera-

cies among otherwise degenerate energy levels, whereas the Zeeman shift decouples

degenerate energy states with different mF quantum numbers which may otherwise

share populations.

Within the J = 1, F = 3/2 block of the hyperfine Stark and Zeeman-shifted

quantum energy states of ThF+, there are a couple of transitions of interest that are

sensitive to the value of the eEDM. These two transitions between the four states

along the ”upper” and ”lower” doublets, with initial value of mF = -3/2 and final

12



2 SCIENTIFIC CONSIDERATIONS RELEVANT TO THIS PROJECT

value of mF = 3/2 and net ∆M = 3 , are referred to as the “science transitions”

(figure 2.2). The frequency corresponding to the energy required to induce these

transitions is called f0, which is further explained in section 3.3.3. Without Brot

inducing the Zeeman Shift, f0 would be near zero, making it hard to characterize

any differences between the energy states in the upper and lower doublets. Hence,

by applying Brot, we obtain a more convenient f0 of about 50 Hz.

Now, if the standard model prediction of the value of the eEDM is true, we

shall see the transition between the two upper doublet states should have the same

frequency as the two lower ones (f0). However, if the real value of the eEDM is larger

than the standard model prediction, then in the presence of a Zeeman shift-inducing

static magnetic field these four states are separated by two distinct frequencies.

Figure 2.2: Considering that the energy corresponding to an individual state is of E =
µB gF mF Brot, the energy derived from each science transition is ∆E = 3 µB gF Brot

plus any eEDM contribution. The difference between these two science transitions
isolates the signal of the eEDM.

Namely, after applying Brot parallel to Erot and biasing the desired energy states,

we may experimentally find that the science transition is of 50 Hz + j µHz for the

13



2 SCIENTIFIC CONSIDERATIONS RELEVANT TO THIS PROJECT

upper doublet and 50 Hz - j µHz for the lower doublet, and this j µHz sub frequency

is the isolated signal of the eEDM.

In the real experiment, we apply Brot in a direction both parallel and anti-parallel

to Erot, obtain readings for the frequency corresponding to the eEDM in each case,

and then average the results.

Therefore, these two science transitions are essential in our search to finding the

eEDM, and finding a way to bias these two states away from f0 = 0 via a Zeeman

shift is essential to the experiment.

2.2 On shimming the Earth’s magnetic field

Figure 2.3: A visual representation of the magnetic field around the Earth’s surface
[6]

Due to its molten iron core, the Earth naturally produces a dipolar-like magnetic at

all points along its surface (see figure 2.3). On the surface, the magnetic field lines

tend to point and are strongest in the northbound direction, which is why artifacts

14



3 MAGNETIC SHIM COILS AND THEIR ROLE IN THE OVERARCHING
SEARCH FOR THE EEDM IN THF+ IONS

like compasses indicate to us the direction to the north pole given that their arrows

align with the magnetic field lines. Despite the fact that the field lines are set to point

north, they in reality have 3 dimensional properties, with significant contributions

also pointing either east or west and either up (towards space) or down (into the

Earth).

For example, using the NOAA magnetic field calculator, we can determine that

the magnetic field is produced by the Earth at JILA (where the Generation III

experiment will be housed) is of 20,613.8 nT north, 2,917.5 nT east, and 47,331.7

nT into the Earth. [5]

With regards to the eEDM generation III experiment, the Earth’s magnetic field

can be quite problematic given that it represents a source of stray magnetic field that

may interfere with our measurement. As small as it may possibly be, having this

stray magnetic field left unshimmed in an experiment that requires as much precision

as ours is unacceptable.

Therefore, shimming out this potentially naturally-occurring yet potentially trou-

blesome magnetic field is essential to the experiment.

3 Magnetic shim coils and their role in the over-

arching search for the eEDM in ThF+ ions

As was mentioned in sections 2.1 and 2.2, finding a way to generate an f0 to impose a

Zeeman split on the ThF+ ions is key to the experiment. This can be done a number

of different ways, and the Bucket Brigade paper has listed different possible “plans”

15
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to achieve this purpose.

The first of these plans, Plan A, is to generate Baxgrad through the means of

a familiar method that was also used in generations I and II of the JILA eEDM

experiment: by generating a static magnetic quadrupole around the ions via a set of

Anti-Helmholtz coils. Here, Baxgrad is essentially the axial derivative of the magnetic

field in the axial direction, or in other words (considering that ẑ is generally used to

refer to the axis of the trap in the generation III experiment):

Baxgrad =
∂Bz

∂z
(3.1)

In addition to the above, it so happens that these coils can be used to cancel

stray ambient magnetic field gradients coming from the environment, and one can

also use Helmholtz coils in various configurations to shim out larger magnetic fields

(such as the Earth’s) as well as to impose a uniform magnetic field onto the ions if

we so desire.

3.1 Scientific purpose for magnetic shim coils

In order to guarantee the desired long coherence time required for its Bucket Brigade

setup to succeed and provide the desired results, the JILA EDM Generation III

experiment needs to develop various sets of Helmholtz and Anti-Helmholtz coils and

incorporate them into the current experimental setup. These coils and the respective

magnetic fields they create when a current is applied thru them, have two main

purposes: 1) to generate an axial magnetic field gradient (referred to as Baxgrad,

with “axial” referring to the axis of the tube of the Generation III experiment’s

16
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multi-meter-long Paul trap) through which one can induce a Zeeman splitting to

generate a desired science transition essential in finding the eEDM (more on that

below) and 2) to “shim” out undesired ambient magnetic fields, be it from the Earth

or any other stray source, which may cause noise in our measurements and cause

problems in our setup if left unshimmed. Given that the Generation III team is

currently in the process of testing the Baby Bucket, as opposed to the full Bucket

Brigade, the magnetic field coils are being designed with the intent of being useful

in the development and testing of the Baby Bucket and to understand its potential

effectiveness within this simplified setup.

3.2 Magnetic coils and their various configurations

3.2.1 Single coil case

Running a current through a piece of wire generates a magnetic field which is az-

imuthal relative to the axis of the length of the wire. Via the Biot-Savart law, if one

then wraps this piece of wire onto itself to create one or more “loops” in symmetrical

shapes (most commonly in a circular shape) then the constructive and destructive

superpositions between the contributions of the wire generating various magnetic

fields end up generating a net magnetic field that is predominantly axial as seen by

the figures below.

17
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Figure 3.1: A visual representation of the magnetic field produced by a single coil of
wire

Figure 3.2: Plot of the magnetic behavior for a single coil of wire depicted in figure
3.1. (L = 20 inches, current = 1 amp, turns = 1)

The symmetry ends up working out very nicely when moving axially in one di-

rection about the center of the single coil of wire, giving us the maximum possible

magnetic field at the net center of the coiled wire and decreasing in magnitude when

moving away from the net center in either direction.

3.2.2 Helmholtz pair

By taking two of these coils, placing them an arbitrary distance apart (typically

referred to as “d”), and driving a current along the same direction in both coils (e.g:

18
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both currents going clock-wise or both both currents going counter-clock-wise), one

generates a Helmholtz pair of coils. The magnetic fields of these act in such a way

that, moving axially in one direction, they add up to produce a characterizable non-

zero magnetic field at the point directly between them with no first order gradient,

as seen by the figures below.

