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Abstract

This thesis describes the design, development, testing and evaluation of instru-
mentation designed to work with and enable the performance of spin-exchange
relaxation-free magnetometers. The instrumentation includes ultra-low noise
bi-polar current sources for driving magnetic field nulling coils and exhibiting
≈ 15 ppb/

√
Hz wideband noise and narrow 1/f noise bandwidth of 1 Hz. Custom

photodetectors featuring very low noise of ≈ 52 nV/
√
Hz after 100 Hz for tran-

simpedance gain of 150 kV/A were designed, built, and characterised. The detector
also features adjustable gain and bandwidth, with the ability to accept a range
of photodiodes to suit different applications. A custom laser driver for driving
vertical-cavity surface-emitting (VCSELs) lasers was also developed, featuring
very low current noise of 40 pA/

√
Hz at 10 Hz and diode temperature controller

capable of stabilising the temperature to < 0.5 mK.
The thesis also describes the development of two, spin-exchange relaxation-free
magnetometers. One utilising 87Rb, which is a lab-based experiment and a portable
sensor that uses 133Cs as its alkali species. Both experiments benefit from custom
instrumentation developed, achieving ultimate sensitivity of 24.7 fT/

√
Hz and

90 fT/
√
Hz respectively.

Additionally, the thesis describes an investigation of low-power and low-intensity
noise vertical-cavity surface-emitting lasers as an alternative coherent light source
to distributed Bragg reflector lasers commonly used for optically pumped magne-
tometers. The change to inexpensive and power-efficient laser light sources offers
a benefit for the development of portable magnetometers.
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Chapter 1

Introduction

The earliest known use case for observation of magnetic effect was for navigation.

One of the earliest instrument examples being a polished spoon made out of

lodestone, which when set on a flat surface, the handle would show the direction

of magnetic south. The first example of magnetisation and use for navigation

other than lodestone was "directional fish" which was a thin strip of iron made to

reassemble a fish. The iron was placed in a coal fire and after becoming red-hot

the "tail" of the instrument was quenched while being magnetised by the lodestone

[1]. The shape allowed the device better directional accuracy than the spoon and

allowed it to float on water. Only later, compass needles made out of iron were

developed.

The earliest examples of magnetometers only provided the ability to measure

the direction but not the absolute field strength. It would take until 1832 when

Carl Fredrich Gauss was able to measure the absolute magnetic field of the Earth

[2]. The instrument consisted of a magnet suspended by a silk thread over a

scale, where the oscillations produced by the movement of the magnet due to

geo-magnetic influence were observed as a reflection of scale on the telescope

and recorded. This method is believed to have been accurate to within 1% and

commonly used right into the 20th century.
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The work of Hans Christian Ørsted in 1820, provided a link between electric

current and magnetism when he observed that a compass needle deflects under

the influence of electric current flowing through the wire close to the compass

needle [3]. This brought interest to the idea of electromagnetism and spun much

research into this topic.

One of the results of Ørsted’s experiment was Michael Faraday’s work into the

magneto-optical phenomenon, today known as the Faraday rotation effect [4].

Where a linearly polarised light was used to pass through a piece of leaded glass

and under influence of a magnetic field along the axis of the light, the polarisation

of the light through the medium can be rotated. Depending on the magnetic field

strength applied, the rotation could be varied.

This experiment was recreated by Macaluso and Corbino in 1898, but this time

in an atomic vapour [5] to further the understanding of the Faraday effect. In

the experiment, they used a sodium sample illuminated by sunlight, close to

the absorption lines and altered the magnetic field applied. Through this, they

noted an increase in the optical rotation when the light was in resonance with the

absorption resonance of the sodium sample, laying the foundation for what would

become the optically pumped magnetometers (OPMs) used today.

OPMs are devices that utilise the principles of optical pumping, through means of

lasers or discharge lamps [6, 7], for the formation of a magnetically sensitive state

in the medium [6, 8] and are ultimately used for the detection of magnetic fields.

OPMs are very sensitive devices, which historically (1970s) were capable of

achieving magnetic sensitivities up to 100 fT/
√
Hz [9, 10] and in the early 2000s

this was improved to levels previously only reserved for Super Conducting Quantum

Interference Devices (SQUIDs) [11] which exploit the Josephson junctions that

require cryogenic cooling for operation [12]. This sensitivity was further increased

in 2002, by operating the magnetometer in a spin-exchange relaxation-free (SERF)

regime (explored in Chapter 2) which is a region of high atomic vapour density at
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near zero magnetic fields [13]. This new regime allowed it to achieve aT sensitivity

[14] making it more sensitive than SQUIDs, albeit working only at near zero

magnetic fields (< 20 nT) and with limited bandwidth (< 30 Hz). In addition,

the sensor was developed to explore the physical limits of the scheme rather than

the practical limits. As such practical devices typically achieve fT sensitivities.

Advances in microfabrication of vapour cells and miniaturised laser light sources

allowed for building these sensors into compact, portable devices [15–17].

These advances in sensitivity and useability make OPMs, using different interro-

gation methods ideally suited for a myriad of high sensitivity applications ranging

from: biomedical [16, 18–21], geophysics [22, 23], low field nuclear magneto reso-

nance (NMR) [24, 25], electromagnetic induction imaging [26, 27], defence [28]

and fundamental science [29, 30].

However, the sensitivity offered by OPMs can be easily spoiled by the use of

inadequate instrumentation that will limit their performance. This is primarily

due to over-reliance on commercial off-the-shelf (COTS) instrumentation in the

laboratory which targets a broad range of tasks but does not target specific

applications required by an OPM. Another issue, in particular, is the lack of

instrumentation designed to work for moving the sensors which are lab-based

experiments into practical portable devices. A prospect of a portable device

that requires multiple high-end COTS instruments quickly diminishes its value

as a commercially viable product, or worse cannot be realised at all because it is

unsuitable.

Another aspect that is important for compact devices is their size, weight and

power (SWaP), which is crucial for applications that require multiple sensors,

such as whole head magnetoencephalography (MEG) [21, 31]. This is difficult to

realise with lab-based instrumentation, which might be more suited for lab-based

proof of concept solutions rather than application based ones that provide more

constraints.
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The work presented in this thesis aims to address some of these issues by looking

at the process of design, development, testing and evaluation of custom instrumen-

tation aimed at OPMs with a particular focus on SERF magnetometry application

in a laboratory-based experiment and a portable sensor. The work will focus

on identifying aspects limiting the practical sensitivity of OPMs and addressing

these limitations through a design of custom instrumentation. This includes

ultra-low-noise current source used to drive magnetic field nulling coils, custom

low-noise photodetectors and amplifier architecture, a high stability laser driving

system, as well as custom components such as non-magnetic heaters.

1.1 Thesis Structure

This thesis describes two SERF magnetometer experiments, their theoretical

background and the instrumentation developed for each. Chapter 2 introduces the

atomic physics theory required to understand the experimental work. Chapter 3

describes the experimental setups of a 87Rb, lab-based SERF magnetometer and a

portable SERF magnetometer based around 133Cs. The lab-based magnetometer

was used as a test bed for instrumentation and techniques later used with the

portable SERF magnetometer. This chapter also focused on the characterisation

of the performance of the lab-based SERF magnetometer in terms of sensitivity,

and steps taken to get to that performance are described. Chapter 4 discusses the

development and testing of ultra-low-noise, highly stable, multichannel current

sources that are used for driving field nulling coils in magnetometry applications

as well as both SERF magnetometers described in Chapter 4. This chapter is

based on the author’s published work in the Review of Scientific Instruments

journal [32]. Chapter 5 details the development process of custom optoelectron-

ics instrumentation including low-noise photodetectors and a laser driver for

vertical-cavity surface-emitting laser (VCSEL) diodes. Chapter 6 focuses on the

investigation of VCSEL diodes as an alternative laser source to the distributed
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Bragg reflector (DBR) laser, currently used in the portable SERF magnetometer.

1.2 Work involvement

The work described here began in parallel with other, PhD laboratory members,

Edward Irwin, whose thesis describes the atomic side of the Rb SERF experiment,

Rachel Dawson, who focused on the Cs SERF as well as machine learning for

optimisation of the experiment. Each made a contribution to the other’s work.

The work reported here is the author’s contribution. The author also made a

contribution to the free-induction decay (FID) project involving post-doctoral

researcher Dominic Hunter and PhD candidate Allan McWilliam. This work is

ongoing and is not reported here.

Publications Arising from This Work

• M. S. Mrozowski, I. C. Chalmers, S. J. Ingleby, P. F. Griffin, and E. Riis,

“Ultra-low noise, bi-polar, programmable current sources” Review of Scientific

Instruments 94, 014701 (2023), 10.1063/5.0002964

• D. Hunter, M. S. Mrozowski, A. McWilliam, S. J. Ingleby, T. E. Dyer, P. F.

Griffin, E. Riis, “Optical pumping enhancement of a free-induction-decay

magnetometer” Journal of Optical Society of America B, 40, 2664-2673,

(2023)

• R. Dawson, C. O’Dwyer, E. Irwin, M. S. Mrozowski, D. Hunter, S. J.

Ingleby, E. Riis, and P. F. Griffin, “Automated Machine Learning Strategies

for Multi-Parameter Optimisation of a Caesium-Based Portable Zero-Field

Magnetometer” Sensors 23, 4007 (2023), 10.3390/S23084007

• D. Hunter, C. Perrella, A. McWilliam, J. P. McGilligan, M. Mrozowski, S. J.

Ingleby, P. F. Griffin, D. Burt, A. N. Luiten, E. Riis, “Free-induction-decay

https://aip.scitation.org/doi/10.1063/5.0114760
https://aip.scitation.org/doi/10.1063/5.0114760
https://doi.org/10.1364/JOSAB.501086
https://doi.org/10.1364/JOSAB.501086
https://doi.org/10.1364/JOSAB.501086
https://www.mdpi.com/1424-8220/23/8/4007
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magnetic field imaging with a microfabricated Cs vapor cell” Optics Express,

31, 33582-33595 (2023), 10.1364/OE.500278

• S. J. Ingleby, P. F. Griffin, T. Dyer, M. S. Mrozowski, and E. Riis, “A digital

alkali spin maser” Scientific Reports, 12, 1-7 (2022), 10.1038/s41598-022-

16910-z

https://doi.org/10.1364/OE.500278
https://doi.org/10.1364/OE.500278
https://www.nature.com/articles/s41598-022-16910-z
https://www.nature.com/articles/s41598-022-16910-z


Chapter 2

Theory of SERF OPMs relevant to

the experimental work

This section presents the core atomic physics theory and concepts required to

describe experimental work focused on optically pumped magnetometers.

2.1 Atomic Energy Structure

Alkali metal atoms find their use in metrological instruments such as magnetome-

ters and atomic clocks due to their simple electronic structure consisting of a single

unpaired electron in the outer energy shell that can be manipulated with ease.

Additionally, the presence of optical transitions in visible and near infra-red (NIR)

makes them easily accessible with laser technology. Because of this, the energy

can be well approximated by considering only the valence electron and the nucleus,

while neglecting the electrons in the inner energy shells.

Orbital angular momentum of the electron L⃗ is constrained in the range of

0 ≤ L ≤ n− 1, where L is the magnitude of the vector L⃗ and n is the principal

quantum number. Alkali metal atoms consist of a single outer valance electron

and a single electron spin S = 1/2, with spin angular momentum S⃗ [33].

The sum of the orbital angular momentum of the electron L⃗ and total spin
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angular momentum S⃗, gives rise to the total angular momentum of the electron

J⃗ . The quantum number J , which is the magnitude of J⃗ , can range from

|L − S| ≤ J ≤ |L + S| and is restricted to integer values in that range. The

spin-orbit coupling (L− S coupling) thus results in the splitting of energies for

states where L > 0, giving rise to fine structure splitting.

The spectroscopic notation used to specify an occupied quantum state is given in

the form |L, S, J⟩ = 2S+1LJ . The energy eigenstates of fine structure splitting are

hence described by |nℓ, 2S+1LJ⟩. For Cs, the ground state L = 0 does not result in

splitting due to spin-orbit coupling, while the first excited state L = 1 is split into

two states 6p 2P1/2 and 6p 2P3/2 respectively. The transitions from the ground state

6s 2S1/2 to 6p 2P1/2 and 6p 2P3/2 states is described as the D1 and D2 transitions

[34]. These transitions are one of the key elements used in the processes of optical

pumping and detection in atomic magnetometers with D1 being the most popular

in magnetometry application, demonstrating superior optical pumping efficiency

in comparison to D2 when there is collisional mixing in excited state [35]. D1 also

presents more widely spaced hyperfine levels in the excited state, it also features

dark states that allow for optical pumping into unperturbed Zeeman states.

D2 transition is typically used in dual beam setups, where D2 is used for pumping

while D1 is used for detection [35].

The interaction between the electron’s angular momentum J⃗ and the nuclear spin

I⃗, (quantum number I) gives rise to total angular momentum F⃗ that can range in

integer values |I − J | ≤ F ≤ |I + J | which leads to much narrower atomic energy

splitting known as the hyperfine splitting.

The hyperfine splitting levels F can further split into magnetic sublevels with

quantum numbers mF , which can be described by 2F + 1 for a corresponding

F level. In the absence of a magnetic field, the mF levels become degenerate.

The values of mF range from −F,mF , F . The energy eigenstates in the hyperfine

structure can be described by |nℓ, 2S+1LJ , F,mf⟩ [36, 37]. The Cs energy structure
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Figure 2.1 – Cs energy structure diagram, illustrating splitting of the ground
state and the first excited state. The D1 and D2 transitions arise from the
fine structure interaction and the hyperfine structure from the coupling of the
electron angular momentum with the nuclear spin. This process is denoted by
the quantum number F for ground state splitting and F ′ for excited splitting.
Splittings illustrated are not to scale.

diagram, including D1 and D2 transitions as well as their corresponding hyperfine

splitting, is presented in Fig. 2.1.

2.2 Zeeman effect

Previously mentioned mF levels are degenerate in the absence of a magnetic field.

This degeneracy can be lifted if an external static magnetic field is applied, due to

the interaction of magnetic moments of electrons and protons with the external

field [36]. This process can be described using the Zeeman effect where the mF

levels act as the projection of the total angular momentum F onto the external

magnetic field axis. For magnetic fields B that is sufficiently small (as is the case
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for SERF magnetometers) the energy shift ∆E can be given as [36]:

∆E = gFµBBmF , (2.1)

where gF is the hyperfine g-factor described in Eq. 2.2 and µB is the Bohr

magneton.

gF =gJ

(
F (F + 1) + J(J + 1)− I(I + 1)

2F (F + 1)

)
− . . .

gI

(
F (F + 1)− J(J + 1) + I(I + 1)

2F (F + 1)

)
. (2.2)

For higher fields, where the magnitude of the energy shifts becomes comparable to

other effects the Zeeman effect has to be redefined. An analytical solution exists

for states with (J = 1/2), which is relevant for the ground state of alkali metals

and can be calculated using the Breit-Rabi equation for the ground state levels

when L = 0 [36]. As the magnitude of the fields used in this thesis is close to zero

fields (< 1 µT), only the low magnetic field energy shift Eq. 2.1 is considered,

which is valid for fields < 30 µT for Cs [38].

If the external magnetic field B defines the quantisation axis, then under this

condition mF is a good quantum number. This leads to the evolution of the mF

state, where the hyperfine states precess with the frequency ωF given in Eq. 2.3.

ωF=I±1/2 = ± gjµBB

(2I + 1)ℏ

= ±γB .

(2.3)

The ωF is known as the Larmor precession frequency [39], governed by the

gyromagnetic ratio γ and the external magnetic field B. It is important to note

that for the ground state of alkali atoms where F = I − J for the lower ground
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state and F = I + J for the upper ground state will result in opposite sign

g-factors, that result in opposite Larmor precession direction [37]. This fact is

important and is covered in the later section 2.6.1 as it is a primary source of

relaxation due to spin-exchange collision.

2.3 Absorption Spectral Line

The observed absorption spectra depends on the alkali species, giving rise to its

natural linewidth as well as any additional broadening mechanisms present in

the system. These broadening mechanisms can be split into homogenous and

inhomogeneous broadening mechanisms. Homogeneous broadening mechanisms

affect all the atoms present in a sample (such as a vapour cell) in the same way.

One such mechanism is pressure broadening, which depends on the operating

temperature of the sample or the buffer gas type and pressure. Inhomogeneous

broadening mechanisms affect individual atoms in different ways, such as with

the Doppler broadening in thermal atoms.

2.3.1 Natural Linewidth

The natural resonance linewidth is based on the natural lifetime of the atomic

transition τ = 1/(2πΓ0) [35], where Γ0 is the resonance linewidth given as full-

width-at-half-maximum (FWHM) [40]. The natural linewidth stems from the

time-energy uncertainty relation, which prevents atomic transitions from having

singular frequencies. The lifetime depends on species and for the D1 transitions of

133Cs and 87Rb is 34.791 ns [41–43] and 27.679 ns [44–46] respectively. The natural

linewidth is a homogeneous broadening mechanism and thus has a Lorentzian

distribution, L. Its normalised distribution is presented in Eq. 2.5

Γ0 =
1

2πτ
(2.4)
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L(ν) = 1

π

Γ0/2

(ν − ν0)2 + (Γ0/2)2
. (2.5)

2.3.2 Broadening mechanisms

Among other homogeneous broadening mechanisms that are recognised is the

broadening due to atom collisions known as pressure broadening ΓP. Alkali-alkali

collision that increases with density and alkali-buffer gas collisions in the presence

of buffer gas decreases the lifetime of the transition and in turn, increases the

broadening effect. Similar to natural linewidth, the pressure broadening follows

the Lorentzian distribution found in Eq. 2.4. As both the natural linewidth Γ0

and pressure broadening ΓP follow Lorentzian distribution, their effects can be

combined to produce total homogenous broadening ΓT = Γ0 + ΓP.

The other broadening mechanism that needs to be considered is inhomogeneous

broadening. Atoms have a thermal velocity and their root-mean-square (RMS)

value can be described as v =
√
3kBT/m, where kB is the Boltzmann constant,

T is the temperature, and m is the mass of the atom. Considering that atoms

will have a component of their velocity along the direction of the laser light, each

will experience a shift in the light frequency due to the Doppler effect. This effect

will present a spread of frequencies interacting with the atoms which broaden the

linewidth. This process is dependent on the temperature of the sample and is

governed by the Gaussian distribution with a FWHM presented in Eq. 2.6 where

c is the speed of light in vacuum.

ΓD =
ν0
c

√
2kBT ln2

m
. (2.6)

A way to describe the combined broadening mechanism is to use a Voigt distri-

bution [47] which is the convolution of Lorentzian and Gaussian distributions.

Typically in cells that operate at elevated room temperatures, Doppler broadening

(ΓD) dominates [36]; however, when sufficient buffer gas pressure is present, the
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pressure broadening (ΓP) can dominate and has a bigger impact with the spectral

linewidth taking a L Lorentzian distribution.

2.3.3 Absorption cross-section

The probability of a photon being absorbed by the atom is known as the absorption

cross-section. For a typical Lorentzian line shape caused by a homogeneously

broadened transition of ΓT ≈ ΓP and natural linewidth Γ0 the absorption cross-

section is given as Eq. 2.7 [48]

σabs =
λ2

2π

2J ′ + 1

2J + 1

Γ0

ΓT

, (2.7)

where λ is the wavelength of the transition, J is the total electronic momentum of

the ground state while J ′ is the total electronic momentum of the excited state.

As the linewidth ΓT broadens, the absorption cross-section σabs will also broaden,

such that peak absorption is lowered and as a consequence, the light absorption

will decrease. To retain an adequate level of absorption, a higher number density

of the medium is required. This is achieved by heating the atoms in the cell.

2.4 Optical pumping

Optical pumping can be described as using the degrees of freedom of light to

create non-equilibrium states of matter; when a photon is absorbed it transfers

its angular momentum, which is dependent on the light polarisation on the atom.

In this section, we consider the role of this transfer, plus spontaneous emission,

on population redistribution within a single hyperfine state.

The selection rules define the excitation of the mF magnetic sublevels. Driving

a π transition, where the k vector is perpendicular to the B field and the light

polarisation is parallel to B, the excited state transition is given as ∆mF = 0. For
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σ+ transition the excitation is given as ∆mF = mF + 1 and for the σ− transition,

it is given as ∆mF = mF − 1. The atom does not remain in the excited state

forever and quickly decays to the ground state. The decay process follows the

same selection rules, where the probability of decaying to a particular ground

state is governed by the Clebsch-Gordan coefficients [36].

In this thesis, the F = 4 → F ′ = 3 of the the D1 line of 133Cs and F = 2 → F ′ = 1

of the D1 line of 87Rb are mainly used for the optical pumping. When the circularly

polarised light driving σ+ transition is used, atoms will experience the repeated

cycles of absorption and decay, moving the atomic population to increasingly large

∆mF levels. This process eventually stops when the atoms reach the dark state,

either mF = 3 or mF = 4, where no further absorption happens due to selection

rules.

By continuing this process most of the atomic population will be located in the

dark state and a net magnetisation M is formed which is called the orientation

moment with a preferred direction. The direction of the orientation can be changed

by pumping the population with a circularly polarised light driving σ− transition

which will encounter a dark state in the mF = −4 or mF = −3 state in this

particular case assuming no decay to F = 3 occurs.

If however, linearly polarised light driving π transition would be used, the popula-

tion would be split, occupying mostly both dark states, mF = ±4 and forming an

alignment moment that does not feature preferred direction and is only concerned

with the axis [49]. The population and redistribution for orientation and alignment

moment are presented in Fig. 2.2.

Despite optical pumping into either alignment or orientation, some leftover atoms

will decay and occupy the F = 3 state, potentially leading to spin exchange

collision with atoms in F = 4 and scrambling of the polarisation of the spins. The

F = 3 population can be evacuated with another laser source through a process

called re-pumping; however, this work is concerned with a single beam and as
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such repumping mechanism is not considered here. At the same time, the SERF

magnetometer configuration aims to suppress the effects of the spin exchange

mechanism covered in Section 2.6.3.

Magnetometers described in this thesis use the orientation moment to build a

population in the dark state and a B = 0 crossing is detected with the use of a

ground state Hanle effect (GSHE), where the transmission signal is proportional

to the polarisation [50].

Figure 2.2 – Level diagram of 133Cs D1 line of the hyperfine states with their
corresponding resolved excited hyperfine states. The atomic population is shown
pumped into alignment and orientation states with the use of linearly polarised
light driving π transition, and right-circularly polarised light driving σ+ transition
resonant to F = 4 → F ′ = 3 respectively. The relative population of atoms
occupying given states is shown with the height of yellow bars.
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2.5 Ground State Hanle Effect

In the 1920s Wilhelm Hanle observed that the degree of polarisation of fluorescent

light radiation in a dilute atomic medium is dependent on the magnetic field

applied in the particular direction [51]. The effect manifests itself as resonance

structure centred at B = 0 and is known as the depolarisation of resonance

fluorescence, zero-field crossing or Hanle Effect [52]. The same effect also occurs

in the ground state of the optically pumped atoms, where an external magnetic

field transverse to the pump direction can be detected by scanning it through a

zero field as a function of absorption [9, 50].

In the magnetometers described in this thesis, the alkali atoms are polarised with

circularly polarised light and eventually reach the dark state where no further

optical pumping occurs. Assuming that the magnetic field had been nulled in all

axis, maximum transmission through the cell will be achieved as atoms no longer

absorb light[50, 53].

In the experiment, the z-axis is used for pumping and monitoring transmission

through the cell. If the field appears along the x-axis, atoms will experience torque

and be able to evolve in time, causing precession out of the dark state enabling

absorption manifesting as a peak when crossing through Bx = 0. If the field

along the pumping axis is Bz = 0 and Bx and By are not nulled the atoms will

precess out of the dark state and start to absorb the light manifesting as a dip in

transmission [50, 53]. The width of the magnetic resonance δB is dependent on

the T2 relaxation time described in Section 2.6 where δB is given by [13]

δB = (2πqT2µ0)
−1 . (2.8)

Here, T2 is the transverse relaxation time, µ0 is the permeability of free space and

q is the nuclear slowing-down factor which will be described in the later section

2.6.3.



CHAPTER 2. THEORY OF SERF OPMS RELEVANT TO THE
EXPERIMENTAL WORK 17

From Eq. 2.8 it can be determined that T2 time plays an important role in the

overall sensitivity of the device to magnetic fields.

