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Abstract

This thesis contributes to the research on nonlinear magneto-optical effects, specifically focusing on
atomic magnetometry based on nonlinear magneto-optical rotation and mirrorless lasing (based on
amplified spontaneous emission) — while encountering also other nonlinear effects, such as the Kerr
effect.

Measuring magnetic fields has been of great importance since the bronze age and has been crucial to
the development of the human civilization [1]: the first magnetometer was the compass, a magneto-
meter that measures only the direction of the earth’s magnetic field and is so important that it has
a place amongst the four great inventions of ancient China. Measuring the magnitude of a magnetic
field is a more modern story that starts with Carl Friedrich Gauss measuring the Earth’s magnetic
field in 1833 [2].

Among the techniques existing nowadays, for precisely measuring magnetic fields, optically pumped
magnetometry (OPM) stands out for it’s sensitivity, size, robustness and low cost [3], [4], [5]. After
the pioneers set the foundations more than half a century ago [6], [7], [8], diode laser technology
allowed optical magnetometers to become a workhorse for magnetometry. OPM magnetometers are
potentially as sensitive [9] as SQUIDs (Superconducting Quantum Interference Device) [10] and do
not require cryogenics. Applications span over a wide range of fields: geophysics [11], bio-magnetic
measurements [12] and fundamental physics [13]. OPM research in recent years has shifted from
working in the laboratory to applications in the field and a useful step towards commercialization is
the self-oscillating configuration. The basic operation principle is based on using the detected signal
to sustain continuous oscillation at the resonant frequency [14] [15]. Such systems have a broad dy-
namic range, can follow field fluctuations and are simple.

Although OPMs and especially SERF (spin exchange relaxation-free) type magnetometers are highly
sensitive, they need to operate in low fields and hence require magnetic shielding from the Earth’s
field and other noise sources. Being able to measure in the geophysical field range or earth field with
high sensitivity could open the path to low-cost bio-magnetic measurements 16|, space-magnetometry
[17], non-destructive testing and imaging [18] and magnetometry on rapidly moving platforms [19].
This thesis focuses on Earth-field o ptical m agnetometry and addresses challenges arising from the
Earth’s magnetic field by using techniques like spin locking or creating a device free of classic Earth-

field magnetometry issues, such as heading error.

The second part of this thesis is dedicated to mirrorless lasing. Since their invention in the 60s, lasers
(light amplification by stimulated e mission of radiation) have played a huge role in many areas of
scientific research, industry, and everyday life and continue to grow. There are three principal com-
ponents usually attributed to a laser: a gain medium, a pumping process and a feedback loop [20],
although there is a debate over whether a feedback loop is always required. Lasing is often dis-
tinguished from processes such as Amplified Spontaneous Emission (ASE), Superradiance (SR) and
Superflouorescence (SF) [21,22], but this is not the case for the work presented here. Typically, lasers
follow a conventional structure that includes an optical resonator setup. This setup uses mirrors to

amplify light over multiple round trips in the gain medium [20]. In mirrorless laser setups, the gain



medium serves as the resonator, and the feedback loop would typically happen through multiple scat-
tering processes in systems with varying degrees of disorder [21]. Optical feedback through scattering
can also create random lasers [23]. The system we are studying does not involve scattering mechan-
isms and we use the term lasing interchangeably with Amplified Spontaneous Emission (ASE). We
define mirrorless lasing as as directed monochromatic emission from an ensemble of atoms or mo-
lecules pumped with a laser light. Experiments in alkali metal vapor have shown gain through the
phenomenon of amplified spontaneous emission (ASE), see, e.g, [24]. This thesis focuses on the phe-
nomenon of amplification of spontaneous emission and degenerate mirrorless lasing in alkali atoms

with magnetically degenerate hyperfine states.
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It looks strange and it looks strange and
it looks very strange; and then suddenly it
doesn’t look strange at all and you can’t un-
derstand what made it look strange in the
first place.

Gertrude Stein

Light-atom interactions 101

1.1 A brief history of light-matter interactions

Light-matter interactions cover a substantially wider range of phenomena than light-atom interac-
tions, from the macroscopic world of black holes to the mesoscopic environment of nanophotonics to
the tiniest matter possible in the realm of quantum mechanics. The expression light-matter interac-
tion implies that these two entities are different and interact through some intermediate agent [26].

Interestingly enough though, the two were not considered separately until the 17"

century AD. In
Figure 1.1 one can see some important landmarks of light-matter-interaction theories from ancient
Greece to modern times. Of course the theories in antiquity are not using the scientific method
and were part of a philosophical discourse, although it is quite impressive how close some of them
came to our modern understanding of nature without experimental confirmation. During the Golden
Ages of science in Islam, the Book of Optics by Ibn al-Haytham studied properties of light and came
to conclusions that heavily influenced the scholars during the Renaissance in western and central
Furope. Galileo, Fermat, Hooke, Descartes and Newton set important milestones in this journey
and by the 1700s light and matter had been studied extensively —and separately— for two centuries.
In one faction matter was studied by researchers such as Boyle, who working on the laws of gasses
and Dalton, calculating atomic masses, while Lavoisier realized that mass is conserved in chemical
reactions and Mendeleev organizing the different elements in the periodic table. The other side was
in parallel studying light, with Fresnel and Young demonstrating the wave properties of light, disput-
ing Newton’s by-that-time established theory that light consists of particlest™} and culminating with

Maxwell’s equations of electromagnetism. By the end of the 19*” century, the black-body radiation

I What a fascinating journey this has been!
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and Michelson-Morley experiments made clear that the picture of light and matter was not accurate
and new theories were needed to explain nature [26]. The 20" century established modern-physics
theories of quantum mechanics, special and general relativity and returned to a more unified picture
of light and matter. We will concern ourselves with light-atom interactions, since this thesis belongs
to the realm of atomic physics. What is interesting to note at this point is that so far we under-
stand light-micro-world interactions and light-macro-world interactions (through electromagnetism
and general relativity), but we have not managed to connect the two worlds together. Connecting

quantum mechanics to gravity is arguably the holy Grail of modern physics.
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FIGURE 1.1: A brief history of light-matter theories.
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1.2 Atoms and their structure

When it comes down to it, our experiments are all interactions between light and atoms. Therefore,
this thesis could not begin without properly introducing to the reader the basic properties of atoms
and how these interact with electromagnetic waves. The atoms that interest us in this thesis, belong
to group 1 of the periodic table which includes hydrogen (H), lithium (Li), sodium (Na), potassium
(K), rubidium (Rb), cesium (Cs), and francium (Fr). Since I worked only with Rb and Cs, these will

be the atoms more referred to throughout the next Chapters.

One of the basic principles of quantum mechanics states that electrons are distributed not randomly
around the nucleus of an atom, but in discrete, allowed energy levels. What alkali atoms have in
common is their ground-state {I} electronic configuration: they all have one electron in the outermost
layer, the layer being an s-orbital. This electron has a low binding energy and can be manipulated

with lower energies I} and visible light.

The simplest atom is the hydrogen atom, which consists of a proton and a singe electron. Hence, the
properties and energy levels of the outermost electron of the alkali atoms can be closely described by
the formalism of the hydrogen atom. By solving the Schrédinger equation for the hydrogen atom in
spherical coordinates, we get the solution of the equation: the spherical harmonics for the angular
part and the radial functions for the radial part. These functions describe how the electron moves
around the nucleus and are characterized by the integers n, I, and m which are called quantum
numbers (See Table 1.1 and 1.2).

Spherical harmonics Y, (0, ¢)
1=0 m=0 YV =1/(V4r)
I=1 m=+1 v = £1/2,/3/27 sind e
I=1 m=0 Y =1/2\/3/7 cosb

TABLE 1.1: Hydrogenic wavefunctions: spherical-harmonics part.

Radial functions Ry,;(r)
= =0 Rio(r) = Qexp{—r/ao}/ag 2
n=2 =0 Rao(r) = 2(1 — 7/2a0) exp{—r/2a0}/(2a0)/?
= =1 Ro1(r) = 1(r/ag) exp{—r/2a0}/v/3'(2a0)*/?

TABLE 1.2: Hydrogenic wavefunctions: radial part.

For the radial and angular equations to have physically accepted solutions the quantum numbers

must fulfill the following conditions [27]:

n=1,23,.., (1.1)

U The lowest allowed energy state of an atom
B ower with respect to the transition energies in other atoms
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—1<m<I. (1.3)

These physically acceptable solutions describe the conserved quantities in our atomic system. The n
is the principal quantum number and it determines the allowed energy levels (which are infinite
but distinct). The angular momentum of an electron is defined by [, called the azimuthal quantum
number and m is the magnetic quantum number. These quantities are conserved and precisely

known.

1.2.1 Fine structure

The careful reader will notice at this point that there is a last important number missing, in order to
be able to fully describe the quantum state of an electron: the spin, the intrinsic angular momentum
of (in our case) an electron. This is not derived from the Schrédinger’s equation, but was first added

experimentally and then the Dirac equation theoretically explained.

When talking about angular momenta (spin and orbital) we have to keep in mind that these produce
magnetic fields and as a result there is also a magnetic moment p associated to those angular mo-
menta. We can imagine the magnetic moment to be a vector perpendicular to the surface the current

loop is defining.

-d
P' msv\d'ic

mowewn f

FI1GURE 1.2: Classical view of a magnetic moment produced by an electric current.

An electron can thus can have a magnetic moment associated with its orbital angular momentum

AU

{I}Bold letters represent vectors
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l
W= —ginB (1.4)

with magnitude [28]:

il = 5L+ 1) (15)

and it also has its own angular momentum s (spin) with magnitude:

Is| = hy/s(s+ 1), (1.6)

with the z-component equal to:

s, = mgh, (1.7)
and a magnetic moment associated with spin:

S
Hs = _gs,uB’h’ . (1.8)

In an external magnetic field the spin takes two values as depicted in Figure 1.3, where V is the po-
tential energy of the magnetic dipole, By is the external magnetic field, m; is the magnetic quantum
number, g, is the g-factort!} of the electron (also called electron spin g-factor) characterizing the
magnetic moment and the angular momentum of the electron and pp is the Bohr magneton — a

quantum unit of magnetic dipole moment equal to:

le]

uB =

J
= ha927-100242 ~0.93-10 2 erg G2 1.9
S 9.27 - 10 T 0.93-10" P erg (1.9)

The spin takes only two values and we can observe the z component, but not the z and y. We will

get back to this fundamental principle in the following Sections.

In our experiments we work with multi-electron atoms and not with Hydrogen. Since no two electrons
in an atom can have an identical set of quantum numbers only a specific number of electrons occupy
each of the n electron shells. The total angular momentum of the completed shellst™} is zero.
This is why we are interested in the outermost shells that contain valence electrons™ and their
quantum numbers, which luckily for us, in alkali atoms is only one electron—with a non-zero angular

momentum, since the shell is not completed.

I Measured to be gs = -2.00231930436092(36) [29)]
g p complete shell contains the maximum allowed number of electrons
M yalence electrons are in the outermost shell of an atom
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ms=+1/

AE

ms = -1/2_

AE = 35"‘380

F1GURE 1.3: The projection of the electron spin in an external magnetic field takes one of two

values.

The quantum numbers for multi-electron atoms are written with capital letters. The interaction of
the outer electron’s spin S with its orbital momentum L is called spin-orbit coupling and leads to
the fine structure splitting of the excited state. The fine structure can be experimentally observed

by the splitting of the spectral lines of an atom due to the spin-orbit coupling.

If we want to be scientifically precise we have to talk about the angular momentum states as prob-
ability distributions (more about this can be read in [30]). Luckily for us, there is an easier way to
understand and picture the coupling of angular momenta and this is their representation as vectors,

where the total angular momentum equals to:

J=L+8, (1.10)

with its magnitude being:

J|=+/JJ+1)h, |L-S|<J<L+S, J.=msh, my=JJ—1.—J, (L1I)

where J is the total angular momentum, L is the orbital angular momentum and S is the internal
angular momentum (spin). In Quantum Mechanics it is impossible to know the exact direction
in space of the angular momentum. The maximal information we can have is one projection of the
electron’s angular momentum on an axis; we call that axis the quantization axis [30]. Traditionally

it is chosen along z and we denote the projection on it as J,.

An energy level of an atom can now be described by its own term symbol which describes all the

quantum numbers and is given by:
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n?*1L;. (1.12)

A small, but important, note: If the spin-orbit coupling is weak, we can make the assumption that the
orbital angular momenta of the individual electrons can add to the total orbital angular momentum
L. This case is called LS-coupling and is not valid for heavier elements where the J-J coupling ap-
proximation is used. J-J coupling becomes a better approximation as the electrons become more

relativistic.

1.2.2 Hyperfine structure

We have known for more than 100 years, that an atom consists not only of electrons, but also a
nucleus —and you can rest assured that the nucleus affects the spectral lines as well. There is an
even smaller splitting than the fine structure occurring due to the interaction of the nuclear angular
momentum (nuclear spin) I and the electronic angular momentum J: their coupling leads to the total

angular momentum F', which can also be depicted in a vector form with:

F=J+1I. (1.13)

If the nuclear spin is smaller than or equal to the electron angular momentum, then the number of
possible values of F' is 21 + 1. If the nuclear spin is larger then the angular momentum, the number
of possible values of F is 2.J + 1 [30].