Figure 3.3: A visual representation of the magnetic field produced by two loops of
magnetic wire in Helmholtz configuration

Figure 3.4: Plot of the magnetic wire behavior for the Helmholtz set of coils depicted
in figure 3.3. (For each coil: L = 20 inches, d = 19 inches, current = 1 amp, turns
= 1)

3.2.3 Anti-Helmholtz pair

In contrast with the Helmholtz pair case, one can also take two coils, place them an

arbitrary distance “d” apart, but this time driving a current in opposite directions for

19
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each coil (e.g: one current going clock-wise and the other one going counter-clock-

wise, or viceversa). In doing so, one generates what is called an Anti-Helmholtz

pair of coils. The magnetic fields of these act in such a way that, moving axially

in one direction, they perfectly cancel out at point directly between while having a

characterizable non-zero, first order gradient, as seen by diagram.

Figure 3.5: A visual representation of the magnetic field produced by two loops of
magnetic wire in Anti-Helmholtz configuration

Figure 3.6: Plot of the magnetic wire behavior for the Anti-Helmholtz set of coils
depicted in figure 3.5. (For each coil: L = 20 inches, d = 19 inches, current = 1 amp,
turns = 1)
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3.2.4 Disclaimer of use of Helmholtz and Anti-Helmholtz coils through-

out this work compared to traditional conventions

When referring to the terms “Helmholtz coils” and “Anti-Helmholtz coils”, researchers

traditionally use these terms to refer almost exclusively to circular coils of radius R

placed a distance R apart from one another, while following the same conventions

on the currents described in sections 3.2.2 and 3.2.3. Throughout this work, how-

ever, we use these terms to more broadly describe coaxial coils in a parallel plane of

varying radii, spacing and shape (circular, rectangular, square) with currents going

in the same sense (Helmholtz) or the opposite sense (Anti-Helmholtz).

3.3 Anti-Helmholtz coils as a source of Baxgrad to generate

Zeeman splitting

Given that our external magnetic field Erot rotates periodically, the applied magnetic

field must also rotate (which is reason for which we’ll refer to it as Brot) so that it

points in a direction parallel or anti-parallel to the quantization axis Erot generated

by the electrodes to apply the desired Stark and Zeeman shifts at all times. In

this subsection, we’ll thoroughly describe the mechanism that relates Baxgrad to Brot

as generated by the Anti-Helmholtz coils and how both of these are related to the

desired Zeeman splitting.
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3.3.1 Relation between Erot and the radius of micro-rotation rrot

Within a plane orthogonal to the axis, and considering equation 1.1 for Erot, the

electric force exerted onto the ions from the electric field, Frot, takes the form.

~Frot = qe ~Erot = qe εrot


x

y

z = 0

 = qe εrot


cos(ωt)

sin(ωt)

0

 = m~̈r = ma (3.2)

Therefore, solving for ~̈r, the acceleration, in the equation above yields:

~̈r =
qe εrot
m


cos(ωt)

sin(ωt)

0

 (3.3)

And then integrating twice over ~̈r gives us ~rrot, the vector of rotation as defined

in figure 3.9:

~rrot =

∫ ∫
~̈r = −qe εrot

m ω2


cos(ωt)

sin(ωt)

0

 = −rrot
~Erot
εrot

= −rrot Êrot (3.4)

where the scalar rrot takes the value:

rrot =
qe εrot
m ω2

(3.5)
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With these definitions in mind, we can now make a geometry argument to justify

the presence of a magnetic quadrupole.

3.3.2 Obtaining Brot from Baxgrad via a magnetic quadrupole

Putting coils in Anti-Helmholtz configuration generates a magnetic quadrupole shaped

magnetic field due to a given value of Baxgrad, which takes the form:

~Bfrom axgrad = ±Baxgrad


x

y

−2z

 (3.6)

This field, when viewed from the top, generates a 0-curl region onto its plane

at z = 0 when viewed axially, which can be seen in figures 3.7 and 3.8. In both of

these figures, the red circle represents the trace of a ThF+ ion undergoing a circular

micro rotation of radius rrot due to Erot, akin to figure 1.9. Notice that along this

trajectory the ion always sees a magnetic field pointing radially outwards or inwards,

hence always pointing in a direction parallel or anti-parallel to ~Erot.
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Figure 3.7: Quadrupole magnetic field for inward-facing ~B = -Baxgrad· [x,y,0]T

Figure 3.8: Quadrupole magnetic field for outward-facing ~B = +Baxgrad· [x,y,0]T

Now, think of an ion undergoing an Erot-induced circular trajectory with radius
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rrot (as defined in equation 3.5) which we can describe through various vectors from

an arbitrary origin defined to be anywhere in space as seen in figure 3.9.

Figure 3.9: An ion’s rotating trajectory induced by Erot along the plane of the trap
defined by three vectors, ~rrot, ~ρ, and ~ρ0. ρ

′ is just meant to represent the net position
vector at another position in time.

Via vector addition, we can see that, independent of our choice of origin, the

position vectors above are related by:

~ρ(t) = ~ρ0 + ~rrot(t) (3.7)

Analogously, we can similarly think of Brot as a vector sum, always pointing

parallel or anti-parallel to Erot as seen in figure 3.10.
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Figure 3.10: The magnetic field seen by the ions defined by three vectors, ~Brot, ~Bnet,
and ~B0. ~Erot is illustrated just to indicate that it shall be either in the parallel or
the anti-parallel directions of ~Brot.

Via vector addition, we can see that, independent of our choice of origin, the

magnetic field vectors above are related by:

~Bnet = ~B0 + ~Brot(t) (3.8)

For the generic example in figure 3.10, we can redefine Bnet in terms of Baxgrad.

To do so, we can simplify equation 3.6 at z = 0 (the net center of the quadrupole,

right in the middle point between the two coils in Anti-Helmholtz configuration,

where ions will be located), also realizing that its components can be expressed as a

function of equation 3.7. In the end, the expression simplifies to:

~Bnet(t, x, y, z = 0) = Baxgrad (xx̂+ yŷ) = Baxgrad ~ρ(t) = Baxgrad(~ρ0 + ~rrot) (3.9)

Considering the equation above, we can see that the amplitude of Brot is just the
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time averaged expression of the dot product between the already calculated Bnet and

Êrot:

Brot = 〈 ~Bnet(~ρ(t)) · Êrot〉t

= 〈Baxgrad(~ρ0 + ~rrot) · Êrot〉t

= Baxgrad(〈~ρ0 · Êrot〉t + 〈 ~rrot · Êrot〉t)

(3.10)

Seeing that, over a full cycle
〈
~ρ0 · Êrot

〉
t

= 0 (given ~ρ0 stays constant) that

and
〈
~rrot · Êrot

〉
t

= ±rrot (given that ~rrot is always parallel or anti-parallel to Êrot),

equation 3.10 simplifies to:

Brot = ±Baxgrad rrot (3.11)

All of the above goes to show that, via a set of Anti-Helmholtz coils, one to induce

a Brot on an ion undergoing an Erot-induced circular trajectory such that Erot such

that Brot and Erot always point in parallel or anti-parallel directions.

