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Abstract

This document introduces the planned new search for the neutron Electric Dipole Moment
at the Spallation Neutron Source at the Oak Ridge National Laboratory. A spin precession
measurement is to be carried out using Ultracold neutrons diluted in a superfluid Helium
bath at T ~ 0.5 K, where spin polarized *He atoms act as detectors of the neutron spin
polarization. The planned sensitivity of the new measurement is d, ~ 5 x 10728 e¢m.
This manuscript describes some of the key aspects of the planned experiment with the
contributions from Caltech to the development of the project.

Techniques used in the design of magnet coils for Nuclear Magnetic Resonance were
adapted to the geometry of the experiment. Described is an initial design approach using
a pair of coils tuned to shield outer conductive elements from resistive heat loads, while
inducing an oscillating field in the measurement volume. A small prototype was constructed
to test the model of the field at room temperature.

A large scale test of the high voltage system was carried out in a collaborative effort at
the Los Alamos National Laboratory. The application and amplification of high voltage to
polished steel electrodes immersed in a superfluid Helium bath was studied, as well as the
electrical breakdown properties of the electrodes at low temperatures.

A suite of Monte Carlo simulation software tools to model the interaction of neutrons,
3He atoms, and their spins with the experimental magnetic and electric fields was developed
and implemented to further the study of expected systematic effects of the measurement,
with particular focus on the false Electric Dipole Moment induced by a Geometric Phase
akin to Berry’s phase.

An analysis framework was developed and implemented using unbinned likelihood to fit
the time modulated signal expected from the measurement data. A collaborative Monte

Carlo data set was used to test the analysis methods.
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Chapter 1

Introduction

The search for Electric Dipole Moments of elementary particles has been of special interest
since the experimental evidence that fundamental discrete symmetries are not conserved
in weak interactions. The symmetries of Parity inversion (P), Charge conjugation (C) and
Time reversal (T) have all been put into question theoretically, and experimental evidence
of breaking of the individual symmetries of P and C, as well as combined (i.e. CP) is ap-
parent. On the other hand, the combined symmetry of CPT is still considered an unbroken
Symimetry.

Purcell and Ramsey first proposed [1] in 1950 that experimental evidence augmenting
the already available observation was needed to exclude particle EDMs. They set out
to measure the EDM of the neutron [2] as the only viable neutral particle for which an

experiment could be easily constructed.

1.1 Parity violation

The experimental evidence leading to the discovery that Parity is not conserved in the weak
interaction came from the experimental observation of the decay of the K* into two final
states of different parities [3,4]. Lee and Yang in 1956 [5] first proposed that the effect could
be explained by lack of Parity as a fundamental symmetry. Before this result, little thought
was given to the possibility that a discrete symmetry such as Parity would be violated in
any of the physical interactions. The confirmation of the violation was observed in the
decay of polarized %°Co by Wu in 1957 [6]. In this experiment, a preferred direction of {3
decay of the nucleus was observed to coincide with the direction of spin polarization of the

nucleus. This is shown to violate Parity conservation by noticing that under reversal of
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space coordinates, the decay direction preference would be inverted, while the axial vector

representing the spin would not, resulting in a different system which is not observed.

The violation of P symmetry is included in the weak sector of the Standard Model
by restricting the interaction only to left handed particles. On the other hand, only right
handed anti-particles participate in the weak interaction, resulting in different behavior and
a violation of C invariance. These violations of symmetry result in the conservation of the

combined CP invariance.

The presence of a permanent EDM d of an elementary particle would also be in violation
of invariance under a Parity transformation. The EDM would need to be aligned with the
orientation of the particle spin o, since that is the only quantum number that describes the
particle internal state. Under an inversion of coordinates, the axial vector representing the
spin orientation o of the particle would be invariant, while the charge distribution would
appear inverted, resulting in a different alignment of d with respect to o. The normal and
inverted system would have different energy levels when exposed to the same electric and

magnetic field configurations, resulting in a violation of the mirror symmetry.

1.2 Time reversal violation

Of great interest is the violation of Time reversal T symmetry that a permanent EDM
would imply. Landau [7] noted that a permanent EDM would not be invariant under a
T reversal. In this case, a spatial charge distribution would be left unchanged, while a
rotation would change direction resulting in the reversal of the spin vector. Time symmetry
violation has not been directly observed in stable systems, but evidence of this violation
has been seen as a consequence of the CP violation observed in the decay of the neutral
Kaon system [8,9]. In addition, there has been an explicit observation of time reversal
violation in the B meson system at BaBaR [10]. The violation of CP symmetry is included
in the Standard Model as a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM)

quark flavor mixing matrix [11].
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1.3 Baryon asymmetry motivation

The symmetry violation that would be expected from the existence of a permanent EDM
would help explain some of the features of the observed Universe, and in particular, the
baryon asymmetry that must have ensued during its early stages. In fact, the lack of
observational evidence of anti-matter galaxies far away from our own has suggested that
there must be a local asymmetry in the physical processes, that during baryogenesis [12],
led to the quasi-stable state of matter today. The concept of baryogenesis assumes that
the processes by which the baryons came to exist must be the same as particle interactions
today. Since the baryon number is conserved in the processes that involve baryons in the
Standard Model, the processes that can create baryons must create an equal amount of anti-
baryons. Annihilation does not change the baryon number, but reduces the total quantity
of massive particles. The presence of baryons and anti-baryons in equal numbers during
the initial formation would lead to the annihilation of all possible matter until the number
density would vanish. For this reason it would be expected to observe anti-matter in equal
quantities from astronomical data if, for instance, matter and anti-matter clusters separated
early on and survived annihilation. An extensive study of the abundance of matter in the
universe and the consequences on the symmetrical assumptions of the solutions to the

physical laws is done by [13].

In 1967 Sakharov [14] proposed that baryon asymmetry could be explained if interac-
tions in the Standard Model include some asymmetry that favors matter over anti-matter.
Sakharov concluded that a basic set of conditions would be necessary for this to happen,
known as the Sakharov conditions. Firstly, the baryon number must not be conserved. In
addition, there must be some preference for processes that result in abundance of, what is
considered, matter. Lastly, there must have been an initial environment with a significant
deviation from thermal equilibrium. The EDMs are interesting for the second condition,
which implies that the violation of CP invariance can be used to justify the preference of
processes that leave an excess of matter over anti-matter. As of right now the amount of
CP violation in the Standard Model is limited by the few known violating weak decays [15].
So far, the amount of CP violation included in the Standard Model is not enough to be
responsible for baryogenesis [16-18], so the possibility of new sources of CP violations would

validate this idea. Theories that go beyond the Standard Model can attribute CP violating
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processes to interactions with Super-Symmetric particles [19] and permanent EDMs offer a

sensitive sensitive probe of new sources of CP violation [20,21].

1.4 Electric Dipole Moments

The search for electric dipole moments has been carried out on several elementary particles
and atoms. Free electrons and other charged particles can be studied, but because of their
charge, the Lorentz force makes it hard to distinguish effects that can be attributed to
an EDM. Atomic electrons have been studied, using for example the Cesium atom [22]
and Thallium atom [23,24]. In these measurements, an atomic permanent EDM would be
dominated by contribution of the unpaired electron EDM d.. Heavy molecules that have
an unpaired electron can also be used to study the EDM due an unpaired electron. The

best limit on the electron EDM is given by the study of the molecule YbF [25,26]
|de| <10.5x1078e-cm 90%C.L.. (1.1)

It is important to note that only permanent EDMs that violate the dicrete symmetries
are of interest. For instance, there are molecules that have large electric dipoles that are
easily measurable, such as HyO, or NH3. These dipoles do not represent a violation of
discrete symmetries because, in general, the composite structure of the molecules allows
degeneracy, so that both normal and P inverted molecules are found in Nature, and the
violation is lifted.

Nuclear EDMs can be studied in neutral atoms but their effect will be reduced [27] by
the interaction of the electron cloud with the F field, partially shielding the field at the
nucleus. The best limits for nuclear EDM are offered by measurement of massive atoms,

such as "9Hg [28], with a limit
|d(*"Hg)| <3.1x107*e-cm  95%C.L.. (1.2)

This limit can be used to estimate the EDM of the neutron, and it results in a similar
sensitivity as the current best direct measurement of the neutron EDM [28].
The neutron EDM has also been experimentally sought. The only quantum number

describing the neutron is its spin and no degenerate states exist, so only a permanent EDM
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can be measured, aligned or anti-aligned with the neutron’s spin. The neutron seems to
offer the best qualities for a measurement due to its neutrality, but because the neutron
is not a stable particle, it is hard to collect a large statistical sample for long periods of
time. At first, neutron beams were used [2] which can only interact with the F field for a
short period of time. The introduction of ultracold neutrons [29,30] which can be trapped,
has shifted the search to longer measurement times, but with a significant loss of statistical
availability. In addition, the higher sensitivity of the experimental apparatus has opened
the door to systematic effects that confuse the measurement of an EDM (e.g. [31]).

The current best limit for the neutron EDM is offered by the ILL measurement using

ultracold neutrons [32,33] which sets a limit of
|dp| <2.9%x107%ecm  90%C.L.. (1.3)

This is about 6-7 orders of magnitude improvement in sensitivity with respect to the first
experimental results of the 1950’s [1,2].

The proposed nEDM measurement [34] is discussed in this work. The new measure-
ment should offer a significantly higher sensitivity to the neutron EDM than the previous

experiments.






Chapter 2

nFEDM experiment at SNS

A new technique to search for the neutron Electric Dipole Moment using ultracold neutrons
has been discussed by Golub and Lamoreaux [34] which uses He as a co-magnetometer.
A collaborative effort is underway to implement the experimental technique in the nEDM
measurement using the Spallation Neutron Source (SNS) at the Oak Ridge National Labora-
tory (ORNL) [35]. The experiment aims to measure a shift in Larmor precession frequency
of the neutron under the influence of a large electric field. The planned sensitivity of the

new measurement is expected to be ~ 100 better than the existing limit.

2.1 Ultracold neutrons

If the neutron energy is sufficiently low, its De Broglie wavelength becomes larger than
the spacing of atoms in matter, so that interactions with a material can result in coherent
scattering where all the nuclei respond to the incoming neutron wave and the neutron
sees an effective potential instead of the individual nuclei. The effective potential was first
predicted and observed by Fermi [36] on slow neutrons. A neutron that interacts with a
surface can then be expected to reflect with some probability from the potential, depending
on the incident momentum. This led to the development and application of cold neutron
guides, where reflection from shallow angles allows beams of neutrons to be directed to
experimental areas.

L are clas-

Neutrons with extremely low energies £ < 335 nev or velocities v < 8m - s~
sified as Ultracold Neutrons (UCN). Their kinetic energy is lower than the Fermi potential
of certain materials, as defined below, and the neutrons would predominantly be reflected

by the material surface. This led to the idealization and development of traps that could
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store UCN for long periods of time [29]. A trap for UCN can be built if all the walls are
made of a material with sufficiently high Fermi potential. The Fermi potential depends
on the coherent scattering length a of the isotope composition of the material. It can be

expressed [30] as
27 h?
F =0

Na, (2.1)

where N is the number density of the isotope in the material, and M,, the neutron mass. The
coherent scattering lenght depends on the depth and range of the attractive potential of a
nucleus [30] in such a way that most isotopes have a > 0, a requirement for the establishment
of a positive Fermi potential, with the largest potential offered by 8Ni (Vg ~ 335 neV) [30].

Because of their ability to be contained, ultracold neutrons offer advantages in the
measurement of nuclear properties. Up to careful inspection, the UCN seem to behave like
an ideal gas of extremely low temperature, so they can be moved around the laboratory
using guides. For instance, they can be removed from the area where they are produced
which is very active with spallation neutrons and directed to measurement areas which
expect a low background rate. This is the case for the UCNA measurement of the neutron

Bdecay asymmetry, carried out at the Los Alamos National Laboratory [37].

2.1.1 Superthermal UCN production

The methods of UCN production have evolved over several decades and are described in
[30] in detail. In general neutrons are first produced by means of nuclear fission in a
nuclear reactor, or as products of spallation of neutron-rich materials from accelerated
proton beams. One aspect to consider is that a thermal distribution of neutron speeds has
a peak at the maximum UCN velocity vyee =~ 8m-s~! for a temperature 7' ~ 4 mK, so
that typical temperatures associated with neutron sources, as well as neutron moderators,
produce a very small fractional density of UCN. It is possible to increase the UCN density
by slowing down neutrons using processes that are not in thermal equilibrium and are not
perfectly time-reversible. This includes very clever methods using mechanical objects, such
as turbines [38], to slow the neutrons down.

The nEDM experiment proposes to use in-situ production of UCN in superfluid Helium
[30, 34, 39] using downscattering of a mono-energetic cold neutron beam. In principle, the

cold neutrons can interact with the superfluid Helium by releasing a single phonon. Because
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of energy and momentum conservation, the interaction is limited by the region in which the
dispersion curves for phonons in “He and for free neutrons meet. Because of this, the only
energy that the phonon can carry away is given by the energy of the incoming cold neutron,
resulting in a complete stop of the neutron, hence a conversion to UCN. The energy of
the incoming cold neutrons is fixed to be A ~ 8.9A or E ~ 1meV for maximum yield of
UCN. The reverse process of phonon absorption is also possible, but greatly reduced if the

temperature of the bath is low so that the density of phonons of that energy is low.

2.2 Measurement of the neutron EDM

The permanent EDM of the neutron can be measured as a change in Larmor precession
frequency of polarized neutrons in the presence of an electric field E. Polarized UCN are
allowed to precess freely about a reference magnetic field By ~ 30 mG which is uniform over
the volume of the trap. An electric field E ~ 75kV - cm™! parallel to By is also applied to
the cell. The Hamiltonian of a neutron with spin vector J/J in the external B + E fields
is [40] expressed as

J J

d,, represents a permanent EDM and pu,, ~ —1.9130427(5) pn is the magnetic moment [15]
of the neutron expressed in terms of the nuclear magneton py. The neutron spin precesses

about the fields with a Larmor frequency
2
w=-—7 (un B+ d, E) , (2.3)

where the positive sign represents a configuration of £ and B fields aligned, and the negative

sign anti-aligned. The gyromagnetic ratio can be defined as

~ —1.8324 x 10%rad - s 1 G7L. (2.4)

St o

w
n=—~(—1.91
= gy (=1.913 x pn)

The Larmor spin precession is not an observable quantity and it must be extracted from the
measurement of the accumulated phase of an ensamble of spins after a period of precession
in the magnetic field. The phase measurement technique for the nEDM experiment is

described below.
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2.3 Measurement with *He

The role of >He in the measurement of the neutron EDM is fundamental for the proposed
nEDM experiment and represents one of the major technical advances in the increased sen-
sitivity. This section describes how the measurement of the spin precession of the neutrons
is performed using 3He atoms, and how the same atoms can be used as co-magnetometer

to measure the effective magnetic field in the measurement cells.

2.3.1 3He as polarization detector

In the nEDM experiment the neutron precession frequency will be measured using spin
polarized *He atoms in-situ, as detailed in [34]. A neutron can capture onto a 3He nucleus
through the reaction

n + 3He — 3H + 'H 764 keV , (2.5)

which depends highly on the alignment of the spins of the incoming particles and is greatly
suppressed if the spins are aligned, so a spin polarized ensemble of *He atoms can be used
to measure the relative polarization of the neutrons by measuring the scintillation light
produced by ionization of the liquid ‘He

The 3He has a nuclear magnetic moment similar to that of the neutron
v3 ~ 1.11 7, ~ —2.037947093 x 10*rad - s~ 1 G, (2.6)

and its spin will also be precessing about the same magnetic field in the cell during the
measurement. Since the polarized 3He atoms co-exist in the same measurement cell as
the neutrons, the nEDM experiment implements a continuous measurement of the neutron
phase with respect to the 3He spin polarization. This is different, for example, from the
previous neutron EDM measurement at ILL [32,33], where the projection of the phase is
only measured at a fixed point in time. The resulting capture signal will be modulated
at a beat frequency ws ~ (v, — v3) Bo, which is about 11.1 Hz for a field of 30 mG. A
permanent EDM of the neutron would result in an increase or decrease of the scintillation
beat frequency, depending on the orientation of the E field with respect to the By field
The electric dipole moment of the 3He atom, which would confuse the measurement of

a neutron EDM, is expected to have a small contribution due to the Schiff effect [27] which
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applies to most atomic EDM’s. This effect is due to the shielding of an external electric
field at the nucleus, effected by the electron cloud. The result is an equilibrium condition in
which the field is partially canceled at the nucleus so that the effective *He EDM is greatly
reduced. The atomic EDM of ®He is calculated to be orders of magnitude smaller than the

current limit of the neutron EDM [41].

2.3.2 Co-magnetometer

In addition to being the detector for the neutron phase in the nEDM experiment, the 3He
atoms will be also used as a co-magnetometer to measure the magnitude of the magnetic
field in the cell. As seen in other precision measurements of the precession frequency [33],
any fluctuation in the reference magnetic field By will result in a fluctuation in the precession
frequency and lowered sensitivity to a real EDM signal.

The nEDM measurement uses two measurement cells that are exposed to the same
magnetic field but have opposite E field directions. A difference in precession frequency
measured between the two cells would be indicative of an EDM signal. In principle, because
the measurement is carried out in two separate cells which share the same magnetic field,
a fluctuation in the magnitude of the field would affect the precession frequency equally in
both cells, and since the EDM signal comes from the difference in frequencies between the
two cells, the measurement is already less susceptible to changes in field. If the field does
not vary by the same amount in the two cells, then it will affect the EDM measurement.

In addition, the fact that the detector is polarized *He precessing about the same mag-
netic field greatly reduces the influence of magnetic field fluctuations. This is because the
gyromagnetic ratios of the two spin species are similar (equation 2.6), so the measurement

of the neutron phase by means of n->He capture gives a shift from the predicted phase of

dy
Ap=|(m—13)AB+ i E (2.7)

where A B represents a systematic fluctuation in the reference magnetic field, and the second
term in the sum is the contribution in phase from the EDM of the neutron d, under the
influence of an electric field . The sensitivity to fluctuations AB is then reduced by a
factor of v, /(yn — 73) ~ 8.7 compared to a measurement of the phase done in the fixed lab

reference frame.
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The proposed nEDM experiment takes advantage of two different techniques [34, 35]
using the same apparatus to measure the effective precession frequency of the 3He spin pre-
cession in order to lower the influence of magnetic field uncertainties on the measurement
even further. The two methods have different experimental configurations, representing two
semi-independent measurements of the neutron EDM. The two techniques used are intro-
duced below. A third technique aimed to measure the 3He precession frequency is introduced
in section 2.3.2.3 and discussed further in section 5.7.1, which could be implemented in the

nEDM experiment without significant modifications of the apparatus.

2.3.2.1 SQUID Measurement

The measurement using SQUIDs is an additional feature of the free-precession measurement
with 2He and the role of 3He as a co-magnetometer. During a measurement, the density and
spin polarization of *He atoms is large enough to produce a time-varying magnetic field that
is measurable using SQUIDs [34]. This magnetic field, being in the direction of polarization,
will rotate as the He spins precess, so that the field magnitude will be measured to oscillate
at a frequency wsquip = 738, from which a value for the reference field can be calculated.
This measurement is continuous over the measurement period T', so gross changes in the
field that happen on a time scale shorter than 7' could be seen from the SQUID signal and

incorporated into the analysis of the capture signal.

2.3.2.2 Dressed Spin Technique

The magnetic field fluctuations would not affect the measurement of a neutron EDM if
the gyromagnetic ratios of the 3He and neutron spins were equal. In this case, any phase
accumulated during a measurement would be due primarily to the neutron EDM in the
electric field.

It is possible to effectively alter the gyromagnetic precession frequency by exciting the
spins using a large, non-resonant high-frequency oscillatory magnetic field, transverse to the
reference field By. The technique is called “spin-dressing” and has been studied in detail
for the neutron spin in [42] and for the application in the search for a neutron EDM in [34].

Since the RF field is large with respect to the reference field Byt > By, and the oscillating

frequency is large with respect to the Larmor frequency wys > wp, the spin polarization will
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precess much faster about the dressing field than the reference field. In this case, the By

field can be seen as a small perturbation to the larger dressing field.

The dressing field is perpendicular to By and can be expressed as
Brf(t) = Brf COS (wrf t) :'3 ) (28)

with By pointing in the & direction. For times that are short compared to the Larmor
frequency about By, the spin precesses about the large dressing field while keeping the

angle with respect to it approximately constant. The normalized spin vector
o=— (2.9)

is being used to represent the direction of spin. The component of spin aligned with g

should stay approximately constant

2
Ao, ~0  for At < =X (2.10)
wo

In this limit oy can be used as a well defined quantity for the projection of the spin on the
y — z precession plane. The fast precession of the spin about the dressing field is given by

integrating the Larmor frequency over time

t
¢y = / dt/ (_’Ys) Brf COs (wrf t/) (2‘11)
0
s Bit .
S sin(wyg t), (2.12)
Wrf

where 7, is the gyromagnetic ratio for one species of spin s and ¢, represents the phase
about ¢, the axis of the dressing field. This shows that the phase ¢, will not accumulate
over time but will rather oscillate at the dressing frequency. The spin component o, will

oscillate in value as

:(t) = 02(0) cos(¢y(t)) + 02(0) sin(dy(?)), (2.13)

with initial spin values at time ¢ = 0. Over the period of one dressing field oscillation
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T = 27 /wyt, the average component of the spin is given by

(0:) = 0(0) {eosy) = /O "t cos {”fff sin (s t)] 0.(0) (2.14)
- (Vﬁf) .(0) (2.15)

where Jy(z) is the Bessel function of the first kind of order 0 and only the non-vanishing
cosine integral was included. This approximation is valid if the period T of oscillation is in

the limit of equation 2.10 which can be expressed as the ratio

vs Bo
Wrf

Y =

<1. (2.16)

An additional precession about the smaller By field aligned with the & direction would

change the spin component aligned with g

doy ~ — (o) wodt (2.17)
S Br

_— (’VW f) .(0) wo dt (2.18)
rf

with wg representing the bare precession frequency about the By field, and where the time
average value of the o, component is used for times short with respect to wy but long
compared to the period of dressing field oscillation. This results in the effective frequency
of precession about By being scaled by the Bessel function, and the spin can be referred as

dressed with respect to By. It is possible to introduce an effective gyromagnetic ratio
VI = e Jo(X), (2.19)

with the dressing parameter X, defined to be

B
X, = L2t (2.20)

Wrf

in terms of gyromagnetic ratio of the spin species s. Figure 2.1 shows how the effective
gyromagnetic ratios of neutrons and *He spins change with the dressing parameter X = X,

specified for the gyromagnetic ratio of the neutron.

The dressed spin technique can be used to match the gyromagnetic ratios of the two
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Figure 2.1: Plot of the Bessel functions that determine the effective gyromagnetic ratios of

neutrons and 3He atoms as a function of dressing parameter X = %TB;*'. The values of the

gyromagnetic ratios are expressed in terms of the neutron gyromaghetic ratio v,. When
the two curves cross each other, the effective gyromagnetic ratios of the two spin species
are matched and the spins will precess at the same frequency about By.

spin species. This can be done by picking a critical value of the dressing parameter that
would satisfy

Jo(Xc) = OéJ()(CV Xc) (2.21)

with a = 73/, ~ 1.11. Table 2.1 lists the first few solutions to equation 2.21.

2.3.2.3 Ramsey technique

In addition to the two modes of operation described above, it might be possible to incorpo-
rate the Ramsey technique of separated oscillatory fields [43] into a nEDM measurement, in
order to measure the *He phase at the very end of an EDM measurement run. The Ramsey
technique relies on the coherence between the frequency of Larmor precession of a spin in
a constant magnetic field, with that of a clock in the form of a oscillating magnetic field,
resonating at the Larmor frequency in order to induce transitions in the spin system. Two

pulses of the oscillating field are separated in time, or equivalently in space for particles
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Xe YY)y T s

1.189  0.677 0.752
3.861 —0.403 —0.448
6.773  0.291 0.324

Table 2.1: Critical dressing parameters for which the effective gyromagnetic ratios v¢/7 of
neutron and 3He spins are matched. The effective gyromagnetic ratio is expressed in terms
of the bare values for both species of spin.

moving in a definite direction, with a period of free precession in between, where the phase
accumulates. The second pulse can induce transitions in the spin most effectively if the
phase accumulated during the period of free precession matches the phase of the oscillatory
field. This method has been used in precision measurements of the gyromagnetic ratios of
spin species. The method has been applied to the measurement of the neutron EDM, as it
is in the case for the first search for a neutron EDM [2]. It is also the technique used in
the recent ILL measurement [32,33] to measure the phase of the UCN after precession in
the B+ F fields. Alternatively, a precision measurement of the static magnetic field can be
performed if the gyromagnetic ratio of the precessing spin is well known.

The density of He in the cells is large enough so that near the end of the measurement
period T, when a relatively small number of UCN are still in the cell, it is almost unchanged.
The coherence of the *He spin ensemble with the 7 /2 oscillatory field that was used to rotate
both species of spins into the precession plane, can be used to measure the phase of the 3He
spin.

At the end of the run, it could be possible to pulse the /2 oscillatory field again to
rotate the 3He spin ensemble back to its original orientation along # before the start of
the EDM measurement. The cold neutron beam can then be allowed into the measurement
cells, with the neutron polarization also aligned with z. If the two spin polarizations are not
well aligned, the capture of polarized neutrons on 3He would produce a strong scintillation
signal.

