ABSTRACT

HICKMAN, CLARK JAMES. Development of Magnetic and Neutron Systems Contributing to the
Search for the Electric Dipole Moment of the Neutron. (Under the direction of Paul Huffman.)

The search for a non-zero Neutron Electric Dipole Moment (nEDM) is one of the leading ex-
periments investigating potential CP-violation beyond the Standard Model. Currently, no non-
zero nEDM has been found, with the upper limit (90% C.L.) determined to be 1.8 ¢-26 e*cm. The
nEDM@SNS collaboration - which this work contributes to - aims to usher is a new paradigm
of nEDM experiments by combining the physics of Ultra-Cold Neutrons (UCNs) with polarized
helium-3 (3He). Once completed, the project should set a new upper limit on the nEDM, with a
target of 3 e-28 e*cm. In order to reach the sensitivity, however, a variety of systematic effects must
be accounted for; a task that a smaller apparatus - SOS@PULSTAR - is specifically designed for. This
dissertation will discuss two major systems that were developed for the SOS@PULSTAR experiment,
with some techniques and equipment that will also translate to the larger nNEDM@SNS apparatus.

More specifically, the magnetic system was implemented into the existing SOS construction,
with contributions made to the wiring, shielding, and assembly components. The most interesting
- and complicated - device developed was a low-current persistent-current switch (PCS). These
switches are typically used in much higher-current, higher-field medical NMR magnets, but there
were open questions as to whether one would work in our much lower-current application. Similarly,
our constraints meant that the existing methods to create superconducting joints - which bring
together the PCS and the magnet coil that it closes - were not ideal. We created a PCS and designed
a new superconducting joining method that will be much easier to implement in SOS@PULSTAR.
We demonstrated that our circuit resistance was < 6.2 e-15 2, which meets the temporal stability
requirements of the holding field magnet in both apparatuses.

In addition to the magnetic system, we also tested the neutron storage capability of a prototype
measurement cell (labeled NCSU4). Completed cells will eventually be added to SOS@PULSTAR
and to nEDM®@SNS, where they will hold the 3He and UCN while we study their behavior. We found
that NCSU4 was able to hold neutrons for > 600 s at 36 K, which corresponds to a wall loss time
around 2000 s, the target goal to achieve maximum sensitivity for nEDM@SNS. However, we could
not prove that this cell could store higher-energy (> 100 neV) UCN. Sometime during our tests, the
storage time dropped dramatically (closer to 400 s at 75 K). Ultimately, we determined that the UCN
guide leading up to the cell also contributed significantly to UCN loss; because the two volumes
could not be tested independently, we do not know the amount of attribution to assign to the guide
and the cell for the poor storage performance. To better resolve our energy dependence queries, we
designed, built, and installed a new energy spectrometer that will be tested in the near future and

will improve the testing of the next round of prototype cells.
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CHAPTER

1

INTRODUCTION

The Standard Model (SM) is one of the most tested, scrutinized, and ultimately successful theories
that physics has ever produced. Formulated over the latter half of the twentieth century, the Standard
Model is a self-consistent framework that describes three of the four known fundamental forces
(strong, weak, and electromagnetic interactions) and all of the  known fundamental particles. In
fact, the model can be be credited with predictions of elementary particles that were not known at
the time of its formulation but were discovered in the years after, such as the top quark [1, 2], tau
neutrino [3], and Higgs Boson [4]. Additionally, it has successfully predicted interactions between
these matter particles through gauge bosons such as the W and Z bosons (mediating the weak
interaction), photons that compromise the electroweak interaction, and gluons that participate

in the strong interaction. In addition to all of these successes, however, there exists a wide range
observational and experimental evidence that cannot be explained by the Standard Model. These
ndings suggests the need for physicists to extend or even formulate an entirely new model in order

to better explain the universe as we know it.




1.1 Beyond the Standard Model

Despite its many accomplishments, the Standard Model is missing some pretty important pieces of
the puzzle that is our universe. For one, the SM is unable to take into account gravity as described by
general relativity, while quantum eld theories that attempt to explain this force are not successful

at the Planck scale. This discrepancy forces scientists to differentiate between the macroscopic
(general relativity) and the microscopic (quantum mechanics) in a way that makes those who think
physics should be scale-invariant uncomfortable. In a another mystery, the SM does not predict a
mass for neutrinos [5], and therefore cannot explain observations of neutrino oscillations. Multiple
experiments are ongoing with aims to determine the mass ordering of neutrinos  [6] in search of the
some of the most direct evidence yet of physics not explained by the SM. Perhaps most troubling, it
seems as though the Standard Model is only able to account for approximately 5% of the Universe,
as it contains no explanation for the dark energy that is driving the expansion of the Universe or
dark matter implied by cosmological observations. With so many open questions, thousands of
scientists are investigating all scales - from cosmological observations of the early universe and the
biggest interstellar objects to high-energy particle colliders to precision experiments of puzzling
phenomena - to provide more data as they work to determine an even more accurate model to
describe the universe.

One such observation that is at odds with the Standard Model as it is currently constructed is the
presence of an excess of matter (baryons) over antibaryons in the Universe (also referred to as the
baryon asymmetry of the Universe - BAU) [7, 8]. Sakharov noted that in order to explain this excess
of matter, CP (C and P referring to the Charge and Parity operators respectively) symmetry must
have been violated sometime early in the evolution of the Universe  [9]. A decade earlier, Lee and
Yang had been the rst to question the previous assumption that P was always conserved  [10]. This
was soon con rmed experimentally with direct observations of both P [11] and CP [12] violation.
The SM itself has several parameters that allow for CP-violation [13, 14]. However, the magnitude
of CP violation allowed by the Standard Model is not large as the amount of baryon asymmetry
observed [14, 15, 16, 17; therefore, investigating CP-violating systems is a prominent area of study
for scientists to study the possible mechanisms for physics Beyond the Standard Model (BSM).

Many other theories have been proposed that might account for some of these shortcomings of
the Standard Model. All of these theories have their own mechanisms for producing the expected
symmetry violation leading to the BAU. It is worth noting that the Standard Model and most other
theories hold that CPT (T - time operator) symmetry is conserved. Thus, one way to probe CP-
violating systems is to look for a violation of T by observing something that would naturally result
from such a violation - such as an electric dipole moment of a fundamental particle [14, 18, 19, 20.



This dissertation will focus on contributions to an experiment searching for the electric dipole
moment of the neutron (nEDM). As will be expanded upon in the next section, the pursuit of an
nEDM measurement has a long history as a test of the CP violation present in the Universe. To date
a non-zero nEDM has not been found. However, by continuing to set a more precise upper limit on
its value over the decades, scientists have been able to provide valuable constraints for theorists as
they construct their BSM models, and have even ruled out many theories along the way.

At present, the search for the nEDM is still one the hallmark experiments of contemporary
physics in the search for BSM physics [21, 22]. The presence or absence of the moment at the
ranges probed may be used to determine constraints on existing theories, with the current limits
beginning to encroach on supersymmetric models. The most recent measurement - reported in 2020
by the collaboration headed at the Paul Scherrer Institute (PSI) in Switzerland - set the upper limit
(90% con dence level) ofthe nEDMto be 1.8 e-26 e*cm [23]. This work is part of the nEDM@SNS
collaboration, which aims to reach sensitivities on the order of  e-28 e*cm [24, 25], reaching a new
upper limit on the value of the nEDM and helping us narrow the search for theories that may describe
Beyond the Standard Model physics.

1.2 nEDM Measurements

Even before Lee and Yang published their challenge to the absolute symmetry of P, Purcell and
Ramseywrote a brief remark noting that the contemporary presumption that particles could not
have an electric dipole moment rested mostly on the existing symmetry theory of that time, which

held that C, P, and T all be individually conserved [26]. While they brought up theoretical arguments
for and against this assumption, mostly they remarked on the lack of experimental evidence for
either option 1. Today, we know that their initial doubt was correct, and fermionic EDMs - which
arise from the interaction between the fermions angular momentum and an electric eld - are odd
under both P and T. Speci cally, this is because the angular momentum operator ( J, which we will
simplify to spin, s, for a free neutron) is even under P but odd under T, while the electric eld(  E)is
the opposite (Fig. 1.1).

In the Standard Model, a value for the nEDM may arise from the CP violating phase in the CKM
matrix and / or a coef cient in the strong interaction Lagrangian. Using the accepted ranges for
these parameters, the SM would predict an nEDM measurement to be around  e-31—e-32 e*cm [28,
29]. On the other hand, other theories that better explain the BAU would give different results for
the nEDM measurement. For example, supersymmetry theories predict that the magnitude of the

LIn fact, Purcell and Ramsey's initial call to measure the nEDM limit was quoted by ~ Lee and Yangas a promising place
to search for parity nonconservation.



