ABSTRACT

WHITE, CHRISTIAN RYAN. Development of a Solid Deuterium UCN Source and Associated Components
for Studies of Systematic Effects in nEDM Measurements.. (Under the direction of Paul Huffman.)

The Systematic and Operation Studies (SOS) Apparatus at North Carolina State University
is uniquely positioned to provide novel understanding of systematic effects that limit modern
nEDM measurements. Not only does this experiment seek to understand many magnetic effects to
previously unreached sensitivities, it also provides motivation for a concurrently developed UCN
source, constructed so that the conditions of UCN conversion can be explored. The methods for
forming and modifying a solid deuterium UCN converter are analyzed in detail, which can later be
combined with UCN yield to better optimize UCN densities. For the SOS apparatus, subsystems
that facilitate the removal of >He are designed, built, and commissioned. These include a charcoal
adsorption pump, a gas gap heat switch, and a cryogenic isolation valve. In order to achieve the
required magnetic sensitivities, a system to compensate for environmental magnetic fields in real

time is designed and simulated
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CHAPTER

1

INTRODUCTION - SYMMETRIES,
DIPOLE MOMENTS, AND THE BIG BANG

Left and right. Positive and negative. Before and after. Symmetry is an inescapable part of the human
experience. It powers the way we think, how we build and create, and how we learn. At its core,
symmetry is the tendency of something to stay exactly as it is, even if we reverse something about
it's circumstances. We call a human face symmetrical because it should be exactly the same if we
switch left and right, as in a mirror. But is this symmetry, this sameness, all that interesting? One
could argue that the great works of humanity - of creativity, invention, and even of pure science
itself - come from pushing at symmetry until you can nd out where it breaks. Over the next few
sections, this paper will delve into how our understanding of the universe has been indisputably
shaped by the symmetries we have observed and - arguably more importantly - by the ones we
have seen broken. In later chapters, as we seem to progress further from the realm particle physics
models, through electric dipole moments and the great collaborations that seek to measure them,
and into the minutiae of experiment, please keep this in mind: Every wire soldered, heat link created,
cryogenic liquid poured, and control system developed was in the pursuit of symmetry, or the lack
thereof. If you reach the end of this paper and your mind comes back to this truth, then | will have
done my job, and your experience will have had the symmetry | intended.



1.1 Fundamental Symmetries

If you spoke to a physicist in the early 20 ™ century, it would have been taken as a clear and in-
disputable fact that the discrete symmetries, namely charge (C), parity (P), and time (T), were
conserved. A system with the charges reversed, Cartesian coordinates ipped, or time run in reverse
should always evolve in an identical fashion, and the idea that a mirror image of a system should
evolve differently seemed preposterous. The results had so far agreed with these assumptions, and
it was not until Dirac began his work on the magnetic monopole in the 1930's that the universality

of symmetries was questioned [1]. In 1956, Lee and Yang proposed that the opposite-parity decay
products of the then-named * and * particles - which had the same masses, production rates,
and lifetimes - could be explained by P violation [2]. They suggested that this P violation could be
measured by examining the angular distribution of decay products, and at their suggestion, their
colleague Wu was able to verify P-violating beta decay on  %9Co in 1957 [3]. At this point, physicists
updated their expectations of symmetries by claiming that the combination of charge-parity sym-
metry (CP) was still conserved. In 1964, however, Cronin and Fitch were able to measure CP violation
through kaon decay [4]. The last symmetry that is still expected to be fundamentally invariant is
CPT, the combination of charge, parity, and time symmetries. The CPT theorem states that CPT
symmetry must hold for any Lorentz invariant quantum eld theory with a Hermitian Hamiltonian

[5].

1.2 CP Violation and Physics Beyond the Standard Model

The development of the early universe provides some of the most compelling evidence for a yet-
unknown mechanism for CP violation. Observations of the cosmic microwave background indicate
that the proportion of matter to antimatter created in the early universe favored matter by one extra
particle in 10 1. Sakarov proposed in 1967 that CP violation is one of the required conditions for
matter-antimatter asymmetry in the early universe  [6]. The standard model produces CP violation
through complex phases arising in the CKM quark mixing matrix, but the resulting violation is small,
predicting a matter-antimatter asymmetry of order 1 particle per 10 8 [7]. The standard model thus
appears insuf cient to fully describe observed CP violation, and new models must be explored.
Particle physicists have therefore proposed many new models that attempt to nd mechanisms to
explain CP violation, with some of the more popular models being supersymmetric extensions to
the standard model.



1.3 Electric Dipole Moments and CP Violation

The classical electric dipole moment (EDM) is a measure of charge separation in a system. However,
in spin 1/ 2 particles the EDM is an intrinsic property that is aligned with the spin of the particle.
Both the classical and fundamental EDMs can be measured by observing a potential energy change
proportional to an electric eld. Aspin1 /2 particle containing both a magnetic dipole moment
and an electric dipole moment will violate CP symmetry, as will be demonstrated in Section 1.3.2.
Searches for EDMs are thus a topic of great interest for fundamental physics research, and efforts to
improve the limits of several EDMs have continued since the late 20th century. Notable examples
include the electron EDM (standard model limit < 10°, current limit 4.1x10 -3°[8]), atomic edms on
species such as®°Hg, ?°Xe, and ?**Rn (standard model limit - 10 34to 103, current limit 10 ~3° to
1028[9]), and the neutron edm (standard model limit- 10 -32, current limit 1.3x10 26[10])

Figure 1.1 Timeline of the progression of the NEDM limit. The rst result was Smith, Ramsey, and Purcell
at Oak Ridge National Labs in 1951, and the most recent improvement was at Paul Sherrer Institut in 2020.
The range of the NEDM predicted by the standard model is shown. Figure taken from  [10].