The parameters that allow the 7/2 pulse to rotate both neutron and *He spins into
the precession plane, wy /5, By and 7.5, are chosen to minimize the out of plane spin
component of both species, as will be explained in section 5.7. Some freedom exists in
choosing these parameters, and the frequency can be chosen away from the resonant 3He

Larmor frequency. Together with the measurement period T of free precession, a suitable
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set of parameters can be chosen so that the resolution of the 3He phase measurement is
highest, that is, so that the measured phase is away from resonance by ~ 7 /2.

The average holding field could be calibrated using a few phase measurements, varying
the period of free precession T between runs, and analyzing the change in capture. Once
the magnetic field is known the phase information can be used to measure frequency shifts
in the 3He precession during actual EDM runs. If the precession in the two cells differs
due to systematic geometric phase effects due to the motional v x F field, a measurement
of the phase difference can be used to estimate the effect. This method is discussed more
thoroughly in section 5.7.1, where a Monte Carlo simulation is used to analyze the response

of the spin system to the second oscillatory pulse.

2.4 Sensitivity

The sensitivity of the new nEDM measurement is proposed to be
oppM ~ 5 x107%e-cm 90% C.L., (2.22)

a couple of orders of magnitude better than the current limit [33] set by ILL. Using the
proposed design parameters [34,35] the sensitivity can be computed following the approach
of Chibane [44], using the minimization of a y? statistic, for an oscillating signal subject to
statistical noise. In principle, the frequency shift due to introduction of an electric field E
is the quantity measured to extract an EDM, but the observable is in fact the projection of
the phase of the neutron spin, by means of capture onto *He nucleus, which is a quantum
measurement and is subject to statistical noise. In addition, the 3 decay of the neutron
provides a large source of background.

The oscillating signal decays in time as neutrons are either captured onto *He or undergo
 decay. In order to get an estimate of the sensitivity, the formalism of [44] can be adapted
for the case of a decaying signal if the average signal over a measurement time 7, is

computed. The variance in frequency is given by

6 1 (I
2 _

where I represents the expected background and A the amplitude of the oscillating signal.
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The background and the frequency signal do depend on many experimental parameters, such
as the initial polarizations of the spins, the spin relaxation and the efficiency in detecting
the signals. A numerical estimate of the variance for one measurement period of T, with
some constrained experimental parameters as per [35], and the major contributors to the

uncertainty left free, is given by

14 -1.38

AVZ—
Tm \/NOPnP3

Hz

)

(2.24)

where Ny represents the number of neutrons in the cell at the start of the measurement, while
P, and Ps represent the initial polarizations of neutrons and *He spins. The assumption has
been made that the measurement time is comparable to the effective lifetime of neutrons
in the cell. With a time 7},, ~ 1000 s, an initial neutron population of Ny ~ 3.5 x 10° and

initial polarizations no less than 95%, the frequency variance becomes
Av ~ (2.6 — 3.4) x 107 % Hz, (2.25)

per cell per run. The sensitivity to a neutron EDM depends on the applied electric field
E ~ 74kV -cm™!, so that running for a full day and assuming a ~ 50% live time due to

cleaning and filling the cells this becomes

h
Ad, ~ - —
d 2

A
fy ~(8-10)x107%"¢e-cm, (2.26)

Nel i

where the factor of 1/9 represents the contribution from both cells and 40.5 runs in a day.
In order to reach the planned measurement sensitivity, a runtime of about one year of

measurement days is necessary.

Several improvements to the measurement techniques should be noted when comparing
the new nEDM planned experiment to the recent ILL measurement [33] of the neutron
EDM. An obvious sensitivity increase comes from the electric field strength being increased
by a factor ~ 7 due to the possibility of using liquid Helium as a dielectric. Some consider-
ations regarding the production and sustainability of the large electric field are discussed in
chapter 4. A statistical advantage comes from the increase of the statistical sample in the
cells by a factor of ~ 10 per cell, together with a continuous measurement of the neutron-

3He capture signal. The increase in UCN production is offset by a much longer fill time of
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the apparatus (1000 s vs. 20 s), but the measurement time is also increased by a factor of
5—6.
The systematic limitations to the sensitivity to the neutron EDM come from the possible
variations of the magnetic field during and between measurement cycles. Systematic effects
that result in a false EDM signal also are of concern for a reliable measurement. Some

systematic considerations for the planned measurement are addressed in chapter 5.

2.5 Overview of selected problems

This manuscript addresses a limited set of issues that have been brought forward in the
planning of the experiment, which are related to the participation of Caltech in the nEDM
collaboration.

Because of the enhanced sensitivity of the planned experiment, the uniformity of the
magnetic fields is of major concern. The design, prototyping and testing of magnetic coils
planned for the measurement is one of the major responsibilities that Caltech carries out.
A half-scale prototype of the coils used to produce the reference By field is actively being
tested at Caltech. This work introduces some of the general concepts that have been used
in the design and modeling of magnetic coils in chapter 3. In particular, the focus of this
work is on the design of magnetic coils for the dressed spin measurement.

Chapter 4 describes one phase of the effort undertook for the collaboration at Los Alamos
National Laboratory in the establishment of a large electric field in liquid Helium, necessary
for the planned sensitivity. The measurement on the early high voltage prototype discussed
in this work did not conclusively demonstrate the capabilities of the system. Some design
issues were to blame that were extraneous to the physical limitations that were being tested.
A new effort to test the capabilities of an improved system are being carried out again at
LANL and the results are very promising.

The study of a selected set of systematic effects that are of concern to the planned
measurement are discussed in chapter 5. The issues are a concern because the enhanced
sensitivity of the measurement has reached the level where some effects that mimic an
electric dipole moment dominate. The studies are related to the uniformity of the magnetic
fields and so have been a partial responsibility of Caltech. A suite of Monte Carlo simulations

has been developed to study issues specifically for the geometry of the nEDM experiment.
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The results of the simulations have been consistent with other studies of the same effects.
An analysis framework was sought in preparation for the nEDM measurement data
collection. The purpose of the effort was to familiarize the collaboration with the expected
data and provide a few independent methods of extraction of an EDM signal. For this
purpose, a large set of Monte Carlo data was created within the collaboration to test the
different fitting methods. One such method is discussed in chapter 6, which uses an unbinned

likelihood.
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Chapter 3

Modeling of the magnetic coils and
design considerations

The measurement of the neutron Electric Dipole Moment relies on techniques which effec-
tively compare the energy states of the neutron in magnetic and electric fields. For this
reason, uniform magnetic fields play important roles in the experiment, and part of the de-
velopment of the nEDM experiment is focused on the design and construction of magnetic

coils.

3.1 Transverse coils

The geometry of the experiment favors the use of cylindrical coils, open at each end for
access, with magnetic fields transverse to their axes. The cosf coil, is an example of a coil
that can be used to generate a uniform field. For instance, a solution can be found for
the case of an infinitely long cylindrical shell of radius R with a surface current, for which
a transverse magnetic field inside the cylinder is perfectly uniform. The solution is for a
current density parallel to the cylinder’s axis that follows a sinusoidal so that, in cylindrical

coordinates,
1
Jr x I cosf 6(p — R) 0el-mm), (3.1)

where the radial d(p) function constrains the current to the surface of the cylinder and is
implied for the remainder of the chapter. This can be derived by computing the magnetic
vector potential A for a field that is uniform within a cylinder of radius R, so that Bj,per =

By 9, and solving for the cylindrically constrained current. In the inner region no currents
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are present and the boundary conditions set by a uniform field By pointing in the ¢ direction

are

B, sin ¢
B¢ = BO COqu for p < R, (32)
B, 0

resulting in conditions on the vector potential of

1 0A, .

- =B .

> 00 0 sin ¢ (3.3)
0A,

_ — B 4
8p 0 COS(Z)a (3 )

where only the z component of A contributes to the field. Viable solutions to the Poisson
equation for the current free regions yield
—pBgcosp forp< R

A, = ) . (3.5)
—BoR% cos5¢p forp > R

The current distribution at p = R is then found to be

inAZ:LBOlC

” o 0S ¢ (3.6)

Jz’ p=R — —
where pg is the magnetic constant.

For a real-world coil, the cos@ current distribution can be approximated by a finite
number of discrete wires as shown in Figure 3.1. The pairs of opposite current wires are
evenly spaced on a diameter of the circle to reproduce the cos@ distribution. The length
of the cylinder must be finite as well, so the wires need to be connected to their returns
in order to form a loop, at the end-caps of the cylinder, wrapping over the circular profile
in order to leave the sides open for access, forming a saddle coil. Figure 3.2 shows a three

dimensional model of a cos 8 coil.

The angles that specify the location of coil loops to discretize a cos 6 current distribution
are given by equidistant intervals of the integrated current distribution, so that these occur

at equidistant points on one of the diameters of the coil, so that for IV coil loops, the angles
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Y; € [0, w] for i € {1, 2, ..., N} can be expressed by
4| N+1-24
T 1 _—
1; = cos [ ~ } . (3.7)

An interesting feature of discretizing a continuous surface current distribution into wires
carrying equal current is that some of the locations of the wires for N loops coincide with
the locations of a N/(2m+ 1) loops coil. That is, if the number of loops in a coil is divisible
by an odd integer, then a smaller coil can be constructed using a subset of loops whose
number is given by the quotient. For example, if a frame is built for a 30 loop cos@ coil,
with the wire positions precisely machined as grooves at the correct locations, then, a set

of smaller coils of N" € {10, 6, 2} loops can be wound on the same frame.

In the infinitely long example, increasing the number of discrete wires improves the
uniformity of the field because a better approximation to the cos @ distribution is achieved.
On the other hand, since the real coil is finite in length, it is not necessarily true that
increasing the number of discrete wires improves the uniformity. This is because the end
caps, which are at a finite distance from the center of the cylinder, do contribute to the

magnetic field, making the optimal number of loops depend on the ratio of length to radius.

3.2 Numerical modeling

The coils designed to produce the magnetic fields for the experiment have been modeled to
study the uniformity of the fields in regions of interest and to aid the design of appropriate
correction coils. The calculation of the field has been carried out using the Biot-Savart law
computed for straight segments of current. Following Griffiths [45], the field at position r

produced from a wire segment stretched between points p; and ps2 can be expressed as

_M()I i X 8
_47T |3’2

B(r)

51— 52|, (3.8)
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Figure 3.1: Example of discretization of a cos@ current distribution over the surface of a

cylinder into N = 14 saddle coils. Each wire in the upper portion of the circular profile

is paired with a return wire in the lower portion and directly underneath it, with the end

connections wrapping around the circle on either the left or right side of the circle. This

coil produces a uniform field transverse to the axis of the cylinder.

where I = T /I is the normalized direction of the current, which is aligned with the segment

and flows from p; to ps. The intermediate quantities in the equation are given by

5= (f : dl) i—d (3.9)
dl =pP1—T (310)
dy=pg—r (3.11)

I d;
s1 = 3.12
] (3.12)

I-dy
§2 = . 3.13
|da| (3.13)

The total field is a superposition of the contributions from all the segments of current,

so that
N

Bioiai(r) = Z Bfeg(r) . (3.14)

i=1
If the summation of the segments is done over a closed loop of joined segments, the diver-

gence of the current is forced to vanish, so that the divergence of the field computed also
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Figure 3.2: Isometric model of a cosf coil of N = 30 saddle loops wound on a cylindrical
shell of radius R = 67 cm. The orientation of the magnetic field is transverse to the cylinder’s
axis and is pointing along the x direction in the figure. The current in the straight wires
along the length of the cylinder flows in the positive z direction in the upper portion of
the figure (y > 0) and returns in the opposite direction on the lower side. At the ends of
the cylinder the straight segments of wire turn into arcs and run along the circumference
of the cylinder to meet their respective return wire. Two disjoint sets of saddles, for x > 0
and x < 0, are then distinguishable and their arcs of wire “bunch up” at the ends of the
cylinder on opposite sides.
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vanishes, which satisfies Maxwell’s equations.

Sections of wire that are not straight are approximated by sub-dividing the wire’s curved
path into small straight segments using a divide-and-conquer method. Given a curved path
between two points, a segment stretched between the two points is used as an approximation
of the path. Iteratively, vertices are added along the curved path to split the segmented one
into smaller segments in order to correct the “worst offending” point of the path, until the
distance from the original path to the approximated segmentation is less than the desired
tolerance & ~ 100 pm at all points on the path.

A piece of software used to numerically compute the magnetic fields was written in C++
and interfaced with Python for simplified use. The abstraction of the coil in the program is
a simple collection of closed current loops, where each loop is comprised of a doubly-linked
list of straight segments. To respect Maxwell’s equations using the Biot-Savart equation for
segments of wire, each loop is checked to be continuous by iterating through its segments
making sure that pairwise neighboring segments share a vertex. This also ensures that each
loop is closed.

Several coil geometries, primarily concerned with the modeling of cylindrical coils, were
developed in Python and linked to the compiled code. With this system, all the geometrical
considerations that determine the position of short segments of wire, including coordinate
transformations, are handled outside the compiled code. The field calculations, which, for
any point in space require summing the B field contributions from all coil segments, are
handled by the optimized compiled code. This allowed great flexibility in the development
of coil geometries together with the availability of software tools [46] which visualize results

with ease.

3.3 Dressing Fields

The dressed spin measurement technique described in Section 2.3.2.2 relies on the use of a
magnetic field applied transversely to the reference field By and oscillating at a relatively
high frequency (~ 3 kHz) in order to effectively modify the precession frequency of the
particles in the cells. This dressing field could easily be produced by a replica of the By
reference field coil, as a cos@ coil coaxial to By and rotated by 90 degrees with respect to

it. Unfortunately, the situation is complicated by the fact that the frequency of oscillation
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of the dressing field and its magnitude (B, ~ 1 G) are large enough to induce sizable eddy

currents in nearby electrical conductors.

A primary concern regarding induced currents for the experiment is the possibility of
large resistive heating that could be dissipated by conducting materials into the lowest
temperature components, resulting in ineffective or excessively expensive cooling methods.
In addition, the induced currents can produce field distortions near the conductors that

could affect the field uniformity in the measurement cells.

Of particular concern, is the presence of a large ferromagnetic cylindrical shell just out-
side the By coil which is designed to shield from external magnetic fields and increase the
homogeneity of the field inside the measurement cells. The ferromagnetic shield is electri-
cally conductive and it would be heated by the oscillating dressing field. The schematic
section of the magnetic package in figure 3.3 shows the location of the ferromagnetic shield

with respect to the dressing coils. Table 3.1 summarizes their dimensions.

The resistive heating power generated from a dressing coil design can be estimated by
computing the average B field magnitude at points on the inner surface of the ferromagnetic
shield, adapting the formalism in Jackson [47] for a conducting material in the presence of
an alternating field of frequency wyt. The eddy currents induced inside the material in turn
produce a magnetic field that partially cancels the external field, so that the field inside the

material decreases with depth z into the material as
H(z) ~ H(0)e */° (3.15)
with a characteristic length or skin depth

2
5= ,/MWrf (3.16)

determined by the oscillation frequency wys of the applied field, the material’s conductivity

o and its magnetic permeability pu.

The resistive power density dissipated into the material from induced eddy currents is
given by
= — pwy H? e22/9 (3.17)
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Figure 3.3: Not-to-scale schematic section of the inner magnetic package for the nEDM
experiment. All coils and shields are cylindrical shells coaxial to each other. The reference
magnetic field By is produced by the outermost cos @ coil. The combination of dressing and
active shield coils produce the oscillating dressing field, transverse to By. The magnetic
package is enclosed in a ferromagnetic shield which improves the uniformity of the reference
field, while providing shielding from external fields. Not shown are several other larger
cylindrical shells of superconducting material that provide additional shielding from external
fields. Table 3.1 summarizes the physical dimensions of the inner magnet package.

Magnet R (cm) L (m)

By coil (cosf coil) 65 4
FM shield 67.3 4.27

inner dressing coil (cos# coil) 50 3
active shield 59 4

Table 3.1: Dimension specifications of the magnet package for the nEDM measurement.
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Integrating over the thickness ¢ of the material yields a power density over its surface of

b1 —2t/5\ 172
=g Hed (1 e ) H (3.18)
1 2Mer 2 t
~7 - H for 5> 1 (3.19)
1 t
~ e t H? for = < 1. (3.20)

A worst case estimate for the resistive heat dissipation into the ferromagnetic shield
can be calculated by assuming that the magnetic field B generated by the dressing coil at
the surface of the shield is not reduced by the currents induced on the shield itself. The

magnitude of the magnetic field is calculated for points on the inner surface of a thick ¢ > 0

P, \/2’“*“ /dA |B(z (3.21)
4u0

where the relation B = pg H has been used for the field just outside the ferromagnet.

cylindrical shield to obtain

The magnetic permeability of the ferromagnet i has been assumed to be constant in this
frequency regime. In general, the heat dissipated from the induced eddy currents in the
shield can be reduced if the average field RMS at the shield is reduced.

For the nEDM measurement, thin (~ 20 ym) layers of Metglas have been chosen for the
ferromagnetic shield. The DC magnetic permeability of Metglas 2705M is reported [48,49]
to be pt ~ 3 —5x 10° ug and its resistivity p ~ 1.36 u£2 - m. A measurement of the resistivity
was performed on a sample of Metglas cooled to liquid Helium temperature to determine
if a substantial change in resistivity would be noticed. The measurement was done at
the Eisenstein laboratory at Caltech [50]. The resistivity was measured to be consistent
with the specifications and there was no significant change when brought to 4 K. The
permeability of the Metglas is expected to be lower when exposed to the rapidly oscillating
dressing field. Assuming a reduced permeability p/po ~ 103 — 10, the resulting skin
depth of Metglas is § ~ 200 — 600 pum/ \/m . Since the shield would consist of 3 — 4
layers of Metglas the resulting thickness ¢ ~ 80 um would be less than the skin depth
and equation 3.20 can be used to estimate the heating. If the root mean square of the
oscillating field is of order 1 Gauss over the surface of the ferromagnetic shield, then the

power per unit area dissipated in the form of eddy current resistive heating is on the order
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P./JAA~5—-30W - \/m m~2 - G2, for a frequency of w;y = 27 x 3kHz. The shield
area is A ~ 18 m?, yielding a power dissipation on the order of P, ~ 100 W. If the field at
the center of the full scale dressing coil is B(0) ~ 1 G, then the average square magnitude of
the unperturbed field over the surface of the ferromagnetic shield has been computed to be
approximately \/<B72> ~ 0.5 G, for coils of dimensions specified in table 3.1. This estimate
of the power dissipated can be ~ 10 — 100 times larger than the actual value, depending
on the AC permeability of the ferromagnetic material and on the field reduction expected
from the response of the ferromagnetic shield. Nonetheless, the value is large compared to
what a cryogenic budget usually allows, especially if the components need to be cooled near
liquid Helium temperatures. The next sections describe a possible solution to reduce the
impact of resistive heating, with the goal of reducing the heat dissipation to values below a

Watt.

3.3.1 Active Shielding

In order to reduce the impact of the oscillating dressing field on the ferromagnetic shield, a
set of coils can be designed to refocus the magnetic field into the measurement region and
away from the shield. A concept introduced by [51] is implemented by [52] where a special
active shield coil screens the field produced by a cos @ coil for application in NMR magnet
design.

A pair of coaxial cylindrical coils of different radii a < b can be designed so that the
magnetic field produced by the inner coil is effectively reduced for p > b. In this scenario,
the ferromagnetic shield, which is a cylindrical shell coaxial to the coils, would be at a radius
rgM > b in the region of lower field. The oscillating currents driving the two coils need not
be the same, but they should be in phase with each other and their ratio fixed to minimize
the field at the shield. In general, the current in the outer dressing coil would run in the
opposite direction of the current in the inner coil to obtain cancellation.

Since the outer active shield is effectively fighting the establishment of a field by the
inner coil, the field in the measurement volume would be reduced, so that in order to restore
its desired strength, the current in both inner and outer coils must be increased. In the
limit where the two coils are on cylindrical shells at radii not too far apart (i.e. b = a+dr),
the current in the coils needed to establish a finite field in the center of the coil would be

divergent as or — 0.
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By idealizing a thin, infinitely long cylindrical shell of superconducting material at radius
b, coaxial to the inner cylindrical coil at radius a, the condition for the magnetic field to
vanish for p > b is met as the induced currents on the surface of the superconducting
shell cancel the field perfectly in a manifestation of the Meissner effect. If the surface
current distribution on the idealized superconducting shell can be computed, the shell can be
replaced by a real actively driven coil at the same radius that mimics the current distribution

of the superconductor.

Following [52] and [53], the magnetic field due to a current constrained to the surface of
a cylinder of radius r can be computed, in cylindrical coordinates (p, ¢, z), for regions inside

and outside of the cylinder using a Fourier transform of the current density J expressed as

F™(k) = 1 /7r dpeim? /Oo dze F2 (¢, 2), (3.22)

2 ™ - —00

where only the component in z of the current density has been used because of the lack
of current in the radial direction and the divergence-less of the current density V - J = 0,

resulting in the condition on the other Fourier component

F'(k) = _% F(k), (3.23)

where s is the radius of the cylindrical shell of current. The magnetic field induced by a

current constrained to a cylindrical shell of radius s can be expressed at any point (p, ¢, z)
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as

B, - .
Ko im ikz m
By | =5, d e ¢/Oodkek ks? F (k) x
m=—o00
B,
o I (K p)
K] (ks) %[m(k p) forp < s
£ I(k p)

, (3.24)
7 K0 (k p)
I (ks) %Km(k'p) forp > s
£ Kn(kp)

where the modified Bessel functions of the first kind and second kind, I,,, and K,, respec-
tively, have been used, together with their first derivatives I/, and K,,. The evaluation
is assumed to keep only the real component of K,,. These equations are valid for surface
currents constrained on cylindrical shells that are co-axial to each other. In fact, this can
also be used to compute the expected induced current on the surface of a superconducting
outer shell at radius b, if the condition of total reflection of the field is met, or, equivalently
if no field outside the superconductor exists, which for the case of cylindrical geometry is

satisfied by
B,=0 forp>b. (3.25)

Using Equation 3.24 to compute the radial component of the field due to the contribution
of the Fourier transforms of the inner coil current distribution J(¢, z) — FI"*(k) at radius a
and the unknown distribution f]"(k) of the superconducting shell at radius b, the condition
of Equation 3.25 is respected if

a’I (ka)

(k) = TR (kD) F' (k). (3.26)

The actual current density on the superconducting shell can be computed from the inverse
Fourier transform of 3.26. The dressing coil pair would then be comprised of the original

inner coil at radius a and a coil at radius b with a current distribution similar to the one
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found from the idealized superconducting shell.

3.3.1.1 Application to saddle coils

If the inner dressing coil is taken to be a cosf coil of radius a and length L, and with N

saddle coils placed at angles v; carrying a current I, its current density can be expressed as

[H(z+ L/2) = H(z — L/2)] x [6(¢ = 1) = 6(& + 1i)] (3.27)
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—H(¢p+ i) + H(p — ) if oy <m/2
H(¢ — i) — H(¢p+ 9y — 2m) if ¢y > m/2

(3.28)

where the Dirac delta function §(z) and the Heaviside step function H(x) have been used to

specify the discrete current carrying wires. The Fourier transform of one of the components

is then
I Smi Aim L/2 .
m _ ( —imap; im 1) —ikz
(k) —27“12 e e /_deze
=1 /
: N
=— (kL/2) . 3.29
— sin(k L/2) ; sin(m ;) (3.29)

Equation 3.26 can then be used to find the transform of the surface current distribution of

the active shield on the cylindrical shell at radius b

2ai11I (ka) al
f;n( ) W Sln kL/2 ; sin mwz (330)
Inverting the transformation would give the actual surface current distribution J(¢, z),

which is a continuous function of ¢ and z.

The active shield would be constructed as a coil comprised of discrete current carrying
wires that approximate the perfect shielding condition of equation 3.30, to obtain instead
partial cancellation. A useful construction that is also appropriately used in [52] relies

on the divergence-less of the current constrained to the surface of the cylindrical shell to
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describe the surface current in terms of a vector potential such as

J(p,2) =V x ¥, (3.31)

where only one component, called the stream function V(¢, z) = V¥, is needed to fully
describe the surface current. The components of the surface current on a cylinder of radius

r can be defined in terms of

ov 10v¥

Jp(¢, 2) = & and J.(¢, 2) = 396 (3.32)

The stream function can be computed by integrating one of the current components, and

directly from inverting the Fourier component, so that

V.(6.2) == [ 4010, 2) (3.33)
1 . 0 .
—s/d¢27r mz_:ooelm/oo dke'** F™ (k)
o i~ im¢ oo i
:;mz_:ooem /Oo dke* = F™ (k) . (3.34)

Because of the definition of the stream function as an integral of the surface current, iso-
contours of the stream function represent paths of closed loops of current, so that in order
to discretize the continuous current distribution expected from equation 3.30 into a discrete
number of wires, each carrying the same current, it is possible to place the wires on contours
for equidistant values of the stream function W.

The stream function for the active shield of equation 3.30 is then calculated using equa-

tion 3.34 for radius b to be

zmqb o) eikz ! a
Uy(p, 2) = Z Z sin mwz)/ dk : ?,”((Z b)) sin(k L/2) (3.35)
i=1 m=—00 -0 m
4a I cos mgf) sin(m; j, €08 kz)sin(k L/2) I, (ka
_ Z Z )/ (kz)sin(k L/2) I}, (ka)

bt k I (kb))

Figure 3.4 shows an example of the shape of an active shield coil computed from the
stream function of equation 3.35 for a given inner cos @ coil. Equidistant contours of the

stream functions determine the locations of wires for both inner and outer dressing coils.
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Each pattern shown is mapped to a cylindrical surface, where symmetry is implied for z < 0
and ¢ > 7/2. Figure 3.5 shows a three dimensional model of the active shield coil, with
wire locations determined by the stream function.