Figure 1.1 Effect of T and P reversal on an electric dipole moment (  d), magnetic dipole moment( ), elec-
tric eld ( E), and magnetic eld ( B). It is apparent that an EDM interacting with the electric eld is there-
fore odd under both P and T. Image from Ming etal. [27].

nEDM should be in the range of e-26 —e-28 e*cm [30], which is in line with the ultimate sensitivity
goal of NEDM@SNS. It is beyond the scope of this work to cover other theoretical predictions for the
nEDM, but interested readers can lookto Chupp et al. [14] and references therein for a thorough
review of the current state of the theoretical and experimental EDM landscape.

1.2.1 A History of NEDM Measurements

As noted earlier, Norman Ramsey and Edward Purcell, pioneers in the eld of resonance physics
(which would eventually lead to an entire sub eld of nuclear magnetic resonance, or NMR) realized

as early as 1950 that there was no reason that the EDM of the neutron had to be zero  [26], as was
supposed at the time. They concluded that contemporary electron-neutron scattering experiments
could only set the upper limit of the nEDM to be 3  e-18 e*cm. Subsequently, the two proposed an
experiment to measure the nEDM using a nuclear-beam resonance method in short order. In 1957,
they published the rst direct (attempted) measurement of the nEDM, setting an upper limit of the
nEDM at5 e-20 e*cm using a molecular beam technique [31]. Over the next two decades, Ramsey's
beam method was improved by four orders of magnitude, with an upper limit set at 3 e-24 e*xcm by
the end of the 1970s [32].

Around the same time, many physicists in the eld were coming to the realization that the
measurement could be made more sensitive if Ramsey's original molecular beam were instead
replaced with ultracold neutrons (UCNs) [33]. UCNSs, de ned as having velocities on the order of
® 8 m/ s, which translates to a kinetic energy of ® 360 neV, would allow the experimenters to store
the neutrons with lower, randomized velocities - dramatically reducing the v E (seeFig.1.5)as
compared to a neutron beam - and for a much longer period of time - allowing them to improve their
statistical sensitivity (see Eq. 1.4). The rst group to successfully use this technique improved the



measurement by another order of magnitude [34]. Again, this technique has been used for several
decades with incremental improvements to the techniques - the most recent result published in 2020

by PSI has setthe upper limittobe 0.0 1.15:5; 0.25y5€-26 e*cm, equivalent to an upper limit
of 1.8 e-26 e*cm at 90% con dence level [23]. The NEDM@SNS collaboration hopes to improve this
limit by nearly two orders of magnitude; if achieved, this would represent the largest improvement

in the search for the nEDM since the rstimprovements were made to Ramsey's original experiment
over ve decades ago (Fig. 1.2).

Figure 1.2 A history of NEDM experimental results and the expected nEDM value given by various theoreti-
cal predictions, including supersymmetry and the Standard Model. The NEDM@SNS collaboration goal of
3 e-28 e*cm is shown as the large red dot in the lower right corner. Image modi ed from Alarcon et al. [35].

1.2.2 Measuring an Electric Dipole Moment

A permanent electric dipole moment (EDM) is givenas d = ex, where e is the elementary electric
charge and x is the characteristic displacement. The Hamiltonian of such a system may be written



byH = d E where E is the electric eld. For a spin-1 /2 particle such as the neutron ( s = k=2),

the Hamiltonian is equal to
2ex

H= —( E), (1.1
k
where d™= d s=s. It can be seen that this Hamiltonian violates both parity and time reversal symmetry
as the product of s E changes sign under each (Fig. 1.1).

Because particles also have a magnetic dipole moment given by ~= s, where is the gy-
romagnetic ratio, in the presence of electric and magnetic ( B) elds, the complete Hamiltonian
is,

2ex
H= T(s E) (s B). (1.2)

In order to measure the electric dipole moment, experimenters measure the Larmor frequency
shift of a particle in the presence of parallel and anti-parallel electric and magnetic elds. More
explicitly, it can be seen from Eq. 1.2 that the frequency of the spin of the neutron when the elds are

= ZXjEj+ jBj, whileitis ! = Z%jEj  jBjwhen they are antiparallel.

parallel (! )isequalto ! w
Therefore, by running experiments in both con gurations, scientists can look for a change in the
precession frequency (also called energy splitting) equal to

dex. . 4d _.
= 1Ej= ——JE]. (1.3)

=1 |y — &
H H # h h

As stated several times previously, no non-zero nEDM has been measured to date. Therefore, this
experiment is ultimately an extremely-high precision NMR measurement, in which the statistical
and systematic uncertainties are used in order to set the upper limit on an EDM. From Eq. 1.3, it
can be seen that,

NI »
“TaE | 4E N |
since :—plﬁ,where is the measurementtime and N is the number of neutron capture events

observed (see Eg. 1.6) and we assume that the uncertainty from each orientation - parallel and
antiparallel - contributes equally. Therefore, in order to maximize the sensitivity (minimize the
uncertainty) of a given experiment, jEj, ,and N should each be made as large as possible. The
NEDM@SNS collaboration aims to do just that by utilizing the many properties of He (see next
section) to improve the maximum sensitivity of the nEDM measurement (Table 1.1).



Table 1.1 Approximate experimental conditions for the different techniques to measure the nEDM limit.
The increase in measurement time enabled by UCN allowed for an improvement on the ultimate sensi-
tivity of the measurement. Meanwhile, the use of  3He should allow nEDM@SNS to improve the limit by
another two orders of magnitude. Table recreated from Lamoreaux and Golub [36].

Technique E (V/cm) (s) I(n/s) E P T
Bragg Re ection 1le9 2e-7 led 2e4
Neutron Beam Magnetic 2e5 1.5e-2 le6 3e6
Resonance
UCN led le2 2.5e2 2e7
Pendellosung ( -quartz) 2e8 2e-3 2e3 2e7
UCN-3He 5e4 5e2 5e3  2e9

1.3 nEDM@SNS

The project was rst conceived in a paper written by ~ Golub and Lamoreaux in 1994 [37]. They noted
that several properties of helium made it an ideal match for measurement of the nEDM using UCNSs.
For one, UCNs can be produced in a bath of super uid ~ “He through downscattering via inelastic
collisions with the helium (sec. 1.3.1), which allows a greater number to be produced by eliminating
the need to transport the neutrons from a source. Simultaneously, a polarized gas of ~ 3He could
exist concurrently with the neutrons and be used as both a co-magnetometer (sec. 1.3.2.1) and a
way to measure the frequency of the neutron (sec. 1.3.2.2), allowing for greater sensitivity to the
magnetic eld and any potential frequency shift. Additionally, they realized that a second mode of
measurement - the 'critical spin dressing mode' - could be used to generate additional data and lower
the systematic uncertainty even further (sec. 1.3.3). Together with research advances in generating
a strong electric eld [38] and minimizing the loss of the UCNs from the measurement cell (Ch. 3),
the collaboration projects to set an upper limit on the nEDM to approximately 3 e-28 e*cm. For a
much more comprehensive overview of all of the aspects of the collaboration, referto ~ Ahmed et al.
[24] and references therein.

Our collaboration was originally designed to take data at the Spallation Neutron Source (SNS)
[39] at Oak Ridge National Laboratory in Oak Ridge, TN. However, funding constraints led to a parting
of ways between the collaboration and the US government, and put the work at the SNS on hold. As
of this writing, other institutions have expressed interest in the (extensive) collective knowledge
and equipment already on hand within the collaboration, with the new European Spallation Source
(ESS)[40] emerging as a potential nal destination for this cutting-edge research. For historical
reasons, we will still refer to the overall collaboration as NEDM@SNS, although the collaboration
name and location may have of cially changed by the time this work is read.



1.3.1 Ultracold Neutrons

Ultracold neutrons (UCNSs) are the key to the nEDM experiment, as they allow for the maximization

of both and N . As stated earlier (sec. 1.2.1), UCNs are de ned as having velocities on the order
of ® 8 m/ s, which translates to a kinetic energy of ® 360 neV. This low kinetic energy is important
because - through the selection of the right wall material - UCN loss can be minimized and the
neutrons can be trapped by gravitational or magnetic means. UCNs will be discussed in more detalil
in section 3.1.

UCNSs will be produced through downscattering of slow neutrons by super uid “He. At a wave-
length of 0.89 nm (corresponding to 12 K neutrons), the neutrons scatter inelastically off of phonons
inthe *He (Fig. 1.3), giving all of their momentum and energy to excitations (phonons) in the “He
to become ultracold neutrons [41, 42, 43, 44, 43. If a measurement cell is lled with super uid-
helium, UCNs can be created directly in the cell, eliminating the inevitable losses in experiments
that transport UCNs from a source to a measurement volume.

