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Executive Summary

Since the discovery of dark matter, a number of theories have been proposed to explain
what it may consist of. Among these theories is the idea of ultralight axion-like particles.
These particles are thought to behave like fields, rather than individual particles just
as photons behave like light fields. The random distribution of these particles could
have formed topological defects such as domain walls. These defects interact with the
spins of elementary particles. This coupling creates a pseudo magnetic field (magnetic-
like interaction) which can be detected with an optical magnetometer. An optical
magnetometer measures shifts in the energy levels of atoms that occur in the presence
of a magnetic field in order to measure the field. The Stalnaker lab at Oberlin College
is part of the Global Network of Optical Magnetometers to search for Exotic physics
(GNOME). GNOME looks for transient signals from the Earth going through defects,
like domain walls, using a network of optical magnetometers. The data collected by each
magnetometer are recorded with time synchronization through the global positioning
system (GPS). The analysis of the correlation of the signals from different locations
not only allows the differentiation of true signals from false positives, but also reveals
the spatiotemporal character of such defects.

This experiment investigates the construction and characterization of a single-beam,
spin-exchange-relaxation-free (SERF) magnetometer using potassium (K) atoms. The
vapor cell, containing K, Rb, and 3He atoms, is housed within four magnetic shields
to reduce any external magnetic fields. Circularly polarized light, resonant with the
K D1 transition (770 nm), optically pumps the K atoms into a dark state, leading to
increased transmission of the light through the vapor cell. In the presence of a magnetic
field, the atoms will precess out of the dark state, resulting in decreased transmission.
We monitor the transmission signal and apply currents through the coils inside the
shields to maintain zero magnetic field. The amount of the currents needed to zero the
magnetic field provides a measurement of the residual magnetic field. The future plans
to construct a Rb-K-*He SERF comagnetometer, which has higher sensitivity, will also
be presented.
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Chapter 1

Introduction

Ordinary matter is only 5% of the energy and mass of the Universe. Dark energy and
dark matter make up the remaining 75% and 20% of the Universe’s energy budget,
respectively. Since the discovery of dark matter, a number of theories have been pro-
posed (for instance, see Refs. [1, 2]). However, none of the proposed theories have been

experimentally verified, and the nature of dark matter remains unknown.

One of the candidates for dark matter is the axion. The axion originally was devel-
oped as a solution to the strong-CP problem [3]. Axions or axion-like particles (ALPs)
are ultralight spin-0 bosons that are not predicted by the Standard Model. The exis-
tence of axions or ALPs is well-motivated not only as a possible constituent of dark
matter, but also as a solution to several issues in a number of other areas, including
the extra-dimensional problems in string theory [4] and the hierarchy problem [5]. Ad-
ditionally, ALPs are of interest because there are many astrophysical phenomena, such
as star evolution, that may indicate the existence of such particles with a coupling
strength that can be detected in laboratory experiments [6].

There are a number of experiments searching for axions or axion-like particles.
The haloscope experiments, such as ADMX (Axion Dark Matter eXperiment) [7] or
HAYSTAC (Haloscope At Yale Sensitive To Axion Cold dark matter) [8], use a resonant
cavity with a large applied magnetic field to search for galactic halo axions and ALPs

that couple to photons [9]. The Cosmic Axion Spin Precession Experiment (CASPEr)

1



2 CHAPTER 1. INTRODUCTION

uses nuclear magnetic resonance (NMR) to detect axion dark matter that causes the
spin-precession of nucleons [10]. For a review of axion search experiments, see Ref. [11].
Here, we describe the development of an optical magnetometer that was integrated into
a global network as part of the Global Network of Optical Magnetometers to search for
Exotic physics (GNOME) experiment.

1.1 The Global Network of Optical
Magnetometers to search for Exotic physics
(GNOME)

A lot of the axion search experiments, including the ones mentioned earlier, are sensi-
tive to exotic particles whose mass is on the order of or greater than peV. The Global
Network of Optical Magnetometers to search for Exotic physics (GNOME) is sensi-
tive to exotic particles with lighter mass, < neV. This mass region in exotic particle
parameter space has not been explored much by current experiments.

GNOME looks for stable topological defects that consist of ALPs. Unlike many
other dark matter search experiments discussed earlier, GNOME uses a network of
magnetometers that are geographically separated to search for transient signals from a
potential exotic field with astrophysical origin passing through the Earth. The network
of magnetometers provides two major advantages: first, we can distinguish a true
signal from false positives. For instance, it is possible to get a false signal from factors
like magnetic-field spikes, laser mode hops, etc. Such false signals can be vetoed by
looking at the data from other stations. Second, we can learn about spatiotemporal
characteristics of the topological defect. For instance, when there is a transient signal
from a topological object, by looking at the relative timing of the signal at different
stations, we can resolve the velocity or the width of the object.

One of the topological defects that GNOME is searching for could arise from the
formation of ALP domain wall. In the early Universe, it is possible that the random

distribution of the vacuum expectation values of the ALPs formed a domain-wall-like



1.1. THE GLOBAL NETWORK OF OPTICAL MAGNETOMETERS TO
SEARCH FOR EXOTIC PHYSICS (GNOME) 3
defect as the Universe expanded and cooled [12, 13]. The domain walls separate regions
with different energy vacua in space.

If we let the hypothetical ALP pseudoscalar field be a(r), the two possible Hamil-
tonians describing the coupling between the field a(r) and the atomic spins S (both

electron and nuclear) are defined as [12]

hc
H, = (fi)S - Va(r),
(1.1)
he 2y
Ha = WS -Va ( ),

where h is the reduced Planck’s constant and f; is the effective decay constant that is
related to the coupling constant. The subscript ¢ is for different elementary particles
(electrons, protons, and neutrons), and the term f; could be different for different
particles. The first Hamiltonian in Eq (1.1) is for the linear interaction, and the second
one is for the quadratic interaction. As shown Eq (1.1), the gradient of the ALP field
Va couples to the spins of elementary particles. This suggests that when ordinary
matter goes from one region to another with a different vacuum expectation value it
experiences a spin-dependent energy shift. Such events are referred to as domain wall
crossing events.

The thickness of the domain walls d is determined as [13]

g- 2 (1.2)

mgC

where c¢ is the speed of light and m,, is the mass of the particles (ALPs). This suggests
that the mass of the particles limit the duration of the transient signal from the domain
walls. The duration of the signal is At = d/v,, where v, is the relative normal speed
between the domain wall and the Earth.

The domain walls are assumed to be much larger than the Earth, so the domain wall
appears from the Earth to be a plane [12]. In addition, the mean velocity of domain
walls is stationary relative to the motion of the Earth in the Milky Way.

Figure 1.1 shows the schematic of the network of magnetometer sensors going

through the domain walls.
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Figure 1.1: Schematic of GNOME magnetometers flying through a domain wall in
space. The domain wall is a lot larger than the Earth; therefore the wall appears to be
a plane from the Earth. The data at all stations are taken with GPS time stamps, and
this allows determination of spatiotemporal characteristics of the domain wall. The
figure is taken from Ref. [12].

1.1.1 Optical Magnetometer

When ordinary matter goes through a region with an ALP field gradient, it experiences
a spin-dependent energy shift which shows up as a pseudo magnetic field in optical
magnetometers. Optical magnetometers measure the dynamics of the spin ensembles,
which are determined by magnetic fields and possibly exotic spin-coupling fields; there-
fore, optical magnetometers can be used to probe the interactions between the spins
of elementary particles and hypothetical exotic fields that are not predicted by the
Standard Model.

A vapor cell containing alkali-metal atoms is used in an optical magnetometer. The
vapor cell is housed within multi-layer magnetic shields to reduce external magnetic

noise, but the magnetometer remains sensitive to exotic spin coupling. The atoms in
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SEARCH FOR EXOTIC PHYSICS (GNOME) 5
the vapor cell are polarized by light. The spin-dependent energy shift due to the domain
wall crossing events will appear as an effective magnetic field in the magnetometer. The
magnetometers at GNOME stations use different atomic species and techniques, but
the basic principles are the same. Each magnetometer has a sensitive axis along which
the energy shift due to the domain walls can de detected. The characterizations of the

first six magnetometers that were used for Science Run 1 can be found in Ref. [14].

1.1.2 Detection

The magnetic data from all GNOME stations are recorded with Global Positioning
System (GPS) time stamps by data acquisition boxes designed by the GNOME group
at Jagiellonian University in Krakow, Poland. The bandwidth of the GNOME mag-
netometers is around 100 Hz, and this provides temporal resolution of < 10 ms. In
addition, as discussed in section 1.1, the mass of the particles are related to the thick-
ness of the domain walls, which directly affects the duration of the transient signal. The
100 Hz bandwidth suggests that GNOME is sensitive to ALPs with mass < 0.01 neV.
The data are taken at a sampling rate of 512 Hz.

The time period over which the Earth passes through the domain wall can be

calculated from a simple equation

d=vt (1.3)

where v ~ 300 km/s is the speed at which the Earth orbits around the galactic center
and d = 12,800 km is the diameter of the earth. Solving for ¢, we get ¢ ~ 40 seconds.
This suggests that there would be up to ~ 40 second delays between transient signals
from domain walls at different GNOME stations.

The magnetometer system includes a sanity box designed and built by the GNOME
group at University of Fribourg in Switzerland. The sanity box has an external ac-
celerometer, a magnetometer, a temperature sensor, and several inputs from the mag-
netometer which are compared against a preset range to monitor the “saneness” of
the data. This serves to veto data that were acquired when there was some external

problem with the apparatus.
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In Science Run 1, six magnetometers recorded data continuously starting in June
of 2017. Ten magnetometers participated in Science Run 2, which started in December
of 2017. The data from Science Runs 1 and 2 are currently being analyzed. These data
will be used to put constraints on the mass and the coupling constants of ALPs. Science
Run 3 is currently underway. The eleven participating magnetometers are located in:
Oberlin, USA; Lewisburg, USA; Daejeon, South Korea; Beijing, China; Hefei, China;
Mainz, Germany; Krakow, Poland; Fribourg, Switzerland; Hayward, USA; and two
in Berkeley, USA. Four additional magnetometer are under construction in Australia,
Israel, India, and Los Angels, USA.

1.2 Thesis Structure

In this thesis, the construction of the single-beam SERF magnetometer using potassium
atoms will be discussed. In Chapter 2, some basic concepts of atomic magnetometry
will be reviewed. The experimental setup for the first-generation K magnetometer will
be discussed in Chapter 3. In Chapter 4, the characteristics of the K magnetometer are
presented and discussed. Chapter 5 includes theory regarding the second-generation
magnetometer, the Rb-K-3He comagnetometer, which uses effects of hybrid pumping
and nuclear-electron spin coupling, as well as some experimental investigations on hy-

brid pumping. The thesis is concluded in Chapter 6.



Chapter 2

Optical Magnetometry Theory

Optical magnetometry uses light to measure the response of atoms to magnetic fields.
Atoms have magnetic moments, which are intrinsic properties of the atoms that result
from their constituent electrons, nuclei, and electronic orbital motion. In a magnetic

field B, the magnetic moment p feels torque 7 according to
T=pxB. (2.1)

The magnetic field component transverse to the magnetic moment causes the magnetic
moment to precess about B at the Larmor frequency Qrqrmor = 7B1, where 7 is the
gyromagnetic ratio of the atomic species used. Atomic magnetometers use the relation-
ship between the magnetic moment and the magnetic field to measure the magnetic

field present.
Optical magnetometry uses the process of optical pumping. Through optical pump-

ing, atoms can be polarized to have a certain angular momentum. Generally, an optical
magnetometer is based on the following principles: (1) atoms are optically pumped into
a polarized state, (2) the magnetic moment of the atoms precess about the magnetic
field, and as a result, the angular momentum of the atoms also precess, and (3) the
change in the direction of the atomic angular momenta affect the atom-light interaction.

This changing interaction is detected and interpreted in terms of a magnetic field.

7



8 CHAPTER 2. OPTICAL MAGNETOMETRY THEORY

In the following sections, some basic theories of atomic physics and optical magne-

tometry are reviewed.

2.1 Atomic Energy Levels

Alkali metal atoms are of interest because of their high vapor pressure and easily ac-
cessible transitions. Additionally, they can easily be put in a vapor cell. Alkali metal
atoms have only one valence electron; the energy of the atoms can be well approximated
by considering only the valence electron outside of a central potential formed by the
nucleus and closed shells. The valence electron has a spin of S = 1/2. For all alkali
atoms, the ground state is the s shell, which has an angular momentum of L = 0. The
first excited state is the p shell with L = 1.

2.1.1 Fine Structure Splitting

The fine structure splits the L = 1 state of alkali atoms into two different energies. Fine
structure splitting is due to: (1) magnetic interactions between electron spin angular
momentum S and the electron orbital angular momentum L (called spin-orbit coupling)
and (2) relativistic corrections in the kinetic energy in the Hamiltonian. More rigorous
derivations of fine structures can be found in Refs. [15, 16].

Spin-orbit coupling arises from the interaction of the magnetic moment of the elec-
tron with the magnetic field generated by the proton “orbiting” around the electron in
the electron’s rest frame. This field puts a torque on the electron and the energy eigen-
states are the states with the magnetic moment of the electron aligned and anti-aligned
with the field. The effective Hamiltonian of the spin-orbit interaction H’ is [15]

A A~

H =¢L-S,

~

(J? - §*—L?),

NN 2 S :

where ¢ is some positive constant when the subshells are less than half-filled.
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The energy eigenvalue is

2
AE = %[J(J 1) = S(S+1) — L(L+ 1)]. (2.3)
where J is the total electronic angular moment, S is the electronic spin angular mo-
mentum, and L is the orbital angular momentum. The values of J can range from
J=1|L—S]toJ=L+S in integer steps. We can see that the spin-orbit coupling re-
sults in splitting of the energies for the states where L > 0. Note that for fine structure
splitting, the energy eigenstates are also eigenstates of S, L, and J. The energy eigen-
states of fine structure splitting are described by [nL,25t! L;), where n is the principle
quantum number, L is the orbital angular momentum, .S is the electronic spin angular
moment, and J is the total electronic angular momentum.
Figure 2.1 shows the fine structure of potassium. The ground state L = 0 of
potassium does not split due to spin-orbit coupling. The first excited state L = 1 splits
into two two states: 4p>Py/; and 4p*Pyj». The transitions from the ground state to

these states are known as the D1 and D2 transitions, respectively.