The expected reduction in heat dissipated into the ferromagnetic shield is shown in figure
3.6 as a function of the ratio between the active shield coil and inner cos 6 coil current ratio
Iy/1;. The current distribution that provides perfect shielding to the magnetic field created
by the inner coil is a continuous distribution, so the effective shielding is finite if the shielding

coil is instead constructed with discrete current wires.

3.3.1.2 Solution for a current distribution

It is also possible to compute the shielding current for a finite length but continuous cos 6
inner current distribution. In this case, the components of the surface current would have

a form

J. (o, z) :g cos¢ [H(z+ L/2)— H(z— L/2)] (3.37)

Jo(d, z) =T sing [6(z — L/2) — 6(z + L/2)] (3.38)

with return currents on either end-cap at z = +L/2. The Fourier transform of one of its
components

Isin(k L/2)

F'(k) = - k:

(0m,1 + 6m,—1) (3.39)

can then be applied to equation 3.26 and 3.34 to compute the stream function

Uy, 2) = — smgf)/ dk e+ > Sm(kkL/2) II—{,EIZZ; (3.40)
2Ia cos(k z) sin(k L/2) I{(ka)
— smqﬁ/ dk 5 i(k D) (3.41)

This form can be generally computed numerically faster than equation 3.35 for the dis-
crete cos@ distribution. In this case, the active shield solution does not depend on the
discretization of the inner coil.

Figure 3.7 shows the different shielding effectiveness of an active shield optimized for a

continuous cos # current distribution using equation 3.40 as a function of the number of coils
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Figure 3.4: Contour plots of a portion of the stream functions ¥(¢, z) for a N = 34 loop
cos @ inner coil of radius a = 50 cm and length L. = 3m, and an active shield outer coil at
radius b = 59 cm designed to shield the field produced by the inner coil. The discretization
of the active shield current distribution has been chosen to match the number of loops in the
inner cos 6 coil. The contours of the stream function correspond to paths where wires would
be wound on a cylindrical surface in order to approximate the desired current distribution.
The current in the active shield should run in the opposite direction to the current in the

inner coil. Note that the maximum length of the combination of coils is ~ 25% larger than
the original inner coil.
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Figure 3.5: Isometric model of an active shield coil constructed on a cylindrical shell of
radius Re = 59 cm. The active shield consists of M = 20 saddle loops of wire designed to
shield the magnetic field flux produced by a inner cos 6 coil (not shown) of radius Ry = 50 cm
and length L1 = 3m. In the figure, the coil is oriented so that the magnetic field points
along the x direction.

used to discretize the current distributions of the coils. For comparison, an optimization for
a discretized inner coil is also shown. If the active shield current distribution is computed
against the continuous cos 6 distribution of equation 3.37, both discretizations of the number
of loops in the inner and outer coil, N and M respectively, will affect the shielding. On the
other hand, if the active shield distribution is computed against an already discrete inner
coil current distribution for N saddle loops in a cos # arrangement, as in equation 3.27, then
only the discretization of the outer active shield current in M coils will affect the shielding.
This is also apparent from figure 3.7 where the active shield designed for the discrete inner

coil outperforms all other approximations in shielding.

3.3.2 Shielding the active shield

The approach of actively shielding a magnetic coil can introduce gross distortions in the B
field. For this reason, it might be sought to use a third active coil to correct the distortions
produced by the active shield. It is possible to use the method described above of apply-
ing the boundary conditions of a superconducting cylindrical shell to compute the current
distribution necessary to correct the field. Furthermore, it is possible to compute the two

active coils at the same time for optimal shielding.
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Figure 3.6: Effect of active shielding on the mean magnitude squared of the magnetic field,
evaluated on the ferromagnetic (FM) shield surface as a function of the ratio between inner
and outer coil currents. The nominal field at the center of the coils is kept constant and
the data plotted are relative to the bare cosf value for z = 0 (i.e. no active shielding).
The model of the coils was constructed with N = M = 34 current loops for both the inner
coil and the active shield, following the specification of table 3.1. For comparison, shielding
for different radii b of the outer active shield are shown. For the geometry of the magnet
package (b = 59 cm), the best shielding factor (= 80) occurs for = ~ —0.843, as shown in
dashed gray line. Better shielding factors can be obtained by increasing the number of loops
in the active shield, as shown in figure 3.7. The resonances near x = —1.2 correspond to
ratios of currents that would effectively cancel the field at the center of the coils, resulting
in diverging currents to keep the nominal field finite.
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Figure 3.7: Reduction in expected resistive heating as integrated RMS of the B field as a
function of the number of active shield loops M. The effective shielding increases as the
number of loops M used to approximate the perfect shielding current distribution increases.
Different discretizations of the cos @ current distribution for the inner coil are also compared,
with better shielding for increasing number of loops N in the inner coil. Perfect shielding
conditions would apply for N — oo and M — oco. Also shown in dashed line is the shielding
effectiveness of an active shield optimized using equation 3.35, as solution for a discrete
inner cos @ coil.
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In an approach described by [54] of double active shielding, the field from an active
shield can itself be shielded so as to not affect the field in the inner regions of the coils.
The boundary condition of equation 3.25 can be adapted to construct an additional shield
at radius ¢ < b which would cancel the field produced by the active shield at b for regions
p < ¢, so that the combined conditions on the radial fields from the three coils at radii a, b

and c are

Bl()“+b+c) =0 for p>b (3.42)
BS’JFC) =0 for p < c, (3.43)

where the field contribution from the shields (b + ¢) but not from the inner coil is screened
at r = ¢. Nothing prohibits the coil ¢ to be built at the same radius as the inner dressing
coil so that ¢ = a. The inner coil distribution can then itself be redesigned to account for

the superposition of two current distributions.

The computation of the current distribution of the two double active shields can be done

by solving for the two boundary conditions

a®> F™(k) I (ka) + 02 fi"(k) I, (kD) + ¢ f7 (k) I/ ,(kc) =0  (for p=1) (3.44)
v (k) K (kD) + ¢ (k) KL, (ke) =0 (for p=c), (3.45)

where the z component is implied for the Fourier terms of the three coils F, f; and f..
Given the transformed expression of the inner coil, the resulting transforms of the current

distributions on the active shields are

8 [Tu(kD) Iy (k) K, (kD

w0 = [n - e wegs) FO (8.40)
o a® [I'(kb) K! (kc) I (kc) "

o= G R R ) O (347

Ratios of the modified Bessel functions have been used for convenience in equations 3.46
and 3.47 so that the computation can be done using available numerical software libraries
which provide an exponentially scaled result [55], so that the exponential scale partially

factor out.

The inner coil at radius a can be modeled to be a cos@ coil with current distribution
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given by 3.37, and the additional active shield can be built at the same radius so that ¢ = a.
The combination of the three coils can then be built compactly on two cylindrical shells.
Moreover, using the stream function method, the current distributions of two coils wound
on the same surface can be combined and discretized once, resulting in a total of two coils

being constructed. The stream functions in this case can be computed numerically from

U,(p,z)=—1Ising [H(z+ L/2) — H(z — L/2)] (3.48)
_2la ° cos(kz) sin(k L/2) I (ka) K] (kc)
Vole, 2) =3 Slw/o dk k I (kb)K' (kc) — I, (kc) K/, (kb)
(3.49)
~2la . * cos(kz) sin(k L/2) Il (ka) K] (kD)
Vel 2) === Slw/o dk k T (kb K., (kc) — I (kc) K! (k)
(3.50)

The modeling of an double active shield for the dressing coil in the nEDM experiment has
been attempted. Figure 3.8 shows the current distribution of double active shields computed
for a test inner cos @ coil of length L. = 3m. The resulting coil package becomes more than
twice the length of the original coil, posing problems for the geometry requirements of the
dressing coils. Figure 3.9 shows how the addition of the second active shield restores the

field uniformity.

It becomes questionable whether the method of double shielding is effective for this
geometry: the uniformity of the field will have increased, but the length of the coil will
have grown so much that it might be better to use a single active shield computed against
a longer inner coil. In the end, it turns out that it is easier to construct a dressing coil
with a single active shield to which a small number of shim coils are added to improve the
uniformity. The shim coils do not necessarily need to be shielded, if the correction field is

small.

3.3.3 Field correction

A small correction coil can be used to improve the uniformity of the dressing field generated
by a dressing coil and an active shield combination. The uniformity is important because

it impacts the spin relaxation for *He atoms during a spin dressing measurement. The
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Figure 3.8: Contour plots of a portion of the stream functions ¥(¢, z) for a set of double
active dressing coils at radii a = ¢ = 50cm and b = 59cm. The current distributions the
outer and inner shields is computed for a cosf inner coil of length L = 3m. The current
distribution shown for the inner coil is a superposition of the continuous currents of the
inner coil and inner shield discretized together. Note that the length of the double active
shielded coils increases to more than twice the length of the original cos @ coil.
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Figure 3.9: Magnetic field profiles in the axial direction for actively shielded and unshielded
dressing coils. The currents in the coils have been adjusted so that a normalization of
By(0) = 1G is obtained. A single active shield changes the profile of the magnetic field of
the original cos 8 worsening the uniformity of the field in the z direction. The double active
shield design restores some of the uniformity of the field profile.
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relaxation rate follows

7{2 x (AB?) (3.51)

as seen in equation 5.50 and adapted in section 5.8. Figure 3.9 shows that there is a
large variance of the field along the axis of the coils, which is along the longer side of the
measurement cell L, = 40 cm, and the implementation of the active shield increases the

field deviation.

A permanent shim coil would be wound on the cylinder that holds the inner dressing
coil and connected so that current would flow in series to it. The windings of the shim
coil would represent a small contribution to the field compared to the more numerous
windings of the inner coil justifying not having to modify the active shield to account for
the small change in magnetic field. A random search for the specifications of the shim
coil was performed, constrained by a few symmetrical arguments that produce a quadratic
field profile. The shims were modeled to be small rectangular saddle coils on the curved
surface of the cylinder, where one of the sides is parallel to the axis of the cylinder and the
other side runs along a circle on the cylinder. A generalization of the parameters was done
so that a shim is specified by a pair of coordinates (¢, z) of the diagonal of the rectangle
on the surface of the cylinder, with a chosen convention of the current direction specified
by the sign of the slope of the diagonal. Without loss of generality, the parametrization
assumes that the diagonal of the shim is entirely in one octant of the cylinder surface with
¢ €10, 7/2] and z € [0, Zmaz|. To preserve symmetry, the single rectangular shim pattern
is reproduced on all octants of the cylindrical surface. The pattern is symmetric about
about ¢ and z, as well as the direction of the field. Figure 3.10 shows an example of the
symmetric construction of a shim coil over the surface of the cylinder. This parametrization
allows for special cases of coils where one or two pairs of rectangular patterns come into
contact at the edge of the octant (i.e. ¢ = 0 or z = 0 or both), with currents canceling
out on the sides that are touching, so that they can be joined to form a larger loop that
spans multiple octants. The saddle coil pairs used in the cos# coil can be defined in this
construction as special case coils where one of the points of the rectangular pattern lies on

the origin (¢ = z = 0).

The parameter space for rectangular shim coils is large as it is possible to add multiple

shims to correct the profile. A random search was performed with a cost function designed
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Figure 3.10: Symmetric construction of coils on a cylindrical shell. The axis and direction of
the B field is specified and is transverse to the axis of the cylinder. A rectangular pattern is
specified by two points p; and p» in one octant and the pattern is repeated to be symmetric
in ¢ and z as well as on the other side of the coil where ¢ > 7/2. The special cases where
p1 reaches either the z = 0 or the ¢ = 0 axes result in coalescing of pairs of rectangle loops,
with the currents of the segments that are touching canceling. The cos 6 coil is constructed
with coils of this type with p; = (0, 0), resulting in saddle pairs.

to improve the 9B /Jz profile without significant worsening of the active shielding using a
single shim coil constructed as described above. Although the results do not converge to a
single design, a well suited example of the shim coil, designed for an inner cosf coil of 30

loops, is specified by resulting in a total of 4 current loops. Pairs of loops are separated by

¢ (rad) z (cm)

D1 0 42.7
p2  0.164 74.6

~ 80 cm and are located within the largest gap between coil windings of the cosf coil, on

both sides of the coil. The current in the loop runs in the opposite sense as the cos6 coil.
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3.3.4 Active shield optimization

The results obtained for the specifications of the active shield coils have been verified using
the numerical modeling software outlined in 3.2. The resistive heat dissipation has been
estimated by computing the total field produced by the inner dressing and outer active
shield coils at points on the inner surface of the ferromagnetic shield. The total field can

be expressed as

Bdress(r) = Binner("') + Bouter(r) (352)

= Linner {binner (T) + 2 bouter (’I“)] s (353)

where the geometrical contributions to the field per unit current b are used and the ratio x
between outer and inner currents is left variable. The quantity of interest for the estimate
has been <]B]2> integrated over the surface of the cylindrical shell. Separating the contri-
butions from the two competing sets of coils, and allowing the current ratios to be variable

x this becomes
(IBP) = Bner [{Biamer ) + 2% ([bouter|” ) + 2@ Binmer - bouter)] - (3.54)

To optimize the shielding it is possible to extract the current ratio x from minimization. A
constraint on the current is given by the desired field in the region of interest (e.g. r = 0)

where the field strength is given by

Bdress(o) = Iinner [binner (O) + mbouter(o)] ’ (355)

where an assumption has been made that, because of symmetry, the directions of the fields
produced by the two sets of coils are parallel at the geometric center. The condition on one

of the currents is then
Bdress (O)

Linner = 3.56

binner(o) +x bouter (0) ( )
and the minimization of equation 3.54 yields the optimal current ratio
bouter(o) <|binne7"’2> - binner (0) <binner . bouter>

Lopt = (357)

binner(o) <‘boute'r|2> - bouter(o) <binner : boute'r>
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3.3.5 Small scale prototype

A small scale prototype was built to demonstrate the principles of active shielding. The
frame of an existing small scale cos# coil, built on a hollow Aluminum cylinder of radius
Ry = 8.75cm and length 56.3 cm, was used as the inner coil. The coil frame accommodates
40 loops of wire, each in a machined groove cut on the outer surface of the cylinder along its
length to approximate the cos 6 current distribution. Each groove has a pair of matching pins
sticking out at either end of the cylinder where the wire can be secured. While preserving
the cos # current distribution, only N = 8 loops were wound on the coil frame for this test,

in addition, the length of the loops was reduced to L; = 49.6 cm.

A larger thin Aluminum shell of radius R = 9.69cm was used to support the active
shield. The active shield shape was calculated using the stream function of equation 3.35
for the specific angles and lengths of the inner coil’s loops and for the given radius of the
thin shell. The computed shape of the active shield is qualitatively similar to the shape

shown in figures 3.4 and 3.5.

The active shield was constructed by gluing small Copper wires on a piece of poster paper
that was tightly wrapped around the Aluminum cylindrical shell. The positions of the wires
at all points on the surface of the cylinder were printed on the poster paper by the Caltech
Graphic Resources using a wide printer for poster presentations. The specifications were
stored in a PDF file with the dimensions adjusted so that the printed output would match
the real dimensions of the active shield. The printer method was calibrated by iteratively
sending reference geometries via PDF and measuring the output dimensions, adjusting to

make sure that the scaling matched.

Figure 3.11 shows a close-up photograph of the finalized coil, wrapped on its supporting
cylinder, with M = 10 loops of wire wound according to the specified pattern. Figure 3.12

shows the prototype placed inside the small-scale magnetic field mapper.

The final active shield coil consisted of M = 10 loops wound as a single continuous coil
in such a way that that the short segments of wire bringing currents into and out of each
loop were paired up and twisted with each other to partially cancel the field produced by

them.

A constant field mapping test of the prototype coils was performed using a single-

axis magnetometer mounted on a x-y-z mapper built at the Caltech Kellogg Radiation
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Figure 3.11: Detail photograph of the active shield prototype. The wiring pattern is printed
on poster paper according to the optimal solution for a smaller cos 8 coil (not shown). The
printout is cropped (~ 60 x 64 cm?) and wrapped around an Al cylindrical shell for support.
The wires are then glued in position following the pattern. The wires carrying current into
the coil (upper left corner) are paired up closely, in order to partially cancel their induced
magnetic field.

Laboratory for the mapping of small cylindrical coil prototypes [56]. The inner cos # coil and
the outer shield were placed at the center of the mapper with their axes aligned vertically.
The coils were connected to two independent power supplies. The current in the inner coil
was fixed to Iy = 1.5 A, while the current in the outer shield was varied. Table 3.2 provides

a summary of the different current setting of the measurement.

The mapper was programmed to move to different locations inside and outside the coils
to measure the principal component of the field, in this case By in a coordinate system
where z lies along the axes of the coils. At each point, after a settling wait time of a
few seconds, the background field B, was measured with the currents in both coils turned
off. The total field was then measured after applying currents to the coils. The mapping

routine was repeated following the same pattern of points for several (~ 5) cycles at each
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Active shield
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Figure 3.12: Photograph of the active shield prototype installed on its aluminum shell
support and placed inside the small-scale field mapper. Not shown is the inner cosé coil
which is centered inside the Al shell on a support to raise it, so that the centers of the two
coils coincide.

coil current setting.

A numerical model of the dressing coil prototype was used to compare the measured
data. Table 3.2 shows the general agreement of the raw data with the model at a single point
in the center of the coils, using the nominal currents specified in the measurement in the
model. A refined numerical model was also used where a normalization of the currents in the
model was allowed so to better match the measured data. A selection of the measurements
of the field inside the coil are summarized in figure 3.13, where the principal component
of the field B, is plotted against position along the axes of the coils. The magnetic field

uniformity along this axis is dramatically worsened by the operation of the active shield.
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L (A) L (A) L/L By (G) Bl (G)

1.5 0.0 0.00  4.551-1071 4.575-1071
1.5 —0.1 —0.07 4.205- 1071 4.227-1071
1.5 —-0.2 —0.13 3.860-10! 3.880- 101!
1.5 —0.3  —=0.20 3.515-1071 3.532-10~1
1.5 —-0.4 —0.27 3.170-1071 3.185-101
1.5 —0.6 —0.40  2.479-1071 2.490 - 101
1.5 —-0.7 —0.47 2.133-10! 2.143-1071
1.5 —-0.8 —0.53 1.788 - 1071 1.795 - 1071
1.5 —-0.9 —0.60 1.442 - 1071 1.448 - 101
1.5 ~1.0 —0.67  1.097-1071 1.100 - 1071
1.5 -11  —-0.73 7.510- 1072 7.529 - 1072
1.5 ~1.2 —0.80  4.064-102 4.055 - 102
1.5 —-13 —-0.87 6.014-1073 5.805- 1073
1.5 —1.4 —093 —2.845-10"2 —2.894-10"2

Table 3.2: Summary of mapping data measurements for a prototype of dressing coil with
active shield. The values of the measured magnetic field at the center of the coils are
compared to the values expected from a numerical model of the coil combination. As the
current in the outer active shield coil, I3, increases in magnitude, magnetic field cancellation
occurs. The field at the center vanishes for a current ratio Iy/I; ~ .878, and beyond that
point the field direction reverses as the outer coil provides more of the field.

Outside the coils, the magnetic field was measured for a sample of points over the
surface of an imaginary cylindrical shell of radius Ry, = 13 c¢cm and length L,,; = 60
cm, representing the location of the ferromagnetic shield. The effectiveness of the active
shield prototype in reducing the magnetic field was computed from the root mean square
measurement of the field outside the coils. The results are shown in figure 3.14 as a function

of the ratio Is/I; of outer and inner currents.
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Figure 3.13: Normalized magnetic field profiles of a dressing coil prototype as a function of
position along the axes of the coils for different current settings. The data points represent
measurements of the principal component of the field, scaled by the value measured at
z = 0. The model curves are numerical calculations, where a normalization factor in the
current was introduced. The magnetic field gradient along the z direction is smallest for
the I = 0 case for which only the inner cos coil is active. In the lower figure, the field
profile for a current ratio near perfect shielding (I2/I; ~ —0.73) is shown to produce large

gradients.
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Chapter 4

Establishment of a large Electric
field in superfluid Helium

A large electric field is essential for the measurement of the neutron Electric Dipole Moment
as it is in the nEDM experiment, where the observable shift in precession frequency due
to the presence of an EDM would be linear in the applied electric field. For a permanent
EDM to be measured with such method, it is necessary to compare the frequency shift
of two separate measurements with different field configurations. In one measurement the
magnetic and electric fields will be aligned and in the other anti-aligned.

In the nEDM experiment two symmetric and opposite electric fields are applied simul-
taneously to two separate measurement cells. The two cells are sandwiched between three
electrodes of rounded rectangular shapes where the outer electrodes are effectively electri-
cally grounded. A voltage difference is established between the middle electrode and the
outer electrodes to create the opposing electric fields. The direction of both fields can be

inverted by changing the polarity of the voltage of the middle electrode.

4.1 Electrode design for the nEDM experiment

4.1.1 Voltage multiplication

The requirements for the nEDM measurement define a nominal field E = 74kV - cm~! [35].
With a gap across a cell Ax = 7.6 cm and taking into account ~ 2.5 cm of cell wall thickness,
the required voltage drop across the electrode is expected to be in excess of 7T00kV.

The high voltage electrode is contained within a super-fluid He cryostat and it would be

very difficult to deliver the high voltage directly to it from outside the cryostat. The high
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voltage is instead created inside the cryostat by means of voltage multiplication consisting
of a variable parallel plate capacitor. A lower initial voltage V' < 100kV can be supplied to
the voltage multiplier inside the cryostat via a single commercially-available feed-through.
Figure 4.1 shows the schematic drawing of the voltage multiplying apparatus.

The variable capacitor is constructed from two round large parallel plates with diameter
no less than 40 cm. The gap between the two plates can be adjusted by moving one plate
relative to the other, therefore, controlling the capacitance of the plates. For simplicity, the
movable plate is grounded, while the other plate is fixed and electrically connected to the
high voltage electrode between the two cells.

The high voltage electrode is electrically insulated from the rest of the conductors so
that its voltage can be floating above or below ground voltage. A charging electrode can be
physically brought into electrical contact with the high voltage electrode in order to establish
an initial voltage. Once charged, the charging electrode can be removed and the floating
high voltage conductor will maintain the accumulated charge. Since only the charging
electrode is ramped-up to initial high voltage, a single high voltage feed-through path to
the inner cryostat is necessary. The other electrodes, on the other hand, are effectively
coupled to ground, but can be electrically insulated and grounded outside the cryostat.
These require several low voltage feed-throughs which are much smaller and cheaper and
are not associated with the breakdown difficulties that high voltage feed-through incur.

The variable capacitor is electrically in parallel with the capacitors consisting of the two

cell electrodes. Effectively, the total capacitance of the system is then

Ciot = Cy + Cp, (4.1)

where Cy/ is the variable capacitance of the movable parallel plate capacitor and Cpg is
the fixed capacitance of the other electrical conductors inside the cryostat, including the
fixed capacitance of the cell electrodes C.¢;; and the capacitative coupling to the grounding
cryostat case,

CF =2 Ccell + Cother- (42)

When the high voltage conductor is ramped up to a voltage Vj the charge accumulated on
it is given by
QO — Ctot ‘/0- (4.3)
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Figure 4.1: Schematic drawing of the voltage multiplying apparatus. The single high voltage
feed-through (HVFT) delivers the initial voltage V) to the inner high voltage electrode HV
through the outer vacuum shell (dashed gray). After ramping-up the voltage, 1.) The
connection to HV is physically retracted so that the electrode is now floating and 2.) the
high voltage power supply is disconnected from the apparatus. 3.) The variable capacitor
plate is retracted to increase the voltage of the HV electrode, thus increasing the electric
field between HV and GND electrodes, where the measurement cells are located. The
electrical currents flowing to and from electrodes at ground can be measured at a, b, ¢, d
and can provide diagnostic information on the inner voltage during the run.
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When the ramp-up is complete, the charging electrode is physically disconnected and the
initial charge Qg stays on the floating high voltage conductor. It is then possible to modify
the voltage of the charged electrode by varying the total capacitance to ground using the

variable capacitor. The final voltage will be

Qo Cyv+Cf
V= = Vi 4.4
éot C(/ + CF ’ ( )

where Cf, is the final capacitance of the variable capacitor. If the final capacitance is less
than the initial capacitance, the voltage will have increased, effectively multiplying the initial
voltage. The system can be charged when the gap between plates in the variable capacitor
is at a practical minimum. After the charging electrode is removed, the variable capacitor
plates can be separated to the maximum gap allowed by the geometry of the cryostat in
order to get the highest voltage multiplication possible. Since the distance between the
cells’ electrodes is fixed, the amplification of voltage results in direct amplification of the

electric field.

The voltage multiplication process can also be understood by looking at the charge on
the high voltage conductor. The initial charge must be distributed on its surface and in
particular shared proportionally between the three large capacitors in the system based on
their initial capacitances. When the variable capacitor is retracted, the constant charge on
the conductor must redistribute itself, and since less charge can be accommodated by the
lowered capacitance of the separated plates, more will be distributed, by the capacitative
coupling, to the electrodes around the cells, establishing a higher voltage across the cells,

and therefore, a larger electric field.

4.2 Voltage Amplification Test

A large scale test of the voltage multiplication process was carried out at the Los Alamos
National Laboratory. The measurement involved testing the amplification of voltage by
means of in-situ capacitor plates, as well as establish a large Electric field across Stainless
steel electrodes in liquid *He at superfluid temperatures. A previous measurement [57] was

performed with Al electrodes using the same apparatus.

The inner cryostat is shown in a model drawing in Figure 4.3 and consists of a large
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Stainless steel chamber of cylindrical shape, of diameter of 65 cm and ~ 150 liters in
volume, which is filled with liquid *He at superfluid temperatures. Stainless steel electrodes
are located inside this large bath of liquid Helium, so that when the cryostat is full, the
electrodes are completely immersed in liquid. The cryostat is, in turn, suspended inside
a larger outer vacuum vessel by four Kevlar ropes, to minimize the thermal coupling to
external heat sources.

