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Summary

This thesis presents the theoretical foundation and design of a planar magnetic field source
for the Geonium Chip Penning trap. Conventional Penning traps are limited in their
scalability by the size of their magnetic field sources, which often take the shape of large and
expensive superconducting solenoids. For many practical applications, such as portable
mass spectrometry and quantum radar, these conventional Penning trap systems would
be unsuitable, due to their large size and need for very high currents (of the order of a few
hundred amperes). The Geonium Chip Penning trap aims to overcome this problem by
proposing a novel planar magnetic field source comprising several superconducting coils
confined to a plane. The electrode surfaces of the trap sit less than a millimetre above
the magnetic field source such that the trapping magnetic field is oriented parallel to the
electrode surfaces.

In this thesis, I explore many of the fundamental design issues concerned with devel-
oping such a planar magnetic field source. In particular, I devise an entirely new scheme
of remotely magnetising a plurality of closed superconducting loops to carry currents in
persistent mode, and show how persistent supercurrents of hundreds of amperes can be
remotely induced with input currents of the order of a few (one to two) amperes. I intro-
duce, and experimentally verify, a theoretical framework that allows for a high degree of
control over the magnetic field distribution. From this framework, I present an optimised
design of a planar persistent current-mode magnetic field source theoretically capable of
achieving a 0.1 T field homogeneous up to fourth order in the Taylor expansion about the
trapping position. This magnetic field source is due to be constructed and tested in the
coming months.
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Chapter 1

Introduction

A Penning trap uses a combination of static electric and magnetic fields to confine charged

particles in space. The first operational Penning trap − built in 1959 by Hans Dehmelt

− was inspired by the Penning ion pressure gauge [1], and successfully trapped electrons

for around 10 seconds [2]. Since then, Penning trap technology has grown enormously,

and has become a vital experimental tool for testing fundamental theories in physics [3].

For instance, the most stringent tests on quantum electrodynamics have been made with

Penning traps [4]. Other Penning trap uses include the measurement of fundamental

constants, such as the mass of the electron [5], the testing of CPT invariance [6, 7, 8, 9,

10, 11, 12], and the investigation of exotic atomic nuclei [13, 14].

Penning traps also have applications in the industrial world, most notably, in mass

spectrometry, where Penning trap-based mass spectrometers are of the highest precision

available [15]. Mass spectrometry has applications in the medical, petrochemical, and

defence sectors, and has an estimated market of $ 3Bn [16].

Proposals have also been made for Penning traps to play a vital role in quantum

information [17, 18, 19]. Despite Paul traps − ion traps based on radio frequency (RF)

trapping fields, rather than static trapping fields [20] − being the leading platform in the

quest for the realisation of quantum computers [21, 22, 23, 24, 25],1 a single electron in

a Penning trap can, in principle, also be used for these purposes [17, 18, 26].2 In such

proposals, qubits are encoded in the spin of a trapped electron. A quantum processor is

achieved by having an array of such trapped electrons, where two-qubit gates are achieved

1Among other advantages, Paul traps provide for long trapping lifetimes of ions, strong ion-ion inter-

actions in trapped ion chains, and long-internal state coherence, which are all necessary for the effective

operation of gates required for a universal quantum computer. A more detailed discussion is given in [27].
2Moreover, decoherence can be more readily addressed in a Penning trap, due their use of static fields

and cryogenic temperatures [28].



2

Figure 1.1: The FT-ICR mass spectrometer in Warwick university [41] showing a typical

size magnetic field source (the cylindrical structure on the left). On the right is the

electrospray ionisation source.

by inducing effective spin-spin interactions. It was this such proposal which provided the

motivation for the very first planar Penning trap [29]. Whilst there have been a number of

planar traps since [29, 30, 31, 32], none have conclusively reached single electron resolution.

This is attributed to a lack of mirror symmetry in the trapping field [32, 33]. At present,

the detection of a single electron in a planar Penning trap therefore remains an open

experimental challenge.

The Geonium Chip3 Penning trap aims to overcome this challenge. Unlike other

planar Penning traps, the Geonium Chip trapping magnetic field is oriented parallel to

the electrode surfaces [35]. This allows for mirror symmetry in the trapping fields to be

imposed explicitly. Its planar magnetic field source [36, 37] means that the Geonium Chip

would be the very first truly planar Penning trap,4 and has been shown theoretically to

permit for the detection of a single electron [38]. Details on its experimental development

are documented in [39, 40]. Single electron detection is expected in the near future.

3Named after The Geonium Atom − a term coined by Dehmelt to describe a single electron bound to

an apparatus fixed on earth [34].
4In the sense that both the electric and the magnetic field sources are planar.
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1.1 The need for planarising the magnetic field source

The practical limit of Penning traps is in the size of the magnetic field source [38]. Typical

Penning trap magnetic field sources come in the form of superconducting magnets, such

as the one shown in Figure 1.1. Whilst excellent in their magnetic field performance

(some have temporal magnetic field fluctuations that permit for the motional frequencies of

charged particles to be determined with a fractional uncertainty of 10−11 [3]), conventional

“room-size” Penning trap magnets are grossly unscalable [38]. Their high input currents

(> 100 A) and associated thick-rod vacuum feedthroughs add practical complications to

the cryostat, such as heat dissipation and unwanted use of space [42]. A miniaturised

planar magnetic field source, operating with low input currents, would offer considerable

improvements in terms of spatial and energetic efficiency.

A planar magnetic field source could allow for Penning traps to drive innovation in

other fields. One example is single microwave photon detection, whose theoretical viability

in the Geonium Chip Penning trap was recently demonstrated [19]. An efficient single

microwave photon detector is still missing from quantum technology [43], and has a range

of potential applications, including observation of the interstellar medium [19], quantum

microscopy [44], and quantum radar [45]. Whilst single microwave photons have been

detected with an electron in a Penning trap in the past [46], the Geonium Chip5 setup is

significantly more practical, owing to its compact, planar magnetic field source [19].

The planar magnetic field source also provides the Geonium Chip with a potentially

favourable position in the mass spectrometry market [16]. Current portable mass spec-

trometers [47] are limited in their mass resolution, and serve only for fast or preliminary

analysis of samples. On the other hand, high precision Fourier Transform Ion Cyclo-

tron Resonance (FT-ICR) mass spectrometers tend to be large and expensive [16]. The

Geonium Chip Penning trap offers a compromise, providing a potential five-fold improve-

ment over portable systems in terms mass resolution, whilst being less than a quarter of

the price of FT-ICR mass spectrometers (see Figure 1.2). This is particularly appealing for

on-site analysis, such as the inspection of foods at ports, or the analysis of petrochemicals

near mines. Current portable mass spectrometers do not have the required resolution,

while the use of high precision mass spectrometers off-site would be unwantingly slow,

and potentially financially penalising.

It is hoped that the above has provided a flavour of the impact a truly planar Penning

5In this thesis, the term ‘Geonium Chip’ may either refer to the Penning trap as a whole, or the

chip-based electrode structure. It is hoped that the context they are used in will eliminate any ambiguity.
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Figure 1.2: A graph showing estimated mass resolution against price for various types

of mass spectrometers. The Geonium Chip Penning trap offers a considerably higher

resolution than those provided by similarly priced alternatives.

trap could have. Planarisation of the magnetic field source is key to achieving impact in

the abovementioned fields and markets, and, because Penning traps are so versatile, has

the potential to accelerate innovation in areas far removed from fundamental physics.

1.2 Thesis content

This thesis details the experimental and theoretical development of a planar magnetic

field source for the Geonium Chip Penning trap. Whilst a prototype already exists (see

Figure 1.3), it is limited because it runs on driven currents. This means that a power

supply must be kept on for as long as the trap is running, which, in addition to poor

energy efficiency, inevitably introduces systematic drifts and unwanted fluctuations in the

trapping field. In order to compete with conventional Penning traps, a stable magnetic

field (with time-dependent fractional fluctuations of around 10−8−10−9 per hour [48, 49])

is a necessity. Hence, a new planar magnetic field source that runs on persistent currents

is conceived, and this forms the content of the thesis. Its design is pictured in Figure 1.4,

and its main features are summarised as follows:

• The magnetic field source consists of five pairs of double-loop superconducting struc-

tures (pictured in grey). These loops comprise a smaller Pumping Loop, and a larger

Target Loop. Flux is injected into each superconducting structure via pumping solen-

oids (depicted as yellow cylinders in Figure 1.4) placed in the Pumping Loop. The
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𝟏𝟏𝟖𝐦𝐦

99𝐦𝐦

𝑧

𝐵

Figure 1.3: The prototype planar magnetic field source (designed by J Verdú and manu-

factured by J Pinder [39, 40]). It consists of four symmetrically arranged pairs of planar

coils made from niobium-titanium wire (0.4 mm in diameter). The coils are set in Stycast

epoxy and fixed to aluminium formers. The wires at the bottom of the image are con-

nected to a Rohde & Schwarz HMP4040 precision power supply. The trapping magnetic

field, B, points parallel to the z direction, as shown by the orange arrows.

induced persistent currents in the Target Loops provide the trapping magnetic field.

• Excluding the rest of the experimental apparatus, the magnetic field source has an

estimated volume of 6 cm3, and weight of 0.1 kg.

• There are 12 input currents (not pictured), all carrying less than one ampere. 10

of these input currents are supplied to the pumping solenoids. The other 2 currents

are supplied to the heat switches.

• The currents that provide the trapping field are induced remotely via a novel scheme

of magnetic flux pumping (see §5). This scheme uses small input currents (∼ 1 A)

and does not require physical contact with the superconducting circuitry.

• The magnetic field source can be easily calibrated at any chosen location (as dis-

cussed in §5.2.4).

• The magnetic field source has full control over the magnetic field distribution up

to fourth order in the Taylor expansion about the trapping position. Arbitrary

magnetic field distributions, in terms of both the magnetic field strength and the

shape of the magnetic field distribution, can be produced and altered at high speed
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Superconducting 
loops

Pumping solenoids

Heat switches

Underside perspective view

Top view looking down

Top perspective view

Pumping loops
Target loops

𝐵𝑧
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Figure 1.4: CAD model of the persistent current-mode planar magnetic field source. It

comprises five pairs of planar superconducting double-loop structures. Magnetic flux is

injected into the device by applying currents (not shown) to the pumping solenoids (picture

in yellow) and the heat switches (pictured in green) in a carefully controlled sequence of

magnetic flux pumping (see §5). The direction of trapping magnetic field, B, is represented

by the green arrows.
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(less than a minute) in situ, provided the required currents do not exceed the critical

parameters of the superconducting materials. The extent of this flexibility in terms

of the magnetic field distributions that can be produced will ultimately have to be

investigated empirically.

• The use of persistent currents provides excellent magnetic field stability.

• For the design presented, magnetic fields of at least 0.1 T are theoretically achievable.

In the future, fields exceeding 0.5 T are expected.

• The magnetic field source is cheap, costing £1000-£2000 to manufacture.6

• Whilst the current design operates at < 9.3 K (the critical temperature of niobium-

titanium [40, 50]), in future, the use of high-temperature superconductors may per-

mit for operating temperatures of up to 90 K.

• The magnetic field source is energetically efficient, since it does not require continu-

ous running of currents.

The thesis is structured as follows. The fundamental concepts of trapping and detect-

ing charged particles in Penning traps are introduced in §2. §3 discusses the main features

of the Geonium Chip Penning trap, including some of its applications. §4 introduces the

properties of superconductors that are essential for the operation of the planar magnetic

field source. §5 gives a comprehensive treatment of a particular scheme of magnetic flux

pumping − the method upon which the planar magnetic field source is to be magnetised.

A mathematical model for the above-mentioned flux pumping scheme is derived and exper-

imentally verified. In §6, the final design of the planar magnetic field source is presented,

along with optimisation schemes for the prototype magnetic field source, sometimes re-

ferred to as the driven-current magnetic field source, to emphasise that it does not run in

persistent current-mode. The thesis is concluded with a summary given in §7.

6Excluding the cost of research and development investment, and the price of the rest of the experimental

setup.
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Chapter 2

The trapping and detection of

charged particles

Before the Geonium Chip Penning trap is discussed in detail in §3, the basic principles

of trapping and detecting charged particles in a Penning trap are outlined here. §2.1

is concerned with the field requirements for trapping, along with a description of the

distinct motional modes of a trapped particle. §2.2 deals with the fundamental principles

of charged particle detection. Although the concepts of this chapter apply to all variations

of Penning trap, the reader is encouraged to keep in mind the planar configuration of the

Geonium Chip.

2.1 Theory of trapping charged particles

2.1.1 Trapping charged particles with static fields

Earnshaw’s Theorem

Charged particles cannot rest in a stable equilibrium under the influence of electrostatic

forces alone. This idea dates back to 1842, when Samuel Earnshaw published his sem-

inal work “On the Nature of the Molecular Forces which regulate the Constitution of the

Luminiferous Ether” [51].1 The basic concept is that, for an arrangement of objects inter-

acting via inverse-square law forces2 (such as the electrostatic force), the total force, F,

1Although published in 1842, the work was first presented to the Cambridge Philosophical Society in

March 1839.
2For N particles each interacting via forces that have a power law dependence on separation, the total

force one particle at position, r, is F =
∑N
i ki (r− ri) r− ri

n−1, where ri denotes the position of the ith

particle. Thus, in 3-dimensional space, the divergence is ∇ · F =
∑N
i ki (n + 2) r − ri

n−1, meaning that

for inverse-square law forces (n = −2) the divergence of the force is always ∇ · F = 0.
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Figure 2.1: A sketch showing the zero divergence property of static force lines. All force

lines that enter the volume, V , also leave. This is true for any arbitrarily shaped volume.

on any object has a vanishing divergence,

∇ · F = 0. (2.1)

Integrating Equation (2.1), and appealing to Gauss’ law, this can be recast in a more

intuitive form:

∫
V
∇ · F =

∫
S

F · dS = 0. (2.2)

Put in words, Equation (2.2) states that for any volume, V , in space, bounded by a surface,

S, all lines of force that enter into the volume must also leave (see Figure 2.1). Thus, any

object residing inside the volume will necessarily be forced out. Given the arbitrarity of

the choice of V (and hence S) we see that this is true for any point in space.3

In addition to electrostatic forces, it is also the case that charged particles cannot be

stably confined with a purely magnetostatic field.4. A particle of charge, q, moving in a

magnetic field, B, with a velocity, v, experiences a force given by

F = q (v ×B) . (2.3)

3Other discussions of Earnshaw’s theorem (found throughout the literature) consider the potential

energy landscape instead, but the ideas are equivalent.
4There are exceptions to this rule. For example, diamagnetic materials have been confined with static

magnetic fields [52]. Storage rings also provide stable confinement of charges, but this is beyond the scope

of this work. Here we are concerned with the confinement of a charge around single equilibrium point in

space. Magnetic mirrors can confine charges, but they are inherently lossy [53].
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𝑩𝒛

Charged particle

Figure 2.2: A simulation of the trajectory of a charge in a uniform magnetic field. The

charge spirals along the direction parallel to the magnetic field. The image was rendered

by [54], an open-source simulation program.

The consequence of the cross-product is that the component of velocity parallel to B

remains unchanged, meaning that the particle traverses a helical path spiralling around

the magnetic field lines (see Figure 2.2). Whilst stable trapping may appear possible

under the condition that v and B are perfectly orthogonal, this does not form a stable

equilibrium. Any perturbation in v parallel to B will result in the particle veering off

indefinitely.

Combination of electrostatic and magnetostatic fields

Whilst Earnshaw’s theorem precludes charged particle confinement with either purely elec-

trostatic or purely magnetostatic fields, when used in combination a certain configuration

of static electric and magnetic fields can be chosen which allows for stable trapping of

charged particles.5 Particle confinement can be achieved with a homogeneous magnetic

field and a quadrupolar electric field (see Figure 2.2). Intuitively, one can think that

the magnetic field confines charged particles radially, whilst the electric field prevents the

charges from flying off along the axial direction (the direction parallel to the magnetic

field, conventionally labelled the z axis). In conventional notation, these trapping fields

5It is also possible to trap charged particles with the use of time-varying fields. This is the basis behind

the operation of a Paul Trap [20]. Further discussion falls beyond the scope of this thesis.
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∼ 1 mm

Figure 2.3: Left: A sketch of the required quadrupolar trapping field of the Geonium Chip

[40]. The blue lines are lines of equipotential, whilst the orange arrows depict the trapping

electric field. The trapping position is labelled y0, and it can be seen that this field alone

would not permit the trapping of charged particles. Right: A sketch of a homogeneous

magnetic field. Superimposing the electric and magnetic fields gives the trapping fields of

the Penning trap. The Geonium Chip magnetic field source is homogeneous in a volume

of around 1 mm3 around the trapping position. This is sufficient for the trapping of an

electron, whose motion is confined to a volume of less than 500 µm3.
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are written as B = (0, 0, B0) and E = −∇φ, where φ = U0C002

(
z2 − 1

2

(
x2 + y2

))
is the

electric potential, C002 is the curvature of the potential along z, and U0 is related to the

potential energy minimum provided by the electrostatic field. Thus, a particle of charge,

q, and mass, m, moving in the trapping region will experience a total force given by

F = mr̈ = −q∇φ+ qṙ×B, (2.4)

which, in Cartesian coordinates, is rendered as

m


ẍ

ÿ

z̈

 = qU0C2


x

y

−2z

+ qB0


ẏ

−ẋ

0

 . (2.5)

Solving for r(t) = (x(t), y(t), z(t)) shows that the particle is confined in space.6

2.1.2 Eigenmodes of trapped charged particles

The algebraic solution of Equation (2.5) is [55]

x(t) = A+ cos(−ω+t− α+) +A− cos(−ω−t− α−) (2.6)

y(t) = y0 −A+ sin(−ω+t− α+)−A− sin(−ω−t− α−) (2.7)

z(t) = Az cos(ωzt− αz). (2.8)

Expressed another way, a charged particle in a Penning trap comprises three distinct

oscillatory modes: a cyclotron mode, with an amplitude, A+, angular frequency, ω+, and

phase, α+; a magnetron mode, with properties denominated similarly to the cyclotron

mode, only with “− ” replacing “ + ”; and an axial mode, characteristically labelled with

a “z” subscript. The general motion of a trapped particle is a superposition of these three

modes, and is depicted in Figure (2.4). The spatial centre of the trapped particle’s motion

is termed the trapping position, which, in the coordinate system of the Geonium Chip

Penning trap, is defined as r0 = (0, y0, 0).

The axial mode can be viewed as a simple harmonic oscillation along the z axis.

The cyclotron and magnetron modes are both circular motions in the xy plane, with the

spatially larger (but temporally slower) circular oscillation being the magnetron mode,

and the cyclotron mode being the faster but spatially smaller mode. The frequencies of

oscillation are given below, and obey the general hierarchy ω+ � ωz � ω−

6Alternatively, the equations of motion can be derived using a Lagrangian method as discussed in [55].

A quantum treatment of a trapped charge in a Penning trap can be found in [56].
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𝐁

𝑥

𝑦𝑧

Axia model

Magnetron mode

Cyclotron mode

Figure 2.4: General motion of a charge in a Penning trap (not to scale) [25]. The motion

is the superposition of three distinct oscillations. The vertical oscillation is the axial

mode, the slow circular oscillation is the magnetron, and the fast circular oscillation is the

cyclotron mode. The magnetic field, B, points along the vertical direction.

ωz =

√
2qU0C002

m
(2.9)

ω+ =
ωc
2

+

√(ωc
2

)2
− ω2

z

2
(2.10)

ω− =
ωc
2
−
√(ωc

2

)2
− ω2

z

2
, (2.11)

where ωc = qB
m is known as the free cyclotron frequency. These equations reveal an

additional condition for trapping; since the frequencies ω± must be real, it follows that

the discriminant in Equations (2.10) and (2.11) must be positive, meaning that

ω2
c > 2ω2

z (2.12)

must be satisfied. This ultimately gives a lower bound for the strength of the magnetic

trapping field.7 Additionally, it turns out that the sum of squares of each eigenfrequency

is equal to the square of the free cyclotron frequency, which is given algebraically by

ω2
+ + ω2

z + ω2
− = ω2

c . This is known as the Brown-Gabrielse Invariance theorem [57], and

holds true even if the electric and magnetic fields are misaligned.

7Equation (2.12) can be rearranged to B2 > 4mU0C002
q

, which determines the minimum magnetic field

required for trapping.
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The amplitude of each mode depends on its corresponding temperature (Tz, T+, and

T− for the axial, cyclotron, and magnetron modes, respectively), and each can be written

as [38]

Az =

√
2kBTz
mω2

z

(2.13)

A+ =

√
2kBT+

m
(
ω2

+ − ω2
z/2
) (2.14)

A− =

√
2kBT−

m
(
ω2
− − ω2

z/2
) . (2.15)

Note that the magnetron energy, kBT−, is negative, meaning that it is an unstable motional

mode [58]. The physical consequence of this is that the magnetron radius increases as it

loses energy, eventually escaping from the system. However, since the magnetron radiative

decay rate is slow (owing to its relatively low frequency), the magnetron degree of freedom

is effectively stable and uncoupled from the environment [58]. Moreover, the magnetron

radius can be reduced by the method of magnetron cooling, which, because of the unstable

nature of the mode, requires increasing the magnetron energy [59]. For a single electron

in the Geonium Chip with a 0.5 T magnetic field, the expected amplitudes (after cooling)

are Az = 68 µm, A+ = 128 nm, and A− = 3 µm [40].

2.1.3 Penning trap ellipticity

So far, it has been assumed that the electrical potential of the trapping field is perfectly

hyperbolic. In physical terms, this means that the curvature in the x and y directions are

symmetric. The curvature of the electrical potential in the x axis is defined as 1
2
∂2φ
∂x2 |r0 ,

and is often written in shorthand as C200. The same notational syntax is used to define

the y and z axis curvatures. For the Geonium Chip Penning trap, however, the electric

potential is not symmetric in x and y and is therefore categorised as an elliptical Penning

trap. The degree of dissimilarity between the x and y curvatures is quantified by the

ellipticity parameter, ε, and is defined as ε = (1−ξ)
(1+ξ) , where ξ = C200

C020
is introduced for the

purpose of algebraic brevity. The electric potential of the Geonium Chip is then written

as [60, 38]

φ = U0C002

{(
z2 − x2 + y2

2

)
+
ε

2

(
x2 − (y − y0)2

)}
. (2.16)

The modified motion of a charged particle is then given by
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x(t) = ξ+A
′
+ cos(−ω′+t− α+) + ξ−A

′
− cos(−ω′−t− α−) (2.17)

y(t) = y0 − η+A
′
+ sin(−ω′+t− α+)− η−A′− sin(−ω′−t− α−) (2.18)

z(t) = A′z cos(ω′zt− αz), (2.19)

where the modified angular frequencies are

ω′z =

√
2C002q

m
(2.20)

ω′+ =

√
1

2
(ω2
c − ω′2z ) +

1

2

√
ω2
cω

2
1 + ε2ω′4z (2.21)

ω′− =

√
1

2
(ω2
c − ω′2z )− 1

2

√
ω2
cω

2
1 + ε2ω′4z , (2.22)

with ω1 =
√
ω2
c − 2ω2

z .
8 The corresponding motional amplitudes in the elliptical Penning

trap are given as

A′+ =
1

ω′+

√
2kBT+

γ+m
(2.23)

A′− =

√
2kBT−(

ω′2− − ω′2z /2
) (2.24)

A′z =
1

ω′z

√
2kBTz
m

, (2.25)

where γ+ = 1− ω′2z
2ω′2+
' 1. The dimensionless coefficients ξ± and η± are

ξ± =

√
ω2
c + εω′2z ±

√
ω2
cω

2
1 + ε2ω′4z

2ω±/ω1

√
ω2
cω

2
1 + ε2ω′4z

(2.26)

η± =

√
ω2
c − εω′2z ±

√
ω2
cω

2
1 + ε2ω′4z

2ω±/ω1

√
ω2
cω

2
1 + ε2ω′4z

. (2.27)

The Geonium Chip Penning trap permits for the y-amplitude of the magnetron motion

to be effectively eliminated. This is known as the ultra-elliptical regime, and is discussed

in [38]. A practical importance of the ultra-elliptical regime is that it heavily reduces the

influence of magnetic field inhomogeneities along the y axis.

8Note that ω′2+ + ω′2− + ω′2z = ω2
c holds for elliptical traps.
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Figure 2.5: Electric field lines due to an electron above a conducting surface. Left: A

sketch of the electric field lines resulting from an electron placed above a conducting

surface. Right: The electric field lines due to an electron and an image charge placed

symmetrically about the conducting surface. Note that in the region y > 0, the electric

field lines in both cases are identical.

2.2 The principle of detecting trapped charged particles in

a Penning trap

Generally speaking, charged particle detection is either destructive or non-destructive [3].

Destructive detection techniques (such as time-of-flight measurement methods) measure

properties of particles as they are lost from the trap. This has the obvious disadvantage

that, if additional measurements are required, then the trap needs to be reloaded. With

non-destructive detection, however, particles remain inside the trap as they are being

detected. The presence of a trapped particle is determined by the observation of small

image currents on the electrode surfaces [61]. It is on this principle that the Geonium

Chip Penning trap operates, and is the focus of the remainder of this chapter.

Method of detection

This section describes the theoretical foundation for the detection of electrons in a Penning

trap. The detection method follows closely the content of [62], which was developed with

electron detection in a planar Penning trap in mind.

Consider a single electron positioned a perpendicular distance, y′, above a conducting

surface (see Figure 2.5). The charge distribution on the conducting surface will be distorted

by the presence of the electron, as, locally, a region of net positive charge develops on

the edge of the conductor nearest the electron. The resulting electric field from this

distribution of charges (both from the electron itself as well as from the induced charges)
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is mathematically equivalent to that of an electron and an image charge symmetrically

positioned either side of the upper layer of the conducting surface.9 The induced charge

on the upper side of the conductor is computed by

qind(x, y, z) = − q

4π

∫
Σ

∂G(r, r′)

∂n′

∣∣∣
r′=r0

dS′, (2.28)

where n′ is the outward-pointing normal to the surface of the conductor S′, Σ is the

particular electrode on which the surface integral is taken, and G(r, r′) is the Green’s

function that satisfies Dirichlet’s boundary condition (G(r, r′) = 0, ∀ r ∈ S′), where the

primed coordinates are the positions of charges, the unprimed coordinates are the spatial

coordinates with respect to the trap, and r0 is the trapping position of the electron. For

the situation depicted in Figure 2.5, the Green’s function is

G(r, r′) =
1√

(x− x′)2 + (y − y′)2 + (z − z′)2
− 1√

(x− x′)2 + (y + y′)2 + (z − z′)2
.