2.6 Spin Relaxation

For magnetometers in which the total magnetic field B is present perpendicular to

z, the electronic spins of the alkali atom will precess about the field. By extending

the coherence time of this precession, higher magnetometer sensitivity can be

obtained. For this to happen the spins need to remain polarised for as long as it

is possible. This spin coherence time is known as the transverse relaxation time,

T2. The longitudinal relaxation time is known as T1 which defines the lifetime of

the longitudinal spin polarisation. It is typically much longer than the T2 [54], as

such the T2 is the sensitivity limiting factor.

There are multiple processes that cause depolarisation and negatively impact the

T2 time. One such process is the collision of atoms with glass cell walls. When an

atom collides with a glass wall it adsorbs into the surface for some finite time before

being ejected back into the cell atomic volume. During the adsorption time, the

atom experiences local magnetic and electric fields of the glass, which randomise

the spin direction, depolarising the atom in the process [35, 55]. The impact of

this effect can be lessened by coating cell walls with inert materials which prevent

atoms from reaching the glass walls or by adding buffer gas into the cell. One of

the most commonly used materials is paraffin. However, paraffin melts at around

60 - 80 °C and is thus unsuitable for SERF which operates at temperatures higher

than the paraffin melting point. Higher temperature synthetic coatings exist

but were not considered for this experiment as they are typically only applicable

to glass-blown cells [35, 56] while microelectromechanical systems (MEMS) cell

fabrication with such coatings requires special consideration [57].

Buffer gas causes atoms to experience the diffusive motion that extends the time

for the alkali atom to reach cell walls. The buffer gas has to be chemically inert,
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and for this reason, noble or inert gasses are typically used. It is common for

nitrogen to be used, which has the added benefit of acting as a quenching gas which

suppresses the spontaneous emission of a photon and prevents radiation trapping

[58, 59] which could otherwise limit the atomic polarisation [35]. Magnetometers

often use noble gasses with an addition of nitrogen for quenching [60, 61]. The cells

used in the experiments covered in this thesis all use nitrogen as both the buffer gas

and quenching gas only, due to manufacturing complexity. The presence of buffer

gas can, however, lead to spin-destruction collisions between alkali atoms and

gas atoms/molecules leading to additional relaxation. For this reason, buffer gas

pressure needs to be balanced for optimal diffusion and spin-destruction collisions.

2.6.1 Spin-Exchange Collisions

Another source of spin relaxation is spin-exchange collisions. Alkali atoms can

collide with one another which causes a transfer of their polarisation between

electronic and nuclear spins [62]. These collisions conserve the total angular

momentum but can redistribute the angular momentum among the hyperfine

sub-levels of the ground state. For alkali atoms, spin-exchange cross-sections are

considered large with a typical order of 10−14 cm2. Spin-exchange collisions thus

contribute to the T2 relaxation time as each collision can alter the F quantum

number, leading to a change in the direction of precession [13, 62]. This phe-

nomenon is presented in Fig. 2.3. The collision rate is proportional to the atomic

density and is typically the main relaxation contribution, especially at higher

temperatures. The rate of spin-exchange collisions can be given as RSE and is

presented in Eq. 2.9

RSE = ηqSEσSEv̄ , (2.9)
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where η is the alkali metal vapour density, σSE is the spin-exchange cross-section,

qSE is the spin-exchange broadening factor [35] and v̄ is the average thermal

velocity of the alkali atoms in the vapour cell given as
√
8kbT/πm.

Figure 2.3 – Diagram presenting spin-exchange collision between two Cs-metal
atoms precessing in the presence of the magnetic field. As the atoms collide with
each other they have a chance to change their hyperfine state and begin to precess
in opposite directions losing their coherence. Atoms in F = 3 state are shown in
green and F = 4 in purple.

2.6.2 Spin-Destruction Collisions

Spin-destruction collisions differ from spin-exchange collisions in that they do not

preserve the total spin polarisation of the atom ensemble. These collisions transfer

spin-angular momentum to the rotational angular momentum of the affected atoms

[35], randomising the spin direction and decohere the precession. Spin-destruction

collision can occur between alkali-alkali, alkali-buffer gas or alkali-quenching gas
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collisions. The spin-destruction rate is described in Eq. 2.10,

RSD = ηqσSDv̄ , (2.10)

where q is the nuclear slowing down factor and σSD is the spin-destruction cross-

section. The nuclear slowing down factor describes the degree to which spin

coherence is maintained [13, 35]. Spin-destruction cross-section σSD is typically

two orders of magnitude smaller than the spin-exchange cross-section σSE, which

makes these collisions less frequent and of lower impact on relaxation than spin-

exchange collisions in a typical magnetometer.

2.6.3 SERF Regime

As mentioned previously, spin-exchange is the dominant transverse relaxation

mechanism in most magnetometers as described in Section 2.6.1. Alkali atom

collisions of this type lead to precession in opposing directions, leading to loss of

coherence.

However, at low enough magnetic fields, where RSE ≫ γB, and sufficiently high

atomic density, the spin-exchange collisions occur much faster than the precession

rate. The precession of single atoms evolves only by a minimal angle between

each collision. Because this process occurs faster than the Larmor precession, the

atom will experience the ensembled averaged evolution of all Zeeman sublevels

of the ground manifold. However, the atom will spend more time in the upper

hyperfine level due to it containing more Zeeman sublevels in comparison to the

lower hyperfine level. This is especially true for polarised ensembles, with most

of the population occupying a stretched state of the upper hyperfine level. The

two hyperfine levels precess at the same frequency but, due to the imbalance

in population occupancy, the upper hyperfine state will statistically dictate the

precession direction [35].
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In this process, the hyperfine states involved can be thought of as being "locked

together" and precess at the same, modified rate due to the slowing down factor

q [63]. This rate is given in Eq. 2.11 [13]

ω0 =
gjµBB

qℏ
, (2.11)

where q = S(S + 1) + I(I + 1)/(S(S + 1)). Due to this averaging phenomenon,

the spin-exchange relaxation mechanism vanishes [64], drastically increasing the

coherence polarisation lifetime. This regime is known as the spin-exchange

relaxation-free (SERF) [13, 14] regime, illustrated in Fig. 2.4.

Figure 2.4 – Diagram presenting spin-exchange relaxation free regime collisions
between Cs-metal atoms precessing in the presence of the magnetic field. The
atoms perform two spin-exchange collisions in rapid succession. The collision
causes the atoms to change their hyperfine state but as the collision rate is faster
than the precession frequency it allows for the atoms to regain their original
hyperfine state on the second collision. Atoms in the F = 3 state are shown in
green and F = 4 in purple.

To achieve the SERF regime, sufficiently high atomic density [63] is required to
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enable frequent collision, fulfilling RSE ≫ γB. Vapour pressure is highly dependent

on temperature due to their low melting points [65]. For alkali metals used in this

thesis, sufficient densities to reach SERF have been achieved at 135 °C and 150 °C

for Cs and Rb respectively where a density of ≈ 1014 cm3 is achieved. With the

elimination of spin-exchange relaxation, the main source of polarisation relaxation

becomes spin-destruction collisions [62].



Chapter 3

SERF Experiments

This thesis focuses on two, single beam SERF experiments tackling different

requirements. The first one is a lab-based experiment that uses 87Rb as its alkali

specie and aims to achieve high sensitivity (< 100 fT/
√
Hz) which could be

used to explore low-field physical phenomena such as the detection of NMR [17].

The second one is the portable, 133Cs base SERF magnetometer to be used for

biomedical applications. The lab-based experiment is also used as a test bed for

techniques and optimisation later implemented in the magnetometer covered later

in Section 3.5. This magnetometer is a portable design using 133Cs as its alkali

specie.

The initial Rb SERF magnetometer experimental work was a collaborative ef-

fort with other PhD candidates: Edward Irwin and Rachel Dawson as well as

postdoctoral researcher, Carolyn O’Dwyer.

The work presented here, on the updated lab-based magnetometer setup, was

based on collaborative work with a postdoctoral researcher, Dominic Hunter.

In this chapter, the experimental setups of both a lab-based Rb magnetometer

and a portable Cs magnetometer will be explored. The primary focus of this

chapter is the evaluation of the instrumentation around these magnetometers, that

enable their performance. The instrumentation includes ultra-low noise current
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source used as a coil driver for driving the nulling field Helmholtz coils covered in

Chapter 4, as well as low noise amplified photodetector covered in Section 5.1 of

Chapter 5.

3.1 Lab-based SERF Experimental setup

The magnetometer was designed in a single-beam configuration. Single-beam

configurations provide an advantage in their simplicity, streamlining the process

of scaling down the lab-based experiment into a portable one due to the reduced

number of optical elements and a need for a single light source. Single-beam

configuration however suffers from reduced pumping efficiency [35] and achieves

lower sensitivity than the two-beam, pump and probe setups.

Magnetometer sensitivity is directly correlated with polarisation lifetime T2, as

mentioned in Section 2.6. T2 time is negatively affected by the rate of spin-

exchange collisions, RSE and the rate of spin-destruction collisions, RSD. In the

SERF regime, spin-exchange collisions are eliminated and only spin-destruction

collisions remain. In the selection of an alkali specie for a magnetometer, cross-

sections of both spin-exchange and spin-destruction need to be considered. Both

cross-sections define the rate at which collision can occur. For sensitivity only

the spin-destruction cross-section, σSD is important. Alkali metals with smaller

cross-section experience smaller spin-destruction rates and higher sensitivity. At

the same time spin-exchange cross-section σSE should be as large as possible to

enable SERF operation at a lower temperature which is directly correlated with

the density of the alkali metal. Unfortunately, alkali metals with higher density

and σSE feature higher σSD. σSE and σSD for different alkali metals is presented in

Tab. 3.1.
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Table 3.1 – Cross-section values for spin-exchange σSE, spin-destruction between
alkali atoms σself

SD and spin-destruction between alkali atoms and nitrogen buffer
gas σN2

SD. Data obtained from [66–70]

Alkali metal σSE σself
SD σN2

SD

Cs 1.9× 10−14 cm2 2× 10−16 cm2 60× 10−23 cm2

Rb 1.65× 10−14 cm2 9× 10−18 cm2 10× 10−23 cm2

K 1.45× 10−14 cm2 1× 10−18 cm2 7.9× 10−23 cm2

Initially, the lab-based SERF experiment used a 133Cs as its alkali species, which

was housed in a micro-fabricated vapour cell as an investigation into low-power,

and low-temperature SERF magnetometer. Low power consumption and lower

temperature are of particular interest for medical applications in which magne-

tometers are typically used in arrays and require to be skin safe (≤ 43 °C) [31, 71,

72]. It was however decided to move to 87Rb, in pursuit of maximising sensitivity

in single-beam setups, while 133Cs was explored in a portable SERF setup covered

later in Section 3.5. The Rb SERF magnetometer setup is presented in Fig. 3.1.

3.1.1 Vapour cell

The experiment is based around a 10 mm3 internal dimension (1 mm thick walls),

glass blown cell manufactured by TwinLeaf LLC, containing enriched 87Rb filled

with 200 Torr of N2 buffer gas. A photograph of the cell used is presented in

Fig. 3.2.

The vapour cell is housed in an oven made out of two FR4 printed circuit

boards (PCBs) that carry two custom field-cancelling heaters. The boards are

retained with two nylon bolts with the heaters bonded to the cell with a non-

magnetic Boron-nitrate thermal compound improving thermal conductivity. A

flat, T-type, non-magnetic thermocouple is attached near the cell stem using

reinforced polyimide tape enabling temperature measurements of the cell. The
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Figure 3.1 – Diagram presenting experimental setup of the Rb SERF mag-
netometer. DBR Laser: distributed Bragg reflector laser; FB: fiber box; λ/4
quarter-wave plate; NPBS: non-polarising beam splitter; 87Rb: enriched rubidium
87 vapour cell; PDM: monitor photodetector; PDS: signal photodetector; DAQ:
data acquisition system. The figure also shows a 4-layer magnetic shield.

assembly is insulated with SuperWool® HT felt mat and wrapped with polyimide

tape, to increase heating efficiency. The oven assembly is then inserted into a coil

former that houses the BRF coil to supplement the field cancellation coils present

in the mu-metal shield assembly. The coil former is a 3D printed part, made out

of high-temperature resin [73] to withstand the cell temperature. The former is

secured to the integrated nylon breadboard of the shield.
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Figure 3.2 – Photograph of the enriched 87Rb 10 mm3 internal dimension glass
blown vapour cell used in this experiment.

3.1.2 Magnetic shield

The whole assembly is housed in a four-layer mu-metal shield (MS-1L) from

TwinLeaf. Its purpose is to effectively attenuate static and oscillating fields that

would otherwise saturate the sensor. Static fields such as the Earth’s field lines

are re-directed around the shielded surface, due to the very high permeability of

the shield providing an effective path for the field lines to follow. mu-metal can

also be used for attenuation of oscillating fields such as alternating current (AC)

mains. Low-frequency AC fields are better attenuated due to the wave-impedance

increase at the barrier, however, their effectiveness drops as the frequency increases

due to a reduction in permeability [74].

The shield also features built-in field-nulling coils as well as a set of gradient

coils. Field nulling coils are used to cancel the remaining magnetic field in the

shield providing field nulling in Bx, By which is in the order of few nT, as well as

applying static fields to test the magnetometer. The static field coils are driven

with a custom ultra-low noise multi-channel current source, which is covered in
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Figure 3.3 – Photograph of the partially assembled oven housing Rb cell and
field cancelling heaters. After the T-type thermocouple is attached to the cell
with reinforced polyimide tape, the rest of the assembly is covered in insulating
material leaving only optical access windows of the size of the cell wall.

detail in Chapter 4. The coils feature a field to current ratio of 67.305, 67.875

and 122.336 µT/A for Bz, By and Bx coils respectively. Gradient coils can be

used to correct for any magnetic field gradients experienced in the cell. These

gradients contribute to relaxation due to atoms experiencing different magnetic

fields affecting their precession [75, 76]. Gradient coils have not been used in this

experiment due to the size of the cell and the overall uniformity of the generated

B field through the static field coils.

The shield’s long side (along the x-axis) has been orientated in the direction

along magnetic North to better shield against the earth’s magnetic field as seen

in Fig. 3.1.

3.1.3 Optical Setup

A coherent laser light source is provided by a single frequency, DBR laser tuned to

the F = 2 → F ′ = 1 of the D1 line of 87Rb. The DBR laser used is a fibre-coupled,

40 mW maximum output power, 795 nm, single frequency laser in a butterfly

package [77]. The butterfly package integrates an optical isolator, thermo-electric

cooler (TEC), thermistor and a monitor photodiode. These lasers were found

to have their polarisation not fully aligned with the slow axis of the fiber. The
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consequence of this is that any perturbation to the fiber will cause a change in

polarisation [78]. For this reason, a small box was 3D printed that houses the

fiber, insulated with SuperWool® material used for insulating the cell assembly.

To minimise environmental effects on the fiber only short sections of the fiber are

exposed to the environment.

The laser light beam with a 3.6 mm diameter first travels through a quarter-wave

plate which is used to turn the linearly polarised light into circularly polarised

light. This light is split with a non-polarising beam splitter and sent to a custom

low-noise photodetector PDM which serves as a monitor photodiode while the

other portion of the beam is incident with the cell inside the shield. The circularly

polarised light optically pumps the 87Rb atoms to a dark state in the absence of a

magnetic field. Deviation from zero magnetic fields allows for the atoms to exit

the dark state and change the transmission of light through the cell as described

in Section 2.5. The change in intensity is detected with the signal photodetector

PDS, which is configured in an identical configuration to PDM. The use of PDM

and PDS allows for the cancellation of common mode noise, which in this case is

the intensity noise of the laser. The photodetectors have lenses mounted in front

of them in order to fit the beam size that is incident on the active area of the

photodetector.

All of the optics are mounted on small raising breadboards screwed to the optics

table with 1.5′′ thick posts, raising the optics to the shield optical access holes

in order to minimise vibration susceptibility. All of the optics are then attached

to the shield using a cage-mount system, in an attempt of making any vibration

common mode with the rest of the setup. A photograph of the setup is presented

in Fig. 3.4.
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Figure 3.4 – Photograph of the Rb SERF setup. The optical setup is housed
on two breadboards raised with 1.5′′ posts and mounted in a cage mount system
to limit the impact of vibration coupling into the setup.

3.1.4 Electronic Setup

The laser detuning and optical power are controlled with a CLT200, digital

butterfly laser diode controller made by Koheron. This driver features a very

low current noise of ≈ 1.5 nA/
√
Hz at 10 Hz and an RMS noise of 130 nA

in a bandwidth of 10 Hz to 1 MHz. Low current noise is important for any

magnetometer as it directly affects intensity noise as well as the frequency noise of

the laser. The frequency noise of the laser comes from changes in carrier density

in the gain section caused by injection current [79].

For a DBR laser used in this application, this value is relatively small at

0.0014 nm/mA or ≈ 664 MHz/mA. For a 200 torr N2 broadened cell the D1

transitions broaden to ≈ 5.4 GHz. Converting the RMS current noise into fre-

quency yields ≈ 86.3 kHz which is negligible and allows to resolve the pressure

broadened D1 transition.
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The detuning of the laser can also be tuned by controlling its package temperature,

which in turn affects the physical cavity length of the laser and the refractive index

[80]. The DBR laser used here features a tuning of 0.06 nm/K or ≈ 28.5 GHz/K.

The CTL200 laser controller features a TEC controller capable of controlling the

package temperature of the DBR laser down to 1 mK which yields 28.5 MHz, well

below the pressure broadened D1 transition.

The photodetector signals are sampled and digitised by a NI PCIe-6353, which is

the 16-bit data acquisition system (DAQ). The signals are sampled at the same

time and later subtracted in software to remove common mode noise, such as

intensity noise. The DAQ also drives the BRF coils with AC to modulate the

magnetometer signal.

The heaters used in the experiment are custom-made, with a nominal resistance

of 12 Ω. These heaters are manufactured on double-sided PCB made out of high

glass transition substrate (TG-180) to withstand the temperature of the cell. The

substrate has a thickness of 200 µm that feature bifilar counter winding made out

of copper tracks on both sides for better magnetic field cancellation. The heating

area is 11 mm2 which presents a good overlap with the cell that has a side of

12 mm. A photograph of the heater resistor is presented in Fig. 3.5.

The non-magnetic heaters are driven with a custom heater driver, that is based

around an H-bridge configuration where the load is not referenced to the ground

but rather floats between bridge arms. This configuration is known as the bridge-

tied load (BTL), which increases the voltage output by two times and power by

four according to P = V 2R in comparison to a single-ended configuration [81].

The driver achieves its high efficiency through the use of an H-bridge configuration

which outputs a square wave signal at frequencies much higher than the bandwidth

of the magnetometer. In this experiment, the heater operates at a frequency of

137.231 kHz. This odd frequency was selected to avoid coupling to any other

common frequencies used in the lab. The heater output power is controlled by
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Figure 3.5 – Photograph of the field cancelling heater with scale provided for
the active area side. The heater features bifilar counter winding on both sides to
reduce magnetic field generation.

delaying the phase of one side of the H-bridge that will present an overlap with

the other side and cancel its effect. This method allows for effective control of

the duty cycle of the signal. The heater circuit features a thermocouple monitor

for monitoring the temperature of the cell. The temperature monitor is based

around an MCP9600 (Microchip) thermocouple amplifier and digitiser that allows

for measurements of the cell down to ≈ 0.07 °C.

The laser, coil and heater drivers and the DAQ, are all controlled with a PC

using custom LabVIEW software. This enables the automated operation of the

magnetometer for optimisation and testing.

3.2 Magnetometer Figures of merit

The GSHE described earlier in Section 2.5, manifests as a change in the trans-

mission of light through the atomic vapour as a function of crossing through zero

magnetic field. The observed transmission displays a Lorentzian distribution on
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the axes transverse to the direction of the laser beam. In order to estimate the

sensitivity of the magnetometer a conversion from photodetector voltage into

magnetic sensitivity needs to take place.

After the field is nulled on each axis, the magnetic field modulation is applied

along the component transverse to the beam direction. The previously described

Lorentzian lineshape is modulated, and a dispersive signal is obtained from the

demodulated signal. The gradient of the slope of the dispersive signal can be

then extracted, and a conversion of voltage on the photodetector to magnetic

sensitivity (V/T) is obtained. Lorentzian resonant structure and its resulting

dispersive signal are presented in Fig. 3.6.

Figure 3.6 – Drawing of a zero B-field crossing resonance lineshape (a) and its
resulting dispersive signal (b). The gradient of the dispersive signal (blue dashed
line) provides a conversion from the voltage (V) read on the photodetector to
magnetic sensitivity (V/T).

To estimate the noise floor of the magnetometer, the modulating magnetic field is

continuously applied (with the other axis nulled). The signal from the photode-

tector is monitored and an noise spectral density (NSD) can be obtained.

The Lorentzian lineshape width and height contain information about the sen-

sitivity as well as the bandwidth of the magnetometer and its dynamic range.

In general, the optimisation is based on the "sharpness" of the gradient of the

dispersive signal as well as the noise floor of the setup. The measured slope can

be approximated by taking the ratio of the height and width of the Lorentzian
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lineshape. A detailed operational procedure of the magnetometers described in

this thesis, as well as the optimisation procedure, are described in the theses

of Rachel Dawson and Edward Irwin. Further detail is also provided in a yet

unpublished article and recently published work [82].

3.3 Magnetometer Performance estimation

The lab-based magnetometer described in this chapter is affected by different,

external noise sources present in the experiment. In an ideal scenario, the mag-

netometer sensitivity should be photon shot noise limited, however, in practice,

it is difficult to remove all other noise sources from affecting the magnetometer

sensitivity. For a 5 mW beam with a diameter of 3.6 mm (that is used in our

experiment) focused on the photodetector with a responsivity of 0.6 A/W yields

a photocurrent Ip of 3 mA. Under these conditions, the photon shot noise contri-

bution is 31 pA/
√
Hz, which for a detector with transimpedance gain of 2 kV/A

(configuration used in the experiment) gives a total output voltage spot noise

of 62.4 nV/
√
Hz when used with our detector. The estimated output voltage

noise already includes all other noise sources later discussed in Section 5.2.3. At

optimal parameters in our experiment (laser power, laser frequency detuning,

modulation and demodulation parameters) the demodulated signal gives a slope

of 14.3 mV/nT.

If the magnetometer would only be limited by the photon shot noise, it would

achieve a sensitivity of 4.4 fT/
√
Hz.

The second source of magnetic noise that typically limits the sensitivity of the

magnetometer is the thermal noise originating from the mu-metal shield. For

frequencies up to 1 kHz the typical magnetic noise is 16 fT/
√
Hz up to 40 Hz and

10 fT/
√
Hz after 1 kHz [83]. The noise in a mu-metal shield depends on the shield

aspect ratio.

Here, it can be seen that the shield will limit the previously photon shot noise
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limited sensitivity to > 16 fT/
√
Hz. There are two ways to go around this.

One is to use a shield with a different aspect ratio, so that the walls are further

away from the atomic vapour cell, reducing the impact of Johnson noise. The

other option is to use an internal ferrite shield in place of the innermost mu-metal

layer.

The magnetic shielding factor of a ferrite shield is slightly lowered due to the

reduction of the permeability of the ferrite in comparison to mu-metal. Ferrite

however features higher electrical resistance compared to mu-metal, which reduces

the Johnson current noise, in turn reducing the magnetic field noise [84]. Ferrite

inner shields feature a typical magnetic noise of ≈ 1 fT/
√
Hz [85] or a 10 times

reduction compared to mu-metal shields of the same geometry [84, 86].

The magnetic noise contribution from the coil driver configured to provide 10 mA

(a field of 1200 nT) produces magnetic noise of ≈ 17.8 fT/
√
Hz from 1 Hz up to

100 Hz. and thus becomes the next sensitivity limiting factor.

The radio frequency (RF) coil is excited with a current generated by the analogue

output of the NI PCIe-6353 DAQ card. It is a simple voltage source driving a

resistor (1 kΩ) in series with the load that acts as a current source. This source

unlike the coil drive does not produce constant current and is dependent on the

resistance of the coil and the voltage applied. Initially, the RF coil produced

noise of 60 fT/
√
Hz at the modulation frequency and featured a maximum B-field

amplitude of ≈ 1 µT. After finding out the optimal modulation amplitude does not

exceed 50 nT, the output resistor was replaced (15.9 kΩ) to maximise the useful

dynamic range to 64 nT maximum amplitude and lower the noise to ≈ 4 fT/
√
Hz.