1.3.1 History of NEDM measurements

Figure 1.1 shows a timeline of neutron EDM measurements over the last 70 years. The rst measure-
ment of the neutron EDM was performed by Smith, Purcell, and Ramsey at Oak Ridge National Labs

in 1951, and was later published in 1957. This experiment used a neutron beam and set the rst limit

for the size of the NEDM at <2.4 x 1022 e*cm [11]. Throughout the next few decades the limit was
improved a half dozen times using neutron beam experiments until the level of 10 "2 e*cm had been
reached. Progressing beyond this limit with neutron beam experiments was near impossible, due to
systematic effects related to the velocity of the neutrons. The rst experiment utilizing ultracold
neutrons - neutrons with energies below 100neV - began in 1980 at the Leningrad Nuclear Physics
Institute, improving the limitto 1.6 x 10 "?* e*cm. From this point on, ultracold neutrons (UCN)
became standard in NEDM experiments, and over the following decades several more limits were
achieved, eventually reaching the limit of 2.9 x 10 "2 e*cm at the Institut Laue-Langevin (ILL) in
France in 2006 [12]. This limit held for 14 years, until in 2022, the current limit was setat 1.8 x 10 26
e*cm the Paul Scherrer Institute (PSI) in 2020 [10].

1.3.2 Spin Mechanics of the nEDM

In a spin 1/2 particle, any intrinsic EDM must be aligned with the nuclear spin. This is because the
guantum number m, which is associated with the spin, is the only quantum number associated
with the system, and thus the spin provides the only axis for any vector operator on the system. This
means that the spin mechanics of a neutron can be described by the following equation.

n

k
where is the magnetic dipole moment, s is the spin, and d, is the electric dipole moment.

H= sB +

s E, (1.1)

The factor of % appears because of the normalization after expressing the energy contribution of
the EDM and the electric eld in terms of the spin. Applying the time evolution operator leads to a
precession frequency that contains the Larmor frequency By, with an extra shift dependent on the
coupling of the electric dipole moment with the electric eld.
I = By 2dE (1.2)
R
An electric dipole moment can thus be determined by measuring the precession frequency

of neutrons in the presence of different electric elds and looking for the shift. In theory, this
technique is straightforward; however, the limits that current collaborations are attempting to
measure correspond to a difference between the two terms of 11 orders of magnitude, even with



the largest uniform electric elds that are reasonably achievable. In the following chapters, we will
discuss how these measurements are performed and the various challenges involved.

1.3.3 How to Measure a Neutron EDM

Whether utilizing a neutron beam or UCN, all nEDM experiments utilize a similar base procedure
to measure the nEDM. First, neutrons are polarized and placed in a volume containing parallel
magnetic and electric elds. An oscillating magnetic pulse is then applied to ip the neutrons into
the plane perpendicular to B and E, after which the neutrons begin to precess. This precession
frequency can then be measured, and the experiment can be repeated with the magnetic and electric
elds antiparallel to each other. If the neutron has an electric dipole moment, it will show up as a
difference in the precession frequency.
= 2dnE (1.3)
k
In previous experiments, the precession frequency was measured using Ramsey's method of

separated oscillatory elds [11]. This method uses a spin ip with a variable-frequency rf eld to
ip the neutrons into the perpendicular plane to precess for a time T, then a second rf pulse to ip
the spins 90 degrees again. The neutrons can then be removed to an external detector to have their
spins analyzed. The fraction of neutrons in the up state versus the down state will then depend on a
relation between the precession frequency, the rf frequency, and the length of precession. The counts
of each spin state thus create a pattern of fringes with regard to the rf frequency, and by scanning
through a range of rf frequencies, a central fringe can be found where the rf frequency corresponds
exactly to the neutron precession frequency. Ramsey's method of separated oscillatory elds is a
powerful tool, but it has the disadvantage of neutron loss during the time between oscillation and
spin measurement. Many of the current NEDM searches, including the collaboration discussed in
the following sections, employ methods that allow for a more direct measurement of the neutron
precession frequency.

1.4 Then nEDM Experiment at Oak Ridge National Labs

The nEDM experiment at the Spallation Neutron Source (SNS) at Oak Ridge National Labs (ORNL)
is an attempt to improve the nEDM limit by 2 orders of magnitude, to 3x 10 28 e*cm. This will be
achieved by improving both statistics and systematics. In the case of statistics, the sensitivity can be
improved by increasing the number of neutrons, increasing the electric eld, and increasing the
measurement time. Neutron density and measurement times can be increased by producing the



Figure 1.2 Ramsey's method of separated oscillatory elds. The gure on the left diagrams the basic
method, while the gure on the right shows an example of a series of fringes, found by comparing neu-
tron spin counts given different rf frequencies. Figure taken from  [13]

neutrons directly in a cryogenic environment, which reduces both transport losses and upscattering.
The electric eld can be increase by utilizing the high dielectric strength of liquid Helium-4. Any
increase in statistical sensitivity, however, must be accompanied by a corresponding increase in
systematic uncertainties.

1.4.1 Overview of the Experiment

A model of the SNS nEDM apparatus with its major subsystems is shown in Figure 1.3, while Figure
1.4 shows greater detail around the measurement volume.The central volume of the experiment is a
1400 L composite volume lled with liquid helium. Within this volume is a set of two measurement
cells embedded in electrodes that will produce equal and opposite electric elds. These cells are
lled with liquid ~ “He, and surrounded by a magnetic coil package which includes the B coil and
spin manipulation coils. A cold neutron beam generates UCN directly in the cell by superthermal
scattering off “He. Polarized 3He are produced by an ion beam source and injected in the cell to
act as a comagnetometer and in-situ spin analyzer. Precession measurement is performed on ~ 3He
using an array of SQUID magnetometers, while indirect measurement of the neutron spin is carried
out by an optical detection array, measuring light produced by the spin-dependant neutron capture
reaction of 3He.



