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Abstract

Next generation electric dipole moment experiments require a high level of magnetic field stability
in the experimental volume. Active magnetic shielding has been proposed to provide low-frequency
magnetic field stability in the neutron electric dipole moment (nEDM) experiment planned for TRI-
UME. A prototype active magnetic shielding system was constructed and tested at the University
of Winnipeg. The system is capable of providing RMS shielding factors > 1000 for magnetic field
perturbation frequencies < 20 mHz, and > 100 for frequencies < 0.5 Hz, and can reduce magnetic
field variations on the order of tens of u'T to the level of tens of nT. The achievable shielding factor
was limited by the field sampling rate limit of ~400 Hz, and by the background field noise floor of
the laboratory. This represents good progress towards the eventual system for nEDM experiments,

where low-frequency field drifts on the order of 100 nT require active shielding to the order of 1 nT.
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Chapter 1

Introduction

The Standard Model of particle physics is a theory describing the fundamental particles of matter
and their interactions. The fundamental particles come in two varieties: fermions, which are the
principle building blocks of matter, and bosons, which are the carriers of the strong, weak, and
electromagnetic forces, responsible for mediating the dynamics of known subatomic particles. The
Standard Model is strongly supported by experimental evidence, however, it fails to account for the
observed baryon asymmetry of the present-day universe (excess of matter over antimatter). Current
predictions of CP violation (violation of invariance under the combined charge conjugation (C) and
parity (P) operators) in the Standard Model are considered too small to account for the baryon
asymmetry. New theories describe CP violating processes that go beyond the predictions of the
Standard Model. These theories are the driving force behind experimental searches for new sources
of CP violation, which includes the search for non-zero electric dipole moments (EDMs) of certain
particles. The focus of this thesis is the development and testing of an active magnetic shielding
system intended to support an experiment at TRIUMF (Canada’s National Laboratory for Particle

Nuclear Physics, Vancouver, BC), searching for a non-zero neutron electric dipole moment (nEDM).

1.1 The neutron

The neutron, which has the symbol n, is a spin-half hadron composed of one up quark and two

down quarks. This quark combination results in a zero net electric charge on the neutron. Neutrons



are one of the two nucleons (protons being the other) which make up the nuclei of atoms. Neutrons
are bound in nuclei by the strong nuclear force. The binding is typically in the MeV scale. To free
neutrons, a nuclear reaction is required. Free neutrons are unstable with a lifetime of 830.0 4 0.9 s.

The neutron mass is 939.565379 + 0.000021 MeV [5,10].

1.2 CP violation and the search for the neutron electric
dipole moment

Under the assumption of Lorentz symmetry, the simultaneous transformation of charge conjugation,
parity conjugation, and time-reversal (CPT) leaves all SM interactions unchanged [11,19]. This
implies that a time-reversal (T) violating process can also be considered a CP-violating process.
Existence of non-zero EDMs implies a violation of time reversal invariance and is therefore an
excellent probe of CP-violation [13]. To understand how the violation of T-symmetry occurs,
consider a particle of spin S within an electric and magnetic field, E and B respectively. The

Hamiltonian for such a particle is

: (1.1)

| Uy

where g is the magnetic moment and d is the electric dipole moment [34]. Under time reversal
the magnetic field contribution remains unchanged, 7' (E . §) — B - S, whereas the electric field
contribution picks up a negative sign, T’ (E S )= —E-S. A non-zero EDM will violate T-symmetry,
and therefore CP-symmetry as well.

The Standard Model of particle physics provides only two separate sources of CP violation.
The first source is established by the strong interaction, described by the #-term of the quantum
chromodynamics (QCD) Lagrangian [45]. The #-term is the lowest order operator of the QCD
Lagrangian, and is a CP-violating, dimension four term involving the gluon field. The #-term,

described by a dimensionless coupling 6, is flavor-diagonal and induces a neutron EDM of |d,| &~

6 x 3-1071% e-cm [25]. The current best experimental upper limit on the neutron EDM is |d,| <



2.9 x 10726 e-.cm, which is well below the prediction of QCD unless 6 is extremely small. The reason
for the smallness of 6 is currently unknown, which suggests a fine tuning issue and is known as the
strong-CP problem. As a result of this, it is assumed that 6 is zero or almost disappears due to a
symmetry or possibly a dynamic mechanism [31].

The second source of CP violation in the SM is found in the electroweak sector, and derives
from the irreducible phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [25]. CP violation
within the CKM matrix places the neutron EDM in the range of |d,| = 1073 — 1073 e-cm, well
below the current best experimental limit stated above.

If the neutron EDM is found to be larger than the prediction, it could signify new physics
beyond the Standard Model. One of the great unanswered questions in physics is why there exists
a baryon asymmetry in our present-day universe. This predominance of matter over antimatter is
strongly correlated to the observation of a non-zero neutron EDM, making it an excellent candidate

for experimentation.

1.3 Electroweak baryogenesis

One of the fundamental problems in cosmology is the existence of an excess of matter over antimatter
in the modern universe. This is called the baryon asymmetry of the universe (BAU). It is believed
that in the early universe, the net baryon number must initially have been zero [27,34]. The
explanation of the origin and evolution of the BAU is known as baryogenesis. The BAU and
baryogenesis cannot be explained by the standard model (SM). The inability of the SM to explain
baryogenesis is considered to be one of the strongest indications of the incompleteness of the SM [12].

In order to generate the BAU, particle physics models must meet certain criteria. The set of

three criteria are known as the Sakharov conditions [8,12,27,41]:

1. There must be a violation of baryon number B conservation, otherwise the net baryon number

of the universe would not change over time.

2. Violation of C (charge conjugation symmetry) and CP (the product of charge conjugation



symmetry and parity) must be present to create inequality between rates of AB # 0 pro-
cesses. This ensures asymmetry in the creation of baryon and anti-baryon quantities in the

development of the early universe.

3. At thermal equilibrium the average baryon amount would be constant and an equal amount
of baryons and antibaryons would be present, therefore a departure from thermal equilibrium

must take place to evolve net baryon number over time.

The BAU remains unsolved to this day, however, theories of new physics have been developed
to explain the phenomenon. An example of such a theory is electroweak baryogenesis (EWBG),
which attempts to explain the baryon asymmetry using electroweak (EW) theory combined with
new physics at the TeV scale [27].

In electroweak baryogenesis, a first-order electroweak phase transition is required. As the uni-
verse cools, this results in the formation of bubbles of the broken electroweak phase within the
surrounding plasma of the symmetric phase (as illustrated in Figure 1.1). The expanding bubbles

induce a departure from thermal equilibrium and thereby satisfy condition 3. In the symmetric

@ <p>=0

Figure 1.1: First order phase transition in electroweak baryogenesis. Bubbles of broken phase ({¢) # 0)
expand within the surrounding symmetric phase plasma ((¢) = 0). The order parameter (¢) is related to
the vacuum expectation value of the Higgs field.

phase outside the bubbles, rapid baryon-number violating processes occur, which satisfy condi-

tion 1. These are called sphaleron transitions. A sphaleron is a static, unstable solution to the

4



electroweak theory. The sphaleron process is allowed in the SM, in the symmetric (unbroken) elec-
troweak phase. It is effectively a process by which baryon number is converted to lepton number in
steps of three, as illustrated in Figure 1.2 (inset). The sphaleron transitions are strongly suppressed
in the broken phase. Therefore, as the universe cools and bubble expansion occurs, any net baryon
number created in the symmetric phase would be pulled into the broken phase environment of the
bubble, where it is effectively locked (as also illustrated in Figure 1.2). However, since forward and
reverse sphaleron transitions occur, and since they can generate both positive and negative baryon
number, no net baryon number would be accrued unless C- and CP-violating processes would occur.

It is therefore C- and CP-violating processes, that occur near the phase boundary of the bubble
wall, which create particle number asymmetries that produce more baryons than antibaryons. This
satisfies condition 2, and results in an evolution of net nonzero baryon number in time. Eventually,
the universe cools sufficiently that the expanding bubbles coalesce into a homogeneous universe
containing only the broken EW phase, and the final net baryon number is locked in.

In order for EW baryogenesis to generate the correct magnitude of the observed baryon asym-
metry, it was realized that additional CP-violation beyond the SM would be required [27,28]. New
sources of CP-violation have therefore been proposed in order to solve this issue. The models often
introduce new particles near the TeV scale which possess CP-violating interactions. Calculations
have been conducted in the framework of supersymmetry, where additional CP-violating interac-
tions may be permitted [34]. Generally, it is believed that new physics at the TeV scale is a natural
way to make EW baryogenesis correctly predict the BAU, supersymmetry being one example of
this [27].

While the theories that go beyond the SM provide an explanation for the BAU, experimental
evidence is required to test them. A search for a non-zero EDM is a promising way to search for

new sources of CP violation.



Figure 1.2: Sphaleron process (inset) occurs for left-handed fermions x, in the symmetric phase ((¢) = 0)
region. This converts leptons L, » to quarks ()12 3 thereby creating a net baryon charge B, which is drawn
into the expanding bubble. Within the bubble, the phase is broken ({¢) # 0) and the sphaleron process is
suppressed. CP violation is also required so that the same process does not occur for anti-particles at the
same rate.

1.4 The use of UCN in an EDM experiment

Neutrons with energies < 300 neV are known as ultracold neutrons (UCN). UCN energies are low
enough that they undergo total reflection at any angle of incidence off material walls, and therefore,
they may be trapped in material bottles for extended periods of time. The ability to trap UCN
results from their interaction with the fermi potential of the material walls via the strong force, and
the storage time is limited by the free neutron decay via the weak force. The mean lifetime of a
neutron is 7, = 881.5 s, providing a long time frame for experimentation.

Under the influence of a magnetic field B, a neutron spin will precess at the Larmor frequency
w = vB, where v is the gyromagnetic ratio. A neutron EDM is typically measured by observing

the Larmor frequency of UCN in aligned magnetic and electric fields. If the fields are parallel,

hol' = |2 B + 2d, B, (1.2)



where h is the reduced Planck constant, ng is the Larmor frequency for parallel B-, and E-fields,
[t is the magnetic moment of the neutron, d,, is the electric dipole of the neutron, and F is the

electric field magnitude. For a reversal of the electric field direction,

hwlt = |2 B — 2d,E)|, (1.3)

where wgi is the Larmor frequency for anti-parallel fields resulting from the E-field being reversed.

Thus the neutron EDM may be extracted by comparing the two configurations:

h (ng - wy)

d, =
4F

(1.4)

1.5 ILL UCN-EDM experiment

The best experimental measurement of the neutron EDM gave d,, < 2.9 x 1072¢ e-.cm at 90%
confidence level [2]. The experiment was performed at the Institut Laue-Langevin (ILL) in Genoble,
France. The precision of the result was limited by statistics. The UCN density in the EDM cell (21
L) was 0.7 UCN/cm?.

The experimental setup used at ILL is described in Figure 1.3. UCN production at ILL is
achieved by a rotor source used to down-scatter cold neutrons [35]. Polarized UCN are transported
into the experimental volume. Uniform magnetic and electric fields, oriented either parallel or anti-
parallel to one another, are applied within the experimental volume. For each orientation of the
applied fields, the precession frequency wq of the neutrons is measured.

Measurement of the UCN precession frequency in this experiment is performed using a technique
known as the Ramsey separated oscillatory field magnetic resonance method, or Ramsey resonance,
for short [36,37]. UCN are spin-polarized by transmission through a thin, magnetized iron foil, and
then transported into the measurement volume. The UCN are stored in the measurement volume
with their spins aligned with a vertical magnetic field By. Perpendicular to By, a uniform oscillating

field of amplitude B; and frequency w is applied to the UCN for a time 7. This is an RF pulse



known as a F-pulse, because it deflects the vertically aligned spins into the horizontal plane. The
B field is then switched off and the spins are allowed to precess freely in the horizontal plane at the
Larmor frequency wy = 7By (ignoring the effect of the electric field) for a time T". Another 7 pulse
of the same phase as the first is applied, and the UCN are drained from the measurement cell. If the
RF pulses are in phase with the neutron spin precession, the result is a rotation in the neutron spins
by 180°. RF pulses of slightly different frequencies will cause the resulting direction of the neutron
spins to vary according to the phase difference between the RF and the neutron precession. As the
neutrons leave the cell they fall down onto the polarizing foil which acts as a spin analyzer. The
neutrons in the initial spin state pass through the foil into a detector to be counted. An rf magnetic
field is applied above the polarizing foil which flips the spin of the remaining neutrons, allowing
them to pass through the foil for counting [2]. Depending on the frequency w of the applied By
field, the number of UCN counts will vary. This is seen in an oscillating pattern of the UCN counts,
which reflects the phase difference between the applied B; field and the neutron precession. The
central minimum, in counts, represents the resonant frequency wy of the neutrons. As described
in the previous section, the electric dipole moment of the neutron d, can be determined using
Equation 1.4.