(2.29)

Equation (2.28) gives the induced charge distribution due to a stationary electron po-

sitioned above a conducting surface. As described in §2.1, a trapped particle is constantly

in motion, and, consequently, the induced charges become induced currents, given by

Iind =
dqind

dt
= ∇qind · ṙ = ∇

(
− q

4π

∫
Σ

∂G(r, r′)

∂n′

∣∣∣
r′=r0

dS′
)
· ṙ = −q∇ΛΣ · ṙ, (2.30)

where the substitution of ΛΣ = 1
4π

∫
Σ
∂G(r,r′)
∂n′

∣∣∣
r′=r0

dS′ has been used for the maintenance

of clarity. Since the induced currents are driven by the motion of the trapped electron,

they too will oscillate at the electron’s eigenfrequencies. Detecting an electron requires

measuring a signal associated with these induced currents. This is typically achieved by

using Iind to drive a parallel tank circuit (see Figure 2.6) that is tuned to be in resonance

with one of the electron eigenfrequencies.10 Doing so induces a voltage change on the

electrodes given by Vind = IindZ(ω), where Z(ω) is the impedance of the tank circuit. The

resulting electric field that emanates from this induced voltage change is experienced by

the electron, and provides a drag force equal to

Find = −q2Z(ω)∇ (ΛΣ∇ΛΣ · ṙ) , (2.31)

9Strictly speaking, this is only true for the region of space on the electron-side of the boundary
10Whilst the axial frequency is the frequency of choice for the Geonium Chip Penning trap, a future aim

is to detect directly through the cyclotron mode as well
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Figure 2.6: A lumped-element equivalent of the tank circuit driven by a trapped electron.

The frequency response of the electron appears as an equivalent LC circuit in parallel with

the tank circuit.

which damps the electron’s motion [59]. It turns out that since the amplitude of the

electron’s motion is small compared with the electrode surfaces Σ, then this force is ap-

proximately [62]

Find ≈ −q2Z(ω)D−1eff (D−1eff · ṙ) = qD−1eff Vind. (2.32)

The term Deff is called the effective coupling distance, and comes from the approximation

D−1eff (r0) = limr→r0 ∇ΛΣ. In physical terms, D−1eff describes the electric field at r0 when

the electrode Σ is held at 1 volt.

The total force on the electron, Ftot, is the sum of the trapping forces and the dissip-

ative force,11 meaning that the modified equations of motion for an electron in a Penning

trap obey

Ftot = mr̈ = −q∇φ+ qṙ×B + qD−1eff Vind. (2.33)

Although by no means obvious, Equation (2.33) tells us how an electron can be meas-

ured in a Penning trap. Assuming ideal trapping fields, as well as a tank circuit tuned

11Here, the Coulomb force between the electron and the induced charges is neglected. More detail is

discussed in [63].
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to have a resonance frequency equal to the axial frequency, the axial motion of a trapped

electron is given by

mz̈ = −mω2
zz +

qVind

Dz
eff

. (2.34)

Rewriting in terms of Izind = − q
Dzeff

ż, we see that the induced voltage across the tank

circuit, Vind, is given by

Vind(ω) = −
mDz

eff
2

q2

dIzind

dt
−
mDz

eff
2ω2

z

q2

∫
Izind dt. (2.35)

Equation (2.35) states that the electron is electrically equivalent to a series LC cir-

cuit [62, 64, 63], with effective inductance L1e =
mDzeff

2

q2 , an effective capacitance C1e =

q2

mDzeff
2ω2
z
, and a resonance frequency equal to the axial frequency, ω = 1√

L1eC1e
= ωz. A

feature of series LC circuits is that the total voltage drops to zero at resonance, whilst

with parallel tank circuits at resonance, the voltage is maximal [65]. Thus, the total

detection signal in the frequency domain consists of a broad maximum (with linewidth

∆νT = 1
2πCtRt

) centred on ωz (due to the frequency response of the tank circuit) with

a sharp dip (single electron linewidth ∆ν1e = Rt
2πL1e

) at ωz from the electron’s frequency

response (see Figure 2.6). Experimentally, taking the voltage signal across a tank circuit

and inputting it into a Fast Fourier Transform spectrometer, the electron signal can be

observed (see Figure 2.6).

Single electron determination

The section above describes how the electrical signal from a single electron can be meas-

ured. An obvious question might be: how can one be sure that there is only a single

electron in the Penning trap? Wineland and Dehmelt [63] solved this problem by consid-

ering how the induced signal depends on the number of electrons, n. They found that,

for n electrons, the effective inductance and effective capacitance are Lne = nL1e and

Cne = C1e
n respectively, meaning that the linewidth of the dip depends directly on the

number of electrons in the trap: ∆νne = n∆ν1e. Inspection of the linewidth can therefore

determine the number of electrons, where ∆νne is the linewidth for n electrons. Typic-

ally, a cloud of electrons are trapped and detected. The number is slowly reduced by the

method of evaporative cooling,12 where the trap voltages are adjusted to allow the more

energetic electrons to escape from the trap [3].

12Or alternatively by applying a drive voltage to knock electrons out of the trap [66].
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b.

a.

Figure 2.7: Experimental data taken from [63]. Figure 2.4a shows the resonance of the

detection circuit alone. Figure 2.4b shows the detection circuit including the electron

dip, along with an expression for the number of electrons. In the notation given in this

figure, the number of electrons, n, can be inferred from the width of the signal dip, ∆νn1,

the equivalent resistance of a single electron, l1, and the detection circuit resistance at

resonance, R.
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Chapter 3

The Geonium Chip Penning trap

In §2, the fundamental principles of trapping and detecting charged particles in a Penning

trap were outlined. The discussion was kept deliberately general, with a view to discussing

the Geonium Chip Penning trap in detail in this chapter. §3.1 introduces the Geonium

Chip concept, and focuses on how its geometry offers an advantage over other Penning

traps. §3.2 briefly lists some of the main features of the Geonium Chip experimental

setup. §3.3 describes how the required trapping fields are formed and optimised. The field

characteristics of the prototype magnetic field source are described in detail, in particular

its calibration procedure. §3.4 discusses some of the proposed technological applications

of the Geonium Chip.

3.1 The Geonium Chip concept

The Geonium Chip is based on the projection of a five pole cylindrical Penning trap onto

a plane [35] (see Figure 3.1). The central electrode is known as the ring, the two end

electrodes are called the end caps, and the other two electrodes (immediately either side

of the ring) are termed the compensation electrodes. The surrounding conducting surface

provides a ground reference for the other electrodes, and is thus termed the ground plane.

The coordinate axes of the trap form an orthogonal Cartesian set, and are defined

such that the electrode surfaces lie in the xz plane (see Figure 3.2). The magnetic field

points along the z axis, and the y direction is defined as pointing upwards from the

electrode surface. The origin of this coordinate frame is the surface of the centre of the

ring electrode, and the trapping position is defined as (0, y0, 0). This terminology will be

used throughout.

The electrical trapping field of the Geonium Chip is formed by holding each electrode
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Figure 3.1: The Geonium Chip electrode arrangement a. The projection of the cylindrical

Penning trap onto a plane. b. The names of the electrodes of the Geonium Chip. The

magnetic field (green arrow) is directed parallel to the chip surface. [35]
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Figure 3.2: A sketch showing the coordinate axes of the Geonium Chip.
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Figure 3.3: A sketch of the trapping field sources in the Geonium Chip. The magnetic

field source comprises a number of superconducting coils placed directly underneath the

electrode surface. The magnetic fields from each coil add up to provide the trapping field

pointing along the z axis. The coils on the outside perimeter are called the main wires.

All other coils are called shim wires.

at a specifically chosen voltage. If the correct voltages are applied, a harmonic potential

can be formed to confine charges along the z axis. Many of the considerations needed to

form this harmonic potential are given in §3.3.

Charged particle trapping is then completed with a homogeneous magnetic field ori-

ented along the z axis. Whilst conventionally provided by large superconducting solen-

oids, the magnetic field source of the Geonium Chip comprises several coils confined to

a plane [36, 37, 38, 39, 40]. The homogeneous trapping field is achieved by applying

carefully chosen currents to each coil. The planar magnetic field source is placed directly

underneath the trapping electrodes, as is sketched in Figure 3.3. The magnetic field con-

tributions from each current add up to form a homogeneous magnetic field along the z

axis.

Conceptual advantages of the Geonium Chip compared with other planar Pen-

ning traps

The Geonium Chip is fundamentally different from other proposed planar Penning traps

in that the magnetic field is parallel to the surface of the chip. Existing planar Penning

trap designs [31, 32, 29, 67, 68] have the magnetic field oriented perpendicular to the chip

surface. As illustrated in Figure 3.4, this arrangement is limited by natural asymmetry in
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Figure 3.4: A sketch showing the natural symmetry of the Geonium Chip. Left: Traps

with the magnetic field perpendicular to the electrode surfaces [31, 32, 29, 67, 68] are

asymmetric under reflections in the z = 0 plane − no planar arrangement of electrodes

can compensate for this. Right: With the magnetic field parallel to the electrodes, the

Geonium Chip is symmetric about the plane for which z = 0, allowing for a harmonic

potential to be achieved.

the axial trapping potential, and makes single electron resolution virtually impossible [33,

32].1 An additional issue arises if charged particles are to be transported between multiple

traps on the same planar surface (such as with the double Penning trap technique [5, 69,

70]). Shuttling a charge from one trap to another requires for it to move perpendicular to

the magnetic field lines. The resulting Lorentz force would be sufficient to push the electron

off-course [71]. This is not an issue with the Geonium Chip Penning trap, however, since

particles can be shuttled between traps along the direction of the magnetic field, effectively

eliminating the Lorentz force.

The novelty of the Geonium Chip lies not only in the orientation of the magnetic field,

but in the entire magnetic field source concept [36, 37]. Whilst the practical and financial

advantages are obvious (and were introduced in §1), the planar magnetic field source offers

significant operational advantages over conventional Penning trap magnets.

One example is in the speed with which the magnetic field distribution can be changed.

This is particularly important for the continuous Stern-Gerlach effect [72], which usually

1Some designs have been made to compensate for this natural asymmetry, but they involve placing

another structure out of the plane of the electrodes [32], greatly limiting the scalability.
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requires both a homogeneous and an inhomogeneous magnetic field distribution. The

continuous Stern-Gerlach effect is a technique used in many Penning trap experiments

whereby the axial and cyclotron modes of a trapped particle are coupled together by a

magnetic bottle field, B = (B000 + B002z
2)ẑ, resulting in the axial frequency becoming

dependent on the cyclotron energy. The presence of a magnetic bottle field also results

in the axial frequency becoming dependent on the particle spin, and this is true for both

electrons and ions [73]. This is because the coupling of the magnetic moment, µ (which is

the sum of the spin magnetic moment, µs, and the cyclotron magnetic moment, µ+) with

the position-dependent magnetic bottle field, B, results in a force on the trapped charge,

F = −∇(µ ·B). For a single electron, this force, F sg
z , affects the axial motion according

to

F sg
z = −2B002µB(2n+ + 1 + gms)z, (3.1)

where µB is the Bohr magneton, n+ is the cyclotron quantum number, g is the electron

g-factor, and ms = ±1/2 is the spin state of the electron.2 The force, F sg
z , alters the

motion of the trapped electron such that its equation of motion becomes

mz̈ = −mω2
zz − 2B002µB(2n+ + 1 + gms)z

mz̈ = −mω′2z z, (3.2)

where

ω′z(n+,ms) = ωz

√
1 +

2B002µB(2n+ + 1 + gms)

mω2
z

(3.3)

is the modified axial frequency due to the coupling of the magnetic moment with the

magnetic bottle field. Note the explicit dependence of the modified axial frequency on the

cyclotron and spin quantum states. Typically, 2B002µB(2n+ + 1 + gms) � mω2
z , and so

Equation (3.3) is often approximated to

ω′z ≈ ωz +
B002µB(2n+ + 1 + gms)

mωz
. (3.4)

For many experiments, such as measurements of the electron g-factor, it is necessary to

both make a precise measurement of the motional frequencies of the electron, and to take

an accurate reading of the quantum state of the trapped charge (n+,ms). However, precise

measurement of the axial frequency requires a homogeneous magnetic field distribution,

whereas the quantum state determination of a trapped particle relies on having a magnetic

bottle field. In conventional Penning trap systems, this problem is overcome by having

2There is also a contribution due to the magnetron motion, but this is negligible [74].
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Precision trapAnalysis trap

Nickel ring

Homogeneous fieldMagnetic bottle field

Double Penning trap

Figure 3.5: The double Penning trap at Heidelberg [5]. The Analysis trap has an in-

homogeneous trapping field that is used to detect spin flips. The Precision trap has a

homogeneous magnetic field.

two Penning traps in the same setup [5, 69, 70] (see Figure 3.5) − a precision trap with

a homogeneous magnetic field, and an analysis trap with a magnetic bottle field, which is

produced by magnetic field distortion from a nickel ring [5, 72]. Precision measurements,

such as measurements of the g-factor [69], are achieved by continuously shuttling trapped

particles between the two. In the Geonium Chip Penning trap, however, changes to the

magnetic field distribution can be made in situ, meaning that two Penning traps are not

required. The magnetic field distribution can be changed from a homogeneous field to a

magnetic bottle field in the same trap, meaning that the Geonium Chip behaves as both

the analysis and the precision trap. Such changes in the magnetic field distribution are

estimated to take no longer than a minute, and this does away with the need for having

two traps. This is ultimately a consequence of the planar geometry. Since the magnetic

field source is placed only millimetres away from the trapping region, significant changes

to the trapping field can be achieved with relatively small changes to the input currents.

3.2 Experimental setup of the Geonium Chip Penning trap

Before the trapping fields of the Geonium Chip Penning trap are discussed in detail, this

section outlines some of the main features of the overall experimental setup. Whilst only

a brief outline is given here, a more detailed discussion of the Geonium Chip experimental

setup can be found in [39, 40].

The electric trapping field of the Geonium Chip Penning trap is provided by a chip-

based electrode structure. The initial design was a microfabricated metal-on-silicon chip

provided by MIR Enterprises. The batch of chips provided by MIR Enterprises varied

in substrate thickness, metallisation thickness, and metal purity. The metallisation layer
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Figure 3.6: Dimensions of the electrode chip from MIR enterprise.

came in the following variations: 300 nm of pure gold, 300 nm of gold silver alloy (80:20),

and 100 nm gold silver alloy (80:20). Two thickness variations of boron doped silicon

substrate were used: 675 µm, and 1000 µm; and, in each chip, a 900 nm silicon dioxide

buffer layer separated the substrate from the metallisation layer. The mechanical and

electrical properties of the MIR chips have been studied extensively in [39, 40], and so will

not be discussed in much detail here.

The electrode dimensions of the MIR chips are given in Figure 3.6. These trapping

electrodes are positioned in the centre of the chip, with contact pads located near the

right-hand edge of the chip. Electrical contact between the two is provided by buried

wires, such that the electric trapping field of the Geonium Chip is created by touching

these pads with wires held at the correct voltages. Particle detection is achieved by

measuring the induced voltage on one of the electrodes with respect to ground through a

superconducting resonator. It has been recently discovered, however, that the resistance

of the buried wires, along with the inter-electrode capacitances, are far too high for the

electron detection signal to be measurable. This has rendered the MIR chips unusable.

More recent chip iterations have come in the form of in-house chips manufactured

(by J. Pinder) from a Rogers circuit board. Unfortunately, these in-house chips exhibited

poor mechanical properties, becoming deformed when holding vacuum in the inner vacuum

chamber (see Figure 3.8). Currently, alumina-backed chips fabricated by PW Circuits Ltd.

(see Figure 3.7) are installed in the experiment. Electrical contact between the electrodes

and the voltage screw connectors is provided by gold conducting paths on the underside
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Figure 3.7: The electrode chips from PW Circuits Ltd. Left: Top view of the chip

showing the gold electrode surfaces. All electrodes are 7 mm in height, with the widths of

the endcap, compensation, and ring electrodes 4.0 mm, 2.3 mm and 1.1 mm respectively.

Right: Underside view of the chip showing the buried wires. These connect to the

electrodes through 0.2 mm diameter vias. There are two vias per electrode.

of the alumina board.

The trapping region of the Geonium Chip is enclosed in an inner vacuum chamber

(see Figure 3.8). The electrode chip forms the floor of this vacuum chamber, and is held

in place with an indium seal. On one side of the chamber is a quartz window, which is

transparent to ultraviolet light, and adjacent to that is the ‘pinch-off’ tube, which is needed

to evacuate the chamber. A UV Hamamatsu light source focuses light into the chamber

to liberate electrons via the photoelectric effect. The chamber is expected (from observed

lifetimes of trapped charges in other cryogenic Penning trap experiments, such as in [75])

to provide pressures of around 10−16 mbar. Inside the window is a gold plated copper

mesh, such that the inner vacuum chamber forms a microwave cavity. The cavity modes

of the chamber are calculated to be off-resonant with the electron cyclotron frequency

at 0.5 T, thereby increasing the lifetime of an excited cyclotron mode of the electron by

inhibiting spontaneous emission via the Purcell effect [38].

In the current setup, the trapping magnetic field is provided by a prototype magnetic

field source (pictured in Figure 3.9), which comprises a symmetric arrangement of four

independently driven coils. These coils are made from 0.4 mm copper coated niobium-

titanium wire from Supercon Inc. encased in black Stycast epoxy. The number of turns

on the main, shim 1, shim 2, and shim 3 coils are 38, 42, 400, and 376 respectively.
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Figure 3.8: The inner (cryogenic) vacuum chamber of the Geonium Chip. Top: Exploded

CAD drawing of the chip and inner vacuum chamber. The Geonium Chip forms the floor

of the chamber, and is held in place by an indium seal. Bottom: Photograph of the chip

and inner vacuum chamber setup.

Main wire

Shim 2

Shim 3

Shim 1

Figure 3.9: Top: CAD drawing of the prototype planar magnetic field source. The four

independently driven currents − the main wire, and shims 1-3 − are shown. Bottom:

The prototype magnetic field source, made from 0.4 mm diameter niobium-titanium wire.

The number of turns on the main, shim 1, shim 2, and shim 3 coils are 38, 42, 400 and

376 respectively.
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Figure 3.10: A CAD drawing showing how the chip, inner cryogenic vacuum chamber, and

planar magnetic field source fit together.

These numbers were chosen because they provide a homogeneous 0.1 T trapping field

at relatively low currents.3 Each coil is driven with currents from a Rohde & Schwarz

HMP4040 precision current supply. The magnetic field source is calibrated (see §3.3.3)

such that, for each coil, the magnetic field distribution at the trapping position is known

as a function of the current it is carrying. Thus, with careful choice of applied currents, a

homogeneous trapping field can be provided at the trapping position. As shown in Figure

3.10, the magnetic field source is placed directly underneath the electric field source. The

two field sources are screwed together, which not only aligns the two trapping fields, but

also to limits the effect of vibrations, as both field sources vibrate in common mode.

The detection signal of a trapped electron is to be observed by measuring the voltage

drop across a tank circuit in the form of a superconducting (niobium) helical resonator.

This helical detection resonator is well optimised, with a resonance frequency of 26 MHz,

and a reported unloaded Q factor of 34,000. More detail can be found in [39, 40].

Figure 3.11 shows a photograph of some of the main components of the experimental

setup. Clearly visible are the gold plated inner vacuum chamber, the planar magnetic

field source, and the niobium detection resonator. These components are screwed onto

struts that are in thermal contact with the second cooling stage of a two-stage pulse tube

cryostat (Sumitomo SRP-062B). This second cooling stage has a cooling power of 0.5 W,

3No more than 20 A in each coil.



31

Detection 
resonator

Cryogenic vacuum 
chamber

Window for 
UV light

The Geonium
Chip electrodes

Planar magnetic
field source
(driven currents)

Figure 3.11: A photograph of the experimental setup inside the cryostat showing the

Geonium Chip, cryogenic vacuum chamber, detection resonator and prototype magnetic

field source.
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Figure 3.12: Left: The outer vacuum casing of the experiment when closed. Right:

Exploded CAD drawing of the vacuum chamber and pulse tube cryostat.

and can reach temperatures below 4 K. Much of the thermal load is removed by the first

cooling stage (not shown), which has a nominal cooling power of 30 W, and is capable of

reaching 60 K. Each cooling stage is protected with thermal radiation shields (not shown),

and the overall experiment is housed in an outer vacuum chamber, shown in Figure 3.12.

This provides a pressure of around 10−7 mbar.

3.3 Trapping fields of the Geonium Chip

In the last section, the key components of the experimental setup were described. This

section discusses, in detail, how the electric and magnetic trapping fields arise in the

Geonium Chip Penning trap. The effect of non-ideal trapping fields is also introduced, as

well as ways in which the Geonium Chip can be optimised to mitigate their effect.

3.3.1 Electric trapping field of the Geonium Chip

The trapping potential of the Geonium Chip is provided by holding the ring electrode,

compensation electrodes, and end-cap electrodes at voltages Vr, Vc, and Ve respectively,

and is given by [35]

φ(x, y, z) = Vrfr(x, y, z) + Vcfc(x, y, z) + Vefe(x, y, z) + fgaps(x, y, z|Vr, Vc, Ve); (3.5)

fr, fc and fe depend entirely on the trap dimensions, whilst fgaps − the contribution to

the trapping potential from the gaps between the electrodes − depends on both the sizes
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of the gaps between the electrodes, as well as the electrode voltages. For small gap sizes,4

this can be approximated as a linear interpolation of the voltages between neighbouring

electrodes. An analytical expression for the total electric potential of the Geonium Chip

enclosed in a metallic rectangular box (corresponding to the cryogenic vacuum chamber)

can be found in [38]. The equilibrium trapping position in the Geonium Chip corresponds

to the position in space that satisfies ∂φ(x,y,z)
∂y (0,y0,0) = 0 and y0 > 0, and for small gaps

(fgaps → 0) is approximately given by

∂fr
∂y (0,y0,0) + Tc

∂fc
∂y (0,y0,0) + Te

∂fe
∂y (0,y0,0) = 0. (3.6)

Solving Equation (3.6) (which has no analytical solution, and therefore has to be solved

numerically) shows that y0 depends on the ratios of the voltage values, Tc = Vc
Vr

and

Te = Ve
Vr

, rather than their absolute values.

Like any real Penning trap, the trapping potential φ(x, y, z) of the Geonium Chip is

not the ideal hyperbolic potential described in §2. Mathematically, this means there are

position-dependent terms above second order in the Taylor expansion of φ(x, y, z) about

the equilibrium position, r0 = (0, y0, 0). These additional terms are called anharmonicities

in the trapping potential, and, up to fourth order, are given as follows:

φ(x, y, z) = φ(0, y0, 0) + ...+ C002z
2 + C200x

2 + C020(y − y0)2︸ ︷︷ ︸
φquad

+

C012z
2(y − y0) + C210x

2(y − y0) + C030(y − y0)3︸ ︷︷ ︸
odd anharmonicities

+

C202z
2x2 + C022z

2(y − y0)2 + C220x
2(y − y0)2 + C004z

4 + C400x
4 + C040(y − y0)4︸ ︷︷ ︸

even anharmonicities

,

(3.7)

where the coefficients Cijk are defined as

Cijk =
1

i!j!k!

∂i+j+kφ(x, y, z)

∂xi∂yj∂xk

∣∣∣∣
(0,y0,0)

. (3.8)

Note that, because of the symmetry in the x and z dimensions (along with the fact that

∇φ = 0 has been imposed at the trapping position), terms with odd i and/or odd k vanish

[35]. The consequence of the anharmonic potential is that it alters the motion of a trapped

electron, such that its motional frequencies become dependent on position. Ultimately,

this means there are shifts in the motional frequencies of the electron that are directly

4What determines whether a gap is ‘small’ is how high the trapping height of the electron is compared

with the gaps between the electrodes. For the Geonium Chip, the effect of the gap sizes can be neglected.



34

related to changes in the energy associated with each motional mode. Anharmonicities up

to fourth order in position produce linear shifts in frequency, and this is mathematically

expressed in matrix form as


∆ν+

∆νz

∆ν−

 =


M11 M12 M13

M21 M22 M23

M31 M32 M33




∆E+

∆Ez

∆E−

 , (3.9)

where Mij are the elements of this frequency shifts matrix. As an example, the frequency

shifts matrix for a single electron in the trap described in [35] is

M =


5× 10−6 0.5 −0.9

1× 10−3 −203 −411

−2× 10−6 −0.4 2

Hz K−1, (3.10)

where, for simplicity, the electron energy is given in terms of temperature (i.e., in K rather

than J).5 The Geonium Chip is configured to measure the axial frequency directly, so the

matrix elements in the second row are the ones most relevant for precise measurement.6

The most potentially damaging frequency shift is given by the M22 matrix element, which

describes how the axial frequency fluctuates with axial energy. This is because a meas-

urement of ωz results in the axial motion being in thermal equilibrium with the detection

system, which has a temperature of Tz ≈ 4.2 K. Thus, the axial energy, and therefore ωz,

are susceptible to thermal fluctuations, and can make the detection signal unresolvable.

These frequency shifts can, however, be eliminated with a careful choice of an optimal

tuning ratio, T opt
c , such that fluctuations in the axial energy do not produce changes in

the axial frequency (see Figure 3.13). Whilst, in principle, the frequency shift M21 is

relevant, it turns out that, for the Geonium Chip, it only produces a frequency shift of

no more than a few mHz per K. Frequency shifts as a function of changes in magnetron

energy are negligible since the magnetron energy is effectively stable with time [58].

Stray electric fields in the Geonium Chip

The section above discussed how anharmonic imperfections to the trapping electric field

affect the motion of a trapped electron, and, importantly, how these imperfections can be

dealt with such that their effect is minimised. In this section, the sources and effects of

stray electric fields are discussed.

5Thus, 1.38× 10−23 J of energy corresponds to a temperature of 1 K.
6Measurement of other frequencies are dependent on a precise measurement of the axial frequency, for

instance in [5, 69].
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Figure 3.13: A graph showing the axial frequency shifts at T = 4.2 K as a function of Tc.

A tuning ratio exists such that any fluctuations in axial energy produce no shift in the

axial frequency.

The trapping electric field of the Geonium Chip Penning trap is provided by high-

precision 5018 Multifunction Voltage Calibrators manufactured by Time Electronics. Ac-

cording to data from the manufacturers, these particular devices are highly stable, with

voltage fluctuations of the order of 1 µV. Such fluctuations will cause the axial frequency

of the electron to shift by less than 1 Hz, which is less than the maximum resolution of

the Rohde & Schwarz signal analyzer. Thus, for the purposes of single electron detection,

such electric field fluctuations from the voltage supply can be neglected.