Figure 1.3 A model of the SNS nEDM experiment

1.4.2 Measurements

In order to perform a measurement, both  3He and UCN are added to the cell and ipped 90 degrees
by an RF pulse. The 3He precession frequency is then measured by the SQUID magnetometer
array. The UCN concentration is too low for their spins to be measured directly; however, the

He neutron capture reaction is dependent on the relative phase of each species, and thus a light

3

signal is produced whose intensity oscillates as the beat frequency between the two species. Since
the gyromagnetic ratio between the two species differs by 10%, this frequency can be combined
with that of 3He to deduce the neutron precession frequency. Additionally, the helium 3 precession
frequency can be analyzed for variations, and used to apply a correction for small uctuations in
the background eld over time. Since the measurement is performed in two cells with equal and
opposite E elds, the difference in neutron precession frequency can be used to calculate an nEDM.
The measurement mode previously described was the typical free precession mode. For this
experiment, there is an additional planned mode, called "dressed spin”. This measurement mode
utilizes an additional eld in the x direction to effectively modify the Larmor precession frequencies
of each species. By tuning the frequency and amplitude of this applied eld, the frequencies of the



Figure 1.4 Your caption here

UCN and 3He can be made to match, and by inducing oscillations in the amplitude of this eld,
harmonics can be induced and measured which depend on the nEDM. A detailed description and
derivation can be found in [14].

1.4.3 The Geometric Phase Systematic

One of the systematic effects of greatest interest in the search of the NEDM is the geometric phase
effect, or ‘geometric phase induced false EDM shift. The geometric phase was the limiting systematic
error in the 2006 measurement at ILL and is expected to be the largest systematic for most current
NEDM measurements. This effect, integrated over time, is linear in its response to the electric eld,
and thus shows up as a false EDM. The effect can be found by observing the Bloch-Siegert shift  [15]
on neutrons or 3He moving in circular orbitsina B, eld with a radially symmetrical gradient. To
understand this shift, we assume a gradient in the Bg holding eld, which is on the z-axis. From

r B, itcan be shown that the radial eld must be proportional to .

r B,
2 z

B, (r)= =ar, (1.4)



Figure 1.5 Depiction of how a gradientina B, eld creates aradial eld proportional tor. As the eld
increases in the -z direction, the eld lines must increasingly spread out in order to satisfy r B=0.

where a = (1=2)( B,= z). Now given a circular motion and an electric eld parallel to By, there
is another radial magnetic eld originating from the special-relativistic motion-induced eld effect,

rt . E
P

B, = vXE = (1.5)

Here ! , is the orbital frequency. We can combine these two to make a complete radial magnetic
eld Bg=Br B,.Withthe indicating the direction of rotation. now within the rotating frame we
have a total eld as shown below.

<
| 2
B?= B, — +Bj, (1.6)

which we can now expand and transform back into the lab frame to nd the total effective eld,
aR? E
c (! 0 ! r).

This eld can be averaged over the different rotation directions to nd a frequency shift that is
linearin E,

B =B, (1.7)
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Because this frequency shift is linear in electric eld, the shift will be seen as a false EDM.
Intuitively, this effect can be thought of as arising from the combination of two radial magnetic elds.
Figure 1.5 shows how a magnetic eld in the z direction with a non-zero gradient leads to aradial eld
that is proportional to r. As the z eld increases, the eld lines must be spread out in order to satisfy
r B =0.Thisradial eldisthen compounded by the motion-induced relativistic v X E magnetic
eld, which appears in the reference frame of a neutron in circular motion in the xy plane with an
electric eld in the z direction. This new radial eld will change sign depending on the direction
of circular motion. Without the gradientinthe B, eld, neutrons would see only this relativistic
eld during orbital motion throughout the cell, and the frequency shifts caused by given loops
would exactly cancel. The addition of gradient-induced radial elds means that orbits in opposite
directions no longer experience equal and opposite elds, and their contributions no longer cancel
out. Since the geometric phase effect is expected to be the limiting systematic in the Oak Ridge
NEDM experiment, methods are needed to account for or reduce the effect. Since the effect applies
both to neutrons and the 3He comagnetomer, strategies have been proposed to account for each. In
the case of neutrons, it is dif cult to manipulate their motion in a useful way, so this effect is reduced
by increasing the magnetic holding eld. Since Equation 1.8 is inversely related to I o, and thus
the By eld, the holding eld of XXX has been set to be as maximal as possible without increasing
other effects to unacceptable levels. In the case of 3He, the main source of scattering within the
super uid “*He bath comes from phonons. It has been shown that by manipulating the temperature
within the measurement cell, the motion of ~ 3He can be made more homogeneous through phonon
collisions, thus eliminating many of the orbital paths and reducing the effect. This manipulation
of 3He motion and quanti cation of the geometric phase is one of the main motivations for the
Systematic and Operational Studies (SOS) apparatus at North Carolina State, and techniques will be
discussed in greater detail in Chapter 3.