2.1.2 Hyperfine Structure Splitting

The hyperfine structure splitting results from the interaction between the electron’s
angular momentum and the electric and magnetic multipole fields of the nucleus [15].
Here, we investigate the interaction between the magnetic moment of the nucleus gy
operator and the magnetic field B, generated by the total magnetic moment associated

with the electron. The Hamiltonian describing this interaction is

Hyy = —fuy - Be,
= Ay 1.7, (2.4)

A N N N
= SHE P -0,

where Ay is the hyperfine constant, J is the total electron spin operator, Iis the

nuclear spin operator, and F is the total momentum operator of the atom. Note that
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39 K
F=3 [ 21.07 MHz

2p,, | 9.40 MHz

I 3.31 MHz
ap D2 = 766.70 nm F=0

5 | 55.55 MHz

D1 =770.05 nm

2 _— —
4s S1/2 F—i | 461.72 MHz
—

Orbital Fine Structure Hyperfine Structure

Figure 2.1: The energy levels of 3K atoms (not drawn to scale). The ground and the
excited states of K atoms are the s orbital with . = 0 and the p orbital with L = 1,
respectively. The p orbital state is split into two different states 4*°Py, and 4*°P3/5 due
to fine structure splitting. The transition to 4%P, /2 and 4P, /2 are called the D1 and
D2 transitions, and the wavelengths for each transition are 770.05 nm and 766.70 nm,
respectively [17]. The fine structure energy levels are split further into F' states due to
hyperfine interaction.

the eigenstates of this Hamiltonian are also the eigenstates of F = I+ J. The energy
eigenvalues are
Ahf

Enp = SLF(F+1) = 1(1+1) = J(J + 1)), (2.5)

Since F' can range from F' = |I — J| to F' = I + J in integer steps, we can see that the
hyperfine interaction results in splitting of the energies. Each F' state has degenerate
energy levels M in the absence of a magnetic field. The My levels are the projection of
the F' state along some axis. The values of Mg can range from —F, —F +1,...., F—1, F.

Note that for hyperfine structure, M; and M; are not good quantum numbers.
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For hyperfine structure, the energy eigenstates are described by [nL, 2*1L;, F, Mp),
where n is the principle quantum number, L is the orbital angular momentum, F' is
the total momentum of the atom, and Mp is the projection of F' along a given axis.
Potassium exists in two stable isotopes: *°K and **K. The natural abundance of
K and MK are 93% and 6.7%, respectively. The majority of the K atoms used in
this experiment is *K. The nuclear spin I for *K is I = 3/2. The states 4525 » and
4p* Py 5 are each split into two different states F' = I +1/2 and F' = I —1/2, separated
by Eps given in Eq (2.5). In the state ' = [ +1/2, the atomic spin (F) and the nuclear
spin (I) are both “aligned” with the electron spin J, and in the F' = I — 1/2 state,
the electron spin J is anti-aligned with the F' and I. The state 4p*Ps /2 splits into four
levels: F'={I —3/2,1 —1/2,1+1/2,1+ 3/2}. The hyperfine structure of potassium

is shown in Figure 2.1.

2.1.3 Notation

An energy state of an alkali atom can be represented with a principal quantum number

of the valence shell and a term depending on L, S, and J. It is customarily written as
nL**L;, (2.6)

where n is the principal quantum number, S is the electronic spin angular momentum,
L is the orbital angular momentum, and J=L~+S is the total electronic angular
momentum operator. The value of L is denoted by a letter S, P, D, F', ... corresponding
to L =0,1,2,3..., respectively. The values of J can range from J = |L—S|to J = L+S
in integer steps [15]. The angular momentum of the nuclear spin is represented by 1.
The total momentum operator of the atom F', therefore, is given by F=1+1J, and the
values of F' range from F' = |I — J| to F' = I + J in integer steps.

2.1.4 Zeeman effect

In the presence of a static magnetic field, the magnetic moments of both protons and

electrons interact with the external magnetic field. As a result, the degeneracies of the
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magnetic Zeeman sublevels (the Mg levels) are lifted. For a sufficiently small magnetic

field along the z-axis, the Hamiltonian describing the Zeeman effect is [18]

~

Hp = _([I’e +ﬂn) -B
2.7)
= gMOBJz/h - gn,U/nB]z/ha

where 7/ is the reduced Planck’s constant, g is the g-factor of the electron, g, is g-factor
of the nucleus, ug is the permeability of free space, pu, is the nuclear magneton, J, is the
projection of the electron angular momentum along the z-axis, and I, is the projection
of the nuclear spin along the z-axis. Note that M; and M; are not good quantum
numbers for the Hamiltonian in Eq (2.7). The eigenstates of this Hamiltonian are also
the eigenstates of F=1+1J. Therefore, Mp is a good quantum number to use, and

the Hamiltonian becomes

~

(2.8)
= grprF - B,
where
B FEF+)+J(J+) I+ me [F(EF+1)+J(J+1)—I(I+]1)
=9 OF(F + 1) T, 2F (F +
(2.9)
The energy eigenvalues for this Hamiltonian are

Here, the axis of quantization for M is along B. As we can see in Eq (2.10), the external
magnetic field splits the M energy levels. In Eq (2.9), we can approximate the second
term to be zero because the ratio of m./m, ~ 1/2000. With this approximation, note
that gp is opposite signs for F' =1 and F' = 2. This causes the two energy eigenstates

F =1 and F = 2 to precess in the opposite direction in a presence of a magnetic field.
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2.2 Spin Evolution in a Magnetic Field
The Hamiltonian of an atom in an external magnetic field B = Bz is [15]

The first term is from the hyperfine interaction from Eq (2.4), and the second term
arise from the Zeeman interaction between the magnetic moments of both electrons and
protons in the atom and the external magnetic field from Eq (2.8). In low magnetic
fields, the hyperfine interaction term is dominant over the other. When the magnetic
field B is not along the axis of quantization for Mg, the external magnetic field creases
a superposition of the My energy eigenstates. As a result, we get an evolution of the

My state. The two hyperfine states precess with the frequency wpg

ge/JJBB
(27 +1)h (2.12)
= +vB.

Wr=1+1/2 =

The electron couples more strongly to the external magnetic field than the nuclear
spin 1.

The (27 4+ 1) term accounts for the dragging by the nuclear spin on the atomic spin
precession. The opposite signs come from the fact that the two F' states have opposite
signs for gr as discussed earlier, and this suggests for the potassium, the two states

F =1 and F = 2 precess in opposite directions.

2.3 Absorption Spectral Line

The shape of spectral lines are not only characteristic of the atoms under study, but
also depend on the conditions under which the spectra are measured. There are two
types of broadening of spectral lines: homogenous and inhomogeneous. For homoge-
nous broadening mechanisms, such as pressure broadening, all atoms in the sample are

affected the same way. On the other hand, inhomogeneous broadening mechanisms,
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like Doppler broadening, affect individual atoms differently. In the following sections,
we will discuss natural width of the spectral line, Doppler broadening, and pressure

broadening.

2.3.1 Natural Line Width

The time-energy uncertainty relation prohibits atomic transitions from having discrete

energies. According to the uncertainty principle [15, 19]

AEAt = htAw > h,
(2.13)
Aw >

Y

Rl

where h is the reduced Planck’s constant, w is the angular frequency of the transition,
and 7 is the lifetime of the transition. The uncertainty in time is 7 and the energy

E = 27hv; therefore, the natural line width I'y becomes

AFE 1
Iy=—=—. 2.14
07 onh ~ 2rr ( )

For potassium, the lifetime of the K D1 transition is 25 ns [15]. Using Eq (2.14),
the natural line width of the K D1 transition I'y is

1
27 25 x 109 ns

To = 6 MHz. (2.15)

2.3.2 Inhomogeneous Broadening

In this section, Doppler Broadening, a type of inhomogeneous broadening, will be dis-
cussed. The root-mean-square thermal velocity of atoms with mass m isv = \/m,
where kg is the Boltzmann constant and 7" is the temperature. If the atoms have some
velocity along the direction of the laser, they experience a shift in the frequency of the

laser because of the Doppler effect. The new frequency v’ then becomes

Yl

z/:u( ——), (2.16)

c
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where v is the velocity component in the direction of the laser and c is the speed of light.
This Doppler effect broadens the atomic resonance line width because as the frequency
of the laser is detuned from the resonance frequency, some atoms have a velocity such
that the frequency they experience is the resonance frequency. The probability of atoms

in a vapor cell with mass m with a velocity v, is described as [15]

P = [t (217

The resulting absorption line width follows a Gaussian curve with full width at half

maximum (FWHM) of
vy | QkBT In2
FDopper - ? T, (218)

where 1 is the resonance frequency.
For the K atoms at temperature 7' = 165 °C, the Doppler broadened width of the
absorption is calculated to be I'poppier = 470 MHz.

2.3.3 Homogeneous Broadening

When atoms in the sample undergo a lot of collisions with other atoms, in our case
buffer gas, the lifetime of the transition is decreased. As a result, the line width is
broadened. The broadened line shape due to the pressure broadening has a Lorentzian
distribution [20, 21]

/4
(v —wn)* + (I'/2)*

where I is the full width at half maximum (FWHM) and v is the resonance frequency.

Lv) =

(2.19)

An amagat (amg) is a unit for number density, and it is defined as the number

density of ideal gas molecules at 1 atm and 0 °C. The number density in amg 7 is

defined as T
n p 0
y=r (p)(T) g (2.20)

where ng = 1 amg = 2.687 x 10%® m~ is the Loschmidt constant [22], py = 1 atm, and
To=0°C =273 K.
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In the K-*He ensemble, the pressure broadening of the K atoms is T' ~ 13.2GHz/amg
[23]. The pressure of the vapor cell is 3 atm at room temperature; therefore, the pres-
sured broadened K D1 line width would be I' p,cssure =~ 39.6 GHz. For the K magnetome-
ter, the pressure broadening dominates over Doppler broadening (I' pressure > I poppier)-

Therefore, Eq (2.19) will be used to describe the absorption spectral line of K atoms.

2.3.4 Absorption cross section

The absorption cross section describes the probability that a photon will be absorbed
by an atom. The absorption cross-section of the homogeneous Lorentzian broadening
is [15]

N2J+1T,
21 2 +1 Tt
where ) is the wavelength of the transition, I is the natural line width of the transition,

(2.21)

Oabs =

['7 is the total width of the transition including homogeneous broadening, and J and J’
are the total electronic angular momenta of the ground and excited states, respectively.

Using Eq (2.21), the pressure broadened absorption cross-section for the K D1
transition in the 3 atm 3He environment is calculated to be

(770.109 x 10~7 cm)? 6 MHz
2T 39.6 GHz (2.22)
=1.4x 107" cm?.

Oabs =

The optical depth of the vapor cell is defined as [20]
OD = no(v)l (2.23)

where n is the density of the atoms in the vapor cell, ¢ is the absorption cross-section
inside the vapor, and [ is the length of the vapor cell. As light travels through the vapor
cell and is absorbed by the atoms, the light is attenuated as a function of frequency v
according to
no l%
f(v) = foe TG0 (2.24)
where o( is the absorption cross-section at the resonance frequency vy and I' is the

broadened width of the absorption.
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The density of K vapor as a function of temperature is shown in Figure 2.2. The K

vapor density ny can also be calculated using the empirical formula [20, 24]
1(26-2682—(4453K) /T

ng = /(&) cm”°, (2.25)

where T is the temperature in Kelvin. For this experiment, the atoms are heated to

165° C, which corresponds to a K vapor density of ng ~ 3 x 103 cm 3.

10" 3

10" 3

Density [cm's]
=)

I I I I I I I
0 50 100 150 200 250 300
Temperature ['C]

Figure 2.2: The K vapor density as a function of temperature. At 165 °C, the density
is on the order of 10'® cm™3. The data are from Ref. [25].

2.3.5 Excitation Rate

The excitation rate, or the pumping rate, is the rate at which the light is pumping the
atoms into the excited state and is described by [21]

d2 52

Fpump = r (226)
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where d is the dipole moment of the transition, € is the amplitude of the light electric
field, T" is the spontaneous decay rate from |e) to |g), i.e. the homogeneous width of

the transition, and A is set to one.

2.3.6 Saturation

The saturation parameter describes how strongly the incident light will perturb the

atomic states. The saturation parameter is defined as [15, 26]

excitation rate

(2.27)

K i )
relaxation rate

In this case, the relaxation rate is I'; therefore, the saturation parameter becomes

K= — (2.28)

The dipole moment of the transition d is related to I'. This suggests that the excitation
rate can be calculated for a transition with a given I'. The excitation rate can be used
to calculate the saturation intensity for a given transition. The saturation intensity I

for the specific transition at A is given by [26]

mhe

= —— 2.29
3N3T ( )

S

where h is the Planck’s constant, ¢ is the speed of light, and 7 is the lifetime of the
transition. In the presence of quenching gas, the lifetime of the transition is decreased.
Therefore, I quenching = IS;no quenching-

For the K D1 transition, using A = 770.109 x 10~7 ¢cm and 7 = 25 ns, the saturation
intensity Ig is calculated to be Is = 1.8 mW /cm?. For a beam with a radius of about
0.3 cm, the saturation power Pg is calculated to be Pg =510 uW. However, in the
presence of quenching gas, the lifetime 7 is a lot shorter. Using the line width of the
pressure broadened K D1 transition ppegsure =~ 39.6 GHz and Eq (2.14), the lifetime
of this broadened transition is calculated to be 7Tpressure ~ 4 ps. The new saturation
intensity for the broadened transition is Igproadenea = 11 W/ cm?, and the saturation

power for the beam with a radius of 0.3 cm iS Psproadened = 3 W.
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2.4 Optical Pumping

In circularly polarized light, all photons have the same spin projection in the direction of
the propagation (in our case, the x-axis). When the light is o™ polarized, the photons in
the beam carry angular momentum of +1 (k) along the x-axis. This angular momentum

can be transferred to the total angular momentum of the atom.

Optical pumping uses light to polarize both the electron spin S and the nuclear spin
I of the atoms. Even though the K atoms have nuclear spin, we can consider only the
optical pumping of the electron spin. The conditions under which we can consider the
electron spin only are [27]: (1) circularly polarized light is used to excite the atoms in
the ground state 5)/, to the excited state P s, (2) the pressure broadened absorption
line is large enough that the hyperfine structure is not resolved, and (3) the quenching
gas is present to reduce radiation trapping. In our system, we use light resonant with K
D1 transition and the hyperfine structure is not resolved due to the pressure broadening.
Furthermore, the photons will interact more strongly with the electronic spins than with
the nuclear spins. The nuclear spins do interact with the photons, but this interaction
can be accounted for by introducing a “slowing down” factor. The slowing down factor
describes the reduced rate of the electronic spin polarization due to the loss of photon
angular momentum to the nuclear spins in the atoms. Figure 2.3 shows the mechanism
of the optical pumping.

In this experiment, the light is o polarized. Atoms in the M; = —1/2 ground state
transition to the M’ = +1/2 excited state to conserve angular momentum. Since only
the transitions where M, = M; + 1 can occur, the atoms in the M; = +1/2 ground
state cannot absorb light and therefore get stuck in that state in the absence of collisions
and external fields. The state M; = +1/2 is called the dark state.