The uncertainty o4, on the measurement due to neutron counting statistics is

h

gy = — 15
" 90 ETVN (15)

where « is the polarization product (related to the polarization of the neutrons after leaving the
measurement cell), E is the strength of the electric field, T is the length of free precession time
between the RF pulses, and N is the total number of neutrons counted. The ILL experiment
typically achieved o = 0.64, T'= 130 s, £ = 10 kV/cm, and N = 14,000 UCN /edm cycle, where a

cycle took 215 s [3]. Using these parameters the measurement sensitivity was:

o4, = 17 x 1072 ¢ . cm/day (1.6)
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Figure 1.3: Experimental setup used at the ILL to achieve the present best experimental limit of the
neutron EDM [2]. UCN enter the apparatus at the bottom right and pass through a polarizing foil to
ensure the those transported to the storage cell are nearly fully polarized. The neutrons in the cell are
aligned with the interior magnetic field of 1 uT, and a DC electric field of 12 kV /cm is applied along
the direction of the magnetic field. Bj field pulses are applied and the neutron precession frequency is
measured using Ramsey’s method. Once the sequence is completed, the cell door is opened allowing the
neutrons to leak out into a neutron detector, first passing through the polarizing foil which is now used as
a spin analyzer. The Hg components shown are used for the Hg-199 comagnetometer, which provides an
accurate measure of the fields used in the experiment.

Small drifts in the By fields (~ tens of pT) produce shifts in the neutron precession frequency,
obscuring the possible effect of a non-zero d,,. To correct for these changes, an Hg-199 comagne-
tometer is used to perform a simultaneous measurement of the magnetic field in the neutron storage
cell. The Hg-199 is polarized by optical pumping prior to being transported into the cell with the
neutrons. As with the UCN, the mercury spins are rotated into the perpendicular plane using
magnetic resonance. The spin precession is monitored using a circularly polarized beam of 254 nm
resonance radiation which is subject to an absorption proportional to the transverse component

of the Hg spin vector. The frequency is measured by detecting the change in optical signal of a

photomultiplier tube measuring the incident beam [15].



Using the mercury comagnetometer, the drift in magnetic field within the cell for a single batch
was measurement to about 200 fT [15]. That may be compared to the ~1 pT uncertainty in
the neutron measurement due to counting statistics. The higher precision drift measurement of
the comagnetometer represented a significant correction to the raw neutron precession data. The
results of the correction can be seen in Ref. [15], where the impact of the B-field drift on the neutron
precession is reduced below the level of the statistical uncertainty oy, .

The ILL experimental setup also used passive magnetic shielding to reduce background fields in
the experimental region. The shielding system was composed of four concentric py-metal cylinders,
as shown in Figure 1.3. The shields had endcaps, as well as several other protrusions for access and

services.

1.6 Proposed UCN EDM experiment at TRIUMF

TRIUMF will soon house a new high density UCN source, presently being developed at the Research
Center for Nuclear Physics (RCNP) in Osaka, Japan. The source works by liberating neutrons from
a spallation target by an incident proton beam. The neutrons are cooled down by room temperature
and 10K-D5O moderators to become cold neutrons prior to becoming UCN via downscattering
(phonon production) in a bath of superfluid He at 0.8 K. Compared with the UCN source at
ILL which achieved 0.7 UCN/cm? in the EDM cell, the UCN source at TRIUMF is expected to
deliver 1200 polarized UCN/cm? to the experimental cell [26], which will significantly reduce the
statistical error related to the total number of neutrons measured per cycle of the experiment.
This expectation is attributed to the combination of the spallation source and the use of superfluid
helium for production of UCN, features unique to the TRIUMF strategy.

As previously mentioned, the precession frequency w of the neutron within a magnetic and
electric field is

hw = 2By + 2d, B, (1.7)

This thesis concerns the stability of By with time. If By is unstable, it could represent a significant

additional random error, which we will call a systematic error. The term statistical error is reserved
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to refer to the fundamental goal statistical error relating to the neutron counting statistics. Con-
sidering the statistical error component, the neutron counting statistics results in a statistical error
on the neutron EDM per cycle dd,, which can also be written as a statistical error on the precession
frequency of the neutrons:

h&ustat = 2<5dn)E s (18)

where dd, is expected to be ~ 1 x 107?° e-cm per cycle [32]. Using a value of 10 kV/cm for E,

dwsrqr can be calculated as follows:

2(107% e-cm)(10 kV/em) 10° V. 1.6 x 10712 J

SWstat = 1.

stat 1.05 x 1034 J -5 KV eV (1.9)
=3.05 x 107° rad/s (1.10)

= 0f =4.85 x 107" Hz = 485 nHz , (1.11)

where 0 f = dw/(2) is the precesion in linear frequency.
The magnetic field stability requirement can then be calculated by requiring that its stability

be, at worst, equivalent to this precision:

dw =By , (1.12)

where 7 is the gyromagnetic ratio (3 = /(27) ~ 30 Hz/uT for neutrons). The required precision

on the magnetic field By may then be obtained as

0By =0f /v . (1.13)
Inserting the values for d f and + gives
4.85 x 10~7 Hz
0By = =162 fT. 1.14
0 30 Hz/uT (1.14)

The magnetic stability requirement is then ~ 16 fT averaged over one cycle of the experiment.

11



Each cycle (four neutron fills of the cell) is expected to take 43 minutes [32]. This places a
requirement on the comagnetometer used to measure the magnetic field in the cell, which much be
capable of, at worst, 16 fT resolution integrated over this period, in order to adequately correct the
neutron measurement. Better resolution is desirable. As discussed in Section 1.5, in the case of
ILL, the value for the comagnetometer was 200 fT, which was five times better than the neutron
counting statistics. Here, we have set them equal.

In the ILL experiments, drifts and jumps in the magnetic field internal to the EDM cell of
order 100 pT were observed. It was assumed that the comagnetometer corrected these drifts to the
200 fT level, i.e. by a factor of 500. Greater stability of the internal magnetic field would have
reduced the reliance of the experiment on the comagnetometer. Conversely, it would have allowed
the comagnetometer to be used to provide more stringent limits on more devious systematic effects,
such as the effect of possible circulating leakage currents that could create a false EDM signal. Only
the comagnetometer would be able to sense such an effect independently from the neutrons [22].

Magnetic surveys were conducted at TRIUMF in the area where the experiment will eventually
be located [42]. The ambient field is ~ 300 uT, dominated by the fringe field of the cyclotron.
However, this dominant field can easily be suppressed with bucking coils, if it is stable. The key
measurement is one of fluctuations of the ambient field over time. During quiet times at night, and
restricting e.g. crane operation in the area, typical drifts in the magnetic field of ~ 100 n'T per hour
were observed. Five orders of magnitude suppression of these drifts would therefore be required to
reach the 1 pT goal set above. Or seven orders of magnitude would be required to reach 10 fT,
stabilizing for example, to the required worst sensitivity of the comagnetometer per cycle.

Passive and active magnetic shielding will be used in the TRIUMF experiment to suppress
the sensitivity of the experiment to variations in the ambient magnetic field. Calculations of a
prototype passive magnetic shield have been conducted [24]. The prototype design consists of four
concentric cylindrical shields. Endcaps with holes permit access. According to the simulation, a
shielding factor of 10° should be achievable for an applied field of 50 4T in the axial direction [24].
The prototype design is approximately a half-scale prototype compared to the size required for the

eventual experiment. The thickness of each shield would also be doubled in the eventual experiment,

12



so that the shielding factor would be the same.

Active magnetic shielding will be used external to the passive shield to suppress fluctuations.
The general concepts of active magnetic shielding will be discussed in the next section. We have set
a goal of ~ two orders of magnitude suppression to be provided by the active magnetic shielding.

Overall, it is expected that the 100 nT fluctuations in the field at TRIUMF will be reduced to
~ 1 nT fluctuations by the active shielding. This will be further suppressed by ~ six orders of mag-
nitude by the passive shielding to 1 fT. At this level, the field stability will be better than what is
measurable by the neutrons, and might be better than what is measurable by the comagnetometer.
Other magnetometers, such as super conducting quantum interference device (SQUID) magnetome-
ters and alkali vapour atomic magnetometers, are being considered to aid in the characterization of

the stability of the internal magnetic field.

1.7 Review of other feedback systems

Table 1.1 provides a summary of the active feedback systems reviewed. Many terms are used
in the literature to describe the process of measuring and adjusting the magnetic field within a
specific region. These include: active compensation, active shielding, dynamic shielding, magnetic
field cancellation, magnetic field stabilization, or hybrid techniques (when accompanied by passive
shielding) [4]. Regardless of name, the goal always remains the same: providing a stable magnetic
field to a specified resolution in the presence of external perturbing fields. Of the active magnetic
feedback systems reviewed from the literature, only one was specifically designed for a neutron EDM
experiment [44], while the rest were designed for use in other experiments [6,9, 18,23, 29, 38], or
specifically to provide suitable environments for biomagnetic measurements [16,20,21,30,33,39]. In
many cases the goal is to prevent soaring costs associated with large, multi-layered high permeability
metal shields [16,18]. In the case of the nEDM experiment at TRIUMF, active shielding is required
mainly to achieve the desired magnetic field sensitivity of 1 fT, and to provide stabilization for
low frequency disturbances. The lack of active shielding in most nEDM experiments suggests that

the concept is still in its infancy, and that valuable ideas can be drawn from systems designed to
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provide shielding for other purposes. This will help enhance our understanding of active shielding
techniques in order to design a system to meet the resolution requirement of the experiment.

In terms of active shielding, each of the systems has a similar layout. A magnetic sensor is
placed in or around the site of the desired low-field region. The sensor provides a magnetic field
measurement to a controlling system. The controlling system adjusts the magnetic field by changing
currents in a coil array. The field is then remeasured, producing a feedback loop.

The magnetic sensor can be as simple as a wire-wound coil [20], or more complicated like a flux-
gate magnetometer [44] or a low-, or high-temperature superconducting quantum interference device
(SQUID) [33,39]. In some cases numerous sensors are used to enhance the system performance [18],
or provide the ability to actively shield regions where sensor placement is not possible [6,20]. In the
case of multiple sensors, the signals are typically averaged over each axis and the combined voltage
is fed to the controller to relay current to a pair of coils connected in series [18]. In some cases,
each field sensor controls an independent coil, providing the ability to actively shield both uniform
fields and gradients [6].

An interesting property of this type of system is that not all gradients require independent
shielding. This can be seen, for example, from one of Maxwell’s equations, V-B=0 , which states

that
0B, N 0B, n 0B,
ox Ay 0z

=0. (1.15)

Therefore, if any two axes are actively zeroed from field gradients, the field gradients in the third
axis must also be zero, and attempting to actively set the gradients to zero in all three directions
will fail [9]. Similar conditions exist from V x B = 0 for transverse gradient terms.

The control system used to adjust the magnetic field typically calculates the error between the
measured field and the desired set point. An algorithm known as PID control (described in further
detail in Section 2.2) or some variation of the algorithm, calculates a response to the error, and
sends an adjustment to a power supply controlling the current in the feedback coil system.

Typically, a strong interference component exists at the ac power line frequency (50- or 60-Hz)

and its harmonics, which can burden the controller. To deal with this, some systems implement
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specific detectors at these frequencies and add the amplified outputs to the compensation calculation
[16,21]. For the active shielding system developed in this work, a coil driven by the ac power line
is used to reduce the 60-Hz interference.