As the RF generation is filtered

It was also discovered that the DAQ card outputs low frequency interference at

frequencies of 5, 22 and 150 Hz of the unknown origin. The output resistor was

changed to a passive high-pass filter (HPF) with an output resistance of 15.9 kΩ,

helping to attenuate unwanted low frequency harmonics in the system. The noise
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contribution of the RF generation below the modulation frequency is attenuated

at a rate of 20 dB per decade. This provides noise of 0.4 fT/
√
Hz at 40 Hz.

External noise sources affecting the magnetometer are presented in Tab. 3.2.

Table 3.2 – List of external noise sources affecting the magnetometer: at the
optimal fmod frequency, in a typical operational bandwidth of 1 - 150 Hz and the
estimated total noise contribution.

Source Magnetic spot noise at 10 Hz

Detector photon shot 4.4 fT/
√
Hz

mu-metal shield 16 fT/
√
Hz

Coil driver 17.8 fT/
√
Hz

RF coil 0.3 fT/
√
Hz

Total 24.3 fT/
√
Hz

To however be able to resolve the signal of the total noise presented in Tab. 3.2

the analogue input of the DAQ required a modification. The device features a

native range of ± 10 V and a set of pre-amplifiers providing ranges of ± 5, ± 2,

± 1, ± 0.2 and ± 0.1 V. The range at which the AC couple photodiode is sampled

for noise estimation is at ± 0.2 V. It was found that the noise floor of the DAQ

at the fmod is equal to ≈ 234 nV/
√
Hz (16.4 fT/

√
Hz) which is above the photon

shot noise σsh. The solution to this was to operate the AC coupled DAQ channel

at its native range of ± 10 V and then provide our own low-noise pre-amplifier

with a gain of 50 to create a custom ± 0.2 V range. The amplifier was based

around OPA2211, which is the same amplifier used for the coil driver that features

very low voltage noise and narrow 1/f contribution. The pre-amplifier brings the

noise floor down to ≈ 20 nV from 100 Hz (1.4 fT/
√
Hz), allowing for resolution of

the photon shot noise. The results of the conversion are presented in Fig. 3.7.

The pre-amplifier also features a band-pass filter (BPF) in a range of 0.1 Hz - 5 kHz,

to strip the photodiode signal of the direct current (DC) component, and to limit
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Figure 3.7 – NSD Comparison of stock DAQ ± 0.2 V range and ± 0.2 V range
obtained with a custom pre-amplifier. The stock system is presented in red and
modified in blue. Photon shot noise σsh and dark current shot noise σd added for
clarity. The green shaded region presents the magnetometer bandwidth of interest
and the purple shaded region presents the modulation frequency range. The signal
at 650 Hz is present within the DAQ analogue input itself and is of unknown
origin. The NSD was obtained using a logarithmic frequency axis power spectral
density (LPSD) [87] algorithm made out of 2048 fast Fourier transform (FFT)
points using a Hann window with the amplitude scaling correction applied.

the high frequencies from aliasing the analogue input of the DAQ (625 KSPs).

The pre-amplifier gain was verified separately by sweeping its bandwidth with a

signal from a function generator and observing the result on an oscilloscope. As

the OPA2211 features two amplifiers, the second amplifier was used to duplicate

the pre-amplifier for monitor photodetector application.

Another noise source that can still couple into the magnetometer signal is the

intensity noise of the laser. Care was taken to minimise the noise by selecting a

very low noise current source to drive the laser, however, it would still dominate

the detected signal. A solution to this was to include another photodetector

(monitor) that is configured in the exact same way as the signal photodetector,
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sampling the signal before the vapour cell as seen in Fig. 3.1. The signals from

both detectors are simultaneously sampled and subtracted in software. This

way the intensity noise of the laser can be cancelled. This however comes at a

cost of increasing the amplifier noise by 3 dB, as the uncorrelated noise sources

(photon shot noise, dark current noise, thermal noise) will be doubled [88]. The

addition of uncorrelated noise brings the magnetometer’s estimated sensitivity to

≈ 24.7 fT/
√
Hz based on converter electrical noise. The impact of laser intensity

noise is presented in Fig. 3.8.

Figure 3.8 – Intensity noise cancellation. The laser was set to output 10 mW
and was 60 GHz detuned from resonance to evaluate only electrical and intensity
noise without coupling in the magnetic signal. A signal photodetector in red, a
monitor photodetector in blue and a subtracted signal of both in gold. Photon shot
noise σsh added for clarity. The monitor cancellation brings the signal sensitivity
close to the photon shot noise limit at the modulation frequency. The noise
cancellation becomes effective only after 80 Hz. The exact reason behind the
intensity noise being uncorrelated at lower frequencies is unknown but is expected
to be the combination of low-frequency air-conditioner induced vibration, electrical
interference, and the mismatch between channels.
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3.4 Magnetometer Performance

The lab-based magnetometer’s best sensitivity was found at a cell temperature of

150 °C, with an input optical power of 10 mW split between monitor photodetector

and signal photodetector through the cell. The laser frequency was 4 GHz red

detuned from resonance (F = 2 → F ′ = 1). The fmod was set to 321 Hz with an

amplitude, Amod of 25 nT. The sensitivity of the magnetometer is presented in

Fig. 3.9.

Figure 3.9 – Rb SERF Magnetometer Sensitivity. The magnetometer noise is
presented in red, the expected magnetometer sensitivity is presented with a dashed
line, actual sensitivity is presented with a dashed-dotted line. Magnetometer
achieves a sensitivity of ≈ 24.7 fT/

√
Hz (estimated around 10 Hz, ± 2 Hz) tapering

to ≈ 18.5 fT/
√
Hz (estimated around 60 Hz, ± 5 Hz). The resulting sensitivity

matches the expected sensitivity of 24.7 fT/
√
Hz.

The magnetometer sensitivity was found to match the expected sensitivity (spot

noise at 10 Hz). It was also observed that the noise floor begins to taper after

50 Hz. This effect is believed to be caused by the roll-off of the thermal noise

contribution from the mu-metal shield (reduction of 16 - 10 fT/
√
Hz, after 40 Hz)
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[83].

To confirm that the dominant noise source is magnetic, it was decided to repeat

the optical noise test like the one seen in Fig. 3.8. This time, however, the laser

was detuned to its operational detuning of 4 GHz to be magnetically sensitive.

The results of this test can be seen in Fig. 3.10. The magnetic noise lifts the

overall noise floor above the photon shot noise limit and reveals that the limiting

noise source is magnetic in nature.

Figure 3.10 – Optical noise at the magnetometer operational detuning (4 GHz).
The resulting photodetector cancellation signal is above the photon shot noise σsh.
This implies that the noise perceived here is magnetic in nature.

3.5 Portable SERF Experiment overview

As it was already covered at the start of this chapter, the main motivation behind

the development of a Cs-based SERF magnetometer is its lower temperature

regime operation in comparison to other alkali species used. This stems from the

fact that Cs has the highest density of all alkali metals and largest spin-exchange
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cross-section, covered previously in Tab. 3.1. The disadvantage is that caesium has

the highest spin-destruction cross-section, limiting the maximum magnetometer

sensitivity.

Because the Cs atoms do not need to be heated to the same level as other species

in order to reach SERF regime, this approach presents an attractive solution for

systems that require low SWaP requirements. This technique is of particular

interest to medical applications such as magnetocardiography (MCG) or MEG,

where an array of magnetometers are utilised and required to be skin safe.

The main intention of the Cs-based SERF magnetometer was that the system

could be taken out of the lab environment and taken to field trials. Thus the

main objective was to reduce the SWaP of the Rb SERF magnetometer presented

in Section 3.1. The experimental setup of the portable sensor within a magnetic

shield is presented in Fig. 3.11.

This setup is functionally identical to the one described in Fig. 3.1 in Section 3.1.

The main difference being that all of the optical components have been housed

inside a custom, 3D-printed sensor package, which can then be positioned with a

5-layer mu-metal shield for testing. This sensor package was designed by Rachel

Dawson, who is another laboratory member involved in the SERF magnetometry

project covered in this thesis.

The sensor package measures 50 × 25 × 25 mm3 and is presented in Fig. 3.12.

The sensor head is based around a microfabricated silicon glass cell containing

133Cs vapour and is filled with 211 torr of nitrogen, acting as a buffer gas. The

cell features an active area of 6 × 6 mm2 with 3 mm optical depth. These

cells were designed at Strathclyde and manufactured by Kelvin Nanotechnology.

Microfabricated vapour cells enable mass production of quantum sensors such as

quantum clocks or magnetometers, reducing SWaP and offering a good alterna-

tive to otherwise expensive glass-blown cells [15, 89, 90]. The cell used in this

experiment is presented in Fig. 3.13.



CHAPTER 3. SERF EXPERIMENTS 42

Figure 3.11 – Diagram presenting experimental setup of the Cs SERF portable
magnetometer. DBR laser: distributed Bragg reflector laser. FB: fiber box. λ/4
quarter-wave plate. HT: cell heater. 133Cs: caesium 133 MEMS vapour cell. PD:
photodiode. DAQ: data acquisition system. This figure also shows the 5-layer
magnetic shield.

The ellipticity of light incident on the cell is controlled with a small quarter-wave

plate fitted into a custom 3D-printed rotation mount, enabling optimisation of

circular polarisation in situ. The rotation mount is presented in Fig. 3.14.

Cell heating is achieved with non-magnetic and low inductance 8 Ω resistor (PCNM

series) [91]. These resistors were used instead of the custom resistors covered in

Section 3.1 because of the smaller size of the cell that would reduce the custom

heater resistance to unacceptable levels for driving electronics.

The mu-metal shield used in this experiment also features field nulling coils like

the ones used in the Rb SERF magnetometer. However, as the sensor is to be
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Figure 3.12 – Photographs of the portable SERF sensor package. The photo-
graph on the left shows the assembled sensor package including its dimensions. The
photograph on the right shows the insides of the sensor head without photodiodes
or Cs cell populated. The sensor head features a space for an non-polarising beam
splitter (NPBS) and an additional photodiode (PDM) to be used for cancellation
of intensity noise. It was however not utilised for the experiment.

deployed in an magnetically shielded rooms (MSRs), it needs its own nulling and

RF coils. The sensor package features bi-planar coils manufactured on two-layer

PCBs designed with "bfieldtools" open-source magnetic field modelling software

[92, 93]. As bi-planar coils can be manufactured on PCBs they exhibit high

repeatability and tight manufacturing tolerance, enabling mass production of

sensors. The bi-planar coil assembly is presented in Fig. 3.15. The bi-planar

coils feature ≈ 10 times lower field to current ratio in comparison to the field

nulling coils present in the 87Rb SERF in Section 3.1. For this reason, they were

driven with a higher output current version of the coil driver set to provide up to

± 100 mA of current.

The whole package is insulated with SuperWool® material to make the sen-

sor skin safe. This is the same material that was used for insulating the Rb

SERF magnetometer. The sensor head features a non-magnetic fiber collima-

tor (Schäfter Kirchhoff 60FC-4-M12-10-Ti), to interface the laser light tuned to
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Figure 3.13 – Photograph of Cs MEMS cell used in the portable SERF
magnetometer. The cell active area measures 6 × 6 × 3 mm3 and is filled with
211 torr of nitrogen buffer gas.

F = 4 → F ′ = 3 of the D1 line of 133Cs, into the sensor head.

The laser light is provided by a fiber-coupled DBR laser, similar to the one

used in Section 3.1, except centred at 895 nm and featuring maximum output

power of 12 mW [94]. It is driven by the same type of laser driver as Rb SERF

magnetometer, however with a model capable of providing 200 mA of current

instead of 100 mA, due to the lower slope efficiency of the laser.

The level of transmission through the cell is detected with a photodiode

(SFH 205 FA) [95], which features the same dimension of the active area as

the photodiodes used in photodetectors in Section 3.1. The only difference is that

it is packaged in a through hole technology rather than surface mount. The diode

also features a visible light blocking filter. Filtering wavelengths below 800 nm

preventing stray light coupling into the sensor.

The photodiode does not feature a transimpedance amplifier (TIA) directly inside

the sensor head, to limit the amount of magnetic components in the package. The

photodiode is instead amplified remotely, outside of the magnetic shield with the
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Figure 3.14 – Photograph of partially assembled waveplate rotation mount.
Rotation mount allows for control of the degree of ellipticity of the light incident
on the cell.

exact same architecture used for the custom photodetectors used in lab-based

SERF magnetometer. This TIA is, however, moved to a different PCB form factor.

The TIA is interfaced with the photodiode through a shielded twisted pair cable

of the type previously used to deliver the power to the photodetectors in the Rb

experiment. The cable is configured so that the outer shield is used as a guard for

the high impedance connections, to limit the effect of stray leakage current [96].

A 16-bit DAQ system (National Instruments NI USB-6366) is used for both

digitisation of photodetector signal and for providing modulation current to the

BRF coil.

The optimal operation point for the magnetometer was estimated using parameter

scans where optical power, detuning, temperature and modulation parameters are

scanned creating a landscape where sensitivity and demodulated line gradient are

used as cost functions [82]. The optimisation process revealed that the relatively

high optical power of > 5 mW is favoured for the best sensitivity.

The portable magnetometer achieved a sensitivity of 90 fT/
√
Hz [82]. This
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Figure 3.15 – Photograph of a single side of bi-planar coils used in the ex-
periment to generate Bx, By. The Bz and BRF coils use a simple Helmholtz
arrangement for applying modulating field.

sensitivity is believed to be improved once the cell buffer gas pressure is optimised.

It has been seen that at higher buffer gas pressures sensitivity is improved, as

spin destruction through wall collisions is minimised. This is an ongoing process.

The sensitivity is also believed to be partially limited by the intensity noise of the

DBR laser.

Further detail about the performance of the portable magnetometer described

here, is provided in Rachel Dawson’s thesis.

3.6 Synopsis

This chapter focused on the development of lab-based SERF magnetometer using

87Rb as its alkali specie and a portable SERF magnetometer that utilises 133Cs as

its alkali medium. Through specially designed custom instrumentation the lab

experiment achieved an ultimate sensitivity of ≈ 24.7 fT/
√
Hz (estimated around
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10 Hz, ± 2 Hz) tapering to ≈ 18.5 fT/
√
Hz (estimated around 60 Hz, ± 5 Hz).

The lab-based magnetometer sensitivity is limited by the noise from the coil driver

and partially by the mu-metal shield. It is believed that by re-configuring the coil

driver output current and bandwidth, higher sensitivity could be achieved. The

next dominant source of noise is the thermal noise in the mu-metal shield used to

attenuate the background geomagnetic field. It is believed that by moving to a

mu-metal shield with a ferrite inner layer, the sensitivity could be further improved.

As it stands, the experiment could be used for investigating low magnetic field

applications, such as looking at NMR in various liquid samples.

The design knowledge obtained from work on the lab-based experiment was used

for the development of the portable magnetometer. The portable magnetometer

achieved a sensitivity of 90 fT/
√
Hz. This result is believed to be partially limited

by the intensity noise of the DBR laser, as well as the suboptimal level of buffer

gas in the cell leading to an increase in spin destruction through wall collisions.



Chapter 4

Coil Driver

This chapter focuses on the development and testing of ultra-low noise, highly

stable, multichannel current sources that are used for driving field nulling coils

in magnetometry applications. With a particular focus on Rb and Cs SERF

magnetometer setups covered in Chapter 3.

The work covered here is based on a publication published in Review of Scientific

Instruments: “Ultra-low noise, bi-polar, programmable current sources” Review of

Scientific Instruments 94, 014701 (2023), 10.1063/5.0002964.

4.1 Motivation

Precise current control is a vital tool in many scientific applications. Examples

include: driving laser diodes [97], characterisation of semiconductor devices [98],

high impedance tomography and spectroscopy [99], and magnetic field manipula-

tion [100–102]. Each of these applications differs in requirements, but all of them

benefit from stability, low noise, and accuracy. This is in particular true for the

SERF magnetometry application.

Static magnetic field coils are used for either nulling external magnetic fields, such

as Earth’s magnetic field, presenting a bias field in a direction of interest, or for

testing magnetometers by providing accurate and stable magnetic fields [103].

https://aip.scitation.org/doi/10.1063/5.0114760
https://aip.scitation.org/doi/10.1063/5.0114760
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The SERF magnetometers covered in this thesis operate in close to zero field

environments between ± 25 nT to 500 nT, depending on the desired bandwidth

or sensitivity. These fields are much lower than the typical geomagnetic field

of 50 µT. As such, Earth’s magnetic field needs to be suppressed. The primary

geomagnetic background field can be reduced with the use of mu-metal shielding

that is internally degaussed [22], or by placement in MSRs. There is, however,

some magnetic residue that remains, which needs to be reduced further by means

of active compensation. This active compensation must be stable and feature a

low noise contribution over the bandwidth of the magnetometer so as not to limit

the sensitivity of the device.

The SERF magnetometers have high resolution (in the order of fT [14]) and narrow

1/f noise corner frequency, which makes them ideally suited for applications such

as MEG. Low-frequency magnetic noise performance is crucial, as the signals

produced by the brain reside in the 0.1 - 40 Hz range, with most sensors for these

applications operating between 0.1 - 150 Hz [104]. It is important that the 1/f

noise contribution from peripheral electronics is as narrow as possible and that the

overall wideband noise performance is not a limiting factor for the magnetometer

[60]. The SERF sensors for MEG operate in a MSR with a typical residual field

compensation requirement of 50 nT [31]. The magnetic signals arising from the

brain have a typical magnitude of 10 - 100 fT [105]. Combining the highest field

present, and the lowest signal to be detected gives us a dynamic range in the

sub ppm order. In MEG applications, compensation magnetic fields are small,

typically requiring currents in the order of 1-10s of mA in the compensating coils.

To achieve the sub ppm requirement, the current noise performance needs to be

in the range of sub nA/
√
Hz across the bandwidth of interest.

Total field sensors, such as ones used for geosurveying, operate in the Earth’s

magnetic field which has a typical value of 50 µT [101]. These sensors are not as

sensitive as zero-field sensors but are able to operate over a much larger range
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of magnetic fields. The sensitivity of a typical total field OPM is on the order of

< 1 pT/
√
Hz [106]. The dynamic range of this sensor operating in the background

magnetic field of Earth would thus be < 20 ppb. The typical currents required

for compensating fields in the total field sensor are in the order of 10 - 100s of

mA due to the increased field required to compensate the earth’s field. To satisfy

the sub ppm requirement, current noise performance in the range of nA/
√
Hz is

required. In these applications, bandwidth is usually small (< 100 Hz), as the

current provided is used for the generation of static fields.

4.2 Requirements

For the Rb SERF magnetometer covered in Chapter 3, it was expected that

resonances would be narrow, on the order of < 25 nT (FWHM) and that the

residual field present in the shield would be < 1 nT (assuming an average Earth’s

magnetic field of 50 µT with a shielding factor of 1× 106 plus magnetic residue

from the degaussing process).

Taking the field to current ratio of the shield coils of Bz and By which is

≈ 67 nT/mA and Bx is ≈ 122 nT/mA presents a full-scale output current

requirement of at least ± 1 mA. It was however found that for the optimisation

process (scans through different detuning frequencies, cell temperatures and opti-

cal powers) that the resonance widths range is broad (25 nT - 500 nT). For this

reason, the coil driver current range was extended to ± 10 mA in order to support

resonance widths in that range. This version of the device is the low current

source (LCS) and is used for low field generation applications such as SERF.

As the current source will be used for automated scans, the device must feature

software control of the independent outputs. To maintain a high dynamic range

and have the ability to provide enough sample points for resolving very narrow

resonances the device needs to feature high bit resolution. When performing a

zero field scan ≈ 250 points are used over the full current range, which is later
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fitted to a Lorentizian or Gaussian lineshape. Additional resolution is required to

better match the zero crossing derived from the fit, as well as account for different

resonance widths encountered in the scans. For this reason, it was decided that

each point from the scan could be further divided into an additional 64 steps. The

minimum digital to analogue converter (DAC) bit resolution is given in Eq. 4.1

DACR = log2(SN × SR) , (4.1)

Where the number of steps in a scan, SN = 250, and additional step resolution

SR = 64, bring the required bit resolution of the DAC, DACR to ≈ 14-bit.

To enable rapid scans of the field in order to find the zero field operational point,

it was decided that the bandwidth of the current sources should be at least 100 Hz.

The selected bandwidth ensures that scans can be taken quickly with enough

steps to resolve the GSHE resonance curves while at the same limiting broadband

noise contribution.

It was also decided for the design to be flexible and feature a version that

supports higher current output < 250 mA but maintains the same dynamic noise

performance. This version is used for other magnetometry experiments that

require generation of higher magnetic fields for testing. It is also used for low field

generation applications that feature coils with low field-to-current ratio geometry.

This version of the device is known as the high current source (HCS).

4.3 System design

The simplified architecture of the current driver is shown in Fig. 4.1. The design

can be broken into four sections: the external interface; digital control (Fig. 4.1a);

signal conditioning (Fig. 4.1b); and output driving (Fig. 4.1c). The LCS and HCS

only differ in how they implement the driving stage.
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Figure 4.1 – Simplified architecture of the coil driver system. The design is
split into three sections: (a) digital control, (b) signal conditioning, (c) and driving
stage. The design is realised on a four-layer PCB with the signal conditioning
and driving stages protected by EMI/RFI shielding. The design files, such as the
schematic, board layout and bill of materials are available on GitHub [107]

4.3.1 Interface

The device can be powered from either a lab bench power supply ± 10 - 16 V or an

equivalent battery source. The incoming power is regulated with a complementary

pair of TPS7A4700 [108] and TPS7A33 [109] (Texas Instruments) low-dropout

regulators (LDOs). These feature ultra-low noise and high power supply rejection

ratio over the bandwidth of interest ensuring low noise operation without having

to rely on expensive power supplies to achieve the best performance.

Each channel output is fed into a corresponding BNC connector and a single RJ45

interfacing coils to the driver. RJ45 connectors are widely used in our group, as

they offer an inexpensive source of shielded twisted pairs.
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4.3.2 Digital control

The current source is controlled by the ATmega4809 [110] (Microchip) present

on an Arduino Nano Every board. The Arduino ecosystem was chosen for its

accessibility and ease of programming for those unfamiliar with programming

embedded systems. Basic firmware was written to cover general use cases. The

device receives commands through a universal serial bus (USB) serial connection

and controls the appropriate DAC to set the output current for each channel.

The output current can be described by the transfer function in Eq. 4.2, where

Imax is the highest uni-polar current that the source can provide, FSCmax is the

full-scale count value of the DAC (16-bit = 65535), and CC is the current count

value of the DAC that has been set by the user.

Io =
2× Imax

FSCmax

× (CC − FSCmax

2
) . (4.2)

For example, in the basic firmware provided, sending the command

"<!chan 2 45547>" would set an LCS configured for Imax = 10 mA to output

+ 3.9 mA on channel 2.

The Arduino platform makes it easy to customise the firmware for specific use

cases, such as arbitrary waveform generation or triggered outputs.

The primary signal used to control the current source is generated by a DAC. As

the foundational signal, it is important to minimise noise at the DAC output as

it will be amplified by the later conditioning stages. For this design the 16-bit

DAC, DAC8814 [111] (Texas Instruments) was selected. This is a four-channel,

current multiplying DAC. The current multiplying architecture was chosen as

it features excellent linearity, fast settling, and low glitch energy and allows for

the output to be conditioned externally [112]. This approach allows for a higher

level of customisation of the conditioning stage, which can be tailored to the

user application. By changing the transimpedance amplifier in the conditioning
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stage, the designer can select amplifiers that favour precision, low noise or high

speed. For example, the device can be optimised for low frequency applications

(such as sweeping the static field in a SERF magnetometer) or for high frequency

applications (such as oscillating test fields for RF magnetometers).

The noise performance of the DAC8814 is highly dependent on the noise of its

voltage reference. Voltage references are often the noise-defining component in

analogue systems, due to shot noise present in the Zener diodes that make up

the reference [113]. For this reason, the DAC8814 is driven by a 2.5 V precision

reference LTC6655LN [114] (Analog Devices). This voltage reference features an

output filter that drastically reduces the impact of 1/f noise as well as wideband

noise.

4.3.3 Signal Conditioning

The output of the DAC8814 is a uni-polar current. The conversion to bipolar

output is done using a 4-quadrant converter circuit. The converter is composed

of a transimpedance amplifier followed by an inverting summing amplifier that

combines the voltage reference with the output of the transimpedance amplifier

in a 1:2 ratio. This converts the uni-polar output to a bi-polar one. It is based

around an OPA2210 [115] (Texas Instruments) which is a very low 1/f noise part

with excellent DC performance.