The outer volume contains a thermal shielding Cu shell that surrounds the entire inner
cryostat to shield it from external heat loads. During operation, the Helium shield is kept
at a temperature below 30 K by actively cooling through a serpentine of Cu tubing carrying
cold *He boil-off gas from an external Dewar. The inner cryostat is protected from radiative
heat loads by ~ 30 layers of super-insulation.

On both sides of the cylindrical inner cryostat, and co-axial to it, two sets of bellows
allow the actuation of rods, inside the cryostat, that are used to control the position of two
electrodes, a charger (CHG) to set up the initial charge on the high voltage (HV) electrode
and a ground (GND) electrode that forms a variable capacitor with the HV electrode and
is used to test the voltage amplification. The use of bellows, which are filled with liquid
Helium, allows actuation of motion without a feedthrough, which would otherwise not allow
a superfluid tight cryostat. In addition, the actuation bellows are paired up and the linkage
with the actuator rods is done between the bellows pair so that when the electrode is
actuated, one bellows contracts while the other expands, allowing the total length of the
combination of bellows to be fixed by external support rods, and making it possible for the
electrodes to be moved without applying pressure on the liquid and without changing the

volume of the liquid Helium container.

4.2.1 Cryogenic cooling

The operation for the high voltage test includes cryogenic considerations for the system
to be run while filled with liquid Helium at temperatures below the A-point. The cooling
procedure for the measurement is detailed in what follows.

Once closed, the outer vacuum chamber is evacuated using a turbo-pump. During the
cool-down, the inner chamber is kept filled with *He gas at positive pressure with respect
to atmospheric pressure, in order to limit the inflow of extraneous gas in the chamber.

In order to check the vacuum seal between the separate inner cryostat chamber and the
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outer volume, a Helium leak detector (Pfeiffer Vacuum) is set up to constantly monitor
the presence of “He in the outer volume. Any significant increase of Helium leakage during
the cooldown process, which cannot be explained by otherwise routine handling of liquid
and gaseous Helium in the room, must be considered as a possible compromise of the inner
chamber seal and investigated as such.

Liquid Nitrogen is used to pre-cool, at a controlled rate, both the inner cryostat, through
a set of cooling tubing, and Cu heat shields to less than 100 K. The cooling rate is controlled
by manually adjusting the flow of cryogenic fluid through the system with feedback from
~ 50 temperature sensors installed inside the cryostat. The liquid Nitrogen can then be
replaced by Helium boil-off so that the temperature of the inner cryostat and shields can
brought down further. Once cold (< 15 K), the whole inner cryostat chamber can be filled
with liquid Helium, while the Cu shield is kept connected to the active cooling with Helium
boil-off. After the initial fill, the Helium level in the inner cryostat can quickly drop due to
evaporation from residual heat present in the system. The apparatus can be refilled when
necessary from liquid supply Dewars.

The temperature of the liquid “He can be lowered by evaporative cooling using a vac-
uum booster pump connected to the exhaust of the inner cryostat. In order to lower the
temperature of 150 L of liquid *He from T ~ 4 K (boiling temperature at LANL pressure)

to below the superfluid transition and to T' ~ 2 K, it is necessary to remove
AQ ~ (5% 103mol) - [H(4K) — H(2K)] ~ 1.5 x 10°J (4.5)

heat from the bath, with H(T) representing the enthalpy of Helium [58] summarized for
interesting values in table 4.1. In order to keep the inner cryostat volume filled with liquid,
a constant supply of liquid *He from external supply Dewar at 4 K must replace the liquid
that has evaporated during the cooling. Typically, temperatures of T' &~ 1 Kelvin can be

achieved using evaporative cooling if the external heat load is kept to a minimum.

4.2.2 Electrodes

Inside the inner cryostat, a large central high voltage electrode (HV), round in shape and
of diameter ~ 45 cm is suspended in the middle of the cryostat by insulating rods made of

G10. This electrode is effectively insulated from the rest of the cryostat and once charged,



59

T (K) H (J/mol)

4 35.1
2.17 10.7
2 6.5
1.6 1.6

Table 4.1: Liquid *He enthalpy at selected temperatures above and below the A-point [58].

it can be left electrically floating to preserve the charge on it. Figure 4.2 shows a voltage

contour of the internal electrodes.
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Figure 4.2: Finite element model of large high voltage test internal electrodes, labeled,
enclosed in the grounded cryostat case. The contours represent equipotential lines when
the HV electrode is charged and the GND electrode fully retracted.

The charge can be brought to the HV electrode from outside the cryostat by means of a
small charger (CHG) electrode, which can be moved to touch the center of the HV electrode
and can then be retracted once charged. A compact high voltage feedthrough, capable of
reaching the highest voltage provided by the external high voltage power supply of 50 kV,
connects the inner CHG electrode to the outside of the inner chamber. A second high

voltage feedthrough provides the interface between the vacuum chamber and the outside
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Figure 4.3: To-scale section drawing of HV test apparatus [57]. The large HV electrode
at the center of the device is suspended by cylindrical insulating rods and is effectively
electrically floating. The GND and CHG electrodes can be moved relative to the fixed HV
electrode to test the voltage multiplication.

power supply. Once disconnected from the high voltage power supply, the CHG electrode
can be connected to a picoammeter to measure the flow of current due to amplification.

The ground electrode (GND) is about as large in area to the HV electrode and is located
on the opposite side relative to CHG. When the GND electrode is moved in close to the
fixed HV electrode, the capacitance of the two parallel plates is maximized, and decreases as
their separation increases. The maximum capacitance that can be expected from a distance
between the two plates of 1 mm is on the order of 1-2 nF, while the smallest, achieved at
the maximal separation of ~ 6 cm, is about 25 pF.

A fourth stand-off (SO) electrode is at a fixed distance from HV, on the same side as
the CHG electrode with CHG protruding from a hole in its center. This electrode provides

a fixed reference capacitance to measure the effect of voltage multiplication.

4.2.3 Operation

To test the voltage multiplication the CHG electrode is first brought into contact with the
HYV electrode. An initial gap of ~ 3 mm between the HV and GND is established to provide

a large initial capacitance Cy ~ 400 pF in the variable capacitor. A high voltage power
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supply is then used to ramp up the system to an initial voltage of 1540 kV, charging HV.
Subsequently, the CHG is quickly retracted to its resting position (6 cm away from HV) and
the voltage on the power supply ramped down to ground, while the isolated HV electrode

is floating at a high voltage.

Once charged, the HV electrode will maintain its charge so that when the GND electrode
is slowly retracted to its maximum distance from HYV, and its capacitance is drastically
decreased, the charge will redistribute over the surface of HV, shared by the rest of the
capacitors in the system, resulting in an amplified voltage difference, described by Equation

4.4.

After a retraction, the GND electrode is brought back towards the HV electrode, re-
turning to the original starting position and restoring the original capacitance. Since the
charge should be conserved on the HV electrode, the voltage should also return to its origi-
nal initial value. After a retraction-return cycle, the system is in its original configuration,

allowing additional retraction measurements to be performed on the charged system.

4.2.4 Data Acquisition

The GND, CHG and SO electrodes are isolated from the rest of the inner chamber and
effective grounding paths are established through three separate picoammeters located out-
side of the cryostat that can measure the currents that flow in and out of the electrodes
inside the inner cryostat. The equivalent electrical circuit of the setup is shown in Figure
4.4. During voltage ramp-up, current flows from the high voltage power supply into the
inner chamber through the feedthrough and out through the picoammeters connected to

the GND and SO electrodes.

During the amplification process, the rearrangement of charge on the HV electrode inside
the inner chamber can be measured by looking at displacement current flow through the
picoammeters. The results of one amplification is shown in Figure 4.7. The capacitance
from the GND electrode is greatly reduced and the electrode experiences a decrease in
charge, so a negative current is measured. Inversely, the other electrodes CHG and SO

experience an increase in charge and so a positive current flows towards them.
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GND CHG SO

Figure 4.4: Equivalent electrical circuit for the set of internal capacitors in the large scale
high voltage test. Three picoammeters measure the currents flowing in and out of the
cryostat. Shown as an additional capacitor in dashed line is the effective capacitance of
the HV electrode with respect to the inner cryostat shell which is effectively grounded, but
whose current is not measured. The initial charge )y on the floating HV electrode is coupled
to the capacitance from the other conductors in the inner cryostat. When the capacitance
in the variable capacitor drops, the charge on HV must rearrange itself on the remaining
capacitors, resulting in a higher voltage.

4.2.5 Finite element model

A finite element model was used to study the expected amplification properties of the high
voltage test. The software tool FEMM [59] offers solutions for electrostatic problems with
simple 2D geometry or rotational symmetry and was used to create the model of the large
scale test, as shown in Figure 4.2. From the finite element model it is possible to obtain
estimates of the capacitances between electrodes. Table 4.2 summarizes the computed
capacitances between the HV electrode and other electrodes in the system, and Figure 4.5

shows the relation between the capacitance of the GND electrode and the spacing.

Component C (pF)
HV-GND 390 (3 mm)

300 (4 mm)
HV-CHG 2.6
HV-50 6.3
HV-—ase 25

Table 4.2: Finite element computation of electrode capacitances, including an estimate of
the stray capacitative coupling to the conductive cryostat “case”.
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Figure 4.5: Finite element computation of the capacitance of the GND electrode with
respect to HV, as a function of electrode spacing d. Fit to the function f(d) = Cy +
€ Ag/(d — do), with parameters Cy ~ 6.9pF, Ag ~ 1,367 cm?, dy ~ —0.14 mm, are displayed
to show agreement with 1/d behavior for small d.
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4.2.6 Calibration

In order to estimate a value for the amplified voltage, the measured change in charge can
be used if one of the fixed capacitances is known. While the finite element model provides
a useful comparison of what the capacitances of the system are, it is possible to estimate
one of the capacitances from the current drawn during the ramp-up of voltage.

In this configuration, CHG is in physical contact with the HV electrode and high voltage
is supplied to the system from the external power supply. The voltage is ramped-up slowly
(< 1kV/s) and smoothly as allowed by the manual operation of the voltage control. During
the ramp-up, a small displacement current flows into the system through the high voltage
feedthrough, and out through the capacitative coupling of the GND and SO electrodes.

The capacitance of the SO electrode with respect to HV is estimated from the linear

relationship

QRso(t) ~ Cso V(1) (4.6)

between the applied voltage V(t) and the accumulated charge Qso(t) on the SO electrode.
The charge can be roughly estimated from the integral of the current measured by the

picoammeter

Qso(t) = /dtfso(t)- (4.7)

Figure 4.6 shows a sample of calibration data from the ramp-up of voltage. The capacitance

of the SO electrode is estimated to be

Cso ~ 5.8(1) pF. (4.8)

4.2.7 Amplification

The voltage gain from the amplification process can be calculated from the current measured
during the amplification. The GND electrode is retracted at a constant speed of vanp =~
1.7 mm/s away from the HV electrode by use of an electric linear motion system. The speed
of retraction is fixed by the rotational velocity (20 RPM) of the electric motor, connected
to a screw guide of 1/5” per rotation to transform rotational to linear motion. From the

velocity and time information of the current measurement, it is possible to know the distance
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Figure 4.6: Calibration data during voltage ramp-up is used to compute the capacitance of
the SO electrode.

between the electrodes

d=dy+vagnD -t (4.9)

where dj is the initial gap, usually of 3 mm, between HV and GND electrodes. The retraction

time for a gap of dy = 3 mm is At ~ 34 s.

The amplified voltage can be calculated as a function of the integrated measured current

scaled by the reference SO electrode capacitance Csp

V() =V + C’io /0 dt Iso(#) (4.10)

where Vj is the initial voltage applied to the HV electrode from the high voltage power
supply and the integral of the current is taken over the time interval from the beginning
to the end of the retraction stroke. The amplified voltage can be mapped to the electrode
separation so that it can be compared to the expected amplification characteristics of the

system.

Figure 4.9 shows measurements of voltage amplification obtained from the measurement

of displacement current during the retraction of the GND electrode.
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Figure 4.7: Plot of currents flowing in and out of the inner chamber during a retraction
(first feature), in which the GND electrode is moved away from the charged HV, and return
of the GND electrode to its original position (second feature). Reference time is relative
to the start of the measurement, which includes voltage ramp-up of HV and disconnection

from power supply.
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Figure 4.8: Detailed current plot during voltage amplification. The largest contribution
to the current flowing in and out of the electrodes system is the current from the GND
electrode, since its initial capacitance is the largest. An initial voltage of Vy ~ 19 kV was

applied from the high voltage power supply.
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Figure 4.9: Plot of voltage amplification as measured from charge displacement during
retraction of GND electrode. Relative multiplication factor as a function of GND and HV
electrode distance d. Each solid curve represents a measurement of voltage amplification.
Different initial gaps result in different achievable amplifications at the maximum gap ex-
tension. Also shown are the expected voltage amplification curves from the FEMM finite
element model.
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4.2.8 Electrical breakdown in superfluid Helium

The large scale high voltage test was carried out with the intention of measuring the break-
down voltage of the stainless steel electrodes over a large volume of superfluid Helium. The
requirements of the nEDM experiment [35] necessitate a strict limit on the probability of a
breakdown for the entire duration of the experiment. Because of this, the voltage applied
to the electrodes during the measurement must be significantly lower than the maximum
voltage that the dielectric can sustain. The dielectric in question is liquid “He in its super-
fluid state, at an operating temperature designed to be near 0.4 K. Given the geometry and
complexity of the components of the high voltage system, it is expected that the field across
the cells will not be the maximum electric field sustained across the liquid. For instance,
the electrodes are designed to bulge out and enclose the cells in such a way that the spacing
between the two electrodes is smallest outside the cells, so that for a given voltage, the field
will be higher just outside the cell. Since the nominal value of the electric field in the cells
is F ~ 74kV -cm™!, it can signify that breakdown should occur only for fields in excess of

100kV - em~1.

Breakdown in liquids is not well understood, at least not to the level that breakdown
in a gaseous medium occurs [60]. This is probably due to complications arising from phase
transitions between liquid and gas, and the fact that electrical currents tend to increase the
temperature due to resistive heating, leading to phase transitions for liquids, but not for
gases. The study of breakdown in Helium is of interest because of its cryogenic properties
and its inert chemical properties. One application is as an electrical insulator and cooling
agent for superconducting coils. The study of gaseous Helium gas at low temperatures
and varying pressures has been carried out extensively [61-63]. The breakdown in gaseous
Helium is understood to originate from known Townsend processes in which electron and
ion avalanches are sustained by the ionization of neutral atoms creating a conductive path
between the electrodes. The breakdown of Helium at low densities seems to agree well
with Paschen’s law for sustainability of an avalanche [62], so that the breakdown voltage

increases if the density is increased.

The breakdown in liquid Helium has been attributed [63-65] to the presence of bubbles
in the bulk, where electrons can localize and possibly acquire enough energy from the

electric field to ionize another atom and initiate an avalanche process. Due to the low heat
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of vaporization of Helium (Lyqp = 80 —90J - mol~! [58]), bubble formation is prominent in
liquid Helium, while suppressed in other liquids. The study of breakdown in the liquid is
then a study of the processes of nucleation of bubbles which is due to the interface between
the electrode and the liquid.

One aspect that is evident in the literature [61,66], is the fact that impurities in the
Helium in gaseous form greatly affect the breakdown strength. This can be a concern for
the liquid case too, where impurities can freeze out on the surface of the electrode and
change the breakdown strength of the interface between liquid and conductor. This was
also noticed in the large scale test conducted at LANL, where the breakdown strength in
liquid Helium was significantly affected when an accidental large contamination of the inner
cryogenic vessel introduced air in the system so that snow was visible from the windows.

The limited set of breakdown data collected during the runs on the large scale test at
LANL is summarized in Figure 4.10 for both the normal and superfluid phases of liquid
Helium [67]. The data points collected represent the maximum electric field that could
be sustained without a breakdown observed in a period of time on the order of a minute.
Qualitatively, the data show that in the normal phase breakdown is seriously affected by
the active pumping of the Helium liquid. This can be explained from the presence of boiling
in the liquid which generally decreases the density of the liquid, but also allows for paths in
gas to form because of the bubbles. The transition to superfluid does not seem to adversely
affect the breakdown capabilities. In the superfluid regime, the bubble formation due to
boiling is suppressed due to the large heat conductivity, so pumping on the liquid Helium
does not reduce the breakdown strength in a significant way. The breakdown strength seems
to depend on the pressure of the liquid, but not directly on its temperature, or its phase.
A single data point away from thermal equilibrium was obtained by sealing off the cryostat
containing the superfluid Helium and letting the pressure build up. The increase in pressure
did not change the temperature of the Helium bath significantly and the breakdown strength
was noticeably improved.

The range of temperatures and pressures for which the large scale test was performed
was limited by the capabilities of the system. A lot of effort was expended in reducing the
heat load to the large cryostat so that temperatures near a Kelvin could be reached. The
largest sources of heat were recognized to come from the top of the cryostat, where the

inlet and outlet ports were located, so that the design of the cryostat could not be easily
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modified. In addition, no convenient way existed to pressurize the Helium bath without
increasing its temperature or risking to burst one of the many safety relief valves of the
cryostat.

A new measurement of the breakdown in superfluid Helium is underway at LANL. A
smaller “medium scale” cryostat is used, designed specifically for superfluid temperatures.
A smaller set (= 10 cm diameter) of electrodes are fixed in place and separated by d ~ 1 —2
cm. The electrodes are individually powered by a pair of high voltage power supplies of
opposite polarities, so that fields near £ ~ 100kV - cm™! can be tested without the need
of voltage amplification. A 3He evaporative refrigerator is used to cool the liquid Helium
in the cryostat to temperatures of below 1 K. The new cryostat has been demonstrated to
work at temperatures 7'~ 500 mK [68]. In addition, the volume enclosing the Helium bath
is cooled through a metal interface, so that it can be separately pressurized while being
actively cooled. The breakdown measurements obtained with this new device should bring

results that are relevant to the nEDM experiment.
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Figure 4.10: Electrical breakdown measurements for the large high voltage test setup at
LANL. The data are plotted as a function of the bath temperature (a), as well as the
pressure (b). The breakdown tests were conducted at different temperatures of the liquid
helium bath, with a gap between electrodes of d = 4 mm. One pressurized data point was
obtained by valving off the inner cryostat and letting the pressure build up.
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Chapter 5

Systematic studies using Monte
Carlo spin simulations

As the search for an EDM of the neutron reaches higher sensitivities, the study of sys-
tematic effects in the planned measurement becomes more important and necessary for the
realization of the nEDM experiment. In order to study the effects that are expected in the
measurement, a Monte Carlo simulation package was created to study interactions of spins

with magnetic fields and electric fields.

5.1 Simulations

Simulations of spin interaction with magnetic and electric fields have been implemented
for the geometry planned in the nEDM experiment. This includes the study of ultracold
neutrons and their spin as they move inside the measurement cell as well as of *He atoms,
which experience similar fields, but can behave differently because of their different velocities

and interactions.

The Monte Carlo simulations focus on the study of the interactions with fields ap-
propriately chosen to study certain systematic effects that can arise from magnetic field
inhomogeneities and interaction with the electric field. Magnetic and electric fields which
resemble the expected experimental parameters have been studied in order to validate the
assumptions that the systematic effects were either small or well understood, or else suggest

a different approach in the choice of the experimental design parameters.
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5.1.1 Numerical Approach

The Monte Carlo simulations are carried out by tracking the classical motion of the magnetic
moment vector of a particle with spin, which is aligned to its angular momentum, in the
presence of an external magnetic field. The magnetic energy of a particle possessing a

magnetic dipole moment p in an external magnetic field B is [31]

J-B
U:—uij =—Jhvo-B (5.1)
where the vector o = J/J is the normalized spin vector and ~ the gyromagnetic ratio.
Under the influence of a magnetic field, a torque tends to align the magnetic moment vector
to the field as to minimize the energy, but because of the intrinsic angular momentum of
the particle, the effective torque makes the spin precess about the axis of the field. The

basic equation of motion for the magnetic dipole is, then given by the Bloch equation [69]
6 =70 X B. (5.2)

Particular solutions exist for the Bloch equation that deal with spins precessing in simple
constant fields as well as rotating fields. In the case of the constant magnetic field, it is
possible to solve the Bloch equation of 5.2 by differentiating it over time, while assuming

0B/ot = 0, so that

&§=y6xB=+% (6 xB)xB (5.3)

=2 [(c-B) B-— B2 ol, (5.4)

where the quantity B is the magnitude of the constant magnetic field. The quantity o - B
does not change in time and can be considered the inhomogeneous part of the ODE. A set
of homogeneous and inhomogeneous solutions can be found for o so that

(Uo-B) B

c=ac Bl ge B o2 ,

(5.5)

where the values for a and 3 can be solved using the boundary values at time ¢t = 0

oo =0(0) and 6(0) =v09 x B, (5.6)
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leading to trigonometric solutions. The final form of the equations of motion are

-B) B B -B) B
o(t)=|og— w-OB?) cos(wt) — % sin(wt) + mBz)’ (5.7)
where the frequency of spin precession w = — B has been substituted, and the sign con-

vention has been chosen so that the rotation vector that describes the precession of the spin
vector is simply

w=-7B. (5.8)

It is useful to note that for small intervals in time, changes to the spin vector, as described
by equation 5.7 can be approximated to be
~? (oo-B) B

Ao ~vogx BAt— — |og— o2

At )
5 t (5.9)

This second order correction can improve the convergence of numerical methods used to

compute spin precession.

Another field configuration, for which a solution to the Bloch equation can be easily
found [70] is the case of a field B, that is rotating with some frequency wy; in a plane
that is perpendicular to the static field By. If By points along the x axis, the expression for

the total magnetic field is
B(t) = By & + Byot COSWyott Y + Brot Sinwyor t 2. (5.10)

A transformation to a rotating frame, where the rotation is about By and the frequency of
rotation matches wyo, will result in the rotating field to appear stationary corresponding
to the introduction of a pseudo-field along the direction of rotation, so that the total field

is now

“fy"t) &+ Brot .- (5.11)

B’ = <B0—|—

The solution of equation 5.7 can then be used to compute the precession of the spin vector

about B’ in the rotating frame, which can then be translated to the non-rotating frame.
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5.2 Modeling of particle motion in the cells

The systematic effects associated with the measurement of spin precession in external mag-
netic fields depend on the motion of particles in those fields, so the modeling of particle
motion and interactions in the measurement cell is an important aspect of the Monte Carlo

simulation.

Particles that are trapped in the measurement cell stay in the cell by reflecting on
the inner surface of its walls. A bouncing particle exchanges linear momentum with a
boundary wall, where the minimum momentum exchange to remain inside the cell is given
by the component of the particle’s momentum normal to the wall before the collision. In
the case of a specular reflection, the component of the incoming momentum normal to the

wall changes sign, so that

Aprnin = ('f” : p) n (512)

Apspeculaur = 2(,& ' p) ﬁ’a (513)

where 7 is the unit vector normal to the surface.

Diffuse reflections of particles from the walls are implemented in the Monte Carlo simu-
lation following considerations of general equilibrium conditions [30,71,72]. In equilibrium
conditions, and in absence of external forces such as gravity, the density of the phase space
of the particles in the cell is expected to be uniform and interactions with the walls should
preserve that uniformity. In order to correctly simulate wall reflections, a suitable distri-
bution must be chosen that maps the outgoing momentum to the incoming one and that

preserves the density of states.

The outgoing direction cannot be chosen from a simple uniform half-spherical distribu-
tion over {2 = 27 because the resulting density of states would not be uniform. In principle,
this is because particles that have paths with steep impact angles to the wall (i.e. large
component of velocity normal to the wall) will reach the wall faster than their counterparts.
Since all output solid angles would be as likely, this results in the loss of steep impact angle

particles being higher than the production through the diffuse process.

In general, diffuse reflections should require the flux of momentum incoming to the

surface of the wall to equal the outgoing flux of momentum to keep the phase space density
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Figure 5.1: Phase space considerations for diffuse bouncing. The number of particles of
fixed velocity v that are incident on the area dA in time At and from angle 6 will be
proportional to the volume dV = dA cosf. In addition, the flux of momentum through the
same area is proportional to v -dA = vdA cosé.

uniform. This condition is already met for specular reflections, where the normal component
of momentum is inverted. A simple implementation of diffuse reflection where the outgoing
momentum of a specular reflection is rotated a random angle ¢ € [0, 27] about the normal
7 to the surface, will also preserve the phase space because of the azimuthal symmetry of

the reflection.

Diffuse wall reflections are implemented in this work so that the direction of momentum
of the particle after reflection is not correlated to the incoming direction. The particle

direction after diffuse reflection is picked from a distribution [72]
£(8, ¢) o cos? § dQ = sin f cos? § df do (5.14)

with angles 6 and ¢ as “normal” spherical angles with respect to the normal to the wall so
that the outgoing flux of particle momentum equals, on average, the incoming flux. This is
because the density of phase space is assumed to be constant, so that the flux of momentum

through an infinitesimal area dA varies as cos? @ as shown in Figure 5.1.

The outgoing angle # can then be chosen from Equation 5.14, properly normalized so

that the total probability is unity as

3

2 z
d d¢/2 dfsinf cos?f = 1. (5.15)
27'(' 0 0

Using uniformly distributed random numbers y € [0, 1], this can be accomplished noting
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that

0
y =3 / d¢’ sin ¢’ cos? ¢’ (5.16)
0

=1- (cos_1 6)3, (5.17)

so that the angle @ can be picked as 6 = cos™! [(1 — y)l/g]. The azimuthal angle ¢ is chosen

from a uniform distribution in 2.