The collisions between the buffer gas 3He and the K atoms “mix” the two excited
states; in other words, the collisions repopulate the atoms equally between M/ = —1/2
and M, = +1/2. The K atoms collide with the quenching gas N and relax back to their
ground state. Collisions with quenching gas remove the orbital angular momentum of

the K atoms by transferring the angular momentum to the N, rotational states. The
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Collisional
mixing

N2 Quenching

2
S1/2

Figure 2.3: The optical pumping of the electron spin in the K atoms. The light with
ot polarization optically pumps the atoms from M; = —1/2 into M, = +1/2. Col-
lisions between the K atoms and the 3He atoms cause collisional mixing of the two
excited states and redistribute the population among the two states. Collisions with
the quenching gas N, relax the excited K atoms back to their ground states without
depolarizing the electron spins in other K atoms. Over time, the atoms are polarized
into M; = +1/2 called the dark state. Figure is based on Ref. [27]

quenching gas also reduces radiation trapping. Radiation trapping is a process in which
the excited K atoms radiate unpolarized light that is reabsorbed by another K atom
in the cell. Radiation trapping can be reduced by the presence of the quenching gas
because the excited K atoms lose their polarization to the rotational states of Ny (rather
than depolarizing other K atoms) and relax back to the ground state where they can

be re-excited via the pump light.

2.5 Spin Relaxation

In this section, we will discuss some fundamental and experimental parameters that

will directly affect the sensitivity of the K magnetometer. The vapor cell for the K
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magnetometer, which is housed within four layered magnetic shields, contains hybrid
rubdium-potassium in a 10:90 ratio, 50 torr of Ny as quenching gas, and 3 atm (2300
torr) of *He as buffer gas. The *He atoms are present in the cell for the planned second-
generation comagnetometer, which uses the nuclear spin polarization of *He. The K
atoms are polarized using circularly polarized light. Currents are applied through the
magnetic coils in the shields to cancel out any residual magnetic field inside the shields.
In the absence of collisions, when there is a magnetic field perpendicular to the x-axis,
the K electronic spins precess about the magnetic field (see section 2.7). To build a
sensitive magnetometer, we want this precession to be as coherent as possible in time.
In other words, we want the spins to stay polarized as long as possible. The time
over which the spins remain coherent is called the transverse relaxation time, or 75.
However, there are multiple processes that destroy this coherence. For instance, a K
atom can collide with another K atom and exchange their spins, resulting in loss of
polarization. A K atom can collide and exchange its spin with a 3He atom, losing its
polarization. A K atom can also go through a spin-destruction collision during which it
collides with another K atom, with a 3He atom, with a Rb atom, with Ny gas, or with
the wall of the vapor cell and loses its polarization. The total relaxation rate therefore
becomes [20, 28]

Rroal = T% _ Ri(e—K + Ri(e—3He + Rggllisions + Rp + Rpump (2.30)
where REKK RE-He and Reollisions describe the relaxation rates due to the K-K spin-
exchange collisions, K-He spin-exchange collisions, and spin-destruction collisions be-
tween K and other atoms present in the cell, respectively, Rp describes the relaxation
rate due to the diffusion to the walls, and Rpym, is the relaxation rate due to the
pumping. In the following sections, we will discuss the details of these relaxation rate

terms.

2.5.1 Spin-Exchange Collisions

The optically pumped K atoms can go through spin-exchange collisions with each other

and transfer polarization between electronic and nuclear spins [27]. The two atoms
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F=1 - F=1 —_

IE=2-2-1012 IE=2-2-1012
6/32 6/32

Figure 2.4: Spin-exchange collision between two K atoms. Initially, the two K atoms
both in the state |F, Mg) = |2,1) collide with each other. The F' number is conserved
upon collision, but N is redistributed among different My levels. The atoms in the
I =1 states and F' = 2 states precess in opposite directions. Therefore, spin-exchange
collisions contribute to the relaxation of the K spins in the magnetometer. Figure is
based on Ref. [27]

come together in an intermolecular potential and exchange their angular momentum, a
process called a binary collision. The total spin angular momentum of the two colliding
K atoms is conserved during a spin-exchange collision; this suggests that such a collision
redistributes the angular momentum among the hyperfine sublevels of the ground state.
Figure 2.4 shows two colliding K atoms, each with the state |F, Mp) = [2,1), and
how the population of each sublevel is redistributed by the collision. Due to the large
splitting of the singlet and triplet intermolecular potentials, the electron spins can rotate
many times during a single collision [27]. As a result, the spin-exchange cross sections
are large, on the order of 107 c¢cm? [27]. The spin-exchange collisions contribute to

the relaxation time 7, because the collisions can change the F' quantum number, and
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this results in the change in the directions of the atom precession [28, 27]. Therefore,
in a traditional atomic magnetometer, the spin-exchange collision relaxation rate is
REK ~ 1/T,., where T, is the time between spin-exchange collisions. For typical
conditions in the type of magnetometer we have (high pressure, presence of buffer gas),
1/Ts = 30,000 1/s [20].

However, in the regime where there is a very small magnetic field so that R, > vB,
or in other words, when the spin-exchange collisions occur much faster than the pre-
cession rate, the spin-exchange relaxation mechanism vanishes [29]. In this regime, the

two hyperfine states become “locked together” and precess at the rate given by [2§]

w= It e Q) =42 2 B (2.31)
- Q(P)h B 34+P2) ‘

The factor @ is called the slowing-down factor. It is caused by the nuclear angular
momentum [20, 28, 30]. The slowing down factor Q(P) is a function of the polarization
of the atomic ensemble. The slowing-down factor @)y at complete mixing P = 0 is

defined as |28
- S(S+1)+1(I1+1)
S(S+1)

For K atoms, Qg = 6 corresponds to the ensemble with low polarization (P=0). The

Qo = = 6. (2.32)

slowing down factor of Q = 4 corresponds to the ensemble with full polarization (P=1).
Note that when we fully polarize atoms so that only one particular hyperfine level is
populated and Q(P = 1) = 4, the atoms precess with the frequency at which the
F = 2 state does in Eq (2.12). This suggests that the particular state the atoms
are polarized into is the F' = 2 state; this is because there are 5 sublevels for the
F = 2 state and therefore it has a higher statistical weight than the F' = 1 state
which has three sublevels. Figure 2.5 shows the distribution of atoms at different
polarization levels. The ensemble with ) = 5 is achieved by many successive collisions,
and it is called the “spin-temperature” distribution [27, 31]. Again, the total angular
momentum Mg, + Mp, is conserved in spin-exchange collisions. Once the atoms have
the |F, M) = |2,2) state, they cannot accommodate the F' = 1 state. Therefore, in a

fully polarized ensemble, all atoms are in the |F, Mp) = |2,2) and precess at the same
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Unpolarized, Q =6 Partially Polarized, Q ~ 5 Polarized, Q =4
—2-10 1 2 w=+4w, -2-10 1 2 F=2 210 1 2
oono 4:|.J:LJ:|. —_—
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mF m}' mF

Figure 2.5: The distributions of populations among the hyperfine sublevels at equilib-
rium for unpolarized (@ = 6), partially polarized (@ = 5), and fully polarized (Q = 4)
ensembles of K atoms in the presence of spin-exchange collisions. The partially polar-
ized state is known as the spin-temperature distribution and can be achieved by many
spin-exchange collisions in the ensemble. The figure is from Ref. [20].

frequency. As a result, in this regime where R, > vB, spin-exchange collisions do not
contribute to the total relaxation rate; therefore, the REK™® disappears in the zero field

environment. This regime is called the spin-exchange relaxation free (SERF) regime.

2.5.2 Spin-Destruction Collisions

In the SERF regime, where REK disappears, the relaxation due to spin-destruction
collisions between K atoms and all the other elements in the cell becomes dominant.
Upon a spin-destruction collision, the K atom loses its electron spin to translational or
rotational degrees of freedom in the system [20]. The terms that contribute to R¢gisions
are [20]

Ilisi d d d 5 5
R = o vnk + 0Ry,UNRb + Of1eUNHe + OX, VNN, (2.33)

where 0 is the average speed of the atoms in the vapor cell (v = \/W ), and
nK, NRb, Nie and ny, are the densities of K, Rb, He, and N, respectively. The terms
o3l 038 o8l and af\i are the spin-destruction cross sections of K with K, Rb, He, and
Ns, respectively, and they are reported in Table 2.1. As Table 2.1 suggests, potassium

was chosen to be the majority species for the electronic spins in our system because it
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has a smaller spin-destruction cross section for both K-K collisions and K-He collisions

when compared to Rb.

Alkali metal oSh oD o
K 1 x 1078 [em?] 8 x 107% [cm?] 7.9 x 107 [cm?
Rb 9 x 1078 [em?] 9 x 1072* [cm?] 1 x 10722 [em?

Table 2.1: The spin-destruction cross section for the K and Rb atoms. These values
were used to calculate the spin-destruction rates for existing collisions in the vapor
cell to estimate the total spin-destruction collision rate. The table was adapted from
Ref. [28]. The o2 for K was taken from Ref. [32].

At temperature 7' = 165 °C and P = 3 atm, using Eq (2.20) for ny. and Eq (2.25)

for ng,

REE — 5idtonk = 1.4 1/s, (2.34)
REHe — 650 g = 10 1/s. (2.35)

In typical SERF magnetometer environment, the term RX;®P can be broken down

to [33]

RIGR> = TR0 pRY. (2.36)
nK
where

REdb _ Ri{db—Rb + Riﬂb—f’He + Rgib—Nz. (2.37)

In Eq (2.37), the terms describe the spin-destruction rate of Rb due to Rb-Rb, Rb-*He,
and Rb-Nj collisions, in order. The terms in Eq (2.37) can be calculated using the
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following expressions [33]

REPRD — 4.2 % 107 Png,,
Ri{deHe —1x 10—29T4.259n3He (2.38)

REP™N2 — 1.3 % 1075 T3ny,,

where each density is given in the unit of cm™ and T is the temperature of the vapor
cell in Kelvin. There are two types of collisions between Rb and 3He that destroy Rb
spins: spin-destruction collisions and spin-exchange collisions. During spin-exchange
collisions, the Rb spin is transferred to the 3He nuclear spin, leaving the Rb atom
depolarized. The middle term in Eq (2.38) describes the spin-destruction rate from
both mechanisms. At temperature T = 165 °C and using P = 3 atm for *He and
P =50 torr = 0.0658 atm for N,

RERP — 16 1/s. (2.39)

The spin-destruction rate of K-Nj is given by [33]
REN2 — 7.0 x 10727 3ny,, (2.40)

and using T' = 165 °C and P = 50 torr = 0.0658 atm for N,

REN =10 1/s. (2.41)
In conclusion, the total spin-destruction rate RSSoms ~ 37 1/s.

2.5.3 Spin-exchange between K and He

This section follows the approach to spin-exchange efficiency found in Ref. [20]. The K

atoms not only go through spin-destruction collisions, but also spin-exchange collisions
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with the nuclear spin of the *He gas. The efficiency of this spin-exchange between these

two species can be defined as [20, 34]

K-He
Rse

= REHe | RK-He' (2.42)

This efficiency 1 describes the fraction of collisions that result in spin exchange out of
all collisions. For the K-3He ensemble, this efficiency was measured to be
n = 0.756 — (0.00109K— 1T, where T is the temperature of the system [34]. Using this,

we can figure out what REHe is

/N SS (2.43)
1

K-He __ K-He
Rse - de 1 —

The spin-exchange collisions between K and *He depolarize the K spins. Therefore,
Rﬁ'He =5 1/s is added to the total relaxation rate Ry, for K.

2.6 Estimates

Table 2.2 shows the calculated and literature experimental parameters. For the trans-
verse relaxation time Ty, Eq (2.30) was used. The longitudinal relaxation time 77 is
usually T} > 275 [35]. Therefore, the value of T; was calculated to be T = 2T5.

2.6.1 Excitation Rate

For the K magnetometer described here, the beam has a radius of about 0.3 cm and

has a power of about 700 pW. Intensity is given as

Power I
_ — 2.44
Area 2upc c ( )

where i is the permeability of free space, c is the speed of light, and ¢ is the amplitude
of the electric field. Using Eq (2.44), the amplitude of the electric field ¢ is calculated
to be € = 0.82 V/cm. Using these values and Eq (2.26), the pumping rate is calculated
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Description Symbol Estimated Values
Gyromagnetic ratio for K atoms Vi 27 x 28 Hz/nT
K-K spin-exchange rate RE-K 1/30000 1/s
K-3He spin-exchange rate RE-He 51/s
K-K spin-destruction rate REK 1.4 1/s
K-3He spin-destruction rate RE - He 10 1/s
K-Rb spin-destruction rate RE Rb 16 1/s
K-N; spin-destruction rate RQ_M 10 1/s
Spin-destruction collision relaxation rate Reglisions 37 1/s
K pumping rate Rpump 260 1/s
Total relaxation rate Rrotal 302 1/s
Transverse relaxation time T 3.3 ms
Longitudinal relaxation time Ty 6.6 ms
Natural K D1 line width Iy 6 MHz
Doppler broadened K D1 line width I poppler 470 MHz
Pressure broadened K D1 line width | 7 39.6 GHz
Pressure broadened absorption cross section CTabs 1.4 x 10713 cm?
K D1 pressure broadened saturation power Ps vroadened 3W
(with beam radius 0.3 cm)

Density of K vapor at 165 °C nK 3 x 103 ecm™3
Density of 3He at 165 °C, at 3 atm NHe 8 x 10" ¢cm™3
Density of Ny at 165 °C, at 50 torr NN, 2 x 10"® cm™3

Table 2.2: Summary of estimated and literature values for experimental parameters.
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to be

" (3% 1.3 MHz/V /em)?(0.82 V /em)?
Pump = 39.6 GHz

(2.45)
~ 260 Hz

where d = 3 eag = 3 x 1.3 MHz/(V/cm).

2.7 Magnetic Field Dependence of Transmission

Qualitatively, we can think of the K magnetometer system as spin-1/2 system because
the hyperfine structure is not resolved due to pressure broadening (see section 2.4). The

Hamiltonian describing the interaction between the magnetic moment g and magnetic
field B is [36]:

H=—j-B. (2.46)
The Hamiltonian for the coupling of the electron spin S to the magnetic field B is
therefore:
A=-2"§.B
2mec (2.47)
=75-B,

where ¢ is the g-factor of the electron (g = 2.00), e is the charge of the electron, m, is

ge
2mec

the mass of the electron, ¢ is the speed of light, and v = is the gyromagnetic ratio

of the electron. If B is only in the z direction, Eq (2.47) reduces to:

A

H = yByS. = w,S., (2.48)

where wy = vBy. As we can see, in spin 1/2 systems with B = Byz, the stationary

states for this Hamiltonian are |+z) and |—z):

. hw
Hl|tz) = —>|+z) = By |+2),

A 2 (2.49)
H|-z) = —% —z)=F_|-z).
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The two energy eigenvalues are: E, = hzﬂ and E_ = —%. Because the spin of the
electron S points in the opposite direction as the magnetic moment p, the state with

E has spin-up configuration and the state with E_ has spin-down configuration.