1.5 Systematic Studies and UCN

The remainder of this text will focus on the effort by a North Carolina State University to quantify
systematic effects and provide operational guidelines for the main SNS nEDM experiment. This work
centers on the Systematic and Operational Studies (SOS) apparatus, which is a small-scale version
of the main SNSnEDM experiment without an electric eld. The apparatus will utilize neutrons
produced in the PULSTAR UCN source, which is a solid deuterium converter based source located

10



at the NC State 1MW PULSTAR nuclear reactor. The upcoming chapter details efforts to characterize
this deuterium converter for future use in UCN production, then the following chapters will focus
on subsystem development within the SOS apparatus.
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CHAPTER

2

CRYSTAL GROWTH STUDIES FOR A
SOLID DEUTERIUM UCN CONVERTER

While construction of the SOS apparatus has been underway at North Carolina State and Duke
Universities, there has been a simultaneous ongoing effort to commission an Ultracold Neutron
(UCN) source at North Carolina State University's 1 MW PULSTAR reactor. This source will produce
UCN for use in a variety of experiments, including systematic studies for the nEDM experiment
using the SOS apparatus. UCN are generated by slowing the high-energy neutrons produced in
the reactor through scattering off of various materials. This process will occur in three stages, rst
through two moderation steps via deuterated water and solid methane, respectively, and then
through downconversion in solid deuterium (sD ). This chapter will focus on the efforts to grow
and characterize the deuterium converter in the PULSTAR UCN source, and it will investigate the
different growth parameters required to create crystals of various geometries and optical quality.
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2.1 Ultracold Neutrons, Moderation, and Conversion

2.1.1 Ultracold Neutrons and Moderators

Ultracold neutrons are free neutrons with extremely low kinetic energy, corresponding to energies
®250 neV and speeds below 5 m/ s. The de ning quality of UCN are their ability to be contained in
material, gravitational, and magnetic traps for lengths of time near the free neutron's beta-decay
lifetime. Speci cally, UCN have kinetic energies below the Fermi potential of certain materials such
as°8Ni (V=342 neV), meaning material containers and guides can be constructed within which
the UCN undergo total internal re ection at any angle of incidence and remain contained. Figure
2.1 displays the energy scales of different classi cations of neutrons, as well as their corresponding
temperatures, velocities, and wavelengths. The temperature of a neutron in thermal equilibrium

Figure 2.1 The energy scales of various classi cations of neutron energy, with velocity and temperature for
reference. From the thesis of Graham Medlin [16].

with a material can be probabilistically determined by use of Maxwell Boltzmann statistics and the
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average kinetic energy. This is easiest to see using the ux density of neutrons , which gives the
number of neutrons passing through a unit of area per unit time,

L4 <

E
(E)=vn(E)YdE/ Eexp —— dE, (2.1)
kgT
where v is velocity, n is the number density, and E is the energy of the neutrons."Fast" ( 2 MeV)

neutrons are created in abundance at ssion reactors and spallation sources, and by lowering their
kinetic energy through collisions with the appropriate material, lower energy neutrons can be
generated. At high energies relative to the material's Fermi potential, the neutrons scatter elastically
off the nuclei of the material given that their DeBroglie wavelengths are of the order of atomic nuclei,
and they experience mostly point-like s-wave scattering. These neutrons in the upper part of the
"slowing down" region lose a fraction of their energy with each collision,

Eo

. , (2.2)

avg

where is the average logarithmic fraction of the energy lost, Eg is the initial energy of the neutron,
and E; is the nal energy of the neutron. We now apply multiple consecutive collisions with the
medium in order to reach a target energy, E.

In(E)=In(E) n . (2.3)

When colliding with a hydrogen nucleus of almost identical mass, the neutron can lose all kinetic
energy, and thus the remaining energy pro le is evenly weighted between 0 and E (. Taking the
average of Equation 2.2 over this interval gives:

Z 1 . < . . < ~

E 1
=ln — = In — dx= xln — +x =1, (2.4)
Ef X X 0
avg 0

The derivation of Equations 2.4 and 2.3 can be found in Krane [17]. This means that for collisions
with hydrogen = 1. For larger nuclei, the parameter will be smaller, with a value of 0.725 for
deuterium and 0.158 for carbon 12. From Equation 2.3 we can now determine the number of
collisions required to reach a given energy E. For a drop from 2MeV (fast neutrons created in a
reactor) to 25meV (thermal neutrons), this corresponds to on average 18 collisions for hydrogen,
25 for deuterium, and 110 for carbon-12. Once the neutron approaches the temperature of the
material, it can lose or gain energy with each collision and begins to approach a Maxwell thermal
distribution with each collision. In order to bring neutrons to such an equilibrium, a material needs
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to be relatively opaque in order to create a large amount of collisions, yet not absorb a large fraction
of the neutrons. We call materials with such properties moderators. Thermal neutrons are neutrons
that have achieved this equilibrium with room-temperature moderators such as water, and cold
neutrons have achieved this equilibrium with much lower-temperature materials such as solid
methane and liquid hydrogen.

Below cold neutrons are Very Cold Neutrons (VCN) which, in the realm of 1K and below, have
temperatures below that of reasonable moderators. They thus do not comprise the majority of ux
for any moderator, but can still be found in the tail of the Maxwell distribution. UCN are the coldest
and are de ned by their ability to be contained in a storage volume. The upper end of their range
depends on the container material in question. A common material to use for neutron storage is
58Nji, with a Fermi potential of 342neV. If we consider the deuterium crystal temperature of 5K in our
experiment and apply the Maxwell distribution from Equation 2.1, we will nd that only a fraction
of 108 of our neutron ux that thermalizes with the deuterium crystal will be UCN below 342neV.
This is not nearly enough to generate suf cient UCN in our source, so clearly the neutrons are being
downscattered by some process outside of thermal equilibrium.

2.1.2 Converters and Superthermal Scattering

The earliest UCN sources utilized vertical gravitational extraction from cold neutron sources, such
as liquid hydrogen and deuterium. By using a curved vertical guide, cold neutrons could be grav-
itationally decelerated into UCN. These sources include those at the Petersburg Nuclear Physics
Institute (PNPI), as well as the source at Institut Laue-Langevin (ILL), which additionally used a
mirrored turbine to Doppler shift the UCN after gravitational deceleration [12].

Such transformations, utilizing moderators or gravitational shift, can lead to sizable amounts of
UCN, but ultimately are conservative and follow Liouville's theorem. This means that the phase-
space density (r,p)d 3rd 3p is constant for a collection of particles, and thus d = dt = 0. We thus
cannot slow neutrons and increase their density by using conservative transformations such as
reaching thermal equilibrium or gravitational shift.