Figure 1.3 Dispersion curves for super uid “He (blue) and free neutrons (red). Neutrons can undergo
a single, inelastic down-scatter off of Helium phonons at the point where the two curves cross, which
corresponds to a neutron wavelength of 0.89 nm. Image from  Ito et al. [45].

Once produced, the UCNSs will inevitably decay. The effective lifetime of the UCNSs in our exper-
iment is a combination of the rate of measurement cell interactions ( cell), beta decay loss rate



( =879.4 0.6s[46]), the rate of upscattering from phonons (), and the capture rate with the

*He ( ),

1 1 1 1 1
= + —+ + —. (15)
UCN cell up 3

This lifetime is dominated by the loss due to beta decay and  3He capture (section 1.3.2.2), as the cell
loss wall time will aim to exceed 2000 s [24] (see Ch. 3 for results on this effort) and the operating
temperature of the Helium can be manipulated to minimize upscattering from phonons [45].

1.3.2 The Many Uses of He

Helium plays several critical roles in the nEDM@SNS experiment, and an experiment that fully
utilizes these abilities could improve the nEDM limit by several orders of magnitude (Table 1.1). As
already discussed, “He is used to downscatter the neutrons to produce high densities of UCNs. The
UCNSs can then be stored in the super uid helium for a "long" time, on the order of the neutron
lifetime [47, 48]. Additionally, “He is a very good electrical insulator [49], and can therefore enable
maximization of the electric eld in the experimental apparatus.

In addition to the bath of super uid ~ “He, a small amount of polarized 3He will be present in
the cell at concentrations around 10 10 of the “He. This 3He is equally crucial, as it may be used
as a co-magnetometer inside the measurement cell ('co' since it will occupy the same volume as
the UCNSs allowing for a much more accurate measurement of the magnetic eld) and will be used
as the detection mechanism of the nEDM via spin-dependent capture. The  3He will be polarized
via an atomic beam source (ABS). The ABS uses over a meter of quadrapole magnet sections to
select for the desired spin of the helium atoms in order to obtain a polarization that is better than
95%. This high degree of polarization is important, as it minimizes the initial capture of neutrons
with the helium that would lead to a reduction in the number of UCNs present, and allows the
best statistics for the spin-dependent reaction. The polarized 3He will then be injected into the
aptly named "injection volume" before traveling to the measurement cell via phonons in a process
known as heat ush [50]. Once a measurement run is complete and the 3He is depolarized, the same
process will be used to remove this depolarized helium from the cell and the operation repeats to
re- Il the cell with polarized ~ 3He.

1.3.2.1 AsaMagnetometer

One of the major contributions of the polarized  3He is through its use as a co-magnetometer.
Early nEDM experiments used magnetometers placed outside of the measurement volume to
determine the stability and gradients of the magnetic eld inside. However, leakage currents due to



the high electric eld rendered this method inaccurate, and ultimately the precise measurement of

the B eld limited the systematic senstivity of the measurements. By placing the 3He within the
measurement cell, the precession of these atoms can be used to detect gradients in the magnetic
eld very accurately. Since the density of 3He will be much larger than the density of neutrons, this
precession can be observed by superconducting quantum interference devices (SQUIDs) placed
around the cell to precisely determine the gradients and stability. Note that the EDM of the 3He
atoms will be shielded by the atomic electrons and thus should be unobservable as it is 10 °
of the nEDM [51, 52]. Because it is critical that the magnetic eld is uniform throughout the cell
(section 1.3.3), this information can then be used to adjust the experiment accordingly and  /or
correct the data obtained.

1.3.2.2 Asaway to detect the nEDM

Another reason why He is such an ideal material for our experiment is that it can also serve a neutron
detector, as the neutrons and 3He can react as,

n+3He! p+3H+765keV. (1.6)

This energy from this neutron capture will ionize He  , molecules, which will quickly recombine and
then decay to produce an EUV scintillation pulse  [53], which we can detect to measure the number
of events that occur. It should be noted that the -decay of free neutrons will produce similar light,
and we will need to extract our signal from this background.

Importantly, the reaction between the neutron andthe ~ 3He is strongly spin-dependent, with the
average scintillation light produced, (t), given as,

(t)=N(@) —+ Tz(l P3(t)Pn(t)cos 3n(t)) +Real(t), (1.7)

where N (t) is the amount of neutrons remaining, P; and P, are the polarizations of the 3He and
neutrons respectively, s, is the difference between the phase angle of the two species, ;3 is the
mean unpolarized absorption time (known to be approximately 440 s for the concentration of
3He used), Rz (t) is the background rate (including -decay), and ,et5 @and 3 are the detection
ef ciencies and are statistically optimized to be approximately 0.93 and 0.33 for capture events and
-decay respectively [24].

The wavelength of the scintillation light produced from the byproducts of the n-3He capture is
around 80 nm, which is dif cult to detect using photomultipliers (PMTs). Therefore, the wavelength
is changed to 400 nm by coating the wall of the measurement cell (sec. 3.2) with deuterated 1,1,4,4-
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tetraphenyl-1,3-butadiene (dTPB). This is a wavelength that can then be detected by a set of silicon
PMTs, in order to detect the amount of n-3He captures as a function of time.

1.3.3 Two Modes of Measurement

While Eq. 1.7 gives the average scintillation light produced by the neutron-  3He reaction, it is notable
that the two different species will precess at slightly different frequencies due to the difference in their
gyromagnetic ratios ( 3/ ,, 1.1). Because of this difference, two different modes of measurement
can be used. In the rst, both species will freely precess in a constant magnetic eld ( Byp) at their
respective frequencies and the phase difference between them will be accordingly time dependent.
Essentially, we will be measuring the beat frequency between the two species, and looking for any
frequency shift when the E- eld is reversed. This mode is aptly named the free precession mode.
The second mode, on the other hand, uses an alternating magnetic eld (  B;) that is perpendicular
to the constant magnetic eld with a magnitude and frequency that are selected so that the SHe
and neutron will precess at the same frequency in the absence of a NEDM. This mode is called the
‘critical dressing method' (also called spin dressing). Together, the two modes can be used to act as

a check for possible systematic effects that may arise and will ultimately provide a better statistical
limitation for the value of the nEDM.

1.3.3.1 Free Precession Method

As the UCNSs and the 3He are loaded into the measurement cell, they will both be initially polarized
in the direction of the Bg eld. Once the experiment is ready to collect data,a = 2 pulse will be used
to ip the spins of each species so that they are in the plane perpendicular to the eld, which they
will then begin to Larmor precess around the By eld. Since their gyromagnetic ratios are different,
their precession frequencies will vary, resulting in a periodic production of scintillation light. The
frequency of this light will be given by,

exE

. La ,exE
' =Cs W 2 (1.8)

where the minus-plus sign corresponds to when the electric and magnetic elds are parallel and
antiparallel respectively. SQUIDs will be used to measure ! 3, and thus the difference in the precise
measurements of ! .« and! .4 will give a limit for any shifts caused by the nEDM (recall d = xE).
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1.3.3.2 Critical Dressing Method

In the critical dressing mode, an alternating magnetic eld perpendicular to the By eld will be
created with a magnitude and frequency that force the neutrons and ~ 3He to precess at the same
frequency in the absence of a nEDM. This frequency may be calculated via a zeroth order Bessel
function of the rstkind  [54]. This will produce a scintillation signal that is not subject to the beat
frequency of the two species, and would be constant were it not for the neutron losses from -decay
and 3He-capture (Eq. 1.5). If the nEDM is non-zero, however, then the species will not precess at the
same time and the phase angle will differ by,

0

2d E
an(t)= o Tt’ (1.9)
where g is the initial angle between the spins and d ®is the effective dipole moment under the
critical spin dressing conditions (calculated by the same Bessel function used to determine the
frequency of the alternating eld). By optimizing the initial spin conditions and varying the dressing
conditions, the scintillation signal can be made to be proportional to the nEDM and grow linear in
time [24].

1.4 Systematic And Operational Studies (SOS) at PULSTAR

One of the major dif culties of an experiment of the magnitude of the nEDM@SNS is the amount
of time needed to prepare for each experimental run. On average, it will take three months to
cool the system, run experiments, and warm back up again. Thus, it would be impractical to do
a complete study of systematic effects that will contribute to the uncertainty of the nEDM, and
foolhardy to try and run everything correctly on the rst attempt. As such, many of the systematic
effects will be studied (and operational procedures optimized) using a smaller apparatus, known
as SOS@PULSTAR. PULSTAR is the nuclear reactor at NCSU, and fast neutrons from the reactor
pool will pass through several stages of neutron moderation to produce UCNs that may be used
for a variety of experiments [55, 56]. Both the UCN source and the SOS apparatus were designed
in conjunction with each other, producing a smaller-scale version of the NEDM@SNS apparatus
(Fig. 1.4) that will contain many of the same features as NEDM@SNS, with the notable exception of
the large electric eld.