3.3.3 Brot as a a source of f0 and Zeeman splitting

Because of the presence of this magnetic field, an ion in this field will see a first-order

Zeeman energy perturbation. Such perturbation takes the generic form:

Uzeem = − ~µe · ~Brot (3.12)

where, picking the good quantum number F which is conserved with time evolu-
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tion, and considering that the value of Bohr magneton is µB = qe ~
2m

:

~µe = −gf qe
2m

~F = −g µB
~

~F (3.13)

which makes equation 3.12 simplify to:

Uzeem =
gf µB
~

~F · ~Brot (3.14)

Which is also referred to as the “magnetic energy” of the ions. Considering that

Brot always points along the quantization axis of the ThF+ ions, the projection along

its axis is just the quantum number mF . Namely, 〈~F · ~Brot〉 = mF Brot. This allows

for one final simplification for Uzeem in the form:

Uzeem =
gf µB
~

mF Brot (3.15)

With this in mind, the energy between the mF = -3/2 and the mF = 3/2 states

depicted in figure 2.2 is just the difference between the final state and initial states

when plugged into equation 3.15:

∆U zeem = ∆m gf µB Brot = h f0 (3.16)

Knowing that, in scalar form, Brot, Baxgrad, and rrot are related by equation 3.11,
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combining this with equation 3.16, and then solving for Baxgrad yields:

Baxgrad =
h f0 mThF+ ω2

rot

qe Erot ∆m gf µB
(3.17)

Plugging in h = 6.63 × 10−34 J
Hz

, f0 = 50 Hz, mThF+ = 251 g
mol
· 1
6.022×1023

mol
atom
·

1 × 10−3 kg
g
, ωrot = 2π · 150 × 103 Hz , ∆m = 3, gf = 0.0149, µB = 9.27 × 10−24 J

T
,

Erot = 60× 100 V
m

, and qe = −1.602× 10−19 C, and then we obtain that:

Baxgrad = 3.09× 10−5
T

m
= 3.09

mG

cm
(3.18)

3.4 Helmholtz coil sets as a tool to shim out the Earth’s

magnetic field in three-dimensional space

In addition to the above, we are also interested in shimming out the magnetic field

of the Earth which may also interfere with our measurement.

Compared to the elaborate calculations and derivations that were necessary to

derive the first set of anti-Helmholtz coils, this is a relatively straightforward task.

This is because the Earth’s magnetic field, at any given location, is a constant three-

dimensional vector with a minimal yearly deviation. This means that, to cancel it

out, all we have to do is point an appropriate magnetic field of equal magnitude and

opposite direction for all three directional axis.

We then remind ourselves of the properties for a set of magnetic coils in Helmholtz

configuration located a certain distance apart, where the net magnetic field at the

point exactly halfway between the coils is arbitrary and non-zero (in that one can
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define it by carefully choosing the ampturns, nI, and size of the coils) with no first

order gradient, as seen in section 3.2.2. This is extremely useful, as it means we can

use this to our advantage to cancel out the magnetic field the way we desire.

4 Mathematical and physical definitions

It is now important to provide a few important mathematical and physical definitions,

given that they will be very relevant throughout the rest of this paper.

Due to design-related motives that are thoroughly explained in section 5, all

the coil pairs in this experiment have a square or rectangular symmetrical shape as

opposed to the more commonly-used circular shaped coils. Hence, a special emphasis

will be put in defining equations relevant to square coils throughout this section.

Given the complexity of these calculations, some of which end up yielding a few

dozen lines worth of outputs, some of the final integrated results will not be cited on

this paper.

4.1 Derivation of B across all space for rectangular coils

Starting with the most general case, and the non-idealized one where x,y,z 6= 0, the

following is the equation for the magnetic field of a single rectangular coil placed in

the x̂ − ŷ plane and centered at x=y=0, with sides equal to L1 and L2 driving a
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current I (which can be positive or negative) along n number of turns:

Bcoil,rectangle(x, y, z) =

µ0nI

4π

[∫ L1/2

−L1/2

1

[(x− l)2 + (y − L2/2)2 + z2]3/2
·


0

−z

y − L2/2

 dl

+

∫ L2/2

−L2/2

1

[(x− L1/2)2 + (y + l)2 + z2]3/2
·


−z

0

x− L1/2

 dl

+

∫ L1/2

−L1/2

1

[(x+ l)2 + (y + L2/2)2 + z2]3/2
·


0

z

−(y + L2/2)

 dl

+

∫ L2

−L2

1

[(x+ L1/2)2 + (y − l)2 + z2]3/2
·


z

0

−(x+ L1/2)

 dl

]

(4.1)

For a set of two coils, located an arbitrary distance d apart (i.e: located at z =

±d
2
), we need to add them together with the due offsets relative to the origin in ẑ.

For Helmholtz coils, the signs of the addition of both segments must be both positive

or negative, indicating that the current in both coils in the set points in the same

direction:

Bnet,rectangle,Helmholtz(x, y, z) =

Bcoil,rectangle(x, y, z +
d

2
) +Bcoil,rectangle(x, y, z −

d

2
)

(4.2)
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For anti-Helmholtz coils, the signs of the addition of each segments must be

different (one positive, the other one negative), indicating that the current in each

coils in the set points in opposite directions:

Bnet,rectangle,Helmholtz(x, y, z) =

Bcoil,rectangle(x, y, z +
d

2
)−Bcoil,rectangle(x, y, z −

d

2
))

(4.3)

4.2 Derivation of B across all space for square coils

For the special case where L1 = L2 = L, for a single square coil, equation 4.1

simplifies to:

Bcoil,square(x, y, z) =

µ0nI

4π

[∫ L/2

−L/2

1

[(x− l)2 + (y − L/2)2 + z2]3/2
· (0,−z, (y − L/2))dl

+

∫ L/2

−L/2

1

[(x− L/2)2 + (y + l)2 + z2]3/2
· (−z, 0, (x− L/2))dl

+

∫ L/2

−L/2

1

[(x+ l)2 + (y + L/2)2 + z2]3/2
· (0, z,−(y + L/2))dl

+

∫ L/2

−L/2

1

[(x+ L/2)2 + (y − l)2 + z2]3/2
· (z, 0,−(x+ L/2))dl

]
(4.4)

For a set of two coils in Helmholtz configuration:

Bsquare,Helmholtz(x, y, z) =

Bcoil,square(x, y, z +
d

2
) +Bcoil,square(x, y, z −

d

2
)

(4.5)
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And for a set of two coils in anti-Helmholtz configuration:

Bsquare,anti−Helmholtz(x, y, z) =

Bcoil,square(x, y, z +
d

2
)−Bcoil,square(x, y, z −

d

2
)

(4.6)

4.3 Derivation of axial B for square coils

For the axial component of the B-field along ẑ with L1 = L2 = L, where x = y = 0,

equation 4.4 simplifies to:

Bz(x = 0, y = 0, z = z) =
µ0nI

4π

8L2√
L2

2
+ z2 (L2 + 4z2)

(4.7)

For a set of two coils in Helmholtz configuration:

Bz(x = 0, y = 0, z = z) =

µ0nI

4π

[
16L2

(d2 + 4dz + L2 + 4z2)
√
d2 + 4dz + 2L2 + 4z2

+
16L2

(d2 − 4dz + L2 + 4z2)
√
d2 − 4dz + 2L2 + 4z2

] (4.8)

And for a set of two coils in anti-Helmholtz configuration:

Bz(x = 0, y = 0, z = z) =

µ0nI

4π

[
16L2

(d2 + 4dz + L2 + 4z2)
√
d2 + 4dz + 2L2 + 4z2

− 16L2

(d2 − 4dz + L2 + 4z2)
√
d2 − 4dz + 2L2 + 4z2

] (4.9)
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4.4 Derivation of Baxgrad for Anti-Helmholtz square coils

The result from taking corresponding to equation 4.9, and considering that equation

3.1 which tells us to take the partial with respect to z of this expression to obtain

the axial gradient, yield the expected result of Baxgrad at x = y = 0, z = z, which is:

Baxgrad(x = 0, y = 0, z = z) =

µ0nI

4π

[
16L2(8z − 4d)

(d2 − 4dz + L2 + 4z2)2
√
d2 − 4dz + 2L2 + 4z2

− 16L2(4d+ 8z)

(d2 + 4dz + L2 + 4z2)2
√
d2 + 4dz + 2L2 + 4z2

+
8L2(8z − 4d)

(d2 − 4dz + L2 + 4z2) (d2 − 4dz + 2L2 + 4z2)3/2

− 8L2(4d+ 8z)

(d2 + 4dz + L2 + 4z2) (d2 + 4dz + 2L2 + 4z2)3/2

]
(4.10)

4.4.1 Conventions used to refer to Baxgrad and its derivatives

Now is a good time to define some jargon which will come relevant in the following

part of this paper, namely our definition Baxgrad and its derivatives.

Within the Taylor expansion of Baxgrad about the origin, Baxgrad,0 is defined to

be the zeroth order term. Furthermore, and Baxgrad,1 is the first order term of this

expansion, Baxgrad,2 the second, Baxgrad,3 the third, Baxgrad,4 fourth, and so on. In

other words:

Taylor4[B̃axgrad(x, y, z)] =

Baxgrad,0 +Baxgrad,1 +Baxgrad,2 +Baxgrad,3 +Baxgrad,4

(4.11)
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Where, for example, Baxgrad,2 equals:

Baxgrad,2 =
1

2!
(x2∂2xB̃axgrad + y2∂2yB̃axgrad + z2∂2z B̃axgrad

+2xy∂x∂yB̃axgrad + 2xz∂x∂zB̃axgrad + 2yz∂y∂zB̃axgrad)

(4.12)

5 Design of the magnetic shim coils

A significant amount of time was spent carefully designing the coils, both in thought

and in action, given the many relevant constraints set by both the experimental setup

and the needs of the JILA eEDM generation III team.

5.1 Constraints and the reason behind square coils

In the current Baby Bucket setup our geometries are mostly rectangular and square

due to the shapes of the setup that holds the vacuum chamber and the insulating

foam around it. This can be appreciated in figure 5.1 below.

This geometrical constraint proves to be troublesome because it prevents us from

building circular coils around the setup (which, in an ideal scenario, is preferred

given that circular coils and their corresponding homogeneity are historically much

more well-characterized). This is due to the potential interferences with both the

surrounding cradle holding the tube and the optics, the optical table, and other

elements that are going to be surrounding it in the final Baby Bucket setup. In

short, an axially pointing circular setup does not fit our rather unusual geometries.
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Figure 5.1: The current setup of the Baby Bucket. Note the mostly square and
rectangular shapes created by the foam and the aluminum sheets pressing it together

With this issue in mind, it was decided that the coils will be square or rectangular

as opposed to the traditional circular shape. While its homogeneity is less well-known

and has to be theoretically characterized to see if it provides us with the uniformity

we desire near the origin of the trap where the measurements will take place (see

section 6 for this very uniformity analysis) it provides us with the convenience of

being able to “mold” these coils so that they can comfortably fit around the Baby

Bucket setup without interfering with anything nearby. Figure 5.2 elaborates on the

pros and cons of doing a square versus a circular set of coils placed along the axis of

the tube.
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Figure 5.2: An abstract representation on how square and circle axial coils would
fare up against one another based on the setup depicted in figure 5.1. It is clear that
circular coils could not fit our rather limited space and would get in the way of the
lab cloud, the optical table, and other objects surrounding the cryogenic insulation
of the Bucket Brigade

5.2 Designing around the Taylor expansion of Baxgrad

As was said before, and as shown more visually by figure 5.3 below, one of the

main objectives of the shimming coils is to be able to tune Baxgrad and minimize its

corresponding higher order gradients. Taylor expanding the expression for Baxgrad

generated by the Anti-Helmholtz coils along the z-hat direction (to 5 elements), we

realize that all odd terms from the expansion result go to 0. A simple calculation

where we set Baxgrad,2 equal to 0 and solve for d will allow us to see that Baxgrad,2 gets

fully shimmed out as long as d/L = 0.95. However, recognizing that achieving this

precise of a ratio may be too ideal, a theoretical error analysis must be done to char-

acterize how “far” one can move from this ratio and still get a decent sized uniform

zone (see section 6.3) per our desired requirements for the Baxgrad-generating Anti-

Helmholtz coils. We’re also very interested in the 5th order terms in the expansion,
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Baxgrad,4, which cannot ever fully go to 0 unlike Baxgrad,2 above.

In order to minimize potential sources that may affect our desired coherence time,

we have chosen that the valeue of the 4th element of the Taylor expansion divided by

the 0th element must always be equal or smaller than 0.01 % (in our desired region

in space, close to the net origin of the shimming coils where the ions are going to be

located) to ensure that Baxgrad and its derivatives will minimally affect the coherence

of the system and the ion cloud itself (see section 6.2).

The reason behind this 0.01 % number has to do with the fact that if f0 is 50 Hz

and we want coherence equal to 20 seconds, we see that a fractional uniformity of

2× 10−4 will result in a final phase uniformity of about 1 radian. Since 2× 10−4 is

about 0.01 %, we have set this number as our bound.

Figure 5.3: This is the five term Taylor expansion of Baxgrad around the origin of the
ion trap. Due to the nature of the expansion, the odd terms automatically go to 0
and the even terms do not go to 0. Baxgrad,2 becomes 0 as long as d/L = 0.95

It must be noted that, originally, the JILA EDM Generation III team intended on

having 2 coupled sets of Baxgrad - related coils in order to independently control the

first and the third derivatives of the net shimming B field with each coil. However,

it has been found that there is no way (with the current symmetry) in which one

would be able to control the first derivative with a set of shimming coils at all, given

that solving for this condition shows us that d = 0 between a set of coils, which
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is nonphysical. Instead, the focus has moved towards using a single set of coils

minimizing the effect of the first derivative through the shimming fields from a single

set of coupled Anti-Helmholtz coils.