The most commonly used coil system for providing uniform field adjustments is a Helmholtz-
type configuration; however, some systems have had better success using the Alldred and Scoolar
four-coil design, which provides better homogeneity [17]. When using the Alldred and Scoolar
design for uniform fields, another set of coils (typically a Maxwell pair) is used for gradient field
compensation [16,39].

One method of designing the coils is to arrange them such that each one corrects a single
component of the harmonic field expansion in a functional basis represented by eigenfunctions of
the Laplace operator [7]. The performance of this method was not established.

The active shielding achieved by each of the reviewed systems varies greatly, but one common-
ality is that shielding factors are always larger for lower frequency disturbances. Common values
of active shielding are on the order of 30-50 dB (~30-300 times reduction in amplitude) for low-
frequencies and 20 dB (x10 reduction) for frequencies approaching 500 Hz [33]. In the system
intended for an nEDM experiment, measured shielding factors ranged from 10 times reduction at
50 Hz to 10* times reduction at 1 mHz [44]. A successful active shielding system, called a desktop
shielding system due to its compact size [23], achieved a shielding factor of 70 dB (3162 times

reduction) at frequencies below 1 Hz, and 42 dB (125.8 times reduction) up to 100 Hz.
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’ Ref. ‘ Field Sensor

Compensation Coil Type

Shielding Factor Obtained

[6] | 2 magnetoresistive homogeneous 4 coil 30 dB < 450 Hz for uniform
sensors system over 1 axis, fields, 20 dB < 620 Hz
2-coil system for gradients for field gradients
[9] | 5 single axis Helmholtz, w/ indep. coils 28 dB reduction at 50 Hz
fluxgate magnetometers for 2 axes and series
wiring for 3rd axis
[16] | Active magnetoresistive Alldred and Scoolar 15.5 dB at 100 Hz (gradient and
sensor (AMR) homogenous field combination)
[18] | Unknown, 2 symmetrically | Square coil pairs, 25 dB from 1 to 10 Hz,
placed sensors per axis one per axis 20 dB under 30 Hz,
[20] | Fluxgate magnetometer 5-turn coil 20 dB below 10 Hz,
and normal wire-wound coil more than 20 dB for peak noises
[21] | 60-turn wire-wound coil 5-turn ring coils, 10 dB at 100 Hz
5-turn Helmholtz coil pair 20 dB from 1-10 Hz
[23] | Orthogonal 10-turn Helmholtz- 70 dB reduction at 1 Hz
fluxgate magnetometer like coil pair 42 db < 100 Hz
[29] | Fluxgate magnetometer 3 coils over 1 axis 34.8 dB at 2 Hgz,
26 dB at 10 Hz, 14 dB at 50 Hz
[30] | 3 othogonal 3-axis Helmholtz-like 23 dB at 50 mHz
SQUID magnetometers coil set
[33] | low-Tc SQUID 3-axis Helmholtz Over 40 dB below 0.1 Hz,
magnetometer coil set <20 dB at 1 Hz
[38] | Fluxgate magnetometer Helmholtz pair 60 dB < 5 Hz
[39] | Air-cored induction-coil Alldred and Scoolar 43.5 dB from 1 to 10 Hz,
magnetometer 26 dB at 100 Hz
[44] | Multiple Three-axis homogeneous 4 rectangular 100 dB at 1 mHz,
fluxgate magnetometers coil system over 1 axis 20 dB at 50 Hz

Table 1.1: A summary of the magnetic field sensors and compensation coils used in the active shielding

systems reviewed, as well as the shielding factors obtained for each system.

1.8 Thesis overview

This thesis focuses on the development and testing of a prototype active magnetic shielding system
for the TRIUMF nEDM experiment. The system is based on the measurement of magnetic fields

from a 3-axis fluxgate sensor, centered in a 3-axis Helmholtz-like coil set. The measurement is sent
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to an analog-to-digital converter (ADC), and a software based controller operating on a computer
uses the ADC output to calculate the error of the measurement relative to a desired magnetic field
set point (zero in this case). The software uses a proportional-integral-derivative (PID) algorithm
to calculate the current requirement in the coil set to drive the field to zero. The PID output is
transmitted to a digital-to-analog converter (DAC) as a voltage, and a proportional voltage amplifier
powered by a dc supply uses the DAC output as a controlling voltage to drive the calculated
current into the coil set. This represents one cycle of the continuous control loop used to reduce
the magnitude of near-dc magnetic fields. This thesis will present the details of the prototype
active shielding system. Tests of the shielding system performance will be analyzed to determine

limitations, and suggestions will be provided to guide future development.
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Chapter 2

Process control

As mentioned previously, the nEDM experiment requires a null background magnetic field which
must be monitored and controlled to extreme precision. This is just one of the many scientific
applications that require an automated way to stabilize a system parameter in the presence of
disturbances. The parameter being examined could be anything from the power levels in lasers, to
flow rates of fluid systems, or in the case of this project, magnetic fields in the nEDM experiment.
The action of continually measuring a system variable, and performing adjustments to that variable
based on the measurement is called process control. Process control is a discipline of statistics
and engineering dealing with a process variable, comparison of the variable to a set point, and
manipulation of the process to bring the variable to the set point. The goal is to keep the process
variable as close as possible to the set point, especially during disturbances to the system resulting
in uncontrollable process variable changes.

As an example, consider the magnetic field in the nEDM experiment. The magnetic field in
the experimental region is a process variable, and the set point is zero. The measurement of the
magnetic field changes when extraneous events cause magnetic field disturbances in the experimental
region. Manipulation of the magnetic field is achieved by driving current into a coil surrounding the
experiment, bringing the field to the set point. Maintaining the set point as the field measurement
changes requires current adjustments in the compensation coil, and ideally a system is set in place to

track the field changes and implement the current adjustments. In this example, the magnetic field
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in the experimental region is known as the measured or controlled variable and the field produced
by the current adjustments in the compensation coil is known as the manipulated variable. The
measured variable and manipulated variable pair, along with a control algorithm linking the two,

is referred to as a control loop.

2.1 The control loop

There are four main elements to the process control loop:

1. Measurement of a process variable: A sensor, or transmitter, measures some variable in the

process such as temperature, volume, or pressure, and converts the measurement into a signal
which can be interpreted by the controller. For our control loop, the process variable is the

total magnetic field in our specified control region, measured by a fluxgate sensor.

2. Control algorithm: A mathematical algorithm executed by the control system which calculates

the output signal for transmission to the control element. The control algorithm is designed to
respond to changes in the set point, which are typically user defined, as well as changes in the
system loads, which are environmental perturbations. It is also important that the algorithm
prevent the loop from becoming unstable and exhibiting oscillatory behavior. For our purpose
of actively shielding magnetic fields, we use a proportional-integral-derivative (PID) control

algorithm, which will be explained later.

3. Control element: A device that receives the output signal from the control algorithm and

executes its command, changing a manipulated variable, and manipulating the process. In
our active shielding apparatus, the control element is the current driven into a set of coils,

producing a corresponding magnetic field which is the manipulated variable.

4. The Process: A response to changes in the manipulated variable and external perturbations,
resulting in a change of the measured variable. The response of the process to changes is
a significant factor in choosing the appropriate parameters for the control algorithm. The

process in our control loop is the combination of adjusting the current in a coil set to produce
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a compensating magnetic field, and the environmental magnetic field which we have no control
over. Together, these two field contributions form the total magnetic field, which is the

measured variable in our system.

The connection between the control loop elements is shown in Figure 2.1.

(PC running LabVIEW™ code) (Current in a coil pair) (Environmental B-field)

""Set point Controller ----- ' Control Element Perturbations Occur

Ly
! Control
i‘ > Algorithm

A Manipulated
Variable

(B-Field produced
by current)

-2 Process

(Applied
B-field)

1
1
1
(PID Algorithm) :
1

\ 4

Measured
Variable

Measurement

(Fluxgate voltage readout)

(Total B-field)

Figure 2.1: The connection between elements of a typical control loop. The text in parentheses in the
figure describe the related component of our active feedback system. Beginning with a process which
is subject to perturbations (environmental magnetic field), a measurement of the process variable (total
magnetic field) is performed and transmitted to the controller (PC running LabVIEW™ code). The
controller determines difference between the measurement and the set point (zero for active magnetic
shielding), and the resulting error is sent to the control algorithm (PID). The controller transmits the output
of the control algorithm to the control element (current in a coil pair), which changes the manipulated
variable (magnetic field produced by the current in the coil pair), counteracting perturbations to the process
and bringing it to the set point. This completes the loop, which continues to cycle through its steps to
maintain the measured variable at the set point.

A simple example of a control loop is maintaining the temperature in a house. When the temper-
ature (measured variable) drops below the thermostat (controller) temperature setting (set point),
the thermostat engages the furnace (control element) which adds heat (manipulated variable) to the
house. As long as the temperature is below the thermostat setting the furnace remains on. Once
the temperature reaches or exceeds the thermostat setting, the furnace is turned off. The control

algorithm in this example is an on/off switch, which is sufficient for most households. Substituting
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a mathematical algorithm for the on/off switch can provide better control, and the most common

is the PID algorithm, described in the following section.

2.2 The PID algorithm basics

An overview of the main ideas of the PID algorithm is given here. A more in depth discussion of
PID control can be found in the References [1,43].

The PID algorithm, which stands for Proportional-Integral-Derivative, is the most commonly
used algorithm in industrial process control and is used in the active magnetic shielding system
discussed in this thesis. The PID control algorithm uses no a priori knowledge of how the system
behaves or what the correct output is that will bring the process to the set point. By means of
feedback (looped process measurement), the PID algorithm changes the output in a direction that

should move the process toward the set point until it is reached.

2.2.1 Action

A PID system has two types of basic action with respect to the control direction of the manipulated
variable. The first is direct action, which produces an increase in the manipulated variable whenever
the process value is greater than the set value. An example of this is a cooling application where the
temperature is greater than the thermostat setting. This requires an increase in the cooling action.
Reverse action is the opposite, which produces a decrease in the manipulated variable whenever the
process value is larger than the set value. In the cooling application example, when temperature

passes below the thermostat setting, the cooling action is reduced.

2.2.2 Error

The error (e) of the control loop is defined as the difference between the set point (SP) and the

process variable measurement (PV):

e=SP—PV. (2.1)
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The error provides the controller with a measure of the required adjustment to the system. The error
is typically used in calculations involving each of the control algorithm parameters to determine the

output of the algorithm.

2.2.3 PID parameters

As mentioned previously, there are three parameters in the PID algorithm, Proportional (P), Inte-
gral (I), and Derivative (D). The details of each parameter are briefly discussed below. For further
details, refer to the cited references at the beginning of Section 2.2.

Proportional control

Proportional (P) control adjusts the manipulated variable (MV') in proportion to the error (e).
Using P control action, the MV is calculated by multiplying a proportional gain factor, denoted
by Kp, with the error value

MV:KPXB. (22)

Proportional control works in the following manner. When Kp is large, the system produces a
large change in the output for a given change in the error. A large value of Kp can cause the
system to oscillate about the set value before settling. If Kp is set too high, the system can become
unstable and oscillate uncontrollably and indefinitely. Conversely, if Kp is set too low the system
will respond slowly, approaching the set value and eventually settling. The P-control behavior for

large and small values of Kp is shown in Figure 2.2.
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Time

Figure 2.2: Proportional control behavior for two different values of Kp. The large Kp causes oscillations
about the set point that eventually settle. The small Kp slowly approaches the set point and eventually
settles.

P control can be thought of as an adjustment based on the present state of the system.

Integral (I) control

Integral control adjusts the manipulated variable in proportion to the time-integral of the error.
If any error exists, the integral control modulates the manipulated variable to eliminate the error.

Integral control is calculated in the following way:

t
MV = K x / dt, (2.3)
0
where K7 is the integral gain, and integration time is the period of the process variable measurement.
Large values of K result in the system output changing rapidly, typically causing oscillations about
the set point that eventually settle. If K7 is too large the system will oscillate uncontrollably. If K;
is too small, the manipulated variable changes slowly and the system will take more time to reach

the set value. The I control behavior is shown in Figure 2.3 for three values of K7.
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Figure 2.3: Integral control behavior with three different values of K;. The large K7 sets the system into
oscillations eventually reaching the set point. The small K; does not cause oscillations, however it takes
longer to reach the set point than with the large K;. The well chosen K causes a brief overshoot, but
brings the process to the set point the fastest, which is the desired result.