SOS@PULSTAR has three primary studies to be performed to aid the NEDM@SNS program [57]:

1. Optimization of spin manipulation of polarized neutrons and 3He

2. Production and characterization of measurement cells that will hold the neutrons and SHe
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Figure 1.4 A 3D model of the primary components of the SOS@PULSTAR apparatus. This dissertation
will be primarily focused on the bottom two subsystems in the image: a magnet eld package (Ch. 2) and
characterization of the measurement cell (Ch. 3).

3. Measurement of the correlation functions of neutrons and ~ 3He

Spin manipulation is outside the scope of this work, except to note that a precise magnetic eld
environment is vital to achieve this feat; the implementation of this environment is the focus of
Ch. 2. For more information on the process of spin manipulation and the tracking of the spin species
in our experiment, please refer to the dissertations of Matt Morano  [58] and Adam Lipman [59]
respectively.

Ch. 3is entirely dedicated to the characterization of a potential measurement cell to be used
in SOS@PULSTAR. As will be expanded upon there, we have produced a cell that nearly meets the
required [24] wall loss time of 2000 s (sec. 3.3.2), albeit with uncertainty surrounding the energy
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spectrum of the captured neutrons (sec. 3.3.3). We hope that with the construction of a new energy
spectrometer (sec. 3.4), we will be able to characterize the next generation of cells (and hopefully
declare them ready to test in the SOS apparatus).

Item #3 is worth a closer look, as the correlation function measurements are the key to getting
a handle on one of the biggest systematic effects expected to limit the results of our study: the
geometric phase shift. As the nEDM limit has improved over the years, this frequency shift has
come under intense study. Around the turn of the century, an nEDM result out of ILL (using a 19Hg
co-magnetometer), gave an estimate for the shift leading to an uncertainty inthe  e-26 e*cm range
[60, 61]. This was later experimentally measured by the group [62] to be equivalent to an nEDM of
4.4e-26 e*cm for a eld gradient of 10 pT /cm, although this can be accounted for with the proper
magnetometry measurements and analysis. The shift for 3He will be different from that produced
by the 19°Hg as the two species have different gyromagnetic ratios. Nevertheless, as nEDM@SNS is
trying to set the limit two orders of magnitude lower, we will need to have an excellent understanding
of this effect for both 3He and n in order to account for it in our analysis.

1.4.1 The Geometric Phase Shift

A full derivation of the frequency shift is beyond the scope of this paper - and the expertise of this
author - but much has been written on the subject since it was rst described by Commins in 1991
[63]. The effect was extended to the nEDM search by Pendlebury et al. [64] following the ILL results
referenced above and elaborated upon by Lamoreaux and Golub [65]. Since then, the effect has been
extended to various applications, geometries, and velocity regimes [66, 67, 68, 69, 70, 71, 72, 7R

Here, we will present a simpli ed geometry that will hopefully aid the reader in their under-
standing of this effect and convince them why investigations into its magnitude are crucial as the
search for the nEDM enters the e-27 range and below.

We begin by considering a particle moving through a trap with constant B and E elds in the
2 direction. Of course, in a real experiment, no geometry or eld is ever perfect, and there will
invariably be gradients inthe Bg, eld. Since r B = 0 (Maxwell), this gradientin the By, eld
leads B eld components in the x-y (radial) plane, B, = (r=2)(@B,=@) (Fig. 1.5A). For a patrticle
moving through an electric eld, it will also experience a motional magnetic eld equivalent to
B, = (E xwv)=c?. Sincethe E eldisinthe 2 direction, the motional B, component will only exist in
the x-y plane as any z component of the velocity will not contribute (Fig. 1.5B). Since both of these
components are orthogonal to the original By eld, they will modify the effective eld (Fig. 1.5C) of
the moving particle by,

<
I 2
B, = By — +B? (1.10)

e
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where we have moved to a rotating frame at frequency ! , sothatthe problem is quasi-static, is
the gyromagnetic ratio of the particle( ! = B), and,

B = jB; + Byj°. (1.12)

We have chosen to highlight Eq. 1.11 because it explicitly shows that our modi ed precession
frequency will have terms proportionalto B2, E2, and the cross product will be linear in both B and
E. This last term is of particular interest to us, as the frequency shift from an nEDM signal would
also belinearin E, therefore this term speci cally would show up as a 'false nEDM' if not accounted
for.

Figure 1.5 The geometry of a trapped particle moving through a magnetic eld leads to a geometric phase
induced frequency shift. (A) Fora eld By thatis nominally inthe Z direction, inevitable gradients will still
lead to a small B, component. (B) The direction ofthe B, component of the motional magnetic eld of the
particle (v E) will depend on the direction of both the particle’s velocity and the electric eld. (C) These
two radial elds will combine as an orthogonal component of the B eldas B; = B, + B, and modify the
precession frequency accordingly. The images for (A) and (B) are from Pendlebury et al. [64].

The corresponding frequency shift may be determined classically using the Bloch equations
[74] or guantum mechanically using conditional density matrices  [66, 65]. From here through the
end of the section, we will be quoting results rather than deriving them, but with the intention of
remaining as grounded as possible in the physical nature of the system described up to this point.
For a more thorough derivation, the reader is referred to the dissertation of Christopher Swank [66].
In the adiabatic regime j! ,j<< ! ¢, the shift may be shown to be equivalent to Berry's phase [75,
74, 65].

The linear in E frequency shift may be written as a position-velocity correlation function,
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d cos(l o Jhy(t+ Jvy()+x(t+ )vu(t) y()vy(t+ ) xE)ve(t+ )
° (1.12)
where h.i indicates an ensemble average. Note the leading terms of Eq. 1.12 show that the shift is
proportional to the gradient (  B,) and E=c (B, ). With some more massaging, this expression can be
shifted via Fourier transform to,

’E
' Be= T[! 0ImSg,, (! 0))+! oIM(Ss B, (! 0)) + X Byi+hyByil], (1.13)

where we are interested in the imaginary component of the spectrum of the correlation function
(§;) given by, z,

S;( o)= d e Mo r@)jt+ )i (1.14)
0

Similar frequency shifts may be determined forthe B2 and E? terms (from Eq. 1.11) and also
expressed in terms of the spectrum of the relevant correlation functions. We will not discuss these
two shifts further, but note that they can also be used to measure S§; (! ) and therefore provide a
check on different systematic effects that might crop up during the measurement of any individual
shift onits own [58, 57].

At this point, itis worth taking a step back to consider what we have discussed so far. The particles
in our system will experience a transverse magnetic eld caused by the combination of gradients in
the axial eldandthe v  E effect. This extraneous eld is unavoidable, and will cause a frequency
shift that will manifest itself as a false nEDM if it is not taken into account. This shift can be written
in terms of correlation functions. In the next section, we will show how these correlation functions
can be measured, thereby allowing us to quantify this effect.

1.4.2 Measurement of the Correlation Functions

Our effort to derive the frequency shift in terms of correlation functions in the previous section

was not an accident. We can now use the theory rst described by Red eld [76], which relates
the relaxation times of a precessing spin to the same spectrum of correlation functions. (Thisis a
common practice in NMR systems; see also Slichter for general NMR applications [77] and McGregor
[78] for application to 3He.) As before, the derivation of the relationship between the relaxation
times and the correlation functions is beyond the scope of this project, so we will be quoting results
from Cianciolo et al. [57]. Much more has been written on the subject over the last two decades in
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regards to the nEDM search as the community has endeavored to quantify this systematic effect  [68,
69, 70, 73,71, 67, 79, 80.

Before delving into the math, it is again informative to remind ourselves of the geometry, this
time in regards to relaxation times. Consider a collection of polarized particles that exist with their
spins parallel to a constant magnetic eldinthe  Z direction ( Bg). We can use a brief orthogonal RF

eld to tip the particles so that their spins are now in the x-y plane and they precess at the Larmor
frequency about the B eld with frequency ! ¢ = Bg (Fig. 1.6A). In a perfect system, this would
continue inde nitely. As before, we are under no illusions that our system (nor any physical system

for that matter) is perfect. Instead, the particles will eventually begin to dephase, both longitudinally
(the spins relax out of the x-y plane and eventually returnto  Z; Fig. 1.6B) and transversely (consider
a projection onto the x-y plane as some spins precess slightly faster and some slightly slower, leading
to decoherence in the signal; Fig. 1.6 C). The time it takes for these processes to occur are referred
to as T, (longitudinal) and T, (transverse) relaxation times. Crucially, these times are not impacted
by the presence (or absence) of an electric eld, and therefore can be measured using the SOS
apparatus to begin to quantify the geometric phase induced frequency shift.