Stray electric fields can also come from imperfections in the metallic surfaces of the

trap. Such imperfections can lead to both static and time-varying distortions in the electric

field [76]. The static “patch” potentials are known to have two main origins: variations in

the work function of the metallic surface due to different neighbouring crystal orientations,

and the presence of surface adsorbates. These surface adsorbates may be chemical in origin

(such as surface oxidation), or physical, whereby atoms and molecules in the background

gas can stick to the chip surface via Van der Waals forces [77]. Whilst the effect of chemical

adsorbates can be reduced with the use of gold electrodes, the effect of the latter could

present an issue for the Geonium Chip, since it operates in a cryogenic environment. At

4 K, much of the residual gas molecules stick to the chip surface, and this could distort

the trapping electric field. Whilst the effect of time-varying patch potential noise on the
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motion of trapped ions in surface traps is well documented, its origin is not completely

understood, and for this reason it is often dubbed anomalous heating. Improvements in

methods of probing surface noise has allowed for its origin to be distinguished from effects

that are thermal in nature (i.e., Johnson noise), and has been demonstrated to scale with

the ion-eletrode distance, d, according to d−4 [76, 78]. For the Geonium Chip, this effect

is expected to be small compared with other surface traps. The trapping height of the

Geonium Chip is optimised to be about 0.8 mm above the electrode surface, which is large

compared with typical heights in planar RF traps. Its effect, however, is not yet known,

and will have to be investigated thoroughly when the trap is running.

Another potential source of stray electric fields is the effect of charge buildup in the

electrode gaps. This effect is of particular relevance for the Geonium Chip Penning trap,

since its loading procedure relies on illuminating the wall of the inner vacuum chamber

with UV light. As discussed in [79, 80, 81], the effects of such charge buildup can be

severe, and, in some instances, can even prevent trapping. Furthermore, such effects can

linger, with reports ranging from days [79] to several months [80]. In the cases reported,

the charge buildup resulted from light being incident near the trapping region. The effect

may be less severe in the Geonium Chip Penning trap, where the UV light is directed onto

the inner vacuum chamber wall, but this, too, will have to be investigated empirically.

3.3.2 Magnetic trapping field of the Geonium Chip

It is not just the non-ideal character of the electric trapping field that causes unwanted

frequency shifts. Inhomogeneities in the trapping magnetic field also cause fluctuations

in the motional frequencies of a trapped electron. The design of a planar magnetic field

source requires for these to be understood so that they can be eliminated. As stated above,

the magnetic field source is a planar arrangement of current-carrying loops, and is located

directly underneath the electrode surfaces of the trap. Since the magnetic field strength

decays inversely with distance, magnetic field inhomogeneities along the vertical direction

(i.e., Bz(y)) are the most significant [38]. The B010 and B020 terms are defined as

B010 =
∂Bz
∂y

∣∣∣∣
(0,y0,0)

(3.11)

B020 =
1

2

∂2Bz
∂y2

∣∣∣∣
(0,y0,0)

. (3.12)

Inhomogeneities of Bz along z are largely acccounted for by the symmetry of the magnetic

field source: B001 is negligible, since the magnetic field is symmetric about the xy plane
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for which z = 0, and B020 ≈ −B002 if the current-carrying wires extend long enough along

the x axis.7

It is the aim of the planar magnetic field source to eliminate the B010 and B020 in-

homogeneities, and how this is achieved will be discussed shortly. Firstly, a brief mention

of how these imhomogenieties affect the electron detection signal is given. Like the fre-

quency shifts due to electric field anharmonicities, the magnetic frequency shifts can be

represented in matrix form. Each inhomogeneity has an associated matrix. The frequency

shifts matrices due to B010 and B020 are given below:

MB010 = B2
010


M010

11 M010
12 M010

13

M010
21 M010

22 M010
23

M010
31 M010

32 M010
33

 (3.13)

MB020 = B020


M020

11 M020
12 M020

13

M020
21 0 M020

23

M020
31 M020

32 M020
33

 , (3.14)

where the analytical expressions for the matrix elements M010
ij and M020

ij can be found

in [38], and depend on the trap geometry. For the trap discussed in [38], with a 0.5 T

trapping field, and gradient and curvature terms of B010 = −12.5 mT mm−1 and B020 =

4.8 mT mm−2 respectively, these magnetic frequency shifts matrices (expressed as relative

frequency fluctuations) are

MB010 =


5.6× 10−9 2.3× 10−7 6.9× 10−9

2.3× 10−7 −6.5× 10−2 5.6× 10−10

6.9× 10−9 5.6× 10−10 −9.5× 10−6

K−1 (3.15)

MB020 =


−1.9× 10−11 7.1× 10−6 8.6× 10−8

7.1× 10−6 0 −7.7× 10−8

8.6× 10−8 −7.7× 10−8 −9.3× 10−10

K−1. (3.16)

Equation (3.15) shows that with the magnetic gradient of B010 = −12.5 mT mm−1, an

energy fluctuation corresponding to 1 K in the axial mode of the electron leads to a

fractional shift of the axial frequency of −6.5 × 10−2. The frequency curvature term,

however, has no effect on the axial frequency, regardless of the change in the axial energy

of the electron.
7For static fields, Maxwell’s equations give ∇×B = 0 and ∇·B = 0. Taking the curl of the former, and

substituting in the latter, gives ∇×(∇×B) = −∇2B = 0. For Bz, this means ∂2
x2Bz+∂2

y2Bz+∂2
z2Bz = 0.

Slow variation along x gives ∂2
y2Bz ≈ −∂

2
z2Bz.
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Figure 3.14: A graph showing the simulated detection signal of a single electron for various

values of B010. A magnetic gradient of |B010| = 12.5mT mm−1 is enough to eliminate the

electron detection signal entirely. Inhomogeneities of a few tens of µT mm−1 allow for the

detection signal of the electron to be seen.

These frequency shifts matrices highlight a few important points. Firstly, the axial

frequency shifts due to fluctuations in the axial energy scale with the square of the magnetic

field gradient B010. Calculations in [38] show that for magnetic field gradients in excess

of 12 mT mm−1, the detection signal of the electron becomes unresolvable (see Figure

3.14). Reducing the magnetic field gradient allows for the detection dip to be seen, with

a distorted detection dip for B010 = 63 µT mm−1, and a virtually ideal detection dip

below around 12 µT mm−1. Thus, it is imperative that the planar magnetic field source

is capable of eliminating the B010 terms of the magnetic field distribution.

It is interesting to note that the magnetic field curvature, B020, does not cause any

fluctuation in axial frequency as a function of axial energy. In fact, given that the mag-

netron energy is virtually stable (and can be magnetron cooled), we see that, with a

non-negligible B020 term (commmonly referred to as a magnetic bottle), any shifts in the

axial frequency are caused by changes in the cyclotron energy. If the cyclotron motion

is in the ground state, and the electron absorbs a photon with energy E = hν+, there

will be a visible shift in the axial frequency due to the absorption of a single photon. For

a magnetic field of B ≈ 0.5 T, the photon frequency is approximately 14 GHz, and so

falls within the microwave region of the electromagnetic spectrum. It is precisely on this
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principle that single microwave photon detection in a Penning trap works. Further details

on this are discussed in §3.4.

Accounting for the magnetic field inhomogeneities with the Geonium Chip

magnetic field source − the Γ matrix

As seen above, uncompensated magnetic field inhomogeneities can completely destroy the

detection signal of the electron. It is therefore essential that the Geonium Chip magnetic

field source is capable of eliminating at least the B010 and the B020 terms of the magnetic

field distribution. However, the aim of the Geonium Chip is more than just eliminating

inhomogeneous fields. For an operational single microwave photon detector, it is necessary

to change the magnetic field distribution on demand whilst the trap is running. How this

can be achieved is given in this section.

The planar magnetic field source of the Geonium Chip comprises a plurality of current-

carrying loops confined to a plane. Each current-carrying loop, i, carrying current, Ii,

produces a magnetic field distribution (for which we are mainly concerned about the axial

component, Bi
z(r)), which, about the trapping position, is given by

Bi
z(r) = biz(r0)Ii +

∑
l,m,n

1

(l +m+ n)!

∂l+m+nbiz(r)

∂xl∂ym∂zn

∣∣∣∣
r0

Iix
l(y − y0)mzn, (3.17)

where biz(r) depends on the geometry and location of the ith current-carrying loop. For

N of these loops, the axial component of the total magnetic field distribution is a super-

position of the field distribution from each current, such that

Btot
z (r) =

N∑
i

biz(r0)Ii +
N∑
i

∑
l,m,n

bil,m,n(r0)Iix
l(y − y0)mzn, (3.18)

where bil,m,n = 1
(l+m+n)!

∂l+m+nbiz(r)
∂xl∂ym∂zn

∣∣∣∣
r0

. This can be written more conveniently in matrix

form as



Btot
z

∂Btot
z
∂y

∂2Btot
z

∂y2

...

∂l+m+nBtot
z

∂xl∂ym∂zn


=



b1000 b2000 b3000 . . . bN000

b1010 b2010 b3010 . . . bN010

b1020 b2020 b3020 . . . bN020

...
...

...
. . .

...

b1lmn b2lmn b3lmn . . . bNlmn


.



I1

I2

I3

...

IN


, (3.19)

or, better still, as
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B(r0) = Γ(r0) · I, (3.20)

where the dependence on the trapping position, r0, has been made explicit.8 Equations

(3.19) and (3.20) show that, for a given position, r0, if Γ(r0) is known, Γ(r0) = Γ
known

,

then any chosen magnetic field distribution, Bchosen, can be constructed by applying the

following currents

Irequired = Γ−1
known

·Bchosen. (3.21)

It is therefore a requirement that Γ is invertible, and so it must be a square matrix. This

means that the number of terms that can be controlled in the magnetic field distribution

is equal to the number of independent currents. The operation of the Geonium Chip

magnetic field source crucially relies on it being possible to determine Γ(r0). This can be

measured experimentally, and details are discussed below.

3.3.3 Properties of the prototype planar magnetic field source for the

Geonium Chip Penning trap

Whilst the ultimate aim is to develop a planar superconducting magnetic field source

operating in persistent current-mode, the Geonium Chip is currently operating with a

prototype magnetic field source (shown in Figure 3.9). A discussion of its calibration is

given below.

Γ measurement

Calibration of the prototype planar magnetic field source is achieved using a field map-

ping technique. A schematic depiction of the experimental setup is given in Figure 3.15.

The magnetic field source is placed on the bed of a Computer Numerical Control (CNC)

machine, with each coil connected to a high-precision Rohde & Schwarz HMP4040 cur-

rent source. An Arepoc Hall probe is attached to the moving head of the CNC machine

(see Figure 3.16), so that the Hall Probe position can be precisely controlled (with a step

resolution of 0.01 mm). A personal computer is set up such that the position data of the

Hall probe along with the magnetic field data are taken simultaneously and collated via

a LabVIEW program. The z = 0 point is determined by measuring the magnetic field

8A notational convention is adopted whereby B refers to an array describing the magnetic field distri-

bution, and has, in principle, any chosen number of dimensions, whereas B refers to the magnetic field

vector at a given position, and has three dimensions.
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CNC machine

Device under test

Hall probe

CNC moving head

Hall probe circuitry

Arepoc Data acquisition box

Computer
CNC bed

CNC control box

Figure 3.15: A sketch of the experimental apparatus for measuring Γ. The position of the

Hall probe is controlled by the CNC machine. Magnetic field data is simultaneously taken.

The two sets of data are collated and analysed in a LabVIEW program, which calculates

the expansion coefficients of the magnetic field distribution.

Hall probe holder

Hall probe location

Driven-current 
magnetic field 
source

NbTi wires

𝑧

𝑦
𝑥

Figure 3.16: A photograph of a magnetic field mapping measurement of the prototype

magnetic field source. An Arepoc AXIS-3 three axis Hall probe is placed inside the bottom

of the holder. Magnetic field data along the z direction is collated with the position data

from the CNC machine.
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from the main current and finding the turning point in the field distribution by fitting

the data to a fourth order polynomial in z (see Figure 3.17). The vertical error bars in

Figure 3.17 are the statistical errors in the magnetic field values at each point due to noise

fluctuations, and the errors in the z position correspond to the step resolution of the CNC

machine (0.01 mm). The magnetic field gradient at z = 0 mm is determined by a fourth

order polynomial fit to be ∂zBz = 0.4 nT mm−1. Calibration of the x and y coordinates

is achieved by aligning the edges of the magnetic field source and the Hall probe holder.

Calibration of the Hall probe was performed by the manufacturers.

Once the setup was calibrated, 0.1 A of current was sent into the main wire, and the

Hall probe was scanned along the y axis a distance of 1.5 mm either side of (x, y, z) =

(0, 1.6, 0) mm in the coordinate axis of the magnetic field source. The obtained set of

position and magnetic field data {y,Bz} were then fitted to a Taylor expansion (up to

fifth order) of Bz about y0,

Bmain
z (y) =

5∑
j=0

amain
0j0 (y − y0)j , (3.22)

and the fitting parameters, amain
0j0 , were obtained. This process was repeated five times (i.e.,

six times in total), and the average value of each coefficient, along with its statistical error,

were determined (amain
00j ±∆amain

00j ). The relevant elements in Γ (bmain
0j0 for j = 0, 1, 2, 3) were

computed by dividing amain
0j0 and ∆amain

0j0 by Imain, to obtain bmain
0j0 =

a0j0

Imain and ∆bmain
0j0 =

∆a0j0

Imain . This process was repeated for each of the shim currents, and Γ was determined to

be

Γ =


bmain
000 bshim1

000 bshim2
000 bshim3

000

bmain
010 bshim1

010 bshim2
010 bshim3

010

bmain
020 bshim1

020 bshim2
020 bshim3

020

bmain
030 bshim1

030 bshim2
030 bshim3

030

 (3.23)
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B
z 

(m
T)

z position (mm)

Figure 3.17: A graph showing Bz variation z. The gradient at z = 0 mm is B001 =

0.4 nT mm−1.

Γ(y0 = 1.6 mm ; Imain, Ishim1, Ishim2, Ishim3 = 1 A) =
−2008 µT 1464 µT −4560 µT 930 µT

490 µT mm−1 −120 µT mm−1 −340 µT mm−1 160 µT mm−1

−130 µT mm−2 −190 µT mm−2 100 µT mm−2 −10 µT mm−2

70 µT mm−3 −20 µT mm−3 −20 µT mm−3 50 µT mm−3



±


8 µT 8 µT 10 µT 10 µT

10 µT mm−1 10 µT mm−1 20 µT mm−1 10 µT mm−1

20 µT mm−2 9 µT mm−2 10 µT mm−2 10 µT mm−2

10 µT mm−3 20 µT mm−3 30 µT mm−3 20 µT mm−3

 .

Alternative forms of Γ

The matrix given above is the most practically useful version of Γ. However, alternat-

ive versions of Γ were measured and tested. In one alternative matrix, the elements in

the bottom row, b030, are replaced with b002 terms, such that the bottom row becomes

(bmain
002 , bshim1

002 , bshim2
002 , bshim3

002 ) = ((123±6), (24±5), (−83±8), (8±4)) µT mm−2. Note that,

in this form of Γ, the third and fourth rows are close to being anti-parallel.9 The con-

sequence of this is that there are a huge number of current configurations that give close

9This comes from Maxwell’s equations, which assert that b020 ≈ −b002.
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Desired magnetic field Measured magnetic field Required currents

(Bz0, ∂yBz, ∂
2
y2Bz, ∂

2
z2Bz) (Bz0, ∂yBz, ∂

2
y2Bz, ∂

2
z2Bz) (Imain, Ishim1, Ishim2, Ishim3)

−100 µT

0 µT mm−1

0 µT mm−2

0 µT mm−2




(−98± 2) µT

(4± 1) µT mm−1

(2± 1) µT mm−2

(−4± 2) µT mm−2




18.6 mA

73.0 mA

63.5 mA

128.7 mA




−100 µT

−50 µT mm−1

10 µT mm−2

−10 µT mm−2




(−99± 2) µT

(−44± 2) µT mm−1

(14± 4) µT mm−2

(−13± 2) µT mm−2




−51.5 mA

38.5 mA

55.0 mA

−10.3 mA




100 µT

50 µT mm−1

−10 µT mm−2

10 µT mm−2




(97± 1) µT

(52± 2) µT mm−1

(−15± 2) µT mm−2

(11± 1) µT mm−2




51.5 mA

−38.5 mA

−55.0 mA

10.3 mA



Table 3.1: Table comparing expected and measured magnetic field distributions for differ-

ent sets of required currents in the prototype magnetic field source.

to the same magnetic field distribution. This is one of the main reasons why using the

the definition of Γ given in Equation (3.23) is advantageous. Nevertheless, this alternat-

ive measurement of Γ was tested by trying to produce and measure a number of desired

magnetic field distributions. Using the alternative form of Γ, the currents required to

produce a series of desired magnetic field distributions were calculated. These required

currents are listed on the right-hand column of Table 3.1, with the corresponding desired

magnetic field distributions listed on the left-hand column. The measured magnetic field

distributions for each case are given in the central column. The errors in the measured

magnetic field distribution are the errors in the fourth-order polynomial fit of the magnetic

field data against position. The results are summarised in Table 3.1, and show that the

produced fields are in good agreement with the desired magnetic field distributions.

As stated above, Γ is position-dependent, meaning that, if the magnetic field distribu-

tion is to be controlled at another position, then Γ has to be remeasured. For regions close

to r0, however, Γ can be approximated by the first order term of the Taylor expansion

about y0 as follows
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Figure 3.18: A graph showing the measured magnetic field distribution (blue data points)

compared with the predicted magnetic field distribution from the first order expansion of

Γ (red curve). The range of validity, as determined by there being a 5 % or less deviation

between the measured data points and the expected magnetic field value from Equation

(3.24), is approximately −0.3 mm < y < 0.6 mm. The graphs a. and b. display the same

data, but have different scales in the vertical axes.

Γ(y) ≈ Γ(y0) +
∂Γ

∂y
y0(y − y0). (3.24)

An important question is over what range, δy = y − y0, the approximation in Equation

(3.24) is valid. This was determined by comparing the measured magnetic field distribu-

tion, Bmeas(y) with that of the predicted magnetic field distribution from Equation (3.24)

for the same input currents, I in: Bpred(y) =
[
Γ(y0) +

∂Γ

∂y y0(y − y0)
]
· I in. The results (see

Figure 3.18) show that the valid range, as determined by there being a 5 % or less devi-

ation between the measured magnetic field values and the expected magnetic field values

as determined by the expansion, is approximately −0.3 mm < y < 0.6 mm.

Limit of Γ

Like any measured quantity, Γ has an associated uncertainty which can itself be represented

as a matrix, ∆Γ. The input currents from the precision current supply also have an

uncertainty, ∆I in, given by the precision of the device. For the Rohde & Schwarz HMP4040

precision current supply, the uncertainty is ±0.01 mA. Thus, there will inevitably be some

discrepancy between the desired magnetic field distribution, Bdesired = Γ · I in, and the



46

actual magnetic field distribution, Bactual = (Γ ± ∆Γ) · (I in ± ∆I in). The maximum

discrepancy is given by

max{Bactual −Bdesired} = Γ ·∆I in + ∆Γ · I in + ∆Γ ·∆I in. (3.25)

For the data displayed in Table 3.1, Γ, I in and ∆I in are known, and so max{Bactual −

Bdesired} can be estimated, and can be compared with max{Bmeasured − Bdesired}. The

results below show that they are in good agreement for the homogeneous measurement:

|Bactual−Bdesired| =


2.2 µT

3.5 µT mm−1

3.0 µT mm−2

1.5 µT mm−2

 ; |Bmeasured−Bdesired| =


(2± 2) µT

(4± 1) µT mm−1

(2± 1) µT mm−2

(4± 2) µT mm−2

 .

(3.26)

Cryogenic corrections to Γ

The measurements of Γ described above were performed at room temperature (Troom ≈ 300

K). At this temperature, the input currents are confined mostly to the copper sheath of

the wires. At cryogenic temperatures, the current distribution shifts from being confined

primarily in the copper sheath of the wire to travelling in the niobium-titanium portion

of the wire. This shift affects the overall magnetic field, and has to be accounted for in a

corrected Γ. Since each coil is significantly larger than the cross-section of the wire, we can

approximate that the resulting corrections to Γ are of the form of multiplicative constants

to each column of the matrix. These measurements were performed by A Cridland, and

the corrected Γ is given as follows

Γ
4K

=


−1869 µT 1548 µT −4342 µT 899 µT

456 µT mm−1 −127 µT mm−1 −324 µT mm−1 155 µT mm−1

−121 µT mm−2 −7 µT mm−2 95 µT mm−2 −10 µT mm−2

115 µT mm−2 25 µT mm−2 −79 µT mm−2 8 µT mm−2



±


8 µT 8 µT 10 µT 10 µT

10 µT mm−1 10 µT mm−1 20 µT mm−1 10 µT mm−1

20 µT mm−2 9 µT mm−2 10 µT mm−2 10 µT mm−2

6 µT mm−2 5 µT mm−2 8 µT mm−2 4 µT mm−2

 .

(3.27)

More details of the measurement can be found in [39].
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3.3.4 Summary of the trapping fields of the Geonium Chip Penning trap

This section is concluded with a summary of how the trapping fields can be provided in

the Geonium Chip Penning trap. The electric trapping fields are provided by holding

the electrodes at carefully chosen voltages. These voltages are computed mathematically

using a Green’s function technique [82]. Whilst electric inhomogeneities inevitably exist

in the trapping electric field, a carefully chosen set of voltage ratios can be obtained such

that the axial frequency does not fluctuate with axial energy (for small perturbations).

This can be measured experimentally.

The planar magnetic field source comprises a set of planar coils, each carrying an

independently driven current. By calibrating the magnetic field source (by measuring

Γ(r0)), one can find the set of currents required to eliminate unwanted inhomogeneities

(most importantly, eliminating B010), such to reduce fluctuations in the axial frequency

caused by fluctuations in the axial energy. A particularly important non-homogeneous

distribution is the magnetic bottle field, B000 + B002z
2. As discussed in §3.1, this causes

the axial frequency to shift as a function of cyclotron energy, and is a key feature behind

the Geonium Chip as a single microwave photon detector [19].

3.4 Applications of the Geonium Chip

This section briefly describes some applications of the Geonium Chip. These are portable

mass spectrometry and single microwave photon detection [19].

3.4.1 The Geonium Chip as a portable mass spectrometer

Several applications of mass spectrometry are discussed in §1, and so will not be repeated

here. This section is concerned with the detail of how the Geonium Chip can act as a

portable mass spectrometer.

The Geonium Chip is able to accurately determine the mass-to-charge ratio of a mo-

lecule by measuring the three motional frequencies of a trapped charge. Whilst the setup

is configured only to measure the axial frequency directly, it is possible to ascertain the

cyclotron and magnetron frequencies indirectly. This can be achieved by applying quad-

rupole RF fields close to the expected values of ω = ω+ − ωz and ω = ω− + ωz. The RF

fields modulate the amplitude of the trapped charges, which results in the detection dip

splitting. The degree of splitting can be used to determine the cyclotron and magnetron

frequencies. These three frequencies can then be combined (using the Brown-Gabrielse
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invariance theorem) to obtain the free cyclotron frequency ωc = qB
m . Comparison with

the free cyclotron frequency of a known ion allows for the mass of the molecule to be

determined.

3.4.2 The Geonium Chip as a single microwave photon detector

As mentioned in §1, a device capable of detecting single microwave photons would have

applications in a wide range of fields. However, an efficient and scalable microwave photon

detector has still not been realised [43]. Whilst single microwave photon detection (at 51

GHz) has been demonstrated with Rydberg atoms strongly coupling to photons in high

finesse microwave cavities (see [83]), the required setup, which requires liquid cryogens

and lasers, is not particularly scalable. Moreover, the detection frequency cannot be

easily tuned. Other designs of single microwave photon detectors tend to rely on either

semiconductor or superconductor technology (see [84, 85, 86]), and have a number of

practical limitations, including the need for large and expensive cryogenic systems, as well

as the limitation of a maximum photon count of one [19].

With reference to Figure 3.19, single microwave photon detection in the Geonium Chip

is now given. An electron is initially trapped (and cooled to its cyclotron ground state)

within a harmonic potential and homogeneous field, provided by the set of currents {I}.

This is labelled as ‘stage 1’ in Figure 3.20. Since Γ for the magnetic field source is known,

the required set of currents, {I ′} for a magnetic bottle field B′z = B000 + B002z
2 can be

determined. Changing the currents {I} → {I ′} (see ‘stage 2’ in Figure 3.20) produces

the magnetic bottle field, and the axial frequency (which is being measured continuously)

becomes susceptible to frequency shifts as a function of the cyclotron (n+) and spin (ms)

quantum states (see Equation 3.3). If the electron absorbs a photon resonant with its

cyclotron frequency (‘stage 3’), ω+, (which is 14 GHz for a 0.5 T field) the quantum state

of the cyclotron mode raises by one (‘stage 4’).10 As shown in ‘stage 5’ of Figure 3.20,

this results in a shift in the axial frequency, thereby indicating the absorption of a single

microwave photon.

An advantage of this detection scheme is that more than one photon can be measured

at a time. Using Equation (3.4), it can be shown that a change in cyclotron quantum

number, ∆n+, results in an axial frequency change, ∆ωz, according to

10Note that the spin state, ms, is left unchanged in this process for two reasons: firstly, the Larmor

frequency is off-resonant with the cyclotron frequency by a small (but non-negligible) factor of (g − 2)/2,

and, secondly, the spin-microwave interaction is a magnetic dipole transition, and is heavily suppressed

compared with the cyclotron transition, which is an electric dipole moment interaction [19].
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Figure 3.19: A schematic flow chart of single microwave photon detection in the Geonium

Chip.

∆ωz(∆n+) =
eh̄B002

m2
eωz0

∆n+, (3.28)

where e is the electron charge, me is the mass of the electron, h̄ is the reduced Planck

constant, and ωz0 is the axial frequency when the electron is in the cyclotron ground

state. In order for the ground state of the cyclotron mode to be reached, temperatures

of around 100 mK are required. This is achieved with a miniaturised apparatus, in the

form of an adiabatic demagnetisation refrigerator (ADR) currently under development at

the Mullard Space Science Laboratory (see Figure 3.20). Typically, temperatures of this

order of magnitude are only achieved with large liquid helium-based dilution refrigerators,

which are grossly unscalable.

It should be mentioned that single photon detection with an electron in a Penning

trap has been achieved before [46], whereby discrete shifts in the axial frequency were ob-

served due to the absorption of thermal photons. An operational single microwave photon

detector, however, should be designed to detect external photons from an object under

examination. Thus, a method of guiding microwave photons from outside of the device

and into the trapping region is required. An obvious candidate would be to use a coplanar

waveguide placed immediately underneath (i.e., less than a millimetre) the trapping elec-

trodes, which carries the microwave photon in a quasi-TEM mode. This is a possibility,
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First cooling stage (60 K)

Second cooling stage (4 K)

Experimental setup (80 mK)

Adiabatic demagnetisation 
Refrigerator (ADR)

Geonium Chip

Cold head
Length scale

0.1 m

Figure 3.20: CAD drawing of the Sumitomo pulse tube cryostat with Adiabatic Demag-

netisation Refrigerator. It is estimated that temperatures of around 80mK can be reached.