The final signal conditioning stage is a noise suppression filter that can be optimised

to the desired application. For example, the reference implementation for a MEG

SERF sensor (described in Chapter 3) implements a low-pass filter (LPF) with a

cutoff frequency of 160 Hz to match the expected MEG signal bandwidth, and

bandwidth of the magnetometer [116]. This filter is implemented as a 2nd-order

Butterworth LPF in the Sallen-Key configuration. The Sallen-Key configuration

was selected as it allows for inherently higher gain accuracy and stability in

comparison to the multiple feedback architecture, which requires component
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matching for unity gain application. The unity-gain Sallen-Key configuration

instead relies on the operational-amplifier (op-amp) parameters rather than the

tolerance and stability of the passive components that form the filter [117].

The signal conditioning stage and driving stages are shielded with an

electromagnetic interference (EMI) shield on the PCB to minimise EMI as well

as radio frequency interference (RFI) induced noise on the output current.

4.3.4 Driving stages

Customisation of the digital control and signal conditioning stages requires only a

change in component values. The need to provide a variety of maximum output

currents requires different circuits entirely, and hence multiple different designs are

necessary. Their configuration depends on the maximum current that is required

and the relative noise performance that is to be achieved. Two driving stages

tailored to specific applications were designed: a LCS design targeted at SERF

applications and a HCS design targeted at total-field applications.

4.3.4.1 Low Current Source (LCS)

The LCS is used for generating small currents not exceeding 50 mA, which are

used in our SERF system for small bias field (0.5 µT) cancellation through the use

of Helmholtz coils. This configuration aims to provide high impedance over the

frequency range of interest as well as stability. The driving stage is based around

a Howland current pump (HCP) [118]. This circuit can be realised with a single

amplifier and four equal value, precision resistors. The choice of amplifier and

resistors is crucial to ensure the performance of the device [119]. The standard

HCP architecture from Ref. [119] was used for the design.

The HCP was implemented using an OPA2210. This is the same part used in the

signal conditioning stage, which helps reduce the bill of materials size. The key

features that make it suitable for the HCP are its architecture and the driving
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stage, which can source and sink up to 60 mA. It features a very low offset of

5 µV and ultra-low noise contribution in both input voltage and current. Its

architecture is based around bipolar transistors, thus its 1/f noise is much smaller

than that of complementary metal–oxide–semiconductor (CMOS) amplifiers [120],

resulting in lower overall noise in the bandwidth of interest (DC - 160 Hz). The

device was also selected based on its very high common-mode rejection ratio,

which is in excess of 132 dB. This is crucial for HCPs to maintain their high

impedance across a wide frequency range. This allows their use in applications

requiring the generation of AC magnetic fields in excess of 10s of kHz [119], such

as generating test fields for coils for RF magnetometers. To meet the requirement

for well matched resistors, thin-film resistors with a tolerance of 0.1 % and a

temperature coefficient of 25 ppm/K were selected. Such resistors offer a good

balance between performance and cost. The combined use of low temperature

coefficient resistors as well as low drift active components help to maintain good

stability against temperature.

The maximum practical current that the LCS can be configured to provide is

≈ 50 mA. After this point, the resistors forming the HCP begin to heat-up

unevenly. The resulting decrease in CMMR degrades the noise floor and accuracy

of the driver. The minimum practical current that the device can be configured

to provide a full range is ≈ 25 µA. In this configuration, the amplifier is still

capable of resolving 16-bits of resolution provided by the control circuitry. Values

smaller than this would be consumed by the input bias current which would lead

to non-monotonicity of the output. It is important to note that at these currents,

connections to the coils may become an issue as stray current pickup can become

a significant source of error.
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4.3.4.2 High Current Source (HCD)

Many applications, such as those with constrained coil geometries, require a higher

peak current than the LCS is capable of providing. Components and circuits that

can provide higher peak currents usually have a non-linear trade off in their noise

performance.

The HCP output stage is unable to provide such output currents without losing

efficiency, and potentially accuracy due to the self-heating of the control stage.

The "improved" HCP stage could be implemented as the efficiency is much

greater, however, it also requires an op-amp that can deliver 250 mA to the load.

Amplifiers like these exist but they do not match the noise performance of the

likes of precision amplifiers such as the OPA2210. Another disadvantage is the

fact that the drive circuitry is thermally coupled to the control loop. This in turn

negatively affects the accuracy as the components begin to heat up.

The solution was to utilise the existing amplifier (that was previously used as a

HCP) and turn it into the control driver for a class AB amplifier stage, which

delivers the final output current. The circuit is presented in Fig. 4.2.

The amplifier is implemented using a complementary pair of NPN/PNP

(2SC5566/2SA2013) [121] transistors (Q1, Q2). These transistors offer good power

dissipation of up to 3.5 W, high current gain and low saturation voltage, meaning

that they can be driven more easily from lower voltages. The complementary

pair is controlled by the OPA2210. By putting the complementary pair in the

feedback loop of the OPA2210, high accuracy can be maintained while increasing

the output current capability. The pair is not matched hence multi-turn trim-pots

(V R1, V R2) are used for adjustment of the bias current for each arm.

The thermal run-away condition, common in class AB stages [122], is mitigated

with the use of a small heat-sink that thermally bonds the complementary pair

and the series bias diodes (D1, D2), keeping them at the same temperature. To
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Figure 4.2 – Simplified schematic of a single output channel of the HCS. The
design uses a class AB stage driven by an OPA2210 op-amp. Complete schematics
and design files can be found on GitHub [107].

further improve thermal run-away resistance, the design is equipped with polyfuses

at its collectors (F1, F2) and small 0.47 Ω series resistors (RS) from each emitter

in the path of the load. This configuration allows for high current generation

while maintaining the high accuracy and noise performance found in the preceding

stages. The class AB stage is also thermally decoupled from the OPA2210 as it

is placed further away, minimising temperature effects on the control circuitry.

The feedback resistor RF, which determines the output current, is capable of

dissipating 3 W and features a temperature coefficient of 20 ppm/K and a value

of 10 Ω (for 250 mA output). Although the resistor will never dissipate more than

625 mW (for the 250 mA version) the extra clearance allows it to remain at a

cooler temperature, which minimises temperature effects on accuracy. By using a

single feedback resistor, the maximum output current can be easily changed by

swapping a single component. Note that the output is not directly referenced to
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ground but rather "floats" on top of the feedback resistor RF. This prevents the

output from being probed with a single-ended probe that is referenced to ground.

The maximum practical current that can be set on the HCS is ≈ 250 mA, which is

limited by the transistor thermal performance. Higher currents can be achieved by

the use of polyfuses with higher rated current and replacement of the output stage

transistors. The minimum practical current that the device can be configured

to is ≈ 50 mA. The device can be configured to output lower full-scale currents,

however at that point it would be more beneficial to use the LCS which features

lower noise and better accuracy.

4.4 Device testing

The LCS and HCS were tested to measure their performance in three key areas:

noise, stability and accuracy. For each test, measurements were taken in a

temperature-controlled lab, maintaining a constant 21 °C. All of the instruments

were left on for at least an hour before any measurements were taken to reach

thermal equilibrium and to ensure the best accuracy and stability.

4.4.1 Noise test

The noise spectrum of the current sources was measured to assess both the noise

shape and levels. Measurement of noise in low noise devices always presents a

challenge, and this is especially true for accurate 1/f noise measurements. High

amplification is required for the noise signature to be visible on the measurement

equipment. The expected noise floor of the current source was on the order of pA.

Across the load of each device, this translated to needing to measure voltages on the

order of nV. In order to reduce the dynamic range requirement of the measurement

to a practical level, an AC high pass filter with a cutoff frequency close to DC

(0.01 - 0.1 Hz) was also required. Typically, this measurement arrangement is
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formed by combining a high-resolution oscilloscope with a high-gain pre-amplifier.

A PicoScope 4262 [123] (Pico Technology) was used as the measurement device.

It features 16-bits of vertical resolution and an internal pre-amplifier allowing

for measurements at 2 mV per division in a 5 MHz bandwidth. To reach the

desired measurement range, the pre-amplifier required a gain in excess of 10000.

It also required 1/f noise to be lower than the device under test. I have developed

our own pre-amplifier to meet these requirements. Details on the pre-amplifier

design and performance can be found in Section 4.5. The test setup for noise

measurement is presented in Fig. 4.3.

Figure 4.3 – Block diagram of the test setup used for noise measurement. The
current driver was powered up from a ± 12 V PSU (E3630A). The current driver
was connected to the laptop through a galvanically-isolated USB for communi-
cation. The outputs of the LCS were 300 Ω terminated with 0.1 % tolerant,
low-temperature-coefficient resistors. For the HCS no termination was used as
the current sense resistor acts as a load. The signal was further amplified by the
oscilloscope and captured.

The current driver was powered from a Keysight E3630A [124] series power

supply and controlled through a laptop. The device was connected through an
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external USB isolator to avoid any potential ground loops that could upset the

measurement. For LCS measurements, the output was terminated using a 0.1 %

300 Ω terminator to convert the current into a voltage that can be amplified by

the custom pre-amplifier. For the HCS the voltage across the RF resistor is used

as the input to the pre-amplifier, with RL replaced by a 1 Ω 50 W dummy load.

Measuring across RF instead of RL removes the need to use a device capable of

measuring a floating voltage. In both cases, the amplified signal was then captured

by the oscilloscope.

Due to how the pre-amplifier is constructed, the input capacitor takes around

5 - 10 minutes to achieve the desired level of low leakage for the reading to stabilise

around zero. The oscilloscope was set to DC coupling for each test as the internal

AC coupling effectively blocks frequencies below 10 Hz, making it unusable for

these tests.

To confirm that the noise floor of the measurement system was below the noise

floor of the device under test, the pre-amplifier input was terminated with a 300 Ω

terminator. One hundred seconds of data were captured, at 10 kS/s to ensure

that there were enough samples to capture the low-frequency components present

in the signal.

After verifying the measurement system, a LCS device was tested. The LCS was

populated to have a maximum output current of 10 mA and set to output the

maximum 10 mA on one channel. After the signal was captured, the channel

was reset back to 0 mA and the process was repeated for the remaining channels.

The noise density of a single channel is presented in Fig. 4.4. Key results for all

channels are presented in Table 4.1.
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Figure 4.4 – NSD results in a bandwidth of 0.1 - 200 Hz for the LCS. 10 mA
configuration (red), 2.5 mA configuration (gold), 10 mA configuration set to
output 2.5 mA (blue) and noise floor of the setup terminated with a 300 Ω resistor
(black). Channel 3 is the only one shown to improve readability. Other channel
results are presented in Table 4.1. The NSD was obtained using a LPSD algorithm
[87] made out of 2048 FFT points using a Hann window with amplitude scaling
correction applied.

Table 4.1 – Noise performance summary of different configurations of the current
source. R indicates noise relative to range at a frequency band of ± 5 Hz, centered
at 10 Hz.

Configuration CH1 CH2 CH3

(LCS) 10 mA 151 pA/
√
Hz 147 pA/

√
Hz 146 pA/

√
Hz

(LCS) 2.5 mA 38 pA/
√
Hz 38 pA/

√
Hz 38 pA/

√
Hz

(HCS) 250 mA 4.1 nA/
√
Hz 4.1 nA/

√
Hz 4.1 nA/

√
Hz

(LCS) R 10 mA 15 ppb/
√
Hz 15 ppb/

√
Hz 15 ppb/

√
Hz

(LCS) R 2.5 mA 15 ppb/
√
Hz 15 ppb/

√
Hz 15 ppb/

√
Hz

(HCS) R 250 mA 16 ppb/
√
Hz 17 ppb/

√
Hz 17 ppb/

√
Hz
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It can be seen that the signal is not limited by the noise floor of the measurement

setup and that the 1/f noise effectively vanishes after 1 Hz, leaving only wideband

noise. The average noise floor was calculated at 10± 5 Hz, as it is in the flat band

between the 1/f noise and the high-frequency roll-off of the device.

To achieve the lowest possible noise it is important to configure the maximum

output of each current driver to the lowest possible limit required by the application.

To demonstrate this, the previous test was repeated using the same LCS but with

the current set to 1/4 full-scale (2.5 mA). The result is shown in Fig. 4.4 (gold).

The trace overlaps the full-scale output trace, showing there is no improvement in

absolute noise performance by programmatically reducing the output current.

To test the scalability of the device, a second LCS was built with the maximum

output current set to 2.5 mA. This was achieved by swapping four resistors and a

capacitor in the driving stage of each channel. The noise test was re-run and the

results are presented in Fig. 4.4 (gold) and Table 4.1. Compared to the 10 mA LCS,

a 4x reduction in maximum current resulted in an approximately 4x reduction

in wideband noise. This result shows that the ppb relative scaling has been

maintained, however, it is expected that for lower output configurations Johnson

noise and other noise sources present in the design would start to dominate and

would no longer scale with the maximum current output. The optimum peak

output current can be selected on a per-device basis based on a balance between

absolute noise performance, relative noise performance and minimum step size.

The noise test was performed on an HCS that was configured to provide 250 mA

full-scale current. The results of this are presented in Fig. 4.5 and Table 4.1.

Compared to the 10 mA LCS, a 25 times increase in maximum current results in

only a minor degradation of relative noise performance.

The noise testing methodology was verified externally using an independent OPM

to measure the magnetic noise contribution when the current sources were used

to drive the static field coils.



CHAPTER 4. COIL DRIVER 64

Figure 4.5 – NSD results in a bandwidth of 0.1 - 200 Hz for the HCS. 250 mA
configuration (red) and noise floor of the setup terminated with 300 Ω resistor
(black). Channel 3 is the only one shown to improve readability. Other channel
results are presented in Table 4.1. The NSD was obtained using LPSD algorithm
[87] made out of 2048 FFT points using Hann window with amplitude scaling
correction applied.

4.4.2 Stability test

For the long term stability test, the oscilloscope and pre-amplifier were replaced

with a Keysight B2901A [125] precision source measure unit (SMU). The current

was measured directly without the use of terminators or dummy loads as the SMU

effectively becomes the load. The SMU was expected to have a smaller impact

on stability in comparison to the pre-amplifier and oscilloscope making it ideally

suited for low cadence long term testing. This feature however prevents it from

being used for the bandwidth of interest for noise measurements, as its sampling

rate of 10 Hz is insufficient. The test setup for stability measurement is presented

in Fig. 4.6.

The stability test was first performed on the LCS configured to provide a full-scale
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Figure 4.6 – Block diagram of the test setup used for stability and accuracy
measurements. The setup is almost identical to the "noise measurement setup"
in Fig. 4.3 except that the SMU is directly used as the load, instead of using a
pre-amplifier and an oscilloscope.

current of 10 mA. The device was set to provide about 10 % of its full-scale output

(1.004 mA), and monitored for 24 hours. The reason for choosing this output

was to maximise the resolution of the SMU which changes its range and loses a

digit after 1.1 mA. As shown before in the noise testing section, setting a smaller

current without re-configuring the device does not impact its noise performance.

The device was set to take 345600 measurements at a sampling frequency of 4 Hz.

This frequency was selected to ensure that the SMU analogue to digital converter

had enough time to fully settle. This test was repeated for the HCS configured

to provide up to 250 mA and set to output 30 % of its range. Both 1 mA and

100 mA test ranges of the SMU were also tested by shorting the input of the

device, to get an estimate of the stability of the measurement system itself.

The stability was estimated using the overlapping Allan deviation [126, 127], which

is often used to characterise instrumentation stability [128, 129]. The result was
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later normalised by dividing by the measurement range as seen in Fig. 4.7.

Figure 4.7 – Allan Deviation of both devices, LCS set to 10 % and HCS set to
30 % of their full-scale output for 24 hours. LCS (blue) and HCS (red). The first
point of the graph shows the ppm stability performance that matches well with
the data obtained using the pre-amp and oscilloscope. The improvements from
averaging are most notable after around 100 seconds. The device exhibits a long
term low frequency drift, but even after 24 hours, it does not drift far enough to
compromise its performance.

It can be seen that both devices perform similarly and achieve their best perfor-

mance after around 100 seconds of averaging, followed by a long term low frequency

drift. It is important to note that the ppm stability performance achieved at

the start is maintained for at least a working day. The shorted SMU produced

better stability for both ranges, indicating that the measurement system was not

the limiting factor. It is expected that the long term drift could be mitigated by

using components with lower temperature coefficients and zero-drift amplifiers,

however doing so could potentially compromise the wideband performance of the

device. It is important to state that the long term stability was not a driving

requirement, as most of our applications only require a relatively short term
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stability (less than one hour).

4.4.3 Accuracy test

A scheme was devised to test the current driver accuracy that used the same

test setup as the stability testing outlined in Fig. 4.6. The current source was

programmed to go through its 16-bit range in 32 counts steps. This step size was

sufficient to show any gain error without the need to test every possible DAC

value. The SMU needs at least 200 ms to fully settle making a sweep through a

full range possible but impracticable, as it would take approximately 3.5 hours

per channel. Sweeping through a single channel with a step size of 32 (for a total

of 2048 steps) takes approximately 7 minutes, totalling 21 minutes for all of the

channels.

The data was then compared to the theoretical accuracy given by Eq. 4.2 and the

difference was converted into DAC counts. The results are shown in Fig. 4.8.

Figure 4.8 – Device count accuracy results. All channels were calibrated but
channel 3 is presented for clarity. The result of calibration shows a maximum
error of ± 1 least significant bit (LSB).
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The results show that the main source of error is the gain error (demonstrated

by the non-zero gradient of the line) followed by the offset error. A look-up

table (LUT) based compensation method was implemented on the Arduino. The

LUT was populated using the error count derived from the calibration routine,

with one correction value for each 32 count block. Testing showed that the

calibration routine increased the accuracy to within ± 1 LSB (± 15.3 ppm), as

shown for channel 3 in Fig. 4.8. It is important to note that the baseline accuracy

exhibited at worst a ± 25 count error with no alteration to the circuit. This result

is notable when considering that no matching of components was performed. This

shows that the device can be used without an explicit need for calibration, as

the percentage error is less than 0.04 % which is negligible for our application.

Note that 2048 steps were not actually needed to resolve the gain error and that

potentially the data could be compressed into bigger chunks which would speed

up the calibration process.

4.4.4 Comparison to other devices

The reconfigurable nature of the LCS and HCS makes it hard to perform a direct

comparison to other current sources. The comparison has been split between two

categories of devices: those available as COTS and those only presented in the

literature. The open source designs of the LCS and HCS means that they fall at

the boundary between these two categories.

The LCS and HCS perform well in comparison to COTS low noise laboratory

current sources. The most comparable example is the Twinleaf CSB [130] current

source, which features 10 ppb noise at 10 mA at 1 Hz and about 1 ppb at 10 Hz.

This device is however limited in terms of bandwidth, operating only up to a couple

of Hz. Comparable performance could be achieved on the LCS by reconfiguring

its filters to have a similar low frequency cut-off. Comparisons can also be made

to more standard lab instruments such as the Keithley 6220 [131] (100 ppm noise
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at 2 mA in a 0.1 - 10 Hz bandwidth) or the Keysight B2962B [132] (10 ppm noise

at 10 mA in a 0.1 - 10 Hz bandwidth). Both of these devices are noisier, limited

to a maximum of two output channels (making them unsuitable for triaxial coil

control) and are significantly more expensive.

Other current sources, with better noise performance or stability, are present in

the literature but are not available commercially or are impractical to reproduce in

a standard lab. The closest comparison is the junction-gate field-effect transistor

(JFET) based current source by Scandurra et al [133]. Although it has superior

noise performance (3 ppb/
√
Hz at 1.8 mA at 1 Hz) the design is difficult to

manufacture as it requires hand matching of components or the use of expensive

and low availability parts. It also has a lower maximum output current and is only

capable of a single DC output that requires tens of minutes to settle. Another

example is the externally referenced current source by Fan et al [129]. Although

the device features higher stability (1 ppb in 1000 seconds) but also slightly higher

noise (36 ppb/
√
Hz at 0.1 Hz), it has a single fixed DC output and the external

reference is a Josephson voltage standard which requires cryogenic cooling.

4.5 High gain pre-amplifier design

The pre-amplifier was based on a design developed for measuring the noise

contribution of an LTC6655 reference [134]. It was modified and modernised to

replace the high gain stage that contained difficult to procure components, such

as thermally-lagged JFET pairs and wet tantalum capacitors.

The simplified architecture of the pre-amplifier is presented in Fig. 4.9.

The design is centred around ADA4523-1 [135] (Analog Devices) chopper amplifiers,

which form the gain stage. These exhibit very low noise at low frequencies. This

is achieved by heterodyning 1/f noise on top of a chopping frequency of 330

kHz, which is located away from the 0.1 to 160 Hz bandwidth of interest. The

signal first goes through an optional buffer that presents the load with a high
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Figure 4.9 – Simplified architecture of the pre-amplifier. The input signal
is buffered and stripped of its DC component with a 0.1 Hz HPF. It is then
followed by an 80 dB gain block that is further filtered by a 0.1 - 200 Hz bandpass
filter. The resulting signal is available on the output BNC for connection to an
oscilloscope.

impedance input. The DC component is then removed using a hand-selected, sub

10 nA leakage current electrolytic capacitor to provide a HPF at 0.1 Hz. The

HPF stage is very important, as one cannot rely on the oscilloscope AC-coupled

input because of its high cut-off frequency (> 10 Hz) which would obscure the

1/f noise contribution that needs to be measured. The gain stage consists of

four ADA4523-1 amplifiers connected in parallel to reduce the voltage noise by a

factor of 2 and provide a gain of 10000 (80 dB). The signal is later conditioned

by a second-order Sallen-Key LPF with a Bessel response to reduce ringing at

the output [136]. The final stage is a passive HPF to further improve the 0.1 Hz

response. The device is interfaced with BNC connectors on each side and powered

by two 6LR61 batteries. It provides a gain of 80 dB in a bandwidth of 0.1 - 200

Hz. Fig. 4.10 shows its bandwidth normalised to 0 dB. The pre-amplifier design

is open source and available on GitHub [137].

4.6 Synopsis

This chapter described the design procedure and testing of two ultra-low noise

current drivers. The LCS is capable of producing currents up to ≈ ± 50 mA

and the HCS is capable of providing ≈ ± 250 mA. The devices complement each

other by overlapping the gap between current ranges, allowing them to be used

in a variety of applications. Both devices offer digital control of current on three

independent axis with 16-bit resolution. They feature a common digital/signal
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Figure 4.10 – Experimental (red) and simulated (blue), normalised (80 dB)
pre-amplifier frequency response (0.1 - 200 Hz). The frequency response exhibits
50 mdB flatness. The simulated results match well with the experimental ones.
The biggest difference being the corner frequency at the low end which is different
due to the inherent tolerance of the electrolytic input capacitor. This however
does not impact the overall bandwidth of the pre-amplifier.

conditioning chain allowing for user customisation in terms of bandwidth, noise

or stability. This was demonstrated by changing the maximum output current

capability which allowed the device to change its maximum output current while

maintaining the dynamic range. When used to drive coils, having a selection of

devices to choose from helps match the driver with a given coil geometry. An

Arduino based firmware makes the device control extendable to non-expert users

and allows users to extend the functionality to their particular application such as

generation of arbitrary waveforms. In addition, both devices are fully open source,

with documentation and design files being readily available on GitHub [107].

Noise tests showed that a 10 mA LCS achieved 146 pA/
√
Hz at 10 Hz, demon-

strating a relative noise of 15 ppb/
√
Hz. A 250 mA HCS achieved 4.1 nA/

√
Hz

at 10 Hz, demonstrating a relative noise of 16 ppb/
√
Hz. Both devices feature a
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narrow 1/f region with a corner frequency of approximately 1 Hz, making them

well suited for precision magnetic field generation in OPMs.

The stability of both devices was found to be in the ppm range. Due to the fact

that the only difference between LCS and HCS is their output stage, the stability

performance is very similar. This performance is more than enough for coil control

in most OPM applications which primarily rely on short term stability.

Accuracy tests showed that the device does not have to be calibrated to achieve

satisfactory performance, presenting an out of the box solution. For applications

demanding very high accuracy it was shown that calibration is possible, unlocking

the full potential of the device with monotonic accuracy of ± 1 LSB over its full

range.