T, can be measured via free induction decay (FID) in a system with known transverse gradients.
To do so, a short RF pulse (< /2) is applied to a series of polarized particles so that their spins are
no longer along the Z axis. These spins will begin to decay back to the longitudinal axis, with the
rate dependent on the gradients and the position-position correlation functions as given by,

™

. 2 2 @B, 2
=~ B Rds( o+ o RSl (1.15)

T 2 @

We can measure T, at various gradients (controlled via the shim coils) to determine the real portion
of the correlation functions, which are related to the imaginary portion (giving the frequency shift,
see Eqg. 1.13) by,
Z,
Re[S; (1 )]= d cos(t HH(t)jt+ )i,
Z01 Z,

Im[S; (! )]= d sin( DHh(t)j(+ )i:i dr ©
0 2 1

1.16
RefS; (! 9 (40

I 10

Similarly, we can measure the transverse relaxation while applying a known oscillating RF eld
with frequency ! ¢,
. <
P @., ?
2 @

1
T Re[Scx (! r1)]. (1.17)
2
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Figure 1.6 The geometry of Larmor precession and relaxation times. (A) A general NMR sequence. A /2
pulse is applied to an ensemble spin particles with moment,  ~, so that it they now orthogonal tothe By
eld. It will now precess with frequency ! 4. Inthe absence of any gradients, this would continue indef-
initely; however, in any physical system, the spin species will be subject to longitudinal (  T,) and trans-
verse (T,) relaxation. (B) T, is determined by applying a short B, pulse (< /2)to the spin particles while
applying a known B gradient. The spin particles will decay longitudinally back to the  Z direction. This
is repeated for different gradients and B, pulses to measure t ( ,r ), which can be used to determine T;.
(C) T, is a measure of the transverse dephasing of the ensemble of spin particles. To calculate T,,a /2

pulse is applied to tip the spins as before. The combination of gradients and a oscillating RF eld ( o) will
cause the direction of the moments to separate. Again, this effect is repeated at different gradients and RF
frequencies to measure t( ! ,! .¢,r ), which can be used to determine T,.

Finally, we can also directly determine the imaginary parts of  S; (' ) by measuring the B? fre-
quency shift as, ™

2 ° <2 @B 2
! B2= %{X IM[Sey (! o)]+ @y Im[S,,( o) . (1.18)

It is not known at this time which set of measurements ( T;, To, ! g2) will allow us to get the

best determination of the correlation functions that ultimately may be used to calculate the fre-
guency shift. Likely, a combination of measurements will be needed in order to cross-check each
one for potential unknown systematic errors. The SOS apparatus will allow us to do this without
wasting valuable time on the NEDM@SNS apparatus, and can even be ran concurrently if the larger

18



experiment has systematic errors to check during an experimental run.

The correlation functions of 2He will be measured rstusing SQUIDs to determine the precession
frequencies and associated relaxation times. This will occur while the experiment is still on Duke
University's campus (where construction is nearly complete). In addition to varying the gradients of
the magnetic eld, we can also investigate the effect the temperature has on the size of I for SHe.
This can be tuned via the temperature of the super uid helium because the mean-free-path of the
3He is dominated by phonon scattering and is strongly temperature dependent(  / T 7)[81].

After enough data has been gathered, the apparatus will be moved to the PULSTAR reactor at
NCSU, where the new UCN source [56] will provide neutrons for the experiment (see section 3.1.1).
Because the neutron density issosmall (10 1°ofthe 3He), the correlation functions of the neutrons
will need to be inferred from the signal of spin-dependent interaction between the species (Eq. 1.7)
and the already measured 3He functions.

1.5 Contributions to the SOS@PULSTAR Program

This dissertation adds to the collective progress made towards the realization of the SOS@PULSTAR
program by describing the progress made towards the implementation of the magnetic system and
the characterization of the measurement cell.

A stable magnetic environment is critical to any NMR measurement. For an experiment as precise
as ours, this is even more paramount. In order to extract enough data to properly characterize the
relaxation times of the spin species, we must rst maximize these times in the absence of intentional
gradients. This allows for greater control and resolution in the relaxation data generated as the
gradients are manipulated during the SOS measurement program. To maximize these relaxation
times, extensive simulations were carried out by others in the collaboration to determine the optimal
wire placement in the magnet coils. When the author joined the collaboration, much of the system
had already been designed. The work relayed in the following pages builds on the work of previous
students and collaborators, and could not have been done without them.

Ch. 2 will highlight updates made to the magnetic system in the SOS apparatus. In some regards,
this was as simple as assembling components that had already been designed. In many cases,
however, this also required updating, improving, and /or iterating solutions so that the physical
experiment can reach the desired precision needed to realize the ultimate goal of improving the
limit of the NnEDM measurement. To this goal, we contributed the design, creation, and realization
of a low-current persistent current switch, which was needed forthe By coil to reach the proper
temporal stability (sec. 2.2). Along the way, we developed a new way to build superconducting joints
that is easier to undertake than previous methods (sec. 2.2.3.2) and proved that joints constructed
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in this manner worked up to 450 mA (sec. 2.2.5.3). We also designed and implemented all of the
wiring for the magnet system, from the room temperature feedthrough all the way to the magnet
coils themselves (sec. 2.3). This project considered pressure, cryogenic, electronic, magnetic, and
engineering constraints so that it would tin the SOS apparatus as it had already been planned and
built to that point. Finally, a unique method of shielding (electroplated Pb, which is superconducting
below 7.2 K) was tested to ensure that it would reduce background noise in the magnetic environment
of the experiment (sec. 2.4).

In addition to contributions to the magnetic system, this work will also highlight efforts made to
characterize the neutron storage properties of the measurement cell (Ch. 3). The cells, which are
constructed by our collaborator Kent Leung, de ne the central volume in which the experiment
takes place. To maximize our sensitivity, it is crucial that these cells can hold these polarized particles
as long as possible so that we can increase the number of particles available for capture (Eqg. 1.5);
ideally, this storage is at least 610 s for the UCN, which corresponds to a wall loss time north of
2000 s. This is not an easy feat, as neutrons do not tend to exist as free particles, strongly (pun
intended) preferring to join to a nucleus with some room for them. Therefore, great care must be
taken when constructing the measurement cell so that the UCN (sec. 3.1) can be stored inside for
a time approaching that of the neutron lifetime. This is done by choosing deuterated (no room
for another neutron) material that will not disrupt the polarization or the storage of either species
(sec. 3.2).

We found that the cell we were studying was initially able to store the neutrons close to our
610 s goal (sec. 3.3.2.2). However, we were unsure of the energy spectrum of the neutrons that were
held and, in our efforts to determine this, we contaminated our system. Further measurements
revealed that our contaminated system saw a signi cant drop in the storage time (sec. 3.3.2.3)
and was not able to hold > 100 neV neutrons (sec. 3.3.3.1), although we suspect that this was also
the case before contamination (sec. 3.3.3.2). In an effort to better understand the spectrum of the
stored neutrons, we built a new energy spectrometer in the form of a roundhouse (RH) with precise
and external control of a UCN absorber (sec. 3.4). Not only will this device help us gather data on
potential contaminants in our system, but it will also allow us to better understand the energy of the
neutrons in the system, which is directly related to the magnitude of the motional magnetic eld that
contributes to half of our ‘false NEDM' that we wish to quantify with SOS@PULSTAR. Unfortunately,
the UCN group at Los Alamos Neutron Science Center - where we constructed the RH - did not
produce neutrons in 2023 or 2024, so we have not been able to characterize the performance of the
RH or take more cell storage measurements since adding it to our system.
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CHAPTER

2

MAGNETIC SYSTEM

To state the obvious, the magnetic system is at the core of any nuclear magnetic resonance measure-
ment. In medical applications, these systems have magnets that are very large, operating at currents
with 10's or even 100's of Amperes and generating elds of 1 Tesla or greater. The SOS apparatus
will operate at much lower currents (and therefore lower elds). However, the technical dif culty
required for the construction of the magnetic system is very high due to the level of accuracy needed

to perform our extremely precise experiment. This chapter will discuss the overall parameter goals

for the magnetic system in the SOS apparatus (sec. 2.1), the development of a superconducting
switch to keep the B, eld temporally stable (sec. 2.2), the implementation of the magnet coils

in a manner that maintains the required spatial precision (sec. 2.3), and nally the testing of a
superconducting shield method to reduce the noise in the nal magnetic eld (sec. 2.4).