The I-control output is the sum of the most recent, and all previous I-calculations up to a set
number. This number is known as the integral reset, and it is set based on the properties of the
system such as how often a change in the external perturbation occurs. I-control can be thought of
as an adjustment based on the past error of the system.

I-control is never used by itself, and is always paired with proportional control (PI-controller).
These can also be combined with derivative control.

Derivative control

Derivative control adjusts the manipulated variable in proportion to the rate of change of the
error. This serves as a quick corrective action when a sudden change in the process occurs. The
manipulated value from the derivative control is typically calculated as follows:

de

MV =K — 2.4
Dxdt, ( )
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where Kp is the derivative gain and dt is the period of the process variable measurement.

Derivative control attempts to predict system behavior and improve settling time and stability
of the system. Derivative control is not suited for rapidly oscillating processes and is rarely used
for processes which respond quickly. Derivative control is very sensitive to measurement noise, and
can produce erratic changes to the manipulated variable which can degrade control performance.
Sudden changes in the measured error can cause large changes in the control action, sometimes
called derivative kick.

The theory of derivative control suggests that increasing K p will improve stability in the system,
however experimentally, it is found that the Kp term can produce adverse effects. Tuning Kp can
often times be frustrating and produce little to no results, leading to many practitioners turning off
or abandoning the derivative term altogether [1].

Combining P, I, and D into one algorithm

The P, I, and D control elements are combined into one algorithm by summing the results of

each calculation as follows:

t

d
PID Output:pre+K1/edt+KDd—i, (2.5)

0

where as mentioned before, Kp, K, and Kp are the proportional, integral, and derivative parame-
ters respectively. e is the error calculated by subtracting the process value from the set point, and
dt is the period of the process variable measurement.

The control algorithm used for active shielding in this thesis contains the entire PID calculation.
Through adjusting the three parameters, it was found that the derivative term produced erratic
behavior in the controller output and did not provide any benefit to the active shielding tests
described later. For this reason, Kp was set to zero for all tests, but remains available for future

consideration.
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2.2.4 PID tuning

The parameters of the PID control algorithm must be adjusted for the specific process loop. This
is known as tuning. Without proper tuning, the algorithm will not perform optimally, and may
produce unwanted effects. PID tuning is based on the dynamics of the process response, and varies
with different types of perturbations. A basic tuning strategy is to make adjustments to each of the
PID parameters until the process variable measurement is a close as possible to the set point. More
advanced tuning methods are outside the scope of this project, but will likely be employed in future

iterations. For more information, please see the references cited at the beginning of Section 2.2.
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Chapter 3

Active feedback system for magnetic

field control

The 3 main elements of the prototype active shielding system used in this thesis are shown in
Figure 3.1. These are (i) measurement of a magnetic field, (ii) error and current calculation, and
(iii) control of magnetic field. The individual components of the system are discussed in greater
detail in the following sections.

For the purpose of this thesis we will attempt to control the x-, y-, and z-components of the
magnetic field at the center of a 3-axis Helmholtz-like coil set (hence force referred to as the ”coil
cube”). Measurements of the magnetic field at the centre of the coil cube are performed using a
single 3-axis fluxgate magnetometer. This information is input to a PID algorithm, written using
National Instruments (NI) LabVIEW™ which in turn controls the current driven in the coil cube
by a dc amplifier. In the following chapter the performance of each device will be analyzed to
determine if limitations exist that may affect system performance.

As mentioned in Section 1.8, this system is a prototype of an active magnetic shielding system
for the nEDM experiment at TRIUMF. This is a first iteration of what will undoubtedly become a
significantly more complex system, and its purpose is to provide initial research and development
for the final shielding system. The work presented in this thesis focused on determining and charac-

terizing the fundamental constraints that affect shielding efficacy. As such, it provides information
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that will help tailor the next version of the active shielding system.

Measurement of a magnetic field

Signal Conditioning Unit (SCU)

iR B |
N

Error and current calculation
PC running LabVIEW™ PID code

A 3-axis fluxgate ADC

Control of magnetic field
Amplifier

Coil cube

Power supply

Perturbation coil

Figure 3.1: The components of the active shielding system prototype grouped by control loop element.
The control loop begins with a measurement of the total magnetic field (process variable) at the center
of the coil cube. The output from the fluxgate, typically low-pass filtered by the SCU, is digitized by
the ADC and passed to the PC for error and current calculations via a PID algorithm (controller). The
controller determines what should be the updated coil current, which is passed as an analog voltage signal
to the current amplifier via the DAC. The amplifier drives the coil cube by drawing the required current
from the dc power supply. A final component needed for test purposes is an independent coil, used to
provide magnetic field perturbations of known frequency and amplitude to region of interest. For the sake
of clarity, the perturbation coil is not shown in its experimental location, centered about the fluxgate.
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3.1 Active feedback system overview

The electronics chain of the active feedback system (shown in Figure 3.1) begins with a single
3-axis fluxgate magnetometer centered in a 3-axis Helmholtz-like coil set. After passing through
the signal conditioning unit (SCU), capable of low- and high-pass filtering plus measurement gain
(amplification), the analog signal is sent to an analog-to-digital converter (ADC). The digitized
signal is then passed to a Macbook personal computer via a universal serial bus (USB) connection.
The computer performs an error and current calculation and the output is sent back through the
USB connection to a digital to analog conveter (DAC). The analog signal is fed to an amplifier
which draws the calculated current from a power supply and drives it into the coil set, changing
the field to the desired set point. A separate coil is used to apply magnetic field perturbations for
active shielding tests. Each component of the system will be described separately in the following

sections.

3.2 Fluxgates and signal conditioning unit

To perform magnetic field measurements for this work, the Bartington Mag-03MSES70 3-axis mag-
netic field sensor, shown in Figure 3.1, was used. It contains three single-axis sensors directed
orthogonally to one another, all contained within a 32 x 32 x 152 mm? sealed enclosure. Each
sensor converts magnetic field into a bipolar analog voltage in linear proportion to the field magni-
tude along the sensor axis. This fluxgate model has a range of =70 uT, with a + 5nT offset and
a noise floor of 6-10 pTrms/ VHz specified at 1 Hz. It should be noted that the offset and noise
floor are well below noise levels of the background fields in the experimental region of interest. The
manufacturers specifications for our fluxgate is shown in Table B.1 in Section B.1 of the appendix.
The basic inner workings of a fluxgate sensor are described in Appendix A.

The 3-axis sensor is both powered and read by the Bartington Mag-03SCU signal conditioning
unit (SCU), shown in Figure 3.1, which has a 10V full scale output. The SCU allows one to filter

(low-, and high-pass) the output signals of each fluxgates, as well as adjust the gain and offset of the
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of each channel independently. The low-pass filter (LPF) settings are 1, 10, 100, 1000 and 10000 Hz.
The high-pass filter (HPF) settings are 0.01 Hz, 1 Hz, and off. For this work we are predominantly
interested in dc and low-frequency fields, and as a result did not use the HPF and typically set the
LPF to 1 KHz. The latter removed high-frequency noise while remaining well above the 400-Hz
maximum sampling rate of our control loop, as discussed in Section 3.4 later. Also, because our
interest lies in compensating fields of order the magnitude of Earth’s field, the lowest gain was used,
providing an output of 7 uT/V. As a point of reference, the typical background field components
at the location of the fluxgate at the center of the coil cube are B, = 14 pT, B, = 1.4 uT, and
B, =41 uT, where the z-direction lies roughly North-South, the y-direction is East-West, and the

z-direction is along the vertical.

3.3 Analog to digital conversion

An analog to digital converter (ADC) is required to convert the analog signal from the SCU to
a digital signal which can be interpreted by the computer. The ADC used for this project is a
National Instruments (NI) USB-6215, a bus-powered isolated USB multifunction data aquisition
(DAQ) module (shown in Figure 3.1). The USB connection makes it easy to integrate into a system
running LabVIEW™  such as the active feedback system presented in this thesis. It has sixteen,
16-bit analog inputs capable of a combined total of 250 kilo-samples per second (250 kS/s) over a
variable input voltage range.

The voltage range of the input can be adjusted from a maximum of 410 Volts to a minimum
of +£1 Volts, which changes the input precision. Since the output voltage of the sensor used for
magnetic field measurements is +10 Volts, the maximum input range of the ADC was used to
perform the signal conversion. The input precision can be calculated by dividing the 16 bits over

the +£10 Volt range as follows:

20V 20V
216 65536

Input precision =

= 0.000305 V = 305 uV. (3.1)
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However, the USB-621x device series are calibrated in such a way that a portion (typically about
5 %) of the voltage codes for a given voltage range will lie outside of that voltage range. This helps
to improve absolute accuracy, but it increases the nominal resolution of input ranges by about 5 %
over the calculation above. As a result, the actual input precision is 320 xV. Recalling from above
that the sensitivity of the field measurement via the SCU is 7 pT/V, digitization at the 320 pV
level corresponds to a resolution of 2.24 n'T, which again is well above the noise floor of the fluxgate.

Therefore, the resolution of the field measurement is ultimately limited by the ADC.

3.4 PID control

At the heart of the feedback system is a PID controller coded in LabVIEW ™ as shown in Figure 3.2.
LabVIEW™ is not a conventional text-based coding environment, rather, coding is achieved by
assembling a group of control elements, linked by “wires”. LabVIEW™ code is typically pro-
grammed with both a front and back end. The front end, which is a graphical user interface (GUI),
can provide information about, and control over the inner working code in the form of charts, plots,
gauges, numerical displays, and other graphical objects. The back end is a collection of connected
control element icons. The icons represent signal queries from hardware, mathematical calcula-
tions, timers, loops, and any other conventional programming element. The connection between
icons using wires represents data passing between the programming elements, and the order of the
connections determines the sequence of operations.

The PID controller coded for this work was designed with a GUI front end, primarily used for
adjusting the PID parameters and viewing the immediate results of active field compensation. The
main structure of the code is a loop that takes the most recent value of the magnetic field from
the ADC and performs a calculation based on the set point and the specified PID parameters.
Since this is a software loop, the rate at which it operates is based on how fast the computer can
execute each loop in combination with the communication time between the software and the DAQ.
Presently, the software operates at a maximum rate of ~ 400 Hz if no interruptions are present (the

ramifications of this limit will be discussed further in Section 5.3). In order to reduce the operating
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Figure 3.2: Top: Front end GUI of the LabVIEW™ coded PID controller used in this project. The
interface provides control over the input and output channels of the NI USB-6215 DAQ, the name and
location of the data file for logging results, the current amplifier calibration, and most important, the
desired setpoint, PID parameters, and the sampling rate used for active shielding. The setpoint and
magnetic field measurements are simultaneously displayed in a plot, located in the bottom right corner,
which is updated at each field measurement. Bottom: Back end of the LabVIEW™ coded PID controller
used in this project. A while loop, represented by the central rectangular structure, uses the voltage input
from the ADC (configured outside and to the left of the structure) to perform an error and PID calculation
using the front end GUI input parameters. The calculation is output to the DAC and the loop resets after
a timer within the loop performs a waiting operation to set the loop frequency.

frequency, a timer is placed within the main control loop which serves to add a controllable amount
of delay at the end of each loop. By adjusting the length of the delay in the loop, the operating
rate of the control system can be set. The sampling rate of the magnetic field for active shielding is

the same as the operating rate of the control loop, since the field is only sampled at the beginning
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of each loop.

3.5 Digital to analog conversion

A digital to analog converter (DAC) is used to convert the digital signal from the LabVIEW™
PID output to an analog signal that the amplifier can use. The same NI USB-6215 DAQ module
used for the ADC task is also used here. The DAC portion of the module has two analog outputs
(16-bit each, 250 kS/s combined) with a £10 V output range. As with the input, the resolution on

the output is nominally 320 uV.