In this thesis we used three types of alkali atoms: 3’Rb, 8Rb and !33Cs. As an example, the 8"Rb

ground state can be written as:

5251/2 (1.14)

We know that 8”Rb has nuclear spin I = 3/2 and hence it splits into two F' hyperfine energy levels:
F=1and F =2.

It is important to note that there is another shift happening that we have not talked about so far that
is, however, a QED effect. The fine structure does not predict different energies between states with
the same J, but such a difference was experimentally seen in the Hydrogen atom [31]. The Lamb
shift is what causes this split and is an effect arising from the quantization of the electromagnetic
field: In addition to interacting with the proton the electron interacts with vacuum fluctuations. As
a result, distribution of the electron’s position gets blurred over some particular scale, meaning the
electron gets slightly pushed away from the nucleus, lowering their interaction energy. As a result
electrons closer or further from the nucleus will experience energy shifts from this effect differently

and hence the difference between s and p.
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F1GURE 1.4: Illustration of the energy-levels shift due to the different quantum numbers: each
line represents a specific energy. Each column shows the energy levels explained by models and
corrections of them: Bohr introduced the n principal quantum number. Dirac predicted the electron
spin; when applied to the hydrogen atom, Dirac’s equation contained a potential energy term L - .S,
resulting to the fine structure energy shift. The Lamb shift accounts for a small “push” of the
electrons position away from the nucleus and is related to quantum field theory. The Hyperfine-
structure energy difference is arising from the interaction between I and J. Finally, an external
magnetic field will shift the F' states (Zeeman effect).
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1.3 Atoms in a magnetic field

1.3.1 Zeeman effect

The next step in our understanding of light-atom interactions would be to look at how an external
magnetic field affects the energy states of an atom inside of it.{8. This step would conclude our

picture of how the energy levels of an atom shift due to different quantum numbers, see Figure 1.4.

In 1896 Zeeman noticed that the spectral lines of atoms are split when the atoms are placed inside a
static magnetic field [27]. The (potential) energy AE that an atom gets from an external magnetic
field B = BZ is given by [30]:

AE=—p-B. (1.15)

Let us for simplicity assume that S = 0; then the total angular momentum J coincides with the

orbital angular momentum L [30].

There are a few magnetic moments associated with angular momentums, for example @z, with the or-
bital angular momentum, pg with the spin angular momentum, py with the total magnetic moment

J and the pp related to the total angular momentum F'.

Let us calculate this acquired energy shift: For the equation v = e/(2m.c) = pp/h and from equation

1.5 we get that the magnetic moment associated with L is:

n=7L=-2L, (1.16)
where v is the gyromagnetic ratio and pp is the Bohr magneton.
If the magnetic field is along z, knowing that
L,=mph, (1.17)
and rewriting (ur), as —pupmy, the energy shift is:
AE,,, = —(pr):B = ppBmp,, (1.18)

Eventually we want of course to know the energy splitting of the magnetic sublevels, so for the above

case the energy difference between the initial ¢ and final f state is given by:

I} Atomic states are also split when the atom is under the influence of a static electric field. The system then behaves as
if it has an electric dipole moment that can orient itself to the field. This is called the Stark effect. It can and does to
some extend affect our experiments due to our CW lasers, but not as much as the Zeeman effect
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AE! — AE' = ugB(m} —mb). (1.19)

Other examples include the magnetic energy shift of a magnetic sublevel m; for a fine-structure
state, that would now be [30]:

AE,, =—(uy).- B, (1.20)

and for a hyperfine-structure state the Zeeman shift would be:

AE,, = —(ur). - B. (1.21)

How do we measure this energy shift? As we will see in Section 2.3 there are rules that determine
which sublevels couple by electric-dipole transitions, called selection rules. To reveal a small teaser

on what the selection rules for the magnetic quantum numbers are:

Amp =ml —ml =0,+1, (1.22)

which give three (3) possible values for the energy split. This effect is the normal Zeeman effect.

Remember that we assumed the spin to be zero, so this effect can be described and predicted by
non-relativistic quantum mechanics— hence the name normal in contrast to the anomalous Zeeman
effect that takes the spin into account. Section 5.1 will provide a more detailed look into the Zeeman
effect as well as the nonlinear Zeeman (NLZ) effect that appears for higher magnetic fields and is

significant for Earth-field magnetometry.

1.4 Polarized Atoms

So far we have described the atomic states of a single atom. In the lab, however, we use an ensemble of
atoms: one of our cells contains, in room temperature, about 10' atoms per cm?. If now we want to
model such an ensemble using wave functions we would have to know the wave function of each atom
and add them up, since every atom is described by a different wave function (assuming the atoms
are not all in the same state). This is not only impossible computationally, but most importantly,
we have no way of measuring experimentally each wave function [30]. In our context we call such a
sample unpolarized, meaning there is equal probability to find an atom in any Zeeman sublevel. In
contrast to that, an unequal distribution of different Zeeman levels is called polarization. A sample
can have different degrees of polarization, but a sample with all its atoms having the same internal

quantum state would be in a pure state or else would be fully polarized.
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FIGURE 1.5: Spin states in a fully polarized (left) and unpolarized ensemble (right).

1.4.1 Density Matrix

To be able to describe an unpolarized sample we need to generalize the wave function. We introduce

a new operator called the density operator represents an average over the wave functions [30|:

N
p=y Ll ol (1.23)

where N is the number of atoms and ; the atomic wave function of an atom 7. The matrix elements

n, m of the density operator form the density matrix:

punn = (ml pln) . (1.24)

The density matrix describes both the polarized and unpolarized ensembles as well as the partially
polarized which, unsurprisingly, is also the real case for our experiments. We get the expectation
value of an observable A by calculating the expectation value: < A >= Tr(pA). The density matrix
satisfies also the conditions: Tr(p) = 1 and p = pf.

Two extremely important properties arise from the density matrix: coherences and populations. The
diagonal elements of a matrix represent the probability of populations found in specific sublevels. As
population of a state we define the probability of finding an atom in that state. The off-diagonal
elements are called coherences which means they represent superpositions between the basis states

of the density matrixt1},

{Ip quantum superposition of states happens when a system is in all of these states at the same time, meaning the sum
of these states is a state of its own [32]
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The properties of the density matrix can help us identify the state of polarization of our ensemble
of atoms: If it is unpolarized— and considering for simplicity the two spin states —there is equal
probability to find an atom in any of the two states, up or down. That would translate in "density-
matrix" terms as both diagonal elements being equal to 1/2. The off-diagonal elements would be

zero since there is no connection between the states; the phase between them is random{!} [30]:

12 0
Prn = [ . 1/2] . (1.25)

Note that the basis of the density matrix is the one that determines whether the coherences are zero
or not zero (while populations are left unchanged). In Chapter 5 we will get back to that property

which is the key to some of our experiments.
Two-level system

At this point it is useful to introduce the two-level system: “Consider a physical system having two
states whose energies are close together and very different from those of all other states of the system.
Assume that we want to evaluate the effect of an external perturbation (or of internal interactions
previously neglected) on these two states. When the intensity of the perturbation is sufficiently
weak, it can be shown that its effect on the two states can be calculated, to a first approximation,
by ignoring all the other energy levels of the system. All the calculations can then be performed
in a two-dimensional subspace of the state space” [33]. In short, a two-level system consists of two
(2) discrete energy states—usually called the ground and the excited state— separated by a certain
energy /frequency gap wp. Two parameters that are important here are the detuning A = w — wy
and the Rabi frequency Qg which describes the strength of the atom-field coupling (See Section
2.3.1). It is a useful and simple model for understanding and studying important phenomena that
are characteristic of quantum mechanical systems. We will later see examples of two-level systems

relevant for this thesis.

1.4.2 Liouville equation

The systems we study are evolving in time either due to internal (atoms move and collide, internal
structure) or external interactions (electric or magnetic fields, initial conditions). The rate of change
of the density matrix is often described by a first order differential equation called the Liouville

equation [34]:

(0/0t)p = (1/ih)[A, p] + L(p) - (1.26)

The term (1/ih)[77, p] is following from the time-dependent Schrédinger equation. The term L(p)
represents the interactions between our system and the environment. These interactions are the

relaxation and the pumping mechanism.

a1 Population represent a real physical property so the diagonal elements have to be positive or zero
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FI1GURE 1.6: Illustration of a two-level system.

Relaxation— coming to equilibrium with the surroundings —can happen when the system gets de-
polarized when atoms collide with the walls or with each other, due to field gradients, and local
field-differences. We will get back to that in Chapter 3. As far as pumping is concerned, it is the
process by which one polarizes or depolarizes a system and we will talk about it in more detail in
Chapter 2.

1.4.3 Angular momentum probability surface

It is notoriously hard to visualize quantum mechanics. To put it in Heisenberg’s words: “Quantum
theory provides us with a striking illustration of the fact that we can fully understand a connection
though we can only speak of it in images and parables.” I dare to say that images are usually not
included in our understanding of quantum mechanics (QM). The visualization often reduces the
scientific accuracy and researchers try to avoid it all-together, but, on the other hand, it also helps

simplifying and understanding difficult concepts.

Luckily for us, there is a precise technique to visualize angular quantum polarization states of a
density matrix, called angular momentum probabilities. For that, we calculate the probability
of finding a magnetic sublevel along the quantization axis. If we want to find this probability along
another axis we have to rotate the total angular momentum state. If we now plot this probability as
a function of the direction of the quantization axis we get the angular momentum probability

surface, as is illustrated in Figure 1.7 below (the illustration is based on the computated probability
in [30]).

We can see directly from the plot what the rotational symmetry properties of the density matrix
are. For example, in this case, the only preferred direction is along the quantization axis z. The only
direction we can measure the maximal component of the angular momentum is —z with a probability

equal to 1. The symmetry axis might change, but not the symmetry of the surface around that axis.
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F1GURE 1.7: Illustrated angular-momentum probability surface of the density matrix p. The prob-

ability to measure the maximal component of the angular momentum along —z is one (1).

The symmetry arising from these visualizations plays an important role— as we will see in Chapter 2

and 5 —in our experiments.

1.4.4 Quantum beats

Coherences between quantum states are represented by the off-diagonal elements of the density mat-
rix and can be understood as quantum superposition between the basis states. In our case, it is often
useful to work with coherences and hence we choose our quantization axis to be along the magnetic
field. Of course this is a matter of convention, so it should not make a difference in the experiment
what axis we choose. Interestingly though, if the quantization axis is chosen to be along the magnetic
field, there is no change in the populations: what is oscillating then, is the coherence between two
states. So why do we bother with the more complicated idea of coherences? At this point it is useful

to introduce into the discussion the idea of quantum beats.

Quantum beats is the general term used to describe the time evolution of a coherent superposition
of non-degenerate energy eigenstates at a frequency determined by their energy splittings [35], for

example, the splittings happening in the NLZ effect (see Section 3.4.1).

This phenomenon happens if, for example, we have a pump that stretches atoms along y and a
leading magnetic field along z that causes NLZ splitting. We apply a probe beam also polarized
along y that drives an oscillation modulated at the difference of the frequencies between the magnetic
sublevels: it is modulated at different beats. If we choose the quantization axis along the leading field
(z direction) we will have coherences oscillating between the Zeeman sublevels which are, in this case,
the energy eigenstatest!t. What this practically means is that, when we drive a resonance between
two states, this resonance has a clear oscillating frequency, which we can simply imagine as a rotating

polarization surface whose rotation we detect as our signal.

I} Along the quantization axis the angular momentum eigenstates are also the energy eigenstates
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Using the language of superposition between different energy eigenstates (here, different mp states
along the magnetic field), helps to work with coherences which will oscillate at a single frequency and

that makes it is easier for us to count the number of oscillations produced by the NLZ effect.
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("Ich" = I, "denke" = think, "ist" = is, "etwas" = something)

Max Bense, Cartesian concrete, 1966

Nonlinear light-atom interactions

So far, we talked about atoms, their energy levels, how these shift with magnetic fields and how we
can describe an ensemble of many atoms. We also defined and visualized atomic polarization, but did
not explain how it could be achieved. We surely can make an educated guess: We know that magnetic
and electric fields influence atoms in a plethora of ways and we know that light is an electromagnetic
wave. It comes as no surprise therefore that we use light-atom interactions to manipulate atoms in a

way that suits our research goals.

In this Chapter we will discuss about nonlinear interactions, one of which is the mechanism called
optical pumping that allows us to polarize atoms, and other nonlinear interactions between light and
atoms that are key to the various effects studied throughout this thesis. Keep in mind that in this
Chapter we switched to the International System of Units (SI) due to the nomenclature commonly

used throughout the literature of nonlinear light-atom interactions.

2.1 Linear magneto-optical rotation

2.1.1 Faraday effect

In order to talk about nonlinear effects, it is intuitively helpful to first explain linear effects between
atoms and light. One of the pioneers in electromagnetism was Michael Faraday. He studied a
great amount of phenomena around electromagnetism and electrochemistry, the magneto-optical

Faraday effect being one of them.