5.3 Conventions on positions regarding the design

5.3.1 Use of x̂, ŷ ẑ and relative to the positioning of the coils

The direction going along the axis of the tube of the Baby Bucket is generally referred

to as the ẑ direction, and the plane orthogonal to this axis is the x̂− ŷ plane, which

is especially relevant to consider in sections 4 and 6, where important equations and

theoretical analysis (respectively) are defined using these very conventions.

5.3.2 Use of NS, EW, and UD to describe the positioning of the coils

The Baby Bucket tube is loosely pointed along the North-South axis relative to the

Earth, so sets of coils whose magnetic fields point predominantly along this axis (ẑ)

are referred to as the North-South coils (NS or N-S, for short). In similar fashion,

the coils whose magnetic fields point predominantly along East-West (x̂) are referred

to as the East-West coils (EW or E-W), and finally the coils that are pointing in

the remaining axis (ŷ: up towards space, down towards the center of the Earth) are

referred to as the Up-Down coils (UD or U-D). To distinguish it from NS (given that

they’re both placed along the same axis) and the rest of the coils, the anti-Helmholtz

set of coils are referred to as “anti-Helmholtz coils” or “Baxgrad coils”.
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5.4 Needs and characterization of the geometries

As was hinted at before, the experiment needs 4 separate sets of coupled coils (mean-

ing, two coils per set) built around this volume: one along the axis of the tube and

foam in anti-Helmholtz configuration to generate Baxgrad and provide some ambient

field protection, and then three in Helmholtz configuration to cancel out the Earth’s

magnetic field pointing along NS, EW, and UD.

Figure 5.4: A sketch of all the different channels and currents that would be required
in an assembled system with four coil pairs as described in this section.

One of the main design objectives was to have all these four sets of coils each be

modular and easy to assemble and disassemble, given that the building schedule and

methods behind the Baby Bucket and full Bucket Brigade experiments are highly

volatile and complex, and may require relocations and multiple assemblies and di-

assemblies. Also, considering that some coils must be wound and partially assembled

on site given the complex geometries of the setup, modularizing the setup also allows
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for the possibility to have pre-wound coils (3 of the 6 total individual sets) which

can be wound once in their square shapes and never have to be rewind them again

into their square shapes.

Also, given that we want them to take as little space as possible within the

assembly, all four sets of coils shall form a a compact “cube” of sorts, albeit with a

5 % difference in length between its axial direction and planar directions, when all

of its modules are assembled together.

Given the geometries of the foam surrounding the bucket, it was decided that

the axial set of NS and Baxgrad coils should have a length of 21 inches per side (L =

21 in) so that they better fit around the Bucket Brigade setup while giving us some

room for leverage.

Considering that the separation between the Anti-Helmholtz coils must be d =

0.95L as described in section 5.2, the final distance/separation between the Baxgrad

coils ends up being d = 19.95 in.

For convenience and considering the materials being used, we need to have the

NS coils be the largest and for the EW and UD coils to be a little smaller then such

that they still form a near cube.

Hence, it was decided that:

1. The NS and Baxgrad coils shall be square and 21 x 21 inches on each side.

2. The EW coils shall each be square and 17.51 x 17.51 inches long on its sides

3. the UD coils shall be slightly rectangular, 17.51 x 16.51 inches long on its sides,

given that it must fit in between the two sheets of aluminum holding the foam
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as seen in figure 5.11.

5.5 Materials used for the design

5.5.1 Materials for the structure

Considering the geometries described above, the coils shall be built with cut-out seg-

ments of anodized aluminum U-channels throughout, which will serve as the means

to wind long pieces of wire along their boundaries in repeated loops. Each coil has

four of these pieces arranged such that they make up a square or rectangular shape,

with the U shape pointing outwards, and the pieces are attached to each other via

large corner brackets, and each individual coil is attached to its neighbors through

small corner brackets.

5.5.2 Selection of wires based on reducing heat generation

The selection of magnetic wires was done thoughtfully because of the fact that a

current running through a wire naturally produces power per:

P = I2R (5.1)

Any power generated by the wires means that heat will be dissipated into its

surroundings, which is important to consider given that the sets of coils are to be

placed around the cryogenic insulation for the setup depicted in figure 5.1 (and as

visualized by the CAD models in section 5.7).

The cold head and the cryogenic insulation are there to keep the Baby Bucket
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5 DESIGN OF THE MAGNETIC SHIM COILS

tube as cold as possible, so it would be unwise for us to want to induce heat into

said system via the coils.

Therefore, a thorough analysis was done to conservatively estimate the amount

of heat that could be dissipated given: a) the total wire length needed for all sets of

Helmholtz and Anti-Helmholtz coils, which is of about 11.2817 meters per turn for

the Helmholtz sets added together and 4.2672 meters per turn for the anti-Helmholtz

set alone, b) assuming that the number of ampturns for all the Helmholtz sets in NS,

EW, and UD take up the value of largest of these 3 (which is UD at 29.148 ampturns,

as calculated in section 5.6.2), and c) knowing that the number of ampturns required

to generate the necessary Baxgrad is 3.336 ampturns, as determined in section 5.6.1.

We then had to do this analysis for various gauges of wire, given that the larger

gauge at a fixed net length has a higher net resistance per length:

Rnet = ρ
Lnet

Across−section,wire
= ρ

Lnet
πr2wire

= ρ
n Lone turn

πr2wire
(5.2)

Here ρ is the resistivity of the wire, Lnet is the net length of a given wire,

Across−section,wire is the cross-sectional area of this wire (and rwire is the radius of

this cross-section), and n is the number of turns at a constant length per turn. In

other words, the larger your gauge is at a constant length of total wire used and

a constant number of ampturns, the smaller your net resistance will be, and the

smaller the power dissipated will be. In addition to this, the larger the number of

turns are at a constant number of ampturns and constant gauge, the smaller the net

dissipated power will be.
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5 DESIGN OF THE MAGNETIC SHIM COILS

Hence, combining the principles equations 5.1 and 5.2, we can study how the net

power dissipated behaves as a function of the number of turns at a constant number

of ampturns given the conditions above, setting 20 watts as an arbitrary upper bound

for how much power we would like the coils to dissipate in a worst-case scenario.

Based on these parameters, the core goal is here is to a) determine a wire gauge

to use for the coils and b) determine the number of turns to be used by the single

Anti-Helmholtz set of coils and the four Helmholtz sets of coils.

Figure 5.5: Power dissipated by the single Anti-Helmholtz coil set at a constant nI
= 3.336. AWG refers to American Wire Gauge units, a standard in industry
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5 DESIGN OF THE MAGNETIC SHIM COILS

Figure 5.6: Power dissipated by the three Helmholtz coil sets together at a constant
nI = 29.148

Figure 5.7: Total power dissipated by all the sets of coils together (addition of figures
5.5 with 5.6)

We can see from figures 5.5, 5.6, and 5.7 above that the Anti-Helmholtz set

barely dissipates any power compared to the much greater amount dissipated by the

addition of the four Helmholtz sets, and because of this the net addition of into figure

5.7 mostly reflects the power of the Helmholtz coils alone.