The time evolution of a state 1) with the Hamiltonian H is described by [36]:

—iHt

() = e [9(t=0)). (2.50)

In the energy eigenstate |E), Eq (2.50) reduces to:

—iHt —iEt

[W(t) =en |E) =en [E), (2.51)

iBt

where E' is the energy eigenvalue for the state |E). In this equation, the term e™n is
just an overall phase and does not have any physical significance. We can see that the
energy eigenstate |E) is a stationary state which does not change in time. Any state

that is not an energy eigenstate of the Hamiltonian in the system will change in time.

The K atoms that are polarized by circularly polarized light along +x direction
have the wavefunction of 1)) = |+x). In the presence of a magnetic field along the
perpendicular axis to the x axis, say B = Bz, the state |+x) is no longer an energy
eigenstate, and as a result, the wavefunction would change in time. Classically, the

atoms in the |+x) feel torque from the magnetic field B = Bz and precess about B.

The K spin dynamics in this system can be described using a set of Bloch equations.
Discovered by Felix Bloch, the Bloch equations describe the spin evolution of the atomic
ensemble in the system using rate equations [37]. The net magnetization of the spins
in the system M can be written as [20, 37, 38]:

dM

W = ’Y[M X B] - MRRelazation7 (252>

where v is the potassium gyromagnetic ratio and RRgejazation 18 the corresponding relax-

ation terms. With the magnetic field B = Bz and with the optical pumping rate term
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along the +x axis, Eq (2.52) becomes:

dM M
— 2 =~[M,B,] — == i
g = VIMyB] = 25 Reumy,
dM, M

— _~[M,B.| — =¥,
dt g ] T,

dM,  M? — M,
dt T,

31

(2.53)

where Rpym, is the pumping rate, and 77 and 75 are the longitudinal relaxation time

and transverse relaxation time, respectively. We can solve Eq (2.53) for the steady state

dM

solutions, i.e. = = (. Figure 2.6 shows the magnetization along the x and y axes, M,

dt

and M,, as a function of the external magnetic field B = Bz using the expected values

for Ty, T, and I' for K atoms from Table 2.2.

arb unit

-10 -5

-0.2}

-0.4}

Figure 2.6: The expected M, and M, as a function of B,. B, and B, are set to zero.
The M, is showing a magnetic resonance peak, as expected. The estimated values in

Table 2.2 were used to generate the plot.
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As shown in Figure 2.6, the magnetic resonance of B, shows a peak around B, = 0.
Since we are monitoring the K laser beam along the x-axis, M, reflects the transmission
signal through the vapor cell. In the absence of a magnetic field along the z-axis (and
assuming B, = 0), all the atoms are in the dark state and the transmission signal is
maximized. As we have some magnetic field along the z-axis, the state |+x) is no longer
an energy eigenstate, and the atoms evolve in time, enabling them to re-absorb light.
As B, is increased, the atoms precess much faster than the pumping rate. Therefore,

they have no component in the x direction.

In the presence of a magnetic field along the x-axis, the magnetization along the x-
axis shows a different behavior. If all the fields are perfectly zeroed, we would expect all
the atoms to be in the dark state, and varying B, does not change the state. However,
in the presence of some magnetic fields along the perdendicular axes, we would expect
to see a “dip” in the M,. In the case where B, = 0 but B., B, # 0, the atoms that
have been optically pumped into the dark state by the circular light precess out of the
dark state. This causes the transmission signal to decrease as the atoms not in the dark
state can absorb photons. As we increase B,, atoms precess about the net magnetic
field. As B, gets larger and larger compared to B, and B., the net magnetic field would
be closer and closer to the x-axis. If we say this net magnetization has a state |4+n),

the x-component of this state is [36]

|+n) = cosg |+x) + sing |—x) , (2.54)

where 6 is the angle between the +n and +x axes. As the angle 6 decreases, the state
has a bigger and bigger +x component. Therefore, we expect the projection of this

state onto the +x to increase as B, is increased.
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If we apply a magnetic field along the pumping axis, the x axis, Eq (2.52) becomes

dM, M,
dt = V[Msz - MZBy] - Tl + RPumpa
dM, M
= —v|M,B, — M,B,| — —y, 2.55
My o -3 (2.55)
dM M
£ =~[M,B, — M,B,] — —=.
di ’Y[ Yy y] T

Here, I have left the terms B, and B, in the equations. Figure 2.7 shows the plot of
M, as a function of the external magnetic field B = Bx with different values of some

residual magnetic field along the y and z axes. As we can see in Figure 2.7, when there

arb unit

1.8
1.7
1.6
1.5
— B,=B,=0nT
1.4 o
B, =B, =0.2nT
B,=B,=0.5nT
L y=B;=0.5n B, (nT)
-10 -5 1.3 5 10

Figure 2.7: M, as a function of B, at different values of residual fields along the y and
z axes. In the presence of transverse residual fields, the M, shows a “dip”, as expected.
The estimated values in Table 2.2 were used to generate the plot.

are no residual magnetic fields along the y and z axes, the M, is a constant. In the
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presence of some residual fields along the y and z axes, the M, has a “dip”, and the
width of this dip broadens as the residual fields increase.

The magnetic resonance also depends on the pumping rate 2 pym, and the relaxation
times 77 and T5. Figure 2.8 shows the plot of M, as a function of the external magnetic
field B = Bz for three different pumping rate 260 Hz, 500 Hz, and 1000Hz. As we
can see in Figure 2.8, higher pumping rate results in a larger amplitude. This is to
be expected because the polarization increases with higher pumping rate. As a result,
more K atoms are put into the dark state, and at B, = 0, the transmitted light through
the vapor cell is increased. Since the pressure broadening is so much larger than the

power broadening, the widths remain the same for all pumping rates.

arb unit
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Figure 2.8: M, as a function of B, at different values of pumping rate. As pumping
rate is increased, the amplitude of the peak is also increased and the width remains the
same, as expected. The estimated values in Table 2.2 were used to generate the plot.

Figure 2.9 shows the plot of M, as a function of the external magnetic field B = Bz
for three different 75, values 3.5 ms, 7 ms, and 10 ms. Figure 2.9 suggests that higher
T, value results in a narrower, taller peak. This is to be expected because as T, value is

increased, we expect the spins to be coherent for a longer time, resulting in a narrower,
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taller peak. The width of the magnetic resonance JB is related to the T5 by [28]
6B = (2nQTauo) ", (2.56)

where 1 is the permeability of free space and () is the slowing-down factor described

earlier.
arb unit
2.5\
f — T2=3.5ms
[ To=7Tms
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Figure 2.9: M, as a function of B, at different values of Ty times. As 75 time is
increased, the width of the peak gets narrower, as expected. The estimated values in
Table 2.2 were used to generate the plot.

2.8 Fundamental Magnetometer Sensitivity

The fundamental sensitivity of a magnetometer due to shot-noise is given by [28]

SB—— (2.57)
YNVt

where v is the K atom gyromagnetic ratio, n is the density of atoms, 75 is the transverse

spin relaxation time, V' is the volume of the beam light inside the vapor cell, and t is the
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measurement time. The beam is about 0.3 cm in radius. The depth of the vapor cell
is about 1 cm. Therefore, the volume V' = 7(0.3)*1 cm® = 0.085 cm?®. The bandwidth
of the magnetometer is around 100 Hz; therefore the value of ¢ is t = 2;% s. Using

estimated values from Table 2.2, the fundamental magnetometer sensitivity is calculated

to be 6B = 1.5 fT/v/Hz.
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Experimental Setup

3.1 K Magnetometer

The magnetometer is a single-beam, spin-exchange-relaxation-free (SERF) magnetome-
ter using potassium (K) atoms. The vapor cell contains K atoms, and helium (*He)
buffer gas, and Ny as quenching gas. It also contains rubidium (Rb) for the second
generation magnetometer. The vapor cell is housed within four magnetic shields to
reduce any external magnetic fields. Circularly polarized light, resonant with the K D1
transition (770 nm), optically pumps the atoms into a dark state, leading to increased
transmission of the light through the cell. In the presence of a magnetic field, the atoms
will precess into a bright state, resulting in reduced transmission. We apply currents
through the coils inside the shields to compensate residual magnetization of the shields
and create a region of zero magnetic field. We monitor the transmission and adjust the
current to maintain the zero magnetic field. The amount of current needed to zero the
magnetic field inside the shields provides a measurement of the residual magnetic field.

The schematic of the magnetometer is shown in Figure 3.1.

37
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Figure 3.1: Schematic of the magnetometer. The magnetometer uses K atoms in the
vapor cell that is housed in the four layered magnetic shields. The magnetometer
operates in the zero magnetic field environment. The magnetic coils are inside the
shields to provide control over the internal magnetic field. The DBR laser is tuned to
the K D1 transition and is used to probe and pump the K atoms. The laser is circularly
polarized by the quarter waveplate and is directed onto the PD. The PD signal (the
transmission signal) is modulated by modulating the B field along the z-axis for lock-
in detection. The lock-in amplifier takes in the transmission signal as the input and
outputs the error signal that goes into the PID. The PID provides negative feedback
that controls the current source to maintain zero magnetic field. The monitor output
of the current source goes through a low-pass filter. The output of the low-pass filter
is recorded as magnetic field measurements in the DAQ with GPS timestamps. The
setup also includes a sanity box which has an external magnetometer, accelerometer,
and a thermometer. The sanity box also monitors the PD, lock-in, and the current
source outputs—if a signal falls out of a specific range, the sanity box flags the data as
“insane”.
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3.1.1 Probe/Pump Beam

The K magnetometer uses a single beam for both pumping and probing of K atoms.
The probe/pump beam is generated by a DBR laser (Photodigm PH770DBR040T8)
resonant with the K D1 transition at 770 nm and is free-running. The current and
temperature of the diode are controlled with a current controller (ILX Lightwave LDX-
3207B Precession Current Source) and a temperature controller (ILX Lightwave LDT-
5525), respectively. A quarter waveplate, \/4, is placed just before the magnetic shields

and circularly polarizes the light entering the cell.

3.1.2 Vapor Cell

The K atoms are contained in the vapor cell, shown in Figure 3.2a, was manufactured
by TwinLeaf LLC; it is about 1 cm diameter and contains hybrid rubdium-potassium
in a 10:90 ratio, 50 torr of Ny as quenching gas, and 3 atm (~2300 torr) of *He as buffer
gas. This combination of atoms was chosen for the future generation magnetometer
which is explained in Chapter 5. The buffer gas reduces depolarization of the K atoms
resulting from the collisions with the glass walls of the cell by increasing the diffusion
time. The vapor cell is inside a resistively heated oven enclosed in a Teflon housing
with glass window and is shown in Figure 3.2b. The temperature of the vapor cell is
controlled by a TwinLeaf heater driver and by a LabView program. The heating of the
oven is done at 50 kHz, which is much faster than the bandwidth of the magnetometer.

Therefore, any magnetic fields induced by the heater are not detected.

3.1.3 Magnetic Shields and Coils

Figure 3.3 shows the four layered magnetic shields (MS1) manufactured by TwinLeaf
LLC. The vapor cell is housed within these magnetic shields to reduce magnetic back-
ground noise. The internal magnetic field coils provide control of the field components
B,, By, and B,, five first-order gradients dB,/dz,dB,/dy,dB,/dz,dB,/dx, and dB,/dy,

and one second-order gradient d’B,/dz?. The nine magnetic coils provide complete
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(a) The vapor cell used in the experiment. 5 - SRR
It is spherical, with an inner diameter is (b) The resistive Teflon oven (TwinLeaf
about 1 cm. LLC) containing the vapor cell.

Figure 3.2: The vapor cell (a) and the oven (b) that houses the vapor cell.

Figure 3.3: The side view (a) and the front view (b) of the four layered magnetic shields.
The shields house the vapor cell and are used to reduce magnetic background noise.
There are 9 sets of coils in the shields to provide control over the internal magnetic
field. The shields provide a shielding factor of 10°.
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control over the magnetic field inside the shields and first order gradients. Maxwell’s

equation for the divergence of a magnetic field is [39]

V-B=0
0B, 0B,  0B. (3.1)
Ox oy 0z

Eq (3.1) suggests that if we have control over dB,/dz and dB,/dy, we also have control
over dB, /dx. Similarly, the curl of a magnetic field is described by [39]

V x B = pupd,
_ (882 —%)i—i— (6Bx_GBz)y+ (%_85’1)2 (3.2)
oy 0z 0z Ox Ox oy |
where o is the permeability of free space and J is the electric current density. Equa-
tion (3.2) suggests that if we can control dB,/dz,dB,/dx, and dB,/dy, we have full
control over the first-order gradients of the magnetic field.

The field B, is supplied by a voltage controlled current source (SRS CS580). The
fields B, and B, are controlled by the TwinLeaf CSB low-noise current supply. The

remaining fields are controlled by a homemade low-noise current supply. The schematic
of the current supply is included in the appendix.
To isolate the system better, the whole apparatus is enclosed inside insulation foams

as shown in Figure 3.4.

3.1.4 Detection

The quarter waveplate just before the vapor cell circularly polarizes the beam in the
x direction. The beam radius is about 0.3 cm and has power of about 700 yW. The
beam travels through the center of the vapor cell and is directed onto a photodetector
(Thorlabs PDA36A). The circularly polarized light optically pumps the K atoms into
a dark state along the +x direction as discussed in section 2.4. In the presence of a
magnetic field orthogonal to the polarized axis, the atoms come out of the dark state

resulting in decreased transmission. A change in transmission indicates a magnetic field
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Figure 3.4: Insulation was installed to isolate the system from factors such as external
temperature. This will be discussed in more detail in section 4.9.

along the y or the z directions. A small change in the magnetic field can be detected
using a lock-in amplifier. The transmission signal from the photodetector is modulated
at 763 Hz with 1.5-nT rms amplitude along the z direction. The modulated signal is
detected by a lock-in amplifier (SRS SR860). The output of the lock-in amplifier is
sent to a proportional-integral-differential (PID) controller (SRS SIM960) to provide
negative feedback. The feedback signal is summed with the modulation signal by a
summing amplifier (SRS SIM980). The output of the summing amplifier is sent to a
voltage-controlled current source (SRS CS580), which provides current to the Bz coils.
The current applied to the coils is filtered with a Butterworth low-pass filter (SRS
SIM965) with a cutoff frequency at 100 Hz and 48 dB/oct slope to obtain a bandwidth
around 100 Hz.

We monitor the current that is applied to compensate for the change in the magnetic
field along the z-axis. Therefore, an increase of the magnetic field in the —z direction
will correspond to an increase in the current applied to the coils. The sensitive axis
of the magnetometer is in the —z direction, which has an azimuth of 300° relative to
North.
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3.1.5 Data Acquisition

The signals from the current source, the photodetector, and the lock-in amplifier are
sent to the data acquisition box (DAQ), built by the GNOME collaborator in Krakow,
Poland. The DAQ which records data at a sampling rate of 512 Hz with GPS times-
tamps and uploads them onto the GNOME server in Mainz, Germany. The sanity
box, made by the GNOME collaborator in Fribourg, Switzerland, is a device located
near the magnetometer. It has an accelerometer and a thermometer. It also takes the
photodetector signal and the lock-in signal as inputs. When any signal is out of the

established range, it flags the data as “insane”.