This is sufficient to reach the cyclotron ground state.

since the Geonium Chip has been measured to show some degree of transparency to mi-

crowave radiation. This measurement was achieved by placing a short-terminated coplanar

waveguide made from FR4 copper circuit board underneath a MIR Geonium Chip with

300 nm thick gold metallisation layer. To the input end of the coplanar waveguide, an 18

GHz microwave signal was supplied through an SMA connector from a Rohde & Schwarz

microwave generator. An SMA pickup antenna was scanned, using a Hei-Z CNC machine

at height of 1 mm above the surface of the Geonium Chip. Figure 3.21 shows the measured

standing wave profile of the microwave signal from the coplanar waveguide both with (red

data points) and without (blue data points) the Geonium Chip. Despite the amplitude

of the microwave signal as measured with the chip being attenuated to around 30 % of

the signal as measured with no chip, the standing wave pattern is clearly observed, thus

indicating the transmissivity of the Geonium Chip to microwave radiation at 18 GHz.

Whilst the principle of single microwave photon detection in the Geonium Chip is very

promising, a key design issue is in enhancing the quantum efficiency. Estimates in [19]

suggest that, with the current setup, a quantum efficiency of 1-2% can be expected (i.e.,

for every one hundred photons that are captured, only one or two are detected). Whilst

this quantum efficiency is relatively modest, it can be improved significantly by greatly

increasing the electric field at the trapping position. How this is to be achieved will be

the focus of future research.
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Figure 3.21: A graph showing the transmission of a standing wave at 18 GHz through the

MIR chip

The main features of the Geonium Chip as a single microwave photon detector can be

summarised as follows:

• The measurement of the axial frequency is non-destructive, meaning that the pres-

ence of microwave photons can be monitored continuously.

• Measuring the axial frequency does not change the quantum state of the cyclotron

mode. This greatly relaxes the temperature requirements of the detection system,

meaning that the detection apparatus can be at 4 K, whilst the cyclotron mode is

at 80 mK.

• The ground state of the cyclotron mode is obtained with the aid of a novel miniature

adiabatic demagnetisation refrigerator capable of reaching 80 mK. Such a miniature

setup could provide for a highly portable experimental setup compared with systems

based on dilution refrigerators.

• The novel planar magnetic field source of the Geonium Chip allows for the strength

of the magnetic field to be varied in situ. Since the cyclotron energy is heavily

dependent on the magnetic field strength, this means that the Geonium Chip can be

tuned to be sensitive to microwave photons in a broad frequency range: (2.8 − 56)

GHz for magnetic fields in the range (0.1− 2.0) T.

• In principle, it is also possible to use the Geonium Chip as a single microwave

photon source. As the cyclotron mode of the electron drops down by one quantum

from an excited state, the photon can be coupled into the coplanar waveguide placed

underneath the electrodes.
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Chapter 4

Fundamental elements of

superconductivity for the

Geonium Chip Penning trap

This chapter sees a shift in focus from a discussion of the Geonium Chip Penning trap

to that of fundamental aspects of superconductivity. As stated earlier, the aim of the

Geonium Chip is to simplify the practicality of Penning trap technology. One of the

most radical improvements is in the planarisation of the magnetic field source. A crucial

aspect of the Geonium Chip magnetic field source is that it operates via the manipulation

of magnetic fields provided by persistent currents running in superconducting materials.

Thus, for a full appreciation of the operating principles of the Geonium Chip magnetic

field source, it is essential that the relevant aspects of superconductivity are discussed.

4.1 Superconductor properties relevant to the Geonium Chip

4.1.1 Zero resistivity

Perhaps the most well-known property of superconductors is their ability to transport

direct current with zero resistance under a certain set of conditions. The conditions below

which a material is superconducting are called the critical parameters, and include a critical

temperature, Tc, a critical magnetic field, Hc, and a critical current density, Jc [87]. These

critical parameters are material dependent. If a superconducting material exceeds any of

these critical parameters, then the material will cease to be superconducting. Any existing

transport current will be dissipated as ohmic loss. The critical values are interdependent,

and it is common to see the superconducting properties of a material represented as a
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Figure 4.1: a Data from [88] showing the critical surface of Superpower high-temperature

superconducting (HTS) tape illustrating the interdependence of Hc, Tc and Jc. b Ex-

perimental data from the Geonium Chip lab showing the superconducting transition in

Superpower HTS tape transporting a current of 0.5 A. The voltage (black curve) across a

nickel-chromium alloy heat switch was measured as a function of the heating current sup-

plied to the switch. The resistance of the tape as a function of heating current is plotted

in red. A clear superconducting transition is observed at a heating current of around 30

mA.
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critical surface (see Figure 4.1).

The zero resistivity property of superconductors is of fundamental importance for the

Geonium Chip planar magnetic field source. In a closed superconducting loop, an induced

current may persist indefinitely without any measurable signs of decay [87]. For example,

in one experiment persistent currents were kept running in a closed superconducting ring

for over a year, with an estimated decay rate of over 100,000 years [89]. For thick super-

conducting loops, mathematical models predict current lifetimes of longer than the age of

the universe [90]! For the Geonium Chip, the practical significance is that the associated

magnetic field does not decay with time, thus enabling a tremendous degree of magnetic

field time stability. For quantum applications, persistent currents are therefore an es-

sential requirement. Whilst the use of persistent currents in superconductors is standard

in Penning trap systems, the Geonium Chip magnetic field source is novel in its planar

arrangement of closed superconducting loops. The associated challenges this brings, and

how they are overcome, is discussed throughout the remaining chapters of this thesis.

It is worth mentioning that the microscopic theory of superconductivity (known as

BCS theory after its founders, Bardeen, Cooper, and Schrieffer [91]) is not discussed in this

thesis. This is partly motivated by maintaining the scope of the thesis, but also because,

at the time of writing, the theory is incomplete in that it does not fully describe how

superconductivity arises in high-temperature superconductors [89]. Since much of what

follows relies on the properties high-temperature superconductors, it seems appropriate to

refrain from such a discussion. A comprehensive treatment can be found in [89].

4.1.2 Meissner-Oschenfeld effect

For a material in its normal (non-superconducting) state, an externally applied magnetic

field will penetrate through the material. In its superconducting state, however, the

magnetic field is expelled from the interior of the material, with some magnetic field

penetrating to a small distance, λ, from the superconductor edge [92]. λ is termed the

London penetration depth, and is given by

λ =

√
me

µ0n(2e)2
, (4.1)

where me is the mass of the electron, n is the charge carrier density, µ0 is the permeability

of free space, and 2e is the charge of the Cooper pairs (where it is noted to be twice the

charge of the electron, e). For a Cooper pair carrier density of around n ≈ 1028 m−3 (which

is typical for a metallic superconductor), the penetration depth is λ ≈ 10 nm [87]. The
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Figure 4.2: Expulsion of the magnetic field lines from the yttrium barium copper oxide

(YBCO)-based superconducting tape allows for the neodymium magnet to levitate. The

photograph was taken in the Geonium Chip lab and shows a 3 mm diameter neodymium

magnet levitating a 10 cm strip of Superpower HTS tape. The tape was stuck down onto

an aluminium plate placed inside a liquid nitrogen bath.

expulsion of magnetic fields from inside the superconductor is due to induced screening

currents on the edge of the material, and can provide enough force to levitate a magnet

(see Figure 4.2). Although not discussed here, it is noted that the Meissner-Oschenfeld

effect is a fundamental property of superconductors, and is not merely a consequence of

zero resistivity [87].

In conventional Penning traps, the Meissner-Oschenfeld effect is of no real significance,

since it is an effect that distorts the magnetic field distribution around the surface of a

superconductor. Since the trapping region in conventional Penning traps is so far away

from the superconducting solenoid (typically several centimetres away or more, such as in

[93]), the field distortion in the trapping region is minimal, particularly since the screening

current density is typically much smaller than the transport current density. It does,

however, need to be carefully considered when designing a planar magnetic field source,

where the trapping region is less than 2 mm away from the superconducting magnetic field

source.

Simulation of the Meissner-Oschenfeld effect for a planar superconducting

magnetic field source

A computational investigation on how the Meissner-Oschenfeld effect distorts the trapping

field distribution is made with the aid of a open-source finite element magnetics software
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Figure 4.3: FEMM simulations showing how expulsion of the magnetic field from super-

conductors may distort the trapping field if not accounted for. The simulated current in

both cases is 50 A. The differences in simulated magnetic field distributions from copper

wire (top) and superconducting wire (bottom) are clear.

(FEMM). The magnetic field distribution from four current-carrying wires of square cross-

section (0.5 mm× 0.5 mm), each separated from their nearest neighbour by 0.5 mm, and

assumed to be infinitely long in the x dimension (see Figure 4.3) are determined for

a number of different currents ranging from 1 A to 50 A. The currents in the wires are

uniform along the cross-section, and are directed along the x axis, with the two outer wires

carrying current into the page (denoted by +I), and the two inner wires carrying current

out of the page (denoted by −I). The z component of the magnetic field distribution

about r0 = (0, 0.5, 1.75) mm is determined up to third order in both y and z for both

simulated copper and superconducting wire (where, to avoid computational errors, the

relative permeability was chosen to be µr = 10−9, instead of exactly zero). The simulated

field distributions from both are shown in Figure 4.3 for an input current of 50 A. A table

of the relative distortions for each current is given in Table 4.1. The field distortion due to

the Meissner effect is clearly visible, ultimately meaning that Γ depends on temperature,

such that Γ(T > Tc) 6= Γ(T < Tc). It is therefore essential to calibrate the magnetic

field source when the material is superconducting.1 The simulation also shows that the

relative field distortion between the copper and superconducting wires does not change

with current. Thus, calibration of the magnetic field source can be made with low input

1It should be noted that this is in addition to magnetic field distortion due to changes in the current

density when a material becomes superconducting. This is discussed in [39], and in §3.
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Current (A) BCu
z (r0)

BSC
z (r0)

∂zBCu
z (r0)

∂zBSC
z (r0)

∂z2B
Cu
z (r0)

∂z2B
SC
z (r0)

∂yBCu
z (r0)

∂yBSC
z (r0)

∂y2BCu
z (r0)

∂y2BSCz (r0)

1 1.293 1.105 1.203 1.718 0.720

5 1.291 1.107 1.203 1.718 0.720

10 1.291 1.107 1.203 1.718 0.720

20 1.291 1.107 1.203 1.718 0.720

50 1.291 1.107 1.203 1.718 0.720

Table 4.1: Table showing simulated distortions to the magnetic field distributions due

to the Meissner-Oschenfeld effect. BCu
z describes the magnetic field due to current in

the simulated copper wire, whilst BSC
z refers to the magnetic field from the simulated

superconducting wire. The data shows that there is significant distortion to the magnetic

field distribution, and this is particularly severe for the ∂yBz term.

currents and still be valid when holding strong fields.

4.2 Types of superconductors

4.2.1 Type I and Type II superconductors

A superconductor is classified as being either Type I or Type II. This classification is based

on how the critical properties of the material behave as a function of applied magnetic

field, Ha [87].

Type I superconductors are often termed ‘soft superconductors’, and are characterised

as having only one critical field, Hc. Provided T < Tc, if a Type I superconductor is placed

in an external magnetic field, Ha, the material will remain superconducting under the

condition Ha < Hc. This is often termed the ‘Meissner state’, since no magnetic field lines

penetrate into the material. Upon increasing Ha, the material remains superconducting

until Ha > Hc, whereby the material immediately becomes normally conducting as a

phase transition takes place. Once normal, the external magnetic field penetrates into the

material.

Type II superconductors are different in that they are characterised as having two

critical magnetic fields: a lower critical field, Hc1, and a higher critical field, Hc2. If a

Type II superconductor is held at T < Tc, and is subjected to an external magnetic field,

Ha, then, provided Ha < Hc1, the material remains superconducting and in the Meissner

state, where the applied magnetic field is expelled by the material. If the applied magnetic
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Figure 4.4: A schematic diagram showing the origin of flux creep in a Type II supercon-

ductor. Interaction between the flux tubes and the transport current forces the vortices

to jump between pinning sites in a thermally activated process, causing the self-flux of a

closed superconducting loop to slowly decay. The motion of the vortices is denoted by the

red arrows, and v describes the average velocity of the vortices as they migrate across the

superconductor.

field exceeds the upper critical field, Ha > Hc2, then the material is in the normal state,

and the applied magnetic field penetrates into the material. However, when the condition

Hc1 < Ha < Hc2 is satisfied, the superconductor is said to be in the Shubnikov phase,

or mixed state, whereby the normal and Meissner state of the superconductor coexist. In

this state, the external magnetic field is largely expelled, but penetrates into the material

through regular triangular arrays of flux tubes, known as fluxons, or Abrikosov vortices

[94], with each vortex carrying a single quantum of flux, φ0 = h
2e ≈ 2.07× 10−17 Wb [89].

If the material is transporting some current, J, there will be a Lorentz force which pushes

the vortices transverse to the direction of current flow (see Figure 4.4). This induces

an effective electric field which opposes the transport current, thereby introducing some

resistance. This process is known as flux flow. Flux flow can be largely reduced with the

presence of defect sites in the material, which aid to ‘pin’ the vortices preventing them

from moving.

Flux creep

At high current densities (J ∼ Jc), the driving force on the vortices is large enough for

them to overcome the pinning force via thermal activation, in a process known as flux

creep. Here, available thermal energy enables flux vortices to hop between pinning sites,

thereby introducing a small resistance on the transport current. For a persistent current in
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Figure 4.5: Data taken from a closed superconducting loop showing flux creep. The graph

shows a good fit (reduced χ2 of 1.2) between Equation (4.2) and the data, indicating that

flux creep is well-described by the Anderson-Kim model.

a closed superconducting loop, this manifests as a gradual decay of the trapped magnetic

field, the time dependence of which is characterised by the Anderson-Kim model [89, 95, 96]

B(t) = a− b ln(t− t0), (4.2)

where a and b are constants. An example of such magnetic field decay is given in Figure

4.5, which shows a measurement of the magnetic field over time from a 12 mm × 12 mm

square of Superpower HTS tape, with superconducting paths 3 mm wide. The loop is

field cooled (see Figure 4.6) by placing a neodymium magnet in the centre of the loop and

immersing it in liquid nitrogen. After a number of seconds, the magnet is then removed and

the magnetic field in the centre of the loop is measured with a cryogenic Hall probe. The

errors in the magnetic field are the statistical errors from the magnetic field measurements

in 10 second time intervals. The red curve represents the fit of Equation (4.2) to the data,

and has a reduced χ2 of approximately 1.2.

Since flux creep is a thermally activated process, its effects are more severe at higher

operating temperatures (particularly with high-temperature superconductors), and this

could present a practical limit for the operating temperature of the Geonium Chip. How-

ever, current decays due to flux creep can be compensated by periodic induction via the

method of flux pumping, which is also the method of magnetising the magnetic field source
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Figure 4.6: A schematic diagram showing field cooling. a. A closed loop of superconductor

is held at a temperature above its critical temperature (T > Tc). b. In Step 1, the loop is

subjected to an applied field, B. In this step, the superconductor remains above its critical

temperature. c. In Step 2, the superconductor is cooled below its critical temperature

(T < Tc). d. In Step 3, the applied field is then removed, and a persistent current is

induced in the closed superconducting loop to conserve the flux (see §4.4).

(see §5).

4.2.2 High-temperature superconductors

High-temperature superconductors were first discovered in 1986 by Bednorz and Muller

[97],2 and are materials that display superconducting properties at unusually high tem-

peratures. Whilst there seems to be no universal categorisation, it is generally accepted

that a superconductor whose critical temperature, Tc, is in excess of 30 K is considered

a high-temperature superconductor, whilst those with Tc < 30 K are considered low-

temperature superconductors. Of particular practical importance for the Geonium Chip

Penning trap are high-temperature superconductors with critical temperatures above 77 K

(such as rare-earth barium copper oxide (ReBCO)-type superconductors, of which YBCO

is an example). These could allow for the Geonium Chip to operate in nitrogen-based

cryogenic systems, which would massively simplify and cheapen the experimental setup.

Despite the advantage of a high operating temperature, the use of high-temperature

2They were awarded the 1987 Nobel Prize “for their important break-through in the discovery of

superconductivity in ceramic materials”.
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Figure 4.7: A graph depicting the E − J power law of superconductors.

superconductors comes with its difficulties. As far as is known, all high-temperature

superconducting materials are categorised as Type II superconductors, and so display flux

creep behaviour when operating near their critical parameters. This non-ideal behaviour is

often characterised by an ‘n’ number, which describes the voltage per unit length (i.e., the

electric field, E, in the superconductor) that is often written as a function of the current

density, J , transported by the superconductor [87]

E = Ec

(
J

Jc(B, T )

)n(B,T )

, (4.3)

where the n dependence on temperature, T , and magnetic field, B, is made explicit, and

Ec = 1 µV cm−1 is the standard criterion used to define the critical current density, Jc.

The higher the n value, the more ideal the superconducting behaviour, as shown in Figure

4.7. Whilst low-temperature superconducting materials are approximately ideal (with

typical values of n > 25), high-temperature superconductors often have non-negligible

index values of n < 18 [87]. Another issue with high-temperature superconductors is in

their mechanical properties. Most practical high-temperature superconductors (such as

YBCO) are ceramic-based materials, and are therefore brittle and difficult to machine.

Whilst some 3D printing of high-temperature superconductors has been performed (such

as via extrusion free-forming) it is difficult to obtain precisely defined dimensions [98, 99].
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Figure 4.8: Cross-section of the Superpower HTS tape [100]. It should be noted that the

tape used in the work of this thesis did not have the copper stabilisation layer.

4.3 Superconducting materials

This section briefly summarises the main features of the superconducting materials used

in this body of work. Whilst the majority of the developmental work in §5 was performed

with different types of YBCO-based HTS tape, the proposed magnetic field source (see

§6) is designed to be made of bulk niobium titanium (NbTi).

4.3.1 High-temperature superconductor tapes

The majority of the experimental work in §5 was performed using YBCO-based HTS

tapes. The tape is chosen for many reasons, including its commercial availability, its

planar geometry, and the high critical temperature of YBCO. These proprerties enable for

rapid proof-of-concept experiments to be performed. Additional useful properties of HTS

tape are that they are easily machined and easily soldered.

Three types of HTS tape were used in the development of the planar magnetic field

source, all of which were YBCO based. The first was a 12 mm wide tape manufactured by

Superpower. The second was a 46 mm wide tape from American Superconductor. The third

was 40 mm wide tape from Bruker. A comparison of their electrical and physical properties

is given in Table 4.2. A schematic depiction of the cross-section of the Superpower tape is

given in Figure 4.8. All samples of YBCO-based tape came without the copper stabilisation

layer.

Aside from their widths, the main difference between the tapes are the electrical proper-

ties of the buffer layers. Of particular significance is the nickel based layer in the American
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Figure 4.9: The magnetic field distribution from a superconducting structure made from

American Superconductor tape after being field cooled with a neodymium 3mm magnet.

a. The measured magnetic field distribution showing remanent magnetisation on the left-

hand loop. This was where the neodymium magnet was positioned during field cooling.

The magnetic field in the right-hand loop is due to persistent current. b. A schematic

drawing of the dimensions of the superconducting tape.

Superconductor tape, which displayed magnetic remanence when magnetised with a 3 mm

neodymium magnet (see Figure 4.9). In this experiment, a 3 mm neodymium magnet was

placed about 1 mm above the left-hand loop of the superconducting structure at room

temperature. Liquid nitrogen was then added thereby freezing the flux from the magnet

into the closed superconducting circuit via the process of field cooling (see Figure 4.6).

The magnet was then removed resulting in the induction of a current in the entire loop

so as to conserve flux. In addition to this induced current, the presence of the magnet

above the tape resulted in some magnetisation of the nickel layer in the American Super-

conductor, with the remanent magnetisation clearly visible on the far left-hand edge. In

similar experiments, no visible remanence was observed in either the Bruker or Superpower

tapes.

4.3.2 Soldering to high-temperature superconducting tape

In many cases soldering to HTS tapes is necessary. For the purpose of this work, the

intention of soldering to HTS tapes is not to achieve exceptionally low resistance values
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12 mm
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Solder jointWire

Superpower
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b.

12 mm
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YBCO

Solder-silver mixture

Figure 4.10: a. A typical solder joint between wire and Superpower high-temperature su-

perconducting tape. The solder flux around the joint is clearly visible. b. The Superpower

tape with silver melted away revealing the black YBCO layer.

like those in [101]. Rather, it is merely to provide an electrical connection between the

superconducting tape and a wire.

The method described below applies to all three types of HTS tape listed in Table

4.2. Firstly, the silver layer on the top side of the HTS tape (i.e., the side closest to the

YBCO layer) is smeared with either solder paste or solder flux. Then, a conducting wire is

pressed into the solder paste/flux, before a “tinned” soldering iron is gently touched onto

the smeared paste/flux for less than a second. This causes the solder to melt and dissolve

the silver layer, such that the resulting fluid engulfs the end of the wire. Removing the

soldering iron quickly enough allows for the silver-solder solution to solidify around the

wire such that it is held in place on the tape. An example of such a solder joint is shown

in Figure 4.10a. Caution must be taken not to leave the soldering iron touching the tape

for too long. The silver layer dissolves into the solder and flows away from the soldering

iron, revealing a black YBCO layer underneath (see Figure 4.10b).3 It should be noted

that the solder joint is very fragile, and care must be taken to ensure the silver does not

flake away from the tape. In spite of its fragility, solder joints prepared in this way have

been able to withstand tens of cryogenic cycles without noticeable degradation.

3This is, in fact, a useful method of stripping the tape of its silver layer, although one should be careful

when doing this, as the exposure of heat to the YBCO tape can damage its superconducting properties.
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a. b.

6 mm

Superpower
HTS tape

NiCr wire

6 mm

Varnish

NiCr wire

Superpower
HTS tape

Figure 4.11: Superconducting heat switches. a. Nickel-chromium wire wrapped around

high-temperature superconducting tape. b. The switch is coated in varnish to reduce heat

loss via convection when immersed in liquid nitrogen.

4.3.3 Superconducting heat switches

A superconducting switch is a device which drives a region of a superconducting material

normally conducting. The process is reversible, and the material returns to its supercon-

ducting state when the switch is turned off. Superconducting switch operation requires for

one of the critical parameters of the material to be exceeded in a localised spot. Magnetic

field switches, which exceed Hc of the material, are difficult to implement with HTS tape

made from YBCO due to their high critical field [102]. Thus, heat switches which locally

exceed Tc of the material are most practical. In §5, the need for such switches will become

apparent.

Fabrication of heat switches is relatively simple. The HTS tape is wrapped with high

resistance (62.3 Ω m−1) 0.1 mm diameter nickel-chromium wire. Current supplied to the

wire dissipates heat which conducts to the HTS tape raising its temperature. If enough

heat is generated, then the temperature of the superconducting material will eventually

exceed Tc. Their efficiency can be improved by insulating the switch (see Figure 4.11)

with varnish or epoxy [40]. This is because, when operated in a liquid cryostat where the

HTS tape is immersed in liquid nitrogen, the insulating material prevents much of the

heat generated in the nickel-chromium wire from being convected away by direct contact

with the liquid nitrogen. Such loss of heat via convection is not an issue in a dry cryostat

setup, whereby the superconducting switch is operated in vacuum.
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Heat switch measurements

Three different methods of testing the operation of heat switches are used. The first of

which is the standard 4-wire resistance method (see Figure 4.12). A length of supercon-

ducting material is cut, and nickel-chromium wire is wrapped around the centre of the tape

and smeared with varnish to make a heat switch. The nickel-chromium wire is connected

to a power supply through an ammeter. Either side of the heat switch, wires are soldered

to the superconducting tape and connected to a voltmeter. Wire is also soldered onto each

end of the superconducting tape, and connected to a high precision power supply through

another ammeter. The superconducting circuitry is immersed in liquid nitrogen, and 0.5

A current is set to run through the superconducting tape. When superconducting, the

voltmeter records 0 V. The heating current is then gradually increased whilst the voltage

is monitored. When the material becomes normally conducting (in Figure 4.12, this hap-

pens with a heating current of 30 mA), a finite voltage is measured in the voltmeter. The

characteristic V − I curve is shown in Figure 4.12.

A second method comprising a “Y” shaped superconducting circuit is shown in Fig-

ure 4.13. Current leads are soldered to each of the three ends of the superconducting Y

structure, and on one of the arms is placed a heat switch. An ammeter is placed on the

output of the arm without the heat switch. An input current of 0.33 A is set to flow

into the superconducting structure, and divide into the two arms of the circuit. This is

represented by red arrows in Figure 4.13. The amount of current in each arm depends on

the relative resistances. Increasing the heating current raises the temperature of the su-

perconducting material near the heat switch, until eventually Tc is exceeded. This results

in a shift in current to the arm without the heat switch, and is seen as a sudden jump in
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Figure 4.13: A method of testing heat switches using a Y shaped superconducting struc-

ture. The top left shows the case when the heat switch is not operating. When the heat

switch is operating (depicted on the bottom left) there is a sudden increase in current in

the arm that does not have the switch, as shown in the graph.

current measured in the ammeter (see right-hand panel of Figure 4.13). This particular

measurement took place in a liquid cryostat, as can be seen by the relatively high heating

current of over 0.5 A.

A third method uses a superconducting circuit similar to the Y structure, only with

the two arms joined to form a single output lead with a closed loop in the middle. Cur-

rent flows into the superconducting structure, divides into two arms, before recombining

and exiting the superconductor through the output lead (see Figure 4.14). The left-hand

side shows two schematic diagrams of the experimental setup. The top left shows the

case when both arms are completely superconducting, with the transport current dividing

evenly between the two. The measured magnetic field distribution for this case is depicted

in the top right, and corresponds to an even distribution of current. The bottom left shows

a sketch of the current division when the heat switch is on. In this case, all of the current

is now directed along the arm without the heat switch. As a result, there is a drastic

change in the measured magnetic field distribution, as is shown in the bottom right-hand

graph. Note that the Hall probe is placed several centimetres away from the heat switch

such that any magnetic field from the heating current is negligible.