5.2.1 Ultracold Neutrons

Ultracold Neutrons in the nEDM cell have been simulated to travel ballistically and reflect
from the cell’s walls without loss of kinetic energy. The UCN do not interact with other
UCN or other particles in the cell, so each neutron can be simulated independently. Wall
reflections are implemented with some fixed probability of diffuse reflection per bounce.
The velocity spectrum of UCN produced by the super-thermal collisions with phonons

in the liquid Helium is expected to follow a power function so that
f(v) o oF, (5.18)

where k ~ 2, with maximal trapped velocities given by the Fermi potential of the holding
cell. The initial spatial distribution of the UCN is assumed to be uniform at the beginning
of the simulation, as that is the moment after the UCN fill time during which UCN are
produced via downscattering from a cold neutron beam. Because of their small velocity
and non-interaction, only gravity affects the velocity of UCN within the cell, so that the
distribution along the y axis, aligned with gravity, becomes skewed, with a higher density
of particles towards the bottom of the cell.

Although UCN are trapped inside the cell by the Fermi potential Vr which allows
neutrons with velocities of a few m -s~! to reflect from the walls and neutrons with greater
speeds to escape, the interaction is not modeled in the Monte Carlo simulation of this work,
and the walls are assumed to be impenetrable. Future studies could address the effects
of velocity dependence of neutron losses. Most of the systematic effects discussed in this
chapter depend on the neutron velocity inside the cell, so a trap lifetime that is velocity

dependent could result in the systematic effects changing with time.
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The neutron lifetime 7, is an important limiting factor in the measurement of UCN
properties. The measurement cycle is, in fact, designed to maximize the sensitivity to shifts
in frequency, by choosing a measurement time adapted [35] to the lifetime of the neutrons in
the cell, which depends on the measurement geometry and material properties of the cells,
the neutron lifetime and the capture process on *He. The Monte Carlo simulations of this
work do not include physical lifetimes, since the neutron lifetime would not be a primary
contributor to the systematic effects sought in this work. On the contrary, the simulations

focus only on UCN that are inside the measurement cell for the entire simulation period.

5.2.2 3He atoms

Atoms of 3He, in trace amounts, diffuse in a super-fluid *He bath at temperatures well
below 1 K. The velocity spectrum of the 3He atoms is given by the Maxwell-Boltzmann

velocity distribution function in the form

4
fv) = NI v? eV Ve du, (5.19)
mp
where v, is the most probable speed, given by
2kgT
Vmp = MB , (5.20)
*

where the effective mass of *He diffusing in liquid Helium M, ~ 2.2 M3 was used [73].

In this regime, the phonon number density in the bulk of the “He bath drops rapidly
with lower temperature and 3He atoms can then travel ballistically for long periods of time
before scattering with phonons. The fractional density of 3He is low enough, on the order
of 10719, so that collisions between 3He atoms are negligible. The mass diffusion coefficient

for 3He atoms in a superfluid “He bath was measured to be [74]

(1.6 £0.2) cm?s~!
- :

7)) (5.21)

The velocity of He atoms is also small enough so that the probability of scattering with
phonons in the bulk does not depend on the instantaneous velocity of a single 3He atom [75].

Rather, the mean time between phonon scattering is defined in terms of the root mean



velocity at temperature T'

Upms =V < 02 > (5.22)

3kpT 3
=\ " = \/;vmp (5.23)

as

= (5.24)

Because of the dramatic temperature dependence of D in Equation 5.21, the mean free path

of a 3He atom in bulk liquid, if defined as

Ay =0Ty (5.25)

with the mean speed o =< v >= 2v,/+/(7), can be orders of magnitude different with a
temperature change of 100 mK. Table 5.1 summarizes some useful properties of He diffusion
at temperatures below 1 K. For Helium temperatures ~300 mK, the mean free path of He
atoms becomes comparable to the size of the storage volume, so that two temperature
regimes exist. Below 300 mK the 3He atoms travel essentially ballistically, constrained by
the walls of the cell, while at temperatures above 300 mK, the mean free path can be very
short compared to the characteristic length of the cell, so that 3He atoms spend a long time
scattering in the bulk liquid and seldom reach the walls. A characteristic diffusion time for
the particle to reach a distance R can be defined [76] to be
B _ 3w

TD:7:

2 )
D Te Vims

(5.26)

where the mean collision time 7. is used in order to take into account diffuse collisions with
the walls in addition to scattering from excitations in the liquid. The effective mean collision
time can be estimated from a combination of the mean time between wall collisions 7, and
the mean time between scattering from excitations 7,. The effective mean time between
collisions is then

11,1 (5.27)

Te Tp Tw

From kinetic theory arguments, the mean time between wall collisions can be estimated from
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the frequency of collision on the inner surface of the cell. Assuming a uniform distribution
of phase space for a mono-energetic particle of velocity v moving in a volume V', the collision

rate on a section of area dA will go as

dAwv
== =y = 222
=3 (vl) = N (5.28)

where ’UI represents the component of the velocity normal to the surface and directed

towards it, so the averaging is done over half of the full solid angle, resulting in a factor
of 1/4. Integrating over the whole inner surface area A, a mean free path independent of
velocity can be defined to be

4
Aw = Ty U = TV ~ 7.85cm, (5.29)

where the dimensions of the nEDM cell (7.6x10.2x40 cm?) have been used in the evaluation.
Figure 5.2 shows the typical collision times for 3He atoms in the nEDM cell as a function

of He bath temperature.

T (mK) vy (m/s) A, (cm)

100 15.84 2.28 - 10%
200 22.39 1.26 - 102
300 27.43 6.02 - 10°
400 31.67 6.96 - 107"
500 35.41 1.31-1071
600 38.79 3.33.1072
700 41.90 1.05- 1072
800 44.79 3.84-1073

Table 5.1: Kinetic properties of diffuse 3He atoms in superfluid Helium below 1 K as a
function of temperature.

In the Monte Carlo simulations the scattering with phonons is modeled so that the
direction of motion of 3He atoms after scattering is randomized and so that the speed
is picked from the Maxwell-Boltzmann distribution at every scattering event. The time

between collisions with phonons is determined by picking a time ts.¢ from a distribution

f()scat = L exp [—t] dt (5.30)
Tp
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at the beginning of the simulation and after each scattering so that a scattering event can
be modeled to occur at the position of the particle at time ts.q;. This is repeated until the
simulation period is over. In addition, re-thermalization of the speed can be implemented at
wall reflections. In the lowest temperature regime, where T' < 300 mK, the mean free path
for collisions with excitations is long enough so that 3He atoms do not get a chance to re-
thermalize and acquire a new speed of propagation for long periods of time. The process of
re-thermalization at the walls is implemented with attention to phase space considerations,
resulting in a Maxwell-Boltzmann distribution of velocities, following equation 5.19. Since
the faster atoms reach the walls before the slow ones as the frequency of collisions with the
walls is linear in v, they have a greater chance of re-thermalizing to a slower velocity and
spend a longer time traveling at the lower velocity. After many wall collisions, this would
result in a distribution of particle velocities that is skewed toward lower velocities. In order
to preserve the density of states, the Maxwell-Boltzmann distribution needs to be scaled by

an additional factor v to become

fv) = =3 e /vy do, (5.31)

5.2.3 Numerical Method

A Runge-Kutta numerical method is used to compute the spin precession equation of mo-
tions of equation 5.2. The method, outlined in Numerical Recipes [77], relies on the 48
and 5™ order approximations of the equations of motion, using adaptive time step com-
putation. By computing two different orders of approximation, it is possible to estimate
the error that comes from the numerical approximation at each step. This can be used to
either validate a computation, in case the error is below a chosen threshold, or alternatively
discard a computed step and require the computation to be repeated using a smaller step
which should provide the desired error.

The numerical method, as implemented in the simulation software, has been compared
against the known solutions to the Bloch equations, such as equation 5.7, to validate the
method. An additional constraint was found to be useful in the computation of spin preces-

sion, that is requiring the normalization of the unit spin vector after each numerical step.

This can be partially accomplished by replacing the first order Bloch equation 5.2 in the
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Figure 5.2: Typical times between collision for 3He atoms in the nEDM measurement cell as
a function of temperature. The small dependence of the mean free period between collisions
with the cell walls is due to the increase in average particle speed at higher temperatures.
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numerical engine with the second order equation 5.9, although efficiency concerns result in
slower overall computation when including second order corrections.

The simulation software was designed so that the numerical computation of spin pre-
cession is separate and independent of the position of the particle in the measurement cell.
The path that a particle follows in the cell does determine the magnetic field that spin will
precess about, but the path is not otherwise affected by the evolution of spin. This imple-
mentation must then ignore the magnetic force on the magnetic dipole due to gradients.
Because of the separation of geometrical computations from spin precession, the paths are
also not affected by the time steps that the numerical method chooses. This method allows
to run different simulations in which the complete paths of particles are the same, while
the magnetic and electric fields can be varied. In this case, only the path related choices
are determined by the random number generator in the code, and they include starting
position and velocity vectors, as well as all the diffuse scattering events which change the
velocity vector. Therefore, two runs that are started with the same seed but different field

parameters will line up exactly in position, for all the particles studied.

5.2.4 Cloud Computing

A run management package was developed around the simulation software to enable Monte
Carlo simulation runs to be executed in parallel to increase the overall computing power
and decrease simulation run time. Since the particles are modeled not to interact with each
other in the simulation runs, their dynamics during the simulations are determined solely
by the starting parameters and the random number generator. So it is straightforward to
split simulations with any number of particles into smaller runs with fewer particles and
run them separately.

The run management is handled over HTTP protocol using an open-source Content Man-
agement System, Drupal [78] (PHP), to interface with a relational MySQL [79] database for
the management of runs. The software was written so that the input parameter files to the
binary simulation program would be small and plain textual, which can be easily stored in
a database. The output files, on the other hand, are larger and stored using the file format
of ROOT [80], organized in TTree structures and stored on disk. The web interface offers
control of the execution of simulations with the advantage of making a graphical client avail-

able to any computer with the sole requirement of having a browser and a connection to the
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Internet. For instance, the graphical client allows programmatic generation of run param-
eters for batch execution. The web interface also provides a layer of simplification to other
pieces of software by implementing an API (Application Programming Interface) to which
computers on different networks can communicate by exchanging plain-text queries and
results over HTTP, without need of setting up sophisticated private networks or protocols.

In addition to storing simulation run metadata, the web interface is also responsible
for managing a run queue, which is spread over a pool of computing units associated with
it. Some of the computers that are local to Kellogg Radiation Laboratory at Caltech were
readily added to the pool of available computers, so that some of the processing power could
be shared, when unused. Some customization options also allow to choose the number of
processors on a single computer to dedicate to the simulation effort. As of Summer 2013,
16 processors over 3 computers are available for simulation work on the KRL network.

Since the communication between worker computers and the central database computer
is over HTTP, it is up to the worker computers to query the web API for more simulation work
and report back on the status of the work. This is advantageous because it concentrates
the complexity of the management code onto the central computer with very lightweight
scripts on the worker computers. This also reduces the need to share semi-permanent
authentication information between worker and server computers reducing possible security
issues if one of the workers were to be compromised.

To boost computing power, the simulation package is developed to include capabilities
to run on commercially available computing centers. Amazon Web Services (AWS) [81]
have been utilized for the purpose. AWS provides virtual environments of Elastic Compute
Cloud (EC2) instances for pay, where the full operating system (Linux) is available to the
customer, by means of root user access, giving great flexibility on the design of complex
systems. The cost of each individual instance (~ $0.10h~! in 2013) is computed hourly, so
that the system can be used for extra bursts of computing power as needed. Different types
of instances are available to satisfy the different use scenarios, such as high-CPU, large
memory or large network capabilities. The ones preferred for the Monte Carlo simulations
were of high-CPU kind, featuring the equivalent of 20 processors as Elastic Compute Units.
The EC2 pricing is modeled in such a way that it does not matter whether the computing
is done over the course of a few days on a single instance, or all at once during the course

of a few hours on dozens of instances. In addition, if instances are not used, no additional
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fee is incurred. This has made the system really useful in cases where time sensitive results
were expected and even hundreds of processors have been involved in the simulation effort
for a short time. Another service offered is Simple Storage Service (S3) which is used to
store interim simulation output from runs that were completed on the AWS network, before
transferring them to Caltech for analysis. Deployment of these cloud instances has been
automated and consists of booting a pre-prepared instance image (stored on S3), where all
the commonly needed software is pre-installed, retrieving the latest version of the simulation
source code and compiling it on the machine and setting up the environment. The worker
instances then make requests to the central database server for work. Every time a run is
completed, the instance sends the output data files to interim storage. Finally the instance

is able to turn itself off, if no other work is available.

5.3 Spin Relaxation

A spin ensemble will be subject to spin relaxation under the influence of real-world magnetic
fields that are different in magnitude or orientation or that vary differently for different
particles. Particles that are trapped and moving in a measurement cell, for instance, will be
subject to magnetic fields of different values if the field in the cell is non-uniform. When this
happens the spins, which might have started aligned to each other, will precess to different
orientations and will no longer be aligned to each other. This can be measured as a decrease
in the ensemble polarization.

It is worth looking at two different types of relaxation, namely the longitudinal spin-
lattice relaxation with characteristic time 77, in which the spin polarization with respect to
the reference magnetic field changes with time, and the spin-spin transverse relaxation with

characteristic time 75, in which the spin-coherent polarization is measured to decrease.

5.3.1 Longitudinal spin relaxation 7}

The longitudinal spin-lattice relaxation 17 represents the decay rate of the polarization
vector with respect to an externally applied magnetic field By. The expected longitudinal

polarization as a function of storage time of a spin ensemble is

t
Plong =~ Plong(o) exp |:_:| y (532)
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where Pjypng (0) is the initial polarization at time ¢ = 0. This is under the assumption that no
external process exists that can interact energetically with the spins in the system, so that
no favorable orientation of spins with respect to the magnetic field exists. This assumption
is valid in the regime studied where the coupling between spins is negligible. Because of the
symmetry of the Bloch equation, the relaxation process would then be equivalent for both
polarizations, resulting in the expected equilibrium polarization vanishing as t — oo with
the spin vector being uniformly distributed over the full solid angle.

In order to simulate the longitudinal relaxation and calculate the expected value for T3
for a given configuration of fields, in the Monte Carlo simulations, spins start out aligned
with the reference magnetic field so that Pj,,4(0) = 1. The polarization is measured after
tracking the spins for a period of simulation time 7" ~ 10 — 100s. If the reference magnetic

field is in the & direction, then the polarization can be characterized by the decaying quantity
Piong = (02) . (5.33)

After a period of time T, a spin ensemble relaxes so that the average component of the
spin vector aligned with the reference field decreases, while the components transverse to
it grow in a way that is azimuthally symmetric. For small deflection angles, the growth of
the transverse spin components can be characterized as a normal distribution with width o

The longitudinal relaxation process for He atoms diffusing in superfluid Helium has
been simulated to estimate the relaxation time T; expected in the nEDM experiment at
various temperatures below 1 K. The longitudinal relaxation times T; expected for UCN
are much longer than for 3He because of the lower speed of UCN.

The formalism of McGregor [82] has been used to compute the expected longitudinal

relaxation times. The expression for the relaxation rate is given by

2
1= 0 Suyen) + Sus(wo)] (534)

where wy is the Larmor frequency, « is the gyromagnetic ratio and where the field spectra
S for the two transverse directions in the y — z plane have been used. The spectrum for

a single direction can be simplified to

Sty(w) = [VBy|? Sy (w) (5.35)
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Figure 5.3: Longitudinal spin relaxation times (7} ) extracted from Monte Carlo simulations
for He atoms as a function of bath temperature for different uniform gradient values. The
gradient for these data is uniform and symmetric so that 0, B, = —20,B, = —20. B, with
the reference field By aligned with the & axis. Each data point represents a run consisting
of 10,000 particles, so that the error bars in the figure are small (~ 1%) compared to the
values.
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Figure 5.4: Longitudinal spin relaxation times (71) extracted from Monte Carlo simulations
for ®He atoms as a function of bath temperature. The different simulations share the same
value of relative gradient, which is in this case (1/Bp) (8B,/0y) = 5 x 107%cm™!. Note
that for higher temperatures, the relaxation times depend only on the ratio between the
gradient and the holding field, as can be seen from equation 5.38 in the limit 7. — 0.
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which can be computed from the spectrum of the velocity autocorrelation function
(Ve (t) vy (t + 7)) = (v2) e/ (5.36)

to be

’U2 Te
Sy(w) = m (5.37)

If the gradients for the transverse field directions are equal in magnitude, the relaxation

rate of Equation 5.34 can be simplified to

1 |VB,[*2(v) 7
Tl BO 1—|—w27'c2

where the dependency on the ratio of the gradient magnitude to the reference field By has

been explicitly shown.

Figures 5.3 and 5.4 show the data obtained from running Monte Carlo simulations of
longitudinal spin relaxation studies for 3He atoms in the nEDM cell. In these simulations,
the particle spin vectors are started aligned with the By reference field and are allowed to
freely precess for a period of time. The polarization of the ensemble is measured at the
end of the run. The agreement of the simulation data with the formalism described above
is good for the higher temperature regime (7' > 300 mK) where the collisions with phonon
excitations dominate and lengths of diffusion are well defined. For the lower temperatures
(T < 300 mK), the time between phonon collisions becomes longer, comparable to the
Larmor period, while the diffuse wall reflections become the principal mode of collision,
introducing more subtle effects due to the geometry of the trap that are not included in

equation 5.38.

5.3.2 Transverse spin relaxation 75

The spin-spin relaxation T5 represents the decay rate of the coherent spin polarization.
In a system where spins precess in the y — z plane about field Bg = By & the coherent

polarization is represented by the magnitude of the transverse vector

Pirans = <Uy + §Uz> . (539)
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In order to extract the dephasing relaxation rate from the Monte Carlo simulations
particle spins start out perpendicular to the reference field and precess for a period T under
the influence of the fields in the cell. The average quantities () and (o,) can be computed
separately from the data. In addition, it is possible to rotate the mean transverse spin
vector so that

<Uz// _ <(7y> (02) ‘ <Uy> (5.40)

0 —(02) <0y> (02)

/

y> represents the magnitude of the polarization and the correlation

where the quantity <0
between the mean quantities is removed and the polarization error can be extracted with

ease.

It is also possible to distinguish two processes which contribute to the relaxation of the
coherent spin polarization. The first process is strictly dephasing in the precession plane,
while the second is relaxation of the spin away from the precession plane. The in-plane
dephasing can be extracted by assuming that after precessing for period T a phase angle ¢

will be distributed normally about some angle ¢g so that

1 (¢ — ¢0)?
f(¢) = Voo, exp [—203) ] do. (5.41)

The width of the distribution is then used to compute the polarization

1 > (¢ — ¢0)?
Btrans —m /;Oo d¢ COS¢ exp [—20_5)] (542)

0.2
= exp [—¢] (5.43)

= _ % (5.44)

with T as the measurement period.

The second process of transverse relaxation deals with spins leaving the precession plane,

so that after a period T a spread in spherical angle 6 is expected. In similar fashion, the
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angle 6 can be thought of as spread around an angle 6y ~ 7/2 with some width oy. This
relaxation process is related to the longitudinal relaxation 77.
The full transverse relaxation time 75 can then be computed from the combined relax-
ation process

(5.45)

Since the transverse relaxation 75 is, in general, shorter than the longitudinal relaxation
Ty, it is an important concern for the experimental measurement to try to minimize the
effect of relaxation and run the measurement so that the expected relaxation time is longer

T5 > T than the experimental measurement period.

Figure 5.5 shows simulation results for the transverse spin relaxation times for *He
atoms in a uniform magnetic field gradient, as a function of temperature. The processes
of dephasing, Tz‘b and that of leaving the precession plane, T29 have been extracted sepa-
rately from the simulation data to visualize their temperature dependence. The transverse
relaxation times become shorter, in this case of a symmetric gradient, as the temperature
of the Helium bath increases. This is because the *He atoms experience a lowered mobility
as the mean free path is shortened from phonon scatterings resulting in a broadening of the
resonant frequency. The formalism of McGregor [82] described below is used in the figure

to compute the full transverse relaxation.

As an example of how the two relaxation processes can yield different results, it is
useful to look at two similar uniform gradients, one for which 0, B, is large, resulting in a
symmetric gradient condition 8,B, = 20,8, = —20,B., and one for which a small value
0B, ~ 0 and an “anti-symmetric” transverse gradient 0,58, = —0,B, exist. In the case
where the gradient along x is large, spins will precess at different frequencies depending on
their average = position, with frequency shifts linear in gradient strength. It is expected,
then, that the dephasing in angle ¢ will be significant. On the other hand, if only the
transverse components of the gradient are present, they contribute a second order shift in

the B field, of magnitude

2
AB —\/Bg+2 (%By 7") — By (5.46)
Yy

1 (0B, \*
~ 5 (ayr> , (5.47)
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Figure 5.5: Spin relaxation times extracted from Monte Carlo simulations for 3He atoms as
a function of bath temperature. The atoms are exposed to a symmetric uniform gradient.
The two processes of transverse spin relaxation, dephasing T2¢ and out of plane relaxation
TY have been extracted from the simulation data, as well as the effective transverse spin
relaxation T5. For comparison, the longitudinal relaxation times 77 are shown. Equation
5.48 has been used for the analytical T3 curve.
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Figure 5.6: Longitudinal (77) and transverse (72) spin relaxation times extracted from
Monte Carlo simulations for 3He atoms as a function of bath temperature. The atoms are
exposed to an anti-symmetric magnetic field gradient of the form d,B, = —0.B.. In this
case, the dephasing process is small (T2‘]5 > 10! s) due to a small 9, B, gradient component,
and the relaxation time 75 is dominated by the out of plane relaxation TQH .



95

aBy =10 mG  — (theory)

0By =30 mG  --- (theory)

0By =50 mG - (theory)
[ I I I I I ]
| /'/ 8 =\ g g 8 é\é\ |

550

@ 107 :
S 1
0yBy =0.B, = —1/20,B,
106 & =—0.054G -cm™! N
L | | | | | | | | | | J
0 50 100 150 200 250 300 350 400 450 50
T (mK)
aBy=10mG  — (theory)
0By =30 mG  --- (theory)
0By =50 mG - (theory)
E T T T T T T &
i 0yBy =—0.B. 1
o =—0.054G - cm™! |
100 & H -
S R
i 9\\ R —— o i - ‘:
= 10°F £ E
ol i i
10%
107}
E | | | | | | | | | | ]
0 50 100 150 200 250 300 350 400 450 500 550

T (mK)

Figure 5.7: Transverse spin relaxation times (73) extracted from Monte Carlo simulations
for 3He atoms as a function of bath temperature, for different of uniform gradients profiles
and magnetic field strengths. In the top figure the magnetic field gradient has a symmetric
shape, while on the bottom a gradient is chosen of similar magnitude but of transverse
symmetry. The gradient magnitude is not changed as the magnitude of the magnetic field

By changes. The analytical curves from equation 5.48 are plotted for comparison.
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where r is the distance from the point where B = By &. In this case, the dephasing in angle
¢ should occur slower than in the symmetric gradient case —assuming equal magnitude
transverse gradients— while the relaxation process akin to the longitudinal relaxation T of
section 5.3.1 would still exist, resulting in longer 75 relaxation times. It is possible in such
a case for the transverse relaxation time 75 to be longer than the 77 longitudinal relaxation

time, as shown in figure 5.6.

The formalism of McGregor [82] can be used to compute the transverse relaxation times
for the cases described above and for the geometry of the nEDM cells. The long rectangular
prism geometry is similar to a long cylindrical geometry, so that equation (37) in [82] can

be applied and the transverse relaxation becomes

T, 2Ty 120 D

9 D

274 2 2 4 2
1 1 +i7 L (8Bx> 7 v a <83x> ’ (5.48)

- 0z ox
where a is the radius of a cylinder that can be approximated by the average of the two
smallest half-sides of the rectangular prism cell, a = (L, + Ly)/4. The temperature depen-
dent diffusion coefficient D, introduced in equation 5.21, should be replaced by a suitable
coefficient that includes wall collisions, important for low Helium temperatures. Such a re-
placement can be done by noting that the transverse relaxation time constant of relevance
is Tp, of equation 5.26, where the effective collision time 7. includes the mean wall collision
time, so that from equation 5.24, the relation is then

1
3 v: T (5.49)

D' — v, e,
where the effective collision time, inclusive of wall collisions is used instead. It is clear
that the last term of equation 5.48 does not contribute to the relaxation if the gradient
along = vanishes, so that in that case the transverse relaxation rate is simply related by
Ty = 2T). If a gradient of the form 0B, /0z is present, the relaxation is proportional to the
fourth power of the length of the cell, from the second term of equation 5.48. The longest
length of the cell is planned to be L, = 40 cm for the nEDM experiment, so that the ratio
(L,/a)* ~ 6.52 x 103, resulting in a relaxation rate likely dominated by the gradient along

z. Figure 5.7 shows the simulation results for transverse spin relaxation for 3He atoms,

where the relaxation is dominated by the 0B, /0x gradient term of equation 5.48. Figure
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Figure 5.8: Transverse (7) spin relaxation times extracted from Monte Carlo simulations
for 3He atoms as a function of bath temperature. In addition to a uniform symmetric
magnetic field gradient, a uniform gradient of the form 0B, /0z along the longer side of the
measurement cell has been included. The second term of equation 5.48 contributes to the
shorter relaxation times, as compared to the values in figure 5.7.

5.8 shows an example of relaxation times for *He under the influence of a gradient along z

of magnitude 0B, /0z = 0B,/0x = 0.1 uG - cm L.