3.2 Calibrating magnetic fields

The magnetometer monitors the current applied to the magnetic coils in the feedback.
For the calibration between the current and the magnetic field, we placed flux-gate
magnetometers along the x,y, and z directions and measured the induced magnetic
field as a function of the applied current. Figure 3.5 shows the plots for the calibrations
of the x,y, and z directions. A linear regression analysis was carried out for each
direction. The calibrations between the applied current and the induced magnetic field

along the x,y, and z directions are:
B,[nT] = 65.68(2) [nT/mA] x I,[mA] — 16.35(4) [nT],
By[nT]| = 65.571(3) [nT/mA] * I,[mA] — 92.72(2) [nT], (3.3)
B.[nT] = 92.60(1) [nT/mA] * I,[mA] — 59.81(4) [nT].
Using Eq (3.3), the currents through the magnetic coils are converted into magnetic

field measurements.

3.3 Additional B, Coils

The magnetometer operates by monitoring the current applied to the B, coils to com-

pensate any magnetic field change inside the shields. If the same B, coils were used
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Figure 3.5: Calibration curve of magnetic field and current of the coils inside the shields
along the x, y, and z axes. For each axis, the current was applied to the coils, and the
induced magnetic field was measured with flux-gate magnetometers. Linear regressions
were performed to calculate the slopes.

both to apply a test pulse or sinusoidal wave and to monitor the compensating mag-
netic field, they would cancel each other out. This would result in no change in the
magnetic field measurement. Therefore, a second set of B, coils is required to apply
a test pulse or to measure the bandwidth of the magnetometer. We made a set of B,
coils using copper wire. A piece of poster board was shaped into a cylinder with a
diameter of about 15 cm. Three holes of about 1-inch diameter were cut to line up
with the windows of the oven. The copper wire was looped around the paper cylinder.
Five turns were looped around the cylinder with about an inch of separation between
each turn. The coils were placed inside the innermost magnetic shield. According to
Ampere’s law for the magnetic field generated inside a solenoid is [39],

B = poni = Mo%ia (3.4)
where iy is the permeability of free space, n = N/L is the number of turns per
unit length, and ¢ is the current. Using L = 5 inch and N = 5 turns, the value
B/i =49 nT/mA.
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The coils were connected to a power supply in series with a 30 k{2 resistor (1 %
precision). The coils were calibrated by applying voltage and measuring the resulting

magnetic field along the z axis with a Gauss meter. Fig 3.6 shows the calibration curve
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Figure 3.6: Calibration curve of magnetic field and current of the homemade B, coils.
The homemade coils were connected to a power source in series with a 30 k2 resistor.
Voltage was applied to the coils, and the induced magnetic field was measured with a

Gauss meter. A linear regression was performed to calculate the slope shown in the
figure.

for the homemade B, coils. A linear regression was carried out (the last point was
excluded) and gave a slope of

B.[nT] = 47.3(3)[nT/mA]| * I,[mA], (3.5)

which is in good agreement with the calculated value from Eq (3.4).






Chapter 4

Characterization of the

Magnetometer

4.1 Linear and Circular polarization

As mentioned in section 2.4, the circularly polarized light optically pumps the atoms
into the dark state. Omnce they are in the dark state, they cannot absorb photons
anymore, resulting in increased transmission. On the other hand, if the light was
linearly polarized, the atoms can absorb the light until they reach the saturation point
described in section 2.3.6. Figure 4.1 shows the fractional transmission through the
cell as a function of laser power for both linearly (open blue) and circularly (filled red)
polarized light. For both measurements, the beam radius was about 0.3 cm. Figure 4.1
shows that for the linearly polarized light, the fractional transmission does not change
as the laser power is increased up to ~ 700 pW. This makes sense because 700 pW is
still below the saturation power for the pressure broadened transition; therefore, the
atoms continue to absorb more photons as the laser power is increased. On the other
hand, for the circularly polarized light, the fractional transmission increases as the laser
power increases. This is consistent with the expected result; in the system, the pumping
rate competes with the relaxation processes described in section 2.5. As the laser power

is increased, the pumping rate is increased, and as a result more atoms are put into the

47
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Figure 4.1: The fractional transmission as a function of laser power for the linearly
(open blue) and circularly (filled red) polarized light. As the laser power is increased,
the fractional transmission remains constant for the linear polarization but increases
for the circular polarization, which is expected.

dark state. Therefore, the fractional transmission is expected to increase with higher

laser power.

4.2 K Absorption

The line shape of the broadened spectral line is described by Eq (2.24). The width of
the spectral line depends on the number of atoms, and consequently on the temperature
of the vapor cell. Figure 4.2 shows the absorption spectral line of the K D1 transition
through the vapor cell at three different temperatures: 100°C, 120°C, and 150°C. The
probe laser was linearly polarized and was set at a low intensity (~ 5 gW) to avoid
saturation. The wavelength of the laser was controlled by changing the temperature of

the diode, and the current was kept constant. At each temperature, the wavelength of



4.2. K ABSORPTION 49

the laser was measured using a wavemeter and the transmission signal was recorded. We
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Figure 4.2: The absorption spectral line of the K D1 transmission through the vapor
cell at three different temperatures. As expected, both the width and depth of the
absorption increases with the K vapor density in the vapor cell, and thus with the
temperature (see Eq (2.19)). The wavelength of the laser is increased by increasing the
temperature of the diode. The laser power decreases as the diode temperature increases,
which leads to data points taken at higher wavelengths having lower transmission signal,
even when absorption is not taken into account.

can see that as the temperature increases, the width and the depth of the spectral line
increase. Moving away from the point of minimum transmission (maximum absorption),
the transmission increases more slowly as the wavelength is increased than it does as
the wavelength is decreased. This is due to the decrease in the laser power as the
temperature is increased to produce longer wavelengths.

To account for the laser power variation with temperature, we measured the power
of the laser at the rejection port of the polarizing beamsplitter with a homemade pho-
todetector. Figure 4.3 shows the fractional transmission of the laser beam as a func-

tion of frequency. The vapor cell was set at 165 °C. The data in the figure were
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Figure 4.3: The fractional transmission as a function of frequency for the K D1 ab-
sorption. The temperature of the vapor cell was set at 165 °C. The absorption line was
fitted to Eq (2.19). The K vapor density from the fit is ng = 8.4 x 10" cm ™2, which
suggests that the actual vapor cell temperature is about 185 °C.

normalized using the relation between the temperature and the laser power. Fig-
ure 4.3 was fitted to Eq (2.19). The fit suggests that the density of potassium vapor
is ng = 8.4 x 10! cm™3. This value disagrees with the potassium vapor density at
165 °C, nk 165 c.c = 2.2 x 10" em ™3, that was calculated using Eq (2.25). Using the nx
from the fit and Eq (2.25), we calculate the actual temperature of the vapor cell to be
T =~ 185 °C. The discrepancy between the set temperature and the actual temperature
may come from the LabView temperature control program. After connecting the oven

to the computer, calibration is required. This calibration assumes whatever the tem-
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perature is at that time to be 20 °C. We conclude that when calibrating the program,
the cell was not completely at room temperature. Therefore, the temperature 165 °C
on the LabView program corresponds to the actual temperature T ~ 185 °C.

The fit in Figure 4.3 suggests that the pressure broadened absorption cross section

iso=1.6x 10713 cm?.

4.2.1 K Absorption with Linear and Circular light

Circularly polarized light optically pumps the K atoms into the dark state. When
comparing the absorption of circularly polarized and linearly polarized light, we would
expect that the circular light would be absorbed less than the linear light under the
same conditions. Figure 4.4 shows the absorption spectral line for the K D1 transition
with both linearly and circularly polarized light. A large leading field in the x-axis was
applied to ensure that the absorption is due to the polarization of the light and not
because of the non-zero transverse magnetic field components.

As we see in Figure 4.4, the absorption for the circularly polarized light dips less and
is narrower. This is to be expected because as the circularly polarized light optically

pumps the atoms into the dark state, more light is transmitted through the vapor cell.

4.3 Magnetic Resonance

As described in section 2.4, the circularly polarized light optically pumps the K atoms
into the dark state, M, = +1/2 as shown in Figure 2.3. When the atoms are in the
dark state along the x direction, the transmission signal is maximized because atoms in
the dark state cannot absorb photons. In the presence of a magnetic field perpendicular
to the polarizing axis x, the atoms feel torque and precess out of the dark state. In
Figure 4.5, the magnetization M represents the net magnetization of the atoms, and it
is along the +x direction because the atoms are polarized by the circularly polarized
light k. When the perpendicular magnetic field B, is introduced, the atoms experience

torque and precess out of the M, = 41/2 state as denoted by w in Figure 4.5. Once
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Figure 4.4: Fractional transmission as a function of frequency for the K D1 transition
for linearly polarized light (open blue) and circularly polarized light (filled green). A
large B, leading field was applied. The power of the laser for both measurements was
around 5 ©W. The absorption dips less and is narrower for the circularly polarized light,
as expected.

they are out of the dark state, the atoms can absorb photons again, and as a result the
transmission signal decreases.

Figure 4.6 shows the transmission signal of the K atoms through the vapor cell
as B, is scanned. Note that since the transmission through the vapor cell is along
the +x direction, the transmission signal reflects M,. The profile in Figure 4.6 is
in good agreement with the M, in Figure 2.6, which was generated by using a set
of Bloch equations. When there is no external magnetization B = 0, all the atoms
will stay in the dark state, leading to a maximum in the transmission signal. As |B,|
increases, the transmission signal decreases because the atoms absorb photons again.
B, is modulated by the lock-in amplifier. This transmission signal is sent to the lock-in

amplifier. Figure 4.7 shows the output of the lock-in signal which is used as an error
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k
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Figure 4.5: Cartoon showing the precession of the magnetization M. The circularly
polarized light k polarizes the net magnetization M is along the 4+x direction, the dark
state. In the presence of the magnetic field B., the magnetization feels torque and
precesses out of the dark state, as denoted by w.
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Figure 4.6: Transmission of the K atoms as B, is scanned. At B, = 0, the transmission
is maximized as the atoms are pumped into the dark state. In the presence of B,, the
atoms precess out of the dark state resulting in reduced transmission.

signal for the PID.
As we saw in section 2.7, the fundamental width of this magnetic resonance depends
on 77 and T5. In practice, the width of the resonance is limited by how close to zero the

fields are. In Figure 4.6, the width is estimated to be d B ~ 1000 pT. Using Eq (2.56),
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Figure 4.7: The error signal from the output of the lock-in amplifier. The magnetic
field along the z direction is kept at zero, and the amount of current applied to Bz coils
is monitored and calibrated into the magnetic field.

we can estimate the 75 from the width of the resonance. The value of T5 is estimated
to be Ty ~ 3 ms, which agrees with the estimated T,. Table 4.1 shows the estimated
values and the measured values of the experimental parameters.

In the following sections, we describe the effect on the magnetic resonance of applied
field, i.e. different values of residual fields inside the shields, to examine how each

component of the residual field affects the magnetic resonance.

Parameter Estimated Value Measured Value
Dot 39.6 GHz 36 GHz

Tabs 1.4 x 10713 cm? 1.6 x 10713 cm?
nx (at actual temperature 185 °C) 8.4 x 101 cm™3
15 3.3 ms 3 ms

Table 4.1: Comparison of the estimated experimental parameters from Chapter 2 and
measured experimental parameters.
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4.3.1 Dependence on Gradients

This section investigates how the first-order gradients (dB,/dz, dB,/dy, dB,/dx,dB,/dz,
and dB./dy) and the second-order gradient (d?B,/dz?) affect the amplitude and the
width of the magnetic resonance. Figure 4.8 shows the magnetic resonance as B,
is scanned with different applied currents for dB,/dz, dB,/dy, dB,/dy, dB,/dz, and
dB,/dz, respectively. The current through each coil was applied using the TwinLeaf
CSB low-noise current supply.

Figures 4.8 shows that the amplitude and the width of the magnetic resonance
change with different values of applied current through each set of gradient coils. For
each gradient, the current value which maximizes the amplitude and minimizes the
width of the magnetic resonance generates the magnetic field that cancels out the

residual field present in the shields and therefore is used.

4.3.2 Dependence on B,

In this section, the effect of B, is investigated. Figure 4.9 shows the amplitude of the
magnetic resonance as a function of B, for the two values of B,, B, = —53 nT and
B, = —13 nT. For all the points, B, was kept constant at —0.38 nT. According to
Figure 4.9, the magnetic resonance M, shows a “dip” as B, is scanned. The profile in
Figure 4.9 agrees well with Figure 2.7 and suggests that the perpendicular components
B, and B, of the residual magnetic field are non zero. At some value of applied B, (in
this figure, when B, ~ —80 nT), the residual B, is minimized, resulting in a minimum
in the transmission signal because the atoms precess out of the dark state due to the
perpendicular magnetic field components. As mentioned in section 2.7, in the presence
of larger |B,|, the angle between the net magnetic field inside the shields and the +x
axis gets smaller and smaller, and the atoms precess about this new axis, whose largest
component is the x component, and the atoms are “held” in the dark state.

The width of the “dip” is affected by the perpendicular components of the residual
field. Since B, was constant, Figure 4.9 suggests that B, = —13 nT results in a smaller

residual B, field because the “dip” is narrower.
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Figure 4.8: The magnetic resonances of the K atoms as B, is scanned. From left to
right and top to bottom, different values of current were applied for dB,/dz, dB,/dy,
dB,/dy, dB,/dz, dB,/dz, and d*B,/dz*, respectively.

4.3.3 Dependence on B,

Like B,, the residual field along the z direction results in a “dip” in M, as B, is

scanned. The transmission signal was recorded as a function of B, at B, = —0.38 nT
and B, = —0.25 nT. For all the points, B, was kept constant at —13 nT. Figure 4.10

shows the amplitude of the magnetic resonance as a function of B, for the two values
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Figure 4.9: The magnetic resonance for B, for two different values of B, with constant
B.. The “dip” in the magnetic resonance suggests that the residual fields are not
properly zeroed. Since residual fields closer to zero result in a narrower width of the

dip, By = —13 nT was used for future measurements.
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Figure 4.10: The magnetic resonance for B, for two different values of B, with constant
B, from the previous measurement (Figure 4.9). The “dip” in the magnetic resonance
suggests that the residual fields are not properly zeroed. Since residual fields closer
to zero result in a narrower width of the dip, B, = —0.25 nT was used for future
measurements.
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of B,.

Figure 4.10 suggests that the perpendicular components of the residual magnetic
field are non zero. Similar to B,, at some value of applied B,, the residual B, is
minimized resulting in a minimum in the transmission signal. The figure suggests that

B, = —0.25 nT results in a smaller residual B, field because the “dip” is narrower.