4.4 Flux conservation in closed superconducting paths

The principle of flux conservation in closed superconducting paths is (along with zero

resistivity) probably the most important concept in the design and operating principle of



69

Transport 
current

Hall probe

Heat switch

No 
current

Transport 
current

Hall probe

Heat switch

Heating 
current

𝑥

𝑦

.𝑧
-0.12

-0.08

-0.04

0

0.04

0.08

0.12

0.16

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

M
ag

n
et

ic
 F

ie
ld

 (
m

T)

y position (mm)

-0.4

-0.32

-0.24

-0.16

-0.08

0

0.08

0.16

0.24

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

M
ag

n
et

ic
 F

ie
ld

 (
m

T)

y position (mm)

𝑦 (mm)

0

+7

−7

0

+7

−7

𝑦 (mm)

Figure 4.14: A Hall probe scanning method for determining heat switch operation. Heat

switch operation is determined by measuring a significant change to the magnetic field

distribution.

the Geonium Chip magnetic field source. In fact, its entire design relies on manipulating

this effect to precisely control the magnetic field distribution to permit for the trapping

and detection of a single electron. Thus, a comprehensive discussion is given here.

4.4.1 Theoretical derivation of flux conservation

Whilst by no means a classical effect, a closed superconducting loop subjected to a time-

varying magnetic field, B(t), can be approximately described in terms of a lumped-element

circuit model. Electrically speaking, a closed normally conducting loop can be approxim-

ated as a series R−L circuit (see Figure 4.15).4 Magnetic field lines from the time-varying

magnetic field flow into the closed conducting loop, creating an electromotive force in ac-

cordance with Faraday’s law of electromagnetic induction, V = −dφa
dt , where φa is the

applied flux flowing through the closed loop. A time-varying current, I(t), is then in-

duced, obeying Kirchoff’s voltage law

L
dI

dt
+ IR = −dφa

dt
, (4.4)

where L is the inductance of the loop, and R is the total resistance. This can be rearranged

to

4Here, it is assumed that the frequency of the applied field is sufficiently low such that the parasitic

capcitance of the loops can be ignored.
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Figure 4.15: A sketch of the equivalent circuit of a square conducting loop subjected to a

time varying applied magnetic field.

d

dt
(LI + φa) = −IR. (4.5)

Taking R = 0 (for a superconductor) reveals that the total flux is constant:

LI︸︷︷︸
self flux

+ φa︸︷︷︸
applied flux

= constant. (4.6)

Equation (4.6) shows that any change in applied flux, φa, is perfectly compensated by a

change in the current, I, so as to keep the total flux in the loop constant. This concept is of

key importance to the magnetic field source of the Geonium Chip for a number of reasons.

Firstly, it makes remote magnetisation of a closed superconducting loop difficult, since

the superconducting loop reacts to changes in applied field. How this is overcome is the

content of §5. The second difficulty is cross-talk between different superconducting loops.

Since the current in any superconducting loop is critically dependent on the external flux

that flows through it, one needs to account for the fact that any change in current in one

loop will consequently result in changes in the current of a neighbouring loop (see Figure

5.11 in §5 for more details). Failure to control such cross-talk would result in failure to

control the magnetic field distribution. This is discussed in more detail in §5.

It should be noted that the theoretical discussion above is merely a classical approxim-

ation. In the macroscopic quantum theory of Ginzburg and Landau [103, 104], there is an

additional non-classical effect which states that not only is a flux-type quantity conserved,

but it is also quantised according to

φ′ = nφ0 =

∮
C
µ0λ

2J · dl +

∫
B · dS, (4.7)
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Top view Cross-sectional view

𝑤

𝑡

Figure 4.16: A sketch showing the relevant dimensions of a closed rectangular loop. The

left-hand side shows the top view, whilst the right-hand side shows an edge on view along

the red dashed line.

where φ0 = h
2e is the magnetic flux quantum, J is the superconducting current density,

and nφ0 is the fluxoid, which is the parameter that is conserved. C defines the closed

superconducting contour, and n is an integer. For the types of superconducting geometries

relevant to the Geonium Chip magnetic field source, and in particular with structures

fabricated from Superpower tape, the first term on the right-hand side of Equation (4.7)

is negligible [105]. Thus, the classical description of flux conservation suffices.

4.4.2 Geometric approximation of self-flux in a closed loop

The self-flux of a closed loop is equal to the product of the loop inductance, L, and the

circulating current, I. The loop inductance depends entirely on the geometry of the loop.

For our purposes, we are concerned with rectangular loop structures of rectangular cross-

section. According to [106], the general formula for the inductance of a rectangular loop

of rectangular cross-section is

Lself = 4µ0

{
l1

[
ln

(
2l1
w + t

)
+

1

2
+

0.2235(w + t)

l1

]
+ l2

[
ln

(
2l2
w + t

)
+

1

2
+

0.2235(w + t)

l2

]

− l1 ln

(
l1 +

√
l21 + d2

d

)
+ l2 ln

(
l2 +

√
l22 + d2

d

)
+
√
l21 + d2 +

√
l22 + d2 − 2d

}
,

(4.8)
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Figure 4.17: Graphs of self-inductance vs perimeter for square and rectangular loops. a.

Graph of self-inductance against loop perimeter for a square loop of path width w = 3 mm

and thickness t = 1 µm. b. Graph of self-inductance against perimeter for a rectangular

loop of width w = 3 mm, thickness t = 1 µm, and aspect ratio l2 = 3l1. Their relationship

can be well approximated as linear.

where l1 and l2 are the lengths of the sides of the rectangular loop, d =
√
l21 + l22 is the

diagonal of the rectangular loop, w is the width of the rectangular cross-section of the

wire, and t is the thickness of the wire (see Figure 4.16). It turns out that Equation (4.8)

can be very well approximated as Lself = k × 2 (l1 + l2), which can be generalised to

Lself = k × “perimeter of loop” , (4.9)

where k ∼ 10−5 for loops of l1, l2 ∼ cm. A plot of self-inductance vs perimeter for square

and rectangular loops is given in Figure 4.17. The geometries shown correspond to typical

dimensions of structures made from the Superpower HTS tape.5 The self-flux, φself , for a

closed loop carrying current, I, is then

φself = k × “perimeter of loop”× I . (4.10)

This approximation, which we will call the linear flux approximation, is used extensively

throughout §5 and §6, and is integral to the design of the planar magnetic field source.

5Note that this approximation still holds for rectangular loops scaled up to several metres in length.
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4.5 Current distribution in thin superconducting materials

of rectangular loop geometry

The trapping region of the Geonium Chip Penning trap is only millimetres away from

the superconducting magnetic field source. Thus, how the current distributes within the

rectangular closed superconducting loops of the magnetic field source has a significant

effect on the trapping magnetic field. What is of concern for the Geonium Chip Penning

trap is how direct transport currents distribute within the cross-section of the rectangular

superconducting loops. Alternating currents, along with vortex currents in Type II super-

conductors, are not a primary concern. Whilst screening currents do have a distortional

effect on the magnetic field distribution (i.e., the Meissner-Oschenfeld effect), the relative

distortion was shown not to vary significantly with transport current6 (see §4.1.2).

4.5.1 Current distribution within a strip of high-temperature supercon-

ducting YBCO tape

The current distribution in a 60 mm long strip of 12 mm wide YBCO Superpower tape

(submerged in liquid nitrogen) carrying 2 A of current is inferred from a magnetic field

mapping technique. A current of 2 A is run through the superconducting tape from a

Rohde & Schwarz HMP4040 current supply, and the vertical component of the magnetic

field is mapped with an Arepoc AXIS-3 cryogenic Hall probe attached to the moving head

of a CNC machine. The resulting field distribution appears to be approximately consistent

with what is expected from a uniform distribution of current (see Figure 4.18). The

theoretical current distribution in a superconducting thin film of width, w, and thickness,

d, is described by Rhoderick and Wilson [107], and is given by

J(x) =
J(0)√

1− (2x
w )2

(4.11)

6The logic for this statement is as follows: the screening currents are the solution to the London equa-

tions which satisfy the boundary condition that the magnetic field is zero deep inside the superconductor

(the Meissner-Oschenfeld effect) but non-zero outside. The simulations in §4.1.2 that investigate how the

magnetic field distribution is affected by the Meissner-Oschenfeld effect impose these same boundary con-

ditions, and provide a calculation of the magnetic field distribution. The results from these simulations

indicate that the relative distortion of the magnetic field distribution between normal conducting and

Meissner phases was largely independent on the transport current. Thus, whilst no investigations have

been made to determine the field distortion due to screening currents explicitly, the simulations, in effect,

provide this information.
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the field distribution along a cross-section of the tape. The blue points are experimental

data, and the red curve is the theoretical field distribution (assuming a uniform current

distribution) at a height of 0.54 mm for a 60 mm× 40 mm× 1µm superconducting strip

carrying 2 A of current. There is a slight non-uniformity in the current distribution,

which can be seen in the data. The experimental data shows a shallower gradient around

x = 0 mm than that of the field from an expected uniform distribution of current. This

indicates that the current is more heavily distributed near the edges of the superconductor,

in agreement with [107]. The vertical errors bars represent the statistical error in the

measured vertical component of the magnetic field at each point, and the horizontal error

bars are an estimate the uncertainty in the x position due to misalignment of the Hall

probe.
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Figure 4.19: Cross-section of thin-film current-carrying wire of width, w, and thickness,

d. The current density, J , is directed along the z axis
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for x� w/2, and

J(x) =
exp1/2

√
wdJ(0)

λ
√

2a
exp−

d(w2 −x)

aλ2 (4.12)

near the edge of the superconductor, where J(0) is the current density at x = 0 (see

Figure 4.19), and a is a dimensionless constant of the order of unity. E.F. Talantsev

et al. [108] demonstrated that for low transport currents in 12 mm Superpower YBCO

superconducting tape, the current distribution is consistent with the theory of Rhoderick

and Wilson. However, as the current density approaches the critical value, the current

tends to a uniform distribution within the superconductor. The planar magnetic field

source of the Geonium Chip will most likely be operating at currents near to the critical

current density, and so the assumption that the current distribution is uniform can be

made. The experimentally measured field distribution of Figure 4.18 also shows that the

uniform current approximation at can be made at low currents. This is particularly useful

as it allows for Γ to be measured at low currents yet still retain its validity near Jc.

An interesting artifact of the measurement is the magnetic field distribution about the

input and output wires (see Figure 4.18). The measurement clearly shows that current

enters the tape from the input wire before distributing evenly in the tape. At the output

end, the current funnels into the output wire lead and out of the superconducting material.

4.5.2 Current distribution within a closed rectangular loop of YBCO

tape

Whilst Figure 4.18 shows an approximately uniform distribution of current in a thin strip of

superconducting material, it should be noted that the Geonium Chip magnetic field source

is made up of thin rectangular closed superconducting loops. It is therefore necessary to

understand how the current distributes within this geometry.

A 12 mm × 12 mm square loop with a path width of 3 mm is cut using a CNC

machine. A 3 mm-diameter neodymium magnet is placed a few millimetres above the

centre of the loop before the loop is field cooled with liquid nitrogen. The neodymium

magnet is removed, inducing a current within the superconducting loop so as to conserve

the flux in the loop. Scans of the magnetic field y component are performed along the

z axis for various x positions using a cryogenic Hall probe attached to the moving head

of a CNC machine. The axes are labelled in Figure 4.20a. For each x position, data for

the y component of the magnetic field are fitted to an analytical expression (calculated

by J Verdú [109]) that assumes a uniform current distribution. The results of this fit
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provides, for each x coordinate, a fitted current value of the current. The resulting current

values for each x position are shown to be approximately uniform, and are plotted in

Figure 4.20. This suggests that the current distribution within a closed rectangular loop

is approximately uniform.
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Figure 4.20: Measured current distribution in a square closed superconducting loop. a.

The dimensions of the superconducting loop. The fitting magnetic field distribution func-

tion assumes current is distributed uniformly in four trapezoidal structures. The origin

(x, z) = (0, 0) of the coordinate system is the centre of the loop. b. The currents obtained

from fitting the experimental data to the analytical expression for current uniformly dis-

tributed in trapezoidal structures (see above). c. The same data as above, but with a

larger scale in the vertical axis.
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Chapter 5

Remote induction of persistent

supercurrents in the Geonium

Chip magnetic field source

5.1 Introduction

§1−3 dealt with the basic principles of Penning trap technology, and how the Geonium

Chip offers a novel architecture with regard to both the electric and magnetic field sources.

A very important feature of §3 was the discussion of the operating principle of the planar

magnetic field source. Arbitrary field distributions, B, about the trapping position, r0, can

be produced on the provision that it is characterised (meaning that Γ(r0) is measured).

Once Γ(r0) is known, any desired magnetic field distribution, Bdesired, can be constructed

by simply putting in the required currents, Irequired. These required currents are calculated

directly from Irequired = Γ−1 · Bdesired. In §3, this principle was demonstrated with a

prototype magnetic field source running on driven currents from a precision power supply.

The eventual aim is to have a planar magnetic field source that does not run on

driven currents, but instead operates in persistent current mode. The motivation of §4

was to introduce the necessary aspects of superconductivity required to develop such

a magnetic field source. A key element is the principle of flux conservation in closed

superconducting loops, and this will feature heavily in this chapter. Now that these

fundamental concepts have been introduced, the method of remotely building up persistent

currents in the Geonium Chip magnetic field source can be outlined.
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DC Power supply

removed

Figure 5.1: A sketch showing the excitation of a conventional superconducting magnet. a.

With the superconducting switch open, current from a power supply enters the magnet.

b. The switch is then closed so that the superconductivity is recovered, allowing current

to bypass the power supply. c. The power supply can then be turned off and removed.

5.1.1 The need for flux pumping in the Geonium Chip

Magnetic field instabilities are often the main limitation in terms of the obtainable pre-

cision of a Penning trap [10]. For example, a particle of mass, m, and charge, q, has a

relative mass uncertainty, as determined from measurement of the free cyclotron frequency,

ωc = qB
m , given by

∆m

m
=

∆B

B
. (5.1)

Thus, fluctuations in the magnetic field, ∆B, have a direct effect on the measured value

of m, and so should be kept to a minimum. Ultimately, this means that fluctuations

in the trapping currents, which produce the magnetic field, should be minimised, and

this is best achieved with the use of persistent currents in superconducting circuits. In

conventional superconducting magnets, persistent currents are achieved with the use of a

high current power supply along with a superconducting switch (see Figure 5.1). During

excitation, the superconducting switch is opened, and current from the power supply enters

the magnet. Because the superconductivity in the vicinity of the switch is temporarily

‘broken’ (i.e., the material is in its normal conducting state), direct current flows into

the magnet and back out to the power supply. Closing the switch, however, allows for
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the superconductivity to reform, and any current already in the magnet then bypasses

the power supply and circulates in the magnet instead. The power supply can then be

disconnected and removed from the setup, whilst the current in the magnet persists [87].

Although very effective, the method described above has a significant drawback in that it

requires high currents (> 100 A) from room temperature power sources [42]. This largely

complicates the cryostat system, compromising the scalability of Penning trap technology.

Flux pumping − which is loosely defined as any method of electromagnetically indu-

cing direct current within superconducting circuits without the need for physical contact

between the superconducting material and the excitation source [42] − is particularly

attractive in overcoming this problem. Flux pumping comes in many different schemes,

including travelling wave flux pumps [42, 110, 111, 112], switched transformer-rectifier flux

pumps [113, 114], and variable resistance rectifier flux pumps [115]. Although a fascinat-

ing topic in its own right, and an active area of research [116], this thesis only details the

particular flux pumping schemes used in the Geonium Chip Penning trap.

5.2 Flux pumping mechanism for the Geonium Chip

The general architecture of the Geonium Chip magnetic field source is illustrated in Figure

5.2. It shows the planar magnetic field source comprising a number of double rectangular

closed superconducting loops. The required flux pumping scheme is therefore one which

is compatible with such a geometry, such that persistent currents of hundreds of amperes

can be obtained without the need for high input currents (i.e., with input currents of only

a few amperes). The flux pumping technique that follows operates by making use of flux

conservation within multiply-connected superconducting planar structures. Figure 5.3

shows an example of such a double-loop superconducting structure whereby both loops

are the same size. Figure 5.4, shows a schematic drawing of a double-loop superconducting

structure with general dimension. The Geonium Chip planar magnetic field source requires

a scheme of inducing known currents in the Target Loop of a generalised double-loop

superconducting structure to be devised. This is discussed below.

Consider the double-loop planar superconducting structure of Figure 5.4. The struc-

ture comprises a smaller Pumping Loop, and a larger Target Loop, with the two loops

having a shared length of superconducting material. The relevant characteristic lengths

of these superconducting structures are labelled l1, l2, l3, and l4. It is assumed that the

thicknesses and widths of the superconducting paths are such that the linear flux approx-

imation (see §4.4.2) can be made. The Pumping Loop is the name which refers to the
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Figure 5.2: A schematic diagram showing an individual double-loop superconducting struc-

ture lifted from the planar magnetic field source. It is these double-loop structures that

are to be subjected to flux pumping.
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Figure 5.3: An example of a double-loop superconducting structure. a. A double-loop

superconducting structure made from Superpower high-temperature superconducting tape.

b. Schematic depiction of the double-loop superconducting structure. In both images

the characteristic lengths (l1, l2, l3, and l4) and locations of the heat switches are clearly

labelled.
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Figure 5.4: A sketch of a double-loop superconducting structure with general loop dimen-

sions.



83

closed superconducting loop to which flux is injected into the superconducting circuit.

Such flux injection comes via the means of a small solenoid of inductance, Ls. When

an input current, Ia, is applied to the solenoid from a current supply at room temperat-

ure, an input flux of φa = LsIa is injected into the circuit. Crucially, the input currents

required for this process are significantly smaller than what is needed for conventional

superconducting magnets.

The Target Loop is the name given to the larger superconducting loop which carries

the currents that produce the trapping magnetic field. The aim of flux pumping is to

build up a specifically chosen current in the Target Loop. The planar magnetic field

source comprises several of these superconducting double-loop structures, with the Target

Loop of each set to carry a particularly chosen current. If the currents of each loop are

carefully controlled, the magnetic fields from each structure add up to produced the desired

magnetic field distribution.

Before dealing with several superconducting structures, consider, first, a single su-

perconducting double-loop structure, with a heat switch attached to the outer arm of the

Pumping Loop (Heat Switch 1), whilst another heat switch is placed on the superconduct-

ing arm common to both loops (Heat Switch 2) (see Figures 5.3 and 5.4). As stated above,

the aim of the flux pumping scheme is to build up a desired current in the Target Loop,

Idesired, by knowing what input current, Ia, to apply to the solenoid on the Pumping Loop.

Crucially, Idesired � Ia. Additional heating currents, Iheat, are also required, but these do

not need to be precisely controlled: they just have to be large enough to raise the local

temperature of the superconducting material above Tc, such that the material temporarily

becomes normally conducting. As seen in §4.3.3, these can be of the order of a few tens of

milliamperes, and can be insulated so that heat is confined locally. In the mathematical

model that follows, the magnetic field from Iheat is assumed to be negligible.1

With close reference to Figure 5.5, suppose there is some initial current, I, circulating

in the Target Loop of the double-loop superconducting structure. The flux pumping pro-

cedure (summarised systematically in Table A.1 in the Appendix, and shown schematically

in Figure 5.5.) can be described as follows:2

1In reality, the magnetic field from the heating current will have some effect on the flux pumped current.

However, in a dry cryostat, this effect is small because of the low currents required to operate the heat

switches. Also, their effect can further be minimised by ensuring the wire is bifilarly wound, as described

in [87].
2The steps in this scheme are the same as those discussed in [113] and referenced in [117]. The main dif-

ference, however, is that in the above-mentioned references the steps are used to magnetise low-temperature

magnets that are connected to a Type I superconducting film via solder joints. Here, the approach is to
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Figure 5.5: A schematic representation of the flux pumping scheme. The grey double-

loop structures represent the superconducting circuitry. The red arrows depict persistent

current flow. Opening a heat switch is represented as a break in the grey lines defining the

superconducting material. Applied flux from the pumping solenoid is represented by the

symbol
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. The broken blue line indicates a closed superconducting loop through which

flux conservation applies.
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• Step 1: Turn ON the current, Iheat, to Heat Switch 1 so as to locally drive the

material normally conducting such that Heat Switch 1 is OPEN.

Here, the relevant contour of integration (through which flux conservation applies)

is the one which defines the Target Loop. Since the magnetic contribution due to

the heating current is ignored, it follows that the current, I, in the Target Loop does

not change during this step.

• Step 2: Turn ON the current, Ia, to the pumping solenoid so as to APPLY flux,

φa, to the Pumping Loop.

In this model, it is assumed that the applied flux, φa = LsIa, is confined only to the

Pumping Loop, and that no flux lines flow into the Target Loop. As such, there is

no change in flux flowing through the closed superconducting contour of the Target

Loop, and so the current, I, remains unchanged.

• Step 3: Turn OFF the heating current, Iheat, to Heat Switch 1 so as to reform the

superconductivity and CLOSE the switch.

At the moment the superconductivity is reformed, the flux that was flowing into the

Pumping Loop is ‘frozen’ in. The current in the Target Loop still remains as I, and

there is no current in the lower portion of the Pumping Loop.

• Step 4: Turn ON the heating current, Iheat, to Heat Switch 2 so as to locally drive

the material normally conducting, thereby OPENing the switch.

The current in the Target Loop is now redistributed to the perimeter of the entire

double-loop structure. Applying flux conservation to this outer loop before and after

the step is implemented, the current, I ′, after the step is determined as3

I ′ =
2l1 + 2l2 − l4
2(l1 + l2 + l3)

I. (5.2)

• Step 5: Turn OFF the current, Ia, to the pumping solenoid so as to REMOVE the

applied flux, φa, from the superconducting circuit.

use double-loop superconducting structures such that the induced currents run in truly persistent mode,

and to be able to understand how these induced persistent currents are mathematically related to the

dimensions of these double-loop structures and the input flux.
3Here, the current in the central superconducting arm contributes flux to both the Target Loop and

the Pumping Loop. These flux contributions are opposite in polarity, and are assumed to be equal in

magnitude.
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Turning off Ia takes away the applied flux, φa. Because of flux conservation, there

is a sudden jump in current (from I ′ to I ′′) in the outer loop, which is given by

I ′′ = I ′ +
φa

2k(l1 + l2 + l3)
=

2l1 + 2l2 − l4
2(l1 + l2 + l3)

I +
φa

2k(l1 + l2 + l3)
. (5.3)

• Step 6: Turn OFF the heating current, Iheat, to Heat Switch 2 so as to reform the

superconductivity and CLOSE the switch

In this step there is no change in the current I ′′.

• Step 7: Turn ON the heating current, Iheat, to Heat Switch 1 so as to locally drive

the material normally conducting, thereby OPENing the switch.

Here, the current, I ′′, in the outer path is redirected to the Target Loop. Because

of flux conservation in the Target Loop,4 the current, I ′′′, becomes

I ′′′ =
2l1 + 2l2 − l4

2(l1 + l2)
I ′′. (5.4)

Substituting in for I ′′ gives

I ′′′ =
(2l1 + 2l2 − l4)2

4(l1 + l2)(l1 + l2 + l3)
I +

(2l1 + 2l2 − l4)φa
4k(l1 + l2)(l1 + l2 + l3)

. (5.5)

• Step 8: Turn OFF the current to Heat Switch 1 to reform the superconductivity and

CLOSE the switch.

There is no change in current in this step.

The final current in the Target Loop after one cycle is given by Equation (5.5), and

depends on the initial current in the Target Loop, I, the applied flux, φa, and the geometry

of the superconducting structure, (l1, l2, l3, l4). Repeating this cycle several times allows

for current to build up in the Target Loop. To quantify this, one can suppose, without loss

of generality, that the initially circulating current, I, was the final current that resulted

from n − 1 previous cycles. Adopting this notation, Equation (5.5) then gives the final

current after n cycles as a recursive formula:

In =
(2l1 + 2l2 − l4)2

4 (l1 + l2) (l1 + l2 + l3)
In−1 +

(2l1 + 2l2 − l4)φa
4k (l1 + l2) (l1 + l2 + l3)

. (5.6)

4Note that, in this step, the flux contribution from the lower portion of the Pumping Loop is assumed

to have negligible effect on the flux flowing through the Target Loop.
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Supposing the Target Loop initially had no circulating current (i.e., I0 = 0), the current

after the first few cycles then becomes

I0 = 0,

I1 = β,

I2 = β(α+ 1),

I3 = β(α2 + α+ 1),

...

In = β(αn−1 + αn−2 + αn−3 + ...+ α2 + α+ 1), (5.7)

where

α =
(2l1 + 2l2 − l4)2

4 (l1 + l2) (l1 + l2 + l3)
; β =

(2l1 + 2l2 − l4)φa
4k (l1 + l2) (l1 + l2 + l3)

. (5.8)

The general solution after n = N pumping cycles is then

IN =
β
(
1− αN

)
(1− α)

=
(2l1 + 2l2 − l4)φa

4k (l1 + l2) (l1 + l2 + l3)

1−
(

(2l1+2l2−l4)2

4(l1+l2)(l1+l2+l3)

)N
1− (2l1+2l2−l4)2

4(l1+l2)(l1+l2+l3)

 . (5.9)

The maximum obtainable current corresponds to the limit of N tending to infinity, and is

given by

Imax = lim
N→∞

IN =
(2l1 + 2l2 − l4)φa

k
[
4(l1 + l2)(l3 + l4)− l24

] . (5.10)

Crucially, Imax is linear in φa, which itself grows linearly with input current (φa = LsIa).

This means there is a one-to-one correspondence between the final obtainable current,

Imax, and the applied current, Ia. Practically, one can obtain any desired final current,

Idesired, with the correct choice of Ia. The main drawback of this scheme, however, is that

it requires for many pumping cycles to be implemented in order for the obtained current

to approach the maximum value. How quickly the final current approaches saturation

depends on the value of α: with a small value of α, the series converges quickly, whereas,

with α ≈ 1, a large number of cycles are required to reach saturation. Another limitation

is the time it takes to implement each flux pumping cycle. Since the mechanism relies

on heat switches, which typically take around one second to operate, the process of flux

pumping from an initial current of zero to a final current of tens or hundreds of amperes
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can take one to two minutes. However, this is still shorter than the typical time it takes

to energise a conventional superconducting magnet.

To give an order of magnitude of the types of currents obtainable using this flux

pumping scheme, consider typical dimensions of superconducting structures machined

from Superpower HTS tapes, for example l1, l2, l3, l4 ∼ 10−2 m, k ∼ 10−5 Hm−1. In this

case, with a pumping solenoid of Ls ∼ 1 µH, and an input current of Ia = 1 A, currents

of tens of amperes can be obtained. With higher inductance solenoids (which can easily

be achieved with the aid of ferromagnetic core materials,5 or by increasing the number

of turns in the pumping coils), the obtainable currents can reach hundreds of amperes,

which is enough to exceed the critical current of most practical superconductors for these

dimensions.