Given the results above and considering that relative to our upper bound of 20
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5 DESIGN OF THE MAGNETIC SHIM COILS

W we aim to keep the power dissipation at least halfway below that of (10 W) and

that a larger number of turns means a greater amount of labor required by any given

lab member to wound these coils, we decided on using:

• AWG 14 wires at 10 turns for each of the three sets of Helmholtz coils

• AWG 14 wires at 3 turns for the single set of Anti-Helmholtz coils

5.6 Ampturns (nI) required for each set of coils

5.6.1 Calculation of ampturns (nI) needed to induce science transition

with anti-Helmholtz coils

In designing the shimming coils, we were interested in knowing what number of

ampturns (nI) we needed in order to get our desired Baxgrad from the anti-Helmholtz

coils.

Per equation 3.18, Baxgrad = 3.09mG
cm

= 3.09x10−1 G
m

= 3.09x10−5 T
m

. Therefore,

calculating the number of ampturns can be done by letting Baxgrad equal this number

and then solve for nI in equation 4.10, while letting z = 0 since we’re interested in

Baxgrad at the net origin where the ions are located.

3.09× 10−5 =
µ0nI

2π

[
16L2(4d)

(d2 + L2)2
√
d2 + 2L2

+
8L2(4d)

(d2 + L2) (d2 + 2L2)
3
2

]
(5.3)

nI =
2π · 3.09× 10−5

µ0

[
16L2(4d)

(d2+L2)2
√
d2+2L2 + 8L2(4d)

(d2+L2)(d2+2L2)
3
2

]
(5.4)
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5 DESIGN OF THE MAGNETIC SHIM COILS

And then plugging in µ0 = 4π× 10−7 H
m
d = 19.95 in = 0.50673 m and L = 21 in

= 0.5334 m.

nI = 3.336 ampturns (5.5)

5.6.2 Calculation of ampturns (nI) needed for shimming Helmholtz coils

As was mentioned before in section 2.2, we can tell what the magnetic field produced

by the Earth at JILA in Boulder by using the NOAA magnetic field calculation tool

[5], which tells us that the magnetic field produced by the Earth is of 20,613.8 nT

north, 2,917.5 nT east, and 47,331.7 nT into the Earth. Therefore, one can perfectly

cancel these fields from the Earth by inducing magnetic fields of equal magnitude

and opposite direction with Helmholtz coils, pointing south with the NS coils, west

with the EW coils, and “up” with the UD coils. We can then calculate the specific

number of ampturns required to carry out these operations.

Given the geometries of the UD Helmholtz coils (17.51 in x 16.51 in per coil), the

expression for its magnetic field simplifies to:

Bŷ,UD,Helmholtz(x = 0, y = 0, z = 0) =
µ0nI

4π
· 16.2391 = 47, 331.7 nT (5.6)

For EW, given its specific geometries (17.51 in x 17.51 in per coil):

Bx̂,EW,Helmholtz(x = 0, y = 0, z = 0) =
µ0nI

4π
· 16.531 = 2, 917.5 nT (5.7)
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5 DESIGN OF THE MAGNETIC SHIM COILS

And for NS, given its specific geometries (21 in x 21 in per coil):

Bẑ,NS,Helmholtz(x = 0, y = 0, z = 0) =
µ0nI

4π
· 17.3074 = 20, 613.8 nT (5.8)

And now solving for nI in each of these equations yields the necessary number of

ampturns in each set:

• nIsouth = 11.9104 ampturns

• nIwest = 1.76 ampturns

• nIup = 29.148 ampturns

5.7 CAD Models

Some CAD models of the setup designed and built can be found in the figures below.
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5 DESIGN OF THE MAGNETIC SHIM COILS

Figure 5.8: A view of the setup of four sets of pairs of coils assembled together (note
that NS and Baxgrad share the same channels in the figure)

Figure 5.9: A view of how the setup depicted in figure 5.8 will fit around the foam
insulation in figure 5.1
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5 DESIGN OF THE MAGNETIC SHIM COILS

Figure 5.10: Figure 5.9, viewed from the side

Figure 5.11: Figure 5.9, viewed from the top

5.8 Building the coils and final product

Building the coils was an intense, multi-week job that required a significant amounts

of effort to realize the project itself, especially given all the constraints and consid-

erations that had to be considered based on the CAD model design as well as all the
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other limitations cited in this paper. In the end, the final product that surged from

these efforts ended up looking like the figure below:

Figure 5.12: Assembled structure for all the sets of coils. The orange three-threaded,
14 AWG wire used for the Baxgrad can be appreciated in the photo

6 Theoretical uniformity analysis to characterize

decoherence arising from inhomogeneity in Baxgrad

The Baxgrad-generating anti-Helmholtz coils are of very special interest given that

they generate the first order gradient that determines the frequency of the Zeeman

shifted science transitions. Given our desire to eliminate any source of undesired
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ambient magnetic field that may affect our measurement of the eEDM and the desired

coherence time of the generation III experiment, higher order gradients of this Baxgrad

can be extremely worrisome. Some of these are unavoidable due to the nature of the

fields being generated and others can be caused by construction errors at the time

of building the coils. To give a simple example: if when we are machining the coils

some of them have different sizes to its sides, this will break the symmetry of the

setup and cause decoherence. Unfortunately, due to the nature of manual labor,

deviations from the ideal are to be expected in experimental physics, some of which

are unavoidable even when having perfect constructions. Nevertheless, the question

is not whether decoherence will exist, but rather to understand its scope and how

much, and how well, we could work within these limits. Because of this, and given

all the factors described above, one has to do a theoretical, Mathematica-based

error analysis in order to determine how much “coherence”, or lack thereof, can be

found in the experimental setup for the Anti-Helmholtz coils to better understand

its limitations and to determine if they give us a feasible region of uniformity given

our desired parameters.

This problem can be separated into two parts:

1. Testing unavoidable inhomogeneity in
Baxgrad,4

Baxgrad,0
from a perfect construction.

2. Testing additional inhomogeneity in
Baxgrad,2

Baxgrad,0
from an imperfect construction.

These theoretical error analyses are based on parameters set by the Generation

III team: wanting the ratios of and
Baxgrad,2

Baxgrad,0
to be as minimal as possible, preferably

on the order of less than 0.01 % or 0.02 % (as defined and explained in section 5.2).
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6.1 Geometry of the size and micro rotation of the ThF+ ion

cloud

The ThF+ molecules travel down the Bucket Brigade in the form of a roughly gaus-

sian ion cloud. The Bucket Brigade paper anticipates:

r2σ = 1 cm @ 30 K and 2π×1 kHz

rrot = 2.60 mm @ 60 V/cm, 150 kHz

r2σ + rrot = 1.26 cm

Where r2σ is the radius of the ion cloud, rrot is the radius of micro rotation of

this ion cloud due to the induced Erot, and r2σ + rrot is the addition of these two.