5.3.2.1 Field symmetry considerations

It is worth noting that the transverse spin relaxation rate is related [82,83] to the charac-

teristic diffusion time 7p and to the deviation in precession frequency by

1

T <(Aw)2> ™D (5.50)

= 2 <(AB)2> ™, (5.51)

and is present in the last two terms of equation 5.48, where a constant gradient is assumed

to permeate a dimension of the cell, L for instance. It is possible to relate a constant
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gradient to the field deviation for a single direction, z for instance, if the field is expressed

as

By(z) =By + G z, (5.52)

where G, = 0B, /0z is the constant gradient in question. The field deviation, averaged over

L, is then computed to be

((aB?), = (B*), —((B))’ (5.53)
= (B2+2ByG. (2) + G2 (%)) — (5.54)
=@ (), = fj (559

If the magnetic field profile in the same direction were to be quadratic, the gradient would

be linear in z instead of constant and the field could be expressed as
3
Bu(2) = By + \Lf Q.22 (5.56)

where @, represents the quadratic coefficient of the magnetic field, scaled to equal the root

2
<(8f> > - @) =@ (5:57)

It is possible to compute the average field deviation for this field over the length L of the

mean square of the gradient

cell to be

(aBY) = (5% - (B) (559
- (w2 ma s o) - (mePo.) e

L@ (- =@k (560)
T2 ¢ =950 '

Since the mean square gradient for the linear case is simply G2, equation 5.55 shows that,
given the same root mean square gradients, the rate of spin relaxation should be at least a
factor of 60/12 = 5 smaller for a quadratic gradient than a constant gradient. In addition,

an argument of symmetry comes into play in the diffusion time 7p. In fact, the diffusion
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time varies as oc L2, but this is the characteristic time to sample the field, so that if the
field is symmetric about z = 0 then the length used in the computation of 7p can be
halved, giving an additional improvement of 4 over the constant gradient case. The total
improvement in 75 for a quadratic profile over a constant gradient is ~ 20, assuming the
same root mean gradient. It is then important to make sure that the magnetic coils are

designed in such a way to produce a field that is symmetric.

5.4 Motional v x F Field

A particle moving in a stationary electric field must experience a motional magnetic field
B, in the particle’s rest frame. This is due to the apparent motion of the charges that
comprise the stationary electric field in a frame moving with the particle. Since B, comes
from a Lorentz transformation of the stationary electric field, the nature of the motional
field is relativistic, but since the velocities of the particles of interest in this work (e.g. 3He
atoms and UCN) are small compared to the speed of light, the relativistic factor v ~ 1 does
not contribute to the magnitude of the field and can be neglected. In SI units the motional

field is then
_ FE xv

B'U 2 )

y (5.61)

where only components of the velocity v perpendicular to the electric field E give rise to
the field and the motional field is perpendicular to E.
If the particle has a magnetic moment, then the spin equations of motion will be subject

to the particle’s local field
Exwv
2

B = By + (5.62)

If an external reference magnetic field Bg that is parallel in direction to the FE field is
applied to the system, the motional field contributes a small tilt of the direction of the local
field B’ by an angle

B,
0~ sing = ——2 (5.63)
V/BE + B2
B,
~ — .64
5 (5.64)

In addition, the motional field contributes to an increase in the magnitude of the local field
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in quadrature

B B,\?
B2 E?v?
~1 vo— 14 — L
* 2 B2 * 2B c?’

(5.66)

where v, is the component of the velocity perpendicular to the field E.

Although the speeds are generally small compared to the speed of light, the motional
field B, due to large electric fields is not negligible, especially in systems where the ambient
magnetic field is small. For instance, a particle moving perpendicular to an electric field
E = 100kV -cm~! at a mere v = 1m-s~! will experience a motional field of magnitude
B, ~ 1.1 uG. For the case of the nEDM measurement where the magnitude of the holding
field By ~ 30 mG, the motional field B, is large enough to affect the spin precession of the
moving particles.

A similar argument can be done for a particle moving through a stationary magnetic
field. It will experience a motional electric field F, in its rest frame from the simple equiv-
alence of the Lorentz force in the lab frame. The motional electric field would have a
form

E,=vxB (5.67)

where the relativistic factor v ~ 1 has been neglected. Even though the motional field
E, is not scaled by a factor of 1/c?, its relative strength at non-relativistic speeds is small
compared to an externally applied electric field. In fact, its magnitude in a field By = 30 mG
and in a reference frame moving with velocity of v = 1m-s~tis E, = 3uV-m™!, a

decisively small quantity that can be ignored.

5.4.1 Collisions

Since the motional field B, of a moving particle depends on the direction and magnitude
of the velocity v with respect to the electric field E, a change in velocity signifies a change
in the local field of the moving particle. A reflection from a boundary wall or a scattering
collision will alter the path of a moving particle resulting in changes in the motional field. If
gravity affects the direction of motion perpendicular to a uniform electric field, the motional

field will also vary. Because the motional field is perpendicular to v and E, it will appear
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to be following the motion of the particle as it bounces in the measurement cell.

5.5 Motional spin relaxation

An interesting consequence of the motional v x E field arises for particles with magnetic
moment moving in an externally applied combination of £ and B fields, whose motion is
constrained to a volume or subject to collisions. An ensemble of such particles would expe-
rience many changes in velocity with respect to the stationary F field, so that its motional
field would be constantly and abruptly varying in direction due to wall collisions. The ef-
fective magnetic field would be “tilted” in the direction of the motional field. These small
random shifts in the orientation of B will induce relaxation of the ensemble’s magnetization.
The interesting aspect of the nature of this relaxation process is that it can occur even in

a combination of £ and B fields that are perfectly uniform [84].

The relaxation process can be related to the relaxation processes of section 5.3 where
the magnetic field gradients are now replaced by the motional fields. Since the motional
fields are perpendicular to F, and thus By, the situation is similar to the case mentioned
in 5.3.2 for a vanishing component of the gradient along By, namely 0, B, = 0, so that the
effect of dephasing, T2(;6 , is small and the longitudinal and transverse relaxation times are
related by

Ty ~2T7. (5.68)

Figure 5.9 shows the effect of the electric field on the relaxation times for 3He atoms.

The longitudinal relaxation times can be computed from equation 5.34 of [82] with a
suitable replacement for S, (wo) and Sg.(wo), for shifts due to the motional field B,. The

equivalent transverse fields can be expressed by

B,= — Euv, /¢ (5.69)

where the reference fields By and E are assumed to be pointing along the z direction.

The expression for the spectrum is found [85] to be related to the velocity autocorrelation
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function

~ ~ 2
(By(t) Byft +7)) = (wuld) valt + 7)) o (5.70)
E? 2\ —7/T
= ? <UZ> e ¢ (571)

where the substitution of equation 5.36 was introduced and with a similar expression for
the other transverse component. The spectrum is then

__E22<@>n

Sny(@) = 5 1 o (5.72)

Because of symmetry considerations, the longitudinal relaxation rate is then expressed

L _27 5 vipe (5.73)
T 3 & 1+4wit?’ '

ms

where the substitution <v§> + (vZ) = 2/30v2,,, has been used.

In the case that a magnetic field gradient is present, along with a large F field, the
motional spin relaxation and the relaxation due to the gradient can interact differently, so
that a systematic difference in relaxation rates can be expected if the gradient field and the

motional field tend to be aligned or not, as can be seen in figure 5.9.

5.6 Geometric phase

An important systematic effect in the search for Electric Dipole Moments comes from the
interaction of magnetic moments with the motional v x E field [22]. The effect in question,
named Geometric Phase (GP), is akin to Berry’s phase [86,87] and it alters the effective
precession frequency of magnetic moments precessing in a B+ FE field combination in a way
that is dependent on the relative alignment of the fields. The geometric phase has been
studied extensively for its relevance in EDM measurements [88,89], on beams [24] as well as
on particles in traps [31,90]. The systematic shift in frequency is linear in E and gives rise
to an effective false EDM for the particles in question, which looks like a physical EDM, as it
changes sign with reversal of the F field. The geometric phase affects the precession of UCN
and 3He atoms differently, due to their different kinematic properties. The measurement

of the EDM is effectively extracted from the relative frequency difference of the two spin
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Figure 5.9: Monte Carlo simulations results showing the effect of motional spin relaxation
on T for 3He atoms as a function of bath temperature. A uniform symmetric magnetic field
gradient with relative magnitude (1/Bo) (8B,/0y) =5 x 107%cm™! permeates the cell, as
well as the electric field E parallel to Bg. A noticeable variation in relaxation times between
runs with £ and B aligned and anti-aligned comes from the interaction of the magnetic field
gradient with the motional field. Note that groups of values have been shifted horizontally
for clarity. The model of equation 5.73, adapted to include the relaxation due to the gradient
is shown to agree with the simulation data.



104
systems, so both have been studied in simulation. Experimentally, the false EDM differs
from a physical EDM because it depends on the kinematics of the system and if variations
of experimental parameters, other than the E field, introduce systematic effects on the false
EDM itself, then it can be distinguished from a physical EDM.

As seen in Equation 5.65, the motional field will, in general, increase the effective pre-
cession frequency quadratically in F regardless of the relative alignment of the £ and B
fields. This frequency shift does not result in a false EDM since it can be recognized as a
systematic shift by measuring the precession frequency of a setup where the relative align-
ment of the fields has been inverted. The EDM signal is extracted from the difference
in precession frequencies between the aligned field configuration (11) and the anti-aligned
(1)). Considering that both configurations will introduce different shifts from the frequency

expected from precession in uniform By so that
AT = W™ — g, (5.74)

with similar expression for the anti-aligned (1)) case, the false EDM due to the geometric

phase can be obtained from the difference

h AT — AT

dap = Y (5.75)

where J = 1/2 is assumed from here on for the case of spin-1/2 particles. With the fields
anti-aligned, a precession shift quadratic in E would be identical as in a setup with the

fields aligned which is not characteristic of an EDM and would cancel out.

5.6.1 Origin of the false EDM

In the presence of an electric field E, the geometric phase effect arises from the precession of
spins in an inhomogeneous magnetic field where the motional v x E field B, is non-negligible
and it adds by superposition with non-uniformities in the B field. Only the non-uniformities
in B that are perpendicular to £ can produce a false EDM. When the E field direction is
inverted, the motional field changes sign and where there was once constructive interference
with inhomogeneities in the B field, resulting in a slight increase in precession frequency,

the interference is now destructive and the resulting precession is slower. An inversion
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of the particle direction of motion also switches the sign of B,. It might be expected,
then, that averaging over the velocity distribution could effectively cancel the difference in
precession frequencies between the two E field directions, but in fact this canceling out does

not happen, as shown below.

5.6.1.1 Motion in one dimension

In a simple example the geometric phase arises for a particle moving in one dimension with-
out collisions and under the influence of a uniform magnetic field gradient. The reference
By and F fields are aligned with the & direction and the particle can move along Z with
velocity v, so that the motional field is B, = —Ewv./c?7), where the signs of E and v,
determine its direction. In the presence of a constant small field gradient, the total field in

the frame of the moving particle is given by

B(t) (Bo 4 9B z(t)> P <8By (1) — Ez;(t)> g+ 28 2. (5.76)

0z 0z 0z
Because of the motion of the particle, the field changes in time as

0B(t) 0B
5% 5, vy(t), (5.77)

so that if the field from the gradient is small with respect to By, the total field will appear

to slightly tilt away from z, with an angle between the total field and By given by

OB 1 (0B 2
Bo x [ B+ = =B \1+—= (= i .
’ o X ( o+ o z(t))‘ 0\/ + B2 <6z z(t)> |sin 6| (5.78)
0B
‘BO X 52| = B2 9|, (5.79)

so that a frequency of rotation can be found to be

. By 0B
Wr=0>~— X —w 5.80
" B2 9z % (5.80)
where the cross product ensures that the rotation vector represents the direction of rotation

in the usual way. A rotating reference frame can now be chosen where the total field is

stationary and a pseudo-magnetic field of magnitude w, /7y arises from the rotation. The
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pseudo-magnetic field can interfere with the motional field B, for a gradient along the

direction of motion, dB,/0z, so that the effective field in the rotating frame is given by

1 0B E
B’ =By% — == ) 5.81
it (355 i (5.81)

where the sign of I/ determines whether the interference is constructive or destructive. The
interference does not change if the velocity of the particle v, is inverted. This results in a
shift in frequency of precession that is asymmetric for different orientations of the E field
and does not average out over the two velocity directions. The magnitude of the frequency

shift is given by

Aw = —yB' —wy (5.82)

= —v (B' = By) (5.83)

so the difference in shifts between the two B + E field alignments is

1 0B, E\?
AWTT—AwN:y\/ngLug (wo a; +62> + (5.84)
1 0B, E\?
_7\/B§+v§ <w0 a; _02> (5.85)
202 E 0B,

o~ . 5.86
BZc? 0z ( )

As pointed out in [31], this shift in frequency does not depend on the gyromagnetic ratio
of the particle in question, but only on the magnitude of the gradient relative to the square

of Bo.

5.6.1.2 Motion in multiple dimensions

Any time the total field appears to be rotating due to the motion of a particle in a trap,
the pseudo-magnetic field of the rotating frame can interfere with the motional field. Only
motion perpendicular to the reference fields contributes to a non-vanishing phase accu-

mulation, so that the difference in precession frequency shift with contributions from two
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dimensions is

2F OB OB
ATt — Aw™ = — 220 T2 5.87
w w B(2) c2 Uy 8y +v; 9z ( )
_ 2E |v; 0B, 2 9B, 83
o @ oy a2 o | (5.88)

If the uniform gradient is symmetric so that d,B, = 0.B, = —0,B,/2, then the above

expression becomes
vi FE 0B,
Bg c? Oz

At — AN = (5.89)

where v represents the magnitude of the components of velocity perpendicular to . On

the other hand, if the gradient is anti-symmetric so that 0,B, = —0.B, the frequency
difference becomes
2FE OB
™M N Y (2 2
A(JJ — Aw = —Bg C2 aiy (’Uy — UZ) s (590)

so that some canceling of the effect occurs when averaged over the possible velocities as

(o) = (v3)-

5.6.1.3 Geometric phase and collisions

The arguments on the origin of the geometric phase as described above do not take into
account particle collisions during its motion, and can be valid for ballistic motion, but it
turns out that collisions can have a large effect on the geometric phase. The direction of
motion of a particle in the trap changes due to collisions with the walls or other particles,
and the geometric phase can accumulate if the field due to inhomogeneities in the magnetic
field appears to be rotating in the local frame of a particle. The classical direction of Larmor
spin precession about the By field provides a preferred sense of rotation for a transverse
magnetic field. If a particle follows a path that is curving around the direction of the
reference fields due to collisions, the motional field which is always perpendicular to the
velocity vector will appear rotating in the local frame of the particle. Depending on the
geometry of the magnetic field, there can also be a transverse component of the magnetic
field that is co-rotating and interfering with the motional field. The apparent rotation of
a small field B, about By will change its relative strength with respect to By. This is

because, in a frame rotating about By at frequency w,, where a rotating field B, appears
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to be stationary, By appears modified by a pseudo-field so that
/ Wr
By, — By + 7 , (5.91)

and in the case in which w, = wy = —7v By, the effective field cancels By. In the rotating

frame, the total magnetic field magnitude is

2
|B'| = \/(Bo + U;) +(B,)” (5.92)

so that the Larmor frequency is wj = —v |B’|, where the alignment of B’ with respect to
By must be taken into account when the pseudo-field w, /7 is larger than Bjy. Back in the

laboratory frame, the effective precession frequency shift is given by

Aw = (wr —wg) —v B’ (5.93)

7y

2 g2
:(wr—wg)xll— 14 o (5.94)

’7’ (wr - w0)2

This form allows for cases where w, > wp > 0 and the rotating field is, in essence, outpacing
the rotation of the spin vector in the same direction, as well as w, < wy, but breaks down
when w, ~ wy, resulting in resonances. Because the shift is such that w, affects the relative
strength B,./B’ of the rotating field on the Larmor precession, the interference between the
motional field B, and the magnetic gradient will be asymmetric if the E field is inverted,
and the geometric phase does not cancel out when the velocity is averaged between two

opposite directions of motion.

A simple scenario considered by [31,75], for which the geometric phase effect is eas-
ily calculable for a rotating path, applies to traps of circular geometry with E and B
perpendicular to the plane of the circle, and with a gradient of circular symmetry, with
OyBy = 0,B, = —0,B,/2. Considering only the particles that travel in the plane of the
circle and following garland paths along the circumference of the trap, both the motional
v X F field and the gradient field appear rotating at a constant frequency in the reference
frame of the particle. Their motion is parametrized by the radius R of the trap and the
velocity in the plane v, , so that the angular frequency of a rotating frame where the fields

appear stationary is w, = v| /R. Equation 5.94 describes the expected shift. The rotating
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field is expressed as

10B, F
Bfr‘ = — D Y T /\’ .
<2 x+62w>Rr (5.95)

where 7 represents the radial vector and the reference fields By and E are assumed to be
parallel with #, and aligned or anti-aligned depending on the sign of E. The difference in

frequency shift for B 4+ F fields aligned (171) and anti-aligned (1)) can be expressed as

1) (1)
By )2 (v Br )2
A - A =~ T, py B2 BT _
w w m (wr —wp) X + (o — w0’ + (o — wo)? (5.96)
~ (Br )"~ (Br ™) for B, < By (5.97)
|’7‘ Wr — Wo 2
3 2
B lR E 0B, wy
T B (5.98)

This expression can be used to extract the shift in frequency that is linear in E, by canceling

out shifts common to the two field settings. A false EDM signal can be extracted as

B (Aw) = (Aw()
2 2F ’

dgp = — (5.99)

where the averaging should be done over the particle velocity distribution. For a fixed
particle speed, the frequency shift difference can be averaged over the two possible directions
of rotation, which are equally likely, to obtain a value for the false EDM as a function of
speed. Noting that the rotating field BT(,TT) — B,(,N) for w, — —w,, the averaged frequency

shift from equation 5.97 becomes

1 ~3 1 (B(TT))Q B (B('N))2
AN Z (AN ~ 2T r r 1
< w > < @ > 2 |y | wr —wo 2 + (5.100)
wr + wo 2 ’
_ _l?) (BﬁTT))Q . (B7(nN))2 Wy (5 102)
] 2 w? — wg '
B _lg R’E 0B, w? (5.103)
| ¢ O0r w?—w?
2 271
v vi E 0B, w;
= — 1—-— 5.104
|v| B3 ¢? Ox wi ( )

This expression corresponds to equation (19) in [31]. The false EDM can be computed from
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equation 5.99 to be

3

dap ~ ’777' 8% w;iw% [(BW)Q . (Bﬁmﬂ (5.105)

_73i w?R? 0B,

= — — 5.106
v 4¢? w2 —wd Ox ( )

In Section 5.5, the motional spin relaxation was introduced, an effect present even in the
case of perfectly uniform F and B fields. This is not the case for the systematic geometric
phase effect, since no phase will be accumulated when precessing in uniform B + E fields.
This can be shown by noticing that if the alignment of the E field to the reference B field
is the only variable changing, then a simple flip in the direction of motion will result in
the same motional B, field. If the motional field is the only perturbing field, and assuming
that paths have equal probability, the frequency shift cancels out. In a circular orbit, the
only rotating field would be the motional field and a flip in the electric field polarization
does not change the magnitude or the frequency of the rotating field. Although spins will
precess to different orientations if the E field is inverted in the uniform fields case, the total
phase accumulated with respect to the axis aligned with By and E will be identical for two
particles that follow the same path, so that any angle between the spins will be due only
to off-plane components, in a completely symmetrical way. This has also been verified in

simulations.

5.6.2 Geometric phase extraction

In the Monte Carlo simulations, the geometric phase can be extracted by tracking an en-
semble of spin vectors, measuring the phase at the end of a long period T of free precession
in the test fields and comparing the result to the expected phase given a reference field By.
In these simulations, the spins are started polarized perpendicular to the reference field, so
that

oo -Bo=0, (5.107)

with og representing the spin vector at time ¢t = 0. In the real experiment this is achieved
using a 7/2-pulse in order to rotate the particle spins, which start out aligned with By,
into the precession plane. The phase accumulated after a period of precession T can be

computed up to modulo 27 by comparing the spin vectors o at the end of the simulations
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with their starting orientations. The phase ¢ is then related by

BO'(O'()XO')

sin ¢ = Bo o1l (5.108)
__Bo-(90x0) (5.109)

B2 — (o - Bp)?
cos ¢ :U’gj (5.110)
___Bo (000 (5.111)

B2 — (0 - By)*

where the normalizing term |o | represents the magnitude of the spin projection on the
precessing plane and is used to ensure the unit magnitude of the vectors in the expressions.
Since each particle spin at the end of the precession period is compared directly to the
spin that the particle had at the start, the initial phase is removed so that the initial spin
ensemble can be chosen to be uniformly distributed in the precession plane in order to avoid

any spurious effects from starting the spins in one orientation rather than another.

As mentioned in section 5.1.1, two simulations can be run with the same seed for the
random number generator, but for which the field configuration is different. It is then
possible to run two simulation runs, identical but for the E field pointing in opposite
directions, so that the effect of the v x F motional field can be examined for each particle.
This has the advantage of partly separating the geometric phase effect from the transverse
spin relaxation. In fact, the transverse relaxation of a spin ensemble broadens the width of
the accumulated phase signal, as described in section 5.3.2, resulting in uncertainty in the
phase measurement. By comparing the accumulated phase pair-wise for particles that have
gone through the same path, but with different electric field orientations, the geometric
contribution of the geometric phase can be extracted using equation 5.108 to compute the
frequency difference

B (o x ot
Awtt = At = 290 0 (o x o) (5.112)

T \/Bg (o1t By)? \/Bg (11 By)?

after a period T of precession. In this form, " and o™ represent the spin vectors for the
respective aligned and anti-aligned B + E field combinations. The cross product ensures

that an accumulated positive phase difference represents a counter-clockwise rotation in the
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plane of precession.

The frequency shift usually varies for each individual particle path simulated. In fact, for
small frequency shifts, some of the particles would gain phase angle during the precession,
while others would lose it, and only the average phase shift would be non-zero. Moreover, the
extracted value would be the same whether analyzing the particle phase pair-wise or as two
ensembles. The difference is in the narrowing of the phase measurement. For example, if a
simulation run includes a sizable gradient in the same direction of the field, such as 0B, /0x
for a field By aligned with x, then, two particles which spend a different amount of time in
two halves of the cells with respect to x, will be exposed to two different average magnitudes
of the B field, and, apart from other effects, they will precess at different frequencies. If the
phase from these two particles is averaged, the spread in phase will add to the uncertainty
when the false EDM is extracted, as only the average value will contribute. On the other
hand, if both of these simulated particles are compared directly to corresponding particles
under different F field settings, the difference in precession frequency will cancel out.

In order to get a sensible result from the geometric phase simulations the period of
precession needs to be long enough for the diffusion processes to well randomize the motion
of the particles. A few seconds is usually all it takes to sample the space. In addition, the
period should be long enough to separate the effects of spin relaxation, which broaden the

phase distribution as

oy x VT, (5.113)

while the systematic shift in frequency should scale linearly in time. A precession period

T =~ 500 s was used for the simulation of geometric phase.

5.6.2.1 Theoretical formalism

The shift in frequency introduced by the geometric phase effect for particles whose motion
is confined to a measurement trap has been studied by [31,75,90-92], for different geome-
tries and diffusion considerations, developing a theoretical framework that can be used to
estimate the effect for the nEDM experiment. The theoretical approach relies on the use of
correlation functions to compute the systematic frequency shift proportional to E. Small
field components that are perpendicular to By Z introduce transverse rotation frequencies

noted by w; = —y B; for i = y, z. It is shown in [90] that a shift in Larmor precession
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frequency can be expressed by

At
Sw(At) = —% /O dr < cos o™ [y (Huss (t — 7) — wy ( — Tws (8)] (5.114)

+sinwoT X [wy(t)wz(t — 7) + w. (t)w (t — 7)] > , (5.115)

where an averaging over the spin ensemble is present in the integrand that can be computed
from the correlation functions. For the geometric phase, the transverse fields of interest are
given by interference between the motional v x F field, whose components were given by

equation 5.69, and the gradient of the B field. These can be expressed as

OB E

wy = =7 <ay” V-3 vz> (5.116)
0B, E

Wy = —'y( P z—i—Cva) . (5.117)

The expression for a shift in frequency due to the interaction of a gradient and the
motional v x E field is adapted from the formalism found in [93], where the expression AQp
of equation (1) is the shift in frequency linear in E. The difference of frequencies is twice
that quantity

2

2 | oy Sy(wo) + 87; Sz(wo)| (5.118)

c

where S;(w) is the spectrum of the velocity autocorrelation function, defined as
o
Si(w) = / dt cos(wt) R;i(t), (5.119)
0
where the velocity correlation function has been used in

Rilt) = 2 /0 dr (v () vit — 7)) . (5.120)

The expression for the spectrum is found by [75] and is valid for situations in which

collisions affect the motion of the particles in the cell. It is is evaluated for motion in one
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dimension L; in [93] to be

wo L 2 2 2
) X Ovi’ —7“(m+1/2)
i) = 22 > it [( (42) ¥

(5.121)

wo L; 2 2 2 ’ wg L}
9L - w2 (m o+ 1/2)| + s

where A is the mean free path of diffusion. If the motion is collision free and reflections

from the walls of a measurement cell are specular, the mean free path A — oo and

lim Si(wp) = 2 i ! ! (5.122)
A—00 4 e w2 (m+1/2)? (‘U207Li>2_7-‘—2 (m +1/2)2
v;
2
v; 2’UZ' wo Lz‘
= |[1— t , 5.123
w% |: woLi an< 21}1' >:| ( )

where the infinite series has been reduced using Mathematica [94]. The presence of the
tangent in the expression accounts for the many resonances in the spectrum of equation

5.122. This expression can be combined with 5.118 to produce

2E [ 40B, ,0B, ,tan(wyAt,) L2 tan(wo Aty)
v

ATt — ALY = —
« u B ¢? Yy Oy Y752 Yo wo At vz wo At

. (5.124)

where the time intervals At, = L,/2v, and At, = L./2v, were introduced. An additional
factor of 2 was included in 5.124, which differs from the formalism of [93]. The modified
expression agrees with the Monte Carlo simulation data for the difference in frequencies
extracted using equation 5.112, as shown below. In addition, the first two terms of equation
5.124 are present in the expression for particles traveling at constant speed without wall

collisions, as described in section 5.6.1.2 validating the need for the extra factor.