2.1 APrecision Experiment

To measure the frequency shift caused by a potential electric dipole moment to the desired limit of

5 e-28 e*cm in free precession mode, the NEDM@SNS apparatus will need to be sensitiveto  Hz
level precision from a 100 Hz signal. At this level of precision, systematics play an outsized role in
the measurement. For example, a quick back-of-the-envelope calculation using Eq. 1.2 and the
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gyromagnetic ratio of the neutron [82] would indicate thata B elddriftof | 0.2fT/sinthe3 T
holding eld would generate a (false) signal at this level, and would become a signi cant systematic
effect that would restrict the ultimate limit we could set on the nEDM measurement.

SOS@PULSTAR will not be able to measure an nEDM since it is lacking an electric eld, but
the level of precision is nearly as strict. In order to measure the change in relaxation times - and
therefore the relevant correlation functions - we rst need to make sure our eld gradients are small
enough so that those relaxation times are maximized. Similarly, to test the effect the walls of the
measurement cell have on the polarization of the neutrons and  3He, we need to ensure that we
arent losing polarization rapidly due to defectsinthe B eld. And of course, we can only manipulate
the spins of the stored particles if the elds for doing so are suf ciently accurate.

2.1.1 Magnetic Systemin SOS@PULSTAR

The magnetic system in SOS@PULSTAR consists of two main elds and a series of supplemental
shim, divergence, and gradient coils (which will all be lumped together as "shim" coils for the
remainder of the chapter). The By eld will operate at 30 mG (3  T) and must have a gradient
< 500 nG/ cm so that the T, relaxation time for 2He is > 400 s[57]. As already stated, the temporal drift
in the eld must be less than 0.1 part per billion per second; this is achieved through the addition

of a superconducting switch (sec. 2.2). The superconducting wires used to set the eld should be
placed within 0.5 mm of the designed location (sec. 2.3.4), although the shim coils might be able to
reduce the subsequent gradients if this requirementis not met  [83].

The B; eldis orthogonal tothe By eld and will be used for both spin ipping (sending a short
pulse to tip the polarized particles to a desired angle, including the x-y plane via a " /2" pulse)
and critical dressing (sec. 1.3.3.2). During critical dressing, the coil will operate at a maximum of
6 A at 1 kHz, generating a eld around 400 mG. As withthe By coil, the wires creating the B; eld
should be placed within 0.5 mm of the desired location. To avoid massive amounts of joule heating
that would be associated with this current (the coil is 130 m long), it will be made out of Type-I
superconducting wire (sec. 2.3.3). Two shim coils will also be present to aid the B4 coil to produce
the optimal eld.

The design of the magnet coils and their placement was determined via COMSOL simulations,
with the goal of maximizing the relaxation time of the precessing spins. This was done by collabora-
tors - most notably Chris Swank - earlier in the design process. The wire placement mostly follows a
cos distribution, which causes a steady dipole eld. However, it needed to be slightly modi ed
to taround all of the components of the apparatus. Fig. 2.1 shows the nal locations of the wire
placement and the orientation of the generated elds in relation to the measurement cell.
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Figure 2.1 Overview of the magnetic elds in SOS@PULSTAR. For simplicity, many of the components
have been removed from this engineering rendering to highlight the components that are most relevant to
this thesis. The magnet coil frame measures 66 cm in diameter and 45.75 cm in height. The feedthroughs
(sec. 2.3.2) are not shown explicitly, but their location is indicated. The By eld is generated by 48 coils of
NbTi wire (wire in brown), and B, by 66 coils of 50Sn50Pb wire (wire in blue) (sec. 2.3.4). The image on
the right shows a top-down view of the wire placement. Note that the wires of the two magnets are both
concentric around the measurement cell, but with slightly different radii, with the B, coil inside the Bi,.
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The implementation of magnet coils and their associated leads is discussed in depth in sec-
tion 2.3. Because this is a cryogenic experiment, design choices were made with thermal, magnetic,
and pressure considerations in mind across the different layers of the system.

Finally, to ensure that our intentional elds were not drowned out by magnetic noise, we installed
four layers of magnetic shielding, with the ultimate goal of gaining a DC shielding factor of at least
1000[84]. Several of these layers (active cancellation coils, Metglas ® and Cryo-netic ® shields) have
already been implemented, but the nal one - a thin layer of electroplated Pb, a superconductor -
was tested and subsequently used as a magnetic shield directly outside the coil frame (sec. 2.4).

2.2 A Low-Current Superconducting Switch

To achieve a stable magnetic eld in the temporal domain, the = By magnet package will need to be
run in persistent current mode, in which the currentis held in a superconducting loop. Because
superconductors are characterized by their lack of electrical resistance, once a current has been
induced in this loop, it would theoretically continue forever (this is not quite true in reality, as will be
discussed in the following sections). Operating in this mode is a common technique for achieving
temporal stability in precision-NMR systems  [85, 86], and is necessary because it allows the user to
maintain a current stability several orders of magnitude better than even the best power supplies
can provide. Superconducting (SC) wire is readily available commercially and can be wound to
create the desired magnetic eld (see sec. 2.3.4); the main challenge for such a system becomes
setting the current to the desired value. This can be realized by changing a small section of the SC
coil to a non-superconducting (or normal) state while the current is set to the desired level, then
returning the entire loop to a superconducting state (Fig. 2.2). As this is directly analogous to a simple
electronic switch opening and closing a circuit, a device that accomplishes this task is appropriately
labeled a superconducting, or persistent current, switch (PCS). The SC switch must then be joined
to the remaining SC loop via - you guessed it - SC joints. These joints are typically the most dif cult
component in the circuit to construct and the most likely location of unwanted resistance that
would reduce the effectiveness of operating in persistent current mode, and therefore great care
must be taken to ensure their effectiveness. This section will lay out the theory of SC joints and
switches (sec. 2.2.1), requirements for a PCS for our experiment (sec. 2.2.2), the trial and discovery of
a new and easier superconducting joint method (sec. 2.2.3), the effort to realize a successful SC joint
(sec. 2.2.4), and, nally, the analysis of a working low-current superconducting switch (sec. 2.2.5)
that will be implemented into the By magnet package in SOS@PULSTAR.
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Figure 2.2 Circuit diagram for a superconducting switch. The switch (light blue dashed line) consists of a
NbTi superconducting wire that is in good thermal contact with a heater wire. The switch, joints, and coil
are placed in a cryostat and cooled below critical temperature. (1) To set the current, a heater is used to
warm the switch above its critical temperature and then  (2) a power supply provides the desired current.
Once the current level is reached, the heater can be turned off  (3) and the SC loop is now closed. Finally,
the power supply can be turned off (4), and the SC loop now maintains the desired current.

2.2.1 Background

The rst superconducting switch was created in 1960 to create a cryogenic circuit with no Ohmic
heating to improve the heat load for low-temperature (< 20 mK) studies [87, 88]. In the years that
followed, the PCS came to be a critical component in precision-NMR research as well as in NMR-
based technology like MRI machines. Today, much of the eld is interested in high-current ( >50A)
and/or high- eld ( > 1 T) applications, especially in medical technology [86, 89]. In fact, among the
literature reviewed for this project, only van Waarde et al. [90] studied a PCS operating with less than
one Ampere. This distinction is important, as PCS's operating under higher currents must consider
a different set of constraints than those intended for operation at low currents.

For high-current switches, the resistance of the PCS in the normal state is of great importance
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for two major reasons [91]. Firstly, the energy lost during the charging of the magnet is inversely
proportional to both the normal resistance of the PCS and the ramping time:

E,L 2L
E_o = RT' (2.1)
where E—; is the fraction of resistive energy loss to the energy stored inthe magnet, L isthe inductance
of the magnet, R is the resistance of the switch when normal, and T is the ramping time of the
current (assuming constant rate). Therefore, a higher resistance allows the userto nd an appropriate
balance in the minimization of energy lost and ramping time of the current supply, which can still be

on the order of minutes or even hours for large-inductance, large-current magnets. Just as important
for large magnets, a quench in the PCS could cause the entirety of the magnet energy to be dumped
into the switch with its highly resistive matrix, which could overwhelm the delicate circuitry and

ruin the switch, the magnet, and /or nearby instrumentation. For this reason, most large magnets
will increase the size of the switch or employ a protection shunt resistor parallel to the switch that is
capable of absorbing most of the deposited energy should a quench occur  [91].

Superconducting loops operated at lower currents face a much different set of constraints. On
the positive side, concerns about ramping time are mostly non-existent. For example, we set the
parameters for our PCSto be onthe orderof R' 0.2m andL' 5 H atcryogenic temperatures
so that we can use a ramping time as low as 5 s and still keep the energy lost in this procedure at 1%
or less (see also Eqg. 2.5). Similarly, quench protection is less of a concern as the magnet is storing a
much lower amount of energy, and the switch does not need to be made as large as a result. On the
other hand, there is concern that a low-current PCS may be more susceptible to unreasonably long
times for "settling," a phenomenon in SC loops where the initial current falls quickly before reaching
a steady state (see the rst 20 min of Fig. 2.3 for an example). This is thought to be predominantly
due to redistribution of originally inhomogeneous current density among the superconducting
laments of the SC wire. It is believed that the settling time will be shortest when the initial current
is highest [85], so a low-current PCS could be plagued by a current that takes hours or days to settle
after every current step. Since there is scant literature on low-current PCS, this was a phenomenon
we wanted to test.