In other words, any volume of good uniformity should be larger or equal to 1.26

cm in radius to acoomodate the entire volume taken up by the rotating ThF+ cloud.

6.2 Characterization of inhomogeneity of
Baxgrad,4

Baxgrad,0
under ide-

alized behavior

After building the equation for
Baxgrad,4

Baxgrad,0
in all space, we can probe it along 1) the x-y

plane (z = 0), 2) y-z plane (x = 0), and 3) x-z plane (y = 0). The end result of these

tests can be seen in the contour plots in the figures below. Within these, the light

blue contours indicates the area where our desired inhomogeneity of 0.01 % or less is

located. In light orange is the area where we have a inhomogeneity less or equal than

0.02 %, for reference. In yellow is a superimposed circle of radius = 2.032 cm, which

is the radius of the so called area/volume of “uniformity”. Below are all 3 figures:
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Figure 6.1: Plot of Baxgrad,4/Baxgrad,0 on the x-y plane at z = 0. Inside the region
defined with the blue line is where Baxgrad,4/Baxgrad,0 ≤ 0.1 %, inside the orange
region is where Baxgrad,4/Baxgrad,0 ≤ 0.2 % for reference, and the yellow dashed line
is a circle of r = 0.04L ≈ 2.032 cm (assuming that the square coils’ side is 20 inches
long) for reference about the coherent area where the ion cloud could be within our
desired region of tolerance considering all parameters and constraints. Axis values
in figure are unit less length ( x

L
and y

L
).

Figure 6.2: Plot of Baxgrad,4/Baxgrad,0 on the y-z plane at z = 0. See description in
figure 6.1. Axis values in figure are unit less length ( x

L
and y

L
).
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Figure 6.3: Plot of Baxgrad,4/Baxgrad,0 on the x-z plane at y = 0. See description in
figure 6.1. Axis values in figure are unit less length ( x

L
and y

L
).

Moreover, combining the results from these 3 plots in a 3D model where we plot

the homogeneity region equal or smaller to the same 0.01 % tolerance, we get the

following results:

Figure 6.4: 3D plot of Baxgrad,4/Baxgrad,0 showing the desired region of tolerance of
0.01 % (viewed sideways). In the middle is a superimposed sphere of radius r = 2.032
cm to highlight the size of the so-called volume of uniformity. Axis values in figure
are unit less length ( x

L
, y
L

, and z
L

).
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Figure 6.5: 3D plot of Baxgrad,4/Baxgrad,0 showing the desired region of tolerance of
0.01 % (viewed from the axis of the coils). Axis values in figure are unit less length
( x
L

, y
L

, and z
L

).

6.3 Characterization of inhomogeneity of
Baxgrad,2

Baxgrad,0
subject to

potential construction errors

As was mentioned before in section 5.2, Baxgrad,2 can vanish so long as the ratio of d/L

is equal to 0.95. While convenient theoretically, it would be extremely challenging

to replicate this exact result experimentally given all circumstances and sources of

error that could mess up with this idealized ratio when building the setup. Hence, we

perform an analysis to analyze how much potential sources of construction error can

change a volume of homogeneity that is otherwise dominated by
Baxgrad,4

Baxgrad,0
and then

use these results to decide if, given the resulting radii of uniformity, the shimming

coils are still even feasible to build despite these sources of error.

Using the exact same technique used for
Baxgrad,4

Baxgrad,0
as depicted in figures 6.1, 6.2, and
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6.3, the so-called coherent zones of
Baxgrad,2

Baxgrad,0
are characterized by numerically solving

for the boundary conditions where a circular homogeneous radius (simulating our ion

cloud) can exist in all planes: x-y, y-z, and x-z. Considering the intent of providing

a thorough analysis of potential mishaps, a total of eleven specific cases of error were

studied, each representing a departure from the idealized case:

1. Both coils are offset in opposite directions, away from each other, by an equal

distance from optimal d = 0.95L.

2. Both coils are offset in opposite directions, closer to each other, by an equal

distance from optimal d = 0.95L.

3. A single coil is offset away from d = 0.95L by a certain distance.

4. A single coil is offset closer from d = 0.95L by a certain distance.

5. Both coils are offset in the same direction relative to the ion cloud (in any axial

direction).

6. The size of the sides of the coils, L, increases in size.

7. The size of the sides of the coils, L, decreases in size.

8. Only one coil is rotated relative to the other, be it in y-z or x-z..

9. Both coils are rotated in the same or opposite directions, be it in y-z or x-z.

10. One coil is offset from the axis of the coils in any one direction in x-y relative

to the other fixed coil.
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11. The coils are anisotropic (one pair of sides of the coils is larger than the other

pair by a certain length)

By studying all of these cases, the following extremes were identified. Refer to

the list above to identify each case number:

Error analysis of
Baxgrad,2

Baxgrad,0

Case number Size of error Radius of spher-

ical coherent

zone (cm)

1 1 cm 1.27542

2 0.9 cm 1.31135

3 1 cm 1.30801

4 0.8 cm 1.36589

5 1 cm 1.41648

6 0.5 cm 1.29271

7 0.5 cm 1.29602

8 14 degrees (5 cm axial

offset)

3.97142

9 14 degrees (5 cm axial

offset)

2.79443

10 0.5 cm 1.25911

11 1 cm 1.33896
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6.4 Conclusions from theoretical analysis of
Baxgrad,4

Baxgrad,0
and

Baxgrad,2

Baxgrad,0

To say the least, it is good news that one can get a radius of uniformity in
Baxgrad,4

Baxgrad,0

is equal to 2.032 cm (subject to a perfect construction) and that the the radii of

uniformity of
Baxgrad,2

Baxgrad,0
stays just above or about 1.26 cm (subject to various instances

of imperfect construction). As was mentioned in section 6.1, the net radius of the

rotating ion cloud r2σ + rrot is equal to 1.26 cm, meaning that our tests indicate

that we can have radii of uniformity that are large enough to just about enough

to fit the entire rotating ion cloud. Therefore, the setup of Anti-Helmholtz coils

is theoretically feasible and we can get the desired regions of uniformity as long as

construction errors are kept within readily achievable tolerances as defined in the

table from section 6.3.

7 Characterization and testing

Naturally, having the coils built meant that we have to do tests on them to see if

they worked appropriately.

7.1 Characterization of the 3-axis magnetometer stick

An ADAFruit model LSM303DLHC seen below in figure 7.1 was chosen to be used

used for nearly all the magnetic field testing surrounding this project. The mag-

netometer is a 3-axis Hall probe (with its axis labeled as x̂, ŷ, and ẑ, which are

unrelated to the conventions previously used to describe the design of the coils),

meaning that it can measure magnetic fields in three dimensional space at any given
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location, and it is powered by an Arduino Uno device with the appropriate code to

allow the magnetometer to run.

Figure 7.1: The ADAFruit model LSM303DLHC magnetometer

Early on, it was discovered that this very magnetometer had noticeable deviations

in gain and DC offsets in all of three of its axis. Luckily, one can characterize these

various gains and DC offsets by carrying on a series of experiments.