3.6 Power supply

We tested several power supplies to provide the 3-axis coil cube with the necessary current for
active shielding. These included an HP 6624 A dc power supply, an Agilent 6655A dc power supply,
a Texio PR36-3A dc power supply, and finally an Agilent US8002A. The first two power supplies
are programmable via either GPIB control or analog voltage input, and were connected to the
LabVIEW™ output via separate USB and the DAC, respectively. However, none of these alone
could provide the current resolution required to achieve the desired result, nor could they provide
the bipolar current required to actively shield a variety of magnetic fields. The final solution was to
use a Centent CN0122 bi-directional amplifier, as described next, powered by the Agilent US002A
power supply.

The Agilent U8002A, provides up to 5 A at 30 V for a maximum power output of 150 W.
This supply provides a voltage resolution of 10 mV and a current resolution of 10 mA. The full

specifications are listed in Figure B.2 in Section B.2 of the Appendix.

3.7 Amplifier

The CN0122 is an H-Bridge servo amplifier dc motor control designed for bi-directional operation

of permanent magnet motors. The amplifier can operate in either a speed control or torque control
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mode which provide different functionality. In torque control mode the amplifier outputs a current
proportional to an input voltage, and as such can be used here to convert the analog output from
the DAC to a current used to drive the coil cube. The CN0122 can supply up to + 5A at 32 V,
which is more than sufficient for our present purpose. Important performance tests of the CN0122,
especially the resolution of the current output are described in the following chapter. The full

specifications for the CN(0122 are listed in Figure B.3 in Section B.3 of the Appendix.
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Figure 3.3: Centent CN0122 dual input motor drive. Left: Drawing of the Centent CN0122. Right:
Picture of the Centent CN0122 used in this work. The labels indicate how the device was connected in the
present apparatus.

3.8 Colil cube

To adjust the magnetic field at the location of the fluxgate sensor, wire-wound coils surrounding the
sensor are driven with currents to produce magnetic fields which are used to counteract perturbing
fields. A 3-axis Helmbholtz-like coil set(shown in Figure 3.1) was used due to the fact that it
provides a large central uniform region of magnetic field, and a set was readily available for use at
the University of Winnipeg. The three coil pairs form a cube with sides of 45 inches in length. The
self resonant frequency of each coil pair is of order 300 kHz, three orders of magnitude greater than
any frequency of concern for the work presented here. The important basic physical parameters of
the coil cube are given in Table 3.1, and all relevant tests of the coil cube performance are presented

in the following chapter.
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Axis R (2) L (mH) x (uT/A)

X 20 23 40
Y 13 19 34
Z 16 23 40

Table 3.1: Basic physical parameters of the coil cube. Resistance (R), inductance (L) and coil constant
(x) for each of the z-, y-, and z—coil pairs.

3.9 Perturbation coil

In order to test the active shielding ability of the feedback system, a magnetic perturbation is
applied to the compensation region and the system is engaged. Comparison of the perturbation
strength before compensation with the residual field during compensation provides a measure of
the shielding factor.

The perturbation field is applied using a Helmholtz coil pair assembled from two 13.5” x 13.5”
aluminum u-channel framed coils, as shown in Figure 3.4. The coil spacing was determined by
taking 0.5445 times the length of each side, which is the optimal spacing for a Helmholtz pair

assembled with square coils [14].

Figure 3.4: Perturbation coil assembled by combining two aluminum u-channel framed coils in a
Helmholtz configuration.

The perturbation coil pair was centered about the fluxgate within the coil cube. This ensures

a uniform perturbation field over the volume of the z-axis sensor. To drive the perturbation, the
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coil was connected to a separate Centent CN0122 amplifier powered by an Agilent 6655A dc power
supply. The controlling input voltage for the amplifier was a sinusoid output from an Agilent

33210A function generator.
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Chapter 4

Resolution and performance of the active

shielding system components

Characterizing the system requires knowledge of its individual components. Since each device in the
electronics chain could potentially introduce a limitation into the feedback system, it is important
to understand these limitations individually to better understand the system as a whole. In this
section the resolution of each component of the system will be discussed in order of their appearance
in the control loop. Following this, tests of individual components and combinations of components

will be shown.

4.1 Fluxgate frequency response

The frequency response for the Bartington Mag-03MSES70 sensor was tested by applying external
magnetic ac fields using a small wire coil. The fields were applied with constant amplitude and
varying frequency up to 5 KHz while the voltage output from the fluxgate was monitored. Figure 4.1
shows the results of the test for the z-axis field sensor. The frequency response is more or less flat
up to 1 KHz. Since the typical low-pass filter setting on the SCU is 1 KHz during active shielding
experiments, the frequency response test confirms that the total magnetic field up to the low-pass

filter frequency setting is measured.

37



oF W V— —
_2—
= |
S
54
S |
>
O |
_6—
8 |
—IIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII
1 10 100 1000 10000

Frequency (Hz)

Figure 4.1: Frequency response of the z-axis field sensor in the Bartington Mag-03MSES70 fluxgate. The
output measurement remains more or less flat up to 1000 Hz, at which point it begins to decrease.

4.2 Centent CN0122 amplifier tests

To test the output of the Centent CN0122 amplifier, it was powered by a Texio PR36-3A regulated
dc power supply, and its output was connected to the z-coil pair. The input voltage was varied and
the voltage and current output were measured using digital multi-meters (DMMs). A schematic of

the experimental setup is shown in Figure 4.2, and the results of the test are shown in Table 4.1.
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Control Signal Power Source

Centent Texio
Voltage Source = CNO122 | Power Supol
Amplifier PP
DMM DMM
P Current Voltage
z-coil Measure Measure

Figure 4.2: Schematic of the experimental setup used to test the output of the Centent CN0122 amplifier.

Vlnput (V) VOutput (V> IOutput (A)

7.074 -29.923 -1.865
5.162 0.005 0.003
3.283 29.639 1.857

Table 4.1: Centent CN0122 torque control mode voltage and current output.

Our main interest lies in the current output of the amplifier relative to the input voltage. This

was calculated from the aforementioned data and is

Lyutput = —0.9818 X Viypur + 5.0771. (4.1)

The amplifier outputs a change of nearly 1 A of current per input volt change, with an output
polarity crossing at ~5 V.

One issue with the CN0122 is that when switching polarity on the output it introduces a glitch
around the zero-crossing point of the amplifier. This was tested by using a step function for the
input of the amplifier and monitoring the current output using an oscilloscope. Figure 4.3 illustrates
that the zero-crossing glitch is real, and by offsetting the input voltage step to the amplifier either

above or below the zero-crossing, the glitch is eliminated.
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(a) (b) (c)

Figure 4.3: Current output of Centent CN0122 amplifier with a step function as the voltage input.
Oscilloscope screen captures are shown for a step function (a) offset above, (b) centered on, and (c) offset
below the zero-crossing. The vertical scale is 500 mV per division and the horizontal scale is 10 us per
division. Figure (b), where step function is centered on the amplifier zero-crossing, shows that as the
amplifier output passes through its zero-crossing the change in current ceases for ~ 10 ps. This feature
is not seen in Figures (a) or (b) where the step function is offset above and below the zero-crossing,
respectively.

This is especially apparent when the amplifier is outputting current to a high reactive load,
X1 = wL. This indicates that the reactive component of the total impedance is responsible for the
output glitch. To test this, the amplifier was set up to drive the z-axis coil pair in series with a 1
() power resistor, using a function generator outputting a sinusoid as the amplifiers input voltage.
The frequency of the function generator output was set to several values and the current at the 1

Q) resistor was monitored for each frequency. The results are shown in Figure 4.4.
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(a) 1-Hz sinusoid (b) 4-Hz sinusoid (c) 10-Hz sinusoid

(d) 20-Hz sinusoid (e) 40-Hz sinusoid

Figure 4.4: Current output of the Centent CN0122 amplifier driving the z-coil pair with a function
generator sinusoid as its input voltage. Oscilloscope screen captures are shown for several frequencies of
the input voltage sinusoid. In each image the vertical scale is 5 V per division, and the horizontal scales
are 100 ms, 25 ms, 10 ms, 5 ms, and 2.5 ms in order from (a) to (e). Figure (a) shows no sign of current
output issues for a 1-Hz sinusoid, however, a small current glitch is present for the 4-Hz sinusoid voltage
input, and as the frequency of the voltage input increases, the current glitch becomes more pronounced.

Figure 4.4 shows that as the frequency of the sinusoid increases, so too does the magnitude of
the current glitch near the zero-crossing point. To test if this issue stems from an increase in the
purely resistive load, the z-coil pair was replaced with a variable resistor. To determine the appro-
priate resistances to load the amplifier output with, the total impedance of the previous setup was
determined for each of the driving frequencies. The z-coil pair has a previously measured inductance

of 23 mH, making the calculation possible using the formula for impedance of an inductive load:
|Z] = VR? + w?L? . (4.2)

Table 4.2 gives the calculated values for the impedance of the coil for each of the tested frequencies.
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f(Hz) wL  |Z]

1 0.145 16.00

4 0.578 16.01

10 1.45 16.07

20 2.89 16.26

40 5.78 17.01

Table 4.2: Driving frequency and the associated impedance in the z-coil pair for tests of the Centent
CNO0122 response to various reactive loads.

With the addition of the 1 {2 power resistor, the total impedance over the frequency range only
varies from 17 €2 to roughly 18 Q. As a comparison, in the second set of tests the variable resistor

was adjusted to 14 €2 through 18 €2 in 1-€2 steps, and the plots in Figure 4.5 were obtained.
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(a) 14 Q resistance (c) 16 2 resistance

(b) 15 Q resistance

(d) 17 Q resistance (e) 18 Q resistance

Figure 4.5: Current output of the Centent CN0122 amplifier driving a variable resistor with a function
generator sinusoid as its input voltage. Oscilloscope screen captures are shown for variable resistor settings
that reflect the total impedances (—Z—) in Table 4.2, plus the addition of a 1 € resistor in series. In each
image the vertical scale is 5 V per division, and the horizontal scale is 100 ms per division. There doesn’t
appear to be any current output issues with the amplifier for any of the real resistive loads. This suggests
that the amplifier is capable of driving a purely resistive load with no issue, however, it does not respond
well to the reactive load of the compensation coil, as shown in Figure 4.4.

The zero-crossing glitch seems to be non-existent in the case of connecting the amplifier to a
purely resistive load, indicating that it is the reactive component of the coil impedance which is
causing the amplifier output issue. When the amplifier is driving an inductive load, such as a coil, as
the frequency of the output increases, so to does the reactive component wl, and the issue becomes
more severe. It can be shown that for a coil of relatively lower inductance, the frequency at which

the zero-crossing glitch becomes apparent is relatively higher.

43



4.3 Combined current output response of the amplifier and
power supply

In Section 4.5, the current and field response of the compensation coil set was tested. These tests
excluded the use of the Agilent USO02A power supply as well as the Centent CN0122 amplifier,
both of which were used during active compensation. To test the response of these two devices, a
function generator outputting a 6-Vpp, 200-Hz square wave was connected as the input voltage to
the Centent amplifier, and the output was connected across a 1-Q2 power resistor. The amplifier
was driven by the Agilent USO02A power supply, and a differential voltage measurement was taken
across the 1-Q power resistor. Figure 4.6 shows the experimental setup used to measure the current

output. Figures 4.7 and 4.8 show screen captures of the oscilloscope measurement for the test.

Control Signal Power Source
. Centent :
Function Agilent US002A
Generator B ChD122 B Power Suppl
Amplifier PPYY
10 Oscilloscope

Figure 4.6: Schematic of the experimental setup used to test the current response of the combined
Centent CN0122 amplifier and Agilent U88002A power supply.
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Figure 4.7: Differential measurement of the voltage drop across the 1-€) power resistor for a current
output from the Centent CN0122 amplifier, powered by the Agilet US002A dc power supply. The amplifier
input voltage is from a function generator outputting a 6-Vpp, 200-Hz square wave. The vertical scale
is 1 V per division, where each unit volt represents 1 A of current in the output of the Centent CN0122
amplifier. The timescale is 5 ms per division, showing several cycles of the 200 Hz square wave.

base 0.0 ms
10.0 ms/div] Stop
25MS 25MS/s

X1= 500168 ms AX= 5984 us
X2= 506152 ms 1/AX= 16.71 kHz

Figure 4.8: Increased timescale resolution for the same voltage measurement as in Figure 4.7. The
timescale is 20 us per division, and only a piece of one cycle of the 200-Hz square wave can be observed.
The time-axis cursors are set to measure the points at which the step in voltage begins and ends, taking
the settling time into account. The cursor measurement reveals that the step takes slightly less than 60 us
from start to finish.