19
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A magneto-optical effect is a phenomenon that appears when an electromagnetic wave (in our case
light) propagates through a medium (in our case atoms) whose properties have been altered by an

external magnetic field.

The Faraday effect is one of the most well known linear magneto-optical effects. It occurs when
linearly polarized light that is transmitted through a medium undergoes rotation of its polarization
plane, while a magnetic field is applied along the direction of propagation. Polarization} is a
property of light’s wave nature that describes the orientation of the oscillations in space. In linear
polarization, the electric- and magnetic-field vectors are oscillating in a specific plane along the
direction of propagation. The angle of rotation ¢ is proportional to the strength of the magnetic field

B, the length of the sample [ and the properties of the medium [36]:

l
b= V/O Bdl = VIB, (2.1)

where V' is wavelength, medium and temperature dependent [37|. Figure 2.1 visualizes the Faraday
effect. If the magnetic field is perpendicular to the light’s direction the effect is called Voigt effect
in a gas and Cotton-Mouton effect in liquids [38].

E/

FIGURE 2.1: Linearly polarized light with electric field E enters the cell from the left. Its polariz-
ation plane rotates after it propagates through the medium with length [, that is inside a magnetic
field along the light’s propagation direction. The polarization of the field E’ is now rotated by an

angle ¢.

What causes the Faraday effect is the difference of complex refractive indices of the polarization
eigenmodes I} that light can be decomposed into. For example, two polarization eigenmodes of
light can be left (07) and right (o) circularly polarized waves |38]. If the refractive index of these

two eigenmodes is different, then they also propagate with different velocities through the medium;

{IINot to be confused with atomic polarization

iy general decomposing a field into eigenmodes is a well established technique in physics. As an example, electron
orbits are eigenmodes of the energy, angular momentum, and spin operators [39]. Polarization eigenmodes, in particular,
is a state of light that during its propagation through a medium can experience other changes, but its polarization is always
invariant.
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this phase difference leads to the rotation of the polarization plane. Polarization of light plays a great

role in our systems and we will talk about it in more detail in Section 2.4.1.

2.1.2 Macaluso-Corbino effect

Macaluso and Corbino studied the Faraday effect around the turn of the 19th century. They dis-
covered that the Faraday effect had a distinct resonant character close to the resonance of absorption
lines!l'. That means that a strangely large Faraday rotation is observed when the frequency of
the transmitted light is close to that of two energy states of the atoms in our medium. The main

mechanism of the linear Macaluso-Corbino effect is illustrated in Figure 2.2:

F=1

Q.

= -1 m=0 m=+1

FIGURE 2.2: Illustration of the Macaluso-Corbino effect.

When linear light— which consists of the two circular components o+ and o~ — interacts with a two-
level system in zero field, the resonant frequency for the two components is the same. When we
apply a magnetic field however, the ground-state-sublevels’ degeneracy is lifted and now there is a
difference of §2;, between the sublevels. The difference between the two refractive indices, associated
to the polarization, as we will see next, gives a difference in the phase velocities of the two components
which is responsible for the rotation of the plane of polarization of the light and gives a characteristic

spectral shape, [40], see Figure 2.3.

The Maculuso-Corbino effect is not linear in the magnetic field when the splitting of the Zeeman
sublevels becomes comparable to the spectral width of the absorption line, in this case: when €,

h I'. We will discuss later in more detail about spectral widths.

{1 An atom can absorb photons with energies equal to the difference between two energy states; this energy difference we
call absorption line.
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F1GURE 2.3: TIllustration of the characteristic spectral shape of Malacuso Corbino effect and its
width.

2.2 Nonlinear optical effects

A nonlinear light-atom interaction is an interaction between a medium and light in which the
behaviour of the medium (its induced polarization P) depends non-linearly to the electric field F
of the light. We will next investigate how to relate the microscopic theory for a single atom to the

macroscopic observations that we make in the lab by using large ensembles of atoms [41].

2.2.1 Classical formalism — macroscopic

In a medium we can not only talk about one atom, so when we mention polarization P of a medium
with N atoms this equals to the dielectric polarization density or electric dipole moment per unit
volume (P=Np) i.e. the redistribution of charges polarizes the medium. In a material that is dielec-
trict!} the two charges in it (nucleus and electrons) can get displaced by applying an electric field
E [42].

This creates an electric dipole moment with the electric displacement field —for the whole material—
defined as:

D=¢E+P, (2.2)

where ¢ is a constant that represents the ease by which electric field lines are formed in vacuum. If

our medium is lineart!}, homogeneouS{HI}, nondispersivel™V} and isotropic{V} then:

P = coxE, (2.3)

{I'Material that can be polarized by an electric field.
p «E
(U properties are independent of the position in space.
{IV}Speed of a wave does not depend on frequency of wave.
v} Properties are independent of the direction in space.
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where x is the constant of proportionality called electric susceptibility of the medium. That
is, if the assumptions me made about the behaviour of the medium hold true. If the medium is

anisotropic— changes properties based on the direction 7 — then the susceptibility x is a tensor.

%

)

FIGURE 2.4: A simple illustration depicting the polarization of an atom without a field (a) and the
induced polarization p of an atom when an electric field is applied (b): the minus stands for the
electrons and the plus for the nucleus.

As the electric field E(t) becomes stronger the polarization becomes bigger as well. However, after
the applied field becomes too large or when its frequency is close to a resonance, it starts to be
comparable to the the intra-atomic electric field of the medium [42]. When this happens the electron
cannot follow the oscillation of the electric field £ anymore and it responds in an unharmonic way
[43]. The medium’s properties change and its behaviour (susceptibility) is no longer linear, but
depends on the applied light field [44]. We can describe this nonlinearity by a Taylor series expansion
in the electric field:

P=¢Y X"ME"=eVE+xPE? +xOE + ], (2.4)

n=1

where the expansion coefficients correspond to the (™ nth order nonlinear susceptibility, a n + 1

rank tensor.

The X(l) processes are linear processes. The X(z) processes and above are nonlinear, but there is

(27) processes are not existing in centrosymmetric media, where

(2n)
ijk

another important distinction here: x

(2n) processes require that the sign of y

all directions are equivalent, because y changes when
the axis reverses to -i-j-k. Homogeneous gases, such as our atomic gases, fall into this category.
Hence, in our experiments we work with 3rd order nonlinear processes such as the nonlinear magneto-
optical rotation. This approach is useful for understanding the beginning of a given effect with
increasing light power and works well when we deal with nonresonant light. However, when we have

resonant laser excitation it makes no sense to distinguish between different perturbative orders once
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the transition is saturated, since the Series 2.4 is non-converging and all orders of the expansion are
coupled [40].

The electric displacement D can now be rewritten as:

D =¢E + P = ¢E + ¢xE = ¢,¢E, (2.5)

where the relative permittivity ¢, = 1 + x and the refractive index is equal to:

n= el = Ve = VITX, (2.6)

if we ignore magnetic effects. The refractive index has an imaginary and a real part which are asso-
ciated to two physical properties [45]: The imaginary part describes the absorption of the photons
(scattering in all/random directions) and the real part describes the dispersion of the light (its speed
propagation). The susceptibility{l} is related to the refractive index through the above formula and,
as a result, we can infer the absorptive and dispersive properties of the medium by knowing the

susceptibility of a medium.

2.2.2 Quantum mechanical formalism — from microscopic to macroscopic

For an atom in an electric field E(t)ég, with é being the unit vector along the light-polarization

direction and amplitude Ejy, the Hamiltonian is given by

H = —dépEy, (2.7)

where d is the electric-dipole operator that is written for a charge q as

d=gr, (2.8)

where r is position vector from the charge to a point around it and whose matrix elements are
important for the light-atom interactions and atomic transitions. In our case, ¢ is equal to —e (the

electron-charge magnitude) and r is the position of the electron with respect to the nucleus.

The expectation value of the dipole operator is (d) = Tr(pd) (see 1.4.1) and the polarization P of a

medium with atomic density n (number of atoms per unit volume of that material) is:

P=nTrp(E)d = ég Z dgepeg + c.C., (2.9)

g7e

and

UThe susceptibility is frequency dependant and this dependence is related to the dispersion properties of the material
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dge = (e[ d]g) , (2.10)

where d is the electric dipole moment operator, dg. is the dipole matrix element related to a transition
from the ground state |g) to the excited state (e|, p(E) is the light-dependent density matrix, pge
refers to the the optical coherence, Ej is the amplitude of the applied electric field, and ég is the unit
vector [38].

We have talked about electric dipoles so far, but other kinds of multipole moments may be created,
such as magnetic dipoles and electric quadrupoles. In order to distinguish between linear and non-
linear effects, we looked at how the properties of our medium P change with the electric light field F.
In order to create a more systematic way of classifying these effects and including all types of atomic
polarization we solve the density matrix with the pertubative approach [30]. We expand the density

matrix p(E) in a power series:

o(E) =3 "B (2.11)
0

the term p(® describes the density matrix in the absence of light. The terms p(!) and p® are
associated with optical effects that are linear and hence are called linear processes. All higher-
ranking terms are called nonlinear processes. The p(?) order of perturbation is responsible, amongst
other effects, for the quantum beats. Due to p(2) the density matrix is quadratic in the electric field,
but the optical coherences within the ground and exited states through this order are linear in the
electric field. The optical properties of the ensemble are determined by these coherences and so we
consider the effects of this term to be linear. In general, p™ with n odd describe optical coherences,
for example p(l) could describe linear absorption. Optical coherences are coherences between the
opposite-parity lower and upper states of the optical transition{!} - see next Section 2.3.1. A p(™
with even n describes density matrix elements with the same parity. More about it can be read

in [30] Chapter 10: Light-atom interaction observed in transmitted light.

This approach is useful if we want to understand the nonlinear optical phenomena, but it is not
applicable in every case. If we have light strong enough to saturate a transition (see Section 2.4.2)
or resonant light, then we need to solve the Liouville equation 1.4.2 which would make our solution
more precise, but computationally and conceptually harder [38]. Keep in mind that the phenomena
and effects that are going to be studied in this thesis are often complicated as they are a combination

of processes of different p orders.

{If the orbital angular momentum is L, then the parity of the energy level is (=) for single-electron atoms.
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2.3 Atomic transitions

2.3.1 Rabi frequency

We saw in Chapter 1 that the density matrix describes both polarized and unpolarized ensembles
and two important properties arising from it are populations and coherences. In this Chapter we go
back to the microscopic level in order to describe some important mechanisms of light interacting
with an atom and more specific with a two-level system. The populations and coherences of the
energy states of an atom can change through light-atom interactions and these changes are described
by atomic transitions. In atomic physics generally, as well as our experiments in particular, we care
immensely about the evolution of an atomic system under the action of a periodic perturbation. For
us this plays a huge role, since we study light-atom interactions, which means we couple a two-level

system with an optical field— an oscillating field.

l +)or ’:‘2—>or’ 1‘>

AE=h ),

: [>or k2ol

FIGURE 2.5: A two-level spin-1/2 system.

To be able to study such a system and define some important concepts we will consider the simplest
case of a spin—1/2 system. This two-level system has two energy levels (two independent quantum
states): spin projection 1/2 and spin projection —1/2. We now put this system inside a static
magnetic field BpZ. Now this system has a lower state and an upper state that correspond to the two
angular-momentum projections on z. The energy difference between the lower state and the upper

state corresponds to an energy interval of:

AE = hQd, = gupBy . (2.12)

We consider next a weak oscillating magnetic field with frequency w transverse to the leading field
By that we will call By and want to see how the state of this system will change with time. The trick
to remove the time-dependence is to make a frame rotation to a frame where Bj is stationary along
y (or z). In the rotating frame the time evolution of the spin state is just Larmor precession around
the effective field along 2 [30].
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In the resonant case, where B; rotates at the Larmor frequency €1, we practically don’t care about
the leading field By and the system’s evolution is just Larmor precession around By. If w # Qp, (and

assuming By = Bj{) then we have Larmor precession around:

hw
(Bo — > 24+ B9, (2.13)
guB
where (By — g%) is the effective field along z. Let us go back to the resonant case again, where the

spin state just rotates around y. At time ¢, we define the Rabi frequency as the frequency of Larmor

precession in the field Bj:
Qr =guB1/h, (2.14)

If we apply the rotation matrix to our system’s wavefunction ¥ (t = 0) = L] we get:

_ |cos(3) —sin(2)] [o | —sinQgt/2
vie) = l ' 3 ] L] B [cosQRt/Z] ’ (2:15)

where the rotation angle around ¢ is f = Qgt. The probability to find the spin in the 1/2 state is:

1 — cosQRt
Py = — 5 (2.16)
and in the -1/2 state:
1+ cosQipt
Poapp=—"7—"" (2.17)

These probabilities are oscillating as a function of time with a period equal to the inverse of the Rabi

frequency.

We can generalize this problem for any two-level system under the influence of a periodic perturba-
tion. In the case that interests us, where light couples to a two-level system, the Rabi frequency is

Qr = dEy/h, where FE is the electric field and d is the electric-dipole matrix element.