In order to circumvent this limitation, we can take advantage of "superthermal scattering” rst
proposed by R. Golub and J.M. Pendlebury in 1975 [18]. In this process, a neutron preferentially
downscatters by mechanically exciting the material and creating a phonon rather than reaching
thermal equilibrium with the material itself. We can still satisfy Liouville's theorem in this case, but by
giving a large portion of phase space to phonons, we can increase the density of the downscattered
neutrons. The material is called a "superthermal” source because it remains at a much higher
temperature than the produced neutron ux. Rather than being called a moderator, such a material
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is referred to as a "converter".

Among these converters, “He is one of the more widely utilized. There is a crossing between
the material dispersion curve and the neutron energy curve at 0.89nm, meaning a neutron with
an energy of 1meV can effectively excite a phonon of equal energy and scatter to UCN energies.
Helium-4 was rst suggested as a converter by Golub and Pendlebury  [19], and was rst used to
generate UCN atthe ILL [20]. Itis used today, notably in the SNS nEDM experiment at Oak Ridge
National Laboratory as well as neutron lifetime measurements at NIST  [21]. In these experiments,
Helium-4 in the measurement volume can be paired with a cold neutron beam to create UCN in
situ. “He has a zero nuclear-absorption cross section and a low material potential which, coupled
with keeping the temperature low to reduce phonons available for upscatter, can lead to very long
storage times.

Solid Deuterium was rst proposed as a UCN converter by Golub etal.  [22] [23]. Although storage
time is signi cantly shorter than that for helium-4,sD 5, has signi cantly more phonon modes and
thus can generate large densities of UCN by utilizing an incident cold neutron ux with a broader
energy spectrum. sD , can also be operated at a temperature of 5K, which can greatly reduce the
cryogenic requirement versus a super uid helium source that must operate below 500 mK.

2.1.3 Scattering Cross Section and Production Rate

In order to create a complete picture of the expected neutron energy spectra in moderators as well as
the UCN productionin a sD 5 converter, a mathematical understanding of neutron scattering must
be developed. This has been covered in many textbooks [24] [25] [26], and a thorough review can be
found in G Medlin, Chapter 3 [16]. Medlin rst examines the formalism for multi-phonon incoherent
scattering, then applies this formalism to the solid methane moderator, and to the sD  , converter. In
deuterium, an understanding of this scattering is needed to model both UCN production (through
neutron downscattering), and UCN lifetime in the converter (through UCN loss by upscattering). He
then combines the resultant models for cold neutron ux from the moderator and UCN production
to generate an expected overall UCN production.
The total production rate of UCN can be given by the following.
Z,
Pucn =N . dEo (Eo) ucn(Bo Eucn) (2.5)
where n is the number density of the converter, is the incident ux, and ucn isthe portion of
the inelastic cross section to UCN energies. Further, the maximum UCN density in a closed volume
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of the converter is given by:
=P (2.6)

where is the holding time, and receives contributions from a variety of sources.

1 1 1 1 1 1 1
—= —+ + + + + . (2.7)

abs. wall holes up para

The beta decay lifetime of the neutron ( ) is of the order of 900 s, which sets the upper limit on hold-
ing time. Further limiting this is nuclear absorption in deuterium ( abs), Which limits the storage
timeto 150 ms at5 K [16]. After beta decay and nuclear absorption, the nexttwoterms(  walis- holes)
come from interactions with the walls of the container and can be minimized with proper material
considerations. , refers to upscattering from phonons in the converter, which is the main contrib-
utor to storage time in super uid helium sources. In deuterium, the effect of phonon upscattering
is signi cantly lower than nuclear absorption, and thus deuterium converters are not enhanced at
temperatures below 5 K.

para refersto upscattering caused by the conversion of para-deuterium to ortho-deuterium. In
pure para-deuterium, the neutron lifetime is close to 1.5 ms, so it is imperative to convert as much
para-deuterium to ortho prior to creating the crystal ~ [27] [28]. Para-ortho conversion is discussed
at greater length in Section 2.3.2, while work on the P-O converter for our source is discussed in
Section 2.5.4.

Itis important to note that UCN in a converter material will experience the Fermi potential of
that material, the same potential that allows UCN to be stored in containers. This means that UCN
that are created in the sD » crystal will see not only a reduced potential from the walls but also, upon
leaving, will receive a boost in kinetic energy pointing in the normal direction from the material
surface. For our source geometry, this will become important as a atter crystal will better allow the
UCN to exit the source.

While the mean free path in a super uid helium converter is set by the geometry of the container,
the mean free path in deuterium is limited to a few centimeters. This is caused by incoherent elastic
scattering from crystal inhomogeneities. Because we expect the converter to have a neutron holding
time signi cantly shorter in the deuterium crystal than in the surrounding vacuum, the total UCN
density will thus depend on the ratio between the two volumes.

convv— (2-8)

For many pulsed neutron sources, a fast valve is utilized to separate the converter volume from the
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holding volume after UCN production. Our source, however, utilizes steady-state UCN production,
and thus the UCN density must include the neutrons' residency time in the converter. Itis therefore
critical to create an extremely uniform crystal with minimal impurities and a low para-deuterium
content.