Figure 5.7 shows the measured magnetic field from a double-loop superconducting

structure machined from a section of Superpower HTS tape. A schematic representation of

the superconducting circuitry is given in Figure 5.6. A small solenoid (with an inductance

of L = 13.84 mH) was constructed by wrapping thin magnet wire (0.063 mm in diameter)

around a ferromagnetic screw. An Arepoc cryogenic Hall Probe was placed in the centre of

the Target Loop, and was configured to measure the vertical component of the magnetic

field (i.e., the magnetic field pointing out of the page).

The double-loop structure was subjected to several cycles of flux pumping with input

currents, Ia = 0.1 A, 0.2 A, 0.3 A, and 0.5 A. A plot of the measured magnetic field,

B(mT), as a function of flux pumping cycle number, n, is given in Figure 5.7 for these input

currents. Each set of data is fitted to the equation for a geometric series, Bfit(n) = β(1−αn)
(1−α)

(see Equation (5.9)). The fitting parameters, α and β, for these input currents are listed

in the first four rows of Table 5.1. The obtained data shows good agreement with the

model for input currents of 0.1 A and 0.2 A. For input currents greater than 0.2 A, the

measured magnetic field saturates at 5.17 mT when the critical current of the HTS tape

is reached (shown as a dashed line in Figure 5.7). For Ia = 0.3 A, the critical current

is reached after three pumping cycles, and for Ia = 0.5 A, the critical current is reached

after only two. Conservative estimates, based on data from the manufacturers, and the

assumption of a uniform critical current along the width of the HTS tape, suggest that for

this particular geometry the critical current is around 50 A. Thus, with this flux pumping

scheme it is possible to obtain currents over 200 times larger than the input currents. This

is a significant degree of amplification.

5Ideally, ferromagnetic materials should be avoided because they can cause distortions to the magnetic

field distribution.
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Figure 5.6: Schematic diagram of a superconducting structure subjected to flux pumping.
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Figure 5.7: A graph showing the measured magnetic field, B(mT), as a function of flux

pumping cycle number, n, for various input currents, Ia, for a superconducting circuit of

geometry depicted in Figure 5.6.
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Figure 5.8: Data showing the linearity of flux pumping with input current. Left: The

measured magnetic field after a single pumping cycle increases linearly with the applied

current. Right: The measured magnetic field at saturation no longer has a linear rela-

tionship with input current because the critical current of the superconductor has been

reached. This explains the plateau.

An interesting feature of Figure 5.7 is that the line of best fit for Ia = 0.3 A (the blue

curve) overshoots the critical current line. This is thought to be a consequence of there

only being data for 6 pumping cycles. As a result, the data point for n = 2 skews the

line of best fit to saturate at a magnetic field value above the critical current line. With

more data points at higher values of n, however, it is expected that the line of best fit will

plateau to coincide with the critical current line.

The linearity of flux pumping is illustrated by the graphs in Figure 5.8. Note that,

in addition to the previous input currents of 0.1 A, 0.2 A, 0.3 A, and 0.5 A, Figure 5.8

also shows flux pumping data for Ia = −0.1 A. The left-hand graph shows the relationship

between input current and the measured magnetic field after 1 cycle. A conclusively linear

relationship is observed. There is some deviation from linearity with an input current of

Ia = 0.5 A, whereby the flux pumped current after one cycle is at a value close to the

critical current. The final magnetic field after a number of cycles (n = 8 for Ia = 0.1 A

and 0.2 A, n = 6 for Ia = 0.3 A, and n = 3 for Ia = 0.5 A) is given in the right-hand

graph of Figure 5.8. Here, there is a linear region for small input currents (Ia < 0.2 A),

but this begins to plateau as the input currents increase. This is a clear indication that

the critical current is being reached.

5.2.1 Reverse flux pumping mechanism

In many instances (such as in situations where a homogeneous magnetic field may need to

be switched quickly to a magnetic bottle field) it will be necessary to reduce the current
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in the Target Loop, perhaps even reversing its polarity from circulating clockwise to anti-

clockwise, or vice versa. Thus, a method of reverse flux pumping needs to be devised.

Equation (5.10) shows that the final current is directly proportional to the input flux,

meaning that its polarity depends on the sign of the input current. Thus, reversing the

input current will change the direction of the flux pumped current. However, reversing the

input current risks introducing some systematic discrepancy between forward and reverse

pumping schemes, since switching mechanisms or two-way power supplies may not be

perfectly symmetric (i.e., |Imax(Ia)| 6= |Ireverse
max (−Ia)| ). Ultimately, this would introduce

unwanted distortions to the magnetic trapping field. Additionally, schemes whereby the

currents need to be physically reversed would be impractical.

Fortunately, there are schemes that enable for the flux pumped current to be reversed

without having to switch the polarity of the input current. Rather intuitively, reversing

the steps of the procedure given in Figure 5.5 allows for current to be built up in the

opposite sense. This is the same scheme as described in [118].

Another reverse pumping scheme is summarised systematically in Table A.2 (see Ap-

pendix), and differs from the ones stated above in that it serves only to remove existing

flux from the loop, and is hence termed “flux subtraction”. Successive cycles with this

scheme result in a final current tending to zero. Interestingly, the final current is inde-

pendent on the applied flux, and instead depends only on geometry (as well as the value

of the initially circulating current). The steps of this flux subtraction scheme are depic-

ted in Figure 5.9, and are discussed as follows. As before, consider a current, I, initially

circulating in the Target Loop of the double-loop superconducting structure. The method

of flux subtraction can be summarised in the following steps:

• Step 1: Turn ON the current, Ia, to the pumping solenoid so as to APPLY flux,

φa, to the Pumping Loop.

Here, there are three relevant contours of integration: one that defines the outer

perimeter of the double-loop superconducting structure, one that defines the Target

Loop, and one that defines the Pumping Loop. In addition, Kirchoff’s current law

states that I ′1 = I ′2 + I ′3. Applying flux conservation to each and every closed super-

conducting contour, the currents I ′1, I
′
2 and I ′3 after this step can be written in terms

of the initial current, I:

I ′1 = I − φal4
k[(2l1 + 2l2 − l4)l4 + (2l3 + l4)(2l1 + 2l2)]
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I ′2 =
−φa(2l1 + 2l2)

k[(2l1 + 2l2 − l4)l4 + (2l3 + l4)(2l1 + 2l2)]

I ′3 = I +
(2l1 + 2l2 − l4)φa

k[(2l1 + 2l2 − l4)l4 + (2l3 + l4)(2l1 + 2l2)]
. (5.11)

• Step 2: Turn ON the current, Iheat, to Heat Switch 2 so as to locally break the

superconductivity and OPEN the switch.

In this step, all of the current is now redirected to the perimeter of the double-

loop superconducting structure. Applying flux conservation to the outer loop of the

superconducting structure, the current, I ′′, after this step becomes:

I ′′ =

(
2l1 + 2l2 − l4
2l1 + 2l2 + 2l3

)
I − φa

k (2l1 + 2l2 + 2l3)
. (5.12)

• Step 3: Turn OFF the current, Ia, to the pumping solenoid so as to REMOVE the

applied flux, φa.

In this step there is a sudden jump in current from I ′′ to I ′′′. Applying flux conser-

vation in the outer loop of the double-loop superconducting structure, the current

I ′′′ becomes:

I ′′′ =

(
2l1 + 2l2 − l4
2l1 + 2l2 + 2l3

)
I. (5.13)

Note that I ′′′ is now independent on φa.

• Step 4: Turn OFF the heating current, Iheat, to Heat Switch 2 thereby CLOSING

the switch.

There is no current change in this step.

• Step 5: Turn ON the heating current, Iheat, to Heat Switch 1 to locally break the

superconductivity and OPEN the switch..

In this step the current is redistributed to the Target Loop of the double-loop super-

conducting structure. Applying flux conservation to the superconducting contour

defining the Target Loop, the current, I ′′′′, becomes:

I ′′′′ =
(2l1 + 2l2 − l4)2

(2l1 + 2l2)(2l1 + 2l2 + 2l3)
I. (5.14)

• Step 6: Turn OFF the heating current, Iheat, to Heat Switch 1 so as to reform the

superconductivity and CLOSE the switch

In this step there is no change in the current I ′′′′.
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Equation (5.14) gives the final current after one cycle of flux subtraction. Without loss

of generality, it can be written as the final current after n cycles in terms of the current

after n− 1 previous cycles:

In =
(2l1 + 2l2 − l4)2

(2l1 + 2l2)(2l1 + 2l2 + 2l3)
In−1. (5.15)

Suppose there is some initially circulating current, I0. After n = N cycles, the current is

IN =

(
(2l1 + 2l2 − l4)2

(2l1 + 2l2)(2l1 + 2l2 + 2l3)

)N
I0. (5.16)

Since
(

(2l1+2l2−l4)2

(2l1+2l2)(2l1+2l2+2l3)

)
< 1, it follows that, as N →∞, the final current in the Target

Loop falls to zero.

Figure 5.10 shows the measured magnetic field when the superconducting circuit de-

picted in Figure 5.6 is subjected to a number of different flux pumping schemes. The first

flux pumping scheme is the original scheme outlined in Figure 5.5. With an input current

of 0.1 A, a magnetic field of just over 2.5 mT is obtained. After 7 cycles, the supercon-

ducting structure is then subjected to a flux subtraction scheme, with an applied flux of

0.1 A. After 7 cycles of flux subtraction, the measured magnetic field is effectively zero,6

which is consistent with Equation (5.16). The superconducting structure is then subjec-

ted to another 5 cycles of flux pumping, until a magnetic field of just 2.5 mT is measured

again. Then, the superconducting structure is subjected to a reverse flux pumping scheme

wherein the pumping currents are reversed. Crucially, the final magnetic field is not zero,

but around -2.5 mT, in agreement with the model.

5.2.2 Validity of the mathematical model for flux pumping

The fitting parameters, αmeasured and βmeasured, obtained for various flux pumping config-

urations are listed in Table 5.1. In each row, αmeasured (the second column) is compared

with αtheory, the theoretical value of α as calculated using the dimensions given in Figure

5.6, along with Equation (5.8). Because of the finite widths of the superconducting paths,

maximum and minimum values of α are calculated, constraining α to lie in the range

0.496 ≤ αtheory ≤ 0.626, as listed in the third column. In addition to the α values, the

fourth column in Table 5.1 shows the ratio of the obtained fitting parameter, βmeasured,

as measured for each flux pumping configuration, with the obtained fitting parameter,

βmeasured, for the standard flux pumping mechanism with an input current of Ia = 0.1 A.

6Note that the measured magnetic field is not exactly 0 mT due to remanent magnetisation in the

ferromagnetic pumping solenoid.
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Figure 5.9: A schematic representation of the flux subtraction scheme. The grey double-
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depict persistent current flow. Opening a heat switch is represented as a break in the grey

lines defining the superconducting material. Applied flux from the pumping solenoid is

represented by the symbol
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The fifth column lists the theoretical values for this ratio according to the model. Column

six gives the ratio of the saturated magnetic field value for each pumping scheme with

the saturated magnetic field value obtained for an input current of Ia = 0.1 A with the

standard flux pumping scheme. Column seven gives the theoretical value of this ratio

according to the model. Column eight lists the type of flux pumping mechanism, and the

first column lists the associated input current, Ia.

The parameters in Table 5.1 show that the obtained data is in good agreement with

the model. This is especially true with input currents of Ia ≤ 0.2 A, irrespective of the flux

pumping mechanism. There is some slight discrepancy between the data and the model

with the flux subtraction mechanism with input current Ia = 0.2 A, where the value for

αmeasured falls just outside of the range of αtheory. This, however, is attributed to reman-

ent magnetisation in the ferromagnetic core, which systematically distorts the measured

magnetic field. As discussed earlier, data for higher input currents (i.e., IA = 0.3 A and

0.5 A) does not fit the model so well because the critical current of the superconducting

tape has been reached. As a result, the measured magnetic field can no longer increase

with pumping cycle, n, in accordance with the model because the maximum field value

permitted by the material is obtained. Thus, when the data for these cases (i.e., the

standard flux pumping mechanism with input currents Ia = 0.3 A and 0.5 A) are fit to
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Figure 5.11: A sketch of how cross-talk arises. Left: A schematic picture of two adjacently

placed superconducting loops carrying current. The top image is the top view of the two

loops, whilst the bottom image gives the cross-sectional view. Right: The same loop

configuration as depicted in the left-hand side, but with current flowing in the right-hand

loop. The magnetic field from current in the right-hand loop flows into the left-hand loop.

To ensure flux is conserved (in this case, the total flux in the left-hand loop is φ = 0), an

induced current, Iind flows to oppose the flux from the current in the right-hand loop.

Equation (5.9), the obtained parameters, αmeasured and βmeasured, are skewed.

5.2.3 Flux pumping method for several closed superconducting loops

The flux pumping schemes described above have all been applied to individual double-

loop superconducting structures. The planar magnetic field source, however, relies on

magnetising several closed superconducting coils simultaneously. However, because of flux

conservation, trying to magnetise two or more sets of coils poses problems, due to cross-

talk. Any changes in current in one loop will produce changes in the magnetic field, which

will then flow into neighbouring loops. This is shown schematically in Figure 5.11. On

the left-hand side, there are two superconducting loops carrying no current. Suppose that

the right-hand loop is then magnetised to carry a current, I. The magnetic field from the

current, I, in the right-hand loop will then flow into the left-hand loop, inducing some

current, Iind. Thus, for a plurality of closed superconducting loops, addressing the current

in one loop automatically changes the current in other loops. This ultimately precludes
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complete control over the magnetic field distribution.

Fortunately, there is a scheme that allows for cross-talk to be accounted for, and it is

described in the following subsection.

Simultaneous flux pumping of two coaxial triply connected planar supercon-

ducting structures

In order to determine the effect of cross-talk between superconducting structures, it should

be noted that the Geonium Chip planar magnetic field source comprises both adjacent

and concentric arrangements of closed superconducting loops (see Figure 5.2). The effect

of cross-talk in both arrangements therefore needs to be investigated.

Firstly, consider the concentric case, consisting of two double-loop superconducting

structures with overlapping Target Loops, and adjacently placed Pumping Loops (see

Figure 5.12). For simplicity, the Target and Pumping Loops of both superconducting

double-loop structures are squares of length, l, and are assumed to be of dimensions such

that the linear flux approximation is valid. The Target Loops of the upper and lower

double-loop superconducting structures are assumed to carry initial currents of I1 and I2

respectively, and that the fraction of flux from the Target Loop of one superconducting

structure that couples to the other is given by m. Note that in Figure 5.12, the Target Loop

of the lower superconducting structure (i.e., the superconducting structure located lower

on the page) is placed on top of the Target Loop of the upper superconducting structure.

The simultaneous flux pumping mechanism can be summarised with the following steps:

• Step 1: Turn ON the heating current to Heat Switch 1 of both double-loop structures

simultaneously to locally drive the superconducting material normally conducting so

as to OPEN the switches.

There are two relevant superconducting contours, corresponding to the two overlap-

ping Target Loops. There is no change in current in either loop.

• Step 2: Turn ON the input currents to the pumping solenoids of the upper and

lower superconducting structures to provide input fluxes of φ1 and φ2 respectively.

Assuming no stray flux lines from the solenoids flow into any of the Target Loops,

there is no change in current in either superconducting structure.

• Step 3: Turn OFF the heating current to Heat Switch 1 of both superconducting

structures.

Here, there is no change in current in either superconducting structure.
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Figure 5.12: Flux pumping scheme of two double-loop superconducting structures with
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.
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• Step 4: Turn ON the heating current to Heat Switch 2 of both superconducting

structures so as to OPEN the two switches simultaneously.

The currents are now redistributed to the outer loops of each superconducting struc-

ture, and their values are transformed according to {I1, I2} → {I ′1, I ′2}. Apply-

ing flux conservation to the perimeter of each superconducting structure allows for

I ′ = (I ′1, I
′
2) to be determined:

Upper double–loop structure 3klI1+3klI2m+φ1 = 6klI ′1+2klI ′2m+φ1, (5.17)

Lower double–loop structure 3klI1m+3klI2+φ2 = 6klI ′2+2klI ′1m+φ2, (5.18)

where the left-hand side of each equation describes the flux before the step, and the

right-hand side describes the flux after the step. Representing equations (5.17) and

(5.18) in vector-matrix form, gives

I ′1
I ′2

 =
1

36− 4m2

18− 6m2 12m

12m 18− 6m2

I1

I2

 . (5.19)

• Step 5: Turn OFF the input currents to the solenoids so as to remove the applied

flux from each superconducting circuit.

Removing φ1 and φ2 results in a jump in current in both superconducting structures

such that {I ′1, I ′2} → {I ′′1 , I ′′2 }. Applying flux conservation to the perimeters of each

superconducting structure gives:

Upper double–loop structure 6klI ′1 + 2klI ′2m+φ1 = 6klI ′′1 + 2klI ′′2m. (5.20)

Lower double–loop structure 6klI ′2 + 2klI ′1m+ φ2 = 6klI ′′2 + 2klI ′′1m. (5.21)

In vector-matrix form, these are represented as

kl

 6 2m

2m 6

I ′1
I ′2

+

φ1

φ2

 = kl

I ′′1
I ′′2

 . (5.22)

Solving for I ′′ = (I ′′1 , I
′′
2 ), we get

I ′′1
I ′′2

 =

I ′1
I ′2

+
1

kl (36− 4m2)

φ1

φ2

 , (5.23)

I ′′1
I ′′2

 =
1

36− 4m2

18− 6m2 12m

12m 18− 6m2

I1

I2

+
1

kl (36− 4m2)

 6 −2m

−2m 6

φ1

φ2

 .

(5.24)
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• Step 6: Turn OFF the heating currents to Heat Switch 2 of each double-loop struc-

ture so as to CLOSE the switches.

There are no current changes in this step.

• Step 7: Turn ON the heating currents to Heat Switch 1 of each superconducting

structure so as to OPEN the switches.

Here, the current is redirected to the Target Loop of each superconducting structure.

The currents are transformed according to {I ′′1 , I ′′2 } → {I ′′′1 , I
′′′
2 }. Applying flux

conservation, the currents become

Upper double–loop structure 3klI ′′1 + 3klI ′′2m = 4klI ′′′1 + 4klI ′′′2 m. (5.25)

Lower double–loop structure 3klI ′′1m+ 3klI ′′2 = 4klI ′′1m+ 4klI ′′′2 . (5.26)

The equations above, represented in vector-matrix form, are given as follows:I ′′′1

I ′′′2

 =
(12− 12m)

(16− 16m2) (36− 4m2)

[(18− 6m2
)

12m

12m
(
18− 6m2

)
I1

I2

+

1

kl

 6 −2m

−2m 6

φ1

φ2

].
(5.27)

• Step 8: Turn OFF the heating currents to Heat Switch 1 of each superconducting

structure so as to CLOSE the switches. There are no current changes in this step.

The current vector, I ′′′ = (I ′′′1 , I
′′′
2 ), describes the final current after one flux pumping

cycle in terms of the initial current, I = (I1, I2), and the input fluxes, Φ = (φ1, φ2). In a

similar fashion to before, this equation can be written, without loss of generality, as the

current vector, In = (I
(1)
n , I

(2)
n ) after n cycles, in terms of the current after n − 1 cycles,

In−1 = (I
(1)
n−1, I

(2)
n−1):

I(1)
n

I
(2)
n

 =
(12− 12m)

(16− 16m2) (36− 4m2)

[(18− 6m2
)

12m

12m
(
18− 6m2

)
I(1)

n−1

I
(2)
n−1

+

1

kl

 6 −2m

−2m 6

φ1

φ2

],
(5.28)
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In general form, this is rendered as:

In = M · In−1 +N · Φ. (5.29)

If n = N , the vector describing the current in each loop becomes

IN = (1−M)−1 · (1−MN ) ·N · Φ. (5.30)

However, the magnetic field distribution, B, is related to the current, I, via Γ, and so the

magnetic field distribution after N cycles becomes

BN = Γ · (1−M)−1 · (1−MN ) ·N · Φ. (5.31)

Importantly, Equation (5.31) shows that the magnetic field distribution is linearly related

to the input fluxes. Thus, despite the occurrence of cross-talk between the loops, there is

still a one-to-one relationship between the final magnetic field distribution and the input

fluxes. This ultimately means that the magnetic field distribution can still be controlled.

Equation (5.31) shows how the magnetic field distribution after N cycles depends on

the flux applied to each superconducting structure. For an infinite number of repetitions,

the final magnetic field distribution becomes

lim
N→∞

BN = Γ ·
(
1−M

)−1 ·N · Φ, (5.32)

where it is noted that detM < 1. However, Φ is simply the magnetic input flux vector,

and is related to the currents applied to each solenoid by

Φ = K · Ia, (5.33)

where K is a diagonal matrix related to the inductances of each pumping solenoids, and

Ia is the vector of applied currents to each solenoid. The final magnetic field distribution

is therefore related to the applied currents according to

lim
N→∞

BN =
[
Γ ·
(
1−M

)−1 ·N ·K
]
· Ia. (5.34)

The expression within the square brackets is nothing other than another matrix (which is

termed Γ′), and so the final magnetic field distribution is related to the input currents by

a single matrix,

Bfinal = Γ′ · Ia . (5.35)
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The presence of cross-talk therefore does not change the principle of operation for the

planar magnetic field source, since there is a linear relationship between the currents that

are put in, Ia, and the magnetic field distribution, Bfinal, that is achieved. Thus, so long

as each loop is flux pumped simultaneously, any arbitrary magnetic field distribution can

be achieved if the correct input currents are applied to each loop.

It is also worth noting that Equation (5.35) also holds for the case of adjacent super-

conducting structures, as is discussed here. Consider two double-loop structures placed as

shown in Figure 5.13, with the Target Loop of the left-hand structure carrying a clockwise

circulating initial current, I1, and the Target Loop of the right-hand structure carrying

an initial current of I2. The flux pumping scheme has exactly the same steps as for the

case with overlapping Target Loops, and so will not be repeated here, but are illustrated

in Figure 5.13, and are summarised systematically in Table A.4 in the Appendix. Here, m

describes the fraction of flux that couples from the left-hand Target loop into the right-

hand Target loop (and vice versa) from the current in the edges of the Target Loops that

are touching. As can be seen in Figure 5.13., current changes only occur in steps 4, 5,

and 7. Applying conservation of flux in step 4 to the outer loops of both the left and

right-hand superconducting structures yields a current vector of I ′ = (I ′1, I
′
2):

Left–hand double loop 3klI1 + φ1 + klI2m = 6klI ′1 + φ1 + klI ′2, (5.36)

Right–hand double loop 3klI2 + φ2 + klI1m = 6klI ′2 + φ2 + klI ′1. (5.37)

After a few lines of linear algebra, the current after step 4 becomes:

 I ′1

I ′2

 =
1

36−m2

 18−m2 3m

3m 18−m2

 I1

I2

 . (5.38)

The next step where there is a change in current is step 5, where the current trans-

formation {I ′1, I ′2} → {I ′′1 , I ′′2 } occurs. Applying flux conservation to the outer loop of each

superconducting structure gives

Left–hand double loop 6klI ′′1 + φ1 + klI ′2m = 6klI ′′1 + klI ′′2m, (5.39)

Right–hand double loop 6klI ′2 + φ2 + klI ′1m = 6klI ′′2 + klI ′′1m, (5.40)

which can be reformed in vector-matrix form as

 I ′′1

I ′′2

 =

 I ′1

I ′2

+
1

(36−m2) kl

 6 −m

−m 6

 φ1

φ2

 ,
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⇒

 I ′′1

I ′′2

 =
1

36−m2

 18−m2 3m

3m 18−m2

 I1

I2

+
1

kl

 6 −m

−m 6

 φ1

φ2

 .
(5.41)

The final current change comes in step 7. Applying flux conservation in the Target

Loops of each double-loop structure, it can be shown that the final current after one flux

pumping cycle is given by

 I ′′′1

I ′′′2

 =
1

(16−m2) (36−m2)

 12−m2 m

m 12−m2

[ 18−m2 3m

3m 18−m2

 I1

I2


+

1

kl

 6 −m

−m 6

 φ1

φ2

].
(5.42)

Once again, we can make the argument that, without loss of generality, that the initial

current, I, is the final current after n−1 cycles, In−1, such that I ′′′ gives the current after

n cycles. Using the same reasoning as before, Equation (5.42) can be written in general

form as

In = M ′.In−1 +N ′.Φa, (5.43)

thereby demonstrating the linearity of the flux pumping scheme.

Measurement of Γ′

In the previous section it was shown that there is a linear relationship between the final

magnetic field distribution, Bfinal, and the input currents, Ia. The two are related by the

matrix, Γ′, and full control over the magnetic field distribution requires that Γ′ is to be

characterised empirically. The procedure for measuring Γ′ is different to that needed for

measuring Γ. This is primarily because Γ′ relates the final magnetic field distribution after

a large number of pumping cycles to the input currents applied to each pumping solenoid.

Thus, before the matrix elements can be measured, several flux pumping cycles have to

be performed in order for the magnetic field distribution to finalise. Also, Γ′ relies on

all of the superconducting double-loop structures being flux pumped simultaneously, even

in loops where there is no explicitly applied input flux. A summary of the Γ′ measuring

procedure is now given.

Suppose there are k independent double-loop structures that are to be flux pumped

with k magnetic solenoids independently driven by k applied currents, Ia. Since Γ′ must be
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Figure 5.13: Flux pumping scheme for two double-loop superconducting structures with

adjacently placed Target Loops. Persistent current flow in the left-hand double-loop su-

perconducting structure is represented by blue arrows, whereas in the right-hand super-

conducting structures, it is represented by red arrows. The dashed lines represent closed

superconducting contours. Applied flux is given by
⊗

, and heat switch operation is de-

noted by gaps in the superconducting paths.
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Heat switches

Inductors 𝐿 ≈ 1 mH

Hall probe scanning

Superpower HTS tape

𝑧

77 K

𝐼left

𝐼right
3 mm

21 mm

12 mm

a. b.

21 mm

12 mm

3 mm

0

𝑥

𝑦

Figure 5.14: Experimental setup of a Γ′ matrix measurement. a. The dimensions of the

superconducting structures. b. Experimental setup showing two adjacent superconducting

double-loop structures. Both structures are flux pumped simultaneously, before a Hall

probe is scanned above the structures to measured the magnetic field distribution.

a square matrix, it follows that k expansion coefficients in the magnetic field distribution

can be controlled. Since we are most concerned with the variation of Bz along the y axis,

we choose the relevant Γ′ matrix to be



Bz
000

Bz
010

Bz
020

...

Bz
0(k−1)0


︸ ︷︷ ︸

B

=



Γ′11 Γ′12 Γ′13 . . . Γ′1k

Γ′21 Γ′22 Γ′23 . . . Γ′2k

Γ′31 Γ′32 Γ′33 . . . Γ′3k
...