4.3.4 Near Zero Fields

In the previous sections, the effects of each component of the magnetic field on the
magnetic resonance were investigated. Here, we investigate the magnetic resonances
of B, near the zero field region. As discussed earlier, the magnetic resonance as B, is
scanned shows a “dip” in amplitude when the fields are not properly zeroed, and the
width of the magnetic resonance becomes smaller the closer to zeroed the fields are.
Figure 4.11 shows the amplitude (red) and the width (blue) of the magnetic resonance
as B, is scanned at B, = =79 pT, B, = —62 pT, B, = =33 pT, and B, = —13 pT. For
each B, value, B, was varied from —45 pT to 445 pT. For each combination of B, and
B,, B, was scanned to get a magnetic resonance. The amplitude and the width of each

magnetic resonance were measured manually.

At B, = =79 pT, the magnetic resonance shows a “dip” which suggests that the
fields are not zeroed. When the width is minimized, the amplitude of the magnetic reso-
nance is almost zero. At B, = —62 pT, the width of the magnetic resonance is narrower,
but the amplitude is still near zero when the width is minimized. At B, = —33 pT,
however, as the width decreases, the amplitude stays nearly constant. When the width
is minimized, the amplitude is ~ 6 V. At B, = —13 pT, the minimum width results in
zero amplitude. From these measurements, we can conclude that the zero field is near
B, = -33 pT and B, = —10 pT.
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Figure 4.11: The magnetic resonance in B, at four different values of B, = —79 pT,

B, = -62 pT, By = =33 pT, and B, = —13 pT from top to bottom and left to right.
For each combination of B, and By, B, was scanned to get a magnetic resonance. The
amplitude (red) and the width (blue) of the B, resonance was measured manually, and
the amplitude and width were plotted as a function of B,. When the residual fields are
close to zero, the width of the resonance is minimized. For B, = =79 pT, B, = —62 pT,
and B, = —13 pT, the minimum width results in almost zero amplitude. However, at
B, = —33 pT, the amplitude remains almost constant as the width decreases, and the
minimum width results in a 6 V amplitude. Therefore, it is concluded that B, = —33 pT
produces residual fields that are closest to zero.

4.4 Zeroing Fields

Zeroing the residual fields inside the magnetic shield is essential because it directly
affects the sensitivity of the K magnetometer. In the previous section, the amplitude
and the width of the magnetic resonance were determined by scanning B, for every
change in the applied field. However, it takes a lot of time to scan B, after changing

one field. Here, we present a method to zero the fields by monitoring the transmission
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signal.

1. First, we scan B, by hand to see where the magnetic “dip” occurs. We adjust B,
so the transmission signal is about 10-20% of the maximum value. This is to put

the atoms into the dark state by applying a small amount of leading field,

2. We change B, and B, and maximize the transmission signal. By doing this, we
make sure we are cancelling any residual fields along the y and z directions and

putting more atoms into the dark state.

3. We change all the gradients and maximize the transmission signal. This is to
cancel out any gradient fields that are introduced in the shields due to the change

in optical depth and due to the imperfect B,, By, and B, coils.

4. We go back to B, and change it to minimize the transmission signal. This is to

reduce the leading field.

5. Since the magnetic fields are related through Eq (3.1) and Eq (3.2), changing one
field will change all the other fields. Therefore, we iterate Steps 2 through 4 until
the values of the applied fields stay constant.

4.5 Unexpected Power Broadening

As discussed in section 2.7, the pumping power is not expected to broaden the magnetic
resonance, because the pressure broadening is so much larger than the power broad-
ening. However, when we scanned B,, we observed the magnetic resonance getting
broader as the pumping power increased as shown in Figure 4.12. We do not under-
stand this power broadening. Since the width of the resonance is directly proportional
to the sensitivity of the magnetometer, the K power of ~ 700 uW was chosen to be

used in the experiment.



4.6. MAGNETIC FIELD DATA 61

8000 PY 7
O
-6
6000 -
o -5
_ - >
s 42
£ 4000 =
i) () |5 g
-2
2000
-1
0 a T T T T a 0
600 800 1000 1200
K Power [uW]

Figure 4.12: The width (filled red) and the amplitude (open blue) of the magnetic
resonance in B, at different K powers. As discussed in section 2.7, the pumping power
does not broaden the magnetic resonance. However, we see broadening in the magnetic
resonance with increased K power. Since the width of the resonance directly affects the
magnetometer sensitivity, the K power around 700 ©W was chosen to be used for the
experiment.

4.6 Magnetic Field Data

4.6.1 Filters

To reduce the noise in the data that originate from artificial effects, we apply two types
of post-acquisition, digital filters. Since we are only interested in the transient signals
that occur over a 40-second period (see section 1.1.2), we apply a high-pass filter (1°*
order Butterworth) with a corner frequency f. = 0.01 Hz. The high-pass filter removes
the low-frequency noise (< f.), therefore eliminating the magnetic drifts that occur at
a long time scale. We also apply a 4" order Butterworth notch filter centered around

f =60 Hz to remove noise that comes from line signals.
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4.6.2 Magnetic Field Data

Figure 4.13 shows the time series of the magnetometer data for one hour (EDT 20:00:00

t0 21:00:00 on August 08, 2019). The data were taken at a sampling rate of fsqmpe = 512 Hz.

The data were downsampled so that one in every 100 data points is displayed. The left
(red) and right (blue) plots show the time series of the raw data and the filtered data
(see 4.6.1), respectively.
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Figure 4.13: The time series from EDT 20:00:00 to 21:00:00 on August 08, 2019. The
left (red) and right (blue) represent the raw data and the filtered data, respectively.
The scales are the same in both plots. In the filtered data, the magnetic drift and the
signals at 60 Hz are reduced, resulting in less noise.

Figure 4.14 shows the square-root of the power spectral density (PSD) of the time
series shown in Figure 4.13. The red represents the PSD of the raw data, and the blue
represents the PSD of the filtered data.

There are some notable features of the raw magnetometer data shown in Figure 4.14.
First, there is a relatively large peak at 60 Hz (line frequency). The signals at this
frequency originate from electronic noise, rather than from magnetic noise. Second,

there is a rise of the PSD at low frequencies, which suggests the presence magnetic
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Figure 4.14: The square-root of the power spectral density (PSD) of the one-hour time
series shown in Figure 4.13. The red and the blue represent the raw and the filtered
data, respectively. The black horizontal line indicates the cutoff frequency of the high-
pass filter (mentioned in section 4.6.1). The rise in the low-frequency region is removed
by the high-pass filter, and the peak at 60 Hz is removed by the notch filter in the
filtered PSD.

drifts at long time scales (> 100 s). Therefore, to reduce such noise, we apply filters

described in section 4.6.1.

In Figure 4.14, the noise is a few 100 fT/v/Hz over the 0.5-100 Hz range. This
is significantly higher than the 1.5 fT/v/Hz estimated in section 2.8. We attribute
additional noise to imperfect alignment of the laser with respect to the B field generated

inside the shields and imperfections in the circular polarization of the light.
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4.6.3 Histograms

The approaches to the analysis of the GNOME magnetometer data for finding the tran-
sient signals with exotic physics origins are built on the assumption that the magnetic
field data exhibits a Gaussian distribution [14]. Histograms provide a good way to
represent the distribution of the data.
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Figure 4.15: The histograms for the raw (red) data and the filtered (blue) data of the
one-hour time series shown in Figure 4.13. The histogram for the filtered data follows a
Gaussian distribution and was fitted to a Gaussian function (black), yielding a standard
deviation of 0 = 1.6 pT.

Figure 4.15 shows the histograms of the same data used in Figure 4.13. The left
(red) represents the histogram of the raw data, and the right (blue) represents the
histogram of the data after the two filters described in section 4.6.1. The histogram
of the filtered data was fitted to a Gaussian function, and the fit is represented by the
black curve. The fit resulted in a standard deviation of ¢ = 1.6 pT. We can see that
with the filters used the data follow a Gaussian distribution, which suggests the filters

used are appropriate for the preparation of data for analysis.
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4.6.4 Long Term Characteristics

Here, we look at longer term characteristics of the magnetometer data. Figure 4.16
shows the time series of the magnetometer data for one day (EDT 20:00:00 to 19:59:59
on August 08 to August 09, 2019). Here, we can see more clearly the effect of the post-
acquisition, digital filtering. The magnetic drift over the course of one day is removed

by the high-pass filter, and the overall noise level is reduced by the notch filter.
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Figure 4.16: The time series from EDT 20:00:00 on August 08 to 19:59:59 on August
09, 2019. The left (red) and right (blue) represent the raw data and the filtered data,
respectively. The scales are the same in both plots. In the filtered data, the magnetic
drift and the signals at 60 Hz are reduced, resulting in less noise.

Figure 4.17 shows the histograms of the time series of one day shown in Figure 4.16.
The red and blue represent the histograms of the raw and filtered data, respectively.
The filtered histogram was fitted to a Gaussian distribution and yielded a standard
deviation of ¢ = 1.6 pT. Similar to the short-term data, the long-term data follow a
Gaussian distribution after filtering.

Figure 4.18 shows the time series of the magnetometer signals for five days (EDT
20:00:00 to 20:00:00 from August 7-12, 2018) of uninterrupted data. The red and the

blue represent the raw and the filtered data, respectively.
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Figure 4.17: The histograms for the raw (red) data and the filtered (blue) data of the
one-day time series shown in Figure 4.16. The histogram for the filtered data follows a
Gaussian distribution and was fitted to a Gaussian function (black), yielding a standard
deviation of ¢ = 1.6 pT.
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Figure 4.18: The time series from EDT 20:00:00 on August 08 to 19:59:59 on August
12, 2019. The red and blue represent the raw data and the filtered data, respectively.
In the longer time series, the effects of filtering are more apparent; in the filtered data,
the magnetic drift and the signals at 60 Hz are reduced, resulting in less noise.
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4.7 Magnetic Bandwidth and pulses

4.7.1 Bandwidth Response

To measure the bandwidth of the magnetometer, a sinusoidally oscillating current with
50-pT rms amplitude was applied to the additional, homemade Bz coils. The frequencies
of the sine wave were varied, and the rms amplitudes of the corresponding magnetic
field data were recorded. The results in Figure 4.19 show the 3 dB point at 100 Hz.
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Figure 4.19: The bandwidth measurement of the magnetometer. A sinusoidally oscil-
lating current with 50-pT rms amplitude was applied to the homemade coils along the
z direction to measure the magnetometer response.

4.8 Test Pulse

To investigate the time resolution of the magnetometer data between stations around
the world, the GNOME collaboration performs test pulses during which a fake pulse is
injected into the data that are timestamped with GPS.
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Figure 4.20: The result of the GNOME test pulse performed on June 28, 2018. The
pulse was intended to occur at UTC 12:00:00. The pulses from the six stations had a
time window on the order of a few seconds due to the insufficient time resolution of
computer clocks and due to the latency of the hardware.



4.8. TEST PULSE 69

A total of six stations participated in the test pulse during June of 2018. Figure 4.20
shows the result of the June 2018 test pulse. The pulses from the six stations had a
time window on the order of a few seconds. It was concluded that this was due to the
insufficient time resolution of computer clocks, even when synchronized via the internet
time service provided by NIST, and due to the latency of the internet, computer, and

the function generator.

4.8.1 Test Pulse with GPS Time

In this section, a simple circuit that we developed at Oberlin College is described to
achieve better pulse timing using an Arduino Uno, a GPS Logger Shield with the
GP3906-TLP GPS Module (SparkFun), and an AND gate. The motivation of this
experiment was to develop a circuit, costing under $100, that would provide sufficient
time resolution for the future test pulses. Using this circuit, we were able to generate a

pulse within 2 milliseconds of the PPS (pulse-per-second) signal at the desired time.

Arduino with P13
GPS Logger P12
Shield p1
D10
1s
D9 <>
. D8
2 D7 :
g 3 Pulse
O s :
5 i AND ext.| Function
§' b5 Trig;er —>
= D4 Gate Generator
©
® D3
a2 PPS
D2 Output
b1 Data Acquisition
po Box

Figure 4.21: Schematic for the GPS Timing device. The Arduino unit outputs a 1-
second pulse at the specified time after a 0.5-second delay and provides a window for
the desired pulse time. At the desired time, the AND gate goes high and the function
generator sends out a pulse.
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The schematic of the circuit is shown in Figure 4.21. For our application, we
have modified the Arduino sketch provided by SparkFun. The Arduino sketch uses
TinyGPS++ library which parses NMEA strings. The time received by the GPS mod-
ule is read using Serial Monitor. Using an If statement, a 1-second pulse is generated
by the GPS Logger Arduino unit at a specified time with a 0.5-second delay. This out-
put goes through an AND gate, along with the PPS output from the Data Acquisition
Box. The output of the GPS Logger sets up a window that contains the pulse time of
interest. As the PPS signal goes high at the desired time, the output of the AND gate
goes high. This is then used for External Trigger for the function generator. We used
Arbitrary Waveform Generator software to generate a pulse with the desired width and
amplitude for our function generator (SRS DS 345).

The response of the pulse is shown in Figure 4.22. We have generated a pulse within
2 milliseconds of the desired time as shown in Figure 4.23. We were also able to include

a delay on the pulse using Arbitrary Waveform Generator.
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Figure 4.22: Response of the pulse with no built-in delay. Vertical offsets were added
to the GPS PPS signal (red) and the output of the AND gate (blue).



4.9. MAGNETOMETER DEPENDENCE ON EXTERNAL TEMPERATURE 71

r 0.10
—— GPS PPS from Data Acquisition Box
— Output of AND gate/

Ext.Trigger for function generator | 0.08
— Pulse

— — 0.06

Voltage (V)
abejjon

F 0.04<

A

- 0.02

~ 0.00

1.000 1.010 1.020
Time (s)

Figure 4.23: A zoomed-in version of Figure 4.22. As shown in the figure, there is a
2-millisecond delay between the output of the AND gate and the pulse, even with no
built-in delay on the pulse.

4.8.2 Test Pulse in March, 2019

The scheme described in section 4.8.1 was implemented for the GNOME test pulse in
March, 2019. Six stations participated. Figure 4.24 shows the pulses from three stations
(Oberlin, Mainz, and Hefei) that appropriately applied the pulse at the scheduled time
of 12:00:00 UTC. The other participating stations made errors in setting up the Arduino
pulse described in section 4.8.1.

The timing of the applied pulses agree within the sampling time (1/512 s = 0.0019 ms).
Even though only three of the stations were able to implement the scheme correctly,

this shows its potential for use in future test pulses.