The operation of a PCS is relatively simple and is shown in Fig. 2.2. Attached to the remainder of
the SC loop via two SC joints, the switch must be able to transition between normal and SC states:
this can be done by raising the temperature of the superconductor above its critical temperature
(the most common method), raising the external magnetic eld above the critical eld [90], or even
mechanically interrupting the SC loop [92]. Because we cannot introduce additional magnetic elds
to our experiment and mechanical contacts require additional engineering challenges, we used
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a heater wire to thermally manipulate the superconducting state of the PCS. Once the heater has
raised the temperature of the PCS above its critical temperature (step (1) in Fig. 2.2), a current can
be induced in the remaining SC coil (step (2)). After the current has reached the desired level, the
heater can be turned off so that the PCS returns to its superconducting state, completing the SC loop
(step (3)). Finally, the power supply can be ramped down (step  (4)) and, if necessary to minimize
heat leak, the leads removed from the system (not a large concern in our case, see Table 2.4). A
supercurrent has now been induced in the magnet coil circuit and, once settling has completed,
should persist "inde nitely."

In theory, a supercurrent would last forever without outside intervention. However, as any good
experimentalist will tell you, theory only gets so far. Both the manufacture of SC wire and, even more
so, the creation of SC joints can introduce imperfections and minuscule resistance to the circuit
that will cause the current to eventually decay over time. As decay occurs, changing ux among the
superconducting laments and across the resistive matrix can also generate unwanted resistance
and lead to additional loss [93].

Over the years, scientists have come up with several ways to measure the performance of
superconducting circuits. To measure the critical current performance of the circuit, a four-point
probe method can be applied to measure the V-1 characteristics  [94]; as the circuitis superconducting,
the current will increase with minimal voltage rise, but an Ohmic (linear) V-I relationship will emerge
once the circuit becomes normal above |.. For a more precise and quicker analysis, Brittles recently
developed a method using SQUIDs to measure the magnetic hysteresis loops of potentially SC loops
to evaluate their viability [95]. Even the nominally "zero" resistance of the circuit can be measured,
or at least characterized by an upper bound. van Waarde et al. [90] measured the integral of the
voltage charge and discharge curves over the course of two weeks to determine the amount of energy
lost over that time frame. Note, however, that this method is unable to differentiate between any
energy lost due to initial settling and subsequent loss due to "regular” decay due to imperfections.
(Because they did not measure muchloss- R 3.3p - it seems that any settling was negligible,
but their measurement method leaves open the question of quantifying settling in a low-current
PCS.) A more common way to measure the resistance of the supercircuit is via inductive resistance
testing (IRT), also known as the current (or eld) decay method. First introduced by Leupold and
Iwasa [96], IRT utilizes the simplicity of a superconducting loop by modeling it as an LR-circuit with
an extremely long time constant (a valid approximation for passable SC joints). The resistance can
then be extracted from a measurement of the current decay,
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Measuring the current can be done using any method at the user's discretion as long as it doesnt
remove energy or add resistance to the system. A common method - and the one that will be used
throughout the remainder of this publication - is to measure the magnetic eld of the test coil using

a magnetometer. Because the magnetic eld of a solenoid (the test coil) is directly proportional
to the current, jFBj j |—'j, assuming the solenoid geometry and permeability are not changing.
Therefore, the resistance of a superconducting loop can be determined by the eld decay as,

L
R= —
t

B . (2.4)
B
An example of this kind of measurement and analysis can be seen in Fig. 2.3, in which the authors

(lwasa and Leupold ) explicitly show the impact that the slope of the current decay has on the nal
resistance value. Note thatthe rst 20 min are not used for the analysis as they are an example of
settling before the current reaches its steady state. Interestingly, the authors attribute their settling

to the current exceeding | of the superconductor and therefore owing through the Cu matrix until

the nite resistance of the Cu caused that current to decay away; if that explanation of settling is
correct, it would indicate that our low-current PCS should not experience this phenomenon as long
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as the | of our joints is appreciably higher than our operating current.

Figure 2.3 Example of IRT measurement from Leupold and lwasa [96]. Note that the slope determines the
limit of R based on Eq. 2.3. Additionally, the rst 20 min of the plot represent the phenomenon known as
settling, where the V-I characteristics drop rapidly before stabilizing to a steady supercurrent; this data is
not included in the IRT analysis.

Hypothetically, Eq. 2.4 suggests measurement times as long as possible to enable better charac-
terization a circuit with extremely small resistance. In practice, longer measurement times lead to
diminishing returns (after all, an order of magnitude improvementin R needs an order of magnitude
longer measurement), so researchers usually use an IRT measurement to set the upper boundon R
that is deemed acceptable for the persistent current in question.

2.2.2 Constraints for SOS@PULSTAR

To achieve the desired temporal stability in SOS@PULSTAR, we would like the current to change
by no more than 1 partin 107 over the course of a measurement cycle (since our measurement
cycle is on the order of 1 e3 s, this matches our earlier calculation thatthe B eld drift should be

10 19 per second). With the B, coil having an inductance L on the order of 1mH, we will need
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our switch and joints to meet the requirementof R 1e-13 . We also need to characterize any
settling phenomenon so that we can modify procedures to minimize the time waiting for settling to
complete during each run.

Additionally, due to the strict eld gradient requirements of our system, the PCS and joints will
need to be made out of relatively "non-magnetic" materials like plastics, Cu alloys, or Nb [97]. The
SC wire used for the switch will need to be wound in a non-inductive, bi lar manner [98] so asto
minimize eld perturbation during charging or operation. Our switch and joints also need to be
kept very small - on the order of a couple cubic inches - in order to t neatly into our existing magnet
package (see Fig. 2.21 for nal design).

Finally, we would like to make the switch and joint system modular (or at least as modular as
possible given the need to form new SC joints whenever connecting to a new coil). This was born
out of a desire to be able to transfer our switch between test coils, the  Bg coil in SOS@PULSTAR, and
possibly eventhe larger By magnetforthe nEDM@SNS apparatus. Given our complicated geometries,
spatial constraints, and order of construction of our apparatus (we must wind the coils with great
precision before joining the ends, see Fig. 2.24), we were also hoping to make the joint construction
process as simple as possible; especially as different members of the collaboration construct the
persistent current coils during various phases of commissioning and running. As will be discussed
in the next section, we ultimately invented a new method of joint creation that hybridizes existing
methods but is much easier to implement in practice. This method could make the technology of
PCS's more accessible not only for our collaboration, but also for future experiments unknown!

2.2.3 Joint Construction

While creating a PCS takes some care, by far the most dif cult component of the nal SC circuit is
construction of the superconducting joints that connect the switch to the magnet coil. These joints

are the most likely culprits for unwanted resistance or imperfections in the nal SC loop [85, 95, 99.
They are also required to be made (and then tested) for each new switch / coil combination; therefore,
determination of a reliable method for joining can reduce potential frustration and time delays
associated with this procedure. Niobium (Nb) is the most used superconductor in multi lamentary
wires and is widely available commercially. With a relatively high T, (ranging from 9-20 K depending
on the alloy) and a long history in the eld leading to excellent characterization of its SC properties
[100], nearly all experiments below 10 K that utilize SC wires will use a Nb alloy, with NbTiand Nb ~ 3Sn
as the most common types. (It's so prevalent that nearly all citations in this section use a Nb-alloy as
their superconductor.) Joint techniques between high-temperature superconductors (HTS) have
grown over the past several decades as HTS applications have become more common, but HTS
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joints will not be discussed here; interested readers can look to  [85] and references therein for an
overview of that technology.

Although Nb is the standard in SC wire technology, it does suffer from one major drawback: it
oxides rapidly if exposed to any oxidizing agent, including water or air ~ [101, 95]. Nb-based SC wire
is manufactured with insulation or a Cu-matrix surrounding the laments to prevent oxidation
in bulk wire. However, a layer of oxidation will form on the surface of the Nb when it is exposed
during joint creation and will lead to a nite resistance in the otherwise superconducting coil.
Thankfully, over the six decades since the rst PCS, several different methods have been developed
to circumvent this issue (sec. 2.2.3.1). However, each contains some degree of dif culty and requires
high temperatures, dangerous chemicals, high vacuum, or high pressure - and often a combination
of these factors - during manufacture. Because our magnet coils will already be installed before
our PCS is added, it will be dif cult or even impossible for us to implement these methods during
creation of the SC joints to the nal coils. Therefore, we investigated a novel method for SC joint
creation that combined the more reasonable aspects of the previous methods (sec. 2.2.3.2) and
ultimately succeeded in producing a well-characterized SC loop up to 450 mA (sec. 2.2.5.3).