Both LCS and HCS devices are now widely utilised as high performance cur-

rent sources in the magnetometry group for all experiments including SERF

experiments, RF magnetometers and FID magnetometers.



Chapter 5

Optoelectronics

This chapter focuses on the development and testing of optoelectronics designed

for the SERF experiments covered in Chapter 3. This includes custom low-noise

amplified photodetectors, that specifically target SERF bandwidth of interest.

It also includes a custom laser driver used to drive VCSELs which offers lower

relative intensity noise (RIN) than the DBR laser source currently used in the

portable SERF experiment.

5.1 Photodetector design

This section covers the development and testing of the custom photodetectors

used for the SERF magnetometers covered in Chapter 3.

5.1.1 Design requirement

Photodetection plays a paramount role in any optical experiment where light is

to be monitored. This is no different for the SERF experiments conducted in this

thesis. The only difference being, specific requirements that are unique to SERF

magnetometers.

Photodetectors can be classified into two different categories: un-amplified and

amplified. Un-amplified (otherwise known as biased photodetectors) are simple
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photodiodes configured in a reverse bias configuration typically provided by a

battery. Reverse bias is used to decrease the capacitance of the diode allowing

it to be used for high-speed applications in a range of 10 MHz to 5 GHz. It

also provides a linear photo-current response with incident light intensity. The

current-voltage curve of a photodiode operated in different modes is presented in

Fig. 5.1. In the work described in this thesis, the photovoltaic mode was not used

due to its non-linearity and low dynamic range.

Figure 5.1 – Diagram presenting IV curve of a typical photodiode.

One of the downsides of using photoconductive mode is the introduction of dark

current. A dark current is a form of a leakage current present when no light is

incident on the photodiode. It increases as a function of reverse bias voltage.

Dark current has a white noise characteristic and is similar in nature to shot noise

[138]. It is given as noise spectral density and is presented in Eq. 5.1 where q is

the charge of the electron, and Id is the dark current.

σd =
√

2qId . (5.1)
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In the high-sensitivity application dark current needs to be taken into account as

it will directly affect the sensitivity of the device.

The other form of detectors mentioned previously are the amplified photodetectors,

which are self-contained biased photodetectors that also feature a TIA. This form

of a detector is of interest to us, as it ensures that the low current signal ≈ nA to µA

is amplified as close to the photodiode as possible, to prevent distortion caused by

external leakage currents. Having a built-in TIA also offers convenience, presenting

a sampling system with an easy to read voltage signal. This is especially true if

the gain can be adjusted to suit the experiment’s needs.

The photodetector for SERF application does not require high bandwidth, as

found in typical photodetectors. The SERF magnetometer bandwidth is deter-

mined by the gyromagnetic ratio of the alkali species used and its relaxation time

[21, 139] and is typically quite small in the order of 10 - 500 Hz [13] where no

additional modulation bandwidth enhancing techniques are used, which would en-

able operation up to 10 kHz [140]. The expected bandwidth of the magnetometers

described here would not exceed 300 Hz for Rb and 1000 Hz for Cs experiments.

Although the bandwidth needed is small, it is crucial that the noise contribution

over that bandwidth is as small as possible.

Typical photodetector amplifiers offer very low input bias currents so as to not

obscure the signal. These devices typically use CMOS architectures providing

typical bias currents in the range of fA - nA. The wideband noise contribution

is typically low making it ideally suited for high-speed (> 1 MHz) applications.

These devices however are more affected by the flicker noise (1/f noise) which

compromises their low-frequency noise, below ≈ 1 kHz [120]. Due to this reason,

commercial photodetectors are not optimal for this task as they typically target

a different bandwidth of interest. Because of this, it was decided that a custom

photodetector would be designed specifically for SERF magnetometers, that would

target its operational bandwidth as a low-noise region.
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The photodetector to be designed should also be ideally small and have the ability

to accept standard-size optics. The size here is not crucial, however, having

a similar form factor to commercially available detectors is desired to prevent

bulky designs from occupying optical table real estate. Having the ability to

accept optics is also important as it eases the alignment process and increases the

versatility of the device.

5.1.2 Design

The first step in the design of the photodetector was to figure out the form factor

used. It was decided to house the layout on a stacked 1′′ diameter circular PCB.

Using circular PCBs allows for mounting the whole device in a standard lens

mount that can be fitted into cage mounts. This also allows for the active area of

the photodetector to be concentric on the optics preventing miss alignment. A

photograph of completed photodetectors fitted into lens mounts is provided in

Fig. 5.2.

Figure 5.2 – Photograph of the photodetector fitted in a lens mount. The
picture on the left shows the front side of the photodetector featuring TIA, gain
switching and BPW 34 photodiode. The picture in the middle shows the back of
the photodetector featuring the power supply board and signal output SMA. The
right picture shows the photodetector fitted with a focusing lens.
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The main component of the photodetector is its photodiode. The photodiode

has to feature a good response in the wavelength of interest (795 nm | 895 nm),

offering a sufficient active area for ease of alignment while at the same time not

increasing its dark current. The photodiode selected was BPW 34 S [141]. It is

a surface-mounted silicon PIN photodiode with a square radiant sensitive area

with 2.65 mm side. PIN photodiodes feature an intrinsic region which increases

the quantum efficiency of the detector and by that, spectral sensitivity [138,

142]. It features a responsivity of 0.6 A/W at a wavelength of 795 nm. The

photodiode was selected to be in a surface mount package as it helps to reduce the

footprint size and is a better fit for the circular PCB. The device also features very

low noise-equivalent-power (NEP) of 41 fW/
√
Hz. NEP is a figure of merit for

the photodetectors that defines the minimum optical power required to equalise

signal-to-noise ratio (SNR) [138].

As the photodetector needs to target low frequencies (DC - 300 Hz) it was decided

to base the amplifier on a field-effect transistor (FET) input architecture. FET

architectures can simultaneously provide low input bias current, as well as narrow

1/f noise. The amplifier that was selected to act as a TIA was ADA4625 [143].

ADA4625 op-amp offers very low voltage noise of 3.3 nV after 100 Hz (5.5 nV

at 10 Hz) and 4.5 fA of current noise at the same frequency. In transimpedance

applications, where the source features high resistance (such as a photodiode), the

input current noise must be as small as possible, as it will directly contribute to

the output noise. The device also features low voltage noise of 150 nV RMS in its

1/f frequency band (0.1 to 10 Hz), providing a flatter noise contribution in the

magnetometer bandwidth of interest.

The basic TIA architecture for photodiodes is presented in Fig. 5.3. For the design

of the custom photodetector, it was decided that the circuit will feature selectable

gain control with three settings. This was done so that the photodetector operation

can be tuned during the optimisation of the magnetometer which involves changing
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laser light power and density of the atomic vapour through heating the cell. A

schematic diagram of the completed photodetector architecture is presented in

Fig. 5.4.

Figure 5.3 – Diagram presenting typical TIA configuration used for biased
photodiodes. The photodiode DP is reverse biased by negative supply voltage VB,
so it operates in the photoconductance mode. Photocurrent IPD is amplified by
the amplifier in transimpedance configuration as a product of feedback resistor
RF as −RFIPD = VO. Capacitor CF is used to compensate for the zero generated
by the capacitance of the photodiode DP, as well as setting the bandwidth of the
detector circuit. The roll-off frequency is defined as fc = 1/(2πRFCF).

The design is centred around ADA4625 op-amp (U1), configured in the tran-

simpedance configuration described in Fig. 5.3. The photodetector features a

selection of three gain settings defined by Rx and Cx pairs where x is the number

of pairs corresponding to a gain setting. A double-throw triple pole switch (CL-

SB-23B-02T) was used to change between different amplifier gains. A dual throw

switch allows for a Kelvin configuration to be utilised, removing the resistance

switch as a source of gain error, as well as fully isolating switching stages [144].

The on resistance of mechanical switches is typically small so the resistance gain

penalty would have been negligible. The switch was primarily selected for its

size, as the single slide switch mechanism is smaller than individual switches that
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would simply not fit on the board. As one of the switches would remain otherwise

unused it was decided to connect it in a Kelvin configuration.

Initially, the device was configured to provide gains of 10, 20 and 40.2 kV/A,

featuring a -3 dB bandwidth of 8 kHz (< 80 mdB attenuation to 1 kHz) on all

ranges. After the magnetometer optimisation process, it was found that higher

laser powers are preferred and the programmable gains were changed to 2, 5

and 10 kV/A with the same bandwidth. The resistors used for gain setting each

featured a tolerance of 0.1 % and a low-temperature coefficient of 25 ppm/°C to

ensure gain accuracy.

It was also decided to include control of the photodiode reverse bias voltage VB for

optimisation of the dark current and linear operating region. The control of VB was

achieved through the use of a miniature, single turn 10 kΩ trimming-potentiometer

(TC33 series) RV1.

An optional resistor capacitor (RC) LPF was included at the output of the

amplifier, to increase the filter response and aid the compensation capacitor. LPF

components footprints have been provided on the PCB, but are not normally

populated and the resistor R4 is bridged with a solder link or 0 Ω resistor. This

functionality was not used in this experiment.

As the design aims for low-noise operation, its power delivery requires consideration.

The device requires a split rail supply of minimum ± 10.1 V to be able to operate

over the full dynamic range of the NI PCIe-6353, which features a ± 10 V range.

The power could have been simply provided from a low-noise power supply unit

set to the required voltage. However, it was decided to provide voltage regulation

on the device, which would make it compatible with more generic power supplies

and supplies already used for powering photodetectors. For the voltage regulators

LT3042 [145] and LT3093 [146] complementary pair LDO regulators were selected.

These regulators feature extremely low noise contribution of 0.8 µV and ultrahigh

power supply rejection ratio (PSRR) of 110 dB in the bandwidth of interest which
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Figure 5.4 – Schematic diagram of the custom photodetector with different
sections of the circuit highlighted. Voltage bias adjustment in purple, gain selection
in green and optional LPF in red.

drops to 80 dB at 1 MHz. The ability to maintain PSRR at such high frequencies

allows it to be used with lower quality power supplies, such as switched-mode

power supplies. The regulators were set to provide ± 11 V to ensure that the full

dynamic range of the DAQ system can be utilised.

The design was split into two, 1′′, circular boards. The front board houses the

photodetector circuitry presented in Fig. 5.4 while the other board houses the

power supply regulation circuitry. The boards are interconnected through 1 mm

pitch headers and receptacles allowing for quick replacement of the modules, or

swapping photodiodes used. The boards are also secured with two M2 brass

spacers that maintain the alignment between boards. Photographs of unpopulated

PCBs, as well as the photodetector assembly, can be seen in Fig. 5.5.

The power is supplied through a keyed connector featuring a 2 mm pitch (Molex



CHAPTER 5. OPTOELECTRONICS 81

Figure 5.5 – Photograph of the photodetector PCBs and assembled photode-
tector module. Picture (a) shows the power supply PCB, picture (b) shows the
photodetector PCB accepting BPW 34 photodiodes, and picture (c) shows the
photodetector assembly.

53253-0370). Custom cables made out of shielded twisted pair (VD 268-100-000)

were used to carry power to the detector from the power supply. Each board was

built with 0402 and 0603 size passive components in order to fit everything on

the board.

Photodetector PCBs were also made to house a range of different photodiodes

(SFH 2700, SFH 2400 and BP 104) each offering different sizes of the active area,

to tailor diode capacitance and NEP performance to the application of interest.

Because the design is split into a photodetector PCB and a power regulation PCB,

the photodetector board can feature different gain and bandwidth settings as well

as different photodiodes, which are user replaceable. These photodetectors are

used in other magnetometry experiments in our group, due to their versatility in

bandwidth and gain selection and ability to accept different photodiodes. The

portable SERF magnetometer described in Chapter 3, utilises the TIA architecture

presented in Fig. 5.3. This TIA was placed outside of the magnetometer sensor

head to limit the magnetic contribution, with only the photodiode being present

inside.
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5.1.3 Testing

After the device was assembled it was important to gauge its noise contribution and

noise shape. A typical rule of thumb for detection systems in optical experiments

is that the detector should feature about an order of magnitude lower noise than

the sampling DAQ system.

To measure the noise of the detector a similar setup to the coil driver noise

measurement was used. The setup is presented in Fig. 5.6. The oscilloscope was

set to sample at a rate of 100 kS/s for 100 seconds in order to accurately estimate

the low frequency (0.1 Hz) component.

Figure 5.6 – Diagram of photodetector test setup. The photodetector is powered
by a low noise power supply (Keysight E3630A), which provides ± 12 V to the
detector. The output from the photodetector is pre-amplified with a custom
voltage probe featuring a high gain of 10000 (80 dB) in the bandwidth of 0.1 -
200 Hz. The pre-amplified signal is then digitised by a 16-bit vertical resolution
oscilloscope (PicoScope 4262).

Photodiodes feature three different input current noise mechanisms which are,

thermal noise (σth), photon shot noise (σsh) and dark current noise (σd). Thermal

noise is a product of the shunt resistance of the diode and is given in Eq. 5.2, where

Rsh is the shunt resistance. The value of input referred thermal noise is small for

amplified photodetectors, as the shunt resistance is typically large (in the order of

GΩs). The BPW 34 photodetector features a typical Rsh of 5 GΩ at a reverse

bias voltage of 10. This yields a typical noise current of only ≈ 1.8 fA/
√
Hz at



CHAPTER 5. OPTOELECTRONICS 83

room temperature.

σth =

√
4kBT

Rsh

. (5.2)

Another noise mechanism is the photon shot noise, which is based on the number

of photons being incident on the photodetector. This noise originates from the

fact that the incident photons are not synchronised in reaching the detector. This

presents a statistical distribution of the number of incident photons on the detector.

This process is described in Eq. 5.3 where Ip is the photocurrent, which is the

result of a product of incident optical power Po and photodiode responsivity R.

It is important to note that a Gaussian distribution has been used to estimate the

photon shot noise, however, the Poisson distribution provides a better statistical

approximation for very low optical powers [138]. Gaussian distribution was used

as it provides a simpler noise analysis and is valid for typical optical powers used

in the experiment. The photon shot noise estimation is performed in Section 3.3.

In an ideal scenario, the magnetometer sensitivity should be photon shot noise

limited.

σsh =
√

2qIp . (5.3)

The previously mentioned dark current is present in all photodiodes that are

operating in photoconductive mode. It manifests as a form of a leakage current

and offsets the output signal of the detector and features the same noise mechanism

as the photon shot noise as seen in Eq. 5.1. This noise is dependent on temperature

and the bias voltage applied to the photodiode. The dark current of BPW 34

diode at room temperature and 10 V reverse bias voltage equal to 2 nA and yield

a typical noise of ≈ 25.3 fA/
√
Hz.
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These noise sources all add in quadrature to produce total photodiode input

current noise inpd given as inpd =
√
σ2
th + σ2

sh + σ2
d. The amplifier input current

ina noise also adds to the noise perceived at the input where the total input noise

current is given as ini =
√

i2npd + i2na

The transimpedance amplifier is used to amplify input current and output it as

voltage. The total voltage output noise of the TIA is a quadrature sum of a product

of transimpedance gain with the input noise current enTIA = iniRF, Johnson noise

of the feedback resistor eth =
√
4kBRF and finally the input spot noise of the

amplifier ena. The total output voltage noise is thus eno =
√

e2nTIA + e2th + e2na.

The photodetector was configured to provide three transimpedance gains of 5, 10,

and 150 kV/A with a bandwidth of 8 kHz. The gains of 5 and 10 kV/A represent

typical gains used in the Rb, lab-based experiment, while 150 kV/A gain was used

as a form of a stress test for looking at the low optical power operation of the

device.

The noise density of the photodetector at different gains and 10 V bias is presented

in Fig. 5.7. The noise performance and shape present a good match with the

calculation.

The calculated values for total noise are in close agreement with the experimental

results as seen in Tab. 5.1.

Table 5.1 – Comparison of calculation and experimental NSD results of the
photodetector at different transimpedance gains, evaluated at 100 Hz where the
amplifier noise response flattens.

Gain (kV/A) NSD Calculation

(100 Hz)

NSD Experimental

(100 Hz)

5 9.7 nV/
√
Hz 9.8 nV/

√
Hz

10 13.2 nV/
√
Hz 13.4 nV/

√
Hz

150 49.6 nV/
√
Hz 51.2 nV/

√
Hz
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Figure 5.7 – NSD results of the photodetector at different gains with 10 V
reverse bias voltage. Gain of 5 kV/A (red), 10 kV/A (gold) and 150 kV/A (blue).
The NSD was obtained using a LPSD [87] algorithm made out of 1024 FFT points
using a Hann window with the amplitude scaling correction applied.

The spot noise at 100 Hz is valid for the remaining bandwidth of the magnetometer

after 100 Hz as the location of the zero Z is present at a much higher frequency

(≈ 30 kHz for a gain of 150 kV/A and ≈ 912 kHz at gain of 5 kV/A) than

the bandwidth of the photodetector. The frequency of the Z is obtained from

fZ = 1/(2πRFCin) where Cin is the total input capacitance (sum of photodiode

capacitance and amplifier input capacitance).

The impact of the dark current was tested by fixing the gain and setting the

reverse bias voltage to 0 V, 5 V and 10 V respectively. No difference in the output

voltage noise was found, as even for a gain of 150 kV/A the contribution is only

3.8 nV/
√
Hz (by taking only the dark current noise and multiplying it by the

transimpedance gain) of additional output voltage noise between VB = -10 V and

VB = 0 V. The NSDs at different reverse bias voltages are presented in Fig. 5.8.



CHAPTER 5. OPTOELECTRONICS 86

Figure 5.8 – NSD results of the photodetector at a fixed gain of 150 kV/A
with 10 V, 5 V and 0 V reverse bias voltages. VB = 0 (red), VB = -5 (gold) and
VB = -10 (blue). The NSD was obtained using a LPSD [87] algorithm made out
of 1024 FFT points using a Hann window with the amplitude scaling correction
applied.

5.2 VCSEL Driver design

One of the main aspects of portable systems is the minimisation of SWaP. One

way to achieve this in the case of a portable magnetometer, is to replace the

currently used DBR laser source with the VCSEL. VCSELs are characterised

by their exceptionally low threshold current and high efficiency. In addition,

these devices can be manufactured to have a single transverse mode and produce

narrow enough linewidth to resolve the hyperfine structure of the D1 line of Cs

atoms and maintain stable linear polarisation. All of this can be achieved at

lower cost and volume than DBR fiber based systems, making VCSELs potentially

attractive in replacement of DBR lasers for portable magnetometer systems.

Commercial devices based around this laser technology have been successfully

used in biomedical applications [31, 147]. An annotated photograph of a VCSEL
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diode used in this project is presented in Fig. 5.9.

Figure 5.9 – Photograph of 895 nm VCSEL (Vixar) in a TO-46 package with
an integrated thermistor and TEC. Dimensions added for the metal can housing
the VCSEL.

5.2.1 Design requirements

The VCSELs used for atomic magnetometry requires a stable, low noise current

source to limit the intensity noise induced into the experiment. For SERF

magnetometers this implies very low current noise, on the order of pA/
√
Hz

with as narrow 1/f contribution as possible so as to not limit sensor sensitivity.

As VCSELs have very small threshold currents (on the order of 100s of µA), their

optical power slope efficiency is high in comparison to DBR devices making them

particularly sensitive to current changes. The VCSELs maximum power output is

achieved at modest currents, on the order of few mA, which is related to the cavity

size. The cavity size in turn affects the frequency tuning rate with respect to the

input current. The VCSEL devices have a typical current tuning of 0.5 nm/mA

[148], comparing that to the DBR laser that is currently used in the experiment

[94] yields only 0.002 nm/mA which corresponds to about 250 times lower tuning

coefficient than the VCSEL. A higher frequency tuning coefficient presents not

only a requirement for low noise but also high stability and low drift of the driver.
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Another important factor is the temperature control of the VCSEL, which affects

the length of the cavity in turn changes lasing frequency. For the VCSEL this

temperature tuning coefficient has a typical value of 0.06 nm/K. For buffer gas

broadened cell the temperature of the VCSEL has to be stable to at least 10 mK

so that it interacts with the correct hyperfine transition and does not leave

resonance when the measurements are taking place [149]. VCSEL temperature

can be controlled with a dedicated mount with a TEC and a thermistor to

form a feedback loop. This approach is however too bulky and magnetic for

integration into portable system sensor heads. For this reason, VCSELs often

have an integrated thermistor and a TEC. This approach allows for reduced

SWaP in the overall system as well as reduces time constant related to thermally

stabilising the device. One of the challenges with VCSELs is that they are often

operated at higher temperatures (40 - 90 °C) in comparison to DBR lasers which

are made to be tuned between 15 - 35 °C. The higher operating temperature

presents a problem for stable operation as the thermistors used in these devices

have a non-linear relation between resistance and temperature. The relationship

approaches an asymptote at temperatures higher than 40 °C as seen in Fig. 5.10.

A 1 mK change at 25 °C corresponds to a change of 444 mΩ. The same change

at 65 °C will correspond to a change of only 72 mΩ, over 6 times lower response

for the same change in temperature. The move to higher temperature requires

increased precision and a lower noise floor on the temperature feedback loop.

As the experiments would typically be run over minutes to an hour, long term

stability is not crucial. However, the ability to maintain stability is targeted as

it presents a solution that does not require laser locking for our system. In the

instance that locking would be used, less corrective action would be required to

maintain stability. Fewer and smaller servo operations thus translated to less

servo noise injected into the system.

Typically the operational frequency of the laser used for magnetometry is not
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Figure 5.10 – Thermistor (β = 3973) response against temperature. Blue
lines represent the typical DBR tuning range while red lines represent the VCSEL
tuning range.

a single value, requiring detuning from resonance. In the case of the Cs setup

discussed previously the resonant frequency is F = 4 −→ F ′ = 3 transition on

the Cs D1 line. For optimisation of the magnetometer, this value is detuned as far

as ± 30 GHz which translates to about ± 1.33 °C. This presents a requirement for

an ability to change VCSEL frequency by means of current or temperature change

during the device operation rather than finding resonant frequency on a device

basis and leaving it static. This presents a requirement of software tunability,

where the laser frequency can be detuned using the scanning technique described

earlier in Section 3.1. The software control additionally allows for locking the

laser to a particular transition if such a need would emerge.

Maintaining the low SWaP is important for the portable magnetometer system

(sensor head and control electronics). For this reason, the laser driver should ideally

be no larger than the coil driver described in the earlier Chapter 4. Reducing

the SWaP of the system allows for better portability and aids use in biomedical
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applications, where the whole system can be easily transported from the lab to,

for example, an MSR.

Currently, most of the laser driver systems that can be purchased are lab-based

instrumentation that do not target the low current and exceptional low noise

required by the VCSELs. There are some original equipment manufacturer (OEM)

"portable" solutions but they do not meet the performance requirements outlined

here. This thus presents a need for a custom solution targeting high-performance

VCSEL applications, such as optically pumped magnetometry.

5.2.2 System design

The simplified system diagram is presented in Fig. 5.11. The design comprises

three main sections: interface and digital control, TEC temperature controller,

and a laser current source. Each of these systems can be broken down into its

own subsystems such as analogue signal conditioning, voltage reference, analogue

to digital converter (ADC) and DAC data converters.

5.2.2.1 Current source

The constant current source is one of the main aspects of the VCSEL driver. From

the requirements gathered, it is not only supposed to feature ultra-low noise but

also a high level of stability. Initially, it was thought that a design based around

LT3092 (Analog Devices) [150] current source would be sufficient. A simplified

schematic, showing LT3092 architecture is presented in Fig. 5.12. LT3092 is an

integrated circuit that uses an internal current source that acts as a reference,

followed by an error amplifier driving a Sziklai pair. The current is programmed

with two resistors; one determines the voltage presented to the non-inverting

input of the error amplifier while the error signal is obtained from the voltage

dropped over the feedback resistor. This integrated circuit (IC) can source up to

200 mA of current and features good voltage compliance due to its use of a Sziklai
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Figure 5.11 – Simplified VCSEL driver system diagram. The design can be
split into three main sections. Digital control, TEC temperature controller; and
constant current source. The last two are split into subsections covering analogue
signal conditioning, voltage reference and ADC/DAC chains.

pair as a driving stage. There is however a problem with the noise of the circuit.