One can think of all possible sources of magnetic field as vector arrows adding

up to one another in the frame of reference of the magnetometer (figure 7.2).
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Figure 7.2: Visual depiction of the various different sources of magnetic field seen by
the magnetometer, be it from ambient noise, a DC offset within the magnetometer
itself, and the presence (or lack there of) coming from an applied external magnetic
field. These axial fields can then be measured “left” and or “right” along the axis
which they exist to yield different results

Therefore, we can use these traits of the fields to characterize the gains and offsets

of a given magnetometer.

7.1.1 Magnetic field flip at a constant probe axis to characterize gain

If we let any given axis of the magnetometer remain still with an n̂ along a constant

axis and then we make two measurements, one with an applied external field pointing

along n̂ and the other with this external field pointing along -n̂, we would see two

readings:

Breading,1 = G (a+ |Bapplied|) + φ

Breading,2 = G (a− |Bapplied|) + φ
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Where Breading,1 and Breading,2 are the readings as described above, G is the gain,

a is the ambient field (which ends up cancelling out later on, and hence doesn’t need

to be measured), φ is the DC offset, and |Baxial| is the known value of the applied

magnetic field.

If we then solve for φ in this system of equations and then make them equal to

each other, while solving for the unknown G, we get:

Breading,1 −G (a+ |Bapplied|) = Breading,2 −G (a− |Bapplied|)

2G |Bapplied| = Breading,1 −Breading,2

Which leads to the final equation for a gain calculated via a “magnetic field flip”

setup.

G =
Breading,1 −Breading,2

2 |Bapplied|
(7.1)

7.1.2 Magnetometer axis flip at a constant applied magnetic field direc-

tion to characterize offsets

Now, if we now let the applied magnetic field remain constant in a direction n̂ and

then we physically flip the magnetometer to make make two measurements, one with

a given axis of the magnetometer pointing along n̂ and the other along -n̂, we would

see two readings.
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Breading,1 = +G (a+ |Bapplied|) + φ

Breading,2 = −G (a+ |Bapplied|) + φ

Where the variables are the same as the ones defined in section 7.1.1.

If we then solve for G (a + |Bapplied|) in this system of equations and then make

them equal to each other, while solving for the unknown φ, we get:

Breading,1 − φ = −Breading,2 + φ

Which leads to the final equation for a gain calculated via a “magnetometer flip”

setup.

φ =
Breading,1 +Breading,2

2
(7.2)
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Figure 7.3: One of the setups used to test the gain of the and offsets of the magne-
tometer using the JILA eEDM generation I coils

7.1.3 Results

Results of gain and offset analysis

Axis DC offset (uT) Gain

x 7.0375 0.9922

y -6.15 0.9920

z 2.21 1.0924
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Figure 7.4: A plot of comparing some experimentally measured values of the magnetic
field along the vertical axis of one of the JILA eEDM generation I coils at a constant
current (using all three channels of the magnetometer, x̂, ŷ, and ẑ) compared with
the theoretical expectation. It is clear that there is some anomalous gain in the ẑ
axis relative to x̂ and ŷ (the x̂ values are pretty much overlapping to those of ŷ

7.2 Plan to take data to test homogeneity generated by

Baxgrad coils

It is necessary to test whether the anti-Helmholtz coils in our setup yield the neces-

sary Baxgrad and fractional uniformity in a real experimental environment. Unfortu-

nately, due to time constraints, it won’t be possible to do these tests as part of this

thesis. Nevertheless, we’ll proceed to describe the proceedure to test the set.

After installing the Baxgrad coils and their wires in place and considering the

three turns in them, a current of 1.112 amps should run thru the wires (both which

combined correspond to the nI = 3.336 ampturns calculated in equation 5.5).

Then, the magnetic field and the gradients should be tested in the following way.

As depicted by figure 7.5, the magnetic field and the gradients generated by the coils
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shall tested in a 27 point grid about the net center (the “origin”, or x=y=z=0 as

defined in this work) of system of anti-Helmholtz coils, with the distancing between

each of these individual points being of 10 cm vertically and/or horizontally.

Figure 7.5: A depiction of the Baxgrad “grid” along which they shall be tested. Point
number 14 is at the dead-center of the coils (x=y=z=0) and all points are separated
by 10 cm vertically and/or horizontally in three dimensional space

We will fit the data from this finite mesh to the multipole expansion of the

magnetic field up to Y m
l (θ, φ) spherical harmonic terms of l = 4 that correspond to

the second derivative of Baxgrad (
∂2Baxgrad

∂x2
,
∂2Baxgrad

∂y2
, and

∂2Baxgrad

∂z2
) and use this to

predict field uniformity over a sphere of radius 1.26 cm (defined to be r2σ + rrot in

section 6.1) at the center of the trap. Data should taken in two environments: oe top

of the optical table and on top of a wooden table. This is because the optical table

on which the Bucket Brigade is going to be assembled on was discovered to be highly

magnetic and with intense gradients in three-dimensional space, reason for which we

want to test the coils in both highly magnetic and non-magnetic environments.
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8 Conclusions

Theoretically, square magnetic shim coils in anti-Helmholtz configuration can be

built such that they generate a desired Baxgrad to generate a desired Zeeman splitting

corresponding to a set value of f0 = 50 Hz to induce the science transition onto the

upper and lower doublets within the Erot-induced, Stark shifted hyper fine structure

of ThF+.

Via thorough analysis, while sticking to set boundaries of fractional homogeneity

of 0.01% or less in both
Baxgrad,4

Baxgrad,0
(for a perfect construction) and

Baxgrad,2

Baxgrad,0
(for an

imperfect construction), we can ensure that this set of anti-Helmholtz coil is not a

significant source of fractional inhomogeneity that could prevent the ThF+ ions from

reaching their desired 20 second coherence times.

In addition to the above, one can use square Helmholtz coils to shim out the

Earth’s magnetic field in three-dimensional space and also be able to provide a large,

arbitrary magnetic field onto the ions if need be, which is the reason for which onto

the design of the pseudo-“cube” structure encompassing three sets of Helmholtz coils

and one set of axial anti-Helmholtz coils.

It was proven that all of this can be done by designing a setup that can be tailor-

fit around the unusual geometries of the JILA eEDM generation III Baby Bucket

setup, while allowing for the setup to be easy to assemble and disassemble. Given

that the coils are to be placed about the cryogenically-insulated section of the Baby

Bucket, the setup was designed such that they always dissipate 10 W or less onto its

surroundings.

Experimentally, once the coils were built, they shall be tested to see if they provide
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the necessary fractional homogeneity and Baxgrad required by the experiment, work

which is beyond the scope of this thesis. Moreover, once the JILA eEDM generation

III collaboration has prepared the entire “Baby Bucket” setup and is ready to “see”

ions in order to test their coherence times, future work regarding this project shall

focus in studying the behavior of the ions under the influence or lack thereof of the

Baxgrad generated by the Anti-Helmholtz coils and the shimming generated by the

Helmholtz coils.
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