2.2 The PULSTAR UCN Source at NC State University

2.2.1 Principle and Experimental Setup

The PULSTAR UCN source utilizes a cryostat placed in a heavy water tank, which is located in a
reactor thermal column with a graphite-lined nose port leading directly to the open face of the
reactor. The reactor itself is a 1MW light water moderated open tank reactor that uses UO 5 pellets
enriched to either 4% or 6% [29]. This type of reactor requires a much higher U-235 enrichment than
similar reactors and has the bene t of a higher neutron ux on the bare reactor face. At the bottom of

the cryostatis a 200 g (approximately 1L) disk of sD , at5-10 K, surrounded by a 600 gram cup-shaped
shell of solid methane at 40K. The heavy water, solid methane, and sD 5 respectively moderate or
convert the neutrons in sequence, with the nal downscattering by deuterium converting some
portion of the neutrons to UCN, after which their energy is low enough to undergo total internal

re ection with the  ®8Ni coated walls, allowing them to build up in the cryostat. Simulations show
that, given the neutron spectrum from the PULSTAR reactor and the geometry of the moderators
and converter, the source is expected to produce a steady-state neutron density of 30 cm - [30].

2.2.2 Potential and Planned Experiments

UCN are of particular interest for a wide range of fundamental particle physics research. Measure-
ment of the neutron electric dipole moment, as discussed in Chapter 1, provides one of the most
sensitive probes of fundamental symmetry violations and beyond standard model (BSM) particle
physics models. Other notable experiments utilizing UCN include neutron lifetime measurements
and measurements of angular correlations in free-neutron decay. The need to improve the statistical
accuracy of these experiments has inspired the construction of many new UCN sources around
the world, with most of the newest ones utilizing spallation neutron sources, such as those at Oak
Ridge National Labs and the Los Alamos Neutron Science Center. Reactor-based university sources
can also be competitive in many experiments, the main example being the source at the pulsed
TRIGA reactor in Mainz, which has achieved UCN densities of 10 cm -3 in neutron bottles, with
future improvements planned of up to 50 cm 2 [30]. The SOS experiment and the corresponding
nNEDM experiment at Oak Ridge National Labs provide the greatest impetus for commissioning this

18



particular source, but given that the expected steady-state neutron density of 30 cm 3 is highly com-
petitive among similar sources, the PULSTAR UCN source will be an attractive candidate for other
investigations. This density allows for both continuous and storage experiments. In addition, there

are plans to conduct materials research using UCN scattering, speci cally on nanolayer materials
containing hydrogen.

2.2.3 Design Overview

The UCN source can be broken down into three separate components: The cryostat situated in
the heavy water tank, the cryogenic system, and the gas handling system. The cryostat is an elbow-
shaped chamber made of aluminum with several layers of vacuum and radiation shielding and
an additional cup-shaped volume surrounding the bottom to contain the solid methane moder-
ator. At the bottom of the cryostat is the sD , crystal held at 5-10K, above which a zirconium ring
provides a thermal break. Above the zirconium ring there are nickel-coated neutron guides, which
are maintained near 50K. The cryogenic system consists of a liquid helium storage dewar, recov-
ery compressor, lique er, and phase separator, which splits the helium supply into three separate
streams to cool the methane volume, the deuterium volume, and the guides in separate loops. The
gas handling system consists of a large methane tank, a large deuterium tank, and a gas manifold
used to condense these gases into the cryostat. An important component in this manifold is the
para-ortho converter, or P-O converter, used to convert the deuterium to the ortho state before
forming the crystal to reduce para-upscattering of neutrons.

A complete description of the engineering design for the source can be foundin  [30] and [16].

2.2.4 Cryogenic Design

A diagram of the cryogenic system is shown in Figure 2.2. The cryogenic system for the UCN source
cryostat was designed to maintain three cooling loops in order to maintain the temperatures of
the deuterium volume, methane volume, and neutron guides separately. The main feature of the
system is a Linde 1430S helium lique er, specied upto 17L /h for room temperature gas, and up to
64W refrigeration power in a closed loop. The source cryostat utilizes a hybrid approach of these
two methods. Liquid helium is produced in the lique er and supplied to a 500L helium storage
dewar, which is used as a buffer volume and a backup, allowing the source to run for several hours
in the event of power loss or lique er breakdown. The storage volume is connected to a custom
transfer tube with a built-in phase separator that gravitationally separates the incoming helium
into liquid and gas phases. The liquid phase is sent to cool the deuterium container, while the
gaseous phase cools the methane container. Depending on the level in the separator, a third loop,
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Figure 2.2 Schematic of the cryogenic system with the lique er, storage dewar, phase seperator, and three
cooling loops. Image taken from Medlin.  [16].

composed of a mixture of gas and liquid, can be sent to cool the neutron guides. All three loops utilize
a heat exchanger, heater, and appropriate thermometry to monitor and control temperature. The
deuterium loop then returns directly to the lique er, while the other two loops double back to pre-
cool the transfer tubes through counter ow, then enter a room-temperature manifold where they
are warm and reintroduced to the lique er through a compressor. During testing and subsequent
runs, the base temperatures were typically 5.5 K, 12 K, and 35 K for the deuterium, methane, and
neutron guide heat exchangers, respectively.

2.2.5 Gas Handling System

The gas handling system for the UCN source facilitates the introduction of methane and deuterium
into the cryostat. Figure 2.3 shows a simpli ed diagram of the system. A complete description of the
gas handling system with images and detailed PIDs is found in Medlin ~ [16].

Methane and deuterium, used for creating the cold moderator and converter, are stored in
room-temperature ballast tanks that are charged by high-pressure cylinders through a gas handling
panel. The gas inventory is de ned by the known volume and the measured pressure. Both gases
are transported to their target volume by cryopumping in the cryostat.

Methane is always condensed through the liquid phase, so the gas ows directly from the ballast
tank at full pressure. However, deuterium must be prepared and routed through the gas handling
panel to use the para-ortho (P-O) converter (discussed in Section 2.3.2) and to allow deposition at
different pressures.

During the warming of the cryostat or the reformation of methane  /deuterium, the gases ow
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Figure 2.3 Simple diagram of the gas handling system. Taken from [16]
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back into the ballast tanks through a check valve as the volumes are warmed. The gas handling
panel comprises additional components such as traps, lters, and a recovery scroll pump, each
equipped with inlet, outlet, and bypass valves. A detailed description of all components is available
in Medlin, Chapter 4 [16].