The datasheet does not present output noise but rather the noise of the internal

current reference which is very low 2.7 pA/
√
Hz from 10 Hz. However, the output

noise of the device was found to be ≈ 800 pA/
√
Hz while delivering 2 mA. This

result was obtained by shunting the set resistor with a capacitor to lower its noise

contribution. The noise origin is most likely related to the error amplifier and to a

lesser extent the driving stage. The performance of the LT3092 was good enough

for general use, however considering the output noise performance of the coil

driver covered previously in Chapter 4, which is not only a much more complex

device but also requires a bi-polar operation, its noise performance was found to

be ≈ 60 pA/
√
Hz at 10 Hz, about 10 times less than a non-adjustable current
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Figure 5.12 – LT3092 internal simplified schematic (inside dashed line) and
mandatory, external components RSET and ROUT .

source proposed. An obvious solution would be to use the previously designed coil

driver and use it to drive the VCSELs, but the requirements that both designs

target are different. The VCSELs will be operated at a single current and if

the operational current would need to be changed, it can be done by swapping

passive components. The noise performance of the VCSEL driver should be in

the ballpark of the coil driver and ideally offer lower noise to limit the impact of

the intensity noise of the laser.

The custom low noise current sources designed in Chapter 4, could have been

used to drive VCSELs, but it was decided that the VCSEL driver combining both

temperature control and current control would have been a better fit for other

magnetometry applications (portable total field sensors) which do not require

field nulling capability. By combining current and temperature control into a

single device, these applications benefit from reduced SWaP. Additionally, it was
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believed that a fixed current source would present lower noise and greater stability

than the coil drivers. The LCS architecture was thus revisited in pursuit of lower

noise.

The VCSELs used in this project have all been Vixar VCSELs which have an

integrated TEC and thermistor. This presents one other requirement which is

that the current source needs to be cathode grounded. This stems from the fact

that one side of the thermistor is tied to the cathode of the laser diode, which

either requires differential sensing or grounding the cathode. Cathode-grounded

laser current sources are more difficult to design, as any form of sense has to

happen before the diode. LT3092 current source is one such source which can

drive grounded loads. Another architecture that can do that is the previously

discussed Howland current pump that was used to make the coil driver.

This current source comprises a voltage reference, four resistors and an operational

amplifier. Traditional HCP works very well in an application that does not

require much compliance voltage, such as a coil driver that drives a relatively low

resistance load. VCSELs used in the experiment, have a typical forward voltage

drop of ≤ 2.5 V which becomes problematic for HCP circuits which pay a penalty

of having a compliance voltage ≤ 50 % of the supply voltage. In this instance,

improved Howland current pump (IHCP) works better as the current is controlled

with a single resistor while the rest set the compliance voltage. This approach

allows tailoring the compliance voltage while increasing efficiency. The penalty

paid here is the increased output noise, however, it can be dealt with by filtering

at the cost of the response speed.

An IHCP similarly to a HCP is made out of four closely matched resistors around

its inverting and non-inverting inputs. The main difference stems from the output

node between the two circuits with HCP having its output node Vx present at the

non-inverting input to the amplifier as seen in Fig. 5.13 a) while IHCP uses the R5,

present on the output of the amplifier. The resistor moves the device output node
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Figure 5.13 – Schematic of the "standard" Howland current pump and "im-
proved" Howland current pump with a single amplifier. The "standard" version
presented in a), is made out of four well matched resistors that form a ratio such
that R1/R2 = R3/R4 to obtain maximum common-mode rejection ratio (CMRR).
The output current is derived at the non-inverting node of the amplifier, Vx. The
"improved" version based on a single amplifier is presented in b), and is almost
identical to a); however, the output current is derived after the resistor R5. An
output error is introduced due to the finite resistance of the feedback resistors R3

and R4 introducing extra current summed at the output node Vx.

Vx after that resistor as seen in Fig. 5.13 b). It can be seen that at Vx feedback

current going to the R3 +R4 resistors will be combined with the current flowing

through the R5 shunt resistor affecting the output current. This can be mitigated

by using high value resistors that form the R1, R2, R3, R4 combo. This however

would drastically increase the thermal noise present in the device. A simpler

and more common solution is presented in Fig. 5.14. Here, a buffer amplifier is

inserted after R5, which prevents feedback current on R3 +R4 from affecting the

R5 shunt. This approach comes at the cost of increased noise due to the use of

the second amplifier. The selection process of the amplifiers to form the IHCP

was based on a multitude of parameters with the most important aspect of the

IHCP being its noise performance and offset voltage drift temperature coefficient.

After that, other parameters were considered such as maximum output current,

bias current, CMRR, PSRR, power supply range, common-mode voltage range

and availability.

The noise performance of the amplifier directly impacts the output noise of the



CHAPTER 5. OPTOELECTRONICS 95

Figure 5.14 – Schematic of the "improved" Howland current pump based
around two amplifiers. The current source works identically to the single amplifier
configuration but the output error is minimised due to U2 being introduced as a
buffer to provide the output node Vx with high impedance, without needing to
increase the resistance of R3 and R4.

IHCP and thus requires both input voltage noise and input current noise to be as

small as possible. Another aspect of the noise is its 1/f corner frequency. If a part

has a very low spot noise at frequencies ≥ 100 kHz (as many CMOS devices do)

but its 1/f corner frequency is close to the reported spot noise frequency, its low

frequency 1 - 100 Hz is most likely a couple of orders of magnitude higher [120].

It is thus important to select an architecture in which, 1/f is as small as possible

to minimise coupling excess noise into the magnetometer bandwidth of interest

0.1 - 200 Hz.

Offset voltage drift is the next important aspect, as a large temperature coefficient

can cause excess current drift that will in effect alter laser frequency. Three

different amplifiers were considered: OPA2182 (Texas Instruments), OPA2210

(Texas Instruments) and ADA4099 (Analog devices). The OPA2210 was considered

first as it was the amplifier that is used with the coil driver circuit. It features

exceptional noise performance of 2.25 nV/
√
Hz at 100 Hz with 1/f corner frequency

at 10 Hz and very low drift of 0.1 µV/°C. OPA2182 was the second pick being

a chopper based amplifier, it features practically zero drift with temperature
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(0.003 µV/°C) and very low noise of 5.7 nV/
√
Hz at 100 Hz.

The final pick was ADA4099 which features low voltage noise of 7 nV/
√
Hz at

100 Hz, extremely narrow 1/f noise corner frequency of 6 Hz and very low drift of

0.1 µV/°C. The amplifier that was ultimately picked was the ADA4099. Despite

being inferior to OPA2210 and OPA2182 in terms of noise and drift, it was a

part that was available and in addition, featured shutdown capability, allowing

for VCSEL to be switched on or off at will.

The current source was designed with an ADR4525D (Analog Devices) 2.5 V

voltage reference and a set of ADA4099-2 (Analog Devices) amplifiers that serve

as the IHCP. ADR4525D is a series voltage source. Series voltage sources

feature typically lower noise and higher initial accuracy and benefit from lower

power consumption than shunt voltage references such as buried Zener [151].

Buried Zener references however feature better drift performance than their series

counterparts [152]. ADR4525D was selected because of its very low 0.1 - 10 Hz

noise contribution of 1.25 µV and a typical noise spectral density of 45 nV/
√
Hz.

Because the ADR4525 is a series voltage reference, its power consumption is

low at 700 µA quiescent current draw and its voltage supply headroom is only

100 - 300 mV above the output. This means that it can be easily powered from

3.3 V supplies commonly present on microcontroller boards.

This version of the voltage reference is housed in a hermetically sealed ceramic

package (denoted by the letter "D"). Packaging references into ceramic rather

than plastic has a couple of unique advantages such as resistance to humidity and

atmospheric pressure induced voltage drift. The ADR4525D exhibits a typical

temperature coefficient of 0.8 ppm/°C as well as 1 ppm power cycle hysteresis.

Keeping power cycle hysteresis low is important for devices that are not operated

24 hours, 7 days a week, such as portable instruments. Another advantage of

ceramic packaged voltage references is their faster settling to the long-term drift

"random walk" phase, which occurs in 100s of hours rather than 1000s. The initial
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accuracy of 0.02 % allows for operation without calibration to be possible and

any potential calibration simpler.

The main disadvantage of ceramic packages is their cost and availability. However,

since this reference will be used for other parts of the design (ADC, DAC, temper-

ature control and biasing for the thermistor), it was decided to select the highest

grade of voltage reference available. Initially, the same voltage reference present in

the coil driver (LTC6655-LN) was considered due to its lower noise contribution

but was ultimately rejected based on its higher drift and parts availability.

The signal from the reference is conditioned with an RC LPF (-3 dB at ≈ 16 Hz)

to minimise the reference noise contribution. It is then followed by ADA4099-2

operational amplifier, which forms a buffer to the high impedance presented by

the RC LPF so that it does not load the IHCP stage that follows.

As resistor matching affects the CMRR and ultimately output current present,

it was important to select appropriate parts. For resistors R1 − R4 the 1 kΩ

resistors with very low tolerance of 0.05 % and very low temperature coefficient of

5 ppm/°C were selected. The shunt resistor R5 is a 714 Ω resistor with the same

characteristics as R1 −R4 resistors. The transfer function of the current source is

presented in Eq. 5.4

IOUT =

(
VIN ×R2

R1

)
R5

, (5.4)

where VIN is the voltage of the voltage reference (2.5 V). This yields the output

current of ≈ 3.5 mA. The circuit also features an additional capacitor present

between R3 and R4 forming the second order of the LPF present before the first

buffer. These capacitors were selected to be of polymer tantalum type that does

not suffer from a piezoelectric effect like the class 2 multi-layer ceramic capacitor

(MLCC) [153]. Immunity to piezoelectric effect is an important parameter when
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considering low noise applications as mechanical vibration would otherwise couple

onto the output signal. This is especially important for portable sensors operating

in environments prone to experiencing vibration. One such example is total field

magnetometers mounted on a drone or towed behind an aeroplane for geosurveying.

5.2.2.2 Temperature controller

The second part of the VCSEL driver is its ability to precisely control the VCSEL

temperature. From the requirements section, the temperature has to be controlled

to at least 10 mK (≈ 225 MHz) stability and ideally closer to 1 mK (≈ 22.5 MHz).

The challenge here is the operation at elevated temperature ≥ 25 °C, where the

internal thermistor is operated in an asymptotic region increasing the noise and

precision requirements of the driving electronic.

A typical temperature controller is based on an error amplifier that compares

the desired temperature to the measured one. The error amplifier attempts to

minimise the error signal and thus make the measured temperature match the

desired temperature by driving some form of an actuator such as a heater or a

cooling device. In this instance, the temperature can be monitored with the use of

the VCSEL integrated thermistor and later by digitising the result with an ADC.

The desired temperature or set point could be derived with a DAC while a form

of an adjustable bridge amplifier is used to excite the integrated TEC. The error

amplifier in this case could be a microcontroller that controls the control loop.

However, instead of building the whole system from scratch some of the parts can

be replaced with an integrated TEC controller. TEC controllers typically come

in two types, digital and analogue. Digital control requires an ADC to measure

the temperature of the thermistor and use a DAC to control the power amplifier

driving current through the TEC and ultimately control the temperature of the

VCSEL. The microcontroller is responsible for forming a feedback loop between

the two. Often, a form of a proportional-integral-derivative (PID) controller is
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used due to its ability to accurately control the process while at the same time

maintaining good response speed.

PID controllers consist of three control terms. The proportional term is used to set

the overall gain of the system. It is represented as a difference between the setpoint

and measured value which form an error signal. If used independently, it will

introduce an offset error between the set point and the measured value itself. It

can be thought of as a control mechanism for present-time events. The integrating

term takes into account the past values of the error signal. This term combined

with the proportional term allows for the removal of the offset error caused by the

proportional term. If the integration term value is too large, it will cause overshoot

and can lead to instability, if the term is too small the response of the system can

become sluggish. The integrating term represents a control mechanism taking into

account past events. The last term is the derivative one. It is used to monitor the

rate of change of the error signal. It is used in "anticipation" of a sudden change

that the system can quickly react to and compensate for. For example, in the

VCSEL temperature controller, it could be a gust of wind momentarily cooling

the device. The derivative term would then try to counteract that. The derivative

term can be thought of as a control mechanism for "anticipating" future events.

The derivative term is often not used, as excess values can lead to noise being

treated as a fast-changing signal which would lead to instability. The PID terms

need to be tuned on a case-by-case process to achieve desired results.

The main advantage of digital controllers is their ease of tuning PID parameters,

as all of the tuning happens in software. The disadvantage is the requirement

for high precision and fast response of the ADC and DAC combo meaning that

the control response is only as good as the data converters and TEC controller.

In addition, digital PID control can be quite computationally intensive on the

microcontroller. The alternative to that is the analogue controller, which utilises

analogue electronics to form a PID loop. This approach does not require an ADC



CHAPTER 5. OPTOELECTRONICS 100

to be part of its feedback loop with only the DAC being used to present a set point.

Another advantage is its inherent higher performance due to a direct actuation

by the analogue electronics without data conversion having to take place. The

microcontroller itself is also no longer responsible for the PID control, freeing

resources for other tasks. The main disadvantage is the increased complexity of

tuning the PID as it is done with passive components instead of digital variables.

These components require soldering of physical components, a process that is both

labour intensive and slow. It was decided to utilise the analogue PID controller,

with digital setpoint control to enable digital frequency detuning control of the

laser.

For the TEC controller, it was decided that the MAX1978 (Maxim Integrated)

TEC controller would be used. This device features most of the necessary com-

ponents to create a temperature controller. This includes a high efficiency fully

bipolar power stage for controlling the TEC with an ability to source and sink up

to 3 A of current with no dead zones or non-linearities at low driving currents. It

also features integrated high precision chopper stabilised amplifiers, a precision

integrator and a high gain error amplifier to form the PID loop allowing the design

to achieve 1 mK (≈ 22.5 MHz) temperature stability. The device also features

TEC driving voltage and current limits which can be tailored to a particular

VCSEL.

The parts that still needed to be added to complete the temperature controller

were: the thermistor sensing mechanism, digital set point control with the use of

a DAC and other external components used for programming the device voltage

and current limits as well as the PID loop. It was also decided that the PID loop

would be supplemented with an external, high precision temperature monitor with

a temperature resolution below 1 mK over the operational temperature range of

the VCSEL to allow for accurate monitoring of the VCSEL temperature. The first

part was the design of the thermistor sensing mechanism together with monitoring
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capability.

The VCSEL uses a 10 kΩ negative temperature coefficient (NTC) thermistor as its

temperature reading mechanism. It has an operating range between 40 - 90 °C and

is anticipated to be run at higher currents yielding lower temperature requirements

of ≈ 42 - 70 °C. This thermistor has one side internally attached to the cathode

of the VCSEL diode, which makes it cathode grounded. Cathode grounding the

thermistor offers the manufacturing benefit of being able to use fewer external

connections but at the same time limits the connection and driving option of both

the VCSEL diode and the thermistor. The VCSEL requires a driver that is ground

referenced so that the voltage across the thermistor be measured in a single-ended

mode (ground referenced measurement). Alternatively, this measurement can

be done differentially (floating reference measurement), however, this presents a

requirement for the use of instrumentation amplifiers and complicates the signal

chain. Typically thermistors are either configured with another resistor in series

to form a voltage divider or are operated on their own with a constant current

source as depicted in Fig. 5.15.

Figure 5.15 – Typical thermistor measurement configurations. a) Thermistor
is excited with a constant current source where bias current ISET flowing through
the thermistor RNTC directly produces voltage VNTC that can be measured to
obtain resistance of the thermistor as seen in Eq. 5.5. b) Thermistor forms a
voltage divider network from a constant voltage source VREF with a bias resistor
RB. The voltage across the thermistor can be measured to obtain its resistance as
seen in Eq. 5.6.
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RNTC =
VNTC

ISET
. (5.5)

RNTC =

(
VNTC

VREF − VNTC

)
RB

. (5.6)

The constant current source approach presents a couple of problems. The first

one is a need for a circuit that will generate it, which needs to feature excellent

stability and low noise, making the design more complex. The second one is the

thermistor self heating effect, where the drive current has to be very small to

minimise this effect. In addition, the use of a constant current presents some

challenges with later forming a feedback loop to control the temperature of the

VCSEL.

In a voltage divider configuration, a voltage reference can be utilised which is

already part of the circuit. Additionally, if the same voltage reference is used for

the ADC and DAC chain a ratiometric control loop is formed, which helps to

eliminate drift associated with the reference. The self heating of the thermistor

still occurs. However, its impact is reduced, as the power variation across different

temperatures measured is more consistent in comparison to the constant current

case.

The value of the resistor RB needs to be optimised for three different parameters:

output response, self heating, and availability as a precision component. By taking

a geometric mean of the thermistor ranges used (42 - 70 °C), would yield a resistor

value RB of ≈ 2.935 kΩ. This value would maximise the sensitivity by producing

a higher voltage drop but at the same time would let more current through the

thermistor RNTC increasing impact of self heating (≈ 0.25 °C | 5.63 GHz). In

addition, precision resistors are most often manufactured in common values such

as 1 kΩ, 10 kΩ, 100 kΩ etc. which makes exotic values less likely to be available.

To strike a balance, a 10 kΩ resistor with a low tolerance of 0.05 % and a very low
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temperature coefficient of 5 ppm/°C was selected to serve as the bias resistor RB.

As the temperature range of interest is 42 - 70 °C, with a 2.5 V reference and

10 kΩ bias resistor, the output voltage from the thermistor is in a range of

≈ 374 - 821 mV. If such a signal would go directly to an ADC that also uses 2.5 V

reference its dynamic range would be largely unused. For this reason, the signal

should be conditioned. The first step is to present a high impedance load to the

thermistor so that it is not loaded. This is ideally done with a buffer that features

a low bias current, which ultimately results in low offset voltage to faithfully

reproduce the signal from the thermistor. The buffer architecture should ideally be

chopper-stabilised so that the temperature coefficient can be minimised. The next

step is to apply voltage offset and gain to the buffered thermistor response so that

it can be translated into the ADC range. This can be achieved with an inverting

level shifter configured op-amp. Using an inverting-level shifter is beneficial for

two reasons. The first one is that it inverts the response from the thermistor so

that increased temperature is indicated by the increase in voltage rather than the

drop. The second, more important is that it allows for manipulation of the noise

gain of the amplifier, meaning that by reducing bandwidth with a compensation

capacitor the gain after the corner frequency can fall below 0 dB which in turn

lowers the noise from signal conditioning. Appropriate amplifiers for both the

buffer amplifier as well as the level shifter are available on the MAX1978 and were

utilised for this application. The completed circuit is presented in Fig. 5.16.

The resulting signal from the inverting level shifter needs to go through an ADC so

that it can be digitised and made available as a temperature | detuning frequency

value. This ADC needs to feature enough resolution to be able to resolve < 1 mK

(22.5 MHz) to allow for accurate tuning of the laser frequency.

A 1 mK step at 70 °C from the thermistor divider would correspond to ≈ 10.7 µV,

by going through the level shifter this signal increases to ≈ 60 µV lowering the

bit requirement of the ADC from ≈ 17.8-bit to ≈ 15.4-bit. A 16 bit ADC could
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Figure 5.16 – Schematic diagram of the inverting level shifter used to condition
the buffered thermistor output. All resistors have a tolerance of 0.1 % and feature
a temperature coefficient of 10 ppm. Where R1 and R4 are 100 kΩ, R2 is 37.5 kΩ,
R3 is 18 kΩ, C1 is 470 nF, C2 is 220 nF. The design uses one of the MAX1978
integrated chopper amplifiers to form the shifter. BFB− is the buffered output
of the thermistor divider.

be used to monitor the thermistor however, typically ADCs bit resolution stated

in a datasheet refers to the maximum bits that the device can allocate but often

the more important metric of "noise-free bits" is lower. In addition, inexpensive,

< 16-bit ∆Σ converters feature their own internal voltage reference that the

designer has no access to. Because the reference is tied to a single part and cannot

be accessed would mean that the measurement would no longer be ratiometric

with respect to the reference used to drive the thermistor, leading to increased

drift.

To provide some margin the converter should feature at least one more bit than it

is required. In addition, the converter would be used in single-ended mode. This

means that if a differential input ADC would be used in this configuration only

half of its range is utilised, meaning that an additional bit is required. This brings

the converter’s total bit depth requirement to ≥ 18-bit. The converter ultimately

selected for this task was MAX11210 (Maxim Integrated) which is a 24-bit ∆Σ
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ADC, featuring very low zero drift of 50 nV/°C, built-in 50/60 Hz filters, noise-free

resolution (NFR) up to ≈ 21 at a sample rate of 0.833 samples per second (SPS)

(50 Hz filter operation) with 0.21 µVRMS of noise.

As the output of the pre-conditioning circuit features a 5 Hz bandwidth, the

sample rate required is ≥ 10 SPS in order to prevent aliasing [154]. At the sample

rates of 50 SPS, the NFR exceeds 18-bit (1.45 µVRMS | 0.03 mK) making it ideally

suited for thermistor temperature monitoring. For higher resolution measurements

an optional software moving average filter was implemented that helps to reduce

the impact of the noise from the signal chain components. The combined ADC

and conditioning filter are thus capable of resolving the thermistor temperature

down to ≤ 0.05 mK (in the range of 42 - 70 °C), translating to the laser frequency

tuning resolution of 1.1 MHz.

MAX112XX series of devices feature pin-compatible converters with a resolution

range of 16 - 24-bit in 2-bit increments. Initially, the 18-bit version of the device

was considered (MAX11209) however the only one that was available at the time

was the 24-bit version with the optional pre-amplifier that was not used. The

pricing between different parts was similar hence why the 24-bit part was selected.

In addition, the fact that each device is pin-compatible meant that in the future a

different device from the same series can be used instead.

The next step was the design of the set point generation circuit. The overall

precision and stability of the temperature controller are only as good as the set

point signal. For this reason, care must be taken in the design and selection of

components so as to not sacrifice signal integrity. The set point signal noise must

be below the 1 mK step so that it can be successfully resolved.

Recalling the temperature monitoring circuit a 1 mK step at 70 °C is equivalent

to ≈ 10.7 µV. Given that the same voltage reference should be used to drive the

DAC so that all devices are ratiometric against one other gives us a voltage of

2.5 V. To achieve ≤ 10.7 µV step resolution provides a requirement for ≥ 17.8-bit
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resolution.

Unlike the ADCs, precision high bit resolution DACs are expensive for devices

featuring higher resolution than 16-bit. However, the same approach can be

utilised as in the case of the temperature monitor where a voltage level shifter

is employed to maximise the dynamic range of the DAC. This time, however,

the non-inverting level shifter was used as it could be assembled out of three

resistors without modification to the voltage reference voltage. This approach

requires fewer precision components and by that less error contribution from the

temperature drift.

The programming temperature range was reduced by ≈ 1 °C compared to what

the ADC measuring chain can read. This was done so that the temperature value

can never be set outside of the measuring range.

With the level shifter, the minimum resolution required comes out to ≈ 15.4-

bit. For the DAC, the DAC8830 (Texas Instruments) was selected. It is a

16-bit, precision DAC featuring low noise of 10 nV/
√
Hz, linearity down to 1 LSB

and unbuffered output. The unbuffered output is normally undesired, as it

means that the output impedance is dynamic depending on the current DAC

code value. However, this means that by default it features a very low drift

of ± 0.05 ppm°C. The external output buffer amplifier can be thus selected to

maintain this performance. For the output buffer and the other two buffers present

in the level shifter, an ADA4522-4 (Analog Devices) quad chopper stabilised

amplifier was used. It features very low noise of 5.8 nV/
√
Hz at frequencies higher

than 1 Hz and a typical offset drift of 2.5 nV/°C. Its contribution should not

impact the established DAC performance. In addition, it was important that the

amplifier features rail-to-rail performance on its input and output or that the

input sensing includes GND potential so that the full dynamic range of the DAC

can be used. The summing junction of the level shifter also features a 470 nF

film capacitor to limit the bandwidth and noise coming from the DAC and the
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reference. A schematic of the conditioning circuit is presented in 5.17.

Figure 5.17 – Schematic diagram of the non-inverting level shifter used to
condition the temperature setpoint. All resistors have a tolerance of 0.1 % and
feature a temperature coefficient of 10 ppm. Values of R1 and R2 are 10 kΩ, R3

is 2.26 kΩ, C1 is a 470 nF film capacitor.

The last part is the selection of components for the PID loop. Unlike traditional

tuning of PID controllers, where the design is iteratively tested using different

values of P, I and D until the desired performance is achieved, a transfer function

of the loop was selected as a tuning mechanism of choice. The compensation of it

is achieved with a selection of passive components so that a stable, fast response

is obtained.