2.2.3.1 Previous Methods

Overthe second half of the twentieth century, scientists and inventors have patented several different
methods for joining together Nb-based superconductors. In the subsequent years, these methods
have been studied in depth to determine the effect each might have on the ultimate SC properties

of the joint [95]. | will brie y mention two methods (diffusion bonding and spot welding) used by
others in the eld that we did not study before highlighting two more methods (cold press and
superconducting solder) that we combined in our new joint technique.

Diffusion bonding is perhaps the most dif cult SC joining technique to implement and, probably

not coincidentally, the least common in the literature  [99, 102]. Requiring the SC wire to be under
vacuum at very high temperatures (450 C) for multiple hours, we never seriously considered this
method due to the complexity of our experimental apparatus in which the joint procedure is to
take place, including many things that would not survive at 450 C. Spot welding, in which the SC
laments to be united are welded to each other as a couple of electrodes are brought together, is
much simpler to implement  [103, 104. However, this technique produces the least reliable joints;
to compensate, researchers will often perform 5-10 welds over several centimeters of wire, which
does increase the chances of a successful joint. Still, the high local temperature produced by the
weld may damage the underlying structure of the Nb-alloyed lament, which could impact the SC
properties of the wire [85]. For this reason, we decided to test other methods to determine viability
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before returning to spot welding if necessary.

We started our SC joint investigation looking into solders that are superconducting at cryogenic
temperatures. Many solders t this criteria and have SC properties that are well characterized [105,
106, 107, 108, 109. As before, the primary challenge of this method is that the Nb wire oxidizes so
quickly that exposing the laments to air before adding the solder leaves an oxidation layer around
the Nb. To overcome this obstacle, Thornton invented the matrix replacement method [110], in
which the Cu-based matrix surrounding the superconducting laments is rst dissolved in molten
tin (Sn) at temperatures greater than 300 C for several hours before the joint is transferred to a
molten solder to replace the Sn (see Fig. 2.4 for a step-by-step example). The addition of Sn coats
the Nb laments in a thin metal layer that protects the superconductor from oxidation while it
is transferred to the superconducting solder bath. To further minimize the chance of oxidation,
this procedure could be undertaken in an Argon gas environment. However, the reliability of the
procedure is good enough that it can be performed in open air as long as the time to transfer the

laments before the steps is kept at a minimum ( 5min) [99, 111, 113. While the high temperatures
of the molten metals are not ideal, the fact that we could implement this procedure in open air and
produce reliable results made it a candidate for our experiment.

We made several joints via Thornton's matrix replacement method, and our speci ¢ procedure
is outlined in Fig. 2.5. It is important to note that Sn is also subject to oxidation and, over time, a
thin layer of "dross" will develop on the surface of the metal; this layer was broken up by stirring
between every step in the process in order to minimize the amount of oxidation in the nal joint.
After the Sn was melted at 320 C, the ends ( 1 cm) of the SC wire were stripped of their insulation,
washed in acetone, and twisted together before being lowered into the dross-free Sn bath. The wires
were kept in the Sn for 150 min while the temperature of the bath was measured periodically with a
Type-K immersion thermocouple. Next, the dross on both the Sn and the SC solder was broken up
and the wires were transferred between the Sn and the solder on the same hot plate. At this time,
the individual NbTi laments were visible. We used Ostalloy203 (15.5Sn—32Pb-52.5Bi) solder, in
large part due to its high T, (8.68 K, [85]) and moderate melting temperature ( 203 F= 95 C). After
one hourinthe 320 C Ostalloy203 bath, the dross was removed and the wire ends were transferred
to the nal joints containing Ostalloy at 120 C (we alternated between Cu and Macor for the joint
casing), where they were allowed to cool to room temperature.

The solder procedure might be the most popular method for constructing SC joints, but it did
give us pause when considering implementation in our nal coil con guration. Our concern initially
was with the reliability of the soldered joints, as many did not work. However, as will be shown
in section 2.2.4.2, this was likely due to a combination of learning - and making mistakes - as |
built joints as a new graduate student and from heat sinking issues that plagued our circuitry. After
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Figure 2.4 Overview of Thorton's matrix replacement method from  Patel et al. [112]. The inset in the lower
right corner shows an optical micrograph of two NbTi laments jointed via PbBi solder from Brittles [95].

more discussion within the collaboration, we also decided that the matrix replacement method was

not ideal during construction with the nal coils, as it would require a scientist to be in a tightly

con ned space with extremely hot, Pb-based, molten metal for an extended period of time while

performing a delicate joining process. Having established a procedure for this technique, we decided

to investigate one more possible joint methodology before potentially returning to a soldered joint.
Another method for creating a superconducting joint was invented by Nuding in 1969 [113],

shortly after the invention of the PCS. Commonly referred to as cold pressing, the user strips the

insulation from the SC wire before placing the ends to be joined in a solution of nitric acid (HNO 3),

where the Cu-stabilizing matrix is etched away over the course of several hours. After the laments

are visible, they are removed from the HNO 3 and rinsed with a hydro uoric acid (HF) solution. They

are then twisted together and placed in a metal crimp (usually Cu or Nb), which is crushed by a

press with enough force to (hopefully) fuse the laments together as in Fig. 2.6. This method is

relatively common [114, 115, but direct implementation in our con guration would prove both

extremely dif cult (maneuvering our completed coil (Fig. 2.24) to a hydraulic press for joining) and
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Figure 2.5 Matrix replacement procedure to create our soldered superconducting joints using Ostalloy203
solder (15.5Sn-32Pb-52.5Bi).

highly undesirable (subjecting myself or a collaborator to HF in the con ned geometry is even less
safe than molten Ostalloy). However, if we were able to avoid both of these issues, cold pressing
would seem an attractive option, both for the ease of implementation and for the ability to transfer

a completed switch among different coils in the experiment.

2.2.3.2 A New Approach to Superconducting Joints

Ultimately, we developed a new method for creating SC joints that utilized aspects of typical soldered
joint and cold press methods, but without the need for heavy presses, corrosive hydro uoric acid,
and (optionally) metals with temperatures greater than 120 C. With the implementation of SC
joints made easier, we were able to make our switch modular and connect to various coils while
the switch and its joints were held constant. We achieved this by connecting the NbTi laments of
our switch and coils to a common strip of 0.6 mm thick Nb  * to act as our "joint" (technically each
connection to the Nb layer would be considered a unique joint); for this reason, we referred to this
method as the "Nb Strip" or "Nb Pad" method in our internal discussions, and | will continue to use
that terminology here.

Fig. 2.7 shows the implementation of the Nb Pad method after exposing the NbTi laments by
dissolving the Cu matrix in 50% nitric acid (HNO 3) for two hours. As the two hour mark approached,
the 0.7 x 3.8 cm Nb strips - now epoxied with Epo-Tek T7109-19 onto an electrically insulating base
(2.1 x 3.8 cm) made of G-10 - were heatedto 110 C on a hot plate (a "warm press" if you will).
Then, just before the exposed laments were to be removed, we used a berglass brush to scrape

Ipurchased from Reactive Metal Studios Inc.: https: // www.reactivemetals.com /
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Figure 2.6 Example of a cold press joining method and optical micrograph from the transverse cross sec-
tion of the joint from  Brittles [95].

the oxides off the surface of the elemental Nb (this did not cause visible change to the Nb, so the
entire area was brushed 2-3 times to ensure completeness) and added a drop of molten Ostalloy203
to the Nb layer to improve the connection between the laments and the Nb. The visible laments
were removed from the nitric acid solution and rinsed with deionized (DI) water in open air. The
bare laments were quickly placed (5 min) on the layer of Nb in the Ostalloy droplet and secured
with a simple oxygen-free (OFHC) Cu washer (2.1 x 1.7 cm) and four brass screws secured to tapped
holes in the G-10 base. Overall, this procedure takes than 150 minutes of total time (less than 20
min of working time), temperatures no higherthan 120 C, no dangerous HF, and tools as simple as
a couple of clamps and a screwdriver.

As an alternative, we also implemented this procedure using the matrix replacement method to
reveal the NbTi laments as opposedto HNO ;. The wire ends went through the Sn and Ostalloy baths
(Fig. 2.5) as usual, but were then secured with the warm press via the Cu washers and molten Ostalloy
droplet. This approach avoids the use of nitric acid, but at the cost of much warmer temperatures
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