The result of the measurement is that the Centent CN0122 amplifier driven by the Agilent US002A
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power supply combination can provide current output steps of roughly 6 amps in 60 us. Dividing
the total current by the time provides a measure of the change in current per unit time, as shown

in equation 4.3.
6 A

=1x10° A/s . 4.3
60 X /s (4.3)

The amplifier and power supply combination is capable of providing a current change at the rate

of 1 x10° A/s when connected across a 1 Ohm purely resistive load.

4.4 Magnetic field and current output

The expected magnetic field output resolution for the combined system of the Bartington fluxgate,
NI USB-6215 ADC, and the Centent CN0122 amplifier can be calculated knowing each of the
individual device resolutions. For the DAC a value of 320 11V is used to represent the 16-bit coding,
the Centent amplifier has a measured slope of 0.9818 A/V, and the x-coil pair has a measured
sensitivity of 34.09 u'T per Amp of drive current. The calculation is performed as follows:

u'T

A
B, field resolution = 0.000320 V x 0.9818 v = 34.09 = 10.7 nT. (4.4)

To measure the current the output of the combined system, a 1-€2 power resistor was connected
in series with the x-coil pair and connected to the output of the Centent CN0122 amplifier, drawing
its current from the Agilent US002A power supply. A LabVIEW™ program was written to output
voltage steps of 100 1V to the ADC, which is connected to the voltage input of the Centent amplifier.
The voltage drop across the resistor was measured using an Agilent 34411A digital multimeter to
log the current running through the coil system, and the fluxgate was used to log the field changes.
Figure 4.9 shows a plot of the change in measured magnetic field at the center of the x-coil pair

through the course of the voltage steps.
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Figure 4.9: Change in the measured magnetic field at the center of the x-coil pair for current steps
resulting from 100-V output steps requested from the DAC. The measured field steps, which correspond
to current steps in the coil, occur every three 100-uV increments, on average.

Figure 4.9 shows that the magnetic field changes with roughly every three voltage steps, or every
300 1V output requested from the DAC. Looking closely at the plot you can see that there are a
couple of peaks that occur after four voltage steps, rather than three. This is likely attributed to
the fact that the actual steps are closer to 320 pV in the DAQs voltage output, as mentioned in
Section 3.5. Overall, the measurement confirms the 16-bit resolution of the USB-6215 device. The
plot also reveals that the field steps range from ~11 nT to as high as ~30 nT for the step passing
through zero. On average they appear to be ~13 n'T, which is close to the calculation result in
Equation 4.4.

A plot of the current and magnetic field steps resulting from the ADC voltage steps is shown in

Figure 4.10 .
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Figure 4.10: Current and field steps resulting from 100 pV voltage step requests to the ADC output.

The plot shows that for each of the current steps, a corresponding magnetic field changed
is measured. Figure 4.11 is a higher resolution plot of the current and field steps, showing the

similarities between the measured field and current.

48



012 F 33
01F 425 __
F 3 <€
0.08 F =S
: : S
0.06 F 415 —
E 1.7 =
AO.O4 E_ _E 1 e
—0.02 F do05 =
3 : ] =
3-002 F 4-05 5
-0.04 F 441 0O
-0.06 F 4155
-0.08 4 Ci
01 F — -2.5
o012k . o e, A8
0 10 20 30 40

100-pV Increments

Figure 4.11: Higher resolution plot of the data shown in Figure 4.10.

Excluding the step passing through the zero crossing, each of the current steps in the x-coil pair
is roughly 300 nA, with corresponding field steps of roughly 13 nT. You can once again see that
each step in the field and current occurs after roughly three data samples, or ~300 pV steps from

the ADC output.

4.5 Coil cube current and field response

The windings of each coil are framed on a piece of aluminum u-channel which could potentially
impede a rapid increase in applied current through eddy current formation. Each of the x-,y-, and
z-coil pairs were analyzed for their response to a rapidly changing applied current by individually
connecting each coil in series through a 1-{) power resistor and a function generator (schematic
shown in Figure 4.12). The function generator was set to output a 100 Hz square-wave, and voltage
drop across the resistor was measured using an oscilloscope to observe the changes in current in

the circuit. Simultaneously, the field output of the coil pair was being monitored by the Bartington
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fluxgate, and the output of the Bartington signal conditioning unit was fed to the oscilloscope.

Figure 4.13 shows plots of the oscilloscope output for the x-, y-, and z-coil pairs.

Signal
Conditioning
Unit
Function
Generator
Fluxgate 4D Oscilloscope
Centered
in Coil Cube /\/\/\/_
1Q
Coil Cube

Figure 4.12: Diagram of the experimental setup used to measure the time constant of each coil pair.
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Figure 4.13: Coil pairs driven by a square wave output from a function generator. The plots, from top to
bottom, are oscilloscope measurements of the x-, y-, and z-coil pair currents (plotted in red) and resulting
fields (plotted in green), for a step in the applied current.

It can be noted from Figure 4.13 that both the current and field increase at an exponential rate.

In order to determine the time constant 7 for the curves, the exponential portion of each curve was
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truncated from the data set and a data fit was performed. The fitting function used was of the form

V(t) = Al —e /), (4.5)

where A is the amplitude of the curve, t is the time, and 7 is the time constant. Figure 4.14 shows
the result of the data fits for each of the x-, y-, and z-coil currents. The data fits for the field
measurements are shown in Figure 4.15. The time constant 7 for current ramp and associated field
measurements in each of the coil pairs are listed in Table 4.3. It is important to note that the
value of 7 for the current rise in each coil pair is within 3 percent of the associated field rise. This

indicates that there is only a small lag between the current driven into the coil and the resulting

field produced.

Coil Pair 7 current (us) 7 of field (us)

X 370 362
292 288
Z 392 403

Table 4.3: Coil cube current and field time constants taken from the data fits in Figures 4.14 and 4.15.
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Figure 4.14: Data fits for the exponential portion of the current ramp for each of the x-, y-, and z-coil
pairs.
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4.6 Summary of pertinent timescales

A control loop, such as the active magnetic shielding system presented in this work, will have
limitations based on the individual elements of the system. In the previous sections of this chapter,
the performance of key components of the present active magnetic shielding system were tested to
determine possible limitations. The result of the performance tests provides characterization of the
components in terms of their timescales for use. Table 4.4 lists the maximum operational frequency
bandwidths of the system components. The operating rate of software controller, which sets the
field sampling rate of the system, is the slowest element in the field control loop, with a rate of
400 Hz. This will likely limit the maximum perturbation frequency that can be actively shielded, as
well as the reduction in field amplitude achieved for any perturbation. The next limiting operating
frequency, after the software controller, is set by both the fluxgate frequency response and the coil
cube current response. These are both limited to 1000 Hz, which provides room for improvement
on the software controller rate before any adjustments are required for the fluxgate or coil cube.
Finally, the combined power supply and amplifier can easily operate at 16000 Hz, which is well above
any other timescale of the active shielding system and will not pose an issue unless the operating

rate of the other components are increased significantly.

System component Bandwidth (Hz)

Controller rate 400
Fluxgate response 1000
Coil cube response 1000
Amp/ps I output 16000

Table 4.4: Operational bandwidths of the active magnetic shielding system components.
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Chapter 5

Analysis and results

The previous chapter described the performance of each of the active shielding system components.
In this chapter, the performance of system as a whole will be shown using the results of a series
of shielding factor tests. The goal is to characterize the active shielding ability of the system by
performing shielding tests with a variety of perturbation amplitudes and frequencies present, as well
as varying the field sampling rate of the system. A method to reduce the background field will also
be introduced, and shielding tests will be performed to determine the effectiveness of the method.
Before the tests of system performance are shown, the background fields in the laboratory will be
briefly examined, and the method used to determine the effectiveness of the active shielding will be

described.

5.1 Characterization of background fields

Background ac magnetic fields in the region of the fluxgate sensor could interfere with the ability
to perform active magnetic shielding. As previously mentioned, the sampling rate of the present
system is limited to ~400 Hz, which effectively filters the magnetic field measurement to frequencies
below this limit. If the active shielding is only found to be effective on ac fields up to a fraction of the
sampling rate limit, then background ac fields of frequencies outside the active shielding range will
not be reduced. If the frequency of such fields are below ~400 Hz, then they will remain in the field

measurement while attempting to perform active shielding. A frequency analysis was performed to
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determine the spectrum of the background magnetic field in the laboratory environment.

The z-axis fluxgate sensor was used to perform the background field measurement. The uncon-
ditioned output of the SCU was connected to an oscilloscope with a built in spectrum analyzer,
and the frequency spectrum was measured. The measurement was performed at different times
on different days of the week to observe the change in the background magnetic field spectrum.

Figures 5.1, 5.2, and 5.3 show the spectrum analyzer output up to 500 Hz.

40} — Thursday November 7, 2013 at 3:25 pm

50 F

Field Amplitude (dBm)

0 100 200 300 400 500

Frequency (Hz)

Figure 5.1: Background magnetic field spectrum, mid-afternoon on a typical weekday. The two dominant
peaks below are ~ 35 dBm at 60 Hz and ~ 15 dBm at 180 Hz. The dashed line at 400 Hz indicates the
typical maximum sampling frequency achievable with the present prototype active shielding system.

— Monday October 21, 2013 at 10:13 pm

[ — Tuesday October 22, 2013 at 8:15 pm
40 '

50
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Field Amplitude (dBm)
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Figure 5.2: Background magnetic field spectrum on two consecutive weekday evenings. Below 400 Hz a

single dominant peak of ~ 40 dBm is observed at 60 Hz. The dashed line at 400 Hz indicates the typical
maximum sampling frequency achievable with the present prototype active shielding system.
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Figure 5.3: Background magnetic field spectrum on Saturday and Sunday afternoon of the same weekend.
The spectrum from Saturday shows two dominant peaks below 400 Hz: ~ 38 dBm at 60 Hz and ~ 22 dBm
at 180 Hz. There are also several smaller peaks at various frequencies. The spectrum from Sunday shows
two dominant peaks below 400 Hz: ~ 38 dBm at 60 Hz and ~ 20 dBm at 180 Hz. The dashed line at
400 Hz indicates the typical maximum sampling frequency achievable with the present prototype active
shielding system.

The background magnetic field frequency spectra show that the dominant signal is a 60-Hz field
in the laboratory at all times. There is also a peak at 180 Hz (a harmonic of 60 Hz) during the
daytime. This is an expected result as the ac power line frequency in the laboratory is 60 Hz.
It stands to reason that this environmental noise may interfere with the ability to actively shield
magnetic fields in the laboratory when a sampling rate of 400 Hz is used. At the end of this chapter,
a method to reduce the 60-Hz background will be explored and tests of the system performance

using the method will be shown.

5.2 Shielding factor calculation

The shielding factor (SF) of the active shielding system was determined by applying a sinusoidal
magnetic field perturbation Bsin(27 ft), and comparing the total field magnitude with and without
the active shielding enabled (as shown in Equation 5.1 where off and on refer to the state of the

active shielding system). Henceforth, the actively shielded perturbation will be referred to as a

residual field.
Btot
SF =1 (5.1)

- tot
BOTL
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The first calculations of the shielding factor were performed using the peak-to-peak values of the
perturbation and residual fields. This was achieved by taking the difference between the maxi-
mum and minimum values in each set of measured field data. The issue with this method stems
from the significant difference in the signal-to-noise ratio (SNR) of each data set. The unshielded
perturbation has a high SNR, providing an accurate measure of the peak-to-peak amplitude by
taking the difference between the maximum and minimum values of the data. The residual data
SNR is low by comparison, and attempting to measure the amplitude in the same manner as the
unshielded data gives unreliable results dominated by background noise, zero-crossing spikes from
the amplifier, as well as other transient fields. This can be seen in Figure 5.4, which shows plots of

an applied magnetic field perturbation and the residual field resulting from active shielding.
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Figure 5.4: Comparison of a magnetic field perturbation and its residual field after active shielding is
applied. (a): Measurement of an unshielded, applied sinusoidal field perturbation. (b): Measurement of
the residual applied sinusoidal perturbation with active shielding.