2.3 Solid Deuterium Properties

Deuterium was discovered in 1931 by Harold Urey, one year before the discovery of the neutron  [31].
In the intervening century, signi cant research has been conducted on deuterium for use in fusion,

but the regime of our experiment, that of low-temperature, low-pressure deuterium, has received
comparably little attention.

2.3.1 Phase Diagram and Condensation Paths

The phase diagram for deuterium is shown in Figure 2.4, with triple point at 18.65K and 171mbar, a
reasonably high pressure compared to other solids [31]. The condensation of a deuterium crystal
from gas can be performed in two different ways: from the gas phase by solid deposition, or by
freezing through the liquid phase. The dotted lines in Figure 2.4 show typical paths by which a solid
crystal may be formed. When liquefying, deuterium is added into the cryostat at suf cient pressure,
and the temperature in the cryostat is lowered, causing the gas to condense into a liquid. If the
temperature is lowered further, freezing will occur just above the triple point. In deposition, the
temperature is rst cooled below the triple point, then the gas is slowly introduced and allowed
to condense directly into a solid by deposition. In our UCN source, crystals were grown primarily
through vapor deposition. This was driven by evidence from a similar source at Los Alamos National
Laboratories, where it was found that deuterium crystals grown from vapor have superior optical
quality. Some runs were performed to create crystals from liquid, but instead of using the procedure
described above, the crystal was rst grown by deposition, and then the temperature and pressure
were raised to liquefy and refreeze the solid crystal.

2.3.2 Paraand Ortho Deuterium

Since nucleons are fermions with 1 /2 spin, molecular H , must obey Fermi-Dirac statistics. The
deuterium molecule, D ,, is made up of two deuterium atoms, each with nuclear spin 0 or 1, and
obeys Bose-Einstein statistics. This means that the wavefunction, given in Equation 2.9, must be
symmetric on permutations of the deuterium atoms.
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Figure 2.4 Phase diagram for deuterium. Examples of condensation by (a) liquefaction and (b) sublimation
are shown. After condensation by either method, the solid is then cooled at saturation. Figure taken from
Medlin [16].

tot = electronic vibration spin rotation (2-9)

Since the vibrational and electronic wavefunctions are always symmetric, this means that there
must be a coupling between the symmetric and asymmetric wavefunctions of the rotational and
spin states. Rotational state changes of J 2 are allowed, while a change of J 1 would require a
change in nuclear spin. Therefore, the even rotational states of J=0,2,... are always paired with the
even spin states (S=0,2), while the odd rotational states of J=1,3,... are always paired with the odd
spin states (S=1). We therefore can view the even rotational states, called "ortho" deuterium, as an
independent species from the odd rotational states, called "para" deuterium. In room temperature
D,, the available energy allows for the population of many J states and therefore the ratio approaches
(1+5):3, or 2:1 for ortho:para, given the fact that the S =0 and S=2 states have 1 and 5 fold degeneracy
respectively, and the S=1 state has 3 fold degeneracy. When cooled, even to temperatures below the
energy of the J=1 state, deuterium tends to remain in this ratio, as there is no fast mechanism for
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spin ips. Thus, suf ciently cooled deuterium will populate both the ground state at J =0andthe J=1
state at 7.4 meV. This could be readily seenin the rst hydrogen lique ers, as stored hydrogen would

boil off at a higher than expected rate, driven by the slow conversion of para to ortho deuterium and

the subsequent energy released. In the case of a sD , converter for UCN production, para deuterium
provides a signi cant source of upscatter via spin ip to the ortho state, reducing UCN lifetime and

yield in the source [27][28].

2.3.3 Diffusion, Solid Mobility, and Annealing

The diffusive properties of deuterium become highly relevant when forming and holding deuterium
crystals, with the majority of this diffusion occurring at warmer temperatures. Self-diffusion in D 2
can be described by the time between jumps and the diffusion constant D, shown in Equations
2.10 and 2.11.

getExeT (2.10)

D = Dge E*sT (2.11)

where E is the activation energy forajumpand Dg= R?=6 ( given a random walk with step R, which
corresponds to the lattice spacing. Weinhaus et al [32] studied this behavior in solid D , and found
values of E=kg = 288K , Dy = 2.3x 10 3m?=s,and (= 9.4x10 “s. At >10K this diffusion begins to
become relevant, and is shown to cause fairly noticeable effects at 13K. This was later calculated by
Ebner and Sung [33], nding a high-temperature activation energy of 290K, in good agreement with
earlier experiments. In addition to diffusion through vacancy movement, the high vapor pressure of
deuterium allows additional movement of the solid. The saturated vapor pressure of sD 5 is shown
in Figures 2.4 and 2.11. At the triple point, the saturated vapor pressure of deuterium is 171 mbar,
decreasing to 7.5 mbar at 14 K and close to 10 ** mbar around 10K. This means that warmer sD
has a non-negligible portion of its equilibrium in the vapor phase, and that any warm crystal with
temperature gradients will gradually migrate toward the colder regions. In the upcoming sections,

we will see that over reasonable time scales of hours or days, deuterium crystals above 10K display a
high amount of mobility, though whether the bulk of this effect comes from solid mobility or vapor
diffusion is uncertain and possibly worth future simulations. Practically, however, this mobility can

be used to both anneal crystals and change their shape.
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2.4 Deuterium Moderators at other UCN Sources

Before discussing the efforts to create quality deuterium crystals in the PULSTAR UCN source at NC
State University, we will rst examine other UCN sources, their methods for crystal creation, and
useful observations and inferences that can be applied to our studies.