The spectrum of equation 5.123 has been used to compute the expected frequency shift
described by equation 5.118 and compared to simulation data obtained for motion of UCN
in a 2-dimensional representation of the nEDM measurement cells. In this simulation, the
particles are constrained to move on the y — z plane perpendicular to the direction of the
magnetic and electric fields and bounce with specular reflections on a rectangular boundary
(10.2 x 40 cm?). The spectra are computed for the two possible directions of motion. The
motion is characterized by the ratio of the velocity components, which stays constant, up to
a sign, after specular reflections from the rectangular walls. The characteristic time factors

L;/v; in equation 5.123 are constant in both directions for paths that have the same slope.
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The velocity can be defined as

v\ _ [ cos ¢ (5.125)

Vy v sin @

so that the spectra S, and S, can be defined in terms of ¢, and an expression for the
geometric phase frequency shift can be found from equation 5.118 with dependence on the
velocity v and angle ¢. Figures 5.10 and 5.11 show the geometric phase for motion in 2
dimensions in a holding field of By = 10 mG, for different UCN velocities and magnetic field
gradient symmetries. Figures 5.12 and 5.13 show the same for a field of By = 30 mG. The
analytical formalism agrees well with the simulation data as the resonances in the spectrum
are dominated by reflections from opposite walls. Additional features that appear in the
simulation data are due to the repetitive nature of paths that are closed. These paths occur
when the velocity components are such that the particles traverse integer numbers of cell
lengths in the same time so that

ol _ Jul
nL, mlL,

m,neN. (5.126)

Figure 5.14 shows results for UCN in 3 dimensions with diffuse wall reflections.

In order to compute the geometric phase for *He atoms in the cell, the formalism of
equation 5.121 can be averaged over the velocity distribution of the 3He atoms. The atoms
are moving in a superfluid Helium bath kept at a temperature T' < 1 K, and the distribution
of velocities will follow a Maxwell-Boltzmann distribution as seen in equation 5.19. For

velocity components perpendicular to the direction of the FE field, the relation

(v7) = % (v%) (5.127)

was used to compute an effective spectrum

(Si (o)) = —— /Oodus,»(wo, v/V/3) v eV Vi (5.128)

ﬁvglp 0

where v,,;,, the most probable velocity depends on temperature 1" according to equation
5.20. The mean free path A changes by many orders of magnitude with the temperature

of the bath, as the mean time between interactions with phonons is given by equation 5.24
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Figure 5.10: Geometric phase simulation results for UCN moving at constant velocity and
with specular wall reflections in a 2-dimensional rectangular boundary. The data are plotted
as a function of the angle between the velocity components. A symmetric magnetic field
gradient 0y B, = 0,8, permeates the cell. The analytical curve reflects the formalism of
equation 5.124 and agrees with the simulation data. Most of the resonances present in the
simulation data are accounted for by the analytical formula but additional features stand
out that are due to motion on closed paths in the rectangle.
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Figure 5.11: Geometric phase simulation results for UCN moving at constant velocity and
with specular wall reflections in a 2-dimensional rectangular boundary. The data are plotted
as a function of the angle between the velocity components. An anti-symmetric magnetic
field gradient 0, B, = —0.B. permeates the cell. The analytical curve reflects the formalism
of equation 5.124.
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Figure 5.12: Geometric phase simulation results for UCN moving at constant velocity and
with specular wall reflections in a 2-dimensional rectangular boundary. The data are plotted
as a function of the angle between the velocity components. A symmetric magnetic field
gradient 0y B, = 0,8, permeates the cell. The analytical curve reflects the formalism of
equation 5.124 and agrees with the simulation data. Most of the resonances present in the
simulation data are accounted for by the analytical formula but additional features stand
out that are due to motion on closed paths in the rectangle.
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Figure 5.13: Geometric phase simulation results for UCN moving at constant velocity and
with specular wall reflections in a 2-dimensional rectangular boundary. The data are plotted
as a function of the angle between the velocity components. An anti-symmetric magnetic
field gradient 0, B, = —0.B. permeates the cell. The analytical curve reflects the formalism
of equation 5.124.
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Figure 5.14: Simulation results of the false EDM from geometric phase for UCN in the
nEDM measurement cell as a function of particle speed. Since the UCN are modeled
as mono-energetic, it is useful to restrict the simulations to a single velocity and apply the
velocity distribution expected from the UCN production after. The formalism from equation
5.89 is shown for comparison, where the mean perpendicular velocity is approximated to be
v3 ~2 (v?) /3.
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and is displayed in figure 5.2.
Figures 5.15 and 5.16 show the results of extraction of the false EDM due to geometric
phase from simulation of *He atoms. It is likely that the geometric phase for the UCN
system will be smaller than for the *He system. This is mostly due to the slower speeds at

which the UCN move in the cell, and the similarity of the two gyromagnetic ratios.

5.7 /2 oscillatory pulse

The oscillatory field used to rotate the spins of both UCN and 3He atoms into the precession
plane, the 7/2-pulse, has been modeled in order to optimize the field parameters. In this sce-
nario, spins start aligned with a reference field By. A field that is resonating at the Larmor
precession frequency of a single species of spin is effective in rotating the spin polarization
vector. This is used, for example, in the Ramsey technique of separate oscillatory fields [43]
implemented in other free precession measurements [32,33]. For the nEDM measurement,
the two species of spins have a similar gyromagnetic ratio 3/, ~ 1.11, so that the pulse
of a resonating oscillating field for one of the spins would favor transitions in the other. It
is necessary, then, to apply a pulse tuned to rotate both spin species simultaneously into
the precessing plane.

The oscillatory field is perpendicular to the holding field By, and is parametrized by the
oscillation frequency wy /o, its magnitude By /o and duration of the pulse 7. /9, so that the
total field can be expressed as

B(f) = Bo & + Brjg cos(wryat) § fort <7/ | (5.120)
Byz for t > 779
where an additional phase ¢ /5 can be added to the cosine term. This field can be separated

into a clockwise and a counter-clockwise rotating components

By 0 0
Br/2 Br/a
Bit)=| o 5 cos(wryot) | + > cos(wy /o t) ; (5.130)
0 sin(wy /o t) —sin(wy /o t)

which, in a frame rotating at wy /o appear as a stationary field and a field rotating at —2wy /.
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Figure 5.15: Simulation results of false EDM from geometric phase studies for *He atoms
in the nEDM measurement cell as a function of bath temperature. The false EDM signal
is extracted from the frequency difference between settings with E field aligned and anti-
aligned to the reference field Byg. Symmetric and anti-symmetric gradients are compared
for different holding field values. The results are compared to expected values using the
formalism of equation 5.121. See figure 5.16 for a detail of the higher temperature region
of this plot.
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Figure 5.16: Detail of simulation results of false EDM from geometric phase studies for He
atoms in the nEDM measurement cell as a function of bath temperature. Shown here is the
temperature range of interest for the nEDM measurement, while figure 5.15 shows lower
temperatures. The false EDM signal is extracted from the frequency difference between
settings with FE field aligned and anti-aligned to the reference field By. Symmetric and
anti-symmetric gradients are compared for different holding field values. The results are
compared to expected values using the formalism of equation 5.121.
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If the rapidly rotating field is ignored in the rotating frame the expression for the field is

wTI' Bﬂ' A~
B'(t) ~ <Bo+ /2) i+ 2/2 7, (5.131)

where v, represents the gyromagnetic ratio of the species of spin and an assumption has
been made that spins precess with a frequency w = —v; By , so that the apparent field
reduces the value of By in a frame co-rotating with the spin precession about By. Since
the gyromagnetic ratios of the two species differ, the By field cannot be effectively canceled
in a rotating frame for both species, so a partial component of the field aligned in & will
be present for one or both species, depending on the frequency of the rotating frame. One
possibility is to make the field in Z, in the rotating frame, the same magnitude but pointing

in opposite directions for the two species, by picking

Tn V3

s (5.132)

Wr/2 = —2 By

Another possibility is to make the Larmor frequency due to the field in & the same, using

the mean gyroscopic ratio

Tn ""73
2 )

wre = —Boy = —DBo (5.133)

the average frequency of the two spin species. There are other possible frequencies that can

be used, and each configuration is a specific combination of the parameters By /s, wy /o and

7'71-/2.

In general, the field B; ; must be large enough to be able to rotate the polarization by
at least /2. In the rotating frame, this means that it must have a magnitude greater than

the effective reference field perpendicular to it, resulting in the conditions

Wr/2
Vs

Brjp>2 ‘Bg + : (5.134)

for both spin species s. In addition, the spins must end up in the precessing plane at the

same time right after the m/2-pulse is over, so the time 7,5 must be chosen to satisfy

& 05(Tr2) =0. (5.135)
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Using equation 5.7 to compute the spin precession about the total field B’ in the rotating
frame, as in equation 5.131 with oy = Z, the conditions for the spins to be in the precession

plane at the same time are

1
(By)?

B7r/2 2 / Wr/2 2
5 cos(vs Bg Tr/2) + | Bo + =0 (5.136)

for both species of spin, where B’ is the magnitude of the total magnetic field in the rotating

frame as in equation 5.131.

A possible solution using the frequency wy /; as in equation 5.132 results in a condition

73— In
B, =2By— 5.137
w/2 0 Y3+ Tn ( )
~0.107 By, (5.138)

where equation 5.134 has been used, and the minimum field value is chosen so that the
spins spend a longer time in the precession plane. Since, in this setting, the fields in the

rotating frame are symmetric, the conditions of equation 5.136 become

3B,
cos (75 \[2/2 7'7r/2> =0, (5.139)

for each spin species s. There is no exact solution for this set of equations, and the first time
that both spins are simultaneously a few thousandths of a radian away from the precession
plane is for By o - Tr/p =~ 12.97mG - s, which for a field By = 30 mG, constraining the
magnitude of B/, per equation 5.137 to a value By, ~ 3.18 mG, results in a period of the
7/2-pulse of 7, /5 =~ 4 seconds. This long period can be reduced if the parameters are allowed
to be adjusted, allowing, for example, larger values of the oscillating field than the constraint
of equation 5.137 that can be found numerically. Furthermore, since this solution has been
found with an oscillating field approximated as a rotating field, a numerical approach should
be taken to find the best parameter combination. Table 5.2 shows a sample of the parameters

that have been found by numerical optimization and can be used for an effective 7 /2-pulse.

Figure 5.17 shows the effect of the application of a 7/2-pulse to both species of spins
initially aligned to By and the & axis. Since the frequency of the oscillating field is not at

resonance, some oscillations of the spin polarization are noticeable.
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Figure 5.17: Spin polarization under the influence of a 7/2-pulse oscillatory field, as calcu-
lated for a holding field of By = 30 mG. The polarizations for both spin species start aligned
with the By holding field at the start of the pulse (¢ = 0) and rotate with some oscillations
into the precession plane during the duration of the pulse 7, /o >~ 74.459 ms. The frequency
of the pulse w;/, ~ 578.92658 has been chosen to reflect equation 5.132. The magnitude
of the pulse field is By, ~ 3.220 mG. The oscillations of the polarization are due to the
operation of the m/2-pulse off resonance. The spins also appear to overshoot the precession
plane during their rotation and only end up precessing in it if the pulse is turned off at the
right time.
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wﬂ./g solution ‘ wﬂ-/Q/BO B7T/2/BO % Tr/2

— Bom 209469 7 0.308  8.518
p
o —30n 1 099724 0107 6.668
3 + Tn
~ By ;7” 1.0000 5 0.134  7.474
“Boys | -1.0531 54 0.345  6.813

Table 5.2: Sample of parameters for the oscillating 7/2-pulse numerically optimized to bring
the spins of both UCN and ?He atoms within 1/1000 of a radian in the precession plane.
Different solutions for the pulse frequency have been modeled, where the frequency is fixed
on the exact solution, while the pulse magnitude B/, and duration 7./, are optimized
numerically. All quantities are expressed in terms of the reference field By and the mean
gyromagnetic ratio 7, and the pulse duration is expressed in the number of precessions that
a spin with gyromagnetic ratio 4 would complete about the By field. Note that solutions
exist for the 7/2-pulse frequencies that match the Larmor resonant frequency of either spin
species.

5.7.1 Ramsey separated oscillatory fields

As discussed in section 2.3.2.3, the frequency of the /2 pulse can be kept coherent with the
spin precession of *He atoms during a measurement of an nEDM run. The 7/2-pulse can
then be used to return the *He polarization back to the original orientation with respect to
By, so that an accurate phase measurement of the accumulated precession phase of the He
spin ensemble can be performed. This would be similar to a Ramsey measurement using
separate oscillatory fields [43], where the polarization at the end of the second oscillatory
pulse depends highly on the phase accumulated during a long period of free precession.
The polarization of the 3He in the nEDM experiment could be measured by allowing some

polarized UCN to enter the cell, and measuring the capture rate.

Because the 7/2-pulse is designed to simultaneously turn two species of spins into the
plane of precession, only specific combinations of parameters can be used, so varying the
frequency of the oscillating field will result in worse precession plane alignment for the
EDM measurement. One parameter that can be varied is the measurement period 1" of
free precession, which does not affect the initial spin alignment. By varying 7" by a small

amount, the phase of the *He spins with respect to the /2 oscillating field grows as the
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Figure 5.18: Example of the measurement of the *He polarization after a long period
T ~ 500 s of free precession in EDM measurement. The value of the polarization of 3He
spin ensemble is obtained by pulsing the 7/2 field a second time after a long period T'+ At,
so that the accumulated phase can be measured. The value T has been chosen so that a

pulsing of the 7/2 field will leave the *He spins in the precession plane, so that varying At
will have the highest resolution.

difference in their frequencies, resulting in a period of oscillation of

2T

. 5.140
=73 Bo — wr/2 ( )

Tbeat =

after which the 3He spin ensemble will have precessed one full cycle more than the oscillating
field. The 3He polarization after the second 7/2-pulse depends on this phase difference so
that two EDM measurements can be operated with two measurement times differing by a
small AT < Tpeqt to compare the accumulated phase across the runs. A field of By = 30 mG
and a frequency w, /2 as in equation 5.132 results in Tpeqr >~ 0.19 s. Figure 5.18 shows how
the polarization after a second 7/2-pulse varies with different measurement times. Figure
5.19 shows how the separate oscillatory fields technique can be used to measure the effective

magnetic field strength.

The 2He polarization can be measured by allowing polarized neutrons into the measure-
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Figure 5.19: Example of the measurement of the 3He polarization after a long period
T ~ 500 s of free precession in EDM measurement. The right axis shows the polarization
of UCN and 3He spins right after the 7/2-pulse rotates them into the precession plane
(P = 0). The left axis shows the polarization of *He spin ensemble, obtained by pulsing the
/2 field a second time after a period T, so that the accumulated phase can be measured.
The quantities are plotted as a function of deviations of the holding field By and the period
T of free precession is chosen so that the polarization after the second pulse nearly vanishes,
resulting in the highest resolution for changes in By. Note that small deviations in By have
a small effect on the effectiveness of the 7/2-pulse to rotate both spins into the precession

plane (right axis).
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ment cells after the second 7 /2-pulse and observing the capture signal. The UCN population

during filling can be expressed as

Pyen —(I'3+T54T
Nuen(t) = (1 _ e~ (Ta4Tp+ m)t) , 5.141
von(®) Ts + 5 + Dioss ¢ ( )

with Pyon/V ~ 0.25s7 ' cm™3 representing the production of UCN in superfluid Helium,

and the other quantities given by table 5.3. The effective capture of neutrons on 3He atoms

rate (Hz) description

I's 2.1073 n-*He capture rate
I's 1.13-10~2 neutron B decay rate
| 8.3-107* trap lifetime of ~ 1200 s

Pycn 780 UCN production in a single cell

Table 5.3: UCN production and losses for the nEDM experiment. [35]

depends on the relative alignment of the spins so it should be replaced by
I'%(0) = T3 (1 —cosb), (5.142)

where 6 is the angle between the spin vectors. During the initial fill (= 1000 s) at the
beginning of a EDM measurement run, the polarizations of the neutrons and *He atoms
is aligned, so that the capture rate is small. A counting measurement at the end of the
period T of free precession would occur with a significant rate of capture, where 6§ ~ 7 /2.
A simple counting measurement for a fixed fill time T';;; would result in a number of events

measured given by

Trin
Noneas(8) = /0 At T () Nuon(®) (5.143)

I'(6) Pycn ( 1— e—<rzs<e>+rg+rloss>Tfm)
fill — ,

= 5.144

I's (0) + Fﬁ + Floss I's (0) + Fﬁ + I‘loss ( )
where the signal rate has been represented by I"(0) ~ T'3(f) to denote that detector ef-
ficiency, proper identification of capture events and background signals can modify this
quantity. If no identification of capture events is performed, neutron 3-decay events will
contribute to the measured number. A statistically significant discrepancy from expecta-

tion in the measured event count can be attributed to an accumulation of phase during the
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period of free precession, which is related to a discrepancy in the known holding field By.
Using a fill time T ~ 120 s, the expected event count for § = 7/2, including a contri-
bution of ~ 25% from neutron decay is Nyeqs = 11,000, resulting in a statistical noise of
0 (Npeas) =~ 100, or 1%. A shift in phase of A¢ ~ 2 x 1072 would increase (or decrease) this
number by AN =~ 200, so that the discrepancy would be visible. Over a measurement period
T ~ 500 s, this would be equivalent to measuring a frequency difference Av ~ 40 uHz.

The implementation of a phase measurement at the end of an EDM run would serve
to augment the frequency measurement obtained from the SQUID signal during the run.
From the proposal [35] estimate of the sensitivity of the SQUID measurement, the 3He
frequency should be known to 26 uHz for the measurement period of 500 s. Since the
uncertainty of the SQUID frequency measurement is proportional to v o< 1/ VT3, it could
be advantageous to keep the 3He spins in the precession plane, instead of exposing them to
the second 7/2-pulse, and continuing the SQUID measurement for the additional ~ 100 s
of fill time.

5.8 Dressed spin simulations

The spin dressing technique introduced in section 2.3.2.2 has been implemented in the
Monte Carlo simulations. The dressing field oscillates at a frequency w,s ~ 3000 kHz with
an amplitude B,y >~ 1.3 Gauss. In the simulations the numerical integration of the spin
equations of motion adapts the time step to the large field and fast oscillations, resulting in
slower simulations than for the cases studied above. From the analysis of the runs, the mean
time step in the simulations was found to be At ~ 0.5 us and this quantity is approximately
1/500 of the Larmor period of precession about the large B¢ field. This results in long
computation times, with the computing wall-clock time being a factor of ~ 30 longer than
the simulated run time. A single set of dressed spin simulation runs can require CPU usage
equivalent to a week.

A set of Monte Carlo simulations was run to address the question of spin relaxation in
an inhomogeneous dressing field. In particular, addressing whether the addition of active
shielding of the dressing field, as introduced in section 3.3.1, affects the relaxation times.
As seen in figure 3.9, the field along the longer side of the measurement cell is expected to

become less uniform with the implementation of an active shield.
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The formalism of McGregor [82] can be adapted to compute the expected T» relaxation
times for the case of the spin dressing. As described in [34,91], the deviations in the
dressing field can be associated with deviations of the effective gyromagnetic ratio of the
dressing parameter. The dressing parameter of equation 2.20 changes with the dressing
field magnitude By¢ so that

AX, = 2 ABy, (5.145)
Wrf

Ir

and since the effective gyromagnetic ratio vs’’ is given by equation 2.19, the changes in

dressing field magnitude will result in

2
AT = %f J1 (X)) ABy . (5.146)

The deviations in the effective gyromagnetic ratio result in a spread of precession frequencies
which is akin to the dephasing process of transverse spin relaxation 7. In particular, the

relation of equation 5.50 can be used to compute the relaxation by noting that
Aw=~vAB+ AvB (5.147)

so that the second term on the right hand side can be related to the first, relating the

changes in the gyromagnetic ratio to deviations in the static field By

A eff
Vs By =

ABy = .
0T T wit  Jo(Xs)

(5.148)

The formalism of McGregor of equation 5.48 can be used to compute the transverse spin

relaxation to be

1 1 42L* 42 B? o (0B3\?
—~ s T 20 (X , 5.149
T, 120 D o2 X 5 (5.149)

where the effective gyromagnetic ratio was substituted and only the major contributing

term to the relaxation is included.

A small set of simulations of the spin relaxation due to a non-uniform dressing field
have been carried out for 3He at a temperatures near 450 mK. The distortion of the field
expected from the active shielding of the dressing field introduces a large deviation of the

field in the measurement cells. The gradient of relevance was calculated [95] from the coil
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model introduced in section 3.3.1 to be

8Brf
0z RMS

~32x107*G-cm™, (5.150)

with a quadratic profile, so that the field in z is symmetric about the center of the cell and
the considerations of section 5.3.2.1 should be implemented. The resulting relaxation times
are on the order of To ~ 400 s, for a temperature T = 450 mK. Dressed spin simulations
have been shown to agree with this value. This is necessarily too small for the planned mea-
surement, and the development of correction coils was necessary to restore some uniformity
to the field. This is discussed in section 3.3.3. The correction coils reduce the gradient by a
factor of 10, leading to much better relaxation times 75 > 10* s. Figure 5.20 shows a small

set of simulation results for the dressed spin relaxation.
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Figure 5.20: Transverse (73) dressed spin relaxation times extracted from Monte Carlo
simulations for >He atoms as a function of bath temperature. The large gradient is produced
by the distortion to the field that active shielding introduces. The addition of a small
correction coil can fix the large gradient and reduce the relaxation rate. The gradient
has a quadratic profile, and the model curves are derived from equation 5.149. Only the
contribution from the gradient in z is plotted for the model. In the simulation result for the
correction coil, the other gradients can contribute to the relaxation, resulting in a lower 75
than calculated.
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Chapter 6

Benchmarking Frequency signal
extraction

A collaborative mock-data analysis task was carried out in order to design a suitable un-
biased analysis framework for the data that will be acquired in the nEDM measurement.
A few sets of Monte Carlo data were generated using GEANT4 by a collaborator [96] for
the purpose. The analysis effort would try to extract an Electric Dipole Moment signal
from the data. The motivation for such a task was to demonstrate that a frequency sig-
nal could be extracted from the analysis of capture events of neutrons onto >He, without
introducing spurious effects that could be confused with an EDM. A few different analysis
methodologies were carried out by other collaborators and were later compared with the

known parameters of the Monte Carlo data.

The generated data included the basic signal expected from the measurement of the
relative precession frequency of neutrons and *He spin under the influence of a large electric
field alternatively aligned to a reference magnetic field. This technique of measurement is

introduced in section 2.3.2.1.

In this chapter a particular unbinned analysis method is outlined. It is found to be
consistent with other strategies and particularly convenient for the type of data expected

from an Electric Dipole Moment signal.

The numerical minimization tools provided by the MINUIT package, which are also
implemented in the ROOT analysis framework, prove useful to fitting for the rate parameter

using a likelihood.
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Figure 6.1: The photomultiplier spectrum for capture events in a single measurement cell
with focus on the peak ~ 12 due to n->He capture events. The dashed black line shows the
cut on photo-electrons used in the analysis.

6.1 Mock-data analysis

The Monte Carlo generated data consist of the response in number of photo-electrons of 8
photomultiplier tubes (PMT) attached via light guides to the cells, as well as the adjusted
arrival time of the signal. Events can be identified as originating from a particular mea-
surement cell by looking at which set of 4 PMTs has been triggered. The largest set of

mock-data includes about 10? events from 1250 separate runs.

The energy spectrum from photomultiplier response is shown in figure 6.1. On average,
the number of photo-electrons generated by n->He capture is expected to be ~ 12, so it is

possible to construct a fiducial cut

6< ) <18 (6.1)

to exclude part of the unwanted background events.

The generated signal includes signals from scintillation light from neutron (3 decay and
neutron capture on a He nucleus, as well as additional background signals such as cosmic
rays passing through the cells and light guides, and radiation from activated regions in the

experimental apparatus.
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One of the additional concerns motivating this analysis preparation was the possibility
of the neutron S-decay asymmetry A [37] introducing effects that would significantly shift
the extracted frequency and bias the resulting EDM. Because of this, the generated data
included a large asymmetry |A| ~ 1 in order to magnify the possible effect. The asymmetry
of the decay introduces an oscillation of the light collected by the PMTs due to the phase
of the neutron spin, which is precessing at the Larmor frequency. As expected, the large

asymmetry did not bias the extraction of the frequency.

The 3He capture signal oscillates at a beat frequency reflecting the coherent precession
of neutrons and *He spins about the same magnetic field. A small difference in precession
frequencies between the two cells represents the input EDM parameter for neutrons under

the influence of the alternatively aligned electric field.

At the beginning of the simulation both species of spins are assumed to have gone
through some mechanism by which they were rotated so as to precess perpendicular to the
magnetic field. One such mechanism is described in section 5.7. This transition period is
not included in the mock-data and only the resulting phase accrued from the rotation is
considered. The phase is supposed to be constant for all the runs and in the real experi-
mental setup should be known to be repeatable to the 10~3 radians level. One of the goals
of the mock-data test is to find out how the knowledge of the initial phase would affect the

confidence interval on the fit of the EDM signal.