2.3.2 Stimulated emission

Rabi oscillations cause the system’s population to transition periodically between the two states. The
atoms will be in the energetically lower state initially, but the Rabi oscillations will cause them to
periodically go to the excited state, gradually increasing the probability of the system being found in
the excited state. This happens through the mechanism of absorption: the system absorbs the energy
of a photon and undergoes a transition from a lower energy state to a higher energy state. Under

Rabi oscillations, the probability of the quantum system being in the excited state gets increased
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FIGURE 2.6: The probability of finding the spin in the 1/2 or -1/2 state oscillates with time.

and absorption occurs less and less with time. There are two important processes that can happen

next: spontaneous emission and stimulated emission.

_. \:: \“
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FIGURE 2.7: Absorption, spontaneous and stimulated emission from left to right.

Spontaneous emission is an important relaxation mechanism in which an atom goes from a higher
energy state to a lower energy state, and in this process it emits a photon that corresponds to the
difference of the two energy levels. For this to happen there is no external light-field required, but the
excited states are unstable and tend to decay to lower energy states with a certain decay ratell}. The
time it takes for an excited atom to go from the excited to the ground state is an intrinsic physical

property related to Heisenberg’s energy-time uncertainty and is called the lifetime 7 of the transition.

W Excited states with a longer lifetime are called metastable
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This results always in broadening of a spectral line that we call natural linewidth of a transition

Iy  1/7 and it is not related to other sources of broadening like collisions or the Doppler effect.

In the process of stimulated emission, same as in spontaneous emission, an atom goes from a higher
energy state to a lower energy state, but this time this effect is “stimulated” by an electromagnetic
field with a frequency that matches the energy difference between the excited state and a lower
energy state. If our system is in the Rabi cycle in the upper state (not taking into account stimulated
emission) then it will emit photons from the upper (excited) state to the (lower) ground state in the
same direction and with the same phase as the field through the process of stimulated emission. The
resulting light is coherent}. Lasers are the prime example of light coherence, which is one of the

properties responsible for their unique properties.

2.3.3 Optical Bloch equations

Section 1.4.2 introduced the Liouville equation as the rate of change of the density matrix. The full
equation of motion for the density matrix, including the Hamiltonian part due to the interaction

with the external field and the spontaneous emission, is [41]:

(8/0t)p = (1/ih)[A, p] + _FF”””" g”’""]. (2.18)
3 Pnm Fpnn

Keep in mind that the diagonal elements of the density matrix p correspond to populations and the
non-diagonal to coherences of the corresponding levels. The diagonal elements of the last term show
the time evolution of the populations with a decay rate I' and the non-diagonal elements show the
effect of the spontaneous emission on the coherences. We can view n as the ground state and m and

the excited state in a two-level system.

The above matrix equation can be written in the form of four (4) differential equations known as
the optical Bloch equations. The equations describe the time evolution of the populations and
coherences in a two-level system. In addition to these equations, the elements of the density matrix
must obey two other constraints: the sum of the populations must be equal to one (1), and the off-
diagonal matrix elements must be complex conjugates [41]. These conditions can be written as three

(3) independent components {u, v, w} of a vector called the Bloch vector and are proportional to:
u: the in-phase component of the atomic dipole moment,

v: the quadrature component of the atomic dipole moment,

w: the populations of the ground and excited states.

The reason we use this geometrical language is, once again, for visual comprehension: The three (3)
vector components of the Bloch vector are used as three dimensional coordinate system that defines a

sphere called the Bloch sphere. The Bloch sphere is a tool that allows us to see the evolution of the

I The phase relationship between different parts of the wave remains constant over time and space i.e. the wave has a
well-defined and stable phase
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FIGURE 2.8: An illustration of the Bloch sphere.

system as a trajectory and represent a state with a vector from the origin to a point on that sphere.
The radius of the Bloch sphere has a length of one (1)— if we don’t consider spontaneous emission [41].
The diametrically opposite points of the north and south pole of the sphere correspond to the ground
and excited states of our system (w axis). Whenever the vector rests on the equator of the Bloch
sphere that corresponds to an equal superposition of the ground and excited state (50-50 probability

for the system to be observed on either the ground or excited state).

2.4 Optical pumping

You might have noticed by now that we still have not introduced how one polarizes an atom and what

happens with an ensemble of an enormous amount of atoms when light gets transmitted though it.

Pumping is a crucial nonlinear light-atom interaction [30] that allows us to manipulate atomic pop-
ulations and coherences and create what is the basis for a huge range of applications and studies:
magnetization of an ensemble. Through resonant excitation we can polarize enough atoms in an

ensemble to create polarization that manifests as (macroscopic) magnetization.

2.4.1 Selection rules

As everything in Quantum Mechanics, the possible transitions of a system from one state to another
are constrained, in this case by the angular-momentum selection rules. Light interacts with atoms
that are in states called bright states by transferring to these atoms part of the angular momentum
carried by the light beam [45]. The states that don’t interact with the light are called dark states.

Different states have different absorption rates based on the selection rules.

From the Equation 2.6 we know that the Rabi frequency of a driven transition is proportional to

the electric-dipole operator d and the latter is, in turn, proportional to the matrix element of the
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position vector r of the electron. Therefore, the probability of an electric-dipole transition to be
induced depends on the dipole moment of the transition, the amplitude of the electric field and the

direction of the light field relative to the atomic dipole moment [30].

For the purposes of this thesis we will not go into the formalism of how to derive the selection
rules or calculate the strength of the transitions. To establish these rules, one must study the non-
diagonal matrix elements (n # n’) of the various atomic operators such as the electric and magnetic
dipoles [33]. The selection rules have their origin in the Wigner-Eckart theorem which states
that the matrix elements of a vector operator are a product of two factors: the first are called the
reduced matrix elements and do not depend on the angular momentum projections m; the second
are called the Clebsch-Gordan coefficients, are orientation dependent and show which states are
coupled and with what probabilities. These coefficients will vanish, unless J +1 > J’ > .J — 1, where
J is the angular momentum of the given state. The above condition is the reason there is only one
(1) unit of angular momentum added to the system when coupling vector operators [46]. A thorough

quantitative approach can be found in the literature [47], [34].

The selection rules in an electric-dipole transition between initial and final states for a single-electron

atom are:

AS =0, (2.19a)

AL = +1, (2.19D)
AJ =0,+1, (2.19¢)
AF =0,+1, (2.19d)
Amy =0,=+1. (2.19)

Let us qualitatively explain these rules one by one:

e AJ =0,+1 is a strict rule that arises from angular momentum conservation. Since the photon

spin is one (1), the case AJ = 0 is not allowed for single-photon transitions.

e AS = 0 obeys the rule that the electron spin in an optical transition remains constant, meaning

that the spin wave function is preserved— that case is true only for LS coupling.

e AL = £1 The electric dipole operator does not depend on the spin component S. These matrix
elements (see 2.10) vanish unless AL = +£1.

e AF =0, =+1 is similar to the J rule when the interaction involves an atom with nonzero nuclear

spin I. As long as J is conserved in the system, the selection rule AJ = 0, &1 applies as well.

e So far, the rules were related to the magnitude of the angular momenta, but they also concern
their projections on the quantization axis which are related to the magnetic quantum numbers

m. The selection rules in this case depend on the polarization of the light. As a convention
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in QED, the polarization is defined with respect to the quantization axis: right-circular (left-
circular) polarization is a property of the light whose polarization vector rotates clockwise
(counter-clockwise) as we look from the source towards the light propagation [30]. Later we will
describe polarized light with respect to a fixed axis (the axis of our magnetic field, usually also
the quantization axis). We call light that is linearly polarized along this axis m-polarized and
light that rotates clockwise (counterclockwise) as viewed from source o polarized (o_) [48].
Polarized light can be decomposed into the above three polarizations. Now, photons that are
right-circularly polarized (left-circularly polarized) have a projection of angular momentum of

+1 (—1) on the quantization axis. The selection rules are {I}:
For o (right-polarized): Amj = +1 and for o_ (left-polarized): Amj; = —1

Keep in mind here that in optics when we talk about right and left-circular polarization we

usually define it in the opposite way to the above convention.

Besides the angular-momentum selection rules, there is another important rule related to parity.
Remember that in atoms odd parity is defined when (—1)X = —1 and the opposite is true for even
parity. The electric-dipole moment has odd parity, which means that the initial and final states must
have different parity in order for the matrix elements to not give a zero value. This means that
electric-dipole transitions between states with the same parity are forbidden. We call this the parity-
selection rule. In some of our experiments we are interested in magnetic-dipole transitions, because
these are the ones that occur. In this case, some of the angular-momentum selection rules stay
the same and some change. For example, regarding the parity-selection rule: the magnetic-dipole

transitions couple states with the same parity.

2.4.2 Saturation parameters

Another way to distinguish between linear and nonlinear effects is the decay rate of the ground
and excite states. Nonlinear effects start appearing when the light is resonant or strong compared
to a characteristic saturation intensity. If, with the increase of the light intensity, the properties
of the medium depend on the light, we talk about a nonlinear process. It is important to realize
that the degree of nonlinearity strongly depends on atomic saturation by the light field as well as
the relaxation rate of atomic polarization [40]. There is a gradual transition from the linear to the
nonlinear that happens when the rate by which we excite atoms gets larger than the rate by which

atoms spontaneously return to the ground state i.e the relaxation rate (see equation 1.26):

excitation rate
K= —— . (2.20)

relaxation rate
To be more exact: The saturation parameter is the ratio of the rates of coherent light-atom in-
teractions (responsible for Rabi oscillations) and incoherent relaxation processes (e.g., spontaneous

decay) [40].

' We talk about J for an atom with zero nuclear spin I. If I is nonzero then these rules are the same for the total angular
momentum F.
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For a two-level system in which the upper state decays back to the lower state, when the light is

resonant, the saturation parameter for the upper state is:

d*E?
Kl =55, 2.21
where d is the dipole moment and 7y the relaxation rate of the upper state, which would make
k1 = d?>EZ/h%yy the excitation rate. Remember from Section 2.3.1 that for a two-level system the

Rabi frequency is wg = dEp/2. That would make x1:

K1 o (“”*)2 (2.22)

We see that when k1 < 1 that means that the relaxation rate related to the spontaneous emission is
dominating and atoms are in the lower state. When «; > 1 the Rabi oscillation term dominates and

the average population of the upper and lower state is 50-50; that is the nonlinear regime.

There is another case we need to study that is when the upper state decays predominantly to states
other than the lower state of the transition. The light will keep exciting atoms to the upper state,
while the excited state relaxes to the other states eventually leading all the atoms to these non-
interacting states, called dark states. There are processes, such as collisions, that can redistribute

atoms between the ground states at a rate ~.

|3>. o 0

N>

FIGURE 2.9: An illustration of a dark state |3) that does neither absorb nor emit photons. This is
not a two-level system, but since it contains three levels it is called a three-level system. It interacts
with the ground state |1) only indirectly through ~. For more details see 3.3.3.

In this case the saturation parameter is:

_ d*E? _
h?y0y

(2.23)
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If v is smaller than ~y, which is the case sometimes in our experiments, then the denominator is small
and the fraction gets much bigger, which means that in this system we can have a nonlinear effect
with lower light intensities than in the case of k1. The decay rate of the upper state stays the same,
but the population gets now redistributed back to the bright state at a slow rate determining the

behaviour of the whole system.

If we have a dark state in the ground levels of our system we are in the case where the saturation
parameter ko is relevant. This is the case when for example one pumps with circularly polarized
light or if the right- and left-circularly polarized light have different transition frequencies due to an
external magnetic field. As we will see next, these cases are relevant for this thesis as our experiments

are operating under similar principles.

Optical pumping that creates ground-state population imbalance such as is the case in many atomic
magnetometers, creates also atomic polarization by definition. And any process that depends on
atomic polarization is a nonlinear process since atomic polarization changes the properties of a me-
dium. The saturation parameter ko describes the generation of this polarization and the nonlinear-

ities arising from it [30].

2.4.3 Mirrorless lasers

In this context, we can describe an effect that we will comprehensively discuss in Chapter 6 and
7 called degenerate mirrorless lasing. Both saturation parameters play a role in this effect.
The principal idea is that optical pumping redistributes the population among the ground-state
Zeeman sublevels — ko is the relevant saturation parameter here. At sufficiently high light powers,
as k1 reaches 1, the population is partially transferred to the excited state, which, in the case of an
F — F 4 1 transition may result in population inversions between certain sublevels of the ground
and excited states. This inversion may, under right circumstances, result in directional emission from

the sample.

In the case of degenerate mirrorless lasing, amplified spontaneous emission is produced along or op-
posite to the pump-beam direction, with polarization orthogonal to that of the pump. The pump
field interacts with the Zeeman-sublevels (mp) of a specific atomic transition and population inver-

sion is produced between certain magnetic sublevels.

Amplified Spontaneous Emission (ASE)

We already talked about spontaneous emission, a quantum process in which an atom in an excited
state spontaneously de-excites into a lower energy state by emitting a photon (the photon being
emitted into one of the modes of the vacuum). One could also understand this process as stimulated

emission by vacuum noise fluctuations.