...
...

. . .
...

Γ′k1 Γ′k2 Γ′k3 . . . Γ′kk


︸ ︷︷ ︸

Γ′

·



I1

I2

I3

...

Ik


︸ ︷︷ ︸
Ia

. (5.44)

Determining the elements of Γ′ requires for each loop to be simultaneously flux pumped

a large number of times until the magnetic field distribution finalises. Once finalised, the

magnetic field distribution, B, can then be measured via a Hall Probe array magnetic field

mapping measurement. The first column of Γ′ is most easily determined by measuring

the magnetic field distribution with an applied input current of I = (I, 0, 0, ..., 0), and

dividing each measured coefficient by I. Any built up current should then be removed by

turning on every heat switch, before the second column is determined. This is measured

by repeating the same procedure as before, only with an input current of I = (0, I, 0, ...).

Repeating for all the input currents allows for Γ′ to be determined.

A proof-of-concept measurement of Γ′ was performed for a simple superconducting sys-

tem comprising two adjacently placed double-loop structures made from Superpower HTS

tape, as shown in Figure 5.14. The left-hand double-loop structure has an input current

of Ileft, and the right-hand structure has an input current of Iright. The superconducting
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structures are subjected to several cycles of flux pumping with various combinations of

applied currents, all within the range 0 A ≤ |Ileft, Iright| ≤ 0.5 A. The magnetic field

distribution, Bz(z), is measured by scanning an Arepoc cryogenic Hall probe along the z

axis at a height of y ≈ 1 mm above the tape using a CNC machine. The data is fit to a

fourth order polynomial in z about the z = 0 position:

Bz(z) = Bz0 +Bz1z +Bz2z
2 +Bz3z

3 +Bz4z
4 (5.45)

where Bz0 = Bz(0), and Bzi = 1
i!
∂iBz
∂zi

∣∣
z=0

. The Bz0 and Bz1 terms depend on the input

currents Ileft, Iright via the following set of equations

Bz0
Bz1


︸ ︷︷ ︸

B

=

Γ′11 Γ′12

Γ′21 Γ′22


︸ ︷︷ ︸

Γ′

·

 Ileft

Iright


︸ ︷︷ ︸

Ia

. (5.46)

These equations define two planes: one in (Bz0, Ileft, Iright) space, and the other plane in

(Bz1, Ileft, Iright) space. Thus, if the model described above is correct, then the measured

values of Bz0 and Bz1 should also lie in planes in their respective coordinate space. The

obtained results show good agreement with the theory, at least for the Bz0 terms, as

shown in Figure 5.15. The measured values of Bz0 for various combinations of (Ileft, Iright)

appear to lie in the plane of best fit, depicted in light blue. The measured values of

Bz1, do not fit so well, with many of the points lying above and below the plane of

best fit (see Figure 5.16). However, the plane of best fit still falls within the error bars

of each measured value of Bz1, with each errors bar representing the uncertainty in the

obtained fitting parameter, Bz1, for each scan.7 The relatively large value of these errors

is attributed to electromagnetic noise in the scanning measurement. Since the values of

Bz1 being measured are so small, they are largely affected by noise fluctuations, which, in

this measurement, are of the order of 0.05 mT.

Further support of this model is given by data taken from an additional measure-

ment with a similar setup. Here, the magnetic field distribution is first measured with

input currents of (Ileft, Iright) = (0.1, 0.0) A and (Ileft, Iright) = (0.0, 0.1) A, and the coef-

ficients Bz0 and Bz1 are determined. These coefficients define the calibration of the

setup. Then, measurements of the magnetic field distribution for applied currents of

(Ileft, Iright) = (0.31, 0.31) A and (Ileft, Iright) = (0.31,−0.31) A are taken, and values of

Bmeas
z0 and Bmeas

z1 are determined from fitting the scanning data to Equation (5.45). Then

using the coefficients obtained in the calibration measurements, the expected values of

7Similarly, the error bards for Bz0 are the errors in the fitted Bz0 term.
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b.

Figure 5.15: a. A graph of measured Bz0 values for different combinations of Ileft and Iright.

The blue plane of best fit is a plot of Bz0 = (0.076 mT A−1)Ileft + (−0.694 mT A−1)Iright.

The fitting error for both coefficients is ± 0.015 mT A−1. b. The same graph as in a. but

looking along the plane of best fit.

𝐵𝑧1(mT mm−1)
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𝐵
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1
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m

−
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𝐼right(𝐴)
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Figure 5.16: a. A graph of measured Bz1 for different combinations

of Ileft and Iright. The blue plane of best fit is a plot of Bz1 =

(−0.023 mT mm−1 A−1)Ileft + (−0.041 mT mm−1 A−1)Iright with a fitting error for both

coefficients of ±0.020 mT mm−1 A−1. b. The same graph as in a. but looking along the

plane of best fit.
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Ia = (Ileft, Iright)(A) Bexp
z0 (mT) Bmeas

z0 (mT) Bexp
z1 (mT mm−1) Bmeas

z1 (mT mm−1)

(0.31, 0.31) 1.22± 0.01 1.20± 0.01 −0.39± 0.04 −0.40± 0.01

(0.31,−0.31) −0.95± 0.01 −0.93± 0.01 0.31± 0.04 0.29± 0.02

Table 5.2: Table comparing the expected and measured magnetic field distributions.

Magnetic field source

1.2 mm

0.5 mm
𝑦0 = 1.6 mm

Hall probes

Arepoc cryogenic Hall robe array

𝑧

𝑦

Figure 5.17: A sketch of the Hall probe array set to calibrate the magnetic field source.

The red arrow shows the direction of current in the Hall probe.

the coefficients Bexp
z0 and Bexp

z1 for the applied currents of (Ileft, Iright) = (0.31, 0.31) A

and (Ileft, Iright) = (0.31,−0.31) A are determined. A comparison between the expected

coefficient values and the measured values is given in Table 5.2. The results show that the

expected and measured magnetic field distributions agree within error (which, once again,

refer to the fitting errors of the data to Equation (5.45)).

5.2.4 Hall probe array measurement of Γ′

The results discussed in the previous section have demonstrated that it is possible to con-

trol the magnetic field distribution by simultaneously flux pumping two double-loop su-

perconducting structures. However, the measurement procedure described above is some-

what limited. Firstly, because it relies on scanning a Hall probe a distance of several

millimetres in 0.05 mm steps using to the moving head of a CNC machine, the process is

time-consuming, often taking several hours to obtain a complete measurement of Γ′. As a

consequence, the errors in the obtained Γ′ matrix elements are often relatively large, as it

is not always possible to take several averages of the magnetic field distribution to smooth

out the effects of electromagnetic noise. This is particularly true when using liquid cryo-

gens, where there might be limited amount of time to perform a measurement before all
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the cryogen has evaporated. A second issue is that the measurement procedure described

above requires that the Geonium Chip planar magnetic field source be calibrated outside

of the Geonium Chip experimental setup. This ultimately introduces the possibility of

systematic errors in the measurement of Γ′, such as misalignment of the Hall probe with

the trapping region, or magnetic field distortion due to the presence of ferromagnetic ma-

terials in the vicinity of the CNC machine. Thus, a method of measuring Γ′ inside the

Geonium Chip cryostat system is required.

One such method is to use an array of regularly spaced cryogenic Hall probes, such

as the MULTI-7U Hall probe array from Arepoc s.r.o. This array comprises seven Hall

probes, each 100 µm × 100 µm in area, and each separated by a distance of 500 µm

(see Figure 5.17). The probes are positioned in series, and the same 10 mA current runs

through all of the probes. Because the Hall probes are positioned along the direction of

current flow, the same magnetic field from this current is picked up by all Hall probes (see

Figure 5.17). There may be some interference between the Hall probe leads, but these can

be minimised by arranging the wires from each active area into twisted pairs.

A simulation of how the MULTI-7U Hall probe array can be used to measure the

magnetic field distribution is given as follows. In the simulation, the Hall probe array,

whose first Hall probe sensor is 1.2 mm from the edge, is placed upright on the magnetic

field source, such that the probes are sensitive to magnetic fields along the z axis (see Figure

5.18). In the simulation, two different magnetic field distributions are imposed along with

an overlying random noise of ± 0.1 mT.8 The first magnetic field field distribution (without

noise) is

Bz(y) = −20.08 mT + 4.90 (y − y0) mT mm−1 − 1.30 (y − y0)2 mT mm−2, (5.47)

where y0 = 1.6 mm corresponds to the Geonium Chip trapping position above the surface

of the magnetic field source. A LabVIEW program is run to simulate measuring the mag-

netic field (including noise) at each sensor, where the positions of each sensors are chosen to

correspond to the nominal positions given in the Arepoc data sheet. The ‘measured’ mag-

netic field values are continuously averaged, and the averaged magnetic field distribution

is continuously fitted to a fourth order polynomial function in (y− y0). The same process

is then repeated for a homogeneous field distribution of Bz(y) = 50 mT + 0.1 mT noise.

The obtained fitting parameters for different numbers of averages are given in Table

5.3. The top panel shows the simulated fitting parameters for the first magnetic field

8It should be noted that the noise distribution is random within a range of ± 0.1 mT, rather than a

zero-centered Gaussian noise distribution with a standard deviation of 0.1 mT.
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Input field distribution:

Bz(y) = −20.08 mT + 4.90 (y − y0) mT mm−1 − 1.30 (y − y0)2 mT mm−2 + NOISE (± 0.1 mT)

No. averages Bz(mT) ∂yBz(mT mm−1) ∂2
y2Bz(mT mm−2)

(% difference) (% difference) (% difference)

1 -20.0092 (0.35 %) 5.0738 (3.55 %) -1.6569 (27.45 %)

5 -20.0971 (0.085 %) 4.8744 (0.52 %) -1.2911 (0.69 %)

10 -20.0783 (0.008 %) 4.9030 (0.06 %) -1.3536 (4.12 %)

20 -20.0684 (0.058 %) 4.8882 (0.24 %) -1.3223 (1.71 %)

337 -20.0809 (0.004 %) 4.8882 (0.24 %) -1.2866 (1.03 %)

652 -20.0747 (0.001 %) 4.8910 (0.18 %) -1.2931 (0.53 %)

1065 -20.0818 (0.009 %) 4.8916 (0.08 %) -1.2885 (0.88 %)

1692 -20.0809 (0.004 %) 4.8942 (0.12 %) -1.2916 (0.65 %)

Input field distribution: Bz(y) = 50.0 mT + NOISE (± 0.1 mT)

No. averages Bz(mT) ∂yBz(mT mm−1) ∂2
y2Bz(mT mm−2)

(% difference)

1 50.0014 (0.0028 %) -0.0792 0.0708

5 49.9934 (0.0132 %) -0.0148 -0.0155

10 50.0004 (0.0008 %) -0.0002 -0.0584

20 50.0000 (0 %) -0.0063 -0.0166

337 50.0000 (0 %) -0.0136 0.0066

652 50.0009 (0.0018 %) -0.0058 0.0003

1065 50.0011 (0.0022 %) -0.0016 0.0011

1692 49.9999 (0.0002 %) -0.0007 0.0036

Table 5.3: Simulated data for a measurement of the magnetic field distribution using a

MULTI-7U Arepoc Hall probe array.
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distribition, whilst the bottom panel shows the fitting parameters for the second magnetic

field distribution. The results in the table show that, in spite of the conservatively chosen

±0.1 mT noise, it is possible to measure the coefficients of the magnetic field distribution

to an accuracy of a few thousandths of a per cent. This incredible accuracy is due to the

parallelisation of the measurement, whereby the entire magnetic field distribution can be

averaged many times in a short space of time.9 As a result, the presence of noise, which

dominates the scanning measurements described in the previous section, can now regarded

as negligible.

In spite of its exceptional performance in terms of accounting for electromagnetic

noise, there are limitations to this Hall probe array measurement procedure. Firstly, this

measurement procedure is still susceptible to systematic uncertainties, in particular the

errors that arise from positional misalignment of the probes, and sources of stray magnetic

fileds (see §6.1). Secondly, the final measurement of the magnetic field distribution is

ultimately limited by the fact there are only seven sensors. Thus, whilst the errors in

the individual readings in each sensor are very low (because the readings can be averaged

many times), when one performs a polynomial fit of the data, this does not mean that the

errors in the obtained fitted coefficients will necessarily be low. Thus, whilst the obtained

coefficients in Table 5.3 are very close to the true magnetic field distribution, the errors in

these fitting coefficients will likely be substantially larger than the percentage values listed

in Table 5.3 (these are not listed). It would be very interesting to explore this limitation

of the measurement further.

The effect of cross-talk on the achievable current

Equation (5.28) shows the recursive formula for flux pumping two superconducting struc-

tures with overlapping Target Loops. The level of overlap between the Target Loops is

quantified by m, which describes how much flux from the Target Loop of one structure

couples to the Target Loop of the other. The proposed planar magnetic field source com-

prises concentrically arranged superconducting loops, and, for this arrangement, the value

of m is expected to be close to unity. It is therefore relevant to ask how the final obtainable

magnetic field depends on m. This can be done by plotting the sum of the two currents,

I
(1)
n + I

(2)
n , after an infinite number of cycles (i.e., n → ∞) as a function of m for the

same input fluxes in each loop (φ1 = φ2). The sum of currents is chosen since the total

magnetic field distribution at any position is proportional to this. The graph depicted

9With the MULTI-7U array, all seven sensors can typically provide magnetic field readings in a fraction

of a second.
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Figure 5.18: A graph showing how the level of overlap between two Target Loops affects

the final flux pumped current. As can be seen, increasing the level of overlap reduces the

final current for the same set of input parameters.

in Figure 5.18 shows the total currents as a function of m normalised by the case where

there is no cross-talk (i.e., when m = 0). The results show that as the level of overlap

gets higher, the expected achievable currents goes down. However, with perfect overlap,

the achievable current does not reach zero, but saturates at around 33 %. The practical

consequence of this is that when flux pumping superconducting structures with overlap-

ping Target Loops, three times as much flux is required to achieve the same currents as is

expected with non-interacting loops.
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Chapter 6

Persistent current-mode planar

superconducting magnetic field

source

The previous chapter was directed towards understanding the mechanism behind building

up persistent currents in superconducting circuits. There, the emphasis was on establishing

the physical principles of flux pumping, and was therefore presented from a more theor-

etical point of view. This chapter, however, focuses on the engineering principles behind

manufacturing a working planar magnetic field source. A range of practical considerations

are discussed, and a final design of the planar magnetic field source is presented. At the

time of writing, this is due to be constructed within the coming months. Also discussed

in this chapter is a method of improving the performance of the driven-current planar

magnetic field source to help minimise flucutations and drifts in the trapping magnetic

field.

6.1 Field requirements of the persistent current-mode planar

magnetic field source

The design of the planar magnetic field source ultimately depends on the magnetic field

requirements of the trap. These are summarised in this section.

Magnetic field strength

The Geonium Chip Penning trap has a desired magnetic field strength of at least 50.0 mT

(preferably up to 0.5 T) at a height of 1.6 mm above the surface of the magnetic field
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source. It must be directed parallel to the chip surface, along the z axis (see Figure 3.2).

Magnetic field gradient

The magnetic field gradient along y must be such that |B010| < 12 µT mm−1. This is to

enable single electron resolution, as is discussed in §3.3.2.

Control over the magnetic field distibution

The magnetic field distribution must be controllable up to at least the second order in the

Taylor expansion about the trapping position in z (i.e., up to B002). This is because a

non-zero B002 term (a magnetic bottle) is needed to enable single microwave photon de-

tection via the continuous Stern-Gerlach effect (see §3.4.2). It is desirable for the Geonium

Chip Penning trap to achieve magnetic bottle fields of |B002| > 0.61 mT mm−2. For an

electron axial frequency of 26 MHz, this B002 value corresponds to frequency shifts of 12

Hz per single jump in the cyclotron quantum state. Frequency shifts of this magnitude are

resolvable, and have been used in the past to detect individual microwave photons from

background thermal radiation [46].

Temporal stability of the magnetic field

In order to compete with high precision Penning trap experiments, the Geonium Chip

magnetic field must have a high degree of time stability, with fractional magnetic field

fluctuations of the order of around 10−8 per hour. Temporal instability in the magnetic

field has several possible sources. For the driven-current magnetic field source, short-term

variations in the magnetic field (on the scale of less than a second) are predominantly

caused by fluctuations in the currents from the power supply. It is estimated that these

can introduce a fractional magnetic field instability of the order of 10−3 per hour.1 In

addition, long-term drifts in the magnetic field are often the result of temperature changes

in the system, and this is particularly true for liquid based cryostats, where the magnetic

permeability of the dewar material can change with temperature as the cryogen level

drops over time [119]. Whilst this particular issue is not a problem for the Geonium Chip

experiment, since it relies on a dry Sumitomo pulse tube cryostat, for the driven-current

planar magnetic field source temperature changes in the power supply can still lead to

1This is based on observed 1 mA current fluctuations from the HMP4040 power supply every few

seconds. Using the measured Γ given in Equation (3.23), this gives a time instability of 10−3 per hour.

Note that, because the fluctuations occur over a short time-scale (i.e., over no more than a few seconds)

the fractional change per unit time is large compared with slow drifts in the magnetic field.
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drifts in the magnetic field. To what extent temperature changes in the power supply

affects the trapping magnetic field has not yet been measured, but estimations based on

data from the manufacturers of the HMP4040 power supply suggests that the magnetic

field changes by 5 µT per 1 K change in the temperature of the power supply.

The most effective way of addressing the magnetic fluctuations discussed above is to

replace the driven-current magnetic field source with one that runs in persistent current-

mode. However, whilst this may help to limit the effect of fluctuations from a power

supply, it does not prevent external sources of noise from affecting the trapping magnetic

field. Identifying the sources of such noise is a difficult task, and fluctuations as high as

10 µT per hour can be caused by changes in solar activity, ionospheric conditions, or the

presence of nearby subways in urban areas [49]. Although not present in the current setup

of the Geonium Chip experiment, we plan to encase the outer vacuum chamber with a

high permeability metal (“mu metal”) sheet to shield much of this external noise.

Fast changing of the magnetic field distribution

The ultimate aim of the Geonium Chip experiment is to develop a practical single mi-

crowave photon detector, meaning that the process of detecting a single microwave photon

from a target or sample of interest must happen in an acceptable timescale. What defines

an acceptable timescale depends on the intention of the user, but for the Geonium Chip

Penning trap it should be possible to change the magnetic field distribution from a homo-

geneous trapping field to a magnetic bottle field in less than a minute.

6.1.1 Design considerations

In the last section, the magnetic field requirements for the Geonium Chip Penning trap

were outlined. In this section, the practical considerations necessary for the design of the

planar magnetic field source are now given.

Choice of material

The choice of superconducting material requires careful consideration. The requirement

for high trapping fields means that a superconducting material with a high critical field,

Hc, and a high critical current density, Jc, is essential. In addition to the electromagnetic

properties of the material, there are several mechanical specifications that also have to be

met. Not only does the material need to be easily machinable, but the large magnetic

forces between neighbouring coils requires for the chosen material to be strong and robust.
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Thus, ceramic-based superconductors, such as YBCO, are ruled out due to their brittle-

ness. Whilst a superconducting material with a high critical temperature, Tc, would be

important for the commercialisation of the Geonium Chip (in that a Penning trap oper-

able at relatively high temperatures (> 77 K) is cheaper to run than a low temperature

Penning trap), for the initial design, it is preferable to have a superconducting material

with a critical temperature just above the expected ambient temperature of ∼ 4 K. This

is to maximise the efficiency of the superconducting heat switches, such that the switches

only need to raise the temperature of the supercondcuting material by a few K. From the

abovementioned considerations, niobium-titanium alloy (Tc ≈ 10 K, Hc ≈ 13 T) [120] is

the material of choice for the planar magnetic field source.

Number of current-carrying coils

There are many factors to consider when choosing the number of independently controlled

current-carrying coils. The first (and perhaps most obvious) consideration is that the

greater the number of current-carrying coils, the greater the achievable magnetic field

strength. The second consideration is that, as stated in §3.3.2, the level of control over the

magnetic field distribution (in terms of the number of coefficients in the Taylor expansion

of the magnetic field distribution that can be controlled) is equal to the number of inde-

pendently controlled currents. Thus, in terms of magnetic field performance, the greater

the number of coils, the better. However, increasing the number of currents introduces

practical difficulties, not only in terms of the size of the magnetic field source, but also

in terms of the amount of heat dissipation in the cryostat. The second cooling stage of

the Sumitomo pulse tube cryostat has a cooling power of 0.5 W, and so heat input should

be kept as low as possible. Also, having a higher number of magnetic field source coils

increases the number of vacuum feedthroughs that are required, which then complicates

the wiring inside the cryostat. Taking into account all of the above, it was decided that

there should be five independent currents (i.e., five pairs of coils) in the planar magnetic

field source.

Dimensions of the Target Loops

The Target Loop currents are what produce the trapping magnetic field, and so it would

be desirable to optimise their geometry so that they produce the highest and most homo-

geneous fields possible for the smallest currents. Whilst it is thought that a mathematical
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Figure 6.1: Top view of the magnetic field source arrangement with general dimensions to

be optimised.

solution to this optimisation problem may exist,2 this approach has not been taken here.

Instead, a somewhat systematic way of settling on the loop dimensions was taken, and

this is what is discussed here.

Magnetic field source symmetry: The very first requirement is that the magnetic field

source must be symmetric in the x and z dimensions to naturally impose x and z symmetry

in the trapping field. Thus, an arrangement of coils symmetrically placed about the xy

plane for which z = 0 was chosen (see Figure 6.1).

Outer dimensions of the planar magnetic field source: Secondly, a choice needs to be

made on the outer dimensions of the planar magnetic field source. Ultimately, this is

limited by the amount of available space in the experimental setup. Under this constraint,

the following range of dimensions were considered: 42 mm ≤ Lz ≤ 70 mm, and 46 mm ≤

Lx ≤ 50 mm.

Thickness of Target Loops: Another consideration to be made is the thickness, t, of

the superconducting material (see Figure 6.2). Whilst thicker loops are able to carry

more current, they increase the heat required for heat switch operation, since more of the

superconducting material needs to be raised above Tc. As a result, loop thicknesses in the

2i.e., for a given volume of material, and a chosen number of loops, it may be possible to find the optimum

magnetic field source dimensions such that the currents required to produce a given homogeneous magnetic

field at the trapping position is minimised.
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Figure 6.2: Top and side views of the planar magnetic field source showing trapping height

and superconductor thickness. The location and orientation of the desired magnetic field,

Bz, is clearly labelled.

range 0.5 mm ≤ t ≤ 3.0 mm were considered.

Optimal position: Another design consideration is the position at which the magnetic

field should be optimised. This is nothing other than the trapping position, and for the

present setup corresponds to y0 = 1.6 mm above the magnetic field source (see Figure

6.2).

Gap size: The size of the gaps between neighbouring superconducting coils, wg, (see

Figure 6.1) is also something that needs to be considered. Smaller gaps are naturally

advantageous as they allow for the majority of the structure to be filled with current-

carrying wires. This is thought to enable for higher obtainable magnetic fields, particularly

along the z direction, which should make it easier to achieve a high degree of magnetic

field homogeneity just above the surface of the magnetic field source. The problem with

small gaps, however, is that it results in very high local fields between the coils. Magnetic

field expulsion from the superconducting material ultimately pushes the field lines into the

small gaps, creating a region of very high magnetic flux density. This can locally exceed

the critical field of the material, which can cause current dissipation. In the driven-current

magnetic field source, the main and shim wires are separated by about 1 mm, and magnetic

fields of over 0.1 T have been achieved without the local magnetic flux density quenching

the magnet. Thus, for the persistent-mode planar magnetic field source, similar (but

slightly smaller) gap sizes in the range 0.1 mm ≤ wg ≤ 0.5 mm are considered.

Widths of loops: The widths of the loops (depicted in Figure 6.1 as a0 for the width

of the main coil, a1 for the width of shim 1, a2 for the width of shim 2, and so on) are of
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primary importance to the design of the planar magnetic field source. Firstly, the wider

the superconducting material of the loops, the more current the loop can take, which

ultimately contributes to a higher trapping field. However, it is important to decide on

how wide each loop should be relative to the other loops. Some loops are further away

from the trapping position than others, and so their contribution to the overall trapping

field will be smaller. To compensate for this, as a rough rule of thumb, it is best to have

a thin main wire, and thicker shims, of the general hierarchy a0 < a1 < a2 < a3....

6.1.2 Determination of dimensions of planar magnetic field source

The point of the above was to develop a number of general design guidelines to help

determine the dimensions of the planar magnetic field source. Now these guidelines have

been established, individual designs can be proposed, and their magnetic performance can

be analysed numerically.

Based on the guidelines above, 12 different geometries of planar magnetic field source

were considered, and the relevant dimensions are summarised in Table 6.1. For each

geometry listed, a thickness of t = 1 mm was initially considered. The very first step was

to calculate, for each geometry, the current densities in each loop that are required to

produce a homogeneous magnetic field of 0.5 T at a height of 1.6 mm above the magnetic

field source. These calculations were performed using a Mathematica program written

by Dr José Verdú. In the program, the Biot-Savart law is used to determine, for each

configuration, the current densities required in each loop to produce the desired magnetic

field at the trapping position. The program assumes, for each loop, that the current is

distributed uniformly along its cross-section. As discussed in §4.5, this is valid assumption.

The results of these calculations are given in Table 6.2, which lists the current densities

required to produce a 0.5 T homogeneous field at a height of 1.6 mm above the magnetic

field source for each proposed magnetic field source geometry. Importantly, all of the

calculated current densities are below the critical current density of niobium-titanium

(Jc = 3000 A mm−2).

In addition to the required currents, it is also important to consider the strength of the

magnetic field on the surface of the superconducting loops. As discussed in §6.1.1, when

the magnetic field source is carrying current, large magnetic fields can exist in the gaps

between the loops. If these fields are large enough to exceed Hc of niobium-titanium, then

the superconducting material is driven into its normal state, and the magnet is quenched.

Given the dimensions listed in Table 6.1, and the required current densities displayed in
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Configuration # Lz(mm) Lx(mm) Gaps (mm) a0(mm) a1(mm) a2(mm) a3(mm) a4(mm)

1 70.0 46.0 0.1 0.5 1.0 1.0 1.5 6.0

2 70.0 46.0 0.2 0.5 1.0 1.0 1.5 7.0

3 70.0 46.0 0.5 0.5 1.0 1.0 1.2 15.0

4 46.0 46.0 0.5 0.5 1.0 1.0 1.2 15.0

5 60.0 46.0 0.1 0.5 1.0 1.0 1.0 8.0

6 46.0 46.0 0.5 0.5 0.9 1.0 1.2 15.0

7 46.0 46.0 0.5 0.5 0.8 1.0 1.3 15.0

8 46.0 46.0 0.5 0.5 0.8 1.0 1.5 15.0

9 50.0 50.0 0.5 0.5 1.0 1.0 1.2 15.0

10 42.0 50.0 0.5 0.5 1.0 1.0 1.2 15.0

11 50.0 46.0 0.5 0.5 1.0 1.0 1.2 15.0

12 46.0 50.0 0.5 0.5 1.0 1.0 1.2 15.0

Table 6.1: Table summarising the various dimensions of magnetic field source that were

considered. An initial thickness of t = 1 mm was considered.