4.9 Magnetometer Dependence on External

Temperature

We realized the correlation between the external temperature and the magnetic drift.
Figure 4.25 shows the magnetometer data and the external temperature. Within a day,

the temperature fluctuation of 0.8 °C resulted in the magnetic fluctuation of ~ 250 pT
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Figure 4.24: Result of the GNOME test pulse performed in March, 2019. The scheme
described in section 4.8.1 was implemented. The pulses from the three stations that
applied the pulse at the scheduled time (12:00:00 UTC) are shown. Note that the
plot is in GPS time, which is 18 seconds ahead of UTC time. The pulses from these
three stations agree within 2 ms. The plot was generated by Hector Masia at Johannes
Gutenberg University, Mainz.

(red). We installed insulation as discussed in section 3.1.3, and the magnetic drift due
to temperature change was reduced significantly (blue). It is possible that the shielding

factor of the shields changes with temperature.

4.10 Precession of *He

When trimming the fields according to the procedure mentioned in section 4.4, we
occasionally observe oscillations with long periods. To investigate these long-term os-
cillations, we took data at different values of B, and constant B, and B,. Fast Fourier
Transform (FFT) was performed for each data set. Figure 4.26 shows the frequency
with the highest amplitude in the FFT as a function of B,.
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Figure 4.25: The red (a) and the blue (b) represent the magnetometer data (left axis)
and the external temperature (right axis) before and after insulation was installed. Be-
fore insulation, the external temperature fluctuated about 0.8 °C, resulting in magnetic
fluctuation of ~ 250 pT. After insulation was installed, the fluctuations in both the
external temperature and the magnetic data were reduced significantly.
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The value of B, that resulted in the smallest frequency was chosen, and the same
procedure was carried out for different values of B, at constant B, and at this B, value.
The oscillation frequency as a function of B, is shown in Figure 4.27.

The linear sections of Figure 4.26 and Figure 4.27 were fitted to a line to get the rela-
tion between the oscillation frequency and the magnetic field. The slopes for B, and B,
were: 2.3 X 107° [Hz/pT] and 3.2 x 107° [Hz/pT], respectively. The gyromagnetic ra-
tio of 3He is yspe/2m = 32.4 [MHz/T] = 3.2 x 107 [Hz/pT] [22]. These measurements
suggest that the oscillations are from *He atoms in the vapor cell. Since the B, mea-
surement (Figure 4.26) was done prior to the B, measurement (Figure 4.27), it can be
concluded that when the B, measurements were carried out, the other perpendicular
component B, was not zeroed perfectly, resulting in the measured gyromagnetic ratio
being slightly different from the literature value. A value of B, that minimized the
oscillation frequency was chosen for the B, measurement, resulting in the measured

gyromagnetic ratio being closer to the actual value.
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Figure 4.26: The frequency of long-term oscillations in the transmission signal as a
function of applied B,. B, and B, were kept constant. The linear part was fitted to a
line and gave a slope of 2.3 x 107° [Hz/pT]. The B, value that resulted in the smallest
frequency was used for future measurements.
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Figure 4.27: The frequency of long-term oscillations in the transmission signal as a
function of applied B,. B, and B, were kept constant. The linear part was fitted to a
line and gave a slope of 3.2 x 107 [Hz/pT]. This slope agrees with the gyromagnetic
ratio of 3He, yspe/2m = 3.2 x 1075 [Hz/pT] [22].






Chapter 5

Towards the Development of the

Comagnetometer

Before implementing the Rb-K-3He comagnetometer, we investigated the effects of hy-
brid pumping. The Rb laser tuned at the Rb D1 transition was added as the pump
beam in the K magnetometer system described in Chapter 3. The Rb laser is along
the axis of the probe beam, which is tuned to the K D1 transition. In the following
sections, basic concepts of hybrid pumping and the nuclear-electronic spin-coupling, the
experimental setup, and some characterization, of the co-linear Rb-K hybrid pumping

magnetometer are discussed.

5.1 Theory of Rb-K-He Comagnetometer

Ultimately, we want to build a Rb-K->He comagnetometer which has a higher estimated
sensitivity than the current K magnetometer. For the comagnetometer, the ensemble
of the Rb and K atoms is used for the hybrid pumping effect. A combination of K and
3He atoms is also used, which makes the comagnetometer insensitive to magnetic fields,
but still sensitive to anomalous spin-coupling.

In the comagnetometer, two laser systems will be used: one for pumping and the

other for probing. In our system, we would be pumping the Rb atoms and probing

7
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the K atoms. The Rb atoms are polarized along the z-axis. The polarized Rb atoms
go through spin-exchange collisions to polarize the K atoms along the z-axis. Then,
the K atoms polarize the *He atoms via spin exchange. The polarized He atoms
produce a uniform magnetic field throughout the spherical cell. An external magnetic
field is applied to cancel the field from the *He atoms so that the K atoms do not
feel any magnetic field inside the vapor cell. At this point, the electronic spins in the
K atoms are strongly coupled to the nuclear spins in the 3He atoms. This coupling
results in a self-compensating comagnetometer which has higher sensitivity than the
K magnetometer and which can reduce the effects of magnetic drifts. The rotation of
the K probe light polarization through the vapor cell along the x-axis is measured as a
magnetic field measurement.

The K-Rb spin-exchange cross section is large (roughly 200 A?) [40]. In a high
density environment (~ 10 ¢cm™2), this cross section results in a K-Rb spin-exchange
rate of about 10° 1/s. This is much greater than the K-*He spin-exchange rate, which
is typically 500 1/s [41]. As a result, the Rb and K atoms are in spin-temperature

equilibrium with the same electron spin polarization.

5.1.1 Hybrid Pumping

Both Rb and K atoms are alkali atoms with S = 1/2. When a Rb atom and a K atom
go through a binary collision, it is possible for them to exchange their spin angular
momentum. Higher sensitivity can be achieved by pumping Rb atoms and probing K
atoms. The K and Rb come together in an intermolecular potential and exchange their
angular momenta. This mechanism of spin-exchange collisions between the K and Rb
atoms is shown in Figure 5.1.

In the comagnetometer, the spin-exchange efficiency is defined as [33]

A
_ VseTl3He

= 5.1

where 72 = k% n, is the spin-exchange rate from the alkali metals (A = Rb or K) to

the 3He atoms, k2 is the spin-exchange rate constant for the alkali metal atom, ny is
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Figure 5.1: Cartoon picturing a spin-exchange collision between a Rb atom and a K
atom. The Rb and K atoms come together in an intermolecular potential and exchange
angular momenta. By pumping the Rb atoms to have spin-up configuration, we polarize
the K atoms to have the same spin-up configuration via spin-exchange collisions. The
picture was adapted from Ref. [20].

the density of the alkali metal atoms, nsy. is the density of 3He atoms, and I'y is the
electronic spin-destruction rate for the alkali atoms. The spin-exchange rate between
the Rb and K atoms in the cell is [33]

ARDE — Ry + KX nk. (5.2)
If we pump on the Rb atoms, the effective spin-destruction rate in Eq (5.1) is
F/Rb =Ty, + DI'x + JKRbHNK, (53)

where D = nk /ngy, is the ratio of the vapor densities and gkgy, is the spin-destruction
rate constant for Rb-K collisions, which is small in typical comagnetometer operating
conditions [41].

We want to increase the spin-exchange efficiency because increased efficiency allows
[33]: (1) increased number of polarized atoms that can be produced for a given pumping

power of the laser, (2) increased production rate of polarized atoms by operating at a
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higher temperature and increasing the density (and ultimately the spin-exchange rate),
and (3) ability to polarize the same number of atoms with reduced laser power. In the

following sections, we will look at each term in Eq (5.1.1).

5.1.1.1 Spin-exchange Rate Constants for Rb and K

The spin-exchange rate constants for Rb and K are k®> = 6.8 x 1072 cm?/s and

kX =5.5x 1072 cm?/s, respectively [42]. The spin-exchange rate constants for Rb
and K are comparable. Therefore, the spin-exchange rates v2 for Rb and K atoms are
about the same at a given density. This suggests that for the 72 term, it does not
make a big difference in the spin-exchange efficiency given in Eq (5.1) whether K or Rb

atoms are used to polarize He atoms.

5.1.1.2 Spin-destruction Rate for Rb and K

The term I'y in Eq (5.1.1) describes the total alkali metal spin-destruction rate. This

term can be broken down into
LA =Ta-a+Tpspe + Fa-ny, (5.4)

where the terms describe the spin-destruction rates from A-A, A-3He, and A-N, col-
lisions in order. For experimentally determined spin-destruction rates for all of these
combinations of species, see Refs. [34, 32, 43]. From section 2.5.2, we know that
the spin-destruction rates depend on the spin-destruction cross section (reported in
Table 2.1), the density, and the thermal velocity of the atoms.

From Table 2.1, we can see that the K atoms have smaller spin-destruction cross
sections for all K-K, K-*He, and K-N, collisions than the the spin-destruction cross
sections for all Rb-Rb, Rb-*He, and Rb-N, collisions. From these values, we expect
'k < T'rp. Therefore, the efficiency given by Eq (5.1.1) is increased by using the
ensemble of Rb and K atoms and pumping on the Rb atoms. In conclusion, we can
see that the use of hybrid pumping of the Rb-K ensemble, in which the Rb atoms

are pumped, increases the spin-exchange efficiency, and ultimately, the magnetometer
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sensitivity. In addition, since Rb is the minority species in the vapor cell, this means
that we can use a large pumping rate without increasing radiation trapping. The excited
Rb atoms emit radiation from spontaneous emission in random directions. However,
since the wavelength of the Rb D1 transition is very different from that of the K D1
transition, the emitted radiation does not get absorbed by the K atoms; therefore, the

K atoms are not depolarized.

5.1.2 Optical Pumping of *He

In the co-magnetometer, the polarized electronic spins of the K atoms polarize the
3He atoms via spin-exchange collisions. The term R.1X describes the spin-exchange

collision rate experienced by ®He and is related to the spin-exchange collision rate
experienced by the K, Rﬁ'SHe, by [20]

3He— _3 nk
R He-K — RK He (55)
se se )
N3He

where nk is the density of the K vapor, and nsy, is the density of the 3He atoms. Using

the values from Table 2.2, R ~ 1. L The polarization of *He P"® is defined

as
R3He—K
P3He — PK : se 7 5.6
R 1T o0

where PX is the polarization of K atoms and Tf He i5 the longitudinal relaxation time
of 3He.

For a perfectly spherical cell, the field inside the cell is uniform. However, if the cell
is not perfectly spherical, gradient fields are introduced. Practically, the term Tf He ig
limited by the decoherence in spin precession caused by the gradient field and due to
the diffusion of the *He atoms in the vapor cell. To increase the polarization of the 3He
atoms PBHE’, we can increase the number of polarized K atoms, to increase the term

R3 He-K

o %, Therefore, increasing the spin-exchange efficiency given in Eq (5.1) increases

the sensitivity of the magnetometer.
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5.1.3 Nuclear-electronic Spin Coupling

The spins of the two species in the K-3He ensemble are strongly coupled due to the
spin-exchange interactions. Since the field inside a perfect sphere is uniform, we can
express the effective magnetic field experienced by one species from the magnetization

of the other species as [44]
8Tk

B = \MP = MP, (5.7)

where A\ = 87k /3 [45], Ko is the enhancement factor due to the attraction of the K
electron wavefunction to the 3He nucleus, and P is the polarization. The value of
M = pn is the magnetization density where p is the magnetic moment and n is the
number of atoms. At T = 165 °C, for the K-*He spin-exchange ro = 5.7 [34]. The

Bloch equations describing the spin polarizations in the ensemble are [20, 44]

ope Ve
=QxP° B+ AM{P" + L+ b°) x P°
5 X +Q(Pe)(+ o P" + L+ Db°) x P+
(Rpumpsp + ReP™ + RinSm — RrotaP¢)/Q(P°), (5.8)
opP”
o = X P+ (B + AMPb") x P" + R (P° — P") — R, P".

The term €2 is the inertial rotation rate of the surroundings that the spins experience.
The terms 7, and 7, are the K gyromagnetic ratio and the 3He gyromagnetic ratio,
respectively. The terms M§ and M describe the the magnetizations of the K and the
3He atoms at full polarization (P=1). For the first equation in Eq (5.8), which is the rate
equation for the K polarization, the total effective magnetic field that the electron spins
experience is the sum of the ambient magnetic field B, the magnetic field generated
by the *He atoms AMZP™, the light shift from the beams L, and an anomalous field
b®. The terms R,, and Rpyn,, are the pumping rate of the probe beam and pumping
beam, respectively. The terms s, and sy, describe the directions and the magnitudes of
the photon spin polarizations of the pump and probe beams. For circularly polarized
light, s, = 1 and the polarization of the electron spins is: (s, — P°)Rpump [20]. The

probe beam can also polarize the K atoms when the probe beam has some circular



5.1. THEORY OF RB-K-*HE COMAGNETOMETER 83

polarization (i.e. s, # 0); this polarization of the K atoms is (s,, — P¢)R,,, and this
term is only considered in the absence of the pump beam [20]. The electron spins
relax at a rate Ry described in section 2.5. The term Q(P¢) is the electron slowing-
down factor discussed in section 2.5. For the second equation in Eq (5.8), which is
the rate equation for the 3He polarization, the total effective magnetic field that the
nuclear spins experience is the sum of the ambient magnetic field B, the magnetic field
generated by the K atoms AM§P¢, and an anomalous field b™.

For the transient spin dynamics, Eq (5.8) can be simplified. For the system with
B = Bz, the Bloch equations become [20, 46]

OMC . Mgz — Me
= B+ \M" M€ + Rrptpg———
o = Qo B TAMY X MU o= 55
(5.9)
oM™
S = (B AME) X M+ I (M2 — M)

Here, the polarization terms in Eq (5.8) are absorbed into the terms M¢ and M". The
light shift L can be minimized because the resonance frequency of the Rb D1 transition
is not near the resonance frequency of the K D1 transition, and the linearly polarized
probe beam does not contribute to the term. The terms Ry, and R, are generalized
relaxation rates for the K and the *He atoms, respectively. We can solve Eq (5.9) for
separate components of M¢
oOM¢ Me¢
8tw = —RTole(;e) + QZ;)e)

((By + AM, )M — (B, + AM") M)

oMy _ _p My Te (B, 4+ AM™ME — (B, + AM")M® (5.10)
8t — TOtalQ(Pe)—'—Q(Pe)(( Z+ z) T ( 33+ w) z) .

OM¢ M§ — M o
T = Ry === (B, + AMP)ME — (B, + AM?)ME).
825 Total Q(Pe) Q(Pe)(( :17) Yy ( Yy y) :I:)

If we let M¢ = My +iM;, Eq (5.10) can be simplified even further into the transverse
component OM¢ /0t.
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A similar procedure can be done for %. The results for both the electron and

nuclear spins are
OMi o M{ 7
ot~ QP Q(Pe)

IAMIMT — (B, + AM7)MY)

(5.11)
OM?
ot
where I have set B, = B, = 0.