Amplified spontaneous emission (ASE) is a phenomenon that occurs often in lasers and optical amp-
lifiers as a result of stimulated emission processes that amplify the spontaneous radiation field that

propagates in a medium with gain [49]. When the contribution from optical gain processes is greater
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than that of absorption and radiation that scatters away in a gain medium, we reach the threshold
for ASE.

In atomic gas systems, the spatial coherence and beam divergence of ASE are affected by the geo-
metry of the laser setup (the optically active part of the system) and the internal degrees of freedom
(atomic populations, coherences and spectral lineshape) allowing for higher ASE spacial coherence.
When one also assumes a pencil-like geometry for the pump laser (only a narrow cone of wavevectors
contributes to the ASE modes), large enough atomic density and after calculating the rate of radi-
ative transfer of the light field one can model the dynamics of an ASE field in a cold random atomic
gas, under the approximation that inter-atomic scattering plays little to no effect. For more details
read also [49].

We will delve experimentally into this fascinating topic in Chapters 6 and 7.
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I write these words in steel,

for anything not set in metal cannot be trusted.

Brandon Sanderson, The Well of Ascension

Atomic magnetometers

3.1 Simple model of an optical magnetometer

De‘{'ecfor
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F1GURE 3.1: Illustration of a basic setup of an atomic magnetometer.

This Chapter is all about atomic magnetometers: what they are, how they work, their types and
properties. After having discussed about the Rabi frequency, relaxation mechanisms, the time evolu-
tion of a two-level system, what optical pumping is and how nonlinear effects appear, we reached the
point in which we can illustrate the basics of an optical magnetometer or OPM (optically pumped

magnetometer).
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3.1.1 Atomic structure

Many optical magnetometers are based on alkali atoms. A typical structure of the ground state
S and the first excited states of such an atom- in this case 3’Rb —can be seen in Figure 3.2. The
transitions from S to the two excited states P/ and P3/, form a fine-structure doublet, and each of

these transitions additionally have hyperfine structure [50].

=3
P3, _F2
K
=1
F=0
D, F-2
Pi/z
= Fe1
F=2
St v
F=1

FIGURE 3.2: Transition structure of an alkali atom with nuclear spin I = 3/2 such as 2*Na, 41K or
8TRb [19].

We call the transitions between the magnetic (Zeeman) sublevels Amp, that belong to the same
hyperfine level F', Zeeman transitions. The energy difference between them corresponds to fre-
quencies in the radio-frequency range, while the hyperfine-structure transitions (AF = 0,+1) are in
the microwave range. The transitions from S to the two excited states Py /5 and P/ are optical and
are used for pumping [19]. This is why later we refer our laser lights as Dy and Do, where often D is

used for pumping and D» for probing.

Note here that, for some sublevels, the mp = —1 has a higher energy the mr = 1. Remember that
we calculate the Zeeman energy shift for the hyperfine F' states from: AFE,,, = grupBmp. The
Lande factors g1} for the two hyperfine components of the ground state S; /2 Play a role in these
energy shifts. Considering that F' = I £+ J and because the Lande factor depends on J and F,

when electronic angular momentum J points in the same direction as the total angular momentum

U ,ande factor is the g-factor for an electron
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F, g is positive, and when they are directed in opposite directions gr is negative. This creates this

asymmetry of the signs between various m g sublevels.

3.1.2 Vapor Cells

When we talk about atom-light interactions we know that we use lasers for the light-part of the
interaction (see more in Section 3.5.3). How do we use atoms? We have a piece of alkali-metal that
is placed inside a sealed glass cell, round or cylindrical. Inside the cell a small amount of the solid
alkali evaporates into the gas phase, so that the cell is filled with alkali-vapor. We need to polarize

the atoms/alkali-vapor which in turn should stay polarized for as long as possible.

In order to keep the atoms polarized for a longer time many cells use another gas called buffer gas
inside the cell to prevent the atoms from diffusing away from the pump beam and towards the walls.
Some cells have paraffin coating on the glass walls, so that, when the polarized atoms bounce at the
walls they don’t lose their polarization [51,52|. In the magnetometer experiments of this thesis we

used paraffin-coated cells.

FI1GURE 3.3: Vapor cell illustration: atoms are not to scale.

3.1.3 Pump

Let’s now present the basics of an optical magnetometer. We have alkali atoms in a two-level system
in a alkali vapor gas, as seen in Figure 3.4, with total angular momentum F' = 1/2 for the ground
state and F’ = 1/2 in the excited state. The ground state, according to the angular-momentum rules
1.11, has two mp sublevels 1/2 and —1/2. In Figure 3.4 in (D we see the system and its population

before we pump.

Next, we shine light to these atoms which is right-circularly or o polarized, according to our con-
vention. The pump light is propagating along x and its frequency is near-resonant to the I — F”
transition. When we apply the pump we drive Rabi oscillations, as detailed in Section 2.3.1. Based
on the selection rules 2.19e if we pump with o light, we can only pump between sublevels that differ
by +1. As a result, and as we see in ), we have a dark state in our Zeeman ground sublevels which
makes our system similar to the three-level system in Section 2.4.2 and so the saturation parameter
ko applies [40]. For now the magnetic field B is zero. We choose our quantization axis along the light

propagation x and we see that, because of the way we can pump, with time, the probability of an
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FIGURE 3.4: 1. Before pumping 2. Light depletes population at B=0 3. Optical detection when
B+# 0.

atom to be found in the state 1/2 is increasing since the 1/2 sublevel cannot interact with our light
due to the selection rules and hence its population cannot be excited to higher levels. This creates a

net angular momentum along x [19].

3.1.4 Probe

After we pumped, we suddenly add a uniform magnetic field B; and we reduce the intensity of the
light so that now the light beam pumps slowly. This is the case of @) in Figure 3.4 and now the
Zeeman sublevels are not degenerate anymore, due to B;. If we choose our quantization axis now
along z we get reminded of the concept of quantum beats. What seemed abstract in Section 1.4.4 is
now tangible; the states |[1/2), and |—1/2),, are now rotated to be written in the z coordinate system

as:

|1/2>x _ |_>z\j_§!+>z ’

|-1/2), = =0 =1+, (3.1b)

)

(3.1a)

N

with m, = 1/2 (m, = —1/2) undergoing an energy shift of AQ,/2 (—/Qr/2), in other words the
superposition of the mp states along the axis z of the magnetic field is oscillating at a frequency
Qr. The probability of finding the state in m, = 1/2 which is the state which can interact with the

light is also a sinusoidal function of Q. The light that reaches now the detector interacts with the
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medium in a sinusoidal manner as well, since it gets absorbed more when the light state has more

atoms. This change is what we detect and is what we call Larmor precession in a magnetic field
B.

We can find magnetometers in a variety of configurations, some quite different to the example we
described above. However, at its heart optical magnetometry remains the same: we induce a change
in the opto-magnetic properties of the ensemble through pumping, which we then detect through
a change in the light absorption or its polarization rotation corresponding to a Larmor-precession

frequency.

Optical detection

The moment comes now to talk about detection in optical magnetometers. It is useful, once again,
to start with the linear case of the Macaluso-Corbino effect as seen in Section 2.1.2, where linearly
polarized light, composed of oy and o_ interacts with an atom. The frequencies of o_ and o
between the ground sublevels and the excited state are the same if the system is in zero field. When
an external magnetic field is added, the ground-sublevels energy is shifted and o_ and o, now
interact differently with the excited state. To explain this better we need to get back to the complex

refractive index of the atomic medium 7 introduced in 2.2.2:

n=mn-+ik. (3.2)

In the above relationship, n is the real index of refraction, that has a dispersive behaviour as a func-
tion of the angular frequency of the light w and & is the imaginary part related to absorption. A
change in the refractive index would result in a change in absorption or dispersion of light passing
through the medium. Absorption can be detected through transmission of light, while dispersion
is related to optical rotation. The change in the behaviour we detect, has its cause to the added
magnetic field which creates birefringence I} and /or dichroism {1} the polarization compon-
ents o_ and o, interact now differently with the medium and, as a result, they have a different
refractive index n— and 74 whose difference creates the measured rotation. The rotation angle ¢ of

the polarization of the light, in an atomic sample of length [, is given by:

¢=5 Re(ny —n-). (3.3)

For one refractive index value, the curve we detect is close to Lorentzian as seen in Figure 3.5. Gener-
ally in magneto-optical effects, and without getting into details about the formalism, optical rotation
is, in the resonant case, dependent on the magnetic field in a way that resembles a dispersive Lorent-

zian. This is intuitively understood by considering that the relaxation of the atomic coherences in

D Refraction of light depends on its polarization
{1} Apsorption of light depends on its polarization
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time is an exponential decay and the Fourier transformation of an exponential decay is a Lorentzian

function. 1}
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FIGURE 3.5: Lorentzian shape of the refractive-index change of light due to the Macaluso-Corbino
effect.

The transitions driven by the light induce absorption with a Lorentzian shape and a phase shift with
a dispersive shape [30]. These curves have a characteristic width I", while the curve of the absorption
is an even function™} with maximum at zero (0) light-detuning from resonance 2A /T (or else has a
maximum on resonance). The curve of dispersion is an odd function{™} that crosses zero (0) at no

detuning/on-resonance.

N\ w

S Req;—Req_

FI1GURE 3.6: The real parts of the refractive indices are creating dispersive curves that are shifted
in frequency due to the external magnetic field. Their difference is proportional to the linear optical
rotation ¢ of the light passing through the medium.

I This is not a very accurate model, because the light beam interacts with the atoms in a finite time. However, to a first
approximation the shape is qualitatively similar to a dispersive Lorentzian.

U f(—z) = f(x)
U f(—2) = —f(2)
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We are in the linear case still, and here the optical rotation signal in a system with circular birefrin-
gence is a phase shift between o_ and o when linear light propagates through an atomic medium.
Based on Equation 3.3 , the angle is given by the difference between the dispersive (phase-shift)

curves as seen in Figure 3.6.

The above description helps understanding linear effects, but nonlinear effects make the system much
more sensitive to changes of the magnetic field. In linear effects we have shifts in the sublevels due
to a magnetic field, but nonlinear effects are related to the evolution of created atomic polarization
and Larmor precession. We will take a closer look at throughout the next Chapters, and especially
in Section 3.3.3.

3.1.5 Shielding

In order to place the atoms inside zero (0) field, one needs to find a way to zero the external magnetic
fields first. Sometimes, as is the case for many experiments in this thesis, we might want to work
on the Earth’s field (about 0.5 G) and not in zero field. One might think that this would solve our
shielding problem, but, alas, the lab has an unexpected amount of items that can produce magnetic
fields, from screwdrivers and waveplates to the moving elevator in the corridor above. Thankfully for
us, we can work inside a shield and control this way magnetic fields. One can roughly divide the way

to shield the atoms in two categories: active and passive shielding.

In active shielding, pairs of coils are used to cancel out the external fields. Biot—Savart’s law states
that constant electric current creates a magnetic field and hence by adding current through these

coils we create opposite magnetic fields to the ones we want to eventually cancel.

—>

Bo

Shield

FIGURE 3.7: Magnetic shield with high permeability.

In passive shielding, we take advantage of materials with high magnetic permeabilityt"} to reduce the
ambient magnetic noise. In our experiments we used four-layer magnetic shields from the company
Twinleaf made out of a nickel-iron alloy called mu metal. This material does not allow the magnetic

lines to pass through to its center where are cell is located, but rather it diverts the magnetic flux

I The magnetic permeability of a material is equal to the magnetic flux density B in a material created by a magnetic
field, divided by the magnetic field strength H of this field. We can consider it to be a measure of how much magnetic flux
can be concentrated inside a material.
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and the magnetic field lines are now inside the material. Figure 3.7 shows a representation of the

divergence of the path of the magnetic field lines due to a material with high permeability.

One might ask themselves why we use multiple thin layers for a better shielding effect and not
one very thick piece. Our shielding ratio T' (which needs to be as small as possible) would in that
case scale proportionally to the increase of thickness. For example, if we add a 3x thicker shield,
we get a shielding ratio of T'/3z. If, however, we add different layers/shells separated by air in
between, shielding becomes more efficient. By taking an approach for which the layers are magnetic
circuits, one can calculate that for separate shells, T' is proportional to the product of the thickness,
meaning that, if we add a 3z thicker shield, we get a shielding ratio of T//(2®). The shell shape
and the gap between the layers play a role as well. Adding to the fact that from time to time the
residual magnetization inside the shielding layers can be increased, it becomes quickly clear that

good magnetic shielding is not a trivial task.

3.1.6 Noise and Sensitivity

The concept of magnetic-field sensitivity is central to atomic magnetometry and it is often used to
qualitatively compare different types of magnetometers. The units of sensitivity are often T/ VvHz in
SI and it shows what the minimum detectable magnetic field is—i.e. a field that can be distinguished
from noise. This noise depends on the frequency bandwidth and this is why we need to normalize

sensitivity by dividing by frequency.