Typical TEC can be modelled as a two-pole system, meaning that the second

pole has the potential of creating an oscillatory component as its phase crosses

180° while the gain is positive thus fulfilling the Barkhausen criterion [155]. Simply

using a LPF as a form of dominant pole compensation would be insufficient. This

is because, in a typical butterfly package (used for DBR lasers), the first pole is

positioned such that its crossover frequency is well below 100 mHz requiring large

values of capacitance that would make the system response extremely sluggish.

Instead, an integrator approach is used where the TEC poles are cancelled with
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zeros, with the aim of achieving sufficient phase margin so that the system is not

oscillatory. It was expected that the VCSEL in a TO-46 package would feature

its first pole at a higher frequency to the DBR in butterfly package. However, in

order to improve the frequency response of the loop, an integrator approach was

selected.

The first step was to find out the location of the two poles of the VCSELs built in

TEC. To do this the feedback loop was broken so that the input of the MAX1978

control input pin, CTLI could be connected to a function generator generating a

sinewave with an appropriate DC offset. The thermistor response was monitored

with one channel of the oscilloscope while the other one was used to monitor the

signal generated from the generator. The setup is illustrated in Fig. 5.18

Figure 5.18 – VCSEL TEC response estimation test setup. A function generator
(Agilent 33320) was used to drive the control input CTLI of MAX1978 with a
sinewave with an offset VOFF of 1.5 V and an amplitude of VAMP 50 mV and was
swept from 1 mHz to 80 Hz in logarithmic increments. The MAX1978 controls
the current through the TEC with the signal from CTLI with transfer function
presented in Eq. 5.7 where VCTLI is the voltage applied to the CTLI input, VREF2

is the internal reference of MAX1978 with a value off 1.5 V and RSENSE is the
150 mΩ shunt resistor measuring current through the TEC. The thermistor
response was measured on channel 1 of an oscilloscope (PicoScope 4262) and the
VCTLI was measured on channel 2 as a reference. The function generator triggers
the oscilloscope at the start of each sinewave.

ITEC =
VCTLI − VREF2

10×RSENSE

, (5.7)
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Figure 5.19 – VCSEL TEC response obtained from the test setup in Fig. 5.18.
The magnitude response is presented in blue and the phase in red. Dashed lines
show the location of poles at their crossover frequencies.

By sweeping the frequency of the input sine wave and monitoring the response, it

is possible to obtain the magnitude and phase response of the TEC and estimate

the location of the two poles. The response is presented in Fig. 5.19.

From the TEC response testing it was estimated that the first pole occurs at

≈ 250 mHz and the second at ≈ 10 Hz. This was estimated from the locations of

45° and 135° phase shifts in the frequency response. The poles are located at higher

frequencies than typical butterfly-packaged telecoms lasers (which MAX1978 is

designed to work with). This is due to the much lower thermal mass of the VCSEL

and its integrated TEC. With the knowledge of the location of the poles, the

PID loop components can be selected. The schematic of the internal integrator

forming PID controller is seen in Fig. 5.20. The compensation process is based

on the information provided in the MAX1978 datasheet [156]. The first step is

the selection of R3 and C2 (that form an integrator) for maximum DC gain. This

is done for accuracy reasons. This, however, comes at the cost of noise. The
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Figure 5.20 – Schematic diagram of the PID controller made out of internal
amplifier present in MAX1978 TEC controller and external passive components.

datasheet recommends the use of low leakage capacitors such as film capacitors

and resistors featuring low temperature coefficient. The recommendation was

followed for the resistor, however, a tantalum polymer capacitor was used in place

of a film capacitor. This was done as film capacitors would be physically too large

for the expected capacitance values. Modern polymer tantalum capacitors are

also much better than the standard tantalum capacitors exhibiting lower current

leakage than standard ones while at the same time, they do not suffer from the

piezoelectric effect that class 2 ceramic capacitor exhibit. The values of C2 and

R3 are responsible for setting the first zero, Z1 (from Eq. 5.8) to compensate

for the action of the first TEC pole, PTEC1. It is recommended to set the Z1 to

≤ 8 times the frequency of PTEC1. Going further can result in a phase falling

below -135° which can cause a wrap-around situation of reaching -180° and cause

instability. The value of C2 was selected to be 10 µF and R3 used to bring the Z1

to 2 Hz thus becoming ≈ 7.96 kΩ (8.2 kΩ selected).

Z1 =
1

2π ×R3 × C2

. (5.8)

The next step is the maximisation of the phase margin near PTEC2, which is
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achieved by increasing the gain of the PTEC2 crossover frequency (10 Hz) until it

reaches 0 dB. From Fig. 5.19, the gain needs to be increased by ≈ 40 dB. The

MAX1978 internal error amplifier features a gain of 50 (≈ 34 dB) so the gain

needs to be set to 6 dB at 10 Hz. The C1 (from Eq. 5.9) and R3 are setting the

integrator gain (A) at the crossover frequency (fc). Yielding C1 to have a value of

≈ 3.24 µF (3.3 µF selected).

C1 =
A

1

C2

+ 2π ×R3 × fc

(5.9)

The TEC second pole, PTEC2 is cancelled with a zero to provide a maximum

phase margin. The datasheet recommends setting the second zero, Z2 to at least

1/5 the crossover frequency to ensure enough of phase margin, and to allow for

variation in the location of PTEC2. The Z2 is thus set to 2 Hz and R2 is found

with Eq. 5.10 to be ≈ 24.11 kΩ (24.3 kΩ selected).

Z2 =
1

2π ×R2 × C1

. (5.10)

To close the action of the Z2, a pole P1 is introduced to at least 5 times the

crossover frequency following the same recommendation. P1 is set to 50 Hz and

R1 is found with Eq. 5.11 to be ≈ 965 Ω (1 kΩ selected).

P1 =
1

2π ×R1 × C1

. (5.11)

Finally, the Z1 is terminated by the roll-off frequency of the pole P2. It is

recommended that the position of the P2 is double the frequency of P1, thus

setting P2 to 100 Hz. This provides the last component value C3 found with

Eq. 5.12 to be ≈ 194.1 nF (220 nF selected).

P2 =
1

2π ×R3 × C3

. (5.12)
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The final values for the PID controller presented in Fig. 5.20 are: C1 = 3.3 µF,

C2 = 10 µF, C3 = 220 nF, R1 = 1 kΩ, R2 = 24.3 kΩ, and R3 = 8.2 kΩ. Resistors

were selected to have a low temperature coefficient ≤ 25 ppm and capacitors are a

mix of polymer tantalum capacitors for values ≥ 1 µF and for C3 a class 1, C0G

dielectric capacitor was selected. C0G dielectric capacitors feature a very low

temperature coefficient ≤ 30 ppm and do not exhibit the piezoelectric effect [153].

The datasheet presents the above component values as a "good starting point"

and that further optimisation is required on a case by case basis. The further

optimisation process is covered in Section 5.2.3.2.

5.2.2.3 Digital control

The requirements previously outlined in Section 5.2.1 present a requirement of

frequency tuning the laser to enable at least ± 30 GHz scanning range which is

accomplished by temperature control of the VCSEL. Because the device will be

subject to parametric scans outlined in Section 3.5 the driver requires the ability

to be programmatically tuned. To enable this a microcontroller is required.

The VCSEL driver is controlled by the RP2040 (Raspberry Pi) microcontroller

present on the Arduino Nano Connect board. As with the coil driver design,

the Arduino ecosystem was selected for its accessibility and ease of use. The

RP2040 was selected instead of ATmega4809 found on the coil driver system

due to availability and its better performance than ATmega4809, as initially the

VCSEL driver was supposed to be a part of a bigger system that would feature

extra subsystems requiring extra performance.

Firmware for the device allows for communication with peripherals using serial

universal asynchronous receiver-transmitter (UART) command interface. The

ADC and DAC are controlled over a serial peripheral interface (SPI) bus, which

allows for controlling the temperature of the VCSEL diode and by that, its

frequency. Both the current source and the TEC controller can also be switched
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on or off with the use of the command interface implemented over the UART bus.

5.2.2.4 Power delivery

The device was designed with portability in mind. It is powered and controlled

through an USB, with other voltage rails derived locally. The power tree diagram

of the device is presented in Fig. 5.21.

Figure 5.21 – Power tree of the VCSEL driver. The grey blocks are either
power sources or regulators. The maximum output current is presented in red.
The type of regulator is presented either in green or purple for LDO or DC-DC
converters respectively. White blocks determine individual components. The
voltage present on the line is shown in orange boxes.

To meet the compliance voltage requirement of ≤ 2.5 V for a range of VCSEL

diodes 5 V rail after regulation would have been insufficient. Instead, the 5 V rail

was doubled using a charge pump voltage multiplier which is later regulated to

≈ 8 V that is ultimately used to power the op-amps in the IHCP of the constant

current source. This rail is also used for signal conditioning of the TEC controller
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temperature setpoint. To achieve voltage doubling an SP6661 (Maxlinear) charge

pump was used.

SP6661 was selected as it is a type of "modern" charge pump that can operate at

high frequency (≈ 1 MHz) and output up to 200 mA of current. Higher frequency

operation trades some of the efficiency of the charge pump (≈ 3 % due to switching

losses) but allows to use of a capacitor with lower capacitance and moves the

voltage ripple caused by switching away from the operational frequency of the

circuit components. Higher switching frequency also allows for easier filtering, as

passive component values become smaller.

The input and output of the charge pump has been filtered with an inductor (L)

capacitor (C) (LC) Π filters. The purpose of the input filter is not to filter the

5 V rail before reaching the SP6661 charge pump but rather to filter its switching

noise from feeding back and modulating the input 5 V rail [157]. The filters were

designed to attenuate the switching frequency ripple by 60 dB. The filter has been

dampened with ferrite beads, that also attenuate the high frequency spikes from

the operation of the charge pump.

The output of the charge pump is unregulated and would change with load

changes as well as changes to the input voltage. This could cause excess noise

at lower frequencies of the devices that it powers. For this reason an LT3042

(Analog Devices) LDO was selected. LT3042 features very high PSRR (118 dB at

100 Hz) which is maintained at much higher frequencies (79 dB at 1 MHz) than

typical LDOs, this part also features very low noise (2 nV/
√
Hz at 10 kHz) that

is independent of the output voltage. These parameters make it an ideal choice

for ultra low noise instrumentation and for DC-DC converter post regulation.

The device was programmed with an 80.6 kΩ thin film resistor with a temperature

coefficient of 25 ppm and had a 10 µF X5R capacitor added in parallel to regulate

the incoming 10 V from SP6661 into 8.06 V rail that will be used to drive op-amps

used in the current source as well as signal conditioning for the TEC controller.
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The combined post SP6661 filter attenuation and LT3042 PSRR result in overall

ripple attenuation of ≈ 140 dB.

The VCSEL driver features two USB connectors, one present on the RP2040

microcontroller board and an external one that allows extra power to be delivered

to the board. This extra USB is power muxed using a very low forward voltage

drop Schottky diode that presents only 250 mV of voltage drop at 1.5 A. The

extra USB is used for laser devices that would require higher TEC current (such

as laser diode mounts) considering that the controller is capable of outputting

up to 3 A to the TEC. The VCSEL driving application is designed for TO-46

package VCSELs and the TEC current is limited to 1 A. Higher current outputs

would be used for VCSELs that do not feature on-board TECs. The temperature

of these is controlled with a special mount, featuring a TEC.

5.2.3 Device testing

The device testing is split into two parts. One is concerned with the testing of

the current source and the other with the TEC controller.

5.2.3.1 Current source testing

The current source was put through the same range of tests that were previously

performed on the coil driver covered in Section 4.4. The first test that was

performed was the noise floor test.

The setup for the test was almost identical to the noise testing setup presented in

Fig. 4.3. The only thing that was changed was the load resistor value from 300 Ω

to 1 kΩ to achieve higher measurement resolution. The results of this test are

presented in Fig. 5.22.

The noise exhibited by the current source is very low, on the order of ≈ 91 pA/
√
Hz

at 1 Hz ≈ 40 pA/
√
Hz, at 10 Hz and ≈ 7 pA/

√
Hz at 183 Hz which is the optimal

modulation frequency used in the Cs SERF magnetometer. The ultra-low current
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Figure 5.22 – NSD results in a bandwidth of 0.1 - 200 Hz for the VCSEL
driver delivering 3.5 mA. The high gain probe has been terminated with a 1 kΩ
0.1 % resistor, RL. The peaks at 50 Hz and 150 Hz are believed to be AC mains
and its harmonics, picked up by the probe. The NSD was obtained using a LPSD
algorithm [87] made out of 2048 FFT points using a Hann window with amplitude
scaling correction applied.

noise contribution should translate well to the low intensity noise contribution of

the laser, especially at the very low frequencies where it typically dominates.

The current noise contributes negligible laser frequency noise of ≈ 30 Hz/
√
Hz

assuming ≈ 0.75 GHz/mA frequency shift for Cs found experimentally. Similar

to the coil driver, the current source driving the VCSEL needs to be stable. The

current source stability of the laser directly affects the frequency drift of the laser.

It is thus important that the device is stable enough to not cause excess frequency

drift, potentially away from the atomic transition of interest.

Using the test setup from Fig. 4.6 the current source was plugged into the SMU

which this time was configured to require a compliance voltage of 2.2 V from the

source which mimics the typical forward voltage of the VCSEL. The setup was

left for 24 h to observe the current drift of the device. The results of this test have
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been plotted using overlapping Allan deviation and are presented in Fig. 5.23.

Figure 5.23 – Allan Deviation of VCSEL driver current source. The device
features a higher drift than a coil driver which could be attributed to the use of
amplifiers and a voltage reference that features higher drift. The device exhibits a
long term low frequency drift, but even after 24 hours, it does not drift far enough
to compromise its performance.

The resulting Allan deviation shows some drift on the nA scale which when

converted to frequency does not exceed 2 MHz in 24 hours, which is negligible for

our application.

5.2.3.2 Temperature controller testing

The temperature TEC controller is responsible for the precise keeping of the

temperature of the VCSEL. For a typical frequency shift of ≈ 24.3 GHz/°C, it is

thus expected that the dominant source of frequency noise and drift will come

from the TEC controller.

To test the temperature controller noise, it was decided to test it optically with

the use of a Cs reference cell. The test setup is presented in Fig. 5.24.

The collimated laser beam is first attenuated by the 0.5 neutral density (ND)
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Figure 5.24 – Cs spectroscopy setup. The VCSEL temperature and current
are driven by the VCSEL driver. ND: neutral density filter. Cs: Cs vapour
reference cell PD: Photodetector from Section 5.1 with a gain selection of 10,
20, 40.2 kV/A, ≈ 16 kHz bandwidth and a focusing lens in front. It is powered
by the E3630A power supply. The resulting signal is sampled by the 16-bit
oscilloscope (PicoScope 4262) and the analogue input of NI-PCIe-6353 DAQ card
used previously in Chapter 3.

filter to enable sufficient absorption of the incident light on the atoms in the Cs

reference cell, without saturation. The ND filter as well as the Cs reference cell

have all been tilted at a slight angle to prevent any optical feedback from affecting

the VCSEL.

The temperature of the VCSEL was first coarsely adjusted with LabVIEW software

in order to find the approximate location of the D1 hyperfine transition.

The VCSEL driver is controlled with LabVIEW and works alongside the DAQ to

obtain the spectroscopy of the Cs D1 line. First, a command to set the temperature

is sent to the VCSEL driver where the software reads the temperature until it

stabilises to within 1 mK. After the temperature stabilises, a series of DAQ
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measurements are taken and an average DC voltage is derived and saved as a

point. This process is repeated until the desired temperature range is covered.

The typical temperature sweep is 0.7 °C wide, constituting ≈ 17 GHz scan width,

to ensure that the width of the D1 line is fully resolved. The results of this are

presented in Fig. 5.25.

Figure 5.25 – VCSEL Cs spectroscopy results. The experimental data with a
fixed baseline are presented in blue "O" markers and the fitted data (four Gaussian
fit) are in red. F = 4 transitions are presented in green and F = 3 transitions in
purple. The F = 4 → F ′ = 3 transition was used as the 0 GHz detuning point, as
it was done in the Cs SERF experiment.

The obtained spectroscopy shows clear absorption peaks at expected levels. After

the spectroscopy was obtained, the laser was tuned to the middle of F = 4 →

F ′ = 3 transition and data was sampled for 100 seconds with a PicoScope 4262

oscilloscope in order to estimate its frequency noise contribution.

After the data was sampled it became apparent that the noise contribution

was higher than expected. Plotting its NSD revealed a peak at 60 Hz, which

was attributed to PID controller instability. Based on the response of NSD,

the circuit was simulated using Simulation Program with Integrated Circuit
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Emphasis (SPICE) software and the passive component values were optimised.

The optimisation process consisted of minimisation of the pre-emphasis at 60 Hz,

and optimisation of the overall gain of the transfer function. The device was then

retested under the same conditions as described previously. The NSD results for

the unoptimised and optimised PID are presented in Fig. 5.26.

Figure 5.26 – NSD results of the TEC controller PID configurations. The old
PID response is presented in red and the optimised PID is in blue. The NSD was
obtained using a LPSD algorithm [87] made out of 1024 FFT points using a Hann
window with amplitude scaling correction applied.

It can be seen that the peak at 60 Hz has disappeared and has been replaced with

a decaying slope, starting at low frequencies. The raised low frequency response

at 1 Hz is due to increasing the DC gain of the loop response. As mentioned

previously high DC gain is beneficial as it allows for the minimisation of the

error in the loop, allowing for better tracking. The time domain performance

yielded ≈ 0.47 mK RMS noise equal to a frequency noise of ≈ 11 MHz RMS in

the bandwidth of 0.1 Hz - 5 kHz (bandwidth of the measurement setup).

The next test involved testing the long term stability of the temperature controller.

For this test, the setup from Fig. 5.24 was used following the same procedure of
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scanning the D1 transition and tuning the laser to the middle of F = 4 → F ′ = 3

transition. This time, however, the device was left for 12 hours, sampling data

with the use of a PicoScope 4246 16-bit oscilloscope. The results of this test are

presented in Fig. 5.27.

Figure 5.27 – VCSEL long term stability. Long term stability results of leaving
VCSEL tuned to the middle of F = 4 → F ′ = 3 for 12 hours. VCSEL response
is presented in blue and a linear drift trend (obtained from the linear fit crossing
through the origin) is presented in red.

From the results, it became apparent that the VCSEL features an oscillatory

component with a frequency of 0.96 mHz (found using an FFT analysis) and an

apparent long term drift of ≈ 30 MHz in 12 hours. The drift result is more than

acceptable in our application of interest where pressure-broadened cells are used

as it would take days to leave the transition of interest.

What is interesting here is the low-frequency component, which is believed to

be the typical air conditioner cycle time in the laboratory, which would lead to

ambient temperature dependence on the device.

For the purpose of testing this dependence, an ambient temperature monitoring

setup was made that consists of a temperature sensor (TSIC 301) accurate to within
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0.1 °C. This sensor was configured to measure the temperature every 30 seconds

in 16 measurement bursts that were averaged to get higher instrument resolution.

The TSIC 301 was operated with an Arduino RP2040 Connect microcontroller

board and controlled with LabVIEW software.

The initial tests found little correlation between the ambient temperature and the

laser frequency drift, with a Pearson coefficient [158] ρ = 0.169. The strongest

correlation was found by lagging the temperature data by ≈ 5 minutes with respect

to the spectroscopy data. The data was taken for 6 hours which is sufficient to

resolve and capture many cycles of the oscillatory component.

The setup was modified to include a non-polarising beam splitter with a ratio of

50:50 to observe intensity changes through the reference cell on PDS as well as

through free space PDM. This was done in order to decouple potential intensity

noise contribution from frequency noise.

It was expected that by reading the voltage dropped across the thermistor with a

high-resolution digital multimeter (DMM) to resolve µV level signals, a similar

trend would be observed. The setup features two high-resolution DMMs (Agilent

3458A and Keithley Integra 2700) to monitor the voltage reference as well as the

thermistor output. The redesigned setup is presented in Fig. 5.28.

The first test involving the new setup was to look at any potential correlation

between intensity noise and frequency noise through the reference cell. The

VCSEL was again tuned to the middle of F = 4 → F ′ = 3 transition and left for

6 hours. This time, the correlation between spectroscopy data and the monitor

was in very close agreement, reaching ρ = 0.82 suggesting intensity noise coupling.

During this test, the VCSEL thermistor was sampled with a 6.5-digit multimeter

(Keithley Integra 2700) at 4 samples per second. The results of this test are

presented in Fig. 5.29.

The thermistor reading shows almost no perceivable drift in the frequency of the

laser in the 6 hour period. There is also no sign of ambient temperature changes
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Figure 5.28 – Modified Cs spectroscopy setup from Fig. 5.24. NPBS: Non-
polarising beam splitter, PDM monitor photodetector, PDS spectroscopy photode-
tector.

coupling into the setup. As was previously seen on the spectroscopy setup. The

thermistor readout points to a peak frequency noise of ≈ ± 4 MHz through the

duration of the test. The correlation between the spectroscopy laser drift and

the thermistor is very small ρ = 0.09. This points to intensity noise being the

dominant factor.

As the intensity noise is directly caused by the injection current of the laser, the

results obtained in Section 5.2.2.1 were compared to the spectroscopy results.

The noise observed on the independent testing of the current source yielded only

2 MHz of total drift and no low frequency oscillatory components present in the

spectroscopy data.
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Figure 5.29 – VCSEL thermistor reading converted to frequency noise (in blue)
during the 6 hours where the laser was tuned to the middle of F = 4 → F ′ = 3
transition. The linear drift trend (obtained from the linear fit crossing through
the origin) is presented in red.

The setup was modified to investigate this further by monitoring the voltage

drop on the VCSEL with the Integra 2700 DMM used to monitor the thermistor.

This would show any changes to the diode voltage drop with respect to ambient

conditions. An ambient sensing board was also upgraded to include additional

pressure and humidity sensors (HYT 221 [159] and MS5803-01BA [160]). These

sensors are also capable of measuring ambient temperature. The modified sensor

board was placed in close proximity to the VCSEL driver.

The VCSEL was again placed in the middle of F = 4 → F ′ = 3 transition and left

there for 6 hours while being monitored. The spectroscopy signal featured a very

strong correlation of ρ = 0.96 with the VCSEL voltage drop. At the same time, it

also exhibited strong anti-correlation with the ambient pressure of ρ = −0.83 and

a small anti-correlation with humidity of ρ = −0.25. This leads us to believe that

the VCSEL itself seems to be affected by the ambient conditions in the laboratory.

A shunt resistor was placed in series with the VCSEL, to monitor the injection
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current provided by the current source and monitoring it with a DMM. However,

it was found that any attempt at doing so with this setup resulted in a vast

amount of noise being injected into the system. This was not investigated further.

It is thus ultimately unknown if the current source is the primary source of

frequency noise or if the VCSEL itself is being somehow affected by the ambient

pressure. However, the results obtained so far seem to show that the total laser

frequency drift is not a problem for our application of interest.

5.3 Synopsis

This chapter focused on the development process of the custom low-noise pho-

todetectors, as well as the custom VCSEL driving system.

The photodetectors achieved a spot noise of ≈ 51 nV/
√
Hz at 100 Hz for 150 kV/A

gain and ≈ 9 nV/
√
Hz at a gain of 5 kV/A. The low noise contribution at low

frequencies made it ideally suited for the SERF magnetometers covered in this

thesis. These photodetectors are used in other magnetometry experiments in

our group, due to their versatility in bandwidth and gain selection and ability to

accept different photodiodes.

In order to replace the DBR laser source (used in portable SERF magnetometer)

with the VCSEL a custom VCSEL driver was developed. The driver presents an

RMS frequency noise of ≈ 11 MHz in the bandwidth of 0.1 Hz - 5 kHz and a

long term drift of ≈ 30 MHz in 12 hours. Through the testing, it was revealed

that an unknown low frequency component couples into the frequency drift of

the laser and broadens it to ≈ 50 MHz for mid-term (≈ 1800 s) stability from

≈ 11 MHz obtained on a shorter timescale (100 s). This component was not

found individually on either the current source or the TEC temperature controller

driving the laser. A correlation was found between the ambient pressure in the

lab and the trend of the drift, but no direct correlation to the low frequency

component. This will require further investigation.