Because the amount of the magnetic field exerted by the K and *He atoms are

= —RGMY — i AMI M| — (B, + AMZ)M?),

different, the amount of the magnetic fields experienced by the electron spins B¢ and

experienced by the nuclear spins B7 are

B¢ = Beg. + AM"P"

(5.12)
B" = Begt.. + AMCP?

where B, . is the external magnetic field. Strongly coupled spin dynamics occur when
the external field B,y , is set to make B = 0. This point is called the “compensation
point” and at this point, the magnetic field that K atoms experience from *He becomes

zero [20]. In other words
Bz,ewt,comp - _/\anzn - )\Mepze' (513)

Near this compensation point, even though the v, and ~,, are many orders of magnitude
different, the electron and nuclear spins are “locked” and precess in resonance. This
is because the fields that the K and 3He experience are different in such a way that
their precession frequencies are similar. The use of the nuclear polarization of *He
atoms is of interest because 3He has a very long coherent spin precession time. The
reported transverse and longitudinal relaxation times of *He are 1000 seconds and
2 hours, respectively [46]. On the other hand, the relaxation time for electron spins
(such as in the system with K atoms) is on the order of 5-10 milliseconds [28]. At
this compensation point, the character of the 3He long coherent spin precession gets

“mapped” onto the K spin precession.
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5.1.4 Comagnetometer Transient Response

At the compensation point in Eq (5.13) and setting B and L to be zero in Eq (5.8),
the steady state P¢ is calculated to be [20]

P,
pe= =1
RTotal

(b — §). (5.14)

Here, we can see that the comagnetometer signal P¢ is proportional to the difference
between the fields that couple to the nuclear and the electron spins. For a normal
magnetic field, the couplings to the nuclear and the electron spins are the same; as a
result, the comagnetometer signal does not change. However, if this coupling is due
to some anomalous effect, the couplings would be different, and the comagnetometer
signal would change.

As Eq (5.14) suggests, the comagnetometer is insensitive to the transverse magnetic
fields. Figure 5.2 shows the mechanism of this effect. In Figure 5.2, the external
magnetic field B.,; . is applied in the z direction to cancel out the field generated by
the 3He atoms on the K atoms, so the K atoms feel no magnetic field. When a small
field perpendicular to the z axis is introduced, the 3He polarization adiabatically follows
the total magnetic field and cancels out the new transverse field to first order [46]. In
other words, as long as B, B, < B., the *He spins re-align themselves to cancel out the
magnetic field, and the K atoms remain unaffected by it. This effect is very beneficial in
reducing low-frequency noise from the magnetic shields or other slow external magnetic
drifts [20].

5.1.5 Response to a Transverse Excitation

We modeled the comagnetometer’s response to a transverse excitation. As discussed
in section 5.1.3, at the compensation point, the K and *He are “locked” together, and
they precess in resonance frequency. In other words, the coherent spin precession time
for the K atoms increases, and the coherent spin precession time for the *He atoms
decreases. We solved Eq (5.10) numerically using experimental parameters that are

reported in Ref. [20]. The solutions are shown in Figure 5.3.
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(a) 3He cancels the external field B" (b) 3He compensates for By
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K feels no field K feels no change
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Figure 5.2: Cartoons which represent the mechanism through which the comagnetome-
ter becomes insensitive to a magnetic field that is transverse to the polarizing axis. (a)
The external magnetic field (denoted as B™ in the figure) is applied in such a way that
electronic spins of the K atoms feel no magnetic field. (b) When some magnetic field
that is transverse to the polarizing axis is introduced, the 3He polarization adiabatically
follows the magnetic field. The K electronic spins remain unaffected by the magnetic
drift. The figure is directly from Ref. [20].

For each plot, a different amount of the external magnetic field was applied. Some
of the plots have both high-frequency and low-frequency oscillations—this suggests that
the applied magnetic field is not at the compensation point for those plots. However,
near B, .,; = —0.001076 mG (third from the top in the right column), we only see one
frequency response—this suggests that the applied magnetic field is at the compensation

point and the spins of the K and ®He atoms have been properly coupled.
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Figure 5.3: Numerically solved solutions to Eq (5.10). A transverse excitation of the
magnetization M, was added at ¢ = 0. Different amounts of B, . were applied to inves-
tigate the behaviors at and away from the compensation point described by Eq (5.13).
At the compensation point, the electronic and the nuclear spins precess in resonance
as shown in the plot with B, = —0.001076 mG (third from the top in the right
column). If B.,;, # compensating point, the electronic and nuclear spin precessions
appear independently. The high frequency oscillation is due to the electronic spin pre-
cession, and the lower frequency oscillation is due to the nuclear spin precession. The
parameters used in the model were from Ref. [20].
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5.2 Experimental Setup

The schematic of the magnetometer is shown in Figure 5.4. It is a double-beam spin
exchange relaxation-free (SERF) magnetometer using hybrid pumping of Rb and K
atoms. The same K laser, vapor cell, magnetic shields, and electronics were used as the
K magnetometer described in Chapter 3.

The pump beam is generated by a tampered amplified diode laser system at the Rb
D1 transition (795 nm). The Rb laser system has primary and secondary lasers. The
current and the temperature of the primary laser are used to tune the wavelength of
the Rb laser, and the current of the secondary laser is used to control the power of the
laser, which can be up to 3 W.

The pump beam is circularly polarized and propagates along the x-axis. Similar
to the K magnetometer, the optical pumping of only the electronic spins of the Rb
and K atoms can be considered because the hyperfine structure is not resolved in the
homogeneous broadening. The pump beam puts the Rb atoms into the Rb dark state
M, = +1/2 by the same mechanism shown in Figure 2.3. The Rb atoms polarize the
K atoms and put the K atoms into the K dark state M, = +1/2 via spin-exchange
collisions.

The hybrid pumping works under the assumption that the spin states of Rb and
K atoms are exactly the same. This means that both beams should have the same
light profile. In addition, both beams should be perfectly aligned to each other; this is
because if there is a small angle difference dff between the pump and the probe laser
beams, the spin states for the Rb and K atoms are My and My 4. This would result in
the broadening of the magnetic resonance. To obtain pump and probe beams that are
perfectly aligned with respect to each other, the pump and the probe lasers are fiber-
coupled together. A waveplate, which was used in the K magnetometer to circularly
polarize the K laser, is wavelength-specific. In the hybrid pumping magnetometer,
a Fresnel-Rhomb polarizer, which has a weaker wavelength dependence, is used to

circularly polarize both the Rb and K lasers.
After the light travels through the vapor cell, we only want to monitor the probe
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Figure 5.4: Schematic of the upgraded K magnetometer with Rb-K hybrid pumping.
Basic principles of the upgraded K magnetometer are the same as the K magnetometer
described in Chapter 3. A pump beam tuned at the Rb D1 transition was added co-
linearly to the existing K D1 transition. The two beams are combined at the 30:70 R:T
beamsplitter. The combined beam is fiber coupled with a polarization maintaining fiber
to ensure the spatial overlap of the two beams. Both beams are circularly polarized
by the Fresnel-Rhomb polarizer. The pump beam polarizes the Rb atoms in the vapor
cell. The Rb atoms polarize the K atoms via spin-exchange collisions. This mechanism
of hybrid pumping is used to increase the polarization of the K atoms in the vapor cell
and ultimately to increase the sensitivity of the magnetometer.

beam. Since the pump and the probe beams are spatially overlapped, a diffraction
grating was placed after the shields to separate the beams.

Detection is done in exactly the same way as the K magnetometer: the probe beam
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is also circular and travels through the center of the vapor cell and is directed onto a
photodetector. The circularly polarized probe beam will probe the K dark state. In the
presence of a magnetic field orthogonal to the polarized axis, the K atoms will come
out of the dark state, resulting in decreased transmission. The relation between the

transmission and the magnetic field is used to detect a magnetic field.

5.3 K and Rb Absorption

As discussed in section 2.3.3 and 4.2, the line shape of the broadened spectral line
depends on the number of atoms. Figure 5.5 shows the absorption spectral line of the
K D1 transition and the Rb D1 transition through the vapor cell. The temperature
of the vapor cell was set at 165 °C. The K D1 transition in Figure 5.5 is the same as
shown in Figure 4.3. The y-scale of the plot is in a log scale, and x offsets were added
to both the K and Rb spectral lines for visual comparison. The power of the K and
the Rb lasers were 5 pW and 8 uW, respectively. Both beams were linearly polarized.
The pressure broadened spectral lines of the K and the Rb atoms were fitted to
Eq (2.24). The densities of the K and Rb atoms from the fits are ng = 8.4 x 10'® cm™®
and
nrp = 1.2 X 10 ecm™3, respectively. The vapor cell was designed to have Rb-K in a
1:9 ratio. However, the measured densities suggest that Rb-K are in a 1:7 ratio. The
density of nkg = 8.4 x 10'3 cm™ suggests that the actual temperature of the vapor cell

is ~ 185 °C, as discussed in section 4.2.

5.4 Hybrid Pumping with Rb Pump Beam

As discussed in section 5.1.2, the hybrid pumping of the Rb-K ensemble results in a
better polarization of the K atoms. Therefore, we expect the fraction of atoms that are
in the dark state to increase with increased Rb pump power.

Figure 5.6 shows the fractional transmission of the probe beam as a function of Rb

pump power. The power of the K probe beam was kept constant at ~ 600 yW. The
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Figure 5.5: The fractional transmission of the K and Rb atoms as a function of frequency
for the K D1 absorption (blue) and the Rb D1 absorption (red). For both, x offsets were
added for comparison. The temperature of the vapor cell was set at 165 °C for both
measurements. The power of the K and Rb lasers were 5 uW and 8 uW, respectively.
Each absorption line was fitted to Eq (2.24). The ratio of the densities of the Rb to K
atoms is determined to be 1:7.

power of the Rb pump laser was varied by changing the current of the secondary laser.

As expected, the fractional transmission of the probe beam increases as a function of
Rb pump power in Figure 5.6. The fractional transmission jumps up with the addition
of the Rb laser, even at low power. This suggests that hybrid pumping does improve
the polarization of the K atoms. After the Rb power is about 50 mW, the increase in

the fractional transmission becomes more gradual.
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Figure 5.6: Fractional transmission of the K probe beam as a function of the Rb pump
beam power. The power of the K probe beam was kept at 600 uW. The higher fractional
transmission corresponds to a higher number of polarized K atoms in the vapor cell.
We can clearly see the effect of hybrid pumping as soon as the Rb pump beam is added
to the system. After about 50 mW of the pump beam, the increase in the fractional
transmission is more gradual.

5.5 Unexpected Power Broadening

In section 4.5, we observed the broadening of the magnetic resonance in B, with in-
creasing K pump beam power. We observed similar broadening with the Rb pump
power. Figure 5.7 shows the width and the amplitude of the magnetic resonance as a
function of the Rb laser current. Higher Rb secondary current corresponds to higher

Rb beam power. The power of the K probe beam was kept constant at ~ 780 uW.

As we can see in Figure 5.7, the amplitude of the magnetic resonance increases as
the Rb current increases—this is to be expected because as we are pumping more and

more K atoms into the dark state, the transmission of light on the peak of the magnetic
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Figure 5.7: The width (filled red) and the amplitude (open blue) of the magnetic
resonance in B, as a function of the Rb secondary current, where higher secondary
current corresponds to higher power. The power of the K probe beam was kept constant
at ~ 780 pW. The amplitude of the magnetic resonance increases with higher power,
as expected. The width also increases with power.

resonance should increase (see section 2.7). However, the width of the magnetic reso-
nance also increases as a function of the Rb laser power. This is unexpected, and we
do not understand this apparent power broadening of the magnetic resonance. There
are possible reasons that may explain this power broadening. For instance, it could be
that both Rb and K lasers are not aligned with respect to the axes of the shields; when
we scan the B, field, the z-axis may not be the z-axis of the polarized atoms, and this

would result in broadening of the magnetic resonance.
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Conclusion

The construction and the characterization of the K magnetometer were presented in
this thesis. Some investigations of the hybrid pumping effect have also been conducted.

Several future projects are planned for the Oberlin station. The power broadening
of the magnetic resonance will be explored in more detail. More careful measurements
will be carried out for factors such as the densities of the atoms in the vapor cell, the
relaxation times, etc. The most significant future project is the construction of the
Rb-K-3He comagnetometer which will have higher sensitivity.

The GNOME collaboration continuously works to improve the sensitivity of our
magnetometers. Higher sensitivity will allow us to put tighter constraints on the mass
and the coupling constants of exotic particles. Most magnetometers in the network
have lower sensitivities than expected for optical atomic magnetometers. In the future,
improvements will be made to bring the actual sensitivities closer to the fundamental
sensitivities. Additionally, four stations in GNOME are planning to implement comag-
netometers. The stations in Mainz, Germany and Oberlin, USA will build Rb-K-*He
comagnetometers with K as the majority species and Rb as the minority species. The
stations in Krakow, Poland and Hayward, USA will build Rb-K-*He comagnetometers
with Rb as the majority species and K as the minority species.

Because we are taking data continuously from several stations at a sampling rate

of 512 Hz, the collaboration has a large quantity of data. In addition, the analysis of
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the data is not trivial; each magnetometer has its own sensitive axis, which changes
as the earth rotates. When we do coincident analyses, all of the sensitive axes must
be accounted for. The magnetometers at each station use different atomic species,
which may couple differently to exotic particles, causing different signal amplitudes. In
addition, we do not know what the signal would look like. The collaboration is working
on two main types of data analysis. In one, which is model-specific, we fit the data to
a specific type of signal (i.e. Gaussian) and check to see if we can find any such signals
among the stations within a timeframe that would be consistent with the model. The
other type is model-independent. Some examples of model-independent data analysis
methods that the collaboration is using include excess power and machine learning
techniques. These methods are being implemented to search for any abnormalities
within the data.

While our current efforts have been aimed at detecting ALP domain walls, it is
possible that our magnetometers could detect other exotic spin-coupling interactions
that are not predicted by the Standard Model. Therefore, the collaboration explores
other models that the network would be sensitive to.

GNOME can also be used as an ELF (Exotic Light Field) telescope. It is possible
that cosmological events such as supernovae or neutron-star mergers release enough
energy to produce exotic particles. The collaboration looks at reports on such events
by LIGO or other telescopes to see if the magnetometers were operating at the time
during which such events occurred. If we do have data during those time periods, we
go back and try to see if there are any abnormalities in our data that could correspond
to exotic particles.

As mentioned in the Introduction, the GNOME experiment is unique in the sense
that it is probing the ultralight regime of the ALPs, which has not been explored
extensively by other experiments. This allows us to put constraints on exotic particles
in the lower mass regime in the parameter space. In combination with other experiments
that search for dark matter, this allows physicists to further narrow down the remaining
possibilities for what dark matter could consist of. Even if no signals are ever detected,

we will still be closer to uncovering the nature of dark matter.



Appendix A

The homemade low-noise current supply is used to apply currents to the five first-order
gradients coils dB,/dz,dB,/dy,dB,/dx,dB,/dx, and dB,/dy, and the second-order
gradient d?B,/dz*. The schematic of the current supply is shown in Figure A.1.
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