What we practically do in order to measure sensitivity is to measure the response of the magneto-
meter for some time t. Since the noise changes for different frequencies, we are interested in looking
at this response in the frequency domain, so we perform a Fourier transform (FFT). In order to
characterize noise, power spectral densities (PSD) are used instead of an FFT. To calculate a PSD
each frequency bin in an FFT is multiplied by its complex conjugate and this results in an amplitude
value (in our case B? normalized to the frequency bin width to get the units of 72/Hz. This way
our signal does not depend on bin width. To make comparisons easier we then take the root-mean-
square (RMS) of the T?/H z and we calculate the amplitude spectral density. This is how we report
the sensitivity in 7/v/Hz .

Another way to calculate sensitivity is by using the fundamental limits set by quantum mechanics.

There are two fundamentals limits: projection noise (PN) and photon shot noise (PSN).

Projection noise (PN)

Let us think of an atom that is polarized along a particular direction. From the uncertainty principle
we know that if we measure the angular-momentum projection on an orthogonal direction we get a

random result [18]. In this case, the sensitivity is:

0BpN (3.4)

Nt T’
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where t5 is the spin-coherence time related to transverse spin relaxation and N is the number of
atoms in the ensemble. This equation is derived from the fact that one atom has an uncertainty of
1rad in the Larmor precession angle for a measurement of time to. If we consider N times this atom

and repeating T times we reach the above formula.{1}

Photon shot noise (PSN)

The other limitation to sensitivity is the photon shot noise. This is related again to Heisenberg’s
uncertainty principle and the detection of light. When light is detected by a photodetector, the
number of photons arriving at any given time is random, and so the electrons produced by the

photodetector— and hence our signal— is also fluctuating in time. In this case, sensitivity scales as:

1

T (3.5)

0Bpgn

where ® is the probe-photon flux (photons/second).

From the above we can conclude that in order to improve the sensitivity of a magnetometer (to make
it smaller) we need to either improve the spin-relaxation time or increase the number of atoms that
participate in the interactions. The first can be done by, for example, using coating and the latter by

increasing the density inside the cell through higher temperatures.

3.1.7 Polarimetry
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FI1GURE 3.8: Balanced polarimetry setup.

There are several methods that we can use to detect optical rotation ¢. We will here introduce the

one used mostly in our experiments, since we detect at high-frequencies. This is called the balanced

A way to overcome this limit is through spin squeezing
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polarimetry technique which, as seen in Figure 3.8, consists of a polarizing beamsplitter which is
set at 45° to the probe’s polarization axis. This configurations splits the beam’s intensity Iy in two

parts with intensities 11 and I5:

I = Ipsin®(¢ — %) : (3.6a)

h::haw%¢——%% (3.6b)

where Iy = I + Is. The two intensities are equal, or in our case balanced, when ¢ = 0 (no rotation).

When the probe beam rotates, its optical rotation ¢ is given by:

I — I

¢:%h+bV

(3.7)
and is valid for a small angle ¢ << 1.

3.1.8 Spin relaxation
Spin-exchange collisions

In our efforts to reduce noise through heating, we come across a new obstacle: if we increase the
temperature too much, collisions between the atoms are dominating the spin-relaxation time. In
this case, the total spin is preserved, but the direction of the spin can change— see Figure 3.9. The
nuclear spin I is not affected, but the atoms might change hyperfine states and get redistributed
among other unobserved hyperfine Zeeman sublevels. The change in mp states results in a change in
the angle of the spin and hence its precession, leading to loss of atomic polarization in the ensemble

(decoherence).

FIGURE 3.9: Spin-exchange mechanism. Red spheres are atoms that collide and after the collision

precess in different directions as indicated by the purple arrows.
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Note here that the total angular momentum is conserved: the vector sum of the spins after the
collision should be the same as that before the collision. The spin-exchange collisions contribute to

to time and as a result can become important for a magnetometer’s sensitivity.

Magnetic—field gradients

Many projects that are included in this thesis have been conducted in a magnetic field of the order of
the Earth’s field. Earth-field magnetometry can be very useful, since it does not require heavy and
expensive shields or complicated instrumentation to cancel out magnetic fields. To test our theories
in a controlled environment we have used shields which can attenuate DC fields below nT and have a
sensitivity of few fT'/v/Hz . Unfortunately this is not the end of the story. Our cells are quite long,
with a radius of a few cm up to a length of 14 cm for the cylindrical cells. Since we zero the field at
a small area in the centre of the cell (and the shield), this means that the atoms experience different
magnetic fields along the cell. In a paraffin-coated cell the atoms average the magnetic field to a large
extent, but in cells with buffer gas the atoms diffuse slowly and the differences are much bigger. This

magnetic-field gradient along the cell is broadening our linewidths and reduces our sensitivity.

3.2 Polarization moments

It has become quite obvious so far that the polarization of an atom and its symmetry plays a crucial
role in atomic magnetometry and it can be useful to classify the symmetries that appear in a given
atomic state. To do that, we decompose the density matrix into components that have the sym-
metries of the spherical harmonics, because these symmetries help us describe the polarization in a
visual language. We therefore expand the density matrix over a set of irreducible tensor operators
T, with the rotational symmetries of the spherical harmonics. We call them polarization operators.

The density matrix p can now be written as:

2F K
p= Z Z prITr (3.8)

k=0g=—k

The polarization moments (PM) p*? are characterizing the anisotropy of a state with total angular
momentum F'. These are the coefficients in the expansion of the density matrix into the irreducible
tensor operators of rank xk = 0,...,2F and projection ¢ = k,...x [53]. The covariant coefficients py for

a state with total angular momentum F' in the |m), (m’| basis are given by:

F
:02 = Z (_1)F—m <F7 m, F7 _m/’HQ>pm’m y (39)

m,m/'=—F

where (...|...) indicate the Clebsch-Gordan coefficients [54].

The names we give to the polarization moments depending on their xk-rank sound familiar to a

conversant in physics: they are borrowed from the multipole moment expansion of a static electric
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field. As such, p® is monopole moment or population, p' is dipole moment or orientation, p? is

quadrupole moment or alignment etc.

N
R
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Polarization moments for F = 4

M

FIGURE 3.10: Polarization moments for a total angular momentum of F = 1. For spin § = 1
we have three (3) projections 0, 1, and -1 which results in a 3x3 density matrix. On the bottom
left are the nonphysical and on their right side are the physical density matrices representing the
PM’s [30]. Mathematically both are correct, however physically a diagonal with negative numbers
or all zero (0) has no meaning, since the diagonal elements represent the probabilities of finding the
the populations in a state. This is why we transform the density matrix to one where the diagonal
makes physically sense and this new density matrix might also consist of linear combinations of 77"
For each polarization moment the angular-momentum probability surface that corresponds to a
physical density matrix is illustrated. The values indicated by color are: the middle value of purple
is zero, dark purple are negative values and white and lighter purple correspond to positive values.
In the case of k = 2, for example, we see that k defines the type of polarization (alignment) and ¢

describes the axis of polarization. For x = 2 we have three (3) possible axes for ¢ > 0.

Let us give some examples to understand the properties of the PM. For k > 0 we describe an ensemble
that has any moment. The polarization moments pf (with ¢ = 0) represent a polarization along the
quantization axis{"} which corresponds only to populations and, accordingly, py With q# 0 describes
transverse polarization to the quantization axis and coherences between the sublevels. An example

of the polarization moments that could exist in the F=1 state is illustrated in Figure 3.10.

Uy quantum mechanics we cannot know all the information of an operator. The maximum amount of information we
could have is a projection on an axis. For the electron’s angular momentum this projection is called the quantization axis
and equals to [, = mh. We often use the magnetic field direction as reference so the m is called the magnetic quantum
number. We choose the quantization axis according to what is convenient for our experiment.
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For a specific kK we get -k...x components that oscillate with ¢ times the Larmor frequency €2;,. The

measured signals are proportional to the real-valued sum and difference of these components.

Important note: We use a very similar notation— p(™ —to distinguish between linear and nonlinear
effects in a medium (in Section 2.2.2). In this Section we use p"? to classify the polarization moments

that can be created in an atom and their symmetries. These two things are not the same.

3.3 Important types of atomic magnetometers

3.3.1 Mx and Mz magnetometers

The M, and M, magnetometers are based on magnetic-resonance phenomena. Typically, we have
our atoms placed inside a bias (static) magnetic field Bg. The atomic transitions are excited by a
resonant oscillating (RF-radio frequency) magnetic field By with frequency w. Optical pumping
occurs with a resonant circularly-polarized light beam that creates magnetization of the ensemble of
atoms. Macroscopically, the pumping of the medium creates atomic magnetization M which evolves

around Bg due to Larmor precession.

To visualize the movement of M, we can use the Bloch sphere— see Section 2.8 —to visualize the

time evolution of the atomic magnetization including relaxation parameters.

w
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FIGURE 3.11: The Block sphere visualizes the possible solutions of the Bloch equations. The thin
purple dashed line shows a possible path of the magnetization M.

Let us assume that for ¢ = 0 the initial magnetization is My and is along w. Both magnetic fields
act on it and now magnetization M starts precessing around the effective field in a similar manner as
explained in Section 2.3.1, where we talked about how an oscillating magnetic field makes our spin
system evolve in time under Rabi frequency (or Larmor frequency in the resonant case, where w is

close to the resonant frequency wy).
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Relaxation has to be considered as well: when the system returns to equilibrium, the longitudinal
and transverse magnetization relax differently. There are two important time constants to consider
here: t1 and tg. The longitudinal component returns to My value (the value at t=0) with ¢; time
and the transverse component becomes zero (there is no transverse component initially) with ¢o.
Generally, M, and M, magnetometers are distinguished by the method we use to detect/probe the
signal [19]:

For M, : we detect a component proportional to the longitudinal component of the magnetic moment
and so t; time plays a role. In particular, ¢; limits the temporal response of the magnetometer to

changes in the magnetic field.

For M,: we detect the phase of the transverse component of the magnetic moment and the ¢; and
to times are not limiting how fast the magnetometer responds to changes in the magnetic field. T2

limits does limit however the sensitivity of the magnetometer.

Mz magnetometer
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FI1GURE 3.12: M, magnetometer illustration.

In this magnetometer, we employ circularly polarized light in order to optically pump the atoms
and create spin polarization in the ensemble and as a result magnetization. The bias magnetic field
By is along the pump direction, let’s say z. Let’s now apply an oscillating (RF) magnetic field B;
transverse to By with frequency close to the magnetic-resonance frequency wg. This frequency is
related to the energy difference of the magnetic sublevels due to Bg, in other words it is resonant
to their Zeeman splitting. In classical-physics terms, when applying the RF field the magnetization
vector gets tilted and now we do not only have longitudinal magnetization which is smaller than
before, but also a transverse magnetization that is rotating. Longitudinal magnetization is related
to a population difference created by the pump light along z and since now the projection of the
magnetization vector along z is smaller than the original magnetization, this means that the By
field reduced the created population difference. By modulating the frequency of the By field we can
detect changes in the absorption of the pump light depending on how much population is left to be
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absorbed [19]. In other words, there is a periodic change of population on the magnetic sublevels
along z due to the RF field that affects the absorption of the pump light which we detect.

Mx magnetometer

De+€(-f0"

FI1GURE 3.13: M, magnetometer illustration.

In this magnetometer we use, as in the M, case, circularly polarized light to pump. The bias field
By is in this case oriented at 45° with respect to the pump light [55]. Equivalently, one can use two
beams, a pump beam along Bg and a probe beam perpendicular to it. Here again, we have a change
of coordinate system and the concept of coherences (see 1.4.4) apply: while the rate of change of the
populations is limited by ¢; and to times, the oscillation frequency of the coherences reacts almost
immediately to the changes induced by the field and hence M, magnetometers are faster than other
types. [19]. Because M, magnetometers respond fast to magnetic-field changes, they are usually used
when one needs a movable device that responds fast, is sensitive and robust. They can also be good
vector magnetometers, meaning they can measure the magnetic-field vector component. For some

applications, M, magnetometers are preferred, especially when one needs high accuracy.

3.3.2 Bell-Bloom magnetometer
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DeJ(e.z.for

JUvvL ;
+
}6. unamnnd]
-

BO Y\L—,

X

FI1GURE 3.14: Bell-Bloom magnetometer illustration.
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In the example we gave about the basics of the operation of a optical magnetometer in Section 3.1.3,
we pumped under zero magnetic field and we probed under a bias magnetic field Bg. In order to
simplify the process or to be able to employ a magnetometer in the earth’s-field— without a shield —it
would be useful to be able to enable pumping and probing at the same time. This is possible in the

Bell-Bloom magnetometric scheme.

In this type of magnetometer, the setup is the same as in Section 3.1.3 except for the fact that
the bias field Bg stays on for the whole process and the intensity of the pump-light is modulated
at a frequency Q,,,. Modulation of light, (or a laser beam in our case) is a process by which the
output of the light, may it be phase, intensity, frequency, or polarization, is changing in time. In
our experiments we use external modulation, which means that we take the laser-light output and
we pass the light through a modulator, for example an Acousto-Optic Modulator or AOM, that

outputs light with our desired modulation (see also 3.5).

Signal

X

maﬁn etic yesonance

FIGURE 3.15: Magnetic Resonance. The X signal is the amplitude of the signal in-phase with Qf,
and Y is the signal amplitude out-of-phase with Q.