2.4.1 Notable sD , UCN Sources

The rstcontinuous sD 5 source was demonstrated in Gatchinain 1980 [34], and over the next decade
a theoretical framework was developed [22] [23]. In the 1990s, the pinnacle of sources in terms of
UCN intensity was found at the Steyerl turbine at the Institut Laue-Langevin in Gernoble, which uses

a combination of gravitationally slowed cold neutrons and turbine scattering to generate UCN [35].
As discussed in section 2.1.2, Liouville’s theorem places strict limits on UCN densities achievable by
this method, and thus, as improvements slowed, other UCN production methods were identi ed.
The main methods during this time period involved superthermal sources using super uid helium

or sD, [36]. The currently operating sD , sources fall broadly into the categories of pulsed production,
where high UCN densities are achieved by guiding the UCN to a separate volume that can be isolated
from the crystal in between pulses and continuous sources that allow the UCN to build to steady
state while sharing the same volume with the crystal. Notable pulsed production today includes the
spallation sources at Los Alamos [37] and PSI [38], and at the Mainz TRIGA reactor [39].

2.4.2 Crystal Formation, Degredation, and Annealing

A major bene t of the experiment at the PULSTAR UCN source is the ability to grow crystals under a
variety of different conditions and to visually analyze the quality and shape of the crystal through

an optical window. Although no other sD 5 source has the same level of visualization, there have
been observations over the years that can inform us about the role of crystal shape and quality
in the production of UCN. Having an optically clear crystal is important, as grain boundaries can
both scatter UCN directly and redirect them back into the crystal, reducing the neutron lifetime
due to thermal and para scattering. In 2018, it was observed at both PSI and LANL that the UCN
yield for their pulsed sD , source would decrease by a rate of 5-20% per day, as demonstrated in
Figure 2.5 [40]. Because this was likely due to a degradation in crystal quality, the solution at LANL
was to melt and refreeze the crystal each day. However, the crystal volume at PSI made this step
prohibitively long, and a 1.5 hour conditioning procedure was developed that involved reduced

D, cooling and turning on the heaters on the sD , vessel. The success of this procedure indicates
that periodic annealing is necessary to maintain crystal quality. Further simulation showed that the
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Figure 2.5 Demonstration of crystal degredation over time in pulsed sources. The top image is from LANL,
while the bottom image is from PSI. The vertical arrows indicate when the conditioning procedure was
performed. [40]

cause of the UCN yield decline was likely frost formation on the surface of the crystal, caused by
pulsed heat deposition on the crystal surface.
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2.5 Crystal Growth Studies - Goals, Method, and Setup

Once the source is placed inside the reactor thermal column to produce UCN, there will be no way
to monitor the shape or quality of the crystal. Furthermore, it is likely that the deuterium crystals
formed within the reactor thermal column will undergo degradation as a result of radiation heating,
although it is unclear if the degree of damage will be the same as with pulsed neutron sources, such
as those at PSl and LANL [40]. The crystal will thus need to be re-annealed or completely reformed
from time to time. During the commissioning phase, the cryostat is outside the thermal column
of the reactor and can be tted with a custom ange in place of the neutron window foil. Figure
2.6 shows the source in its test location outside the thermal column, while Figure 2.7 shows the
test ange. This ange contains a transparent acrylic window to allow for viewing of the crystal
during and after formation, as well as additional thermometer and pressure feedthroughs, and a
plate with an attached heater to simulate the infrared load from the UCN foil window. The purpose
of these commissioning tests was to analyze all of these effects on crystal growth and maintenance
and develop a series of procedures to manipulate crystals while the source is in the thermal column.

2.5.1 Experimental Goals

Early crystal growth runs were performed in 2016 and were analyzed in part by Medlin [16]. The
primary goal of these runs was to begin constructing a procedure for growing and maintaining
crystals, analyzing how manipulations to temperature might affect a crystal, and maximizing shape
and optical quality in the process. Here, the work continues through a further analysis of these 2016
runs, as well as new runs in 2018.

The primary goal of the following study was to expand upon the procedure for creating a high-
quality crystal, to examine the effect of both crystal temperature and thermal gradients during
condensations, and to examine the effect of cooling on crystal quality after condensation. Addi-
tional thermal simulations conducted on the 2016 runs aim to achieve a better understanding
of the temperature distribution of the crystals during condensation, and these ndings can be
experimentally veri ed by runs performed in 2018 with different sensor positions.

The secondary goal was to simulate the effect of various heat loads experienced by the crystal in
the nal setup. This includes intermittent heating from the reactor, as well as infrared loads from
the warm neutron foil on the surface of the crystal.

Finally, methods of annealing the crystal were investigated as a way to repair irregularities in
crystals caused by cooling, condensation conditions, or the various applied simulated heat loads.
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Figure 2.6 A view of the UCN source in the heavy water tank outside of the thermal column. The cryostat is
capped with the UCN window foil, which was replaced with a test ange during commissioning.

2.5.2 Crystal Production Methods

Deuterium crystals were mainly initially produced by vapor deposition, while previously grown
crystals could then be re-formed by passing through the liquid phase or annealed using the mobility
of sD» at high temperatures (see Section 2.3.3). The cryogenic system used to cool the cryostat was
discussed in detail in Section 2.2.4. The helium lique er uses a gravitational phase separator to
send the produced cryogenic helium along three loops, with two gaseous lines cooling the methane
moderator and neutron guides, and the liquid loop cooling the deuterium container at the bottom
of the cryostat. A cutaway with the cooling loops at the bottom can be seen in Figure 2.10. Using
a thermally isolating zirconium ring, the cryostat main body was kept near 35K while the bottom
temperature could be reduced below the triple point of deuterium at 18.65K. By feeding gas from
the room-temperature deuterium tank, the gas could then deposit on the bottom of the cryostat,
growing a crystal. The instrumentation and control of this setup will be discussed in the following
sections.
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