Another method to compare the perturbation and residual fields used a data fit for each of the
fields. The amplitudes taken from the data fits were used to calculate a shielding factor. In this
case, the data fit for the uncompensated sinusoid was very precise with little error. The error in
the data fit for the residual field, however, was much larger than for the unshielded perturbation,
due to the difference in SNR. This resulted in an unreliable value for the shielding factor once the
quotient of the fit amplitudes was calculated. Suppose that the active shielding is capable of driving

the residual field into the background noise, resulting a an SNR of zero. A best fit of the noise
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would be a straight line, or a sinusoid of zero amplitude. This would result in an erroneously large
shielding factor.

The method which was finally chosen to determine the shielding factor was a calculation of the
root-mean-square (RMS) value for one period each of the perturbation and residual fields. The
RMS value is calculated using the following formula:

> T

XRMS = T, (52)

where z; are the field measurement values in the data, and n is the number of values in the set.

The shielding factor is then:

(Broms)ofs
SFrms - m . (53)

Since this calculation includes averaging over an entire cycle of data, it solves the issues associated
with a peak-to-peak or data fit method. In section 5.3, all calculations of shielding factors will be
ratios of the RMS value for one cycle each of the perturbation field and residual field data, and will

be referred to as RMS shielding factors.

5.3 Results of system performance

In order to understand the behavior of the feedback system and to characterize the performance,
several shielding tests were performed. These tests provide information about the limitations of the
overall active shielding ability of the present system, and provide critical information for building a
better system. The shielding tests were performed in the vertical direction (z-axis), which is subject

to the largest dc background magnetic field.

5.3.1 Sampling rate and its effect the on shielding factor

The first test of the performance of the active shielding system was to determine the maximum

perturbation frequency that can be effectively shielded when operating at a fixed sampling rate.
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The goal of this test is to determine the relationship between the perturbation frequency and
sampling rate, relative to the achievable shielding factor. The test was performed by applying
a 124 pTpp sinusoidal perturbation to the active shielding region, which is sufficiently strong to
explore a large range of shielding factors. The field sampling rate and perturbation frequency were
fixed, and a shielding test was performed. The perturbation frequency was then increased and
another shielding test was performed. Once a shielding factor was obtained for the chosen set of
perturbation frequencies at the present field sampling rate, the sampling rate was increased and the
same range of perturbation frequencies was repeated. The low-pass filter on the signal conditioning
unit was set to 1 kHz for the entire set of tests.

The maximum perturbation frequency applied for each sampling rate was chosen to be the
frequency at which the RMS shielding factor dropped below unit. A shielding factor of 1 indicates
that the active shielding is no long effective, and shielding factors below 1 indicate that the residual
field is larger than the unshielded perturbation. The test was performed over a range of perturbation
frequencies from 10 mHz up to 50 Hz, and a sampling rate range of 1 Hz up to 400 Hz. The results

are displayed in Table 5.1, and plots of these results are shown in Figures 5.5 and 5.6.
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Sampling Rate (Hz)

foerturbation (Hz) | | 1 2 5 10 | 20 | 30 | 50 | 100 | 200 | 300 | 400
0.01 16 | 32 | 81 | 244 | 374 | 568 | 670 | 568 | 708 | 1068 | 1068
0.02 81| 16 | 41 | 126 | 202 | 278 | 417 | 563 | 630 | 1000 | 1050
0.05 33165 |16 | 51 | 83 | 117 | 191 | 350 | 492 | 818 | 887
0.1 163381 | 25 | 42 | 58 | 98 | 190 | 312 | 529 | 589
0.2 <1 |17]41| 13 | 21 |29 | 50 | 98 | 175 | 297 | 328
0.5 <1|16| 51|83 12 | 20 40 74 121 135
1 <1125 42|59 10 | 20 37 62 69
2 <1 |211]29]|49 | 10 18 31 35
5 <1 |11]19] 39 | 74 10 14
10 <l|<1|19] 36| 63 | 69
20 <1l | 17| 29 3.2
50 <1 <1 <1

Table 5.1: RMS shielding factors obtained for combinations of perturbation and sampling frequencies
while maintaining a fixed perturbation amplitude of 124 uTpp.
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Figure 5.5: Plot of the RMS shielding factor vs the frequency of the applied perturbation. The series of
data, indicated by the solid lines connecting the data points, corresponds to a fixed sampling rate of the
system. The plot shows that the shielding factor is inversely proportional to frequency of the applied field

perturbation.
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Figure 5.6: Plot of the RMS shielding factor vs the sampling rate of the system. The series of data,
indicated by the solid lines connecting the data points, corresponds to a fixed frequency of the applied
perturbation. The plot shows that the shielding factor is linearly proportional to the field sampling rate

of the system.
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The results shows a well defined trend. There is a direct relationship between the sampling
rate of the system and the shielding factor at specific perturbation frequencies. In general, the
shielding factor obtained is linearly proportional with the sampling rate of the system and inversely
proportional with the frequency of the applied field perturbation. As the sampling rate of the system
is increased for a fixed perturbation frequency, the shielding factor increases. As the perturbation
frequency is increased for a fixed sampling rate, the shielding factor decreases.

As mentioned previously, a shielding factor of unity or less indicates that the system is not pro-
viding any measurable active shielding. Table 5.1 shows that for each sampling rate, the maximum
perturbation frequency which can be actively shielded is one tenth of that frequency. Since the
sampling rate of the system can not exceed ~400 Hz, the maximum perturbation frequency that
can be actively shielded is ~40 Hz. However, the shielding factors obtained for frequency ratio is
not adequate for any experiments requiring a reasonably quiet magnetic field environment. For ex-
ample, to achieve a shielding factor of ~ 100 for perturbations below 0.5 Hz, a sampling rate of 500
times the perturbation frequency is required using the present system. The two highest shielding
factors obtained for the series of tests are the same value of 1068, as seen in Table 5.1. This results
from the residual field being driven into the noise floor of the background field, and will be further

examined in the following section.

5.3.2 Perturbation amplitude and its effect on the shielding factor

The second test of system performance was to observe how the amplitude of the applied perturbation
affects the active shielding. For this set of tests, the operating frequency of the system was fixed at
300 Hz and the sinusoidal perturbation frequency was set to values ranging from 10 mH to 1 Hz.
For each of the perturbation frequencies, the perturbation amplitude was adjusted through values
ranging from ~1 pTpp to ~124 uTpp. For each perturbation amplitude, the active shielding was
engaged and a shielding factor was obtained. Once again, the low-pass filter was set to 1 kHz for

this set of tests. Table 5.2 shows the results of the test, which are plotted in Figure 5.7.
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Perturbation Frequency (Hz)
Apertursation (0T) 1] 0.01 ] 0.1 | 02|05 | 1
1.4 129 | 144 | 14.7 | 13.3 13.9
2.7 26.3 | 32.1 | 30.5 | 26.7 25.7
6.5 71.9 | 83.2 | 71.4 | 55.9 50.4
12.9 141 | 144 | 133 | 92.8 61.2
25.7 262 | 309 | 208 | 109 54.9
63.2 662 | 500 | 271 | 113 66.5
124.4 1218 | 542 | 335 | 122 65

Table 5.2: RMS shielding factors for different perturbation amplitudes and frequencies with a fixed field
sampling rate of 300 Hz.

1000
% + 0.01 Hz Perturbation
N 0.1 Hz Perturbation
=3 + 0.2 Hz Perturbation
% 100 F 0.5 Hz Perturbation
= C 1 Hz Perturbation
n
n
=
o
10 |
[ . | . el
1 10 100

Peak-to-Peak Perturbation Amplitude (uT)

Figure 5.7: Plot of the RMS shielding factor obtained for different perturbation amplitudes and fre-
quencies with a fixed field sampling rate of 300 Hz. The plot shows that the shielding factor obtained
is proportional to the perturbation amplitude, for combinations of low frequency and low amplitude per-
turbations. For combinations of higher amplitude and frequency perturbations, the shielding factor is
independent of the perturbation amplitude.

Figure 5.7 shows that for the lowest perturbation frequency of 0.01 Hz, the shielding factor
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obtained is proportional to the perturbation amplitude. For the perturbation frequencies above
0.01 Hz, the shielding factor is proportional to the perturbation amplitude up to a cutoff. The per-
turbation amplitude at which the cutoff occurs is lower for each perturbation frequency, in ascending
order. Inspection of the residual data for the 0.01 Hz perturbation (shown in Figure 5.8) reveals
that the compensation system is driving the residual field into the noise region of the laboratory
background field. The result is a limit to the residual field amplitude at the level of background noise
floor, which explains why the shielding factor obtained for the 0.01 Hz perturbation increases in
proportion with the perturbation amplitude. Each increase in the perturbation amplitude yields the
same residual field, which is the background noise level, and therefore any increase in perturbation
amplitude yields a proportional increase in the shielding factor.

Figure 5.8 shows a side-by-side comparison of the residual fields for three different perturbation
amplitudes (1.4 uTpp, 63.2 uTpp, and 124.4 pTpp) at two perturbations frequencies (0.01 Hz and
1 Hz). The comparison shows that the residual fields from the 1 Hz perturbation behave differently
than those from the 0.01 Hz perturbation. For the 1.4 yTpp, 1 Hz perturbation, the residual
field is driven into the noise floor of the background field, as with all residual fields for the 0.01 Hz
perturbation. The higher perturbation amplitudes, however, yielded residual fields much larger than
the noise floor, which explains why the shielding factor scaled differently for the 1 Hz perturbation
and the 0.01 Hz perturbation. As the perturbation amplitude and frequency increase, the system
can no longer adjust the field output rapidly enough to compensate for the increase in perturbation
field per unit time, and therefore can not drive the field into the noise floor of the laboratory. Once

this begins to occur, the shielding factor becomes independent of the perturbation amplitude.
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Figure 5.8: Side by side comparison of the residual field measurements for two different perturbation
frequencies and three different amplitudes. From top to bottom, the three rows are plots of the lowest
(1.4 uTpp), middle (63.2 uTpp) and highest (124.4 uTpp) perturbation amplitudes. The left column are
residual fields for the 0.01 Hz perturbation, and the right column is for the 1 Hz perturbation. The plots
of the 0.01 Hz perturbation residual fields remain buried in the noise floor up to the highest perturbation
amplitude, where the sinusoidal shape is just beginning to show. The first plot of the 1 Hz perturbation is
mostly buried in the background noise floor, however, as the perturbation amplitude increases, the residual
field leaves the background noise and the sinusoidal shape of the perturbation becomes apparent.
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Since the lower frequency and amplitude perturbations are driven into the background noise,
one of the limiting factors for reducing the field amplitude of low-frequency perturbations is the
magnitude of the noise floor. It was shown in section 5.1 that the dominant frequency of the
background noise in the laboratory is 60 Hz, which is too high for the system to actively shield with
its present sampling rate limit (as shown in Section 5.3.1). By specific reduction of the 60 Hz noise,

the shielding factor for the lower frequency perturbations should increase.

5.3.3 60 Hz bucking and its effect on shielding factor

The dominance of the 60-Hz frequency in the background field (shown in section 5.1) lead to the
idea of a specific 60-Hz cancellation coil. Since this is the line frequency of the of the power sources
in our laboratory, we attempted to use the very same power line signal to perform the cancellation.
A small plastic formed coil, wired in series with a 100 k) resistor, was connected to the 60-Hz,
120-volt laboratory ac power line (schematic shown in Figure 5.9), and was used to cancel, or buck,

the 60 Hz background noise.

100 KQ
AVAYAY

120 VAC Bucking

coil

Figure 5.9: Schematic of the apparatus used for 60 Hz bucking of the background field.