If Q,, = Qf, then pumping occurs at the same time as Larmor precession. The pump light acts here
as a driving force in a driven harmonic oscillator at time t — 2pi/Qy,, t — 4pi/Q, ... [19]. We can look
at it also from a different perspective: Since the intensity goes from 0 (zero) to maximum, we can say
that only at the maximum intensity the spins are pumped along x and the spin-state is stationary in
the rotating frame that rotates with frequency €2;. In order to keep 2, in resonance, we use often
a voltage-controlled oscillator or function generator— a device that produces a waveform. Often, the
self-oscillating mode is used, where the spin-precession signal is producing the frequency for the

pump modulation.

What we detect is a characteristic resonance when we scan either the modulation frequency €2, or
the magnetic field strength— see Figure 3.15. In the “stroboscopic” picture, if the spin-state that is
stationary in the rotating frame is a dark state, the light does not interact with it and hence we see
a peak in light transmission. If it is a bright state, we see a peak in absorption. Based on these

measurements we can determine the magnitude of the field Byg.
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3.3.3 Nonlinear magneto-optical rotation (NMOR)

linear Pal, De'{’ed'or
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FI1GURE 3.16: NMOR-based magnetometer illustration.

Nonlinear magneto-optical rotation or nonlinear Faraday rotation was first discovered in 1974 [56]
and has since been extensively studied. Nonlinear magneto-optical rotation happens when linearly
polarized light propagates through a medium placed inside a magnetic field Bg and its polarization
plane rotates, with the rotation being dependent on the light-intensity. This effect produces a non-
linear rotation that is— for small magnetic fields— about 10* times larger than the rotation produced
by linear effects in a buffer-gas vapor cell [30]. As we will discover later, we can produce even bigger
rotations by using paraffin-coated cells, making our magnetometers super sensitive, that is, able to

detect extremely small changes in magnetic fields.

Three-level A-type system

Sometimes the two-level system is not sufficient to describe a system, for example in the case where
we have linearly polarized light. We are specifically interested in the Three-level A-type system which
will be briefly discussed in Section 2.4.2 and Figure 2.9 in order to be able to discuss about NMOR.

FI1GURE 3.17: Three-level A-type system. Linearly polarized light couples the ground states to the
excited state.
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An approximation of such a system is the FF = 1 — F’ = 0 with the ground sublevels m = 1 and
m = —1 coupling to the excited state m’ = 0 through the o, and o_ components of the linearly
polarized light, as was the case in Figure 2.2 of the Macaluso-Corbino effect [38] reproduced in
Figure 3.17. This system cannot be viewed as two independent two-level systems and coherences of

the ground levels need to be taken into account.

Since we have a magnetic field along the light, the field Bg splits the Zeeman sublevels and now the

coherences on the ground sublevels depend on Byg.

Ground-state-coherence effects

An important feature, in NMOR experiments, are the narrow lines observed in paraffin-coated cells
which are related to the lifetime of the ground-state atomic polarization— since our linearly polarized
light creates coherences between those statest!}. Longer ground-state polarization times lead to

higher sensitivity.

In Section 2.2.2, we talked about the pertubative expansion of the density matrix in orders p(™ and

3).... etc) describe op-

their use in classifying linear and nonlinear effects. Odd orders of p(™) (p(l), ol
tical coherences, while even orders of p™ (p(), p® ... etc) describe density-matrix elements between
states with the same parity!}. For transition between F levels, these density-matrix elements are

level populations and Zeeman coherences.

In the case of NMOR, we could use two beams instead of onet™}: the first to pump and the second
to probe. It helps also to look at the process of NMOR as a three-step process: In the first step, the
linearly-polarized light creates ground-state polarization through pumping within the ground Zee-
man sublevels, which is a p®) order effect. This creates an aligned state— along the light-polarization
axis— which is dark for one polarization of the pump— let’s assume for y-polarized light— and it is
bright for the other, in this case, z-polarizationi!V}. Now linear dichroism was created, meaning
that the absorption of the light that consists of orthogonal linear polarizations depends on these

polarizations: the atomic medium absorbs one polarization and transmits the other.

Now comes the second step of the NMOR process. Alignment has been created along the light-
polarization axis that rotates in the bias magnetic field Bg rotating also the axis of dichroism. This

can be visualized with the peanut shape as seen in Figure 3.10.

For the final stage, the probe beam produces optical coherences and these are influenced by the

ground-state polarization at first order p(!). This means that the probe beam interacts with the

{I'The effects in which the nonlinear rotation depends on the relaxation rate of the excited state are called Bennett-
structure effects. In this case the light interacts only with a specific velocity subgroup and in the velocity distribution
“peaks” and “holes” appear due to optical pumping

{1} A5 we found out in Section 2.4.1 these are magnetic-dipole transitions. In contrast, optical coherences are coherences
between states of the opposite parity
U Ope-beam experiments work similarly
VIt is not always the case that the states are dark for one of the pump polarizations. For example, when we pump with
F — F + 1, the pumping happens in a bright state, but it is brighter for one polarization than the other
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dichroic medium in a linear way{l}. In this case we can also use, instead of a second probe beam, just

the pump beam in a one-beam configuration.

Let us describe mathematically the rotation of the polarization by using the A system (see Sec-
tion 3.3.3) to illustrate this process. If we use y-polarized light to polarize the atoms, they get

polarized into the state:

ly) = (+1) = |-1)). (3.10)

By solving the time-dependent Schrédinger equation we find that the state |y) evolves in time inside

a magnetic field as:

i

\/5(‘“) et | —1))e Mt (3.11)

(1)) =
where Q is, as usual, the Larmor frequency and the initial state |y) rotates with Q7. The system
¢(t) reproduces itself every half of the Larmor period, so |¢(¢ + 7/Qr)) = |#(¢)), where ¢ is the
relative phase. The axis of the alignment also rotates. When the polarization of the probe light and
the atomic-alignment axis are parallel, or at 90° we have no rotation. At any other angle there is
rotation. As a result, the probe light gets modulated at 2Q;, [38]. We will talk in more detail about
this in Section 3.3.4 and in Chapter 5.

In reality, the above three processes, which can be thought of as a model of a rotating polarizer,
happen all at the same time and the NMOR corresponds to a p®)- or xy®)-order effect. The CW
(continuous-wave) pump continuously creates polarization and the relaxation processes destroy it at
1/~ time, where + is the transit rate. This is the rate at which atoms interact with the light beam
and is a source of ground-state relaxation. The lineshape produced in this process— if we calculate the
expectation value of the optical polarization and make assumptions about the relaxation rates v and

I'- is a dispersive Lorentzian antisymmetric around zero field, as we saw in previous Sections [30)].

High light power

The above model is working for low light power, but for higher-enough power we need to take AC-
Stark shifts into account. AC-Stark shifts are energy shifts of atomic energy levels due to an
oscillating light field. AC-Stark shifts together with a magnetic field can lead to optical-alignment
that oscillates and gets converted to orientation, perpendicular to both the alignment and electric-
field axis, in a process called alignment-to-orientation conversion (AOC) [57]. This effect needs
to be taken into account, since it can also create optical rotation due to the orientation creating
circular birefringence in the material. For an AC-Stark shift to produce AOC, it has to have a

non-zero detuning between the optical frequency and the resonance [30] and so in a Doppler-freet}

U This is true if the probe is not strong enough as we will see in the next Section

y Doppler broadening happens in all experiments, since atoms have a velocity along the light-propagation direction that
makes them “experience” different frequencies. We can create a setup in which Doppler broadening does not play a role, if
we manage to only “talk” to a group of atoms with a specific atomic velocity and we call it Doppler-free
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experiment where the light is on resonance AOC is not relevant. Another effect related to the high
power of the light is power broadening, which is the effect of the magnetic resonance broadening
due to effective relaxation induced by pumping. This happens when the pumping rate I', (Q%/T) is
bigger than the transit rate v, or else, if I')/y = k2 > 1. In NMOR y-polarized light polarizes the
atoms along y which is now a dark state. Under a magnetic field, the aligned atoms rotate and fast
pumping would align atoms into y before a full rotation could happen, while an even faster pump
could completely destroy NMOR.

3.3.4 NMOR with modulated light

linear P°|' Detector
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F1GURE 3.18: Setup of NMOR with modulated light. The linearly-polarized pump light gets mod-
ulated through a function generator. The modulated, detected, signal gets demodulated through a

lock-in amplifier.

NMOR in antirelaxation-paraffin-coated cells offered unprecedentedly narrow resonances, related to
ground-state atomic polarization that lives long, hence the name “antirelaxation”. As we will see
later, this fact plays an important role in how sensitive our magnetometers can be. The width of this
resonance is, in polarization-dependent effects such as NMOR, depending on the relaxation rate of
the atomic polarization. This practically means that these magnetometers can be sensitive, but only

in a small range of magnetic fields.

An experimental arrangement that can utilize the sensitive NMOR measurements with the efficient
Bell-Bloom pumping scheme, is a type of NMOR magnetometry that uses modulated light in order to
pump. One can modulate either the frequency (FM NMOR) [58] or the amplitude (AM NMOR) [59]
of the light. This simple modification of modulating our pump and detecting at this frequency can
allow us to get a magnetic resonance not only around zero field, but also at other values of magnetic
field, allowing us, by definition, to extend the dynamic range of our magnetometers. We will talk
here more about AM since this method is more often employed throughout the experiments of my

thesis.



Important types of atomic magnetometers 57

Amplitude modulation

Let us think of a linearly polarized pump beam that gets modulated at a frequency £2,,. This
modulation leads to higher harmonics of €2, appearing in the spectrum of the light with which the
atoms can interact. What the response of the polarized atoms in a magnetic field looks like, is a
short-lived signal that depends on time. The signal looks like a decaying oscillation: when we pump

once we have the maximum optical rotation and then we see the signal relaxing towards zero.

What happens if we use more than one pulse to pump and polarize our atoms? If we pump with pulses
that repeat themselves at a random rate, these will create phase differences between the precession
of atoms pumped at different times this way destroying atomic polarization. There is a way, however
to enhance our pumping process through modulation, if we pump every time a precession is full, in
other words, when atomic polarization returns to its original state. Remember here, that linearly
polarized light creates alignment, a polarization moment of rank x = 2, symmetrical along an axis,

as shown in Figure 3.19.

FI1GURE 3.19: Angular-momentum polarization surface or alignment, produced by linearly polar-

ized light and its rotation along the z axis.

When point A rotates from the positive axis z and reaches point B on the negative axis z, the surface
has regained its symmetry. However a full rotation happens when point A reaches again the positive
axis. This means that for the polarization to return to its original state, half a Larmor period is
needed (or two times the Larmor frequency). For this reason, we synchronize the modulation of the
pump with two times the Larmor frequency and we get a resonance in the oscillating signal (See also
Figure 3.20.)

The length of the pulse of the modulation is defined by a quantity called duty cycle defined as:

W
D = = 100%, (3.12)

where D is the duty cycle, W the pulse width and T" the period of the signal. For a Doppler-broadened
transition, we achieve the best pumping with relatively short pulses of about 20% duty cycle [19].
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FI1GURE 3.20: Optical-rotation signal in AM NMOR. In 3. the modulation is already at twice the
Larmor frequency so the pulses are at the modulation frequency.
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For probing we use CW light— which is the same as saying 100% duty cycle. This is one of the reasons
that a two-beam setup is better for optimization, we can separately optimize the pump and probe

beams: their duty cycle, their frequency and their power.

3.3.5 Spin-exchange-relaxation-free (SERF) magnetometer
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F1cUre 3.21: SERF-magnetometer illustration. In the SERF regime the atomic spins are rapidly
kicked between the two ground-state hyperfine levels and this averages the oppositely signed pre-

cession.

For this overview to be complete, the spin-exchange-relaxation-free (SERF) magnetometer could not
be missing. Since it is out of the scope of this thesis I will only briefly introduce its characteristics.
As the name already hints, this is a magnetometer that is free of spin-exchange collisions. In Section

3.1.6 we outlined how spin-exchange collisions redistribute atoms among the Zeeman sublevels of
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the ground hyperfine states and this makes them precess in opposite directions [60]|. These collisions
contribute a lot to the ¢, relaxation thereby limiting our sensitivity. However, in 1973, Happer and
Tang discovered very narrow (about 200 Hz) magnetic resonances in alkali vapors at high-densities
and inside magnetic fields close to zero [61]. This is what we know today as the SERF regime: In
Liouville’s equation plus the relaxation terms (see Equation 1.4.2), when the term for spin-exchange
is much smaller than the hyperfine term, but larger than any other term, spin-exchange does not
contribute to spin relaxation. This means that when spin-exchange collisions happen faster than the
precession frequency, which is the case in high density and small magnetic fields, the atoms sample
all the Zeeman sublevels in both ground-state hyperfine levels fast enough for the collective, average
spin to experience an effective precession frequency. The spin-exchange broadening factor depends
on the how small the magnetic field is and how dense the atomic ensemble, this is why the SERF

regime is around zero field and heating of the cell is needed.