Chapter 6

VCSEL Investigation

The main disadvantage of single-transverse mode VCSELs is their modest optical

power, with a typical performance of ≈ 500 µW for commercial devices. The power

output is dictated by the oxide-aperture size which provides transverse optical

confinement. Smaller aperture yields higher side-mode suppression however, at

the same time increases the thermal resistance of the device, which leads to

self-heating, limiting maximum optical power output [161].

The VCSELs that we had access to during the course of this PhD were all Vixar

devices that have a maximum output optical power of ≈ 300 µW [148]. This

power output is insufficient for transmission through the optically thick vapour in

the SERF regime, without drastically reducing the beam size. Reducing the beam

size leads to interaction with fewer atoms in the cell and reduced polarisation rate

which negatively impacts the sensitivity.

As seen previously in Chapter 3, the parameter scan optimisation process revealed,

that the portable Cs SERF magnetometer achieves the best sensitivity at relatively

high optical powers of > 5 mW [82].

It was, however, found that good sensitivity can also be obtained at lower optical

powers ≥ 1 mW while maintaining the same beam diameter. For this reason, it

was decided to experimentally test the limits of the VCSELs to validate if they
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can be used for the Cs SERF magnetometer.

6.1 Optical power output

Before any other tests could be performed it was important to see how much

optical power can be obtained from the devices and whether they can achieve the

≥ 1 mW power requirement found previously. The test setup for optical power

estimation is presented in Fig. 6.1.

Figure 6.1 – VCSEL optical power test setup. The VCSEL temperature is
controlled with the driver described in Section 5.2 while the current is provided
with a low-noise current driver (Koheron DRV300-A-10) capable of outputting up
to 10 mA of current. PM: Power meter (Thorlabs PM100D), PD: Photodetector
from the setup in Fig. 5.28. It is powered by the E3630A power supply along with
the DRV300. The signal is sampled by the oscilloscope (Tektronix MDO3054)
which features a built-in function generator used to provide a modulation signal
to the DRV300. The beam path is controlled with a flip mirror (FM) selecting
between tests.

This setup is split into two parts controlled with a flip mirror to steer the beam
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into the photodetector or power meter. The power meter is used to find the static

power while the photodiode is used to monitor the current modulation applied

to the VCSEL. The modulation is applied through DRV300-A-10 driven by an

MDO3054 oscilloscope with a built-in function generator.

The reason for using DRV300-A-10 for testing was the ease of controlling the DC

current with a potentiometer and the ability to apply a modulation signal to the

VCSEL from the MDO3054.

The temperature of the VCSEL was set to 55 °C and the output DC current on

the driver was set to 1.5 mA. The modulation setting on DRV300 was set to

200 µA/V. The output of the MDO3054 function generator was set to 100 Hz

sinewave and its amplitude was adjusted in small voltage increments. Channel 1

of the oscilloscope was used to monitor the function generator output and channel

2 was used to monitor the PD output. The values were plotted on XY mode

of the oscilloscope to look for distortions in the output between the two. Any

non-linearities would be shown as deviations from straight line plotted by the

oscilloscope. Applying the modulation to the diode was done to limit the RMS

current experienced by the diode, allowing for any non-linearities of the output to

be shown without the risk of damaging the device.

After the modulation signal would cause distortion by going below the threshold

current the DC value was increased in 200 µA steps. This process was repeated

until distortion at the positive peaks was detected. The FM was then flipped to

the other side to steer the beam to be incident on the power meter probe. The

function generator output was turned off and the DC current value was set to 0

and increased in 100 µA increments to the same value where non-linearities were

found using modulation. The resulting power response is presented in Fig. 6.2.

The power response results were somehow unexpected as it was anticipated that

the nonlinearities would have been encountered right after 3 mA forward current

(which is the absolute maximum rating of the diode [148]). It was found that the
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Figure 6.2 – VCSEL power response against forward current, the red dashed
line shows the extrapolated linear response from 1.5 mA - 2 mA forward current
region taken from the datasheet and extrapolated to 4.2 mA. The power response
nonlinearity begins after 3.8 mA achieving a maximum power of ≈ 1.25 mW.

1 mW requirement can be met if the device is overdriven to at least 3.2 mA. It is

however unknown how much lifetime degradation of the VCSEL this causes and

would need to be investigated further.

6.2 Single mode operation

Although the optical power requirement has been met, it was important to estimate

whether the device remains in single transverse mode operation and maintains its

polarisation.

To test the single mode operation of the VCSEL, the setup seen in Fig. 6.1 was

modified to include a wavemeter (Moglabs EWM) in place of the photodetector.

The wavemeter used features a spectral resolution of 100 MHz. This resolution was

expected to be enough for observing severe mode hopping or multimode operation.

The setup is presented in Fig. 6.3.
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Figure 6.3 – VCSEL single mode test setup with a wavemeter. Setup from
Fig. 6.1, has been modified to include a wavemeter in place of the photodetector. A
variable neutral density (VND) filter (NDC-50C-4-B) was placed at the collimator
input of the wavemeter fiber connection in order to control the intensity of input
light as the VCSEL power is adjusted. The VND filter was placed at a slight
angle to prevent optical feedback into the VCSEL.

The current was adjusted in 200 µA increments from 2 mA. The output power

was monitored with the power meter. The VND filter was adjusted along with the

increase in optical power so that the input of the wavemeter was not saturated.

The results of this test are presented in Fig. 6.4. It can be seen that there is almost

no difference between operation above the non-linear power point and below it.

There are some signs of multimode operation (raised pedestal potentially caused

by modes below the lasing threshold [162]) but no major mode splitting seems to

have occurred.

To obtain a higher resolution of the VCSEL mode profile, the wavemeter was

replaced with a Fabry-Pérot interferometer (FPI) (FPI 100) that features a free-

spectral range (FSR) of 1 GHz and a finesse of 200 yielding a spectral resolution
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Figure 6.4 – VCSEL profile at a) 2 mA and b) 4 mA obtained from the
wavemeter. The response looks almost identical, however, there are some signs of
multimode operation at both injection currents.

of 5 MHz. The setup is presented in Fig. 6.5.

The setup uses a 4x telescope in order to minimise the beam size to fit the whole

beam into the aperture of the optical isolator and FPI. The optical isolator

(I-7090C-M) is used to prevent optical feedback from affecting the VCSEL that is

supported by tilted VND filter. The VND filter was placed at the input to the

FPI to control input intensity. The output from the photodiode was sampled by

the oscilloscope with 50 Ω termination applied to increase the frequency response

of the photodiode.

The current was this time adjusted in discrete values of 1, 2, 2.5, 3, 3.5 and 4.1 mA

with the VND filter adjusted for each step. The results of selected settings of 1

and 4.1 mA covering free-spectral range are presented in Fig. 6.6, and a detailed

response in Fig. 6.7.

It can be seen that the spectrum at 1 mA shows clear single transverse mode

operation. The spectrum at 4.1 mA has been broadened and an effect of multimode

operation below the lasing threshold is apparent. The expected Airy distribution

[163] is skewed, which is believed to be the result associated with the imperfect

alignment of the telescope that introduces astigmatism into the beam. The

temperature of the VCSEL was then swept by ± 5°C but the spectrum lineshape

remained the same.
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Figure 6.5 – VCSEL single mode test setup with FPI. Setup from Fig. 6.3,
has been modified to replace the wavemeter with an FPI.

Although the spectrum reveals some indication of multimode operation, it is not

severe and mostly manifests itself as a broadening of the spectrum. It is intended

to operate the VCSEL at 3.5 mA because the overall linewidth has not been

broadened too much and the modes are still below lasing threshold so most power

is contained in the main mode. The level of broadening displayed here is also well

below the pressure broadened linewidth of the cell (≈ 3.4 GHz for D1 transition),

which makes the broadening introduced negligible.
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Figure 6.6 – FPI FSR spectrum of the VCSEL at 1 mA in blue and 4.1 mA in
red.

6.3 Polarisation stability

An important aspect of coherent light sources used in optical experiments, such as

optically pumped magnetometers is the ability to maintain a stable polarisation.

In GSHE SERF magnetometers discussed in this thesis, circular polarisation is

used to pump the atoms into orientation moment to bring the population into

the dark state. The pumping efficiency depends on the degree of ellipticity of

light. The deviation from a fully circular light source results in a reduction in the

amplitude of the Hanle resonance negatively affecting sensitivity.

The VCSELs are likely to feature a sudden, and drastic change in output polarisa-

tion known as polarisation switching when their single mode operation changes to

multimode [164, 165]. A setup was built to investigate the polarisation stability

at different injection currents and is presented in Fig. 6.8.

The VCSEL injection current was set to 2 mA and the half-waveplate was adjusted

until the ratio of transmitted and reflected light through the PBS was balanced.
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Figure 6.7 – FPI detailed spectrum of the VCSEL at different forward currents.
1 mA presented in blue, 2.5 mA presented in red, 3.5 mA in gold and 4.1 mA in
purple.

The typical polarisation extinction ratio of 1000:1 for PBSs is believed to be

sufficient to resolve major polarisation shifts that could occur on the VCSEL.

The injection current was then increased in 100 µA steps until reaching 4.2 mA

then the current was changed back to 2 mA and decreased in 250 µA increments

until reaching 1 mA. The response of PDT and PDR has been recorded at each

step. The result of this test is presented in Fig. 6.9.

It can be seen that no major polarisation shifts have occurred in the scanned

injection current range. The change in the ratio of transmission to reflection is

mostly linear from 1.25 mA up until ≈ 3.6 mA. There are three points at which

the polarisation ratio changes direction, at 2.7 mA, 3.8 mA and later after 4 mA.

It is important to note that the magnitude shift in polarisation detected is small

and negligible to the SERF magnetometer operation. In addition, for parametric

scans covered earlier in Section 3.5, the optical power would be kept at a constant

maximum allowable setting.
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Figure 6.8 – VCSEL polarisation stability test setup. The setup consists of two
identically configured photodetectors from Fig. 6.1 monitoring transmission PDT

and reflection PDR through the polarising beam splitter (PBS). A half-waveplate
(λ/2), mounted in a vernier rotation mount, is used to balance the amount of
light transmitted and reflected through the PBS. The signals of PDT and PDR

are monitored on the 16-bit oscilloscope (PicoScope 4262).

It has been previously mentioned that the DBR laser suffers from polarisation

changes due to fiber not being aligned to the slow axis. To remedy this, the fiber

was placed in the insulated box to minimise this effect as covered in Subsection 3.1.3.

For this reason, it was decided to compare long term polarisation stability of both

devices.

The injection current of the VCSEL was set to 3.5 mA in order to achieve an

output optical power of ≈ 1.13 mW and the PBS was re-balanced with a half-

waveplate. The setup was left in this configuration and data was sampled for 12

hours overnight.

After that, the VCSEL was replaced with the DBR laser and the optical power was

set to 5 mW, which is the typical operational point for the magnetometer achieving
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Figure 6.9 – VCSEL polarisation stability test results. The PDT and PDR

individual responses are presented at the top, where PDR response is presented in
red and PDT is presented in blue. The bottom plot shows the difference between
transmission and reflection ratios balanced at 2 mA.

the best sensitivity. An 0.5 ND filter was added in front of the half-waveplate

to not saturate the photodetectors. The waveplate was then used to balance the

PBS and similarly, the setup was left in this configuration and data was sampled

for 12 hours overnight. The results of this test are presented in Fig. 6.10.

The DBR laser polarisation exhibits major polarisation shifts up to 65 % and

on some occasions flipping the polarisation around completely. The VCSEL is

affected to a much lower degree, exhibiting less than 0.01 % polarisation shift in

12 hours. The apparent VCSEL polarisation shift can probably be attributed to

the changes in properties of the PBS with temperature and not the VCSEL itself.

The temperature in the laboratory is kept at ≈ 21 °C and kept stable to within

± 1 °C.

It is believed that the DBR laser performance could have been much better if

the integrated fiber would have been aligned to the fast axis, presenting greater

resistance to the environmental effects.
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Figure 6.10 – Polarisation drift in 12 hours for VCSEL and the DBR laser.
DBR laser is presented in blue and VCSEL in red. The DBR laser exhibits major
polarisation shifts while VCSEL is not much affected.

6.4 Relative intensity noise

The tested VCSEL has shown that it can be overdriven to achieve desired optical

power output with a slight broadening of linewidth and an ability to maintain its

polarisation. What was left to check was the RIN and compare it to the DBR

laser currently used in the experiment.

As seen in Section 3.3 one of the factors limiting magnetometer sensitivity is the

intensity noise of the laser. The intensity noise is typically caused by the noise of

current sources driving the lasers and the laser’s own quantum noise. A figure

of merit for the intensity noise of the laser is the relative intensity noise, which

is a function of intensity noise normalised by its average optical power. A test

setup for measuring the RIN of both VCSEL and the DBR currently used in the

experiment is presented in Fig. 6.11.

In this setup, the VCSEL was fully controlled by the VCSEL driver covered in
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Figure 6.11 – RIN estimation test setup. The VCSEL is fully operated from
the VCSEL driver unit covered in the previous section. It provides 3.5 mA of
injection current to the VCSEL. The VCSEL can be swapped with the fiber
collimator (CFC11A-B) of the DBR laser onto the same post.

Section 5.2. It was set to provide a constant 3.5 mA of injection current to

the VCSEL and to keep its temperature to 50 °C. The optical output power of

the VCSEL was measured with a power meter used previously and found to be

≈ 1.13 mW. The signal was then incident on the previously used photodetector

PD. The gain on the PD was adjusted along with the attenuation of VND filter

to obtain the maximum signal without saturating the detector output.

The PD was simultaneously plugged into an AC-coupled 16-bit oscilloscope

(PicoScope 4262) and a high resolution 5.5-digit multimeter (Brymen BM869s)

to measure the DC voltage level of the signal that the scope data is normalised

against. The setup also features the DBR laser currently used in the Cs SERF

experiment for comparison against the VCSEL.
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After the VCSEL RIN measurement was performed, the VCSEL was replaced

with the DBR laser’s fiber collimator by mounting it to the same post to ease the

re-alignment process. The DBR laser was operated at a nominal temperature of

23 °C and the injection current was set to provide an output power of ≈ 1.13 mW

to match the optical power of the VCSEL. The RIN measurement results for both

the DBR laser and VCSEL are presented in Fig. 6.12.

Figure 6.12 – RIN results for the DBR laser and the VCSEL, both providing
an optical power of ≈ 1.13 mW. The VCSEL exhibits ≈ 3 times lower RIN after
10 Hz and ≈ 6 times lower RIN at a typical modulation frequency (183 Hz). The
peaks at 20 and 31 Hz are believed to be coupled through the air-conditioner
vibration discussed in Chapter 3, which affects the VND filter. The peaks at 300,
400 and 458 Hz are of unknown origin.

The results show that the VCSEL exhibits 3 - 6 times lower RIN compared to the

DBR laser. Improving both the performance in the magnetometer bandwidth of

interest as well as improving sensitivity. The performance displayed here would

without a doubt improve the performance of the magnetometer at lower optical

powers. The move from the DBR to a more compact, higher efficiency laser device

would greatly improve the SWaP of the whole system.
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It is not known how much is the VCSEL lifetime affected by the increase in

injection current. The VCSEL used for the experiments was previously used in

another magnetometer sensor head (operated at nominal injection current) for

about a year before being overdriven and tested here. The VCSEL has been

operated at 3.5 mA for about 4 months now, with no changes to its operational

parameters or performance.

6.5 Synopsis

This chapter focused on the investigation of the VCSEL diodes and their potential

use as a replacement for the DBR laser used in portable SERF magnetometer

described in Section 3.5. Through the investigation, the VCSEL has shown supe-

riority to the DBR laser in almost every way. It is expected that in the future

the VCSEL will be used in place of the DBR laser for the portable SERF magne-

tometer. This should help reduces the intensity noise and improve polarisation

stability, while at the same time reducing the SWaP of the system. There is

however a trade-off between the power output of the VCSEL and the DBR laser.

It is however believed that the advantages in other areas, such as lower intensity

noise outweigh the lower maximum output power of the VCSEL. The VCSEL

has not been yet tried in the portable magnetometer but will be in the future.



Chapter 7

Conclusions and Outlook

The work undertaken in this thesis focused on the design of two spin-exchange

relaxation-free (SERF) magnetometers, each utilising a different alkali species, with

a primary focus on the development process of their associated instrumentation.

The Rb SERF magnetometer, which is a large-scale experiment built on an op-

tics table, served its purpose as an investigation into a single-beam, absorptive

measurement magnetometer relying on the ground-state Hanle effect as its de-

tection mechanism. The Rb SERF magnetometer, through specially designed

custom instrumentation, achieved a sensitivity of ≈ 24.7 fT/
√
Hz (at 10 Hz) and

≈ 18.5 fT/
√
Hz (at 60 Hz). This sensitivity is believed to be limited by the coil

driver output. By optimising the maximum output current range (or bandwidth

of the driver) higher sensitivity could potentially be achieved. The thermal noise

of the mu-metal shield, which is specified to be ≈ 16 fT/
√
Hz at frequencies below

50 Hz and ≈ 10 fT/
√
Hz after 1 kHz is believed to be the next dominant source

of noise, potentially limiting the performance. When the shield noise becomes

the next primary noise source, it can be replaced with a mu-metal shield with a

ferrite inner layer to further improve the sensitivity. With the current sensitivity,

the experiment could be used for investigating low magnetic field applications,

such as looking at nuclear magneto resonance (NMR) in liquid samples, which is
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an ongoing discussion with colleagues at Strathclyde.

The lab-based experiment also served as a test bed for different design aspects, such

as the use of 3D printed materials for its oven structure, custom low inductance

heaters that produce a minimal external magnetic field, the use of separate signal

and monitor photodiode to cancel common mode intensity noise in the system,

and specially designed instrumentation that is common to both experiments. The

ability to programmatically control most of the operational parameters of the

experiment allowed for the use of optimisation algorithms to quickly find the

optimal magnetometer operational point. This capability allowed us to gauge

improvements from optimising the physical setup.

The custom photodetectors developed over the course of this thesis feature se-

lectable gain and bandwidth, an adjustable bias and an ability to accept different

photodiodes. This makes the design very versatile and not limited only to SERF

magnetometer applications. The photodetectors as well as their transimpedance

amplifier (TIA) architecture are now widely used in our group as a low noise light

detection source. The performance of the custom photodetectors has shown an

ability to be limited only by the photon shot noise and light intensity noise of

the laser under every operational condition for both experiments. The results

described in this thesis prove their usefulness as a detection mechanism for SERF

magnetometry applications. One aspect that could be added in the future is the

pre-amplified alternating current (AC) coupled output on the photodetectors,

which would remove the need for an external pre-amplifier used for magnetometer

noise estimation.

The total electronic and photon shot noise contribution of the combined monitor

and signal photodetectors was found to be very small 88.2 nV/
√
Hz (6.2 fT/

√
Hz).

However, this contribution could in the future be further reduced. Self-balancing

detection with matched transistors used as current splitting diodes would minimise

the 3 dB penalty imposed by two uncorrelated devices [88].
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During the duration of the project work, custom, ultra-low noise, bipolar current

sources were developed for driving nulling coils in SERF experiments. The low

current source (LCS) can be configured to provide up to ± 50 mA and the high

current source (HCS) provides up to ± 250 mA of current. The devices both

feature ppb noise performance and their current range complement each other

by overlapping the gap between current ranges. They feature digital control of

current on three independent channels, in both directions with 16-bit resolution.

The design features a common digital/signal conditioning chain for both devices.

This allows for user customisation of aspects such as bandwidth, noise or stability.

This ability was demonstrated by reconfiguring the maximum output current

capability which allowed the device to alter its maximum output current while

maintaining the dynamic range. These user customisations of the current range

and bandwidth allow for the device to be tailored to a particular coil geometry or

application.

The devices were subjected to a variety of tests, ranging from noise performance

to stability. The LCS configured to provide 10 mA achieved 146 pA/
√
Hz at

10 Hz, demonstrating a relative noise of 15 ppb/
√
Hz. The HCS configured to

provide 250 mA achieved 4.1 nA/
√
Hz at 10 Hz, demonstrating a relative noise of

16 ppb/
√
Hz. Due to the use of a common signal chain, both devices feature a

narrow 1/f region with a corner frequency of approximately 1 Hz. This makes both

devices a good fit for generation of low noise magnetic fields for OPM application.

Another benefit of using common architecture for both devices is that their stability

performance is almost identical. Featuring ppm stability well suited for coil control

in most OPM applications that primarily rely on short term stability.

It was also revealed through the accuracy tests, that the coil driver does not

require to be calibrated in order to provide adequate performance. It was however

shown, that for applications that required high accuracy a calibration can be

performed and allow for monotonic accuracy of ± 1 least significant bit (LSB)
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over its full range.

The coil drivers in both LCS and HCS configurations are widely used high-

performance current sources in the magnetometry group for all experiments

including both SERF experiments, RF magnetometers and FID magnetometers.

In the future, the low-noise current source could be further expanded to target

higher currents of up to 1 A in order to cover more kinds of coil geometries. It

would also be beneficial to feature an on-board USB isolator rather than having

to rely on externally plugged isolators.

The knowledge gathered from the design of the Rb SERF magnetometer was

used in the design of the portable Cs SERF magnetometer. The portable SERF

experiment was miniaturised with the use of small, mm-scale optics, 3D-printed

structures that house optics and the cell, PCB bi-planar field nulling coils and

an external transimpedance amplifier based around the design of the custom

photodetector. The coil driver designed in Chapter 4 was also used for the

generation of nulling fields for the experiment. The ability to modify the current

range of the coil driver was useful for the portable experiment, where the coils with

different (to the lab-based SERF magnetometer) field to current ratios were used.

The miniaturisation of SERF magnetometer allows it to be used for biomedical

applications. Testing for human biomagnetic signals was performed during field

trials at Nottingham University, and a human heartbeat was successfully detected.

Details of this can be found in Rachel Dawson’s thesis.

Both lab-based and portable magnetometers have highlighted problems with a com-

mercially off-the-shelf DBR fiber-coupled laser, which exhibits polarisation drift

and intensity noise above the photon shot noise limit of the detectors. An alterna-

tive laser source based on vertical-cavity surface-emitting lasers (VCSELs) was

identified and tested beyond its rated capabilities, displaying better performance

in almost every regard in comparison to the DBR with the main improvement

in polarisation stability (up to 6500 times better stability) and relative intensity
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noise (up to 6 times lower noise).

A custom low-noise VCSEL driver was developed to replace the DBR laser source

used for portable magnetometer with the VCSEL. The laser driver offers very low

root-mean-square (RMS) current noise, corresponding to a laser frequency noise of

≈ 11 MHz in the bandwidth of 0.1 Hz -5 kHz. The driver features a long term drift

of ≈ 30 MHz in 12 hours. Testing the driver, revealed an unknown low frequency

component, propagating as a frequency drift of the laser. This drift broadens the

effective linewidth of ≈ 50 MHz on a timescale of 1800 s. It was shown that the

component is not present on either the thermo-electric cooler (TEC) temperature

controller or the current source driving the laser. Ambient monitoring of the

laboratory was implemented and a correlation was found between the ambient

pressure in the lab and the trend of the drift, however, no direct correlation to

the low frequency component was found. This phenomenon will require further

investigation. The low frequency component encountered is not a limitation at

present for magnetometry applications that use pressure-broadened cells. As it

stands replacing the DBR laser source with a VCSEL driven by the custom driver

would improve the intensity noise and polarisation stability.

In the future, it would be good to add a current modulation input, which could

be used for laser locking or pulse laser control, required for some applications,

such as Bell-Bloom type magnetometers.

The VCSEL driver developed is currently used in a total field magnetometer

sensor developed in our group. The device is an improvement over a laser driver

that was previously used. It is planned to also replace the fiber-coupled DBR

laser in the portable SERF magnetometer with the VCSEL and use it with the

newly developed VCSEL driver.

Another aspect that was limiting the performance of the lab-based magnetometer

was the 16-bit DAQ cards used for both experiments, where the noise floor of

the acquisition system was much higher than the photodetector noise floor. In
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the future, a custom portable version of the DAQ would be developed in order to

further reduce the SWaP of the whole system. When that is completed, all of the

other design elements could be combined into a portable system with separate

sensor head and control electronics.



Appendices



Appendix A

Circuit simulation methodology

Designs covered in this thesis have been simulated using the following SPICE

software packages:

• LTspice (Linear Technologies (now part of Analog Devices))

• TINA-TI (Texas Instruments)

These tools were used for both the AC and DC analysis of the circuits developed

during the duration of this project.



Appendix B

VCSEL driver schematic
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