6.2 Likelihood Fit

In order to estimate the input EDM parameter, an analysis using maximum likelihood was
used to fit the neutron spin precession frequency relative to the frequency of He spins. A
statistic is constructed using the formalism described by Cowan in [97] and the parameters
of the fit function are estimated. The frequency of oscillation of the capture rate is one of
the parameters and it is used in the estimation of the EDM. The frequencies of both cells
were studied and fitted separately, whereas the EDM signal could, otherwise, be identified
as a shift in frequency between the two cells, for a single run. This would take into account

changes in the reference magnetic field By between different runs, affecting both cells equally.
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6.2.1 Rate

The expected signal from the nEDM measurement is comprised of several sources that
eventually produce some number of photon-electrons in the PMTs. The signal of interest
to extract an EDM is an Electric field dependent modulation of the n-3He capture rate, as
detailed in section 2.3. Although it is possible to identify some of the extraneous sources,

some amount of background is expected in the signal.

The rate I'(¢) > 0 is defined as the number of expected events per unit time, so that the

expectation value of a measurement that spans the interval T' is given by
EN] = / AT (L), (6.2)
T

A simple time-varying rate for the signal expected from neutrons can be defined for a
single neutron to be

Ty(t) =Tg+ T3 [1 — P(t) cos p(t)] (6.3)

where I'g and I'3 are the effective rates of signal from 3 decay and n->He capture rate
respectively. The capture rate depends on the angle ¢ between spin polarizations of the
neutron and 3He atoms so that I's is the capture rate for an unpolarized ensemble, while
21’3 would be the maximum capture rate if the two species of spins were polarized and
remained anti-aligned. The angle between the two spin species will be modulated as the
spin polarizations precess about the same field at different frequencies, as detailed in section

2.3, so that
P(t) = wt + o, (6.4)

where ¢ is the initial angle between the two spin polarizations at the beginning of the free

precession measurement.

The polarization term P(t) included in equation 6.3 is expected to decrease in time as
the effective coherence of the signal decreases due to the spin relaxation processes affecting

both spin species and detailed in 5.3. It can be expressed as
P(t) = Pye t/T (6.5)

where a combined spin-spin relaxation time 75 is used in the exponential decay of the
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coherent signal. The initial polarization Py is omitted as a parameter to the fit because of

the evident correlation to I'g and I'3, so that a transformation of parameters can be chosen

IB — Fg + (1 — P()) I's (67)

to fix the initial polarization Py = 1 and remove it as a degree of freedom.

A generalized version of the rate for the signal in the nEDM cells can be described by
L(t) = N(t) x [[g + T3 (1 — P(t) coslwt + ¢o])] + Ts(t), (6.8)

where the rate for a single neutron has been multiplied by N(¢), the number of remaining
neutrons in the measurement cell, which should be decreasing exponentially in time. In
addition, a background rate I'z was added to represent the possible sources of background

signal.

6.2.1.1 Neutrons in the cell

The number of neutrons decreases in time via n-3He capture, B decay and losses of neutrons
that do not produce signal. When fitting data the exponential decay of the neutron signal

can be explicitly added with two fit parameters, so that
N(t) = Noe /™., (6.9)

where Ny represents the initial number of neutrons and 7.¢. the effective decay parameter,
a combination of the processes that decrease the neutron signal. To first order, the decay

parameter is related to the signal rates

1
~ Fﬁ +I's + R (610)

Teff. Tloss

but, because the n->He rate oscillates in time, the decay parameter 7og. will not be a perfect
representation of the signal decay rate, although this discrepancy only exists for times short
compared to the period of oscillation.

An alternative approach that removes the explicit signal exponential decay and one of
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the decay fit parameters, is to set

N(t) = Ny — Nmeas(t) (611)

t
~ Ny —/ dt' T, (t) (6.12)
0

and count the number of neutron events measured Ny,eas before time ¢ during the analysis.
If the source of signal comes purely from neutron processes, then, each event measured
decreases the total neutron number by one and, consequently, the rate by 1/N(t). The
initial neutron number Ny, in this analysis, is generally closely related to the physical
number of neutrons in the cell at the beginning of the measurement run, but is more
specifically defined as the maximum number of neutrons that could be observed by running
the measurement for a sufficiently long time, given the experimental circumstances of the
measurement, such as losses, detection efficiency, background and more. For example, Ny

would change value if a cut was performed on a data set.

If the signal contains a non-neutron source, as is the case with any background in
equation 6.8, each individual measurement cannot be assumed to decrease the number of
available neutrons by exactly 1 because once in a while a background event is expected.
This discrepancy can be accounted for if the computed integral of the neutron rate I',,(¢) is
used to represent the number of neutrons measured, as it is the case for the form of equation

6.12.

6.2.1.2 Rate as probability

The rate function can be normalized to become a probability density function

I'(t)
t) = 6.13
) = 52 (6.13)
where N, is the expectation value
T
N. = E[N] :/ dtI'(t), (6.14)
0

for a measurement of given rate I'(¢) and measurement time limited to 7'
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6.2.2 Maximum Likelihood

The estimation of the fit parameters is performed using the maximum likelihood method
with the formalism found in [97]. A likelihood statistic for a set of data can be constructed
from a given model, based on the probability that the model describes the data. If the
model is parametrized with n parameters expressed in the vector 8, it is understood that
the parameters 6 that maximize the likelihood are the best estimated fit parameters for the
data set. In order to perform a likelihood analysis, an appropriate probability distribution
should be used. The probability distribution that describes the statistical outcomes of a
counting measurement is given by the Poisson distribution, which is introduced below and

applied to this analysis.

6.2.2.1 Poisson Distribution

The Poisson distribution can be used to estimate the likelihood of a particular measurement
as originating from a parent distribution function. If a counting measurement is performed,

the probability of measuring exactly k events, given that A = E[k] are expected

AFe=A

(6.15)

and is defined for non-negative real values of A and non-negative integer values of k.

The probability distribution is normalized so that the following expressions are true,

iPk(A) =1 (6.16)
k=0
/ AAP()) =1 (6.17)
0

The first condition normalizes all possible measurement outcomes by assuring that for a
given value of expected events A > 0, a number k& € N? events will be measured with finite
and normalized probability. Only the special case for which no event is expected, A = 0,
does not allow any possible measurement outcome except for £k = 0. The second condition
normalizes the expectation value, showing that for a fixed number of measured events k,
there is a continuum of expectation values A € [0, 00) that could produce the outcome with

the Poisson distribution as probability density function in A.
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In addition, the condition 6.17 can be used to draw a probability density function in
time if the expected value of the measurement is given by the integral of a rate I'(¢) as
in equation 6.2. Noting that d\ = dtI'(¢), the resulting normalized probability density

function of the measurement time ¢ is

prlt) = T(t) -, (6.18)

In this form, the probability is expressed as the probability, per unit time, of measuring
exactly k events within time ¢ + d¢t. This functional form of the Poisson probability is

valuable if the rate varies quickly in time and if k& is small.

If no events are measured during an interval in time, equation 6.18 reduces to
po(t) =T(t) e ), (6.19)

for Kk = 0. This form represents the probability distribution function of intervals between

stochastic events, which is used in the unbinned analysis described in 6.2.4.

6.2.3 Binned likelihood

Given an interval in time At, the rate function can be used to compute the number of

expected events

)= /A ) (6.20)

and if a number k of events is measured, the probability of such occurrence can be calculated
using equation 6.15.

A set of data that spans an interval T can be binned in Ny, intervals in time, of
duration At = T/N each. The total likelihood of the data set is found by multiplying

together the Poisson probabilities of all bin contents

Npins Nyins )\kz e_)\i
L=]] Ptkix)=1]] T (6.21)
=1 i=1

where k; is the number of observed events in time bin At¢; and \; the expected number

of events for the same bin, which depends on the parameters of the generating rate. The



143

logarithmic likelihood is useful when dealing with small probabilities

Nbins
log &= [ki log(\i) — \i — log(k:!)] . (6.22)

i=1
The maximum possible likelihood L for a given binned data set k = {k1, ko, ..., kn} s

found by maximizing the likelihood at each bin

Od(log L) .
- eu— i = i, 2
o, —0 Ni=k (6.23)

and since this quantity depends only on the data set and not on the parameters in the model,
it can serve as reference to compare the likelihood obtained from the fit. The maximum

likelihood ratio A = £/£ can be defined to be

Nbins
. i
logA =log L —log £ = k; 1 — | = (N =k .24
og A =log £ — log ; [ og < k1> ( )} (6.24)
Nblns )\
— Z kilog <k> + Nops — Ne, (6.25)
i=1 v

where N is the total number of events observed in all bins and N, the expectation value

of the total number of events.

The maximum likelihood study of a binned data set can be used to search for the best
fit parameters @ of a generating rate I'(¢; €). As the rate parameters vary, the expected
number of measured events \; in each bin changes thus changing the bin likelihood and
the likelihood of the whole data set. The parameters can be varied until the maximum

likelihood is reached.

6.2.3.1 Normalization of the fit function

If the parameter space for the model rate I'(t; 8) contains a normalizing constant factor
On € 0 such that
I'(t; 0) — OnT'(t; 0), (6.26)
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with 8’ = @ — {6}, then the associated likelihood function, equation 6.22, is maximized for

Nyins
Odlog L k; ,
_ Y/ 2
90n E [9N )\Z} — 0, (6.27)

so that ON = Nobs/N., the ratio between the number of observed events and the number of
events expected from the rate I (¢; 6”) during the measurement period T'. The normalization
factor does not, then, affect the likelihood of the fit. It is useful to isolate the normalization
parameter and compute it in order to simplify and speed up the numerical maximization of
the likelihood.

In addition, the fact that the maximed likelihood coincides with the number of events
expected equaling the number of events measured is used below in the arguments concerning

the unbinned likelihood analysis.

6.2.4 Unbinned likelihood

The arguments in section 6.2.3 should be valid regardless of how a data-set is binned. This
is because of the normalization conditions of the Poisson distribution which allow for the
likelihood to be correctly computed without bias on the number of expected or observed
events. On the other hand, choosing an inappropriate bin size for the data set can hide
parameter sensitivity or introduce a bias. If, for example, a parameter such as w in equation
6.3 defines oscillations in the expected number of events, the size of a bin needs to be small
compared to the period of oscillation, otherwise, the oscillations would be hidden within
the bin and the sensitivity of the likelihood to w will be negligible.

Although it is possible to shrink the bin size to increase the sensitivity to oscillations,
the number of events per bin can decrease significantly, to the point where most of the
bins contain not a single event. If this is the case, the binning is no longer well defined
because of the many empty bins, and the number of degrees of freedom of the data set,
usually associated with the number of bins, can be misinterpreted and be larger than the
total number of events measured. This can bias the estimation of parameter error from the
data.

An alternative to using a binned likelihood analysis, that does not suffer from the small
event counts and is potentially less biased, is analyzing the data unbinned. The unbinned

likelihood is computed for individual events and can be equivalently thought of as the
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likelihood of intervals in time between two consecutive events. This follows the probability
density function described by equation 6.19. This form, together with the normalizing
condition derived from equation 6.27, results in the total log-likelihood function for unbinned

events of the form N

log £ = Z log'(¢;; 6), (6.28)
i=1

for rate parameters @, where the rate is evaluated at each time ¢;. This is equivalent
to binning the events in N bins of variable width given by the interval in time between
consecutive events. The probability distribution function derived from the rate in section
6.2.1.2 can be used directly to compute the unbinned likelihood. As expected, the maximum
likelihood achieved from the individual events reveals the parameters of the fitting function
which most plausibly describe the data. In this case, the number of degrees of freedom is

computed from the total number of events measured.

6.2.5 Coverage

The task of fitting a parameter space 8 to data must be linked to the considerations of
confidence intervals to determine the significance of the analysis and assign a value of error
to the fit parameters. [97-99]. The confidence interval, or coverage probability C, is defined

as the fraction of times that the parameter range defined by the estimated parameter, 6;,

of a given set of data and the errors on the parameter, contains the true parameter
0o € [6; + A0, 6; + A6}, (6.29)

where the parameter errors AHii can be calculated. Usually, the errors on the parameter

are chosen as to cover a pre-determined fraction C' of parameter values.

For example, if a measurement in z is expected to be Gaussian distributed, with the

estimated mean value  and the known width o, the probability density function is

x— )2
Flz) = —— ()} , (6.30)

ex —
V2o, p[ 202

so the true parameter xo will be zg € [ — noy, & + no,| with a probability given by the

coverage C'. Table 6.1 summarizes the first few confidence levels, as well as the equivalent
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log-likelihood difference of the Gaussian measurement x, defined as

Alogg— - F=8" _ 1 <M>2. (6.31)

202 2\ o,

The confidence interval of the Gaussian distribution measurement is given by the width
parameter o, the coverage of the range is consistently C' ~ 68.3% and does not vary with

the mean parameter = of the measurement.

Az C (%) Alogl

lo, 68.27 —0.5
20, 9545 -2
3oy 99.73 —4.5

Table 6.1: Coverage C for the normal distribution at a distance of n o, along with the
corresponding likelihood difference.

If a measurement obeys the Poisson distribution, the coverage can be computed from
the likelihood ratio, log A = Alog £, if an appropriate error range is defined. A parallel
can be drawn to the Gaussian distribution and a confidence interval can be defined as the
range where the likelihood difference is Alog L € [—1/2, 0] and is expected to have the
same coverage as long as the measured value k in the Poisson distribution is large. In fact,

if the confidence intervals are calculated from the likelihood difference

k+ AX
Alog L(AN) =k log ( +k ) — A, (6.32)

where AN = X — k represents the distance from the estimated parameter A= k, and used
with the prescription for the likelihood differences of table 6.1, then a range for which the

real parameter

o€ |A+ AN, A+ ANT (6.33)

can be computed. Since measurements in the Poisson distribution assume integer values
so that each measured k£ will be associated to different intervals as seen in table 6.2, the
estimated parameter will also be restricted to integer values and the confidence interval

cannot be determined by a trivial function of the real parameter Ay and must be computed
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numerically from
> 2 e—2o 1 if g€ |:5\rnin7 S\max:|

Cho) =) 0/@ X . (6.34)

k=0 ’ 0 otherwise

The result of this calculation is shown in figure 6.2 and is inspired by the figure in [99]
of the same. The discontinuities from the discrete observables are evident for small values
of Ao revealing that the confidence intervals calculated with a fixed interval Alog £ can
be affected systematically by the true parameter \g. Asymptotically, the coverage for the
Poisson distribution confidence intervals approaches the value expected from the intervals

found in the Gaussian model, as shown in table 6.1.

k )\min )\max
0 0 0.5
1 03 236
2 09 377
3 1.58 5.08
4 232 6.35
5 3.08 7.58
6 3.87 8.79

Table 6.2: Confidence intervals for the Poisson distribution of different measured values k,
as calculated using equation 6.32 for a value Alog L = —1/2. The intervals define error
ranges around the estimated parameter A = k.

6.2.5.1 Coverage for the unbinned likelihood

The same coverage arguments can be applied to the unbinned likelihood analysis of section
6.2.4. The coverage can be computed from the distribution function of intervals between in-
dividual events of equation 6.19. In this case a confidence interval around the best estimator

for the rate, I = 1 /At, can be defined from the likelihood ratio as

Alog £ = log(T' + AT') — /

N dt(T' + AT) — (1ogf — /At dt f) (6.35)

= log (1 + ATAt) — ATACt. (6.36)
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Figure 6.2: Coverage of the confidence intervals of the Poisson distribution as a function
of the true parameter \g. The intervals are computed using equation 6.32 with the same
likelihood intervals, Alog £, set by the Gaussian coverage, summarized in table 6.1

Given a fixed interval of likelihood Alog L, the quantity x = AT At can be solved for,

independently of T'y or At. The two solutions z& yield the confidence interval in rate

Ty e |F+ 2 f+£ (6.37)
0 At AL '

This interval can be expressed as a confidence interval in time for which the real rate

parameter I' is contained

(6.38)

1 - +
Ate[ + 1+w}.

Lo 7 To
The coverage can be computed using the intervals in time from the probability distribution

function of equation 6.19

(1+27%)/To _
C= dtToe Tot = = (1+27) _ =427, (6.39)
(1+z—)/To

Because the coverage is not dependent on the real rate parameter I'g but only on the values
x* that correspond to the choice of Alog £, the desired confidence interval can be obtained
by numerical solution. Table 6.3 contains the numerical solutions for the first few likelihood
that have the same coverage C' as the Gaussian model of table 6.1. The likelihood confidence

interval A log £ can be used when searching for the parameters that maximize the likelihood,
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in order to obtain an estimate of the error of the fit parameters. The errors in a parameter
are defined from the points in parameter space where the likelihood is Alog £ away from

the maximum likelihood that can be found.

x~ zt  C (%) Alogl

—-0.73 1.5 68.27 —0.584
—0.96 3.88 95.45 —2.293
-1 713 99.73 —5.032

Table 6.3: Coverage C' of the unbinned likelihood constructed from intervals between consec-
utive events, numerically computed using equations 6.35 and 6.39, with confidence intervals
comparable to the Gaussian counter-parts of table 6.1.

6.3 Goodness of Fit

A goodness of fit test should be performed to determine the statistical significance of the
fit. For the case of the method of least squares, where the prior distribution is known or
assumed to be Gaussian, the y? statistic offers a solid method to test the fit result. In this

case, the likelihood from the Gaussian probability function is used directly [97] to compute
N a2
F=-2logl =Y M (6.40)
o
i=1 i

A similar statistic can be constructed for a counting measurement following the Poisson
distribution, which can be used in the analysis of binned data. The likelihood ratio defined
in equation 6.24 tests how well the model fits a data set of observed values with respect to
the maximum possible likelihood that those observed values could achieve. With the same

prescription as equation 6.40, the goodness of fit can be constructed

(2

N
i
2~ - ) ) (O — ks
X°~ —2logL ;1 [k:zlog<k) (N k:l)], (6.41)

at least for cases in which the mean value A > 1, when the Poisson distribution approaches
the Gaussian distribution.

For values of A that are small, the maximum likelihood ratio of a Poisson-distributed
sample is not independent of the mean value A, so equation 6.41 is not a good candidate for

a goodness of fit statistic. This can be seen by computing the mean value for the expected
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Figure 6.3: Mean log-likelihood ratio expected from Poisson distributed observables, as a
function of the expected value A. For large values of A, this value agrees with the value of
1/2 expected from the Gaussian example.

likelihood ratio as

ClogA) =~ 3 A’C:’_A [k log <2> O+ k)} , (6.42)

k=0

the values of which are pictured in figure 6.3, where the asymptotic behavior in A — oo
agrees well with the value expected from the least square goodness of fit of a Gaussian

distributed measurement.

Instead of using the Poisson distribution to compute the goodness of fit of an ensemble
of pre-determined fixed width bins, some of which might contain few or no events, it is
possible to look at the time between individual events and compute the goodness of fit from
the likelihood of those intervals. This is similar to choosing variable bin widths so that each
bin contains exactly one event. With the probability distribution function of the intervals
between events defined by equation 6.19, and the likelihood ratio of the measurement given
by the standard Poisson distribution with fixed £ = 1, on average the likelihood ratio will
be

)
<—logA>:—/O dtT e (logTt —Tt+1) =7, (6.43)

where the y¢ = 0.577216... is the Euler gamma, which does not vary with the rate. There-
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Figure 6.4: The log-likelihoods of individual time intervals between consecutive events in
a random sample, scaled by the factor —1/7¢, are distributed following the x? distribution.
For ease of visualization and comparison, the logarithm of the log-likelihoods is plotted.

fore, a statistic

1
x?=—— logA (6.44)
e

can be used to test the goodness of fit. That is, the likelihoods computed for each time

interval between events follow a x? distribution, as shown in 6.4.

6.4 Mock analysis study

The analysis of the mock data is carried out using the formalism described in this section.
The fit parameters @ are estimated by maximizing the unbinned log-likelihood, computing
the likelihoods of individual events with respect to a test generating rate I'(0, t). This
likelihood statistic is shown to have coverage given by values in table 6.3, so it is possible to
set the error definition in the maximizer so that Alog £ = —0.5841 to compute the standard
confidence interval parameters errors.

In addition, the goodness of fit is computed on the data set using the y? statistic
computed from the likelihoods with equation 6.44. Since the data set does not need to be
re-binned in order to compute the goodness of fit, the y? statistic can be computed directly

right after the maximum likelihood is found. The goodness of fit statistic only requires that
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the expected number of events in each variable sized bin of width At; is calculated using
equation 6.20. Thus, this quantity can be computed for the same intervals in time used in

the likelihood maximization, resulting in a goodness of fit valid for the data set used in the

fit.

After cuts on the PMT energy deposition, as in equation 6.1, each Monte Carlo run
consists of roughly 2.1 - 10° events per cell. Figure 6.5 shows the signal from a single run,
which is modulated in time at a frequency of ~ 9.9 Hz and decreases exponentially with
time, leaving few events per bin at late times.

The ROOT analysis framework is equipped with minimization routines derived from
MINUIT which were used to estimate the fit parameters in the mock analysis. Table 6.4
summarizes the fit parameters estimated from the analysis of each individual run and sub-
sequently recombined. The observed shift in frequency, as calculated from the fit parameter

w in the two different cells, was extracted to be
Aw = wpp —wpy = (—=1.524£0.99) x 10 % rad - s7*. (6.45)

The extracted EDM signal is then calculated from the electric field magnitude E = 74kV - cm™!
given by
Aot — o™

iy = —5 57— = (34£2.2) X 10727 ¢ -cm. (6.46)

This agrees with the input value of the EDM parameter, which was set to d, = 3.3 x
10727 ¢ - cm.

If the initial phase ¢ is known to be repeatable to a level of a 1/1000 of a radian, then
the parameter ¢ can be removed from the fit parameters and the error on the frequency
improves by a factor of v/2. The initial phase of the scintillation signal represents the
difference in accumulated precession phase between the neutron and *He spins at the end

of the 7/2 pulse.

6.4.1 Goodness of fit

The goodness of fit test described in section 6.3 was applied to the fit results of the mock-
data analysis. The y? statistic of equation 6.44 has been used to find the probability that

the analyzed data set actually has, as parent distribution, the distribution offered by the
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Figure 6.5: Monte Carlo events for a single mock-data run (~ 2 - 10° events) plotted over
time in bins of fixed width (7 ms ~ 1/14 T') together with the expected events from the
model rate with parameters which best fit the events in the run. The three plots show the
event rate at the start of the run (a) and later times (b,c).
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cell 1 cell 2
par err par err

No 2.264-10°  5.3-10° 2.264-10°  5.3-10°
I3 9.408-107* 4.2-1077  9.404-107* 4.2-1077
I's 2.976-107% 5.0-1077  2.976-107% 5.0-1077
w 61.62685202 7.0-10"7  61.62685354 7.0-1077
¢  —2.618 1.7-107* —2.618 1.7-1074
1/T,  3.150-107% 58-1077  3.152-10* 5.8-1077
I's 1.000-1072 1.5-107°  1.000-1072 1.5-107°

Table 6.4: Fit parameters estimated from the 1250 runs which comprise the mock-data set,
for each cell. The electric field configuration is different between cells, with cell 1 having
the E field aligned to the magnetic field By and cell 2 anti-aligned, resulting in a difference
in precession frequency Aw ~ —1.52(99) - 10~ rad - s~! between the cells.

model rate with the best fit parameters. This can be found by computing the cumulative
distribution function of the x? distribution with a number of degrees of freedom given by
n.d.f. = N — ny, the difference between the number of events in the run and the number
of free parameters nyg. Figure 6.6 shows the probabilities obtained for each individual run
and for each cell. Because of the large number of degrees of freedom, these quantities all
represent reduced x? not far away from unity. The distribution of probabilities should be
uniform if the x? is statistically distributed. The results from fitting the mock data show
that the probability distribution is skewed towards the lower probability. This can signify
that the fit function, if properly minimized, does not capture all of the characteristics of

the generating function.
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Figure 6.6: The distribution of probabilities obtained from the x? statistic for each in-
dividual run in the mock-data set. The probabilities are computed from the cumulative
distribution function of the y? distribution. The expected shape of the curve is a uniform
distribution.
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Chapter 7

Summary

The proposed neutron EDM measurement is set out to provide an important test of the
fundamental symmetries of the Universe. At the planned sensitivity, the experiment should
offer evidence of new sources of CP violation and give insight to the problem of baryon
number asymmetry and the concept of baryogenesis.

Some of the challenges of the new experiment have been introduced and described in
this manuscript. They include the generation of a large electric field (E ~ 74kV -cm™!) in
a liquid Helium bath at superfluid temperatures (7' ~ 0.5 K) and the construction of coils
to provide a magnetic field that is uniform over the size of the measurement cells (40 cm).

For the measurement to achive the planned sensitivity, systematic effects arising from
the Geometric Phase need to be well understood. The study of the systematic effect needs to
be performed before the construction of the experiment, to make sure that the experimental
configuration is chosen appropiately to mitigate the effect, as well as when the experiment
is built and the magnetic field profiles can be measured, to further lower the error of the
systematic effect. In order to study the systematic effects, Monte Carlo simulations have
been advantageous, as they allow the focus to start on the simplest models of the interaction
of spin with the magnetic and motional fields, and introduce and study more interesting
scenarios as desired. Part of the work in this manuscript was aimed at developing software
and production systems that would allow for the generation and analysis of statistically
significant samples of Monte Carlo data to study the problem. This entailed the use of
parallelization of the simulation program to be run on many computer cores, augmented by

the availability of commercial cloud computing resources.
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