Configuration # J0(Amm−2) J1(Amm−2) J2(Amm−2) J3(Amm−2) J4(Amm−2)

1 1047 656 2028 -1776 2904

2 1165 830 1840 -1506 2802

3 1635 1104 2185 -2465 2773

4 1635 1099 2274 -2837 2995

5 1054 635 2204 -2899 2365

6 1635 1114 2297 -2738 2928

7 1634 1137 2271 -2334 2900

8 1633 1142 2208 -1885 2984

9 1634 1105 2164 -2352 2657

10 1635 1100 2246 -2702 2872

11 1635 1100 2243 -2708 2915

12 1635 1103 2196 -2486 2737

Table 6.2: Table showing, for each proposed magnetic field source geometry, the current

densities required to produce target field of 0.5 T at 1.6 mm above the source. The

thickness of the loops used in this calculation is t = 1 mm.
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Figure 6.3: Sketch of two parallel rectangular current-carrying wires

Table 6.2, it is possible to get a rough estimate of the sorts of magnetic fields that can be

expected on the inner surface of the superconducting material for each loop. To illustrate

how this calculation is made, consider two wires (Wire 0 and Wire 1) carrying respective

current densities of J0 and J1, separated by a distance wg (see Figure 6.3). The wires have

the same thickness, t, but differ in their widths, with a0 being the width of Wire 0, and a1

being the width of Wire 1. The purpose of this calculation is to determine the magnetic

field on the inner surface of Wire 1, at point P . The magnetic field at P is the sum of

the magnetic field contributions from Wire 1, BWire 1, and from Wire 0, BWire 0. Using

Ampere’s law, BWire 1 can be approximated as

BWire 1 ∼
µ0J1a1t

2π(a1/2)
=
µ0J1t

π
, (6.1)

where µ0 is the permeability of free space. Similarly, BWire 1, can be approximated as

BWire 0 ∼
µ0J0a0t

2π(a0/2 + wg)
. (6.2)

For the arrangement in Figure 6.3, the magnitude of the net magnetic field at P is actually

|BWire 1−BWire 0|, since, at P , the magnetic contributions from Wire 0 and Wire 1 point

in the opposite direction. However, in this calculation, the sum of the magnitudes of

the magnetic fields is considered (i.e., |BWire 1| + |BWire 0|). This is to ensure that the

calculations always overestimate the magnetic field on the superconductor surface, as a

safety precaution. Whilst only two wires have been considered here, this principle can be
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extended for any number of wires.

Using the calculation principle described above, the magnetic field on each loop, for

each configuration listed in Table 6.1, and carrying the corresponding current densities

listed in Table 6.2, was determined. The magnetic fields were calculated on the position

of each loop in the xz plane for which y = 0 that is closest to the trapping region, and the

results are listed in Table 6.3.

In addition to the magnetic field values, estimates of the forces experienced by each

loop were made. As is well known, a wire of length, l, carrying a current, I, in a magnetic

field, B, oriented perpendicular to the direction of current flow, will experience a force, F ,

of magnitude F = BIl. Thus, using the calculated magnetic field values, along with the

dimensions given in Table 6.1, and the current densities in Table 6.2, the force on each

superconducting loop can be estimated. These are listed on the right-hand side of Table

6.3.

The results in Table 6.3 indicate that a trapping field of 0.5 T is unlikely for any of

the geometries listed in Table 6.1. In every case, the maximum value of the magnetic field

on the superconductor edge exceeds the critical field of niobium-titanium. In addition, for

every configuration, the calculated force on shim 4 is extremely large, being approximately

equal to the weight of half a ton with configuration 5, and, with these forces, it would be

difficult to keep the loops from moving apart. It is therefore necessary to scale down the

desired magnetic field.

Whilst the results displayed in Table 6.3 suggest that a target magnetic field of 0.5

T may not be possible, they do give some indication as to which of the 12 considered

geometries is best. Inspection of the calculated magnetic field and force values shows that

configuration 9 is the best choice of all the 12 proposed geometries. For this reason, the

numbers for configuration 9 in Table 6.1 and 6.2 are in bold.

Once configuration 9 was chosen, further calculations were made to see what effect

different superconductor thicknesses would have on the magnetic field source performance,

in particular on the currents required in each loop, on the magnetic field values on the

inner edge of each loop, and on the expected magnetic forces. Using the Mathematica

program mentioned above, the current densities needed to achieve a 0.5 T homogeneous

magnetic field at 1.6 mm above the magnetic field source were calculated for the dimensions

of configuration 9 but with thicknesses ranging from 0.50 mm to 3.00 mm. The results

are summarised in Table B.1 in the Appendix, and show, as expected, that with thicker

loops the required current density goes down. This suggests that it is better to have
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Desired Field (T) J0(Amm−2) J1(Amm−2) J2(Amm−2) J3(Amm−2) J4(Amm−2)

0.50 1634 1105 2164 -2352 2657

0.40 1308 884 1781 -1881 2125

0.30 981 663 1298 -1441 1594

0.20 654 422 806 -941 1063

0.10 327 221 433 -470 531

0.09 294 199 396 -423 478

0.08 262 177 346 -376 425

0.07 229 155 303 -329 372

0.06 196 133 260 -282 319

0.05 163 111 216 -235 266

Table 6.5: Table showing the current densities required for various homogeneous magnetic

fields at 1.6 mm above the planar magnetic field source for different target fields. The

magnetic field source dimensions considered are those corresponding to configuration 9

with a loop thickness of 1 mm.

thicker superconducting loops. However, when the magnetic fields and magnetic forces

are considered (see Table B.2 in the Appendix), it turns out that it is better to have

thinner superconducting loops, with the optimal superconductor thickness is 1 mm.

The calculations described above have shown that, for the 12 geometries listed in Table

6.1, configuration 9, with a superconductor thickness of 1 mm, is expected to perform the

best. An important question is therefore what is the highest magnetic field that can be

achieved with configuration 9? As mentioned above, a target field of 0.5 T was deemed

unlikely because the calculated magnetic fields on the inner edges of the superconducting

loops exceed the critical field of niobium-titanium. To determine what magnetic field

strength is likely, the expected magnetic field strengths on the superconductor edges,

along with the corresponding magnetic forces, were calculated for configuration 9 for

various desired fields ranging from 0.05 T to 0.50 T. The results are displayed in Table

6.4, and, for completeness, the corresponding current densities are displayed in Table 6.5.

From considering the magnetic field strength on the superconductor edge alone, it would

seem that a desired field of 0.30 T is achievable, since the magnetic field experienced by

each loop is less than the critical field of niobium-titanium. However, the corresponding

inter-loop forces for this case are large, with an expected force on shim 4 of over 1000

N. Fortunately, these forces scale with the square of the desired magnetic field, and so

with a desired field of 0.10 T, the force is reduced to 115 N. Given that the formers for

the driven-current planar magnetic field source have been able to sustain similar forces,

it is expected that, with the persistent current-mode planar magnetic field source, 0.10 T
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Figure 6.4: Top view of the proposed planar magnetic field source

should be achievable.

6.1.3 Planar magnetic field source design

The final geometry of the planar magnetic field source is presented in Figures 6.4 and

6.5. Figure 6.4 shows the top view of the planar magnetic field source. The green arrows

show the direction of the desired magnetic field. As is shown, there are five pairs of

square Target Loops whose widths correspond to the dimensions of configuration 9. The

thicknesses of the superconducting paths is 1 mm. In addition to the Target Loops, five

pairs of Pumping Loops are located on the far left and right-hand sides of the magnetic

field source. It is into these Pumping Loops that flux is to be injected via the method

of flux pumping described in §5. Of crucial importance is that each Pumping Loops and

its corresponding Target Loop are electrically connected, such that they form a double-

loop superconducting structure as described in §5. To ensure this connection is present,

superconducting paths from the Pumping Loops are required to bridge over to connect to

the Target Loops (see Figure 6.5). The height of the bridges is chosen to be 2 mm, to

ensure they do not pass closer to the Target Loops than the gap width of 0.5 mm.

A major consideration with the planar magnetic field source is the number of input

currents that are required for its operation. For each pair of loops, four heat switches and

two pumping solenoids are required. If they are driven individually, then for each pair of
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Figure 6.5: Various perspective views of the proposed persistent current-mode planar

magnetic field source. The direction of the magnetic field, Bz, is indicated by the green

arrows. The magnetic field source comprises five pairs of double-loop superconducting

structures. The yellow cylinders represent the pumping solenoids needed to inject flux

into the each double-loop superconducting structure. The light green blocks depict the

location of the heat switches. Top: Top perspective view of the planar magnetic field

source. Middle: Top view looking down on the planar magnetic field source. Bottom:

Underside perspective view looking up at the bottom of the planar magnetic field source.
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Figure 6.6: CAD drawing showing the superconducting bridges between the Pumping

Loops and the Target Loops. (Top:) A side on view of the proposed planar magnetic

field source. The location of the trapping field, Bz, is clearly shown at 1.6 mm above the

magnetic field surface. (Middle:) A perspective view of the superconducting bridges as

seen from below. (Bottom:) Zoomed-in image of the superconducting bridges as seen

from below. A bridge height of 2 mm is clearly labelled.
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Figure 6.7: A schematic diagram showing how flux conservation can be used to stabilise

fluctuations in the source coils. Changes to the source current induce a current in the

stabilisation coils (depicted in red) that opposes the current change in the source coils.

coils 12 current feedthroughs (in and out) are required. For a five coil setup illustrated

in Figure 6.5, 60 feedthroughs are required. This can, however, be greatly reduced with

careful planning. For instance, it should be noted that during the flux pumping procedure,

Heat Switch 1 on every loop needs to be operated simultaneously, as does Heat Switch

2. Thus, connecting these switches in series can reduce the required number of heating

currents from 40 to 4. Similarly, the pumping currents for each pair of coils can be driven

simultaneously with the same current supply.

6.2 Improvements to the driven-current planar magnetic

field source

The planar magnetic field source, as proposed in the previous section, is, at the time of

writing, still under development. The Geonium Chip Penning trap is therefore currently

set to operate with the driven-current planar magnetic field described in §3.2. As discussed

in §6.1, the issue with a driven-current magnetic field source is that it can likely produce

fluctuations and drifts in the trapping field. It would therefore be advantageous to have a

method of improving the time-stability of the driven-current magnetic field source.

6.2.1 Stabilisation coils

As discussed in §4.4.1, flux through a closed superconducting loop is a conserved quantity.

Any changes in external magnetic field that couple into a closed superconducting loop
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Figure 6.8: A schematic drawing of the experimental setup used to test magnetic field

source stabilisation. a. Depiction of the source coils running on driven currents. Current

flows into the source coils from a HMP4040 power supply. b. Closed loop stabilisation

coils are placed directly on top of the source coils. Changes in current from the HMP4040

power supply are compensated by induced currents in the stabilisation coils.

result in induced currents that serve to oppose such changes. It therefore follows that

this property could be used as a way to stabilise fluctuations in the driven-current planar

magnetic field source. This could be achieved by placing passive superconducting closed

loops directly on top of the coils of the driven-current magnetic field source. If the closed

loops mimic the geometry of the coils of the magnetic field source, and are placed as

close to them possible (i.e., directly on top of each coil), then any fluctuations in the

magnetic field source will be compensated by the induced currents. Of course, the closed

superconducting loops need to be field-cooled to ensure that it is the flux from the planar

magnetic field source that is conserved.

The concept can be understood as follows. Consider a square superconducting coil

carrying a current, Isource, which will be termed the “source” coil. Suppose, now, there

is another superconducting coil of precisely the same dimensions as the source coil, but

placed at a perpendicular distance, d, above it (see Figure 6.7). This will be termed the

“stabilisation coil”. The stabilisation coil is set to conserve flux from the source coil when

it is carrying current Isource, as is shown in Figure 6.7a. In this case, the flux flowing

through the stabilisation coil is precisely equal to the flux that was field-cooled into it.

As a result, no current flows in the stabilisation coil, and the total magnetic field at the

position, h, above the stabilisation coil, is Bbefore. Suppose now there is a fluctuation in

the current in the source coil, such that Isource → I ′source. The change in current results
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Figure 6.9: Graph showing magnetic field stabilisation for a zero-field cooled set of stabil-

isation coils. In spite of the different input current configurations, the measured magnetic

field distribution remains largely homogeneous.

in a change in flux flowing through the stabilisation coil, which induces a current, Iind,

that opposes this change (see Figure 6.7b). The magnetic field at a height, h, above the

stabilisation coil is the sum of the magnetic field from the source coil and the magnetic

field from the stabilisation coil, and is labelled Bafter in Figure 6.7b. The degree to which

the source coil is stabilised is quantified by the stabilisation parameter, S, which is defined

as one minus the relative change in magnetic field, ∆B/B = (Bafter −Bbefore)/Bbefore per

relative change in current, (I ′source − Isource)/Isource:

S = 1− ∆B/B

∆I/I
. (6.3)

For no shielding, we expect the relative change in magnetic field to be directly proportional

to the relative change in current, and so in this case S = 0. For perfect shielding, on the

other hand, for any change in current there is no change in the magnetic field (∆B = 0),

hence S = 1. In some circumstances, the contribution from the shielding current may

dominate the magnetic field at some point, and so we may get S > 1. This regime is

called over stabilisation, and is distinguished from the case where S < 1, which we call

under stabilisation.

The concept of magnetic field stabilisation was tested with a rather simple setup using
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Figure 6.10: Graph showing magnetic field stabilisation for a field-cooled set of stabilisa-

tion coils with source configuration (I Left, I Right)= (0, 10) A.

Superpower HTS tape, as is illustrated in Figure 6.8. Here, two 12 mm× 12 mm squares

were milled from HTS tape using a CNC machine. The superconducting paths were 3 mm

wide. A slit was cut in each square, such that they were no longer closed superconduct-

ing loops, and to each end was soldered copper wire. These wires were connected to a

HMP4040 current supply, such that this setup defines the source coils. Two stabilisation

coils, of exactly the same dimensions as the source coils, although with no slit nor soldered

wire, and with one heat switch on each loop, were stacked directly on top of the source

coils (see Figure 6.8b). Between the stabilisation and source coils was placed a thermal

insulating sheet (not shown in Figure 6.8) to prevent the heat from the heat switch from

breaking the superconductivity of the source coils. Adhesive tape was used to ensure the

coils remained in position. The entire system was then submerged in liquid nitrogen, and

the following experimental procedure was carried out.

Firstly, the stabilisation coils were zero-field cooled. This means that when the stabil-

isation coils became superconducting, they had no input flux from the source coils flowing

through them. The stabilisation coils therefore react to changes in the magnetic field so

as to conserve zero flux through the coils. Once zero-field cooled, 1 A of current was sent

into the right-hand source loop, and the horizontal component of the magnetic field dis-

tribution was scanned along the z axis at x = 0 mm, and a height of y = 1.6 mm, using a
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cryogenic Hall probe attached to a CNC machine. This process was repeated several times

for right-hand input currents ranging from 1 A to 8 A. A plot of the measured magnetic

field distributions for every case is given in Figure 6.9. The results displayed are the raw

data as measured by the Hall probe, with one magnetic field reading per position (in steps

of z = 0.05 mm). Because there is only one data point per z position, statistical errors

are not shown. Any systematic errors in the z position are present in each scan, and so

are also not plotted. The results show that in spite of a highly assymmetric change in the

input currents, the magnetic field distribution is largely uniform, with no obvious trend

in the gradient above noise. This is a clear demonstration of the concept of passive-loop

stabilisation. Whilst there is a base line change in field of around 0.1 mT, this effect in the

Geonium Chip Penning trap will likely be much smaller, since current fluctuations will be

at least 104 times smaller than this.

After these measurements were performed, the heat switches in the stabilisation coils

were turned on, so as to break the closed superconducting loop. A current of 10 A was

then sent into the right-hand loop, and the heat switches in the stabilisation coils were

turned off so as to reform the superconductivity. Now the stabilisation coils are configured

to conserve the flux from 10 A in the right-hand coil only. The magnetic field distribution

was then mapped along the z axis at a height of y = 1.6 mm for input currents to the right-

hand coil ranging from 10 A to 0 A. A graph of the data is given in Figure 6.10. Rather

interestingly, even when there is no input current to the source coils, the stabilisation coils

maintain the asymmetric distribution. Once again, there is some change in the base level

magnetic field (by a similar factor of around just under 0.1 mT), but, by inspection, the

distribution retains roughly the same gradient.

The results above give a qualitative indication of how fluctuations in the magnetic

field source can be stabilised. It is also interesting to see how the stabilisation factor, S,

changes with height. Using the same setup as given in Figure 6.8, this was investigated by

measuring the stabilisation factor, S, at (x, z) = (0, 0) mm for different heights, y. In this

experiment, the stabilisation coils were field cooled with a current configuration of (I Left,

I Right)= (0, 10) A. The stabilisation factor at each height was determined by measuring

changes in the magnetic field at each height with the following current configurations (I

Left, I Right)= (0, 0) A, and (0, 10) A at heights ranging from 0.8 mm to 2.2 mm. A plot

of stabilisation factor, S, against height is given in Figure 6.11, and qualitatively shows

that stabilisation improves at heights closer to the stabilisation coils. It is not understood

why this is the case, but it will be interesting to investigate this further.
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Figure 6.11: A graph showing magnetic field source stabilisation as a function of height

above the magnetic field source.

The results above hint at the prospect of stabilising fluctuations in the trapping mag-

netic field. By placing passive coils directly on top of the magnetic field source coils,

conservation of flux can be used to counteract inevitable current changes in the magnetic

field source. In future, it would be interesting to investigate the possibility of perfect

shielding, whereby the height, h, distance between the coils, d, and geometries of the coils

are chosen appropriately to achieve S = 1 for any fluctuation in current.

Finally, it is worth pointing out a potential possibility passive loop stabilisation can

bring for the Geonium Chip. Whilst the concept was initially devised as a method of

stabilising the currents for the driven-current magnetic field source, in future it may be

possible to perfectly trap the the flux from the source coils, such that the source currents

can be turned off completely and the magnetic field distribution can be retained. As was

seen in Figure 6.10, the magnetic field distribution was largely intact even when there

were no input currents. Such a method of providing a trapping field would be particularly

useful for portable applications.



136

Chapter 7

Summary and outlook

7.1 Summary

This thesis has presented the theoretical foundation and design of the Geonium Chip

magnetic field source − a novel planar magnetic field source which has the potential to

revolutionise Penning trap technology. The proposed design, which comprises a symmetric

arrangement of closed superconducting loops, scales down the size of conventional super-

conducting solenoids, which for many years has limited the scalability of Penning traps in

terms of their application to quantum technology, to the size of a smartphone. Conservat-

ive estimates indicate that this first design is capable of achieving homogeneous trapping

fields of over 0.1 T. The main results of this thesis are summarised as follows:

Calibration of the driven-current planar magnetic field source

In this thesis, the calibration of the driven-current planar magnetic field source was de-

scribed. This measurement is crucial to the operation of the Geonium Chip Penning trap,

because it provides a detailed understanding of how the trapping magnetic field can be

controlled. This is an essential requirement for the trapping of electrons. The effect of

temperature on the driven-current magnetic field source calibration was numerically invest-

igated, and it was proposed that magnetic field distortions from the Meissner-Oschenfeld

effect, along with changes to the current density in the wires when the magnetic field

source becomes superconducting, may mean that the calibration matrix, Γ, has to be re-

measured at 4 K. A proposed method of cryogenically calibrating the driven-current planar

magnetic field source using an array of seven Hall sensors was discussed, and simulations

indicate that this method is promising in terms of eliminating electromagnetic noise from

the measurement.
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Method of stabilising the driven-current planar magnetic field source

A method of stabilising the driven-current planar magnetic field source was proposed in

§6. By placing passive closed superconducting coils on top of the coils of the planar

magnetic field source, it is possible to use the principle of flux conservation to compensate

for fluctuations in the trapping magnetic field from the current supply. Proof-of-concept

measurements were performed, which indicate the principle of magnetic field stabilisation,

but more research needs to be done before it can be implemented in the Geonium Chip

Penning trap.

The linear flux approximation

The linear flux approximation states that, for a given current, the self-flux of a closed rect-

angular conducting loop is approximately directly proportional to its perimeter. This was

demonstrated in §4 by plotting the inductance against perimeter length for various square

and rectangular shaped loops. The real importance of this approximation is revealed in

§5, whereby it serves as a very simple mathematical tool for calculating the flux inside

various structures made from rectangular shaped loops.

Development of a mathematical model for flux pumping

The principle of flux conservation in closed superconducting loops is well-established. In

this thesis, this result is used, along with the linear flux approximation, to develop a

novel method of analysing methods of flux pumping. By noting that the self-flux of any

closed superconducting contour is proportional to the perimeter that the persistent current

travels, and that flux is conserved through any closed superconducting loop, the current in

any step of flux pumping can be calculated. This model is well supported by experiment

(see §5).

Devising methods of flux pumping

In this thesis, several flux pumping methods were devised and experimentally verified.

Whilst the method of flux pumping an individual double-loop superconducting structure

was known, the method of mathematically characterising it (see above) was not. Armed

with this newly devised mathematical model, new methods of flux pumping were then

developed. Of particular importance to the Geonium Chip Penning trap is the method

of simultaneously flux pumping a number of double-loop superconducting structures. The
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important feature of this method is that in spite of cross-talk between the different loops,

the final current configuration can be controlled.

Design of the persistent current-mode planar magnetic field source

This thesis also presents the first design of the Geonium Chip persistent current-mode

planar magnetic field source. It is expected to achieve homogeneous trapping fields of 0.1

T, and is currently under construction.

7.2 Outlook

In addition to summarising the content of this thesis, it is also important to discuss further

experiments that can be extended from this work. Whilst the planar magnetic field source

designed in this thesis is currently being manufactured in the school workshop, trapping

attempts are underway in the Geonium Chip experiment with the driven-current magnetic

field source. It is hoped that a cloud of electrons will be trapped in the coming months,

with the hope of reducing the number of trapped electrons down to one. This would

be a milestone in Penning trap technology, as it would be the first conclusive detection

of a single electron in a planar Penning trap. One of the main foreseeable challenges

is in the loading process, and in particular if the use of UV light to liberate electrons

results in disturbances to the trapping potential via charge buildup in the gaps between

the electrodes. This will have to be investigated thoroughly.

In terms of the persistent current-mode planar magnetic field source, once it is fab-

ricated, and the necessary formers needed to hold the coils in place are made, then the

very first thing to do will be to see what magnetic field strengths it can achieve. If, as is

predicted in §6, it is possible to achieve magnetic fields in excess of 0.1 T, then the aim will

be to try to trap electrons with this planar magnetic field source in place. Once trapped,

the ultimate aim will be to use a single electron to detect individual microwave photons,

making use of the continuous Stern-Gerlach effect.

Of course, over the coming years, it is likely that the planar magnetic field source

described in this thesis will be adapted. In particular, if the gap sizes of 0.5 mm between

the superconducting loops proves to be too small (in that the magnetic field strength on

the surface of the superconductor is so high that it quenches the magnet), then new designs

with larger gaps will have to be drawn up. Additionally, if the additive manufacturing of

ceramics continues to improve at, then, in the near future, it may be possible to 3D print

a planar magnetic field source from YBCO. This would offer a huge advantage for the
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Geonium Chip Penning trap, not only in terms of the speed of manufacturing, but also in

that it would be able to operate above the boiling temperature of liquid nitrogen.

Whilst the scientific and technological motivations for this work have hopefully been

successfully asserted throughout, it seems only appropriate that the final comment of

this thesis is given to outlining the real inspiration for this undertaking. It is hoped

that, in some way or another, whether directly, or indirectly, deliberate, or inadvertent,

immediately, or in the distant future, the enclosed content will have a positive impact on

society, however humble that might be.
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antiproton-to electron mass ratio by precision laser spectroscopy of p−He+, Phys.

Rev. Lett. 96 (2006), p. 243401.

[13] K. Blaum, High-accuracy mass spectrometry with stored ions, Phys. Rep. 425 (2006),

pp. 1-78

[14] M Block et al., Discovery of a nuclear isomer in 65Fe with penning trap mass spec-

trometry, Phys Rev Lett. 2008 Apr 4;100(13):132501.

[15] Scigelova, M et al., Mol Cell Proteomics. 2011 Jul; 10(7): M111.009431.

[16] P. Edwards. Initial report on the application of The Geonium Chip for Accurate

Mass Spectrometry. Technical report, Polestar Engineering, 2015.

[17] G. Ciaramicoli, I. Marzoli, and P. Tombesi. Scalable quantum processor with trapped

electrons. Physical Review Letters, 91(1):017901, 2003.

[18] G. Ciaramicoli, I. Marzoli, and P. Tombesi. Trapped electrons in a vacuum for a

scalable quantum processor. Physical Review A, 70(3):032301, 2004.

[19] Cridland, April, Lacy, John Henry, Pinder, Jonathan and Verdú, José (2016) Single
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[69] Haffner, H., Beier, T., Djekić, S. et al. Eur. Phys. J. D (2003) 22: 163.

https://doi.org/10.1140/epjd/e2003-00012-2
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Appendix A

Summary of flux pumping

mechanisms

In §5, the flux pumping mechanisms used for the operation of the planar magnetic field

source of the Geonium Chip were discussed. In this Appendix, tabular summaries for flux

pumping mechanisms are given: standard flux pumping (Table A.1), reverse flux pumping

(Table A2.), flux pumping of two double-loop superconducting structures with overlapping

Target Loops (Table A.3), and flux pumping of two double-loop superconducting structures

with adjacently placed Target Loops (Table A.4). When consulting Tables A.1, A.2, A.3,

and A.4, the reader is advised to refer to Figures 5.5, 5.9, 5.12, and 5.13 respectively.
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Appendix B

Magnetic field source data

The design of the planar magnetic field source is discussed in §6. This Appendix presents

tables of data showing the required current densities, the magnetic forces between each

loops, and the magnetic field strengths on each loop vary with superconductor thickness.

The proposed design is that corresponding to the dimensions of configuration 9 (see Table

6.1), and the data in the tables presented in this Appendix correspond to calculations for

a desired 0.5 T homogeneous magnetic field a height of 1.6 mm above the planar magnetic

field source.
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