By placing the bucking coil in the vicinity of the fluxgate sensor and adjusting its position
carefully, the 60-Hz background noise can be reduced significantly, as shown in Figure 5.10. It is
also possible to increase the 60-Hz background noise by changing the orientation of the coil 180°
relative to the fluxgate sensor. In this configuration, the bucking coil position can be adjusted to

increase the 60-Hz background by different amounts.
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Figure 5.10: Background field measurement sampled at 400 Hz with (red data) and without (black data)
the 60-Hz bucking coil in place. The use of the bucking coil produces a significant decrease in the amplitude
of the field measurement.

As mentioned previously, the bucking coil can be used to increase or decrease the 60-Hz back-
ground, however, it should be mentioned that it is not possible to reduce the 60-Hz background to
zero. To test the effect of the 60-Hz bucking on the shielding factor, active shielding measurements
were taken with varying degrees of 60-Hz background noise, both below and above the normal level.
For each test, the sampling rate was fixed at 400 Hz, the perturbation frequency was fixed at 0.1 Hz,
and the perturbation amplitude was fixed at 69.6 pTpp. Prior to each test, the 60-Hz bucking coil
was set in place near the fluxgate sensor and adjusted until the desired level of 60-Hz signal was
achieved. The peak-to-peak 60-Hz background noise was noted and an active shielding test was

performed. The results are shown in Table 5.3 and plotted in Figure 5.11.
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60 Hz background (nTpp) | 42.5 | 50.4 | 63.8 | 73.5 | 82.6 | 92.4

RMS SF o271 | 553 | 540 | 503 | 474 | 465

60 Hz background (nTpp) | 108 | 112 | 122 | 132 | 143 | 153

RMS SF 452 | 442 | 391 | 376 | 352 | 348

Table 5.3: Shielding factors obtained with different amplitudes of 60-Hz background. The 92.4 nTpp
60-Hz background is a baseline measurement taken on a typical weekday afternoon.
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Figure 5.11: Shielding factors obtained with varying levels of 60-Hz background. The low-pass filter was
set to 10 kHz and the field sampling rate was fixed at 400 Hz. The perturbation used was 0.1-Hz, 69.6-
uTpp. As the 60-Hz amplitude departs from the weekday background level, the shielding factor changes.
Lower 60-Hz background results in a higher shielding factor, and higher 60-Hz background results in a
lower shielding factor.

The results show that as the 60-Hz component of the background field is reduced or increased,
the shielding factor increases or decreases, respectively. In fact, a decrease of ~50 nT to the 60-Hz
component of the background field results in an increase of ~100 to the shielding factor. Specific
reduction of the 60-Hz noise lowered the total background field dramatically, resulting in better

active shielding.
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Chapter 6

Conclusions and future work

6.1 Conclusion

A prototype active magnetic shielding system was developed and tested. I characterized the active
shielding system by performing a variety of shielding tests, and in doing so, I identified key features
and limitations of the performance. The system is capable of providing RMS shielding factors >
1000 for magnetic field perturbation frequencies < 20 mHz, and > 100 for frequencies < 0.5 Hz,
and can reduce magnetic field variations on the order of tens of uT to the level of tens of nT. I
conclusively demonstrated that the limiting time constant of the system is the field sampling rate,
which is restricted to ~400 Hz by the software controller. A method to reduce the 60-Hz background
field was introduced, and was shown to positively affect the active shielding of by improving the
signal-to-noise ratio of the residual fields. Over the range of parameters studied, 3 conclusions can

be made about the active shielding system:

1. Shielding factor o sampling frequency
2. Shielding factor o< (perturbation frequency)™*

3. Shielding factor is ultimately limited by the broadband noise of the background
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6.2 Future work

The prototype active shielding system developed in this work is likely the first iteration of many,
which will lead to the final system used for the nEDM experiment at TRIUMF. Several factors
were not taken into account in its design including passive shield interactions and the placement
of the fluxgate sensor relative to the actively shielded region of interest. The prototype passive
magnetic shields currently being tested at the University of Winnipeg provide the opportunity to
test the active shielding interaction. Placement of field sensors outside the active shielding region
of interest will also be examined using recently acquired magneto-resistive field sensors, which are
smaller than the 3-axis fluxgate used in this work.

Thus far, the primary limitations of the system are the sampling rate of magnetic fields in the
controlling software, and the background noise level in the laboratory. One way to possibly improve
the sampling rate of the system is through the implementation of a field programmable gate array
(FPGA) to replace the present PC based controller. An FPGA provides the ability to program an
integrated circuit directly with the desired code. If the controlling software of the present system
were coded onto an FPGA, the result would effectively be a processor that only concerns itself with
calculating the error and PID output for current adjustments in the coil set.

By contrast, the LabVIEW™ code used in the present system runs in the foreground of the
operating system of the PC. The PC processor performs numerous tasks simultaneous to running the
LabVIEW™ code and this spreads out the computing power, potentially slowing down the control
loop. National Instruments produces software that is capable of programming existing LabVIEW ™
code onto an FPGA, which can then be combined with a DAQ into a single system. This would not
only increase the frequency of the control loop software, but also increase the transfer rate between
the DAQ and the controller by eliminating the USB connection. Such a system could easily support
numerous field measurements and current calculations simultaneously, providing the opportunity
to control the magnetic field in multiple axes.

By increasing the sampling frequency of active shielding, the limitations of other system com-

ponents will eventually become an issue. Table 4.4 shows that the next frequency limit to come
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after the 400 Hz sampling rate of the system is the 1000 Hz limit of both the fluxgate frequency
response and the coil cube current response. Magneto-resistive field sensors with higher bandwidth
than the present fluxgate are already being tested at the University of Winnipeg to solve the first
issue. As for the coil cube frequency limit, the inductance must be reduced in future designs to
allow for a faster current response. This could be accomplished by reducing the area or number of
turns in the coils, or simply separating the coil pairs into individually controlled single coils. The
use of unpaired coils, each with their own field sensor, could provide other benefits such as gradient
field control.

It was shown that the use of an external bucking coil can reduce the background noise in the
active shielding environment, resulting in higher shielding factors. Supposing the 60-Hz noise, or
other background frequencies are not of concern to the nEDM experiment, it may still be of benefit
to disburden the active shielding system by removing certain frequencies from the field measurement.
A notch filter could be the solution, selectively filtering specific frequencies of the field measurement
without affecting the frequencies of interest.

The issues revealed with the current amplifier, such as the zero-crossing glitch, led to investiga-
tion of specially designed power supplies and amplifiers which will be tested in the next iteration of
the active shielding system. These devices will provide higher resolution and better stability for the
current driven into the coil set, and are tuned to the coil specifications to eliminate inductive-load
related issues. The higher resolution current will provide the ability to actively shield to the level

of 1 n'T, which is the estimated requirement for the nEDM experiment at TRIUMF.
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Appendix A

Fluxgate magnetometer basics

Fluxgate sensors are solid-state devices used for measuring the magnitude and direction of dc or
low-frequency ac magnetic fields. Fluxgate sensors come is several configurations, the ring core
type being the most commonly used. The fluxgate sensor used for magnetic field measurements in
the active shielding system developed for this thesis is a racetrack fluxgate, which is essentially a
modification of the ring core type sensor.

Figure A.1 shows the main components of a ring core fluxgate sensor. The central ring is typically
made from an alloy of high magnetic permeability u, wrapped in two sets of coil windings. The first
set of windings, which are wrapped directly around the ring, are known as the drive windings or the
excitation coil. The second set of windings are wrapped around the entire ring forming a pick-up,
or sense coil. An ac current is driven into the excitation coil inducing a magnetic flux ¢ within the
core. This field from the excitation coil causes the core to become magnetically saturated. If the
core is thought of as two separate halves, then a the field generated in one half (¢;) will be in the
opposite direction as a the field generated in the other half (¢2). If no external magnetic field is
present, the two half cores go in and out of saturation simultaneously. The fields generated by the
two half cores cancel, and no net change in flux is measured by the pick-up coil. If an external field
By is present, it will cause the saturation in each half of the core to vary relative to one another.
The fields produced by the half cores no longer cancel and the pick-up coil is subjected to a net flux.

The result is an induced voltage in the pick-up coil, which provides a measure of the external field.
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Figure A.1: Ring core fluxgate sensor schematic. The excitation coil is shown wrapped toroidally around
the ring core of permeability p. An ac current I, is driven into the excitation coil inducing a magnetic
field in the core. The bottom half of the core is subject to a flux ¢1, and goes in and out of saturation in
opposite phase to the top half which is subject to the same flux magnitude in the opposite direction, called
¢2. An external magnetic field By causes an imbalance of the saturation in each half of the core, resulting
in a net flux through the pick-up coil which induces a measurable voltage that relates to the direction and
magnitude of By. (Image reproduced by M. Lang from Figure 2 of Reference [40]

The sensor can be placed in a feedback loop (as shown in Figure A.2) in which another coil,
known as the compensation or feedback coil, is used to drive the external field to zero resulting in
no voltage output from the pick-up coil. The feedback loop maintains the zero voltage output from
the pick-up coil by adjusting the current in the feedback coil. The external field measurement is
then based on the current driven into the feedback coil. This is known as a feedback magnetometer,

and the benefit is an increase in the dynamic range of the fluxgate field measurement [40].
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Figure A.2: Schematic of a feedback magnetometer. The excitation coil is driven by a function generator
(G). The output of the pick-up coil is band-pass filtered and amplified before passing through a phase
sensitive detector (PSD). An integrator is used to filter the ac component and provide amplification for
the signal, which is fed back as a compensation current (I.omp) using a voltage-to-current amplifier (V/I).
Additional feedback current can be generated by a digitally controlled current source (Iz) which increases
the dynamic range of the device. The feedback loop attempts to nullify external magnetic fields by ensuring
that the pick-up coil output remains as close to zero as possible, and the feedback voltage is used to measure
external magnetic fields. (Image reproduced by M. Lang from Figure 7 of Reference [40]
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Appendix B

Hardware specifications

B.1 Bartington Mag-03MSES70 Field Sensor
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Figure B.1: Bartington calibration plot for Mag-03MSES70, taken from the Bartington operation manual
for Mag-03 three-axis magnetic field sensors.
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Mag-03 MSES70

Specified Noise

X Cal.

Y Cal. | Z Cal.

Noise at 1 Hz | Standard : 6-10 pTrms/v hz 7

6.8 6

Table B.1: Bartington calibration data for Mag-03MSES70 fluxgate used in the system

Electrical Specifications

B.2 Agilent US002A Power Supply Specifications

Parameter UBD01A Uso02A
Output Ratings {at 0 °C to 40 °C) 010 +30V Oto+30V
OtodA Utob A

Line and Load Regulation

CV: <0.01% +2 mV
CC: <0.02% +2 mA

Ripple and Noise (25 °C £5 °C)

CV: 12 mVp-p, <1 mVims;

CC: 3 mArms

Load Transient Response Time
{within 15 mV from full load to half load
and from half load to full load)

<00 ps

Programming Accuracy' (25 °C +5 °C)

<0.35% +20 mV
<0.35% +20 mA

Readback Accuraey' (25 °C +5 ° C)

<0.35% +20 mV
<0.35% +20 mA

Meter Resolution

Voltage: 10 mV
Current: 10 mA

Maximum Output Float Voltage

+240 Vdc

Figure B.2: Agilent US002A power supply specifications.
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B.3 Centent CN0122 Amplifier Specifications

ELECTRICAL MIN. MAX. UNIT
Power Supply Voltage 15 32 VDC
Power Supply Current” - 30 mA
Maximum Load Current -5 +5 A
YVoltage Gain 256 283 %
Frequency Response DC 20 kHz
Input Impedance ™ o ohms
Input Potentiometer 5K 50K ohms
Disable Current (Terminal 5, 10V) - 10 mA
Common Current (Terminal 6, 5V) -- 50 mA
*with no motor connected

ENVIRONMENTAL MIN. MAX. UNIT
Operating Temperature -40 +70 ‘c

40 +158 i =
Weight 106 141 ounce

300 400 gram
Terminal Screw Tarque 45 Ib/in

DIMENSIONS UNIT

Size (L x W x H) 40 x 30 x 085 inch
102 x 76 x 22 mm.

Mounting hole centers 3.650 x 2625 inch
93 x 67 mm.

Figure B.3: Centent CN0122 dual input motor drive specifications.
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