Figure 3.21 illustrates a classic SERF-magnetometer setup. The circularly polarized pump creates
orientation along its propagation direction. The magnetic field (perpendicular to both beams) ro-
tates the spins and we detect a rotation of the linearly polarized probe beam along the third axis.

The atomic densities required for SERF demand a cell temperature of the order of 200°C.

In order to prevent atoms from colliding with the glass walls of the cell and to prevent spontaneous
emission— both mechanisms would destroy polarization— a buffer gas is added, usually a noble gas

like He and a diatomic molecule like Ns.

3.4 NLZ in Earth-Field magnetometry

3.4.1 Nonlinear Zeeman effect

Most of our experiments have been done with a vapor cell in a magnetic field that is of the order of
the Earth field and so it is important to understand how a field of this order of magnitude can affect
the states of our atoms differently than what we saw in Section ?7. So far we saw the effects of small
magnetic fields, where the energy levels are changing in a linear way in the applied field. Now we
are going to take a look at how a sufficiently large magnetic field can affect the level splitting in a

nonlinear way.

The ground-state Hamiltonian for an atom in a magnetic field B for states with electronic angular

momentum J = 1/2{1} is:

H=A;1-J+ gupS-B—grunI-B, (3.13)

where Ay is the hyperfine coupling constant, I is the nuclear spin, gs and g7 are the electron-spin and

nuclear Landé factors of the atom, pp is the Bohr magneton, and pp is the nuclear magneton. The

U The multipole series that describes the hyperfine interaction consists of multiple terms from which the most important
are Ay and By. Aj characterizes the strength of the magnetic-dipole interaction and B the strength of the electric-
quadrupole interaction. However By is zero when I and J are both larger than 1/2, such as in the case presented here.
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first term describes the hyperfine interaction and the second and third terms the interactions with

the magnetic field- i.e., Zeeman interactions.

In a atom that has one valence electron in an S(J = 1/2) level, the analytical solution for the
eigenvalues of the Hamiltonian is given by the Breit-Rabi formula 3.14. This gives us the energy
shifts E,, of the magnetic sublevels |m) for a state with a total angular momentum F' in a magnetic
field of strength B [30,62]:

A 4m 1/2
=~ —gjupmB + —2’”” (1 + 57T fl - §2> , (3.14)

where £ = (97 + gr)uBB/Anpy, Apy is the hyperfine-structure interval and the =+ sign refers to the
F = I+ 1/2 hyperfine levels, g; ~ 2, while we neglect the Zeeman energy of the nuclear spin (last
term in Eq. (3.13)= since uy < pp). The first two terms are linear to B and the third is nonlinear.
The nonlinear term can be neglected if we operate the magnetometer in low-field, but it becomes
important on the order of the Earth’s magnetic field. If we plot these energies as a function of
applied field, we get what we call Breit-Rabi diagrams, as illustrated in Figure 3.22. We chose
cesium (Cs) as an example, since it will be relevant to our first experiment presented in the next
Chapter.
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FIGURE 3.22: Breit-Rabi diagram of Cs. At the bottom of the illustration one can see that on
Earth field, although 0.5 G is small in magntiude, the energy levels in this regime are behaving
nonlinearly as a function of magnetic field.

If we expand the eigenenergies as a series in B around zero, the transition frequencies corresponding
to Am =1 for the Cs 6281/2 F = 4 system are

B B)?
Em+1 — Ep ~ qu + ({LGBAh)f

2m—1). (3.15)

The quantity wye, = (upB)?/(16hA) is the previously mentioned quantum-beat revival frequency.
If we are on Earth field (50 n'T or 0.5 G), the revival frequency after calculations is wye, = 27-3.3 Hz
20 Hz [30]. Remember, from Section 1.4.4, that “quantum beats” is the general term used to describe

the time evolution of a coherent superposition of non-degenerate energy eigenstates at a frequency
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determined by their energy splittings [35], for example, the splittings happening in the NLZ effect.
It is exactly this frequency that we have calculated here and that is comparable to the magnetic
resonance linewidth which makes the system strongly affected by the nonlinear Zeeman effect. The
Cs magnetic resonance is split into eight peaks and as a result it is broadening the linewidth and the

magnetometer sensitivity.

3.4.2 Heading error

A noise source that plays a role in scalar magnetometers, such as the ones studies in this thesis, is the
so-called heading error. This describes the error of a measurement due to its dependence on the
orientation of the sensor. There are a few applications, usually involving airborne or marine system,
where the sensor is not at a constant angle and, as a result, heading error can affect the measurement.
Sources of heading error involve magnetic materials inside the sensor, ferromagnetic electronics, but
also reasons related to the physics of the sensor, such as different gyromagnetic ratios of hyperfine
states and the nonlinear Zeeman effect. In Chapter 5, we will address heading errors pertaining to

the second category.

3.5 Experimental devices

For the biggest part of my PhD journey, I worked hands-on in the lab with various optical and
electronic devices. Since these are a predominant part of an experimentalist’s life, I would like to

briefly explain how some of them work.

3.5.1 Beam modulation

Modulation our light beam is vital for many of our experimental setups, as was demonstrated in

Chapter 3. In our experiments we use EOM and AOM to externally modulate our beams.

Electro Optic Modulator — EOM

S

Iy . ).

FIGURE 3.23: Simple example of an EOM’s function, with voltage on and off.

An electro-optic modulator (EOM) works as an electrically-actuated polarising beamsplitter and

waveplate, meaning it changes the birefringence of a nonlinear crystal through a ing a Voltage
plate, ing it changes the birefring f li ystal through applying a Voltag
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and distorting the electrons in its internal structure. It can reach modulation speeds up to about
20MHz{} and requires high driving voltages and special amplifiers to reach the hundreds of Volts
needed for affecting the crystal.

As an example, when one does not apply a Voltage, the light passes through the crystal and then a

polarizer at the output can allow full or zero transmission depending on how we aligned the polarizer.

If you apply voltage across the crystal, along one direction of it, it creates birefringence along this
axis and it creates a phase difference between the two polarizations of an incoming linearly polarized
light. Typically, an EOM relies on a linear electro-optic effect, which is known as the Pockels effect.
This effect explains the change of the refractive index of a nonlinear (non-centrosymmetric) crystal

by an electric field that is proportional to the strength of the field.

One can now control through the applied voltage the rotation of the polarization and the amount
of the transmitted light and, as a result, control the power, phase or polarization of a beam. If one
applies a varying voltage, the EOM frequency-shifts the light and so a very common use of EOMs is
to generate sidebands on the central frequency of the light.

Acousto Optic Modulator - AOM

An acousto-optic modulator (AOM) diffracts the light beam that passes through it into several
orders. It utilizes the acoustic waves causing an acousto-optic effect in which a material’s permittivity

changes due to mechanical strain, in this case using sound waves.

n)=2Asind

piezo

FIGURE 3.24: Simple example of an AOM’s function.

As in the EOM, the key element in this case is a crystal through which light passes. On the crystal,
there is a piezoelectric transducer attached which is connected to a source that provides to it an
oscillating electrical signal. The piezo creates a sound wave that produces an oscillating mechanical
strain through the material. The mechanical stress creates a medium density which is also periodic,
with regions of high and low density and so it induces a periodic change of the refractive index in the
crystal. The periodic refractive index in the crystal behaves like a grating creating constructive or

destructive interferences. Light passing through the AOM scatters off the created periodic grating

{'We use less than 1MHz modulation in our experiments
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and experiences something like Bragg diffraction, as seen in Figure 3.24, operating under the Bragg
condition nA = 2Asinf, where n = order of diffraction, A = wavelangth of light, A = wavelength of

the acoustic wave and # = angle of incidence.

When considering cost, the AOM is generally a more affordable option than the EOM and is usually
used for intensity modulation. In our case we were sometimes limited by the power output of the
AOM and used an EOM instead. On the other hand the AOM’s electronics are cheaper and it allows
high enough modulation, so that we used AOMs more often in our setups than EOMs. AOMs also
frequency shift the output beams, but these frequency shifts are generally smaller than for the case
of the EOMs.

3.5.2 Lock-in amplifier — LIA

For atomic-magnetometer experiments we need to be able to measure the Larmor frequency of our
system. However, this is not the only frequency present in our signal: in a lab we have a broad range
of white noise consisting of lower and higher frequencies than the one we want to detect. In order
to extract our signal from the noise, we use a device called the lock-in amplifier (LTA). A simple

explanation follows of how a LIA works in the time domain.

A LIA requires a frequency reference to detect the response of the experiment at this frequency. The
LIA amplifies the signal and multiplies it by the reference signal. After using a low pass filter and in
the case where the reference frequency equals to the signal frequency, the single-phase LIA output is

a signal proportional to the signal amplitude V{; and the phase ¢ of the reference:

Signal < Vpsin(wt) , (3.16)

Reference «x Vpsin(wt + ¢) , (3.17)
1

LIAquput = i%cos(cp) . (3.18)

From the above equations, we can easily see that, since the cosine component can be either negative

or positive, the output can also be either negative or positive. For ¢ = 0, the LI A, yiput = %Vo and
usually the calibrated output is LI A, uput = %

final LIA output is:

Vo. The peak-to-peak amplitude is V},, = 2V}, so the

LI Aguiput = (3.19)

Voo
2v/2°
The lock-in amplifiers that I refer to in this thesis are dual-phase LIA, which means that we get two
outputs X and Y with the reference oscillator shifted by 90°. By calculating the magnitude R of the

vector (X,Y) one gets rid of the phase dependence as follows:
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1
X = —=Vpeos(p), (3.20)

V2

1
Y = —Vpsin(yp), (3.21)

V2

R=(X2+Y?)2=Vp. (3.22)

We can see that the R, contrary to the output of the LIA, is always positive and does not depend on

the phase between the signal and lock-in reference.

3.5.3 Laser

The word laser has become part of everyday language over the past few decades. It is however
an acronym which stands for Light Amplification by Stimulated Emission of Radiation. The light

emitted from a laser is monochromatict}, collimated™} and coherent {1},
In order to create a laser usually three processes are needed:

1. Inversion of population: More atoms or molecules exist in a high-energy level than in lower-energy
levels, as is usually the case in nature. Inversion happens by transferring energy from external sources

to the system (pumping).

2. Optical amplification based on stimulated emission: This process creates photons of the same
frequency and phase. When an atom is in an excited state, it can be stimulated by a passing photon
with a frequency va g that corresponds to the energy gap AF of the transition from the excited state
to the ground state. The excited atom returns to the ground state and emits a second photon with
the same frequency v resulting in two photons with the same frequency. This process creates photons

of the same frequency and phase.

3. An optical resonator!V}: two mirrors are positioned on the two ends of a cavity, so that the
photons created by the stimulated emission are reflected between the mirrors repeatedly, while a

small part of the laser light gets emitted from one side.

Diode Lasers

Although the work of this thesis belongs to the field of atomic physics, we have solid-state physics to

thank for a fundamental part of our setups: diode lasers are affordable, robust and compact.

In order to start talking about semi-conductors and diodes we need to start by describing the prob-

ability of electrons occupying different energy levels. In solid-state physics a band structure is often

{I}Light of a narrow wavelength, close to a single wavelength

I The light’s waves are parallel to each other, and hence the beam is not diverging or converging for a long distance
U The light’s waves are in phase with each other in time and space
V}QOr is it? See Chapter 6 and 7
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used to describe the range of electron energy levels within the bands, and the probability of electrons

filling the bands is determined by the Fermi-Dirac distribution:

1

f(E> = 1+ e(E*Ef)/kT s (323)

where T is the absolute temperature and k is Boltzmann’s constant. The Fermi level with Fermi
energy FE; is the highest filled energy level at 0° K. The valence electron band is formed by the lower
energy orbitals (which are always filled), and the conduction band is formed by the higher energy
bands. There is a gap in energy between the valence band and the conduction band, in other words,
there aren’t energy levels there in the gap: the smaller this gap is, the less energy is needed for

electrons to transfer between the two bands and the closer the material is to a conductor.

FI1GURE 3.25: Photon emitted when electrons and holes are recombined in a direct-band-gap struc-
ture. One can determine what the conductivity of a material is by looking at the material’s band
structure. In semi-conductors the conduction and the valence bands are not overlapping, but the
gap is also small enough for an electron to gain energy and make the transition.

The population at the Fermi level is 50% and so it lies between the two bands and its distance from
the conduction band determines the material’s conduction properties. It can also change if one heats
the material or adds impurities to it, such as by introducing donor or acceptor atoms (n-type or
p-type). A laser diode is a p—n diode semi-conductor, which is a semi-conductor consisting of a p-
type semi-conductor and an n-type semi-conductor. When free holes are added in a semiconductor
(doping) this one is then called p-type, and when it is doped with free electrons, it is called n-type.
The population inversion is happening along the p-n junction. To have stimulated emission, the
electron population in the conduction band must be higher than in the valence band and the current
required for lasing to happen is called the threshold current. Similar to electrons changing atomic
states, when holes and electrons are in the same region, an electron may transition from its area (the
conduction band) to the valence band and emit a photon, see Figure 3.25. This process is called
recombination. In order to initiate it, an external voltage source is used causing electrons to move

through the junction and